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ABSTRACT

Background:

Obstructive sleep apnea (OSA) and hypertension are two common
disorders both strongly connected with the development of future atrial
fibrillation, and major adverse cardiovascular events (MACE), such as
stroke, myocardial infarction, cardiac failure and premature cardiovascular
(CV) death. As both conditions share several common risk factors and OSA
promotes the development of hypertension, patients often have both
conditions. Early studies suggest OSA patients have a higher risk of
developing these CV events.

It is known that blood pressure control is poor in patients with OSA and
they are harder to treat successfully with anti-hypertensive treatment
(AHT). This implies that even when patients are correctly diagnosed with
both disorders (which is often not the case), adequate treatment may still
not be achieved, resulting in a persistently elevated risk of MACE. To
optimize management and reduce long-term risk, further information is
needed to determine which patients are most likely to develop CV events
and whether specific classes of AHT are particularly suitable for these
individuals.
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Included studies and investigated questions:

In this thesis a novel method to predict vascular function in suspected OSA
patients, was addressed in study I. Pulse Propagation Time (PPT) as a
marker of arterial stiffness measured during sleep, was studied in OSA with
and without hypertension. We hypothesized that PPT information collected
during routine sleep investigations may improve our ability to identify
patients with high CV risk. We described for the first time the changes in
PPT during different sleep stages, and vascular stiffness was consistently
higher in patients with OSA and hypertension than controls without these
disorders.

In study 11, we assessed the incidence of MACE in patients with OSA and/or
hypertension. We compared groups with hypertension, OSA or both
disorders against normotensive controls (155,830 subjects in total).

With a median follow-up time of 6.8 years, we used COX regression
models to compare hazard ratios/risks for the groups, with first MACE or
death as main outcomes. We adjusted for confounding factors and
investigated modifying factors like adherence to therapies in the models. In
addition, the protective effects of PAP treatment were assessed.

In the adjusted model, MACE risk was highest in patients with both OSA
and hypertension with HR 7.0 (6.2-7.9), followed by hypertensive controls
with 3.2 (2.9-3.7) and patients with OSA alone, HR 2.6 (2.2-3.0) compared
to normotensive controls. All-cause mortality had a similar pattern but
lower HRs of 3.1 (2.8-3.5), 2.2 (2.0-2.4) and 1.6 (1.4-1.8) respectively.

OSA patients experience their first MACE earlier in life than hypertension
status matched controls—on average 5 years earlier if normotensive and 1.6
years earlier if hypertensive. Positive airway treatment (PAP) treatment of
OSA, reduces the MACE risk in a dose-response manner. PAP adherence
reduced risk with 22-39% from 2-<4 to 8 hours or more per night.

In study Il we studied AHT in 5,818 hypertensive patients diagnosed with
OSA. Analyses were performed in a large pan-European database
(ESADA) to investigate OSA patients with hypertension before the start of
PAP treatment, identifying differences in office blood pressure (BP) control
depending on what AHT class (betablocker, calcium channel blocker,
diuretic, renin-angiotensin blocker (RAB) or centrally acting
antihypertensives) or combination used. BP was uncontrolled in 66% of the
population. There were significant differences, 2-5 mmHg in BP between
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AHT groups, favouring betablocker treatment compared to other AHT
classes.

In study IV, we studied changes in BP control in 1,935 hypertensive OSA
patients from ESADA, following PAP treatment stratified by
antihypertensive drug class or combination. Overall, the proportion of
patients with well controlled hypertension increased by 10-15% with PAP
treatment. Further improvement of BP and more favourable BP control
were achieved with RAB. Mean BP improvement was 3-4 mmHg with PAP
and patients with combinations including RAB had a BP reduction of 4.8-
6.9 mmHg.

Conclusions:

Oximetry based beat-by-beat contour pulse wave analysis was used to
assess overnight vascular stiffness (PPT) and has sleep stage specific
changes. Slow wave sleep (N3, deep sleep) had the lowest vascular
stiffness.

PPT also decreases with higher OSA severity and in hypertension as a
marker of increasing vascular stillness. PPT may be a valuable tool to better
monitor vascular ageing and predict increased CV risk, during regular sleep
studies.

Patients with hypertension and OSA have markedly increased risk for
earlier MACE/all-cause death than controls and even compared to patients
with OSA or hypertension alone and OSA patients get their first CV event
earlier in life. PAP treatment mitigated the risk in a dose-response manner
with increasing PAP adherence.

AHT in hypertensive OSA patients are less likely to reach intended BP
control compared to non-OSA populations. Adequate OSA control
improves BP control but assessment of BP status during PAP treatment is
recommended as modification and/or escalation of AHTs may improve BP
control. Well-treated OSA patients seem to be more suitable for RAB while
untreated OSA patients had better results from betablockers alone or in
combination with diuretics. This highlights the need to consider AHT when
initiating OSA treatment.

Keywords: Obstructive sleep apnea, Hypertension, cardiovascular risk
management
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SAMMANFATTNING PA SVENSKA

Bakgrund

Obstruktiv somnapné (OSA) och hogt blodtryck &r tvd vanliga
folksjukdomar som bada 6kar risken for framtida kardiovaskulédra héndelser
som hjartinfarkt, stroke, hjértsvikt och hjartkérldod kopplad till dessa
hindelser (s.k. MACE) samt for formaksflimmer. Eftersom dessa
sjukdomar har flera gemensamma riskfaktorer och OSA i sig kan orsaka
hypertoni, dr det vanligt att en patient har bada tillstinden samtidigt. Detta
leder till kraftigt Ookad risk for tidigare insjuknande i allvarliga
hjértkérlhandelser.

Hogt blodtryck vid OSA sjukdom &r ofta svérare att behandla framgéngsrikt
med likemedel och livsstilsforbattring. Foljsamheten med behandlingarna
och anvindargraden av bade OSA- och hypertonibehandling tenderar att
avta over tid och behandlingsmalet att normalisera blodtrycksnivierna,
reducera andningsuppehallen och mdjliggéra bra somn, nas darfér mer
séllan fullt ut. Det innebér att &ven om patienten diagnostiserats med bada
dessa tillstand (ménga 4r okdnda da sjukdomarna inte alltid ger symptom)
ar det mindre troligt att deras behandlingar kan motverka hela den
forvéantade riskokningen.

For att forbattra behandlingen och reducera den kardiovaskuléra risken for
bade OSA och hypertoni behovs béttre karaktirisering av patienter med
storst risk for kardiovaskuldra ldngtidskomplikationer och identifiering av
vilka lakemedel som é&r effektivast for behandling av hogt blodtryck och
samtidig OSA-sjukdom.

Genomforda studier och resultat:

I den forsta studien undersokte vi en ny oxymeterbaserad pulsvagsmetod
for att identifiera patienter med 6kad kardiovaskulér risk. Vi analyserade
Pulse Propagation Time (PPT) och hur denna pulsvégshastighetsvariabel
som en markor for kérlstyvhet fordndras under olika somnstadier, vid OSA
och vid hogt blodtryck. Légre PPT motsvarar hogre kérlstyvhet. I studien,
beskrev vi hur PPT fordandras under olika somnstadier hos patienter med
eller utan OSA och hogt blodtryck. PPT sjunker vid OSA och hogt
blodtryck vilket markerar 6kad karlstyvhet och &r langst under djupsémn
dar det autonoma sympatiska inflytandet pd hjarta och kérl ar som lagst.
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I andra studien undersokte vi risken for nyinsjuknande i allvarlig
hjartkarlsjukdom bland svenska patienter med OSA med och utan hogt
blodtryck jamfort med kontroller med och utan hdgt blodtryck (en total
studiepopulation pa 155,830 deltagare). Bade OSA behandling med PAP
(positive airway pressure) och blodtryckssinkande behandling, samt
statinbehandling var modifierande faktorer pa dessa risker, men péverkas
ocksd av hur fOljsamma patienterna var med sina behandlingar.
Medianuppfoljningstiden var 6.8 ar och vi anvinde COX
regressionsmodeller for att berdkna risk for MACE eller dod som
huvudutfallsvariabler. Vi justerade for storfaktorer inklusive kroppsdata,
viktig samsjuklighet, socioekonomi och ldkemedelsbehandling och
foljsamhet i véra analyser.

Den kardiovaskuléra risken var mer 4n dubblerad i OSA och drygt 3 ganger
sa stor 1 gruppen med hogt blodtryck och markant hdgre i gruppen med béada
sjukdomarna dér vi fann en sjufaldig riskokning jamfort med kontroller
med normalt blodtryck.

Aldern vid forsta MACE har stor klinisk betydelse och vi fann att den info1l
i yngre alder hos vara OSA patienter, 5 ar tidigare hos patienter med normalt
blodtryck och 1.6 ar tidigare hos de med hogt blodtryck dn motsvarande
kontroller, &ven om de hade startat PAP behandling for sin OSA. PAP
behandling minskade kardiovaskulér risk med 22-39% vid OSA med dos-
respons samband med 6kande behandlingsfoljsamhet fran 2-<4 till mer dn
8 timmar/natt.

I studie 11l studerades blodtryckssidnkande liakemedel hos 5,818 patienter
med nydiagnostiserad OSA och hypertoni. Vi anvinde en europeisk
somnapnédatabas (ESADA) for att undersoka OSA patienter med hogt
blodtryck innan PAP behandlingsstart. Vi undersokte skillnader i
blodtryckskontroll och jamforde hur olika typer av blodtryckssidnkande
lakemedel paverkar denna kontroll. Patienter med betablockad eller
betablockad och diuretika (vattendrivande) hade bittre blodtryckskontroll
och blodtrycket var 2-5mmHg langre dn andra behandlingar i studien.

I studie IV f6ljde vi upp 1,935 patienter med hogt blodtryck i ESADA efter
start av PAP behandling. Aterigen jimforde vi olika blodtrycksséinkande
lakemedelstyper. Hos patienter med vélfungerande PAP behandling hade
de med Renin-angiotensinblockad (RAB) ensamt eller i kombination med
annan blodtryckssénkare béttre blodtryckskontroll. PAP behandling dkade
andelen som fér kontroll pé sitt hoga blodtryck med ca 10-15%, men
andelen var storre hos de med RAB behandling.

vii



Slutsatser:

Oxymeterbaserade pulsvidgsparametrar som PPT ger slag-for-slag analys av
kérlstyvhet som varierar med olika somnstadier och paverkas tydligt av
bade OSA och hogt blodtryck. PPT kan vara ett anvindbart verktyg for att
identifiera OSA patienter med hog kardiovaskuldr risk i samband med
vanlig somnregistrering.

Patienter med hogt blodtryck eller OSA har 6kad risk for tidigare
MACE/dod 4n kontroller utan dessa tillstdnd. Risken for patienter med bada
diagnoserna har dnnu hogre risk. Patienter med OSA far sin fOrsta
hjartkarlhdndelse yngre dlder &n motsvarande kontroller utan eller med hogt
blodtryck. PAP behandling kan minska den OSA-relaterade riskokningen,
med ett dosrespons-samband kopplat till f6ljsamheten av PAP
behandlingen.

Blodtryckssidnkande behandling resulterar mera séllan i dnskat malvérde
hos patienter med OSA jamfort med patienter med hogt blodtryck utan
OSA.

Vilbehandlade OSA patienter har béttre effekt med RAB parallellt med
PAP, medan partiellt behandlade eller obehandlade OSA patienter verkar
ha béttre nytta av betablockad eller kombinationsbehandling med
betablockad och vitskedrivande. Uppfoljning av blodtryck och PAP
behandling hos patienter som far OSA diagnos, rekommenderas da
justeringar 1 typ eller upptrappning av den blodtryckssdnkande
behandlingen kan behovas for béttre blodtryckskontroll.
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Abbreviations

ABPM Ambulatory Blood Pressure Measurement

ACEI/ARB Angiotensin Converting Enzyme Inhibitor/Angiotensin Receptor
Blocker, see also RAB

AHI Apnea Hypopnea Index

AHT Anti-Hypertensive Treatment
ANOVA Analysis of Variance

ATC Anatomical Therapeutic Chemical classification
BB Beta Blocker

BP Blood Pressure

CAH Central Acting antihypertensive
CCB Calcium Channel Blocker

CKD Chronic Kidney Disease

Ccv Cardiovascular

CVD Cardiovascular Disease

DBP Diastolic Blood Pressure

DISCOVERY “Course of DISease in patients reported to the Swedish CPAP
Oxygen and VEntilator RegistrY”

DIU Diuretics

EEG Electroencephalogram

ESADA European Sleep Apnea Database

ESC European Society of Cardiology

ESH European Society of Hypertension
ESS Epworth Sleepiness Scale

GLM Generalized Linear Model

GLP-1 Glucagon Like Peptide-1

HbAlc Hemoglobin Alc, for long-term glycemic control measurement
HBPM Home Blood Pressure Measurement
HDL High Density Lipoprotein cholesterol
HMOD Hypertension Mediated Organ Damage
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HMV Home Mechanical Ventilation, see LTMV

HR Hazard Ratio

IQR Inter Quartile Range

LDL Low Density Lipoprotein Cholesterol

LVH Left Ventricular Hypertrophy

LTMV Long-Term Mechanical Ventilation, home ventilator treatment
LTOT Long-Term Oxygen Therapy

MACE Major Adverse Cardiovascular Event

MAD Mandible Advancement Device

NREM non-REM sleep, including light and deep sleep stages
ODI Oxygen Desaturation Index

OSA Obstructive Sleep Apnea

PAP Positive Airway Pressure

pCO» Partial Pressure of Carbon Dioxide

PG Polygraphy

PPT Pulse Propagation Time

PSG Polysomnography

RAAS Renin-Angiotensin-Aldosterone System

RAB Renin-Angiotensin Blocker, see also ACEI/ARB
RCT Randomized Controlled Trial

REM Rapid Eye Movement sleep stage, “dream sleep”
RPP Rate Pressure Product

Sa02 Oxygen Saturation

SBP Systolic Blood Pressure

SCORE Systematic Coronary Risk Evaluation model

SD Standard Deviation

SESAR Swedish Sleep Apnea Registry

Swedevox Swedish Ventilator and Oxygen Treatment Registry
SWS Slow Wave Sleep, N3 “deep sleep”

TIA Transient Ischemic Attack
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DEFINITIONS IN SHORT

Apnea-Hypopnea-Index The number of respiratory events
(apneas/hypopneas) per hour of sleep.

Apnea Apnea in adults is scored when there is a drop
in the peak signal excursion by > 90% of pre-
event baseline for > 10 seconds.

OSA severity Mild OSA:
AHI from 5 -< 15/hour
Moderate OSA:
AHI 15-<30/hour
Severe OSA:
AHI >30 /hour

Hypopnea Hypopnea in adults is scored when the peak
airflow signal excursions drop by > 30% of
pre-event baseline for > 10 seconds in
association with either > 3% arterial oxygen
desaturation or an arousal (AHI3,

recommended), or 4% desaturation (AHI4,

accepted).
Major adverse Defined as myocardial infarction, acute heart
cardiovascular event failure, stroke or CV death.
Null hypothesis Hypothesis that there is no difference

between groups. Statistical methods attempt
to disprove the hypothesis for results to be
significant.

Obstructive sleep apnea Repetitive partial (hypopnea) or total (apnea)
obstruction of breath, due to collapse of the
upper airways, during sleep. AHI>5 required
if symptomatic or with CV comorbidities,
and >15 otherwise. See Apnea, Hypopnea
and AHI and OSA severity entries.
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Sven Svedmyr

“When a person, especially advanced in years, is lying on his back in heavy sleep
and snoring loudly, it very commonly happens that every now and then the
inspiration fails to overcome the resistance in the pharynx of which stretor or
snoring is the audible sign, and there will be perfect silence through two, three, or
four respiratory periods, in which there are ineffectual chest movements, finally, air
enters with a loud snort, after which there are several compensatory deep
inspirations before the breathing settles down to its usual rhythm. In the case to
which I allude there was something more than this. The snoring ceased at regular
intervals, and the pause was so long as to excite attention, and indeed alarm.”

First historic medical description of OSA by Dr W.H. Broadbent 1877".

1 INTRODUCTION

Despite one of the first observed obstructive sleep apnea (OSA) patient above, it was
not until the 1970s that the diagnosis was defined” and later linked to hypertension™*.
OSA and hypertension are prevalent clinical conditions™°, both of which are strongly
associated with an increased risk of future CV events, including stroke’, myocardial
infarction®’, heart failure'™!!, premature CV mortality>'*"'*, and atrial fibrillation'®. The
conditions also share several important risk factors and OSA promotes the development
of hypertension'”'®. Thus, patients often have both conditions and those that do may
have a higher risk of developing these CV events as well as having them occur earlier
in life. The magnitude of added risk with both conditions is not well established. It is
well established that hypertensive patients with OSA are harder to treat successfully
with antihypertensive medication alone'’ and blood pressure control using AHT is
especially poor in such populations®. Suboptimal long-term adherence to primary
prevention strategies for OSA?' and hypertension™** may be attributed to factors such
as adverse side effects, low symptom burden, and limited patient motivation,
particularly when the perceived risk is not immediate. These challenges mean that even
if the patients are correctly diagnosed with both disorders (many are not) they might not
achieve adequate treatment of the conditions leading to residual increased CV event
risk.

To improve the management of OSA and hypertension and mitigate long-term CV risk,
it is essential to identify patients at high risk of developing CV events. Furthermore,
investigating whether particular classes and combinations of antihypertensive
treatments (AHTs) demonstrate superior efficacy in patients with coexisting OSA and
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hypertension are important to improve hypertension control. Addressing these questions
requires a thorough understanding of the underlying physiology and current evidence
related to CV risk, OSA, hypertension, and existing treatment guidelines. Moreover,
this thesis will explore several unresolved scientific questions in the field. As there is a
residual risk increase even in treated OSA and hypertension, it will be important to
address additional modifiable risk factors for CV events, including smoking, obesity,
hyperlipidemia, and diabetes, as part of a comprehensive prevention strategy.
Additional treatment options for those not tolerating positive airway pressure (PAP)
treatment or mandible advancement device (MAD) are needed as well as better
subclassification of OSA to individualize OSA treatment®, but these important research
areas fall outside the scope of the current thesis.

1.1 LIFETIME CARDIOVASCULAR RISK

CV disease including coronary heart disease, stroke, peripheral artery disease, or heart
failure is responsible for more than 17.5 million deaths worldwide each year*. It has
been reported that almost 10 million of these deaths can be attributed to modifiable risk
factors including unhealthy diet, inactivity, diabetes, obesity, hyperlipidemia,
hypertension, smoking and poor sleep”*’ (Figure 1). Those risk factors can contribute
to varying degrees during a lifetime, for example, adequate food intake and physical
exercise may be more important during childhood, other lifestyle factors such as
smoking and alcohol may also become important in adulthood and co-morbidities take
more prominent roles as age progresses.

There will be genetic differences in turn modifying the impact of each risk factor making
predictions of CV risk even harder. The continuous development of arteriosclerosis
throughout ageing, is thus often modified by several individual pathways. The
importance of each risk factor can also change during different stages of the
development of arteriosclerosis. By addressing modifiable risk factors, preventive
intervention may delay CV morbidity and death thereby saving both quality of life and
productivity while reducing suffering, as well as health costs®’. This thesis focuses on
two modifiable CV risk factors: hypertension and OSA.
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Figure 1. Life’s Essential 8. Life’s Essential 8 according to American Heart
Association, includes the 8 components of cardiovascular health: healthy diet,
participation in physical activity, avoidance of nicotine, healthy sleep, healthy
weight, and healthy levels of blood lipids, blood glucose, and blood pressure.

https://www.heart.org/en/healthy-living/healthy-lifestyle/lifes-essential-8

1.1.1 SLEEP

Sleep is essential in all living creatures to function properly during wakefulness and to
maintain health. High metabolism and intense activity lifestyle creatures tend to need to
sleep for larger parts of their lifetime while slow and less active species can manage
with less sleep?®?. Another crucial function is to be able to quickly awaken from sleep
and immediately function adequately in case of emergency. Regulation of wakefulness
and sleep is thus a very important factor for creature survival. Humans sleep about one
third of their lifetime and disorders appearing during sleep can thus have significant
impact on daily function and disease risk. During sleep, there are profound changes in
brain activity and awareness, hormones, metabolism, cell function as well as modified
settings for many regulatory systems and autonomic body functions like heart rate,
breathing frequency and blood pressure®®-'.

Sleep is regulated by the circadian rhythm®? (nucleus suprachiasmaticus, SCN, 7 in
figure 2) and the balance between wakefulness promoting (Ascending Arousal
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Figure 2. Sleep regulation and anatomy™.
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System, 1-5 in figure 2) and sleep promoting (Ventrolateral Preoptic Nucleus, 6 in figure
2) regions of the brain**. The balance between wakefulness and sleep and circadian
rhythm can be affected by conscious overruling when we opt to stay up late, take a
daytime nap or in case of emergency. The longer we stay awake the more our sleep
pressure/drive increases (Homeostatic control, 6 in figure 2) and eventually we will no
longer be able to maintain wakefulness. Interestingly every cell also has its own clock
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mechanism to regulate function during time of day™. Sleep structure is commonly
described with hypnograms (green) showing sleep cycles with repeating patterns of
sleep stages (Figure 3). Sleep cycles are categorized as electroencephalogram (EEG)
based superficial sleep (stage 1 and 2), deep sleep (stage 3 and 4, now usually called
stage N3 sleep or slow wave sleep) periods and finally rapid eye movement (REM)
sleep at the end of each cycle. Early cycles have the main deep sleep periods that are
essential for recovery and clearance of metabolites from the CNS*® and rest and recovery

for the body.
Figure 3. Sleep structure and changes in respiration and heart rate during sleep
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Unless we are sleep-deprived, deep sleep will be reduced in the latter half of the sleep
period. The REM periods get longer in the later parts of the night and are important for
memory consolidation, and sorting, emotional regulation as well as scenario training™®.
Electrooculography (EoG) captures the motor activity underlying the rapid eye
movements that define REM sleep. Electromyography (EMG) primarily monitors motor
activity in chin and the legs and is useful for diagnosing sleep-disrupting muscle
activity. EMG also aids in distinguishing wakefulness from REM sleep, as heart rate,
respiration, and EEG patterns can appear quite similar in these states. During REM
sleep, muscle activity is markedly reduced (REM atonia), preventing individuals from
physically acting out dream-related behaviours. During non-REM sleep, and
particularly during deep sleep, the body rests with reduced ventilatory demand, heart
rate, blood pressure, muscle activity, and metabolism. REM sleep, however, is
physiologically more variable, characterized by pronounced fluctuations in ventilation,
heart rate, and BP, resembling wakefulness but with suppressed muscle activity. In this
thesis, the regulation of breathing, blood pressure, and heart rate during sleep are of
primary relevance. (Figure 3, BP not shown). Due to reduced body metabolism and
activity, less oxygenation and transportation of metabolites is needed during sleep.
Reduced activity during sleep is important for recovery and repair both on cell and organ
level. Reduced BP during sleep is important for preserving heart and blood vessel health
and function and BP should have a dipping pattern on 24-h measurements with 10-15%
lower BP during sleep. In fact, non-dipping BP*, reduced sleep times and poor sleep
quality*® have been shown to be risk factors for CV disease*'**.

1.1.1.1 SLEEP DIAGNOSTIC PROCEDURES

Sleep evaluation is commonly conducted using polysomnography (PSG) or indirectly
from oximeter-based pulse wave-derived sleep classification. For the diagnosis of OSA,
however, polygraphy (PG) is typically sufficient to confirm or exclude the condition
(Table 1). PG captures many of the same physiological signals as PSG, with the notable
exception of EEG parameters and EoG, necessary for sleep stage classification and
scoring of arousals. Key signals recorded during PG include airflow, thoracic and
abdominal respiratory effort, body position, and oximetry parameters such as oxygen
saturation and pulse rate. Due to the absence of EEG and EoG, PG does not provide any
hypnogram, nor does it allow for the detection of arousals or accurate measurement of
total sleep time during the recording period. In straightforward cases like Figure 4, PG
alone is adequate for OSA diagnosis. However, in borderline presentations, such as mild
but sleep fragmenting OSA, disruptive snoring, or suspected comorbid sleep disorders,
comprehensive evaluation with PSG may be warranted to ensure diagnostic accuracy
and guide appropriate management.
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Novel oximeter-derived signals like the pulse wave signals including Pulse Propagation
Time (PPT) investigated in study I and used in pulse wave-derived sleep stage scoring
are normally filtered away during basic PG but may provide additional information on
CV status in future clinical investigations.

Table 1. Classification of sleep study types. Adapted from American Society of Sleep
Medicine guidelines®. Although advanced sleep studies offer richer insights, they are
resource-intensive in terms of both execution and interpretation. Most sleep studies are
now done at the patient’s home, unless interventions during the night is called for, but
PSG especially with video is still often in house at a sleep clinic.

Level Seiting Physiological Parameters Purpose and Clinical Resource
Monitored Application Intensity

1 In-laboratory Electroencephalography (EEG), Comprehensive slesp Highest
Electrooculography (EOG), architecture analysis, evaluation
Electromyography (EMG), of complex sleep disorders,
Electrocardiography (ECG), Oxygen neurological comorbidities

Saturation (Sp02), Respiratory Effort,

Leg Movements (15-20 sensors)

Airflow, position

2 Home-based Equivalent to Level 1, without on-site  In-depth sleep analysis, High

technical supervision elucidation of equivocal sleep
disturbances, pediatricpatients,
and individuals preferring a
home environment

3 Home-based Respiratory Effort, Diagnosis of obstructive sleep  Moderate
Sp02 , Heart Rate, Snoring, Body apnea (OSA), assessment of
Position (4-7 sensors) respiratory-related sleep
Airflow disorders Low

4 Home-based Heart Rate and Oxygen Saturation Initial screening for sleep- Low
(Sp02) (1-2 sensors) disordered breathing, risk

stratification for sleep apnea,
rapid preliminary assessment

Advantages of Level 1 Advantages of Level 3 Studies ~ Advantages of Level 4 Studies
Studies Offers an optimal balance between Characterized by ease of application,
Provides the most granular physiological diagnostic accuracy and patient convenience. facilitating rapid preliminary screening.
data, enabling detection of the full Highly effective for the diagnosis of Cost-effective and suitable for serial
spectrum of sleep disorders. Benefits from obstructive sleepapneain a monitoring to assess treatment efficacy
professional on-site monitoring and expert comfortable home setting, incurring lower or disease progression.

interpretation. costs compared to laboratory-based studies.

Lacks information on sleep stages.
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1.1.2 OBSTRUCTIVE SLEEP APNEA

OSA is a prevalent disorder with a global prevalence varying between 5-50% for
clinically relevant adult OSA and total prevalence reaching even higher in some
countries®. In OSA, collapse of the upper airway leads to disrupted breathing during
sleep. Complete collapse leads to apneas with increasing hypoxia linked to apnea length,
and eventually a stress reaction causing an arousal and restoration of breathing. Partial
obstruction of the upper airway can lead to turbulent airflow and vibrations causing
snoring and if flow reduction is > 30% to hypopneas, with similar breathing pattern but
often less hypoxic burden compared to apneas (see definitions for full description). The
severity of the hypoxia and duration is also affected by body mass index (BMI), lung
function, age and comorbidities. Apneas and hypopneas often return directly when the
patient falls asleep again, leading to patterns with repeated apneas/hypopneas and
arousals with a few undisturbed breaths between them (see figure 4). OSA leads to poor
sleep quality linked to varying degrees of daytime sleepiness. The repetitive hypoxia
and stress reactions promote high blood pressure, sympathetic activation and
accelerated atherosclerosis (section 1.1.2.4 and Figure 6). Thus, OSA can eventually
lead to CV disease'’.

Figure 4. Severe sleep apnea on polygraphy. Repetitive apneas followed by

periods of hyperventilation (flow signal) with consecutive episodes of intermittent
hypoxia and heart rate surges (oximetry, oxygen saturation and pulse).
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The pathophysiology of OSA* is manifold (Figure 5). There are substantial changes in
drive to breathe, muscle function and chemoreceptor sensitivity during sleep and even
between sleep stages**°. Chemosensitivity changes are most pronounced during REM
sleep. The gravitation pull in the prone position will cause changes in airway shape and
collapsibility and a fluid shift to tissues around the neck from the lower body in prone
position, has been described to contribute to a reduced airway diameter*’**. Anatomical
factors such as retrognathia, tonsil or tongue hypertropia and fat deposits around the
airway increase risk of sleep disordered breathing but OSA can be present without such
factors*®*. Reduced pharyngeal, and tongue muscle tonus during sleep is another key
component in OSA and differ between individuals but can also change depending on
current drive to breath during sleep*®*° (Figure 5).

Figure 5. Sleep related changes and sleep apnea traits.

Breathing during sleep Obstructive sleep apnea
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Created in BioRender. Svedmyr, S. (2025)

Obstructive apneas are distinct from central apneas, which are characterized by a
lack of respiratory effort due to unstable respiratory drive. Central sleep apnea
(CSA) is commonly observed in patients with atrial fibrillation or chronic heart
failure, where delayed circulation and increased chemosensitivity leads to
fluctuations in respiratory drive. This can result in cyclical patterns of
hyperventilation alternating with central apneas, a phenomenon known as Cheyne—
Stokes respiration*®’'. CSA may also emerge during the initiation of PAP therapy
for OSA™, or because of respiratory inhibitory medications™. Further complicating
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the clinical picture, fluctuations in respiratory drive and effort also influence upper
airway muscle tone, potentially contributing to obstructive events. These obstructive
events, in turn, may exacerbate respiratory instability™.

1.1.2.1 ENDOTYPES

Endotypes are subpopulations within a disorder with different specific
pathomechanisms causing the disease. OSA is not considered a homogeneous disorder.
Several endotypes have been described with different mechanisms leading to repetitive
apneas/hypopneas®>. Most patients seem to express the characteristics of several
endotypic traits (Figure 5) that contribute to their OSA. Not all OSA patients are obese
or have compromised upper airway anatomical structures causing their disrupted
breathing. Frequent arousals and shifts in sleep stage may cause instability in respiratory
control causing variations in drive for breathing and muscle tonus, which means low
arousal threshold plays an important part in some patients>*>°. Patients with very strong
reactions to breathing events are also vulnerable to instable breathing as they tend to
hyperventilate more intensely after an event. The overreaction leads to reduced pCO-
and high saturation which can cause subsequent apneas due to the decreased drive of
breathing. The complicated mechanisms behind this phenomenon are referred to as high
loop gain®®. The upper airway neuro-muscular compensation to an apnea can also be
impaired in some patients. Integration of endotyping in routine OSA diagnosis is
expected to make individualized treatment in OSA feasible in OSA patients'**. It is not
yet known whether certain endotypes are associated with increased CV risk, but high
collapsibility tends to give more hypoxic burden during sleep and can therefore be
suspected to have higher risk.

1.1.2.2 ASYMPTOMATIC OSA AND SYMPTOMATIC OSAS
While this thesis focuses on CV risk as indication for treatment, it is important to
recognize that the main reason to treat OSA is to provide better sleep and quality of life
in patients with symptomatic OSA syndrome (OSAS)*’. However, perhaps surprisingly,
not all OSA patients suffer from poor subjective sleep quality and increased daytime
sleepiness®®. Depending on arousal threshold and chemosensitivity, varying degrees of
sleep apnea can occur without impacting sleep structure and quality of sleep. On the
other hand, patients who sleep with maintained sleep structure despite severe sleep
apnea often have more severe hypoxic burden. Patients with disturbed sleep have very
diverse degree of daytime symptoms in OSA®. Cognitive functions such as
concentration and memory may be affected, and fatigue and sleepiness are common in
symptomatic OSA. Excessive daytime sleepiness can have a major impact on quality of
life, social function, productivity and increased risk of accidents®’. Stressful awakenings
with shortness of breath and palpitations are sometimes present, but surprisingly rare,
likely due to how memory function works in humans in transition from sleep to wake.

10



Sven Svedmyr

For the long-term memory to awaken you often need to be awake for more than a
minute. As most OSA related awakenings are very short, patients seldom remember
them after a night’s sleep. In fact, often bedpartners are more disturbed by the patients
snoring and apneas than the patient themselves. It has been suggested that symptomatic
OSA patients have a CV risk and a degree of adherence to PAP that differs from that of
asymptomatic patients®.

1.1.2.3 OSA AS A MEDIATOR FOR HYPERTENSION

Several mechanisms have been described for how OSA promotes the development of
hypertension®'. Poor sleep quality, repeated hypoxia, increased sympathetic drive,
negative intrathoracic pressure swings and long-term negative effects of adaptive
defence mechanisms, such as activation of the renin-angiotensin system and fluid
retention, all contribute to increased and maintained high blood pressure'*®2. The high
blood pressure leads to increasing shear pressure that affects the blood vessels, activates
local factors that promote inflammation and arterial remodelling which tends to
maintain hypertension (Figure 6). OSA also causes insulin resistance® and increased
harmful lipids®*®, further increasing atherosclerosis and raising CV risk. Increased
pulse, cardiac output and peripheral vasoconstriction may lead to accelerated vascular
ageing and increased pulse pressure, which is linked to increasing end organ damage
(kidney and brain especially, see also Figure 10). Resistant hypertension (see section
1.1.3.7) is common in hypertensive patients with untreated OSA®. One important step
in hypertension development in OSA is the development of a non-dipper pattern in 24h
BP measurements®’. The normal dip in BP during sleep no longer occurs and BP might
even increase. Soon the cascade of hypertension promoting pathways (see 1.1.3.1) lead
to persistent hypertension even if morning pressure may remain more elevated than
mean BP.

1.1.2.4 ACCELERATOR FOR ARTERIOSCLEROSIS AND MEDIATOR
FOR CV RISK

All the mechanisms described above accelerate the development of arteriosclerosis and
hypertension and lead to manifest CV disease earlier in life for many OSA patients. In
particular, intermittent hypoxia activates low grade inflammation as a key factor
promoting accelerated atherosclerosis. This is supported by high sensitivity CRP and
pro-inflammatory cytokines and by reduction in anti-inflammatory markers in OSA%,
Functional studies showed reduced vasodilatation®” and imaging data thickened intima-
media thickness of large vessels in OSA’’. Many of these changes in OSA has also been
shown to be reversable by PAP treatment’'.
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Figure 6. Atherosclerosis and hypertension development and accelerating
factors in OSA
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1.1.2.5 OSA RELATED RISK FOR ACCIDENTS AND CANCER
INCIDENCE

OSA has several other important consequences where our scientific knowledge about
pathomechanism and magnitude of risk varies. It is well documented that OSA patients
have an increased risk for traffic and work-related accidents’>"* and PAP treatment has
been shown to reduce these risks’*. The highest risk is in monotonous situations with
single drivers. Regulations for driver’s license holder, especially in occupational
drivers, have been reinforced in order to reduce the risks related to sleepy driving
(Figure 7). Similar actions are taken among other occupations with dire consequences
in case you fall asleep or lose vigilance”. Finally, OSA is linked to increased incidence
of malignant cancers of several types on a population level ™.
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Figure 7. Reduced vigilance can have major conseq

uences!
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Regulations for occupations with high demands on vigilance and responsibility have stricter
regulations. Uncontrolled hypersomnia, characterized by irresistible short sleep episodes in
monotonous situations, is the most common cause of accidents. Even without full sleep episodes,
impaired vigilance and slowed reaction times can be sufficient to trigger accidents. Picture Al-
generated by gamma.app, by Sven Svedmyr 2025.

1.1.2.6 OSA TREATMENTS
OSA is a treatable disease that impacts both quality of life and future health. There is
no doubt on indication for treatment in symptomatic OSA and these patients are often
highly motivated. Which asymptomatic OSA patients need treatment is still under
discussion. Patients with primary preventive indication for treatment may be less
motivated and their adherence may be poorer.

1.1.2.6.1 Positive airway pressure

Positive airway pressure was originally invented in Australia 1980 by Colin Sullivan
and published in Reversal of obstructive sleep apnoea by continuous positive airway
pressure applied through the nares. Lancet 1981, Sullivan et al. ”’. Though technical
advancement has improved PAP devices making them smarter, less noisy and less
burdensome, the basic principle of applying a pressure to stabilize the upper airway,
remains the same. For many symptomatic OSA patients the treatment causes
significant improvements in quality of life and health benefits. PAP therapy was
initially delivered at a fixed pressure, with each patient’s optimal level determined
through overnight titration in a hospital setting.

13
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Figure 8. PAP treatment.

Used with permission, courteous creative commons licence Wikipedia.

Today, most PAP devices are autoregulated (APAP), automatically adjusting pressure
to optimize treatment for each patient. This approach minimizes recurrent disruptions
in therapy, such as those occurring when a patient shifts to a prone sleeping position or
enters a REM sleep period, where the patient often requires higher pressures’. Many
algorithms for APAP control have been developed™. Less pressure reduces the risk of
leaks and makes the treatment more tolerable in most patients. If well tolerated, the PAP
treatment is very effective and results in almost complete resolution of all relevant sleep
apnea and snoring. There is still a rational to use fixed PAP pressure in some patients,
for example in mixed apneas or treatment emergent CSA* due to instable respiratory
regulation or if patients do not tolerate higher pressures. Recently it has also been
suggested fixed PAP may provide better CV risk prevention than APAP*. However,
regardless of fixed or APAP, many patients struggle with accepting the PAP mask or
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pressure needed or experience other side effects like swallowing air. Adherence to the
treatment is limited with about 55% still using the treatment after 10 years®' or even
quicker decline in adherence in a French study where 50% still used their PAP after 3
years®'. Adherence is strongly linked to patients’ motivation, improvement of subjective
symptoms, bedpartner demand, and perceived improvements in CV health. It is difficult
to motivate asymptomatic patients to undergo a somewhat burdensome treatment that
offers no immediate benefit, but only potential—though not guaranteed—health
advantages years later. The minimum daily use of PAP to be considered adherent is still
unclear, but at least 4 hours each night, at least 5 nights each week, is usually
recommended.

1.1.2.6.2 Mandible advancement devices

Mandible advancement devices (MAD) aim to maintain upper airway patency during
sleep by advancing the lower jaw and the tongue preventing it from falling back into the
hypopharynx. In general, MADs are often better tolerated than PAP™, but side-effects
like teeth- or jaw joint pain or bite changes and drooling may limit the acceptance of
MAD therapy. It is recommended first line therapy in mild and moderate OSA, but in
severe OSA residual disordered breathing, may occur. The overall mean effects size in
severe OSA is an approximate 50% reduction of AHI, with reported improvement of
residual oxygenation and sleep quality™. Patients often report remarkable subjective
improvements comparable to PAP-treatment. MAD treatment is associated with blood
pressure improvements in hypertensive patients. The effect size on blood pressure is
comparable to PAP treatment, and the combination of PAP and MAD has recently
shown superior blood pressure reducing effects®*.

1.1.2.6.3 Weight loss regimes

While not all OSA patients are overweight or obese, weight reduction may be the most
effective way that OSA patients can reduce nocturnal breathing problems and degree of
OSA®. Reductions in degree of OSA severity by weight loss are well documented®’
with a mean AHI decrease of 2.6% per 1% weight reduction. For PAP treated patients
this will lead to lower pressure demand and reduced leaks which can improve PAP
comfort and adherence. Weight loss and maintenance of weight provide a challenge for
most people. Dietary advice and lifestyle changes to promote more activity and exercise
may be effective and are often paramount also in OSA patients with PAP or MAD to
prevent worsening of OSA degree by weight gain. Surgical weight loss has been shown
to be effective in reducing weight and OSA in obese patients but has perioperative risks
as well as risk of long-term side-effects like malabsorption®. Recently several drugs
(GLP-1 agonists) have shown strong reduction in body weight (-20%) and AHI (-
50%)*!. Subsequently, the combined GLP-1 and GIP agonist tirzepaptide has been
approved as the first drug treatment labelled for OSA treatment in the US®%,
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1.1.2.6.4 Upper airway surgery

OSA is frequently linked to anatomical factors such as enlarged tonsils, hypertrophic
uvula or the soft palate which act to obstruct the upper airway’”. Several surgical
techniques have been applied in OSA patients, including tonsillectomy and
uvulopalatopharyngoplasty as the most frequently applied ones. Surgery along with
adenoidectomy are still first-line treatment in children with OSA®*. Randomized trials
in adults have shown beneficial effects in patients with enlarged tonsils after 6 months’’.
These positive results maintained even at long-term follow up in patients without weight
gain over time. Relapses of OSA occur with concomitant weight gain within a few
years’®. Moreover, side-effects such as difficulties to swallow and pain, have been
described, and these surgical methods are no longer first line treatments in adults.
However, they may help in select cases or improve results of treated OSA with residual
breathing and disrupted sleep, or be the only treatment option if PAP, MAD and weight
reduction are ineffective or not tolerated. Moreover, more conservatory surgical
methods are recommended to reduce the risk of side-effects’’. Tracheostomy remains a
drastic but effective way to treat the most severe cases of symptomatic OSA where all
other treatments have failed’.

1.1.2.6.5 Pharmacological treatment

Along with more knowledge of different OSA endotypes, several suggested
pharmacological treatment approaches have been suggested”. Weight loss treatment
with GLP-1 agonists was mentioned above. Other strategies include a combination of
Atomoxetine and Oxybutynin (Ato/Oxy)”® and Carbonic anhydrase inhibitors (CAI)'®
and both are currently studied in OSA. CAI has been previously used in high altitude
sickness and appears to modify loop gain via an inhibition of the enzyme carbonic
anhydrase, which modifies pH and pCO, as well as the respiratory drive. High
respiratory loop gain is linked to high chemosensory drive and hyperventilation in
approximately one-third of patients with OSA'®"!%2 A high loop gain is therefore linked
to unstable breathing, and this pathomechanism may provide a potential therapeutic
target®>'®, The placebo corrected AHI reduction for the CA inhibitor Sulthiame, was
between 30 and 49% in a recent phase 2 trial'®.

Ato/Oxy or CAI are not yet clinically available but will likely be a complement to
traditional treatments where residual OSA and symptoms are found or in patients who
do not tolerate PAP and MAD.

1.1.2.6.6 Nerve stimulation

Electric stimulation of the hypoglossus nerve (HNS) to increase muscle activity of the
tongue can improve airway stability and reduce apneas. So far, treatments are expensive
and require careful selection of suitable patients'®. There are few studies exploring HNS
in hypertensive OSA with negative or inconclusive result'®. This treatment modality is
not clinically available in Sweden yet.
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1.1.2.6.7 Positional training

Position dependent OSA incorporates patients with a dominant sleep apnea in the supine
position. Avoiding sleeping on their back can significantly reduce their OSA. Several
variants of devices to make patients avoid the supine position have been introduced
starting with strapping of a tennis ball or a “backpack” to the back or using buzzers to
interrupt sleep each time the patient turns to the supine position. Results vary and the
main problems are negative impact on sleep quality and low tolerance. However, careful

selection of patients is needed to obtain a clinically useful effect'*.

1.1.2.7 PARTIAL TREATMENT/RESIDUAL OSA

Many OSA patients do not tolerate PAP and MAD and may not be suitable for the less
conventional treatments above. The degree of OSA alleviation'"” in patients treated with
PAP or MAD is around 50% when considering the adherence, due to patients using the
treatment only for part of the night or not using it every night. Thus, it cannot be
assumed that all OSA and hypertension patients will have adequate OSA control.
Varying degrees of residual daytime symptoms are also not unusual in treated OSA
patients, despite having objectively well controlled breathing during sleep'®. It is

unclear if these residual symptoms affect residual CV risk.
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1.1.3 HYPERTENSION

1.1.3.1 DEFINITION AND DEVELOPMENT OF HYPERTENSION.

Heart rate and blood pressure are highly variable throughout the day depending on
physical demand, psychological factors, as well as the state of wakefulness and sleep.
In fact, pulse and blood pressure variability are a sign of a healthy CV system'®”. There
has been lots of interest into different bio signals using variability measures to assess
CV function'''"?, However, if blood pressure remains elevated for longer periods of
time these short-term positive adaptions can have negative consequences, and the
individual may develop sustained hypertension with negative long-term consequences
for the entire CV system. Lifestyle factors, genetics, environmental factors, and co-
morbidities affect the pathophysiology of hypertension, and these complex contributors
have been highlighted by the European Society of Hydertension (ESH) (Figure 9).
Initially high cardiac output and increased vascular resistance lead to elevated systolic
blood pressure (SBP)'"*. In this dynamic phase of hypertension long-term adaptation
and consequences of the high blood pressure like ventricular hypertrophy or vascular
stiffening may not yet have developed and may even be prevented if treatment starts
early.
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Figure 9. Mechanisms involved in BP regulation and the pathophysiology of
hypertension®.
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Eventually the strain of continuously high pressures together with physiological ageing
will trigger several mechanisms promoting CV remodelling and increased arterial
stiffness''*. In a vicious circle, such remodelling process promotes further rise in blood
pressure and end organ damage - primarily in the brain, heart, and kidneys. The risk for
major CV events such as stroke, myocardial infarction, cardiac failure, and atrial
fibrillation increases over time*”. It is likely that reversing these manifest changes in the
CV system becomes more difficult and require longer periods of successful treatment.
Some changes may even be irreversible. There is convincing evidence from both
epidemiological and interventional studies, that blood pressure lowering
antihypertensive medication as well as lifestyle changes drastically can reduce the risk
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of early major adverse CV events®*''>, Recommendations for hypertension diagnosis
(Table 2), treatment strategies and target BPs have been defined and updated. Certain
co-morbidities such as diabetes, should prompt even lower BP targets.

Table 2. European guideline recommendations. Monitoring Blood Pressure &
Actions®!. For AHT please see section 1.1.3.5.

Category BP Range (mmHg) Recommended Action
@ Optimal BP <120 /<80 ¢ Repeat BP at least
every 5 years
Normal BP 120-129 / 80-84 e Repeat BP at least
every 3 years
@ High-Normal BP 130-139 / 85-89 « Consider masked
hypertension

* Repeat BP annually
e Consider ABPM or
HBPM
@ Hypertension >140 /290 e Confirm diagnosis via:
— Repeated office BP
measurements
— Out-of-office BP
(ABPM or HBPM)

ABPM: Ambulatory Blood Pressure Monitoring, HBPM: Home Blood Pressure
Monitoring, BP: Blood Pressure

1.1.3.2 PATHOFYSIOLOGY OF HYPERTENSION

Development of hypertension and atherosclerosis includes multiple risk factors
contributing to increased blood pressure and vascular remodelling (Figure 1 and 9).
Genetic factors''® modify the impact of these risk factors or can in some cases lead to
these changes in the absence of other risk factors. Some risk factors are relatively
constant, while others may vary during life. Further, short-term adaptive mechanisms
to these changes tend to have negative long-term effects. Hypertension is divided into
primary (also called essential hypertension) and secondary hypertension. Secondary
hypertension described in 1.1.3.5 has specific causes and often more severe
hypertension with earlier age of onset. Hypertension promotes more advanced changes
in the CV system through multiple pathways. While some changes can be considered
part of the natural ageing process, but occur earlier in life with additional risk factors,
other mechanisms are more clearly pathological.

The sympathetic nervous system (SNS) is strongly activated by repetitive hypoxia in
OSA (section 1.2) but may also be due to other causes. The increased sympathetic drive
affects the heart with increased heart rate and cardiac output and the peripheral vessels
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Figure 10. Pathophysiology of Hypertension and Atherosclerosis.
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with vasoconstriction, all leading to elevated BP''”. The renin-angiotensin-aldosterone
system (RAAS) in the kidneys and adrenal gland helps regulate salt and water
homeostasis and BP is normally activated by low BP or blood volume''®. However, the
system can also be activated by stress and comorbid OSA''*!?°, Activation of the RAAS
leads to increased sodium and water retention and causes vasoconstriction promoting
increased blood volume and BP'"’. Angiotensin is converted into Ang II by angiotensin-
converting-enzyme (ACE) mainly in the endothelium in the lungs and kidneys. Ang II
leads to increased oxidative stress, smooth vascular muscle contraction, endothelial
dysfunction and fibrosis and RAAS 1is implicated in the pathogenesis of not only
hypertension but also atherosclerosis, heart failure and kidney disease. Aldosterone is
also elevated in patients with obesity'?!, a major risk factor for both hypertension and
OSA. On top of Ang II activating local factors on the blood vessels, the high blood
pressure itself causes shear stress on the endothelium, which causes endothelial
dysfunction and damage'?*. The inflammatory response to the damage in turn promotes
vascular remodelling and nitric oxide imbalance and cytokine activation'?*. At this point
removing the initial triggering mechanisms for hypertension may no longer lead to rapid
normalization of BP. Chronic vasoconstriction from increased sympathetic drive,
RAAS activation and vascular remodelling contributes to increased peripheral
resistance and sustained hypertension that in turn, leads to additional vessel damage,
atherosclerosis acceleration, and increased burden for the heart. As inflammation,
vascular remodelling and atherosclerosis progress the arteries lose elasticity leading to
arterial stiffening which reduces the dampening effect in the vessel for the pulse
wave''*. The pulse pressure thereby increases which promotes end-organ damage
(Figure 10). Progressive atherosclerosis also leads to the development of plaques that
may rupture and cause major adverse CV events such as stroke or myocardial
infarction'** (Figure 6).
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1.1.3.3 DIAGNOSIS: MEASURING BLOOD PRESSURE

“Measurement of blood pressure was first made by an English clergyman, Stephen
Hales, in 1708 and was published 1733. Having previously experimented on dogs,
he used a brass pipe connected to a 9 feet hollow glass tube applied into an artery
in the left crural artery of a horse and recorded a resultant rise of the column of
blood of 8 feet 3 inches and noticed a rise and fall of 2-5 inches every heartbeat. In
1881 Ritter von Basch introduces a clinically useful instrument for the non-invasive
measurement of blood pressure in humans and in 1896, Scipione Riva-Rocci

developed the prototype of the now commonly used manual sphygmomanometer
based on the von Basch’s model”.

Haemostaticks, Statistical essays Vol 2, Stephen Hales 1733, Jeremy Booth
1977'%

Figure 11. Measuring blood pressure in the office and at home. %,

Use validated automated electronic

1 upper-arm cuff device?
Home: take 2 readings with o"-“'
1 min interval between and -3 Quiet room with comfortable
use average© @@ 2 temperature
A
‘;'3’ _, Cuff to fit arm size®
Office: take 3 readings with o ~
1 min interval between @ e Mid-arm at heart level No smoking, caffeine, food,
readings use average of the S ..... & w drug intake or exercise 30
last 2¢ k % min before measurement
9. e —— = 3

o

c

(o]

V]

Remain seated and relaxed
Bare arm resting on table 8 4 for 3-5 min
mid-arm at heart level -
A
o
£y
L
Legs uncrossed, feet flaton floor 7, 5. Mo talking during or between

measurements
Sitting with back supported by chair

Used with permission, courtesy Wolters Kluwer, 2023 ESH Guidelines for the management
of arterial hypertension.

Measuring blood pressure has been standardized to evaluate BP in a controlled setting
for more consistent and comparable results over time (Figure 11). Thus, we can reduce
misinterpretation of temporary BP changes such as white coat hypertension'®.

However, even with standardized procedure for office BP measurement, we need to be
aware of that BP can vary considerably due to the method of analysis, from office BP
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to home measurements as well as through other factors including the circadian
cycle/time of day. 24-hour home measurements should be considered in unclear cases®.
Results from 24-h BP has been shown to have best predictive values for later
outcomes'?” and can identify nighttime BP hypertension i.e. “non-dippers™®’'2*!2,

1.1.3.4 DIAGNOSIS: STAGING OF HYPERTENSION AND THE
EUROPEAN RISK SCORING MATRIX

Based on epidemiological and clinical studies, hypertension is graded by BP levels
(Table 3). The ESH 2023 guidelines recommend CV risk assessment in patients with
hypertension. Two widely used and implemented European CV risk matrix, the
SCORE"™’ (Systemic Coronary Risk Estimation) and the updated SCORE 2"' are
included in the ESH risk evaluation.

Table 3. Classification of Office BP and Hypertension Grades.”*

Category Systolic (mmHg) Diastolic (mmHg)
Optimal <120 <80

Normal 120-129 and/or 80-84
High Normal 130-139 and/or 85-89
Grade 1 Hypertension 140-159 and/or 90-99
Grade 2 Hypertension 160-179 and/or 100-109
Grade 3 Hypertension =180 and/or =110
Isolated Systolic =140 and <90
Hypertension

BP category is defined according to seated clinic BP and by the highest level of BP, whether
systolic or diastolic. Isolated systolic hypertension is graded 1, 2, or 3 according to SBP
values in the ranges indicated. The same classification is used for all ages from 16 years.

Assessments are recommended in apparently healthy patients with stage 1 hypertension
to assess an individual’s 10-year risk of fatal and nonfatal CV events (Figure 12). It is
not recommended in patients already at high or very high risk (hypertension stage 2 and
3) due to established CVD or chronic kidney disease (CKD), long-lasting or
complicated diabetes, severe hypertension mediated organ damage (HMOD, e.g. left
ventricle hypertrophy-LVH) or a markedly elevated single risk factor (e.g. cholesterol,
albuminuria).

Sex, SBP, non-HDL cholesterol level, age and smoking determine a patient’s ten-year
CV risk in SCORE 2. Similar adjusted matrixes are available for elderly patients
(SCORE-OP and SCORE2-OP) and regional versions exist considering differences in
CV risk in European regions. Note however that the European Society of Cardiology
(ESC) starts with SCORE 2 (or appropriate modified version) for the general
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population, for those who do not have manifest CV disease (L VH not counted), diabetes
or severe comorbidities.

The ESH risk matrix considers comorbidities, number of risk factors (Table 4),
hypertension mediated organ damage (HMOD), manifest kidney disease or diabetes or
manifest CV disease on top of the grade of hypertension. Stage 1 comprises varying
grades of hypertension without kidney disease, diabetes or CV disease, stage 2 includes
patients with HMOD, diabetes or kidney disease (grade 3). Stage 3 defines patients with
manifest CV disease or grade 4 kidney failure. The hypertension stage is referenced
against the hypertension grade to give an estimation of low, moderate, high or very high
CV risk over the upcoming 10 years, with an increasingly stronger indication for
treatment with higher risk. Risk stratification is particularly crucial in individuals with
high-normal blood pressure or grade 1 hypertension, as it may influence clinical
decisions regarding the initiation of antihypertensive pharmacotherapy.

Figure 12. ESH CV risk according to grade and stage of hypertension.”’.

Hypertension Other risk factors, BP (mmHg) grading
disease HMOD, CVD
staging or CKD High-normal Grade 1 Grade 2 Grade 3
SBP 130-139 SBP 140-159 SBP 160-179 SBP = 180
DBP 85-89 DBP 90-99 DBP 100-109 DBP = 110
No other risk factors® Low risk Low risk Moderate risk

Stage 1 1 or 2 risk factors Low risk Moderate risk et

Low to

3 risk factors 5
= moderate risk

HMOD, CKD grade 3, Model Aok
Stage 2 or diabetes mellitus ligh Rerviioiies
Stage 3 Established VD Very high risk Very high risk Very high risk Very high risk

or CKD grade =4

<50 years 60-69 years =70 years

<2.5% <5% <1.5%  Complementary
25t0<75%  5t0<10%  7.5t0<15% risk estimation in Stage 1
B 5% =10% >15%  with SCORE2/SCORE2-OP

HMOD-hypertension mediated organ damage, CKD-chronic kidney disease, CVD-
cardiovascular disease, BP-blood pressure (DBP-diastolic, SBP-systolic). Used with
permission, courtesy Wolters Kluwer, 2023 ESH Guidelines for the management of
arterial hypertension.
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Table 4. Risk factors increasing CV risk (ESH guidelines)”.

Category

Risk Factors

Demographic

- Age SCORE 2
- Male gender SCORE 2

Lifestyle

- Smoking SCORE 2

- Sedentary lifestyle

- Overweight or obesity
- Healthy diet

Clinical Measurements

- Systolic blood pressure SCORE 2
- Non-HDL cholesterol SCORE 2

Psychosocial & Environmental

- Psychological or socioeconomic factors
- Environmental factors (air pollution,
noise)

- Depression

Metabolic & Endocrine

- Diabetes (Type 1 or 2)

Sleep & Respiratory

- Sleep disorders (especially OSA)
- Chronic obstructive pulmonary disease
(COPD)

Inflammatory & Infectious

- Chronic inflammatory diseases
- Chronic infections

Family & Genetic - Family history of early hypertension or
CvD
Geographic - Regional risk

Previously Manifest Event or
Diagnosis

- Increased large artery stiffness
- Established cardiovascular or kidney

disease

1.1.3.5 SECONDARY HYPERTENSION

When hypertension is caused by specific mechanism outside of primary hypertension,
it is be referred to as secondary hypertension which may require specific diagnostic
approaches, that allow us to detect their specific causes and to select effective drug
treatment or specific interventional treatment. Severe or true resistant hypertension is
often a sign of secondary forms of hypertension as are worsening of previously
controlled hypertension or increased severity of complications, especially if
disproportionate to the duration of hypertension. Secondary hypertension should be
suspected especially in younger patients (<40yrs) with severe or treatment resistant
hypertension, although some forms appear in older patients as well (Table 5).
Traditional secondary hypertension causes are renal artery stenosis or other renal
disorders, endocrine disorders such as primary aldosteronism, pheochromocytoma,
Cushing syndrome or hyperthyroid disorders. Secondary hypertension can also occur in
pregnant women with eclampsia for example.
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Table 5. Clinical indicators for suspecting secondary hypertension*’

Clinical Scenario Rationale

Patients <40 years with grade 2 or 3 Early-onset hypertension often suggests

hypertension or any childhood hypertension underlying pathology

Sudden onset of hypertension in previously May indicate an acute secondary cause

normotensive individuals (e.g., renal or endocrine)

Acute worsening of BP control in previously | Suggests new or progressing secondary

well-controlled patients condition

Resistant hypertension Defined as uncontrolled BP despite >3
medications, including a diuretic

Hypertensive emergency (grade 3 or Severe elevation may reflect secondary

malignant hypertension) etiology

Severe/extensive HMOD disproportionate to | Organ damage out of proportion to BP

BP duration or severity history suggests secondary cause

Clinical presentation of typical endocrine Symptoms like hypokalemia, palpitations,

disorders or adrenal masses warrant evaluation

Suspected obstructive sleep apnea (OSA) OSA contributes to hypertension via
sympathetic activation, hypoxia and
disrupted sleep

Whether OSA is a kind of secondary hypertension is debated as it is often described as
a strong accelerator of primary hypertension instead. Even if the downstream
hypertension mechanisms activated in OSA are the same as in primary hypertension,
initial mechanisms are not. Repetitive hypoxia and very high sympathetic activation are
specific for OSA and might therefore qualify as secondary hypertension. 24-hour BP
measurement is recommended in suspected secondary hypertension and may help
identify OSA by “non-dipper pattern” (see 1.1.1) with absence of normal BP reduction
during sleep or even raised nighttime BP. Non-dipper pattern in has been shown to
increase CV risk independently from hypertension grade'*.
1.1.3.6 ANTIHYPERTENSIVE TREATMENT

When hypertension is diagnosed, patients are strongly advised to make improvements
in lifestyle, like increased exercise, improved diet, smoking cessation and reduction of
stress. Depending on the initial grade of hypertension, most patients also require
pharmacological treatment. In low CV risk, low grade hypertension lifestyle
improvement can sometimes be adequate alone, but follow-up visits to verify BP control
are important. Current FEuropean guidelines® recommend starting with two
antihypertension drugs for most patients (Figure 13). Type of AHT is often ACEi/ARB
combined with CCB or diuretic, but some comorbidities can affect drug class choice.
ACEi/ARB is even more important in diabetes patients to protect the kidneys,
ACEi/ARB is often combined with betablockers and diuretics in heart failure, and
betablockers also play a role in cardiac arrythmias for example.
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The new ESC 2024 hypertension guidelines were updated 2025'* and focus on high-

risk patients. They suggest some changes to hypertension classification, but treatment
recommendations are only marginally different. Reaching the recommended
hypertension control is still challenging as most hypertensive patients do not have any
symptoms motivating them to be adherent in pharmacological treatments. Adherence to
AHT is around 75-90%, but is generally lower in lower socioeconomic patients,
complex medication regimes and patients with poorer lifestyle factors'**. Taking
multiple pills with possible side effects and cost now to prevent potential future
problems may not be of highest priority for the individual in question. Clinical inertia,
defined as the failure of clinicians to appropriately intensify antihypertensive therapy,
represents another major barrier to blood pressure control. This phenomenon may
contribute more to uncontrolled hypertension than patient nonadherence to prescribed
pharmacological regimens. Thus, improving AHT is still a major challenge with only
about 50% of patients reaching optimal BP control'*.

Using combination pills has been advocated as one option to improve compliance along
with motivational approaches. Current European ESC/ESH hypertension guidelines
both recommend combination treatment for most patients with newly diagnosed
hypertension and continuous re-evaluation of BP control with additional medication
added until BP is well controlled. As hypertension tends to progress with increasing age
repeated checks for hypertension control are important and likely improve AHT
compliance. There is often a need to add additional AHTSs to maintain BP control.

Figure 13. Starting anti-hypertensive treatment™.

Prefer SPCs Start with Dual Combination :'i:ww,r.';t :C:::Z';:’:’: :n‘:m’i:fmmgm
at any step Therapy in most patients ® or high-normal BP and very high CV risk
® or frail patients andfor advanced age
Step 1 ACEi or ARB + CCB or y; Diuretic®
Dual combination Increase to full-dose if well tolerated BBP
— up to ~ 60% controlled* Can be used
'_ as monotherapy
or at any step
Step 2 ACEi or ARB + CCB + 7, Diuretic of combination
Triple combination Increase to full-dose if well tolerated therapy
—+ up to ~ 90% controlled®
Step 3 True resistant Hypertension®
Add further drugs =+ up to ~5%

specialist in patients who are still

Consider to consult hypertension
not controlled

SPC: single-pill combinations, ACEi: angiotensin converting enzyme inhibitor, ARB; angiotensin
receptor blocker, CCB; calcium channel blocker, BB; betablocker. Used with permission, courtesy
Wolters Kluwer, 2023 ESH Guidelines for the management of arterial hypertension.
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1.1.3.7 RESISTANT HYPERTENSION

When target blood pressure levels are not reached despite using three or more AHTs,
this severe hypertension is called resistant hypertension’. Apart from poor AHT
adherence, OSA is the most common reason for resistant hypertension and among
patients with resistant hypertension 80% have been shown to have OSA®*'3¢, Treatment
of OSA has been shown to improve BP control in resistant hypertension®*'*’. Secondary
hypertension and particularly OSA, should thus be considered in patients with resistant
hypertension.

1.2 OSA AND ARTERIAL HYPERTENSION:
PATHOPHYSIOLOGICAL INTERPLAY

OSA and arterial hypertension frequently coexist, creating a clinically significant
overlap with profound CV consequences. Epidemiological evidence indicates that 30—
50% of individuals with hypertension exhibit OSA'**'*! with prevalence exceeding
80% among those with resistant hypertension®'*®. Conversely, 40-60% of patients with
moderate-to-severe OSA present with arterial hypertension'**'**'**  underscoring a
robust bidirectional association. Although this relationship is most pronounced in obese,
middle-aged men, it remains clinically relevant across sexes and age groups.
Hypertension and OSA share many risk-factors including age, obesity®'*’,
smoking'**'*” and alcohol use'*®. OSA often appear earlier in life in males than in
females. OSA becomes more prevalent after menopause'*'*” and with increasing age.
The shared risk factors along with OSA promoting hypertension frequently leads to an
overlap between these disorders. It is important to recognize that OSA and hypertension
can co-occur in different ways. In some patients, hypertension might be caused by OSA
and would not be present if OSA had not been present. In other patients, hypertension
might be due to other factors not mainly related to the OSA. In many of the patients,
hypertension may be explained on OSA along with other risk factors. In other words,
hypertension can be a mediator for OSA on CV risk but also be an independent risk
factor separately. It is evident that the impact of OSA treatment may differ between
patients with these clinical differences.

The connection between OSA and hypertension is mediated by multiple, interrelated
mechanisms:

Intermittent Hypoxia and Increased Sympathetic Overactivity (OSA specific)

Recurrent apnoeic episodes induce cyclical hypoxia and reoxygenation, stimulating
peripheral chemoreceptors and sustaining sympathetic nervous system activation'”'"'>,
This leads to nocturnal and daytime blood pressure elevations through increased
catecholamine release and augmented vascular tone.
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Endothelial Dysfunction and Oxidative Stress

Hypoxia—reoxygenation cycles generate reactive oxygen species, fostering oxidative
stress and systemic inflammation. These processes impair nitric oxide bioavailability,

resulting in endothelial dysfunction and diminished vasodilatory capacity'>*.

Renin—Angiotensin—Aldosterone System (RAAS) Activation

OSA activates RAAS via sympathetic pathways and hypoxia-driven renal mechanisms,
elevating angiotensin Il and aldosterone levels. This promotes sodium retention,
vascular remodelling, and sustained hypertension''*'?°,

Baroreflex Impairment and Vascular Stiffness

Chronic sympathetic stimulation attenuates baroreflex sensitivity'”>, while

inflammatory mediators and oxidative stress accelerate arterial stiffening, perpetuating
hypertensive states'**'*’,

Sleep Fragmentation and Neurohumoral Dysregulation

Frequent arousals disrupt slow-wave sleep, altering hypothalamic—pituitary—adrenal
axis activity and increasing cortisol secretion'*®. This neurohumoral imbalance
synergizes with sympathetic overdrive to further elevate blood pressure. As previously
described, most of these mechanisms are present in OSA or hypertension alone but get
amplified and sustained in patients with both disorders. The cumulative impact of these
mechanisms explains why OSA is a major contributor to resistant hypertension and why
blood pressure reduction with PAP therapy is often modest, particularly in normotensive
or mildly hypertensive individuals. These observations highlight the need for integrated
therapeutic strategies targeting sympathetic activity, RAAS, and endothelial function
alongside upper airway stabilization.

A comprehensive understanding of these mechanistic pathways is essential for
designing tailored interventions aimed at mitigating CV risk in this high-risk population.

1.3 GAPS OF KNOWLEDGE

Despite the extensive body of knowledge regarding OSA and its association with
hypertension, and the strong evidence indicating that OSA not only contributes to the
development of hypertension and CV'*'* complications but also activates and sustains
all known pathological mechanisms of hypertension (as outlined in Figure 10)'!%120:15!-
134.136.157 * disseminating this information to general practitioners and cardiologists
remains a significant challenge.
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Hypertension and CV risk are major areas of medical research, attracting substantial
interest and investment from pharmaceutical companies. This has led to the execution
of very large-scale, well-funded RCTs focusing on pharmacological interventions. In
contrast, sleep medicine—and OSA in particular—represents a smaller and less
commercially supported field. The lack of pharmacological treatment options
specifically for OSA has also contributed to limited financial resources, restricting much
needed research to RCTs in smaller selected populations and cohort studies that often
face methodological limitations, as previously discussed.

Consequently, many cardiologists have not fully acknowledged the role of OSA in CV
disease. Initially, there was considerable scepticism, with many attributing the risks
observed to obesity rather than to OSA itself'®. Debates surrounding causality and
confounding factors in cohort studies persist'®"'°2. However, the consistent findings
linking OSA to increased CV risk are gradually gaining recognition, and OSA is now
acknowledged as a significant risk factor in guidelines for hypertension” and CV risk
prevention®’.

Nevertheless, the protective effects of OSA treatment remain under investigation, and
studies evaluating AHT in patients with hypertensive OSA are still scarce. There are
RCTs on PAP reversing endothelial dysfunction'®"'® in OSA and improving BP'%¢-1¢8,
but no convincing RCT evidence on CV protective effect in primary or secondary
prevention, apart from subgroup analyses. There are few RCTs comparing different
AHTs but more comparing single drug to placebo. All AHTs seem to work in
hypertensive OSA but some data suggest better effects of RAAS blockers, beta blockers
or mineral corticoid receptor /aldosterone antagonist (Table 6 and 7). Without clear
evidence that treating OSA modifies CV risk, the clinical impact of diagnosing OSA
outside of sleep clinics remains uncertain and potentially limited.

With high CV risk in OSA patients with hypertension and poor BP control, there is a
need to further study AHTs and combinations to see if type of AHT matters and if any
AHT or combination have superior effect in this high-risk population. Further
information on PAP treatment protective effects in primary and secondary CV
prevention is still needed.

There is a need for more accurate methods to identify OSA patients at the highest CV
risk, as intensified management and follow-up may be most effective in those at greatest
risk. Current knowledge is limited regarding differences in CV risk among patients with
both OSA and hypertension compared to those with either condition alone. Furthermore,
it remains unclear whether applying lower BP targets, like those recommended for
patients with diabetes, could provide preventive benefits in hypertensive OSA.
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Table 6. Randomly controlled trials on multiple AHTS in OSA.

Study (Year)
Mayeretal.

{1900)

Pelttari et al.
(1998)

Salo etal.

1999

Kraici (2000)

Heitmann
(2010)

Zou et al. (2010)

Kario et al.
(2014)

Ziegler (2017)

Shi (2019)

Lucca et al.
(2023)

Cicheleroet al.

(2024)

Schwartz et al.
(2024)

Drugs Compared

Metoprolol (betablocker)
and cilazapril {ACEinhibitor)

Atenolol, the calcium
antagonist isradipine,
hydrochlorothiazide and
the ACE inhibitor

spirapril

Atenolol, the calcium
antagonist isradipine,
hydrochlorothiazide and
the ACE inhibitor
spirapril

Atenolol, amlodipine,
enalapril,
hydrochlorothiazide, and
losartan

Nebivolol vs Valsartan

Beta-blockers vs ACE
inhibitor

Nifedipine, a calcium
channel blocker vs
carvedilal, a
nonselective 3 -
blocker/al - blocker

Betal-blocker vs
Hydrochlorothiazide

Metoprolol vs
Amlodipine

Chlorthalidene +
Amiloride vs Amlodipine

Chlorthalidone/amilorid
e with amlodipine

Atomoxetine+Spironclac
tone vs atomoxetine
alone

Population & Design

12 patients with
OSA+ hypertension.

18 obese OSA patients
with hypertension, RCT
double blind crossover

RCT, OSA+ hypertension.
double-blind crossover

40 0SA patients with
HTN, RCT crossover

31 OSA patients with
hypertension, RCT

16 OSA + HTN patients,
RCT

OSA-related
hypertension,
prospective,
randomized, parallel -
group crossover design

31 0S8A + HTN patients
completed study, RCT

Hypertensive OSA
patients, RCT

65 patients Moderate
OSA + HTN, double-blind
RCT

QSA patients with grade
1 hypertension

21 Hypertensive OSA
patients, RCT

BP Outcome

Both treatments lower
nighttime BP
C strongereffect

BP lowered

Not main outcome

All reduced BP

Comparable BP lowering

Both lowered BP

CCB had stronger
nighttime BP effects but
both improved nBP

Both lowered BP
effectively

Effective BP reduction

Similar BP reduction

Both treatments lower
BP

Significant BP reduction

Key Findings

C strongereffect:
in REM
No effect on AHI.

Beta-blockers reduce BP
variability, but all reduce BPs.
Small changes in nBP.

HRV and BPV resonded better to
betablocker.

Beta-blocker had better DBP and
nBPs than the rest.

Both drugs effective for BF,
betablocker gave lower pulse
rate.

ACE inhibitors and beta-blockers
effective for BP, doxazosin had

less effect on nBP

Nighttime dosing of a
vasodilating or a sympatholytic
antihypertensive drug can be
effective for OSA-related nHTN

Diuretics may have added benefit
on OSA severity

Similar BP effects. betablocker
did not reduce Pulse rate

Mainly studied BP variahility and
find similar results between
groups.

No effect on AHI.

Superior BP reduction in
combination treatment

ACE=angiotensin-converting-enzyme inhibitor, CCB=Calcium channel blocker, n=nighttime,

RCT= randomly controlled trial.
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Table 7. Information from cohort studies and reviews on AHT in OSA.

Study (Author, Design & Population Intervention Key Outcomes Major Findings

Year)

OPTISAS2 213 French high CV Comparative Blood pressure ARBs (sartans)

multicentre risk OSA patients effectiveness of control and demonstrated superior

randomized with hypertension AHTs antihypertensive blood pressure lowering

controlled trial effectiveness effects alone orin

baseline data. combination with another

(Revol et al., 2018) AHT.

Review (Author, Included Studies Focus Main Findings Clinical Implications

Year)

Kou et al., 2022 () 49 RCTs, 4,893 Effects of OSA MRAs and Combination therapy

Hypertension) patients treatments on BP ACEI/ARBs most recommended for
effective; CPAP BP control in OSA

modest BP reduction

ACE=angiotensin-converting-enzyme inhibitor, ARB=angiotensin receptor blocker,
CCB=Calcium channel blocker, MRA=mineralocorticoid receptor antagonist, n=nighttime,
RCT= randomly controlled trial.

Potential differences in the protective effects of PAP therapy between OSA patients
with and without hypertension have not been established. High PAP adherence may be
particularly important in hypertensive OSA. These hypotheses, however, have yet to be
rigorously tested. We need more real-world data on different AHTs in hypertensive
OSA patients to improve hypertension guidelines to aid optimal prescription and clinical
results not only in BP control but future comorbidity and survival for patients with both
OSA and hypertension. If the real-world data shows differences in AHT and
combination of AHT efficiency in hypertensive OSA, the need for large-scale
prospective RCTs becomes evident.

In this thesis, we identified an opportunity to build on previously described evidence by
examining whether patients with both OSA and hypertension experience an additive—
or a potentially synergistic—CV risk. We also aimed to explore the primary preventive
effects of PAP in this high-risk population, leveraging the strengths of cohort
methodology to address questions that are difficult to answer through RCTs alone.
Finally, we used cohort study design in study 3 and 4 exploring AHT in OSA before
and during PAP treatment.
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2 AIM
2.1 OVERALL AIM OF THE THESIS

To enhance risk stratification and optimize treatment strategies for patients with
coexisting hypertension and OSA. This includes identifying high-risk phenotypes,
clarifying the interplay between OSA and hypertension in CV outcomes, and evaluating
whether tailored interventions—such as adjusted AHTs or improved adherence to
positive airway pressure therapy—can reduce CV risk in this population.

2.2 SPECIFIC AIMS

1. Evaluation of a diagnostic method.:

To evaluate a potential pulse wave signal for simple, accessible methods for
identifying patients at elevated CV risk. The reflection of the finger pulse
waveform, measured as PPT, serves as a reliable indicator of arterial stiffness and
can be continuously monitored during sleep. This study aimed to explore the
associations between sleep architecture, sleep-disordered breathing,
hypertension, and PPT in individuals with suspected OSA. We hypothesize that
PPT is associated with established CV risk factors but independently predicts
hypertension status. Furthermore, we expect PPT to be shorter in patients with
OSA and hypertension, reflecting increased arterial stiffness in these known CV
risk increasing disorders.

Il.  Primary prevention of CV disease risk in OSA and hypertension:

This study aimed to analyse long-term CV risk for patients with OSA and
hypertension, by comparing patients with hypertension only, OSA only and
patients with combined hypertension and OSA to controls in a prospective
registry-based cohort in Sweden. Further, effects of interventions with PAP, in
the OSA subgroups, were assessed as modifying factors in primary prevention of
major adverse CV events (MACE)/death. We hypothesized that patients with
combined hypertension and OSA diagnoses have the highest risk, which can be
mitigated by PAP treatment.
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1

1.

Evaluation of antihypertensive treatment in OSA, part 1:

This study aimed to evaluate the degree of blood pressure control among
untreated OSA patients receiving various AHTs. As OSA is promoting several
pathophysiological features of hypertension, BP control is generally poor in this
patient group. BP control while using both mono and dual AHT regimens in
untreated OSA patients, were compared across different drug classes.
Considering these mechanisms, we hypothesized antihypertensive agents with
sympathoinhibitory effects, such as beta blockers, may offer superior efficacy in
this population.

Evaluation of antihypertensive treatment in OSA, part 2:

Subsequently, study IV, aimed to determine AHTs with best BP control in PAP
treated OSA and to evaluate PAP related BP improvement at follow-up across
AHT drug classes in mono- and dual AHT. As OSA treatment by PAP reverses
many of the pathophysiological mechanisms involved in OSA including the
increased sympathoadrenergic drive, and the activated RAAS, we hypothesized
that AHT drug classes other than BB may be associated with improved BP control
in adherent PAP treated hypertensive OSA patients.
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3 PATIENTS AND METHODS

In this thesis we studied patients with suspected sleep apnea (study I) or patients with
an established diagnosis of OSA (study II-IV). Table 8 contains important clinical data
at baseline for all these cohorts.

3.1 PATIENT COHORTS

3.1.1 STUDY |, AMULTICENTER COHORT OF
PATIENTS WITH SUSPECTED OSA.

A total of 601 subjects were recruited between November 2009 and April 2011 from
five sleep centers— one in Sweden (Gothenburg) and four located in Germany (Berlin,
Nuremberg, Solingen, and Wuppertal). Patients referred to sleep studies due to
suspected sleep apnea or for follow-up monitoring of the condition were eligible for
inclusion. The study aimed to evaluate a novel oximeter-based pulse signal analysis in
routine OSA diagnosis. Due to an irregular pulse wave form and pulse rate, patients
with atrial fibrillation were excluded. The final analysis included data from 440 patients.

Figure 14. Study I cohort.

Full sleep cohort n=601

Excluded
Included n=495 PAP n=81
AF n=25 additional

AF=Atrial Fibrillation., PAP=
Positive Airway Pressure,
PG=polygraphy,
PSG=Polysomnography

Missing data total n=55
Missing AHI n=23
Alcohol n=15
Waist n=14

Main analysis cohort
with complete data
n=440

Sleep stage based PPT
analysis in the PSG
subgroup. n=270

Subanalysis
PSG
n=270

Excluded PG subgroup
n=170
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3.1.2 STUDY I, DISCOVERY 2.0

_
DISCOVERY

The DISCOVERY (Course of DISease in patients reported to the Swedish
CPAP Oxygen and VEntilator RegistrY) 2.0 cohort'® (Figure 15) contains anonymized
data for patients with OSA and a control population without OSA, obtained by cross-
referencing several Swedish quality registries with the aid of Swedish personal
identification number. Data was available for diagnoses, anthropometrics, medications
prescribed and delivered to patients at Swedish pharmacies, diagnostic sleep study
results and OSA treatments at baseline. In addition, incident CV disease or death and
OSA treatment information during the follow-up time have been gathered.

In study II four groups were defined:

OSA only, combined hypertension and OSA, hypertensive controls, and normotensive
controls assembled 2008-October 2022. OSA patients were from the Swedevox and/or
SESAR at PAP treatment start, while non-OSA controls were gathered from population-
based control group was identified from Statistics Sweden’s Living Conditions Surveys
(ULF/SILC)'™, which consists of a random selection of approximately 6,000 people
between the ages of 16 and 74 years in Sweden repeated every year since 1987. The
control cohort is from the same time span as the study population. Data from the
ULF/SILC regarding age, gender, length, weight, smoking, housing type, living area,
civil status and year of study are collected for the study. The control group was divided
into controls with or without hypertension diagnosis.

Anthropometric data (age, body mass index, sex), comorbidities (hyperlipidemia,
diabetes, depression and obstructive lung disease, socioeconomic factors (education
level and income), medication (AHTs, statins and adherence of these drug therapies),
and number of AHTs at baseline entry were allowed as confounders.
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Figure 15. Study 11, Discovery cohort.

DISCOVERY cohort
Swedevox/SESAR

OSA patients starting
PAP
n=83,572

Matched control
population
n=83,572

The Swedish Cause of Death Registry

The Swedish National Patient Registry

The Swedish Prescribed Drug Registry

Socioeconomic data from
Statistics Sweden

Normotensive cohort
Controls 0sA
n=25,586 n=25,586

Hypertensive cohort

Controls
n=57,986

OSA
n=57,986

PAP=positive airway pressure treatment, OSA=obstructive sleep apnea.
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3.1.3 STUDY Ill AND IV, ESADA

* X %
*
Y ESADA

* *
L

The European Sleep Apnea Database (ESADA) was started in 2007 and reflects a
network of 33 (study III) or 29 (study IV) sleep disorder centers in Europe enabled by
a COST action B26 program'”'. This data reflects differences in standard clinical care
of patients with OSA across Europe. ESADA was established as a resource for real-
world data-based research in this disorder. Consecutively included patients with
suspected OSA are followed up according to local clinical standards.
Anthropometrics, medical history, medication, daytime symptoms and sleep data
(polysomnography or cardiorespiratory polygraphy) are recorded in a structured web-
based report form (Figure 16). Ethical approval and signed informed patient consent
has been obtained at all involved centers including using anonymized data for sleep
studies and clinical information. The data represent unselected patients referred with

suspected OSA in the age>18 years of age.
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Figure 16. ESADA information. Overview of data structure and information in

ESADA.

Demographics

Laboratory values

* Comorbidities

O Cardiovascular O Metabolic
QO Sleep disorders O Pulmonary
Ol Other 3 Epidemiology

* Mortality

Physical
Examination

ical Global Impression
Improvement

rity
th Sleepiness Scale (ESS)

Sleep study data

Vital signs
Neck circu
Waist circu
Lung function

Blood gas tests

AHI, ODI and
Mean and lo
Time at Sp0, belc
Total sleep time
Sleep efficiency

Sleep stage 1,

Analyzed and

Used with permission, courtesy Journal of Physiology'”?, Prof. Maria Bonsignore and

Ashraf Yassen.
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3.2 METHODS
3.2.1 STUDY |

Sleep Recording

Participants underwent overnight sleep monitoring using one of the
following systems: SomnoCheck II/R&K, SomnoCheck II, SomnoLab, or
SomnoCheck Micro (Weinmann, Hamburg, Germany). Recordings were
conducted either at the patient’s home or in a hospital setting, depending
on local clinical routines. Sleep data were collected between
approximately 10:00 PM and 6:00 AM. For polysomnographic recordings,
sleep stages and indices of sleep-disordered breathing were manually
scored in accordance with the 2007 criteria of the American Academy of
Sleep Medicine (AASM)*. The Apnea-Hypopnea Index (AHI) was
calculated as the total number of apneas and hypopneas divided by the
recording time (for polygraphic data) or total sleep time (for
polysomnographic data).

Novel Pulse Wave Analysis

Continuous pulse wave monitoring was conducted using a specialized
pulse oximeter module (ChipOx, Corescience GmbH, Germany), as
previously described in detail'”'7*. The photoplethysmographic (PPG)
signal was recorded unfiltered at a sampling rate of 100 Hz, with data
acquisition limited to a single finger sensor. Pulse Propagation Time
(PPT) was defined as the interval between the systolic peak and the
diastolic peak of the pulse waveform, measured in milliseconds'” (see
Figure 17). A mean PPT value was calculated across the entire recording
period, which had a minimum duration of four hours. Artifacts were
automatically excluded from analysis. In a subgroup analysis comprising
125 normotensive and 145 hypertensive individuals, mean PPT values
were computed for distinct sleep stages (NREM stages 1, 2, and 3; REM
sleep) as well as periods of wakefulness, during the overnight recording.
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Figure 17. Pulse propagation time. PPT is the time between systolic
and diastolic peaks in the pulse wave in milliseconds. Shorter PPT is
associated with higher vascular stiffness.

Systolic peak

. Pulse propagation time
- (PPT)

Pulse wave
amplitude
(systolic)

/ Diastolic peak

Pulse wave
amplitude
(diastolic)

1

Pulse wave of one full cycle

Used with permission, courtesy Journal of Hypertension, Sven Svedmyr et al.

3.2.2 STUDY Il

All patients diagnosed with OSA, starting PAP treatment, and without
manifest CV disease, renal failure, or malignancy, in the SESAR or
Swedevox registries between 2010 and 2021, were included in the study. A
control population without these diagnoses was identified from the
Discovery database. Both patients and controls were stratified based on
hypertension status, resulting in four distinct groups (Figure 18).

Participants were followed until October 2022. Outcome data MACE and
all-cause mortality were obtained from mandatory national death and
diagnosis registries. Information on anthropometric confounders (age,
BMI, sex), comorbidities (hyperlipidemia, diabetes, depression and
obstructive lung disease), medication with AHTs and statins (including
adherence information), and socioeconomic factors (education level and
income) were collected. PAP data was also sourced from routine clinical
care records (Swedevox and /or SESAR) included in the Discovery
database. Patients with unknown adherence to PAP therapy were classified
as having low or no usage, defined as 0-2 hours per day. Baseline
hypertension was defined as the presence of a documented hypertension
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diagnosis in combination with an active prescription for at least one
antihypertensive medication. High treatment compliance was defined as
having at least two dispensed prescriptions per year for at least 75% of the
study period, with an active prescription status for each respective AHT
class or statin. Adjusted multifactorial Cox regression models were used
with MACE and all-cause death risk as main outcomes and PAP risk
reduction of primary outcomes, in secondary analyses.

Figure 18. Study II, flow chart

Total participants

n=167,144

Healthy controls Hypertensive controls OSA Hypertensive OSA
n=25,586 n=57,986 n=25,586 n=57,986
No diagnosis of Diagnosed with hypertension only Diagnosed with OSA only Diagnosed with hypertension
hypertension or OSA and OSA
Missing data
-PAPdata: 31% o o o
_Income: 57% Missing: Missing: Missing: Missing:
-Education: 12% 967 13 839 806 10 411
Healthy controls Hypertensive controls OSA Hypertensive OSA
n=24,619 n=44,147 n=24,780 n=47,575
No diagnosis of hypertension or Diagnosed with hypertension only Diagnosed with OSA only Diagnosed with hypertension
S and OSA

Data from 7,510 patients with OSA and hypertension treated with one or
two antihypertensive medications were extracted from the ESADA,
encompassing 33 participating European centers. Patients were included
between 2007-2017. To focus on clinically relevant combinations and to
ensure sufficient statistical power, AHT combinations represented by fewer
than 100 patients were excluded. After applying these criteria, the final
study population consisted of 5,818 patients (Figure 19). The cross-
sectional analysis evaluated office BP by antihypertensive medication used,
while adjusting for relevant confounding factors associated with BP
control. These included anthropometric variables (age, sex, body mass
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index), comorbidities (ischemic heart disease, heart failure, and diabetes),
sleep apnea severity (apnea-hypopnea index), and study center.

Figure 19. Flow chart study II1. Patients on more than 2 AHTs were
excluded.

Consequently included patients at
screening visit ESADA n=22851

Patients with diagnosis of arterial
hypertension n=9442

Patients with arterial hypertension on
antihypertensive treatment n=7510

Patients on monotherapy n=3594
Patients on combination therapy* n=2224

AHT medications were categorized into the following drug classes based
on ATC codes: beta-blockers (BB; C07), diuretics (DIU; C03), renin-
angiotensin system blockers (RAB; C09), calcium channel blockers (CCB;
CO08), and centrally acting antihypertensives (CAH; C02). Systolic blood
pressure control was assessed according to age-specific optimal targets
defined by the European Society of Cardiology/European Society of
Hypertension (ESC/ESH)  guidelines®.  Specifically, uncontrolled
hypertension was defined as systolic blood pressure >130 mmHg for
individuals younger than 65 years, and >140 mmHg for those aged 65 years
or older.

3.2.4 STUDY VI

Adult patients with suspected OSA were consecutively recruited into the
ESADA database from 28 European sleep centers between March 2007 and
December 2021. Patient history, comorbidities, and concomitant
medications were documented using a standardized protocol. For this
longitudinal analysis, we included all adult patients (n = 1,935) with a
diagnosis of hypertension and OSA who were receiving either monotherapy
or dual combination antihypertensive treatment alongside PAP therapy for
OSA. Eligible patients had follow-up data available from at least 2 months
up to 3 years after the initial visit. The most recent visit within the 3-year
window was used for analysis in cases with multiple follow-up visits.
Patients were split into two groups: those receiving monotherapy (n=1,283)
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and those on dual combination therapy (n= 652). Individuals treated with
three or more antihypertensive medications (n= 354) were excluded due to
the heterogeneity and small sample sizes across various triple-drug
combinations. Hypertension was defined by a documented medical history
in combination with ongoing antihypertensive treatment. Changes in blood
pressure and the degree of blood pressure control following PAP therapy
were investigated. Patients with less than 2 months of follow-up were
excluded. Blood pressure control was evaluated at both baseline and follow-
up using systolic and diastolic thresholds defined by the 2018 ESC/ESH
guidelines®, with control rates calculated as the proportion of patients
meeting these criteria.
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3.3 ETHICAL CONCIDERATIONS

Ethical approvement was obtained for all studies prior to study start. For
study I, IIT and 1V, written and oral informed consent was obtained from
each participant prior to study participation. For a listing of ethical
approvals please see appendix.

In study II, patients were included into the national quality registries
without specific consent procedures according to Swedish Law. All patients
can opt out from a registry at any time. All patients went through standard
care, and no interventions outside standard care were applied.

3.4 MEASURESMENTS AND
ASSESSMENTS

Study I: The medical history and physical status of each participant was
evaluated by the sleep physician. Comprehensive information regarding
both current and previous medical history was gathered directly from the
subjects and medical records. Anthropometric measurements, including
body weight and height, as well as data on tobacco exposure and average
weekly alcohol consumption, were systematically recorded. Office BP was
measured in the seated position in accordance with contemporary
guidelines issued by the European Society of Hypertension (ESH)'".

Fasting blood samples were collected to determine lipid profiles.
Information on comorbidities, including CV and metabolic conditions, as
well as current pharmacological treatments, was meticulously gathered
from patient interviews and supplementary sources such as hospital records
and referral documentation. Hypertension status (classified as present or
absent) was determined by the responsible physician, based on historical
clinical data, current medication use, and blood pressure readings obtained
during the clinical visit.

Study II: All data were obtained from both the OSA standard care registries
(Swedevox and SESAR) and national mandatory healthcare registries in
Sweden as listed in 3.1.2 and 3.2.2.

Data on all AHTs were collected before PAP start, last year before
MACE/death or study end. Patients picking up a drug at least twice during
the last year are considered on that drug for a visit. At least 2 drug
dispensions per year for at least % of the study time with active prescription
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of each individual AHT group or statin required for high adherence
categorization.

All diagnoses were evaluated before PAP start (or study inclusion for
controls) and end of study. MACE or new AF event were recorded at any
time. Causes of death collected when applicable.

ICD codes of interest (from patient registries and/or swedevox):

Diabetes (E10-E14), Hyperlipidemia E78, COPD J44, Kidney failure (N17-
N19), Depression F32 and 33, Hypertension (I10-115), OSA G47.3,
ischemic heart disease (120-25), AF 148, Cardiac failure 150, Stroke [61-66.
Malignant cancer C00-C97.

MACE (120-25, 150 or 161-66) and all-cause-death, CV death and traffic
accident death were collected during study. ICD codes: 120-125, 146, 148,
150, 161-166, were used for CV death.

Study III-VI: Anthropometric and sleep data were captured from standard
care in the ESADA'”'. Office BP in study III and VI, was measured
according to contemporary recommendations’ by auscultatory or
oscillometric techniques after at least 5 min of rest.

Diagnostic Sleep studies:

Several sleep study methodologies were applied in the four studies of this
thesis. In study I, a sleep diagnostic system (SomnoCheckIl/R&K,
SomnoCheckll, SomnoLab or SomnoCheckMicro, Weinmann, Hamburg,
Germany), and the overnight recording was applied in the patients’ home
or in the hospital between approximately 22 and 06 o’clock according to
local routines.

Study II, Discovery uses Swedish standard care, i.e. almost exclusively
cardiorespiratory polygraphy. In study III and IV, ESADA centers follows
European standard care for each country, with mixed polygraphy (49.3%)
and polysomnography (50.2%) data.

The American Academy of Sleep Medicine 2007 scoring criteria* for sleep
stage scoring (in case of PSG) and classification of respiratory events were
used, including a 4% oxygen desaturation criteria for hypopnea
classification.
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3.5 STATISTICAL ANALYSES

In this thesis several statistical methods for cross-sectional and longitudinal
analyses were applied, including simple comparisons with Chi-square for
simple comparisons to advanced mixed effect models. Imputations, COX
proportional hazard models and log-rank tests were performed by a
professional statistician.

3.5.1 THE P-VALUE AND CONSIDERATIONS
REGARDING ALFA AND BETA ERROR

In the context of medical statistics and hypothesis testing, Type 1 (o) and
Type II (B) errors represent two fundamental forms of inferential
uncertainty. A Type I error occurs when the null hypothesis (Ho) is
incorrectly rejected despite being true, resulting in a false positive.
Conversely, a Type II error arises when the null hypothesis is not rejected
even though it is false, leading to a false negative outcome. These errors are
critical considerations in the design and interpretation of clinical studies.
To minimize the risk of Type I error, a significance level (p-value) of less
than 0.05 was applied, corresponding to a 5% probability of falsely
rejecting the null hypothesis and getting a false positive result. A Type 11
error rate of 20% (B = 0.20) was accepted, implying a statistical power of
80%. In these studies, greater emphasis was thus placed on minimizing false
positive findings (Type I errors) over false negatives (Type II errors),
aligning with standard practice in clinical research where the consequences
of incorrect rejection of the null hypothesis are considered more severe.

3.5.2 STUDY ANALYSES

Study I was a cross-sectional analysis of PPT during sleep for participants
with hypertension and/or OSA and as a predictor for hypertension.
Descriptive statistics of the study cohort were presented as mean+SD.
Group differences were tested by Student’s t test or chi-square test. The
association between PPT and potential confounding factors was studied by
Pearson correlation analysis. Generalized linear regression models were
used to study the predictors of PPT and hypertension status. Recognized
confounders for vascular stiffness including age, sex, body weight, height,
smoking history, cardiometabolic comorbidities, and sleep apnea were
allowed as potential confounders in the analyses. PPT differences between
sleep stages were analysed with ANOVA (analysis of variance).
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Study I, is a long-term prospective registry cohort study with survival and
incident MACE comparison between 4 groups. Means and standard
deviations (SDs) or median and interquartile range (IQR) for not normally
distributed variables, are reported as well as p-values for group difference.
ANOVA was used for normally distributed variables and Kruskal—Wallis for
non-normally distributed variable group comparisons. Percentage values
are reported for category variables. COX proportional regression models
were used to determine hazard ratios of the groups compared to healthy
controls adjusting for multiple confounders (see section 3.1.2) and similar
models were used comparing hypertensive OSA patients against OSA
patients without comorbid hypertension to assess the modifying effect of
PAP treatment adherence.

Study III is a cross-sectional registry cohort analysis. AHT drug classes in
terms of monotherapy and combination therapy groups were compared
adjusting for anthropometric data and confounders. Multivariate linear
regression models were performed after consideration of data distribution
and variable type, for monotherapy (SBP and DBP, n=3594) and
combination (SBP and DBP, n=2224) therapy to evaluate if the observed
pressure differences were independent of confounders. Missing data in the
adjusted models was 6.1% (n=219) for the monotherapy group and 7.2%
(n=161) for those on a combination therapy. We performed imputation (see
section 5.3) of missing data (body mass index, SBP, DBP, AHI, as well as
hyperlipidemia and diabetes diagnosis), which were stochastically imputed
with Full Conditional Specification procedure considering site effects
(using Proc MI by SAS'). For the final adjusted analysis, a multivariate
mixed linear regression model was applied handling site as a random effect.

In study VI, a longitudinal registry cohort study, we used multiple mixed
linear models to assess BP control during PAP treatment depending on
AHT drug or combination, adjusting for major confounders including
gender, age, BMI at follow-up, co-morbidities (cardiac failure, ischemic
heart disease, and diabetes mellitus), follow-up duration, and BP at
baseline. To adjust for potential local differences in patient populations,
variation in BP assessments, and local AHT prescription traditions the study
site was included as a random factor in the final model. Changes in SBP
and DBP constituted the dependent variable. Differences in the percentage
of in BP control between AHT classes were compared using McNemar’s
test.
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Table 9. Study Design and Statistical Methods.

Study I Study II Study III Study IV

Study type | Cross- Longitudinal | Cross- Longitudinal
sectional cohort sectional cohort study
cohort study; cohort comparing
study; Survival/ study; multiple
association | incidence Comparison | AHTs in
analysis analyses, of multiple | mono- or
and comparing 4 | AHTs in dual therapy
descriptive | groups. mono- or and PAP
parts, whole dual therapy | therapy
cohort and effects on
subgroup BP control.
analyses.

Descriptive | Mean, SD, | Mean, SD, Mean, SD Mean, SD

section Pearson Chi-square | ANOVA ANOVA

Normally | correlation | test,

distributed | Student’s t- | Student’s t-

data test, Chi test,
square-test, | ANOVA
ANOVA

Descriptive Median, Kruskal—

non- IQR, Wallis test

normal Wilcoxon

distributed rank-sum

data test

Main Generalized | Cox Multivariate | Multiple

models linear proportional | linear mixed linear
models hazards regression models
(GLM) models models

Other Kaplan— McNemar’s | McNemar’s

Meier, Log- | test test
rank test

P-value less than 0.05 was considered statistical significance in all studies.
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4 RESULTS

4.1 STUDY |

Vascular stiffness determined from a nocturnal digital pulse wave signal:
association with sleep, sleep-disordered breathing, and hypertension.

We could confirm that PPT was a marker of overnight vascular stiffness
and associated with traditional risk factors for hypertension and CV disease
also when controlling for blood pressure. PPT varied significantly across
sleep stages with the highest vascular stiffness during sleep stage 1 and
lowest during deep sleep (N3) (Figure 20).

Figure 20. Pulse propagation time and normotensive and hypertensive
OSA patients sleep stages. Shorter PPT corresponds to higher arterial
stiffness and longer PPT to lower stiffness. N3 sleep is the sleep stage
with maximum relaxation of the cardiovascular system. Hypertensive
participant had similar PPT patterns during sleep but shorter PPT in all
estimations signalling higher vascular stiffness.

All P<0.001
175— — I Wake.
—_—
—_— I REM.

170~ All P<0.001 N1.

— IN2.

N3.
165~  P<0.001

|
1607 * P<0.001 I
| — |

155— i
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N1 and 2= light sleep, N3= deep sleep, REM= REM-sleep. Used with
permission, courtesy Journal of Hypertension, Sven Svedmyr et al.
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The longest PPT was observed during NREM stage N3 sleep, significantly
exceeding values recorded during wakefulness and all other sleep stages
(NREM N3: 163 £41 ms vs. Wake: 156 + 31 ms; NREM N1: 151 & 34 ms;
NREM N2: 155+37 ms; REM: 154 £+ 38 ms; all comparisons P <0.001).
These differences were consistent across both normotensive and
hypertensive individuals, although hypertensive patients tended to exhibit
lower PPT values (p=<0.001) as a measure of increased arterial stiffness.

Factors predicting PPT

In univariate analysis (Table 10), mean overnight PPT were significantly
associated with anthropometric data like age, height, body weight.
Comorbidities like hyperlipidemia and diabetes were linked to lower PPT
(p=0.024 and p=0.031 respectively). In addition, a linear decline in
overnight PPT was observed across increasing SBP and DBP categories
(ANOVA; P=0.005 and P <0.001, respectively). Finally, OSA severity
expressed as apnea-hypopnea index showed a negative correlation with
overnight PPT (r=-0.13, P=0.008). Severe sleep apnea (AHI>30)
significantly reduced PPT in normotensive individuals, with a less
pronounced effect in hypertensive patients. Factors independently
associated with overnight PPT in the multivariate generalized linear
regression analysis were age, height, weight, DBP, smoking status, and
AHI.

Table 10. Pearson correlation analysis of overnight vascular stiffness
(mean pulse propagation time) and conventional confounding factors
ull cohort, n = 440).

Correlation coefficient P value
Age —0.53 <0.001
Height 0.32 <0.001
Weight 0.27 <0.001
Waist 0.08 n.s.
SBP —-0.16 0.001
DBP —-0.18 <0.001
Pulse 0.04 n.s.
AHI (n/h) —-0.13 0.008

AHI, apnea— hypopnea index; n.s., not significant. Used with permission,
courtesy Journal of Hypertension, Sven Svedmyr et al.

Vascular stiffness during sleep and daytime hypertension

PPT was significantly lower in hypertensive patients compared to
normotensive individuals (160 £33 ms vs. 177+£47 ms, P<0.001). In a
multivariate generalized logistic regression model, mean overnight PPT
emerged as an independent predictor of hypertension diagnosis, even after
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adjusting for age, body mass index, diabetes status, smoking history, heart
failure, coronary artery disease, and history of transient ischemic attack or
stroke.

4.2 STUDY Il

The synergistic effect of obstructive sleep apnea and hypertension on
mortality can be reduced by positive airway pressure treatment.

Study Population and Baseline Characteristics

The study included four groups: individuals with OSA (OSA; n=25,586),
and those with both OSA and hypertension (OSA+HT; n =57,986), controls
(n=25,586), and hypertensive controls (n=57,986). OSA groups
without/with hypertension were matched against corresponding controls for
Age, sex, and BMI. Compared to hypertensive groups, the groups without
hypertension were 10 years younger. Hypertensive OSA patients were
marginally less sleepy than OSA alone. OSA subjects more often had
depression. Diabetes and hyperlipidemia were more common in
hypertensive groups. Patients in the hypertensive OSA group have more
comorbidities (see Table 8 on section 3.1 Study cohorts). The number of
prescribed antihypertensive treatments was similar between the
hypertensive groups, and the severity of sleep apnea was comparable across
the OSA groups.

Observation Time and Clinical Outcomes

The median observation period was 6.8 years (interquartile range [IQR]:
4.7-10.1), corresponding to a total of 1,059,644 person-years at risk. The
longest time at risk was observed in healthy controls and hypertensive
controls (7.7 and 8.7 years [IQR: 5.7-10.7 and 6.0-11.7, respectively]),
while individuals with OSA alone (5.0 [[3.2-7.5]) and those with combined
OSA and hypertension (5.9 [3.6-8.8]) had shorter observation periods,
primarily due to the initiation of positive airway pressure therapy occurring
after the study start date. Adherence to antihypertensive treatment was
comparable between the hypertensive groups, and PAP adherence was
similar across both OSA groups. The incidence of major adverse CV events
or death was higher in both hypertensive groups. Notably, the mean age at
first MACE or death was 5 years lower in the OSA-alone group compared
to healthy controls, and 1.6 years lower in the OSA-+thypertension group
compared to hypertensive controls without OSA. Differences in age at
incident events are illustrated in Figure 21.
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Figure 21. All MACE/death events plotted against age at first event.
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Hypertension: 70.1 (61.9-77.2) n=13,839), Hypertension+OSA: 68.5 (60.4-75.3)
n=10,411.
MACE=Major Adverse Cardiovascular Event, OSA=Obstructive Sleep Apnea.
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Primary Outcomes: Risk of All-Cause Mortality and Major Adverse
Cardiovascular Events

Cox regression survival analyses after adjustment for age, BMI, sex,
comorbidities, socioeconomic status, medication use, and treatment
adherence, revealed HRs for all-cause mortality of 2.2 (2.0-2.4) for
hypertension-only, 1.6 (1.4-1.8) for OSA-only, and 3.1 (2.8-3.5) for
OSA-+thypertension. Adjusted HRs for MACE were 3.2 (2.9-3.7), 2.6 (2.2-
3.0), and 7.0 (6.2-87.9), respectively (Figure 22).

Figure 22. Risk of MACE, COX multivariate incidence analysis*
(n=155,830).

Hazardratio
0 1 2 3 4 5 6 7 8
Healthy controls
Hypertension —o—
OSA e
OSA-+Hypertension ——

*Adjusted for age, sex, BMI, diabetes, hyperlipidemia, depression,
obstructive lung disease, education and income, number of AHTs at baseline,
PAP-, AHT- and statin adherence.

Secondary Outcome: Protective Effects of PAP Therapy and
Adherence

In OSA patients initiated on positive airway pressure therapy (n=76,523),
multivariate Cox regression analyses revealed a significantly increased risk
of all-cause mortality and MACE in the OSA-thypertension group
compared with normotensive OSA patients (HR=2.9 [2.6-3.2] for
mortality; HR=3.8 [3.3-4.4] for MACE). PAP therapy demonstrated a
clear dose—response relationship between daily usage and reduction in all-
cause mortality. Compared to patients using PAP for less than 2 hours per
night, those with 4-5 hours of daily use had a reduced hazard ratio of 0.64
(0.58-0.72), which further declined to 0.58 (0.53-0.64) with 6—<8 hours of
use and 0.63 (0.53-0.74) with >8 hours of nightly use. For MACE, hazard
ratios were 0.74 (0.69-0.79) for 45 hours of use and further reduced a HR
of 0.61 (0.55-0.69) for >8 hours use/night (Figure 23). Even limited
adherence (2—<4 hours/night) was associated with meaningful risk
reductions: 26% for all-cause mortality (HR =0.74 [0.63-0.87]) and 22%
for MACE (HR =0.78 [0.69-0.87]).
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Figure 23. Risk of MACE and protective effect of PAP, OSA groups
only* (n=76,523).
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*Adjusted for age, sex, BMI, diabetes, hyperlipidemia, depression,
obstructive lung disease, education and income, number of AHTs at baseline,
PAP-, AHT- and statin adherence.

Sensitivity analyses
Several preplanned sensitivity analyses were conducted to address key
scientific questions in the field:

A. Hypoxic load
The hypoxic load marker ODI was used to describe OSA severity instead
of AHI. The results were comparable, and ODI did not show a stronger
predictive effect of MACE or All-cause death.

B. PAP adherence
Restricting the secondary analysis on the potential protective effects of PAP
against MACE and death to patients with complete PAP follow-up data
(n=31,988) yielded results comparable to the primary analysis. This
supports our main findings and validates the assumption that patients
lacking follow-up data can reasonably be classified as having low or no
PAP adherence.

C. The age effect

The analysis was dichotomized by age 65 years and older compared with
below 65 years of age. PAP use was associated with reduced risk of all-
cause death and MACE in both younger (<65 years) and older (>65 years)
patients. Notably, the protective effect of PAP in the elderly subgroup was
stronger for all-cause mortality than for MACE. The previously noted
protective effect of low PAP adherence was not found for MACE in the
elderly.

D. Influence of sleepiness
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We identified slightly lower outcome risk in the study after
adjustment for PAP compliance with a 7/16% risk reduction for
MACE/death between sleepy (ESS>11) and non-sleepy (ESS<11)
OSA patients, respectively.

4.3 STUDY Il

Superior hypertension control with betablockade in the European Sleep
Apnea Database.

This study investigated hypertensive OSA patients on mono- or dual-AHT,
in the baseline ESADA cohort assembled during 2007-2017. Patients were
not treated for OSA at time of investigation.

Patterns of Antihypertensive Medication Use in Patients with
Obstructive Sleep Apnea in Europe

Most patients had monotherapy rather than combination therapy. Among
patients diagnosed with OSA, renin-angiotensin blockers (RABs; n = 1986,
55%) and beta-blockers (BBs; n = 632, 18%) were the most frequently
prescribed agents as monotherapy (Figure 24). Diuretics (DIUs) were used
as monotherapy in only a small subgroup of patients (n = 184, 5%). The
most common combination therapies included:

e BB in combination with RAB (n =758, 34%)

e DIU in combination with RAB (n = 505, 23%)

e Calcium channel blockers (CCBs) in combination with RAB
(n=482,22%)

Hemodynamic Parameters in Patients Receiving Monotherapy

The BB monotherapy group had significantly lower SBP compared to other
monotherapy groups (ANOVA: p=0.016), while diastolic blood pressure
did not differ significantly (p=0.32). In fully adjusted models, SBP was
lower by 2.2 mmHg (95% CI: 1.4-3.0), 3.0 mmHg (1.7-4.7), and 3.0
mmHg (1.9-4.1) in patients treated with BBs compared to those receiving
RAB, central acting antihypertensives (CAH), or CCBs, respectively
(Figure 25A, p =0.007, 0.017, and 0.008). Additionally, heart rate, pulse
pressure, and rate-pressure product were all significantly lower in the BB
group compared to patients treated with RABs, DIUs, CCBs, and CAHs.
DBP control was generally higher but no major differences between
monotherapies were found.
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Figure 24. Prescription patterns for anti-hypertensive medication in
European hypertensive sleep apnea patients. Data are shown for
distribution of mono- and dual combination therapy.
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BB=betablocker, CAH=central acting AHT, CCB=calcium channel blocker,
DIU=diuretic, RAB=Renin angiotensin blocker, angiotensin converting
enzyme inhibitors or angiotensin receptor blockers. Used with permission,
courtesy Journal of Hypertension, Sven Svedmyr et al.

Hemodynamic Parameters During Combination Therapy

Patients receiving a combination of beta-blockers and diuretics exhibited
significantly lower systolic and diastolic blood pressure compared to those
on other combination regimes (ANOVA: p = 0.008 and p < 0.0001,
respectively).

In fully adjusted models, patients receiving a combination of beta-blockers
and diuretics had significantly lower SBP compared to those on other
combination therapies. Specifically, SBP was 5.5 mmHg lower than in
patients treated with CCB/RAB, 5.1 mmHg lower than BB/RAB, 4.3
mmHg lower than BB/CCB, and 3.1 mmHg lower than DIU/RAB
combinations (Figure 25B, p=0.0003, 0.0004, 0.018, and 0.036,
respectively). DBP was also significantly lower in the BB/DIU group, with
differences of 3.3 + 2.4 mmHg, 2.3 = 1.4 mmHg, and 2.2 + 1.3 mmHg
compared to CCB/RAB, BB/RAB, and DIU/RAB combinations,
respectively (p = 0.0006, 0.001, and 0.019). Combination therapies that
included a BB component were also associated with lower heart rate and
rate-pressure product, indicating a more favourable hemodynamic profile.
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Figure 25. Mean systolic blood pressure by anti-hypertensive treatments
in mono- (A) and dual therapy (B).
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BB=betablocker, CAH=central acting AHT, CCB=calcium channel blocker,
DIU=diuretic, RAB=Renin angiotensin blocker,; angiotensin converting enzyme
inhibitors or angiotensin receptor blockers. Used with permission, courtesy Journal
of Hypertension, Sven Svedmyr et al.

Blood Pressure Control in untreated OSA patients.

Overall, SBP control was markedly impaired across both monotherapy
and combination therapy groups, with 52 to 72% of hypertensive
patients with OSA exceeding the upper threshold for optimal SBP
control (Figure 26). Among the treatment regimens, patients receiving
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beta-blockers as monotherapy and those treated with a combination of
BB and diuretics exhibited a significantly lower proportion of
uncontrolled SBP compared to other therapeutic approaches (Figure
26, monotherapy: p=0.009; combination therapy: p<0.001).

Figure 26. Systolic blood pressure control for mono (A) and dual (B)
anti-hypertensive treatments. Combination therapy had slightly better
BP control than monotherapy.
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4.4 STUDY IV

Blood pressure control in hypertensive sleep apnea patients of the ESADA
cohort-effects of PAP and antihypertensive medication.

This study followed hypertensive OSA patients treated with PAP, and
simultaneously with one or two AHTs. We compared baseline BP control
with BP control at follow-up (at least 2 months, max 3 years), stratified by
the different AHTs used.

Baseline clinical data

A total of 1,935 hypertensive OSA patients were included in the analysis,
1,283 receiving monotherapy and 652 receiving dual therapy. Patients on
dual therapy exhibited a higher prevalence of CV comorbidities and were
more frequently diagnosed with diabetes mellitus compared to those on
monotherapy. In contrast, anthropometric measures, OSA severity at
screening, and the prevalence of hyperlipidemia and smoking were
comparable between the two treatment groups.

Independent predictors of BP change following positive airway
pressure.

Adherence to PAP therapy was generally high across the cohort (daily
usage, 5.6 £ 1.6/5.7 £ 1.9 h/day for mono/combination respectively). In
controlled mixed models, baseline blood pressure emerged as a significant
predictor of the magnitude of blood pressure reduction following PAP
treatment. Additionally, treatment duration was a significant predictor of
blood pressure improvement in patients receiving monotherapy (p<0.0001),
but not in those on dual therapy.

Regarding antihypertensive drug classes, combination therapies that
included ACE inhibitors or angiotensin receptor blockers (ACEI/ARBS)
were associated with significantly greater reductions in systolic blood
pressure. Specifically, SBP in PAP treated OSA patients were more reduced
in patients taking combinations such as betablocker (BB) + ACEI/ARB,
calcium channel blockers (CCB) + ACEI/ARB, and diuretic (DIU) +
ACEI/ARB were associated with SBP reductions of —4.76 + 1.82 mmHg,
—4.94 + 2.13 mmHg, and —6.90 + 2.29 mmHg, respectively compared to
non-ACEI/ARB combinations. In contrast, the observed changes in
diastolic blood pressure following PAP treatment (—3.0 £ 9.8 mmHg,
p=<0.0001) were not independently associated with any specific
antihypertensive drug combination.
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Control of hypertension before and after PAP treatment

In patients receiving monotherapy (Figure 27), systolic blood pressure
control improved significantly with positive airway pressure treatment,
increasing from 38% to 54% (p<0.0001). This improvement was
particularly evident among those treated with ACE inhibitors or angiotensin
receptor blockers. However, even within this group, only 57% achieved
adequate SBP control following PAP therapy. In contrast, DBP control was
generally better across all monotherapy groups, with approximately 80% of
patients achieving target DBP levels compared to approximately 65%
before PAP, especially those treated with ACEI/ARBs, CCB, or BB.

Among OSA patients on dual AHT, SBP control improved with PAP
treatment in all drug combinations except for BB+DIU (Figure 28).
Nevertheless, the overall proportion of patients achieving well controlled
SBP remained low, with only the BB+ACEI/ARB combination exceeding
50% of patients. DBP control, on the other hand, improved across all dual
therapy combinations and was consistently stronger than SBP control
(Figure 28).
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Figure 27A and B. Monotherapy, SBP (A) and DBP (B) control
percentage before and after PAP treatment.
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ACEI/ARB=Angiotensin Converting Enzyme Inhibitors/Angiotensin Receptor
Blockers, BB=beta blocker, BP=Blood Pressure, CAH=Central acting
antihypertensives, CCB=Calcium Channel blockers, DBP=Diastolic BP,
DIU=Diuretics, SBP=Systolic BP. PAP=Positive airway pressure. Used with
permission, courtesy Oxford University press, European Heart Journal
Open, Sven Svedmyr et al.
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Figures 28A and B. Dual therapy, SBP (A) and DBP (B) control
before and after PAP treatment.
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5 DISCUSSION
5.1 GENERAL DISCUSSION

As previously described, OSA and hypertension are highly prevalent
disorders worldwide™®. This thesis examines multiple factors contributing
to the overlap between these conditions and how they may amplify and
accelerate each other’s impact on CV risk. The prevalence of OSA is
increasing, partly due to lifestyle changes and rising obesity rates globally,
but also because of greater awareness and improved diagnostic availability.
In addition, as Western populations age and life expectancy continues to
rise'”’, both hypertension and OSA are expected to become even more
prevalent, as they increase in prevalence and severity with increasing age.
Advances in healthcare have significantly improved CV disease prognosis
and prevented many first MACEs. Consequently, patients with OSA are
likely to live longer but experience a greater lifetime disease burden than
before. The growing population with chronic OSA, hypertension, and CV
complications will pose a major challenge for future healthcare systems.
Effective management of multiple modifiable risk factors, such as OSA,
hypertension, diabetes, and hyperlipidemia, throughout as much of this
lifetime burden as possible will have a substantial impact on quality of life,
age at first MACE, and prognosis for survivors. Longer life expectancy will
also increase the overlap of multiple risk-enhancing conditions,
underscoring the need for more research on patients with multimorbidity to
optimize and individualize treatment strategies.

With the rising prevalence of both OSA and hypertension, and given the
constraints on healthcare resources, it is increasingly critical to identify
which patients are at the highest CV risk and determine which treatments
yield the greatest benefit in these high-risk groups. This thesis studied
several aspects of long-term CV risk in patients with OSA with or without
comorbid hypertension. In OSA patients treated with PAP, CV risk was
increased, and OSA patients suffered from the first serious CV event earlier
in life compared to controls without OSA. The CV risk is further amplified
in OSA patients with comorbid hypertension. PAP treatment mitigates the
OSA related CV risk increase, but a residual risk increase remains. Both
OSA and hypertensive control is limited in hypertensive OSA patients
contributing to residual CV risk increase. Information on best AHT use in
OSA was sorely lacking. In this thesis, we demonstrate that the type of AHT
influences BP control, and that consideration of the degree of OSA control
is essential for optimal individualization of AHT treatment decisions.
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5.2 METHOLOGICAL CHALLENGES:
EPIDEMIOLOGICAL STUDIES VS
RCTS -PROS AND CONS

Randomized controlled trials (RCTs) are considered the gold standard for
evaluating causal relationships and causality in clinical research. Their
design allows for the minimization of confounding variables and ensures
comparability between study groups for known and unknown confounders,
thereby enabling precise control over study conditions'’®. However, RCTs
require substantial investments of time and financial resources, and
recruiting large sample sizes can be challenging. Consequently, sample
sizes are typically determined through statistical power calculations
conducted prior to study initiation. Well-constructed RCTs are the best way
to establish causality, and history has shown that associations seen in cross-
sectional or longitudinal cohort studies, are not always verified when strict
RCTs are performed. While RCTs often involve homogeneous and highly
selected patient populations to enhance internal validity, this can limit the
generalizability of findings to broader, more diverse clinical
populations'””!*°. For instance, women have historically been
underrepresented in RCTs, resulting in a lack of gender-specific insights
across various medical conditions. Similarly, data on treatment-efficacy
and safety in pediatric and geriatric populations are frequently insufficient
due to their limited inclusion.

Cohort studies offer a powerful and practical approach to clinical and
epidemiological research. One of their key strengths is the ability to reflect
real-world clinical practice by including diverse patient populations and
capturing the full spectrum of clinical variability'®"'®2, This also allows
researchers to study underrepresented groups, such as elderly with sleep
apnea and high comorbidity burden, and to gain insights that are often
missed in more controlled settings. While cohort studies do face challenges,
particularly in accounting for group differences and controlling for many
confounding variables (Table 11), significant progress has been made.
Modern statistical techniques, including advanced matching procedures and
robust adjustment models, have greatly improved our ability to manage
these complexities. When applied appropriately and with careful
consideration of inherent limitations, these analytical tools enable
researchers to draw meaningful and reliable conclusions from observational
data183’184.
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Table 11. Sources of Bias in non-randomized Longitudinal Cohort
Studies Evaluating Treatment Effects on MACE and Mortality. Used
mitigation strategies in this thesis in italics. Adapted from ENCePP guide on
Methodological Standards in Pharmacoepidemiology'®.

Bias Type Definition Example Mitigation Strategies
Confounding | Differences in Patients Propensity score
Bias baseline receiving the | matching, inverse
characteristics intervention probability weighting,
between may be stratification,
treatment groups | younger or multivariable
influence have fewer adjustment. Sensitivity
outcomes. comorbidities. | analysis.
Selection Bias | Systematic Healthier Careful
differences in patients are inclusion/exclusion
who enters the more likely to | criteria, sensitivity
cohort or receive analyses.
receives the treatment; The entire population
intervention. sicker patients | during set study period
excluded. used.
Immortal Period during Survival time | Time-dependent
Time Bias which outcome before exposure modeling
cannot occur treatment (e.g., Cox models with
because incorrectly time-varying
treatment has not | attributed to covariates).
yet started. treatment
group.
Informative Loss to follow- Patients Inverse probability of
Censoring up or censoring discontinuing | censoring weights,
related to treatment due | sensitivity analyses.
prognosis or to adverse Censored time at risk
treatment. effects may used. We had outcome
have higher data on all patients in
MACE risk. study I1.
Measurement | Misclassification | Inaccurate Validation of outcome
Bias of exposure or coding of definitions, linkage to
outcome. MACE events | mandatory registries.
or incomplete
mortality
data.
Residual Unmeasured or Lifestyle Instrumental variable
Confounding | poorly measured | factors (diet, analysis, negative
confounders exercise) control outcomes.
remain after often missing | Indirect adjustment
adjustment. in through related
administrative | confounders/mediators
data.
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Treatment Patients switch Non- Per-protocol and as-
Crossover & | treatments or adherence to treated analyses,
Adherence have poor statins in CV | marginal structural
Bias adherence, prevention models. Reliable
diluting effect study. adherence registry data
estimates. on all treatments
Competing Death from non- | Cancer- Competing risk models
Risk Bias CV causes related (Fine-Gray sub
prevents mortality in distribution hazard).
observation of elderly Both were main
MACE. patients. outcomes. Exclusion
criteria limit competing
risks.
Calendar Changes in Introduction Adjustment for calendar
Time & standard care or | of new time, stratified analyses.
Secular diagnostic therapies No major changes in
Trend Bias criteria over time | during follow- | PAP or AHT treatment
affect outcomes. | up. during the study.

Leveraging existing databases further enhances the value of cohort studies.
This approach not only reduces selection bias but also saves considerable
time and resources by bypassing extensive data collection processes.
Moreover, it allows for longer follow-up periods without the need to wait
years for prospective data, making cohort studies especially well-suited for
investigating long-term outcomes. Although some uncertainty remains,
particularly when compared to RCTs, this can be mitigated through large
sample sizes and thoughtful study design. Overall, cohort studies provide a
flexible, cost-effective, and highly informative framework for exploring
complex health trajectories and real-world treatment effects'®*!#1%¢,

Recently, embedding prospective RCTs within registry studies has been
suggested, to combine advantages of RCTs and registry studies. Integrating
prospective RCTs into registry-based research combines the
methodological rigor of randomization with the efficiency and real-world
relevance of observational data. This approach allows for large-scale
enrolment at lower cost, leverages existing infrastructure for follow-up, and
enhances external validity by reflecting routine clinical practice.
Furthermore, registry-based RCTs facilitate rapid implementation, long-
term outcome tracking, and subgroup analyses without the extensive
resource demands of traditional standalone trials'®"'**. However, these
methods were not implemented when this thesis was planned.
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A compelling example of the strengths and limitations of different study
designs can indeed be seen in research on long-term CV risk in OSA,
particularly in relation to PAP treatment'®. While randomized controlled
trials have contributed valuable insights, they have also faced notable
constraints. Most RCTs in this area have focused on patients with
established CV disease, often with limited follow-up durations and
restrictive inclusion criteria (mostly secondary prevention). Ethical
considerations—such as the exclusion of patients with excessive daytime
sleepiness, for whom withholding PAP would be inappropriate, both due to
symptom burden and accident risks—have further narrowed the study
populations. Additionally, suboptimal adherence to PAP therapy in the non-
sleepy study population, has complicated interpretation of outcomes'**'.
These limitations have contributed to largely negative findings regarding
the protective effects of PAP, except in PAP adherent subgroups'®'"'*in
several post-hoc analyses in these RCTs. In contrast, large-scale cohort
studies have consistently demonstrated an elevated long-term CV risk in
individuals with untreated OSA'>'*"'7  and importantly, a substantial
reduction in this risk among those who adhere to PAP therapy'*'8"1%,
Several methodological biases were identified, the healthy behaviour bias
where patients with good PAP adherence also had other healthy lifestyle
factors (good AHT adherence, diet, exercise etc) and the immortality bias
where failure to identify proper time at risk led to an event free time
between study start and treatment initiation. These findings underscore the
value of cohort studies in capturing real-world treatment patterns and long-
term outcomes while addressing relevant confounders.

5.3 METHOLOGICAL CHALLENGES:
MISSING DATA AND IMPUTATION

Large registry databases will contain missing values on one or more
variables for patients. Indeed, the chance of having complete patients’ data
decreases considerably with increasing number of recorded variables. Thus,
if we exclude all patients with any missing data, we risk losing considerable
study power. This may lead to unnecessary and sometimes unethical
discarding of valuable study information and increased risk of incorrect
conclusions being drawn'**2%. In most registries there are many variables,
and they are not completely unrelated to each other. For example, a
patient’s systolic BP is affected by multiple other variables, especially other
BP values (diastolic, mean etc.) but also BMI, smoking status, OSA degree
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and more. Imputation uses these associations to predict the most likely
number for each variable with missing value?®'. Multiple simulations to
account for data distribution and accuracy, are often used to also get an
accurate prediction of the accuracy of the predicted value so distribution
and spread of the variable can also be reported’”’. These imputation
methods have been shown to be accurate and superior to previously
suggested imputation of mean variable values for missing variables.
Optimal imputation method varies depending on if missing values are
random or related to outcomes, study type and size*”'. By using imputation
all the existing data for patients with some missing values can be saved and
study power increased without the imputed data wrongly impacting the
study results. We used imputation in study III as described in chapter 3.5.

5.4 PRIMARY PREVENTION

Primary prevention efforts are often hindered by the human tendency to
prioritize immediate comfort and short-term benefits over long-term health
gains. This is particularly evident in studies of adherence to
AHT!34135:203204 "a1d even more so in the case of positive airway pressure
treatment®'*°>2%_which is inherently more burdensome than simply taking
a couple of pills daily.

Several key factors influence treatment adherence:

e Patient motivation and understanding of the condition and its
treatment.

e User-friendly treatment options, characterized by fewer side
effects, lower time demands, and reduced costs.

e Regular follow-up to optimize and adjust treatment as needed.

e Individual personality traits that affect health behaviours.

e Social support, including encouragement from family and friends,
and financial support for patients with limited economic resources
or challenging living conditions.

e Technological aids, such as mobile apps and reminder systems.

This thesis aims to contribute with more distinct information on disease
prognosis, treatment outcomes and particularly vulnerable patient groups.
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Thereby, patient participation can be increased through informed decision
making and improved patient motivation. Furthermore, the emerging
evidence on the protective effects of even low-adherence PAP use may
prompt a re-evaluation of current minimum daily usage recommendation.
As the number of patients diagnosed with OSA continues to rise, the
healthcare system will face increasing challenges in providing adequate
follow-up. However, these challenges can be mitigated through
technological solutions, such as remote monitoring of PAP usage and mask
leak®2% and feedback-loop of information to the patients via mobile
apps®'®?!!". While regular follow-up has the potential to enhance adherence,
resource constraints in sleep clinics may necessitate prioritizing such efforts
for patients at the highest predicted CV risk.

5.5 OUR FINDINGS AND CURRENT
KNOWLEDGE IN THE FIELD

While studies with a focus on patients with OSA and comorbid
hypertension are sparse, most of our findings have support on previous
knowledge in the field. The pathophysiological mechanisms underlying
both disorders have been extensively investigated, as outlined in the
introduction of this thesis. Our hypotheses are built on general knowledge
on previous clinical studies and current guidelines for hypertension, OSA
and CV prevention. Research on arterial stiffness and pulse-wave analysis
has progressed since our initial study, further confirming and expanding our
2016 insights®'?. Pulse-wave velocity measurements as examined in Study
I are now incorporated into contemporary hypertension and CV prevention
guidelines®*?’. Moreover, machine learning and Al-driven CV risk
prediction tools utilizing diverse pulse-wave signals'**?'*?'* are now
commercially available (For example, Arteriograph®, Complior®,
Sphygmocor®, pOpmeétre®) and more advanced wearables. Similarly, in
Study II, which demonstrates a more-than-additive CV risk in patients with
combined hypertension and OSA, align with previous reports focusing on
either OSA* or hypertension alone’’?". Our finding of a protective effect
of PAP even with low adherence is consistent with results from a major
pooled-data meta-analysis'®®. While the role of OSA in accelerating
vascular aging and atherosclerosis has been previously suggested'®, the
differences in age at first MACE has not previously been explored to our
knowledge. Despite the limited number and size of studies investigating
antihypertensive drug classes specifically in hypertensive OSA patients,
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mechanistic studies have highlighted the central role for sympathetic
activation>?'” and renin-angiotensin system activation''*?'* in OSA.
These findings are consistent with the results in Studies III and IV, which
indicate improved BP control with betablockers and RAAS targeting
AHTs. Importantly, our results strongly indicate that the type of AHT does
matter for treatment of hypertension in OSA patients. These findings should
inspire more studies in this area of research.

5.6 DIAGNOSIS OF CV RISK IN OSA:

PPT AS AN INDICATOR OF ARTERIAL
STIFFNESS

5.6.1 DIAGNOSTIC CHALLENGES IN OSA

The main reason for delayed diagnosis in OSA and hypertension is that the
disorders are often asymptomatic and may be present for a long time before
being diagnosed. Even with healthcare devices getting smarter and easier
to use, further increased awareness and screening will likely need to be used
to reach the asymptomatic patients earlier. Technological advances do
make sleep investigations more accessible and give more information to
guide individualized care. The advancement of wearable devices that are
increasingly used in the general population, will likely aid finding
asymptomatic patients earlier and take an important part in early
investigations/screening. In this thesis, study I focused on getting more
information out of regular sleep studies with PPT mirroring arterial stiffness
to contribute towards CV risk estimations based on the finger pulse wave.

5.6.2 PULSE WAVE ANALYSIS

The findings in study I, suggest that PPT is a useful parameter when
assessing vascular function in overnight recordings.

A few limitations of the study should be addressed. A key consideration is
whether PPT and central arterial stiffness assess the same physiological
properties. Central arterial stiffness primarily reflects the elasticity and
reduced compliance of the large arteries, which act to reduce the dampening
of the pulse wave. It is typically measured over a short duration during wake
rest to minimize variability caused by stress and physical activity. While
similar information can be derived from peripheral vessels, such as those in
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the finger vascular bed, these vessels also exhibit more dynamic behaviour
and functional variability. PPT measures the time it takes for the pulse wave
to travel through the large arteries, thus capturing comparable data'™!"
However, it likely includes contributions from more peripheral vessels,
which may reduce repeatability in snapshot assessments.

Patients with suspected sleep apnea demonstrated a higher cardiometabolic
risk profile when compared to the general population. Male patients aged
50-65 years were disproportionately represented; however, risk prediction
is particularly relevant within this age group. A gold-standard assessment
of vascular stiffness was not performed in this study. Nevertheless,
photoplethysmographic PPT has previously been validated against radial
pulse wave tonometry and shown to correlate with established measures of
arterial stiffness?'>*'"”. Night to night repeatability of the results were not
studied. However, a recent PhD study reported reasonable agreement
between two PPT values obtained at day and night*'?. A direct comparison
with ambulatory overnight blood pressure was not conducted. It has
recently been studied and found good agreement between methods®®.
Finally, the cross-sectional design of this study precludes any inference
regarding causality between overnight PPT and its predictors.

The findings clearly demonstrate significant vascular relaxation during
deep sleep. Measurements taken during this relaxed sleep stage may best
reflect central arterial stiffness and intrinsic vascular stiffness while
minimizing the influence of transient stress responses such as white coat
syndrome. This further supported by nighttime BP being lowest and
sympathetic activity being lowest during deep sleep®*'. Deep sleep has been
shown to play a critical role in central nervous system recovery, particularly
through activation of the glymphatic system®®, which facilitates the
clearance of “metabolic waste” during sleep. In addition to its
neuroprotective functions and vigilance recovery, deep sleep is also
essential for cellular repair and systemic recovery processes”**?%. The
finding of increased PPT during deep sleep suggests that the observed
vascular relaxation during deep sleep could reflect a period of enhanced CV
recovery, potentially influencing long-term vascular health and resilience.
Conversely, REM sleep has PPT, BP and sympathetic activation close to
wake levels. More studies are needed to determine if deep sleep provides
an optimal window for arterial stiffness investigation. Importantly, the
dynamic nature of peripheral vessels also provides a unique opportunity to
investigate influences from autonomic regulation, stress, hypoxia, and sleep
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fragmentation, factors that may contribute to long-term stiffening of central
arteries.

Longitudinal data collected during sleep provides a robust dataset, whereas
multiple daytime assessments would be both time-consuming and costly.
The shortened PPT in hypertension and OSA seen during all sleep stages
and the wake state is likely a strong indicator of the increased CV risk in
these patients as shown in study II.

5.7 EPIDEMIOLOGICAL INSIGHTS INTO
CV RISK IN OSA AND COMORSBID
HYPERTENSION

Study II is the first long-term survival study on patients with OSA and
hypertension. It is large enough to study multiple subgroups and to address
secondary outcomes with adjustment for a high number of relevant
confounders. However, some limitations need to be considered. First, we
did not have access to actual BP measurements during the study, which
limited our ability to assess the degree of hypertension control in our
hypertensive groups. Leading cardiology societies in both the United States
and in Europe (American Heart Association, European Society of
Cardiology) have emphasized the importance of several modifiable factors
for improving CV health, including dietary habits, smoking status, physical
activity, and sleep duration, quality, and regularity”***. Unfortunately, we
did not comprehensively evaluate these lifestyle factors in the study. To
partially account for these variables, we included several proxy
confounders in our final analysis, such as BMI, socioeconomic status,
treatment adherence, and the presence of obstructive lung disease. As
demonstrated in previous research®®, our study is susceptible to the healthy
user bias, wherein adherence to PAP therapy may reflect broader health-
conscious behaviours, including compliance with CV medications. To
mitigate this bias, we incorporated data on the actual use of statins and AHT
medications, obtained from a highly reliable Swedish prescribed drug
registry (Ldkemedelsregistret), alongside PAP usage in our final model.
Consistent with prior findings**??°, we observed a correlation between low
adherence to PAP therapy and poor adherence to prescribed medications.
Although the resolution of PAP follow-up data was limited, outcome data
were available for all participants. Our study did not systematically evaluate
OSA patients receiving non-PAP therapies, which warrants investigation in
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future research. Lastly, the low baseline risk for MACE in the “healthy”
population-based non-OSA, non-hypertension control group may have
amplified the hazard ratios in our results, a factor that should be considered
when interpreting the findings.

We identified that PAP treatment for as little as 2-4hrs/night already has
significant CV protective effects. This protective effect in low PAP usage
has previously only been shown in meta-analyses with pooled data'®**"-%%,
It is interesting to consider why using the PAP for only parts of the night
may already have detectable protective effects. Our study I, results suggest
that deep sleep CV recovery may provide an important explanation of the
phenomenon. Patients with low adherence in the clinical setting usually
show similar patterns of use. They put on their PAP mask when they go to
bed in the evening but fail to keep it on later during the night. Thus, it is
likely low adherence patients mainly use their PAP during the first part of
the night. If we consider sleep physiology, deep sleep is mainly produced
during the first sleep cycles, while REM is increasing during the later sleep
cycles. It may therefore be the timing of the PAP use that explains the
positive results even with low usage time/night. The limited PAP use may
be sufficient to maintain deep sleep, a period of relative CV system off-
loading. The results in study II reaffirm OSA as a strong accelerator of the
development of CV disease and emphasize the importance of recognizing
OSA patients with hypertension as having a very high CV risk. Multiple
previous cohort studies have demonstrated an increased CV risk in patients
with OSA'>19%1% Although these studies may lack certain confounders that
vary across cohorts, the overall consistency of their findings is striking,
which reduces the likelihood of data misinterpretation and strengthens the
combined level of evidence. Our finding of an even higher CV risk in
hypertensive OSA patients has the clear implication that evaluating BP in
OSA patients in routine care is important as well as diagnosing comorbid
OSA in hypertensive patients. Patients with both disorders may warrant
more regular follow-ups to increase adherence to treatments, optimize them
and assess other modifiable CV risk factors like obesity, hyperlipidemia
and metabolic dysfunction. This is in line with previous findings of
increased OSA prevalence in hypertensive patients and especially in those
with resistant hypertension®'*. Lastly, we must consider the residual CV
risk increase even in PAP treated OSA. It suggests that PAP treatment
cannot fully reverse previous OSA damage of the CV system even with
optimal adherence. This is most likely due to early asymptomatic OSA and
diagnosis and treatment delay. Most patients have suffered from OSA for
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many years before PAP treatment is started. This delay may have allowed
for initial dynamic CV changes to reach an irreversible state with manifest
vessel remodelling and atherosclerosis development'***?*, Another possible
pathway may be that the OSA has already activated other downstream
effects that PAP cannot modify although they may still be reversed by CV
protective medication. In fact, our model clearly shows that intake of AHTs
and statins have a strong risk reducing effect in our OSA patients with
comorbid OSA. Further studies are warranted on the interaction of these
CV risk increasing conditions and their treatments.

5.8 MANAGING HYPERTENSION IN OSA
PATIENTS

Information evaluating AHT in hypertensive OSA was previously very
sparse. Interestingly, our results demonstrate that different classes of AHT
varied in effectiveness before and after PAP treatment of OSA.
Betablockers with or without diuretics experienced the best BP control
before OSA treatment but there was no advantage in high adherence PAP
treated OSA patients. In this group the renin-angiotensin blockers provided
the best BP control. Whether these results are affected by the degree of PAP
adherence will need to be investigated further. For patients with poor to
medium adherence each night, a combination of a betablocker and RAB
may be advantageous.

Study III highlights the need for a more nuanced approach to managing
hypertension in patients with comorbid OSA. Current guidelines do not
recommend specific AHT classes for OSA patients with hypertension due
to lack of data. The findings in study III and IV suggest that treatment with
beta-blockers, alone or in combination with diuretics, may be particularly
effective with respect to BP control in patients with untreated OSA or in
treated OSA with poor adherence to device therapy. An alarming finding is
the poor hypertension control among patients with OSA which has since
been confirmed in other studies******°. Again, patients treated with BBs,
alone or in combination with DIUs, exhibited significantly higher rates of
controlled office BP, independent of key confounding factors, but the
overall proportion is close to only 50%. Although renin-angiotensin
blockers were the most prescribed antihypertensive agents, they appeared
to be less effective in the untreated OSA population and rates of controlled
hypertension were even worse. Considering increased sympathetic drive is
along with hypoxia, the main OSA pathways to hypertension®’, our results

78



Sven Svedmyr

are not unexpected. Betablockers are seldom the first choice AHT in
accordance with current general hypertension guidelines? except in
patients with comorbid conditions treated with BB (tachycardia, chronic
ischemic heart disease, cardiac failure atrial fibrillation, migraine etc.).
Non-selective BB have been linked to an increased risk of new-onset
diabetes in predisposed individuals, particularly those with metabolic
syndrome®'. In addition, BBs generally exhibit a less favourable side-effect
profile compared to RAB, with higher rates of treatment discontinuation

observed under real-world conditions**.

In Study IV, AHTs, BP and BP control was reassessed after initiation of
PAP therapy. The results indicate that ACEi or ARB, either as monotherapy
or in combination with other drug classes, are particularly effective in
lowering BP and improving BP control when used alongside PAP therapy
in OSA patients. Prospective, long-term studies are warranted to validate
these observations and to guide future strategies for personalized
antihypertensive treatment in both treated and untreated OSA populations.

Several limitations in studies III and IV need to be discussed. First, follow-
up data were only available for a subset of patients, raising concerns about
potential selection bias. It is likely that patients with follow-up data differ
systematically from those without, particularly in terms of higher treatment
overall acceptance and adherence. Recent studies showed that patients on
high PAP use are also more often adherent with AHT medication use — the
so-called healthy behaviour bias**®. However, for the purpose of our study
this bias may likely apply equally to all AHT’s and would not affect
individual AHT comparison. Individuals who continue PAP therapy over
several years are typically those who tolerate it well and maintain good
adherence. However, there is also a significant number of patients with low
or withdrawn PAP treatment at follow-up. It is important to emphasize that
our findings regarding hypertension management and the effects of PAP
therapy on blood pressure control apply primarily to patients who are
adherent to treatment. Additionally, given the variability in clinical routines
and patient populations across participating centers, we controlled for study
site (reporting sleep center) in our analyses. As a result, our findings are
most representative for the average European patient and may not be
generalizable among other populations with more outlier characteristics
(higher mean BMI, more smokers, regional CV risk etc.). We also assumed
that anti-hypertensive medication regimens remained stable during the
study period. This assumption was supported by our data: changes in AHT
therapy were infrequent, with only 3% of patients on monotherapy and 4%
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on dual therapy increasing the number of medications, and 3% of dual
therapy patients decreasing their regimen. Sensitivity analyses excluding
patients with changes medication did not change our results.

Altogether, study III and IV demonstrate very poor BP control in
hypertensive OSA patients in Europe. Poor BP control emphasizes the high
CV risk these populations already have as shown in study II. As we can
show differences in BP control with AHT drug types in study III and IV,
AHT in OSA patients with comorbid hypertension needs further
exploration in order for us to understand how to improve BP control and to
reduce CV risk in these very high-risk populations.

5.9 DEBATED QUESTIONS IN THE FIELD

5.9.1 HYPOXIC BURDEN

Historically, the AHI has been the primary metric for assessing OSA
severity and estimating risk. However, recent studies have shifted focus
toward hypoxic load, the total burden of nocturnal hypoxemia, as a
potentially more relevant predictor of CV outcomes. Various methods have
been employed to quantify hypoxic burden, including the ODI (not a great
predictor for MACE)*?, time spent below 90% saturation®*, lowest oxygen
saturation®®, and more advanced measures such as the area under the curve
for hypoxia®®. There is strong rationale stating that the magnitude of
hypoxia may be of a particular clinical interest compared to the frequency
of respiratory events. Several studies have demonstrated a stronger
association between these hypoxia-based markers and the CV risk
compared with the AHI alone. Conversely, less hypoxic but highly
disruptive respiratory events can still lead to substantial sleep fragmentation
and sympathetic activation, triggering other pathogenic pathways beyond
hypoxia. While consensus exists that AHI alone is insufficient to fully
characterize OSA severity, an optimal biomarker integrating hypoxia, sleep
disruption, and event frequency remains elusive”’. For Study II, we
therefore selected the strongest available OSA marker in our cohort in a
preplanned manner. The registry included both AHI and ODI; however, due
to strong collinearity, both could not be included in the main models. When
ODI did not emerge as a stronger predictor of CV events in our population,
we opted for the more traditional AHI to maintain consistency with
previous major registry-based cohort studies. Sensitivity analyses
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substituting AHI with ODI yielded very similar results in models stratified
by OSA severity.

5.9.2 THE PAP PROTECTIVE EFFECT IN
PRIMARY/SECONDARY PREVENTION
AND IN THE ELDERLY

While secondary prevention with PAP in patients with OSA and established
CV disease has yielded negative or inconclusive results**®, observational
real-world data from cohort studies consistently demonstrate both a high
CV risk in OSA'>'* and a protective effect of PAP therapy'’ (see Sections
1.3 and 5.2). The comparison will also be highly affected by investigated
patients’ age. There is currently no consensus on whether PAP therapy
provides CV protection in elderly patients with limited life expectancy and
for them treatment is mainly to improve symptoms and quality of life.
Whether PAP offers greater benefit in primary prevention compared to
secondary prevention remains debated, largely due to the absence of RCTs
in primary prevention settings.

Several arguments support the hypothesis that primary prevention may be
more effective. From a pathophysiological perspective, early-stage
hypertension is more dynamic and potentially reversible, whereas
established hypertension is often accompanied by atherosclerosis and
arterial stiffness, likely limiting reversibility. Scientific evidence also
indicates that patients with prior CV events and advanced atherosclerotic
disease have a markedly higher risk of recurrent events®**?*’. Furthermore,
previous studies have shown greater PAP benefits in younger patients'®,
and Study II confirms this finding, demonstrating similar effects in
hypertensive OSA patients. Importantly, even among older patients (age
quartile 4) without manifest CV disease, PAP appears to confer a protective
effect, at least in cases with good tolerance and adherence. The best
preventive effect was actually recorded in the first age quartile.

Nevertheless, our results also highlight that even optimally treated OSA
patients retain some residual increased CV risk, underscoring the need for
comprehensive risk factor management beyond PAP alone.

5.9.3 PAP ADHERENCE

The optimal duration of nightly PAP use required to achieve treatment
benefits has long been debated. Ideally, patients should use PAP throughout
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their entire sleep period, which varies considerably between individuals.
However, many patients fail to maintain full-night use, often due to
involuntary mask removal during sleep or not reapplying the mask after
awakenings, such as bathroom visits. Early studies’'*** introduced a
threshold of >4 hours per night as “adequate use”, This criterion has
remained the minimum requirement for continued treatment in most
countries. More recent research provides a more nuanced understanding,
indicating that different treatment goals require different adherence
levels**. For CV prevention, minimum of 4-6 hours per night is generally
recommended, whereas symptom relief and reductions in hospitalizations
or emergency visits may be achieved with as little as >2 hours per night***.
In Study II, we demonstrate that even low adherence of 2—4 hours per night
confers significant CV protection, with over 20% risk reduction, and that
protective effects increase with greater adherence. Previously, such benefits
of low adherence have only been reported in pooled-data meta-analyses'®’.
In high-risk patients, such as those with hypertensive OSA, even partial
PAP adherence may therefore have clinical merit, suggesting that strict
enforcement of the 4-hour minimum requirement for continued treatment

might be reconsidered.

5.9.4 CVRISKIN
SYMPTOMATIC/ASYMPTOMATIC OSA

After the negative/inconclusive secondary prevention RCTs in OSA that
focused on non-sleepy patients, there has been a lot of discussion on if
patients with excessive daytime sleepiness (EDS) might have higher CV
risk and better effect of PAP in OSA*®. There is data suggesting similar
CV risk in sleepy patients'®” but better PAP response in the form of reduced
arterial stiffness**® and MACE risk'®. In study II, EDS did not have major
impact on CV risk. We saw a 7-16% risk reduction for sleepy patients in
our EDS stratification sensitivity analysis of the main primary COX
regression analysis for sleepy patients after adjustment for PAP adherence.

5.9.5 SEX DIFFERENCES

There are less data and knowledge of OSA outcomes in females as the
disorder is more common in men especially before women reach
menopause. OSA prevalence and severity in women increase after
menopause and with increasing age, but OSA in women may have different
clinical presentations and prognosis than in men. Though not the main focus
in this thesis some important information is provided by our studies.
Women have decreased risk of MACE and all-cause death, independent of
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OSA and hypertension of 61% and 47% in our cohort. PAP treated OSA
women with or without hypertension have lower risk of MACE 37% and
all-cause death 46% risk reduction and suffer from their first event almost
4 years later than men (data not shown).

5.9.6 ANTI-HYPERTENSIVE TREATMENT IN
OSA

Real-world data on AHT in patients with OSA are scarce (Tables 6 and 7),
and the few available RCTs have been small, with only one comparing
multiple AHT classes®¥’. Cohort studies have sporadically addressed this
topic along with small placebo controlled trials, suggesting potential
benefits of RAB** or MRA?**%, but without accounting for the degree of
OSA control. Due to the lack of conclusive evidence indicating major
differences between AHT classes, current hypertension management in
OSA follows general population guidelines, and the topic has received
limited attention despite the well-documented challenge of achieving
optimal blood pressure control in OSA patients. Our results in the field are
groundbreaking as they demonstrate significant differences in effect
between specific AHTs and AHT combinations. Importantly, these effects
were strongly influenced by the degree of OSA control. We also confirmed
that blood pressure control is poorer in OSA patients compared to non-OSA
populations, combined with a markedly elevated CV risk in those with both
OSA and hypertension. These results highlight an urgent need to revisit
treatment strategies and conduct further research to improve outcomes,
quality of life, and life expectancy in this high-risk population.
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6 CONCLUSIONS

This thesis added new and comprehensive evidence from clinical cohort
studies in the following domains:

1.

Epidemiology

It is known in the field that OSA induces additional load to the CV
system, both during daytime and sleep. OSA is also known to
markedly increase the risk for hypertension development, especially
when occurring early in life. Thereby, OSA is an accelerator for CV
ageing and CV disease development. Patients with comorbid
hypertension are at very high CV risk. An alarming finding is that BP
control in OSA is very poor even in a group of hypertensive patients
with a potentially healthy behaviour bias.

Diagnosis

Identifying patients with increased CV risk will be increasingly
important as increasing numbers of OSA patients will burden clinics
already under time and economical constraints. A pulse wave
assessment using the oximeter signal recorded during a routine sleep
study may be a useful technique to better identify patients with early
deterioration of vascular function during sleep.

Treatment

Encouraging findings include the 10-15% improvement of blood
pressure control when OSA is treated with PAP treatment.

When OSA and comorbid hypertension are manifest in patients, they
need optimized CV primary prevention including adequate OSA and
hypertension control. In the real-world data of our studies, the most
effective antihypertensive drugs in OSA varies depending on OSA
control. Betablockers are associated with the highest rates of blood
pressure control in the untreated OSA condition, while RAAS
blockade was associated with better BP control in well controlled OSA
patients.

The data warrant A; confirmation in other large real-world datasets and B;
restart of attempts for larger controlled clinical trials to identify the optimal
AHT regime in this patient group with very high CV risk.

The findings of this thesis may help to answer several important clinical
questions and provide valuable information for the diagnosis, treatment,
assessment of prognosis and treatments in patients with combined OSA and
hypertension.

These results point to a need for a holistic approach to CV risk factor
treatments to reduce risk and to improve outcome in these high-risk
patients.
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7 FUTURE PERSPECTIVES

The future of OSA and hypertension care will be challenging as the
numbers of patients with OSA, and comorbid hypertension keep increasing.
However, multiple new steps towards improved treatments are currently
being developed.

There is a need to investigate the different long-term effects of the different
AHTs on CV risk and age at first event. Although BP control may appear
to favour certain AHTs, it is essential to demonstrate comparable effects on
MACE before recommending an optimal treatment strategy for patients
with hypertensive OSA. AHTs may have other pharmacologic properties
that could exert negative long-term effects through mechanisms
independent of BP control. In fact, these studies are already planned for my
post doc period by starting the AHPAP study®'. Investigating PPT in
patients with hypertensive OSA might give additional information on
AHTs used. Improved technological advancements will also contribute to
better remote care and more information from regular sleep investigations
aiding us in optimizing treatments.

Additional OSA treatment options, both mechanical and pharmacological,
will soon be more commonly available and OSA treatment will likely be
more personalized and optimized for each patient depending on different
phenotypes as well as tolerance for treatment options. Combination therapy
with pharmacological addons to treatment devices will be more common.
For instance, the introduction of better tools for pharmacological weight
reduction such as the GLP-1 agonists may offer CV protective effects on
top of weight loss and decreased OSA severity.

For better primary CV prevention increased cooperation between
caregivers both in primary and specialized care with different focuses will
be needed.

This thesis has hopefully contributed information on important mechanisms
that may promote future studies on and optimize hypertension treatment in
OSA patients.
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