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Agrip

Géttatif er algengasta vidvarandi hjartslattartruflunin  og getur géttatif leitt il
heilablésfalls og hjartabilunar. Einnig hefur géttatif verid tengt minnkudu heilarGmmali
og vitreenni skerdingu. Hluta pessara 4hrifa géattatifs 4 heilarimmal og vitreena getu er
haegt ad skyra med heiladféllum en vaxandi vitneskja bendir til annarra péatta tengdum
adakerfi, bdlgu og blésfleesi sem gera heilann viskveeman fyrir pessum &hrifum
géttatifs. Osaedarstifleiki, birtingarmynd aldursbundinnar hrérnun i adakerfinu, tengist
einnig breytingum & formgerd heilans og vitraenni starfsemi. Markmid pessarar
ritgerdar var ad rannsaka hvort breytingar eda truflun 4 misleegu blésfleesdi geti verid
sameiginlegur farvegur sem tengi géttatif og észedarstifleika vid breytingar & gegnflaedi
bléds um heila, formgerd heilans og vitrsena getu.

Heilabl6&fleedi og gegnfleedi bléds um heila metid med seguldmun var leegra hja
einstaklingum med langvarandi géttatif samanborié vid pa sem voru i edlilegum sinus
takti i py&isrannsékn eldri einstaklinga, en peir sem einhvern timann héféu verid i
géttatifi hoéfSu sambeerilegt blésflaedi vid pa sem aldrei hoféu fengid gattatif.
Langvarandi géttatif tengdist einnig skerdingu & rimmaéli heilans, metid med
segulédmun, en ekki var munur & vitreenni getu milli hépanna.

Til ad skoda hvort pessi dhrif géattatifs & blééfleedi vaeru afturkreef voru heilablédflaesi
og gegnflaedi blé&s um um heilann maeld med tveimur adferdum i segulémun fyrir og
eftir valkvaeda rafvendingu vegna géttatifs. Baedi heilablédfleedi og gegnflaedi bléds um
heilann jukust hja peim sem féru i edlilegan sinus takt vid rafvendinguna og héldust
&fram 1 réttum takti, en engin marktaek breyting sast hja beim sem voru afram i géattatifi
begar rafvending tékst ekki.

i 68ru pydi kom 1 jés ad peir einstaklingar sem h&féu meiri stifleika i éseed, metinn
med prystingsnema sem hradi prystingsbylgju i ésaed milli hélsslageeda og
néraslageeda, hoféu leegra gegnfleedi bléds um heila mazelt med segulémun.
Gegnfleesid bléss um heila var leegra pegar um meiri stifleika var ad reeda i 6llum
heilanum og i gréa og i hvita vef heilans. Einnig var heilarimmaél leegra hjé peim sem
hafdu aukinn ésaedarstifleika, auk pess sem hvitavefsbreytingar voru meiri. Vitraen geta
var sambeerileg milli hépanna. Osaedastifleiki haféi forspargildi  fyrir laegra
gegnumstreymi blé8s um heila en lifaldur tengdist frekar heilarimmali.

Samantekid, pé tengdust baedi géttatif og aukinn észedarstifleiki leegra gegnfleesi bléds
um heila og merkjum um vidkvaema formgerd heilans. Ad komast i eélilegan sinus takt
vid rafvendingu vid géttatifi jok gegnflaedi bléss um heilann sem stydur pad ad
skerding & midleegu blésfleesi geti verid afturkraef. Saman benda pessar nidurstééur til



bess ad breytingar & midleegu blé&flaesi séu hluti af ferli sem tengi dldrunarbreytingar i
hjarta- og aedakerfinu vi& heilaheilsu, og varpa ljési 4 aé truflun 4 gegnfleedi blé6&s um
heila geti veri®d snemmkominn maelikvardi fyrir heiladhaettu.

Lykilors:

Géttatif, dsaedarstifleiki, heilablésflaesi, heilarimmal, vitreen skerding.



Abstract

Atrial fibrillation is the most common sustained cardiac arrhythmia and is associated not
only with stroke and heart failure, but also with reduced brain volume and cognitive
impairment. While thromboembolism explains part of this relationship, growing
evidence suggests that additional mechanisms, including vascular, inflammatory, and
hemodynamic processes, contribute to brain vulnerability in atrial fibrillation. Aortic
stiffness, a manifestation of vascular aging, has similarly been linked to structural brain
changes and cognitive decline. The overall aim of this thesis was to investigate whether
disturbances in central hemodynamics represent a common pathway linking AF and
aortic stiffness to alterations in brain perfusion, brain structure, and cognitive
performance.

In a population-based cohort of older adults, total cerebral blood flow measured by
phase-contrast magnetic resonance imaging and estimated brain perfusion were
significantly lower in individuals with persistent atrial fibrillation compared with those in
sinus rhythm. Individuals with paroxysmal atrial fibrillation had similar cerebral blood
flow to those in sinus rhythm. Persistent atrial fibrillation was also associated with
smaller relative brain volume assessed by magnetic resonance imaging, whereas
cognitive performance did not differ significantly between groups.

To explore whether atrial fibrillation-related hypoperfusion might be reversible, tofal
cerebral blood flow and brain perfusion were measured before and after electrical
cardioversion using phase contrast and arterial spin labeling magnetic resonance
imaging. Brain perfusion increased significantly in individuals who achieved and
maintained sinus rhythm, whereas no significant change was observed in those who
remained in atrial fibrillation.

In a separate cohort, aortic stiffness assessed as carotid-femoral pulse wave velocity
measured by applanation tonometry was inversely associated with brain perfusion
measured with arterial spin labeling magnetic resonance imaging. Higher aortic
stiffness was also associated with smaller relative total brain, grey matter, and white
matter volumes, and with greater white matter hyperintensity burden. In multivariable
analyses, aortic stiffness independently predicted lower brain perfusion whereas
chronological age was the strongest determinant of structural brain measures.

In conclusion, both atrial fibrillation and increased aortic stiffness were associated with
reduced brain perfusion and markers of structural brain vulnerability. Restoration of
sinus rhythm was accompanied by improvement in brain perfusion, supporting a
dynamic hemodynamic mechanism. Together, these findings suggest that hemodynamic
alterations represent an important pathway linking cardiovascular aging to brain
vulnerability and highlight brain perfusion as a potential early marker of brain risk.

Keywords:

Atrial fibrillation, aortic stiffness, brain perfusion, brain volume, cognitive impairment.
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List of Abbreviations

AF: atrial fibrillation, a rapid and irregular cardiac arrhythmia originating in the fore
chambers of the heart.

AGES-RS: Age, Gene/Environment Susceptibility-Reykjavik Study, an epidemiologic
study conducted by the Icelandic Heart Association.

ASL: arterial spin labeling, a technique to quantify brain perfusion in a non-invasive
manner with magnetic resonance imaging.

ASL-MRI: arterial spin labeling magnetic resonance imaging, a technique of
quantifying brain perfusion.

BMI: body mass index, a measure of body fat content in adults based on height and
weight.

BV: brain volume, in this thesis quantified by magnetic resonance imaging.
BP: brain perfusion, the delivery of oxygen and nutrients to brain tissue.
CBF: cerebral blood flow, the flow of blood to the brain through the cervical arteries.

CFPWYV: carotid-femoral pulse wave velocity, a measure of the speed of the aortic
pressure wave traveling between the carotid and the femoral arteries, indicating central
arterial stiffness.

CHADS:: a risk score used to estimate the 1-year risk of stroke in patients with clinical
atrial fibrillation and to guide decisions on initializing anticoagulation therapy.

CHA:DS>-VA: a risk score used to estimate the 1-year risk of stroke in patients with
clinical atrial fibrillation and to guide decisions on initializing anticoagulation therapy.

CHA2DS2-VASc: a risk score used to estimate the 1-year risk of stroke in patients with
clinical atrial fibrillation and to guide decisions on initializing anticoagulation therapy.

Cl: cognitive impairment, decline from a previous level of performance in one or more
cognitive domains. Given the substantial variability in the terminology and diagnostic
criteria found in the literature, the broad term “cognitive impairment” is used in this
thesis, encompassing cognitive dysfunction and cognitive decline.

CSF: cerebrospinal fluid, the fluid in the ventricles of the brain surrounding the brain
and the spinal cord.
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medications that prevent blood clots by directly inhibiting specific clotting factors in the
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ECG (EKG): electrocardiogram, a recording of the electrical activity of the heart.

ESC: European Society of Cardiology, a medical society in all fields of cardiology with
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1 Introduction

1.1 Atrial fibrillation

1.1.1 Definition of atrial fibrillation

Atrial fibrillation (AF) is a cardiac arrhythmia characterized by rapid, disorganized
electrical activation of the atria, resulting in ineffective mechanical contraction and loss
of coordinated atrial systole. AF is the most common sustained arrhythmia and one of
the most common cardiovascular conditions in older adults, with a continuing rise in
prevalence driven by population aging, improved survival, greater awareness, and
increasing cardiovascular comorbidity (1—4). In Europe, the lifetime risk of developing
AF approaches one in three, increasing from approximately one in four at the
beginning of the century (2,5—7). The number of adults over 55 years living with AF in
Europe was estimated at 8.8 million in 2010 and is projected to increase to 17.9 million
by 2060, underscoring the substantial and growing public health burden of this
arrhythmia (8).

The pathophysiological basis of AF involves both structural and electrophysiological
abnormalities. Structurally, atrial fibrosis, dilatation, and altered gap junction expression
disrupt normal conduction pathways of atrial tissue. Electrophysiologically,
abnormalities in impulse generation and conduction such as enhanced ectopic activity
particularly occurring in the pulmonary veins, triggered depolarizations, and reentry
circuits, facilitate the initiation and maintenance of AF (3,4,9). The disorganized afrial
electrical activity results in irregular and often rapid ventricular response due to erratic
conduction through the atrioventricular node. This irregular ventricular rate impairs
diastolic filling and reduces cardiac output, particularly in individuals with pre-existing
left ventricular dysfunction, and may contribute to the development or worsening of
heart failure (4). AF was previously distinguished as valvular or non-valvular AF,
primarily for stroke risk assessment and anticoagulation strategy. Recent guidelines
emphasize describing the specific type of valve disease, rather than using the binary
classification, and the term “valvular” is now obsolete (3,4,10).

AF is a complex and heterogeneous condition that, while presenting with shared
clinical phenotypes, can develop through multiple and distinct etiological pathways.
These include genetic predisposition, ethnic and environmental influences, and
metabolic disturbances, in addition to the contribution of conventional cardiovascular
risk factors (11-14).
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1.1.2 Risk factors and comorbidities in atrial fibrillation

Effective management of AF requires not only addressing the arrhythmia itself but also
identifying and managing both associated risk factors and comorbidities. For example,
hypertension is a risk factor for new-onset AF but once established, the hypertension
becomes a comorbidity that increases the risk of stroke, heart failure, and recurrence of
AF. Risk factors and comorbidities likely interact through shared pathophysiology by
driving afrial remodeling that is a substrate for AF, by additive risk synergizing to
increase AF burden (the overall time spent in AF during a clearly specified and
reported period of monitoring, expressed as a percentage of time), and by having an
impact on the management of AF if uncontrolled (4,15).

Personalized care supported by clinical decision tools can improve outcomes by
targeting these underlying contributors and AF is best managed using the AF-CARE
pathway (4):

e C — Comorbidity and risk factor management
e A — Avoid stroke and thromboembolism
e R — Reduce symptoms through rate and rhythm control

e E — Educate and enable patient-centered care

1.1.2.1 Risk factors

Among modifiable risk factors, elevated body mass index (BMI) and hypertension
contribute the highest attributable risk for AF. Clinical guidelines emphasize optimal
blood pressure control, as it reduces both AF recurrence and progression, and
prevents related adverse cardiovascular events (1,3,4). In hypertensive patients, blood
pressure reduction, especially when it leads to regression of left ventricular
hypertrophy, has been associated with a decreased risk of developing AF (16).
Controlling blood pressure may also prevent atrial remodeling, a key mechanism in AF
pathogenesis (17,18). Other established modifiable risk factors include smoking,
physical inactivity, excess alcohol consumption, and sleep apnea (4). These factors
often precede AF and contribute to its development through structural or electrical
remodeling of the atria.

1.1.2.2 Comorbidity and risk factors in atrial fibrillation

A comorbidity is a coexisting medical condition present in a patient who already has
AF. Comorbidities may have contributed to AF onset or developed after AF and
complicate its course or management. Comorbidities influence the risk of developing
AF, as well as the progression and recurrence of AF and increase treatment complexity.
Addressing these factors can improve AF-related outcomes and prevent recurrence,
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and their management is essential to successful longterm AF control (4). Heart failure
is the most common non-fatal outcome of AF and at the same time remains the leading
cause of death among individuals with AF, highlighting the importance of coordinated
disease management (4). The next most common adverse impacts of AF are ischemic
stroke, ischemic heart disease, other thromboembolic events, and increased risk of
cognitive impairment and dementia (4). Modifiable contributing factors associated with
AF include coronary and valvular heart disease, stroke, history of cardiac surgery,
chronic renal disease, heart failure, diabetes mellitus, obesity, obstructive sleep apnea,
and unhealthy lifestyle behaviors (1,3,19-21).

With improved stroke prevention and heart failure therapy, patients with AF are living
longer, but longevity brings increased exposure to the detrimental long-term effects of
AF and its treatments, including progressive organ dysfunction (22).

1.1.3 Stroke risk in atrial fibrillation

AF is a major causal factor in cardioembolic and ischemic stroke with up to a five-fold
increase in risk of various severity (5,9,21,23—26). The heart is a significant source of
emboli caused by electromechanical dissociation and fibrillation of the left atrium with
subsequent dilatation, abnormal contractility and impaired atrial emptying causing stasis
of blood, particularly in the left atrial appendage, increasing risk of thrombus formation
and subsequent cerebral embolization. Additional factors increasing risk of stroke in AF
are older age, previous stroke or transient ischemic attack, vascular disease, renal
dysfunction, low BMI, and surgery (2,27,28). At the same time oral anticoagulation
reduces thromboembolic events and mortality, and because AF-related strokes are
otherwise more disabling and often fatal, broader use of anticoagulation has
contributed to declining stroke incidence in AF (21,29).

1.1.4 Risk score and anticoagulation in atrial fibrillation

Stroke and prevention of thromboembolism is a priority in the management of patients
with AF and anticoagulation should be offered to all, unless the patient is identified at
true low risk (4,5,21,30). Direct anticoagulants (DOACs) are preferred except in
patients with mechanical heart valves due to the thrombogenic nature of the valves, and
in moderate to severe mitral stenosis due to increased risk of atrial thrombus formation
in the dilated atrium (4,29,31-36). Prior to commencing anticoagulation treatment with
oral anti-coagulation (OAC), bleeding risk should be evaluated to identify and manage
modifiable bleeding risk factors (4,21).

Before anticoagulation administration in individuals with clinical AF, individual
assessment with validated stroke risk scores is needed (2,4,5,37). According to the
2024 ESC guidelines by Van Gelder et al. (2024), the CHA,DS>-VA score is proposed
in the lack of other locally validated alternatives, excluding birth sex or gender criterion
(4). The risk scores have a generally modest individual predictive value, but do lower
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stroke risk following onset of AF, and reduce adverse outcomes with specific treatment
(1,4,38). While prevention of thromboembolic stroke remains the cornerstone of AF
management, increasing evidence indicates that AF confributes to structural and
functional brain changes even in the absence of clinically apparent stroke.

1.2 Atrial fibrillation and brain volume

Growing evidence demonstrates an association between AF and reduced brain volume.
In a study by Stefansdoftir et al. (2013), persistent AF was associated with smaller total
brain, grey matter (GM), and white matter (WM) volumes, with stronger effects
observed with increasing arrhythmia burden, suggesting a dose-dependent impact on
brain structure over time (39). Earlier studies were often small, conducted in younger
populations or underpowered, possibly underestimating the cumulative effects of AF on
brain volume (40—42). Similarly, Moazzami et al. (2020) reported later that age may
amplify the adverse structural effects of AF, potentially reflecting longer exposure to
arrhythmia burden (43).

Further supporting structural vulnerability, Polymeris et al. (2020) demonstrated an
inverse relationship between serum neurofilament light chain (sNfL)—a biomarker of
neuronal injury—and normalized brain volume in individuals with AF, independent of
age, stroke history, and overt brain lesions (44). WM lesions and large infarcts were
the strongest independent predictors of sNfL, suggesting subclinical vascular brain
injury and covert neurodegeneration contributing to brain atrophy in AF (44).

Age and vascular comorbidities such as hypertension, diabetes, and heart failure may
act both as confounders and mediators in this interplay between AF and brain atrophy.
While silent infarction, microvascular injury, and systemic inflammation have been
proposed as contributing mechanisms, subclinical hemodynamic compromise—such as
chronic hypoperfusion or altered neurohormonal response—may also play a role (45).

Because structural brain alterations are closely linked to cognitive function, these
findings raise the question of whether AF is associated not only with reduced brain
volume but also with measurable cognitive decline and broader functional
consequences.

1.3 Atrial fibrillation and cognition

AF has been consistently associated with cognitive impairment and dementia, further
underscoring the clinical relevance of these structural findings. Several non-mutually
exclusive mechanisms have been proposed to explain this relationship. A meta-analysis
by Kalantarian et al. (2013) demonstrates an increased risk of both cognitive
impairment and dementia in individuals with AF, despite heterogeneity in age,
comorbidities, stroke ascerfainment and AF classification across studies (46).
Importantly, the association persisted beyond clinically overt stroke, implicating
additional non-embolic pathways (46). Subsequent studies have confirmed that AF is
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associated with both stroke-related and non-stroke-related cognitive decline, with
particularly strong effects observed in vascular dementia (47,48). AF has indeed been
associated with increased risk of cerebral small vessel disease, reduced brain volume,
and cognitive impairment, reinforcing the hypothesis of a cerebrovascular and
neurodegenerative continuum (49). Longitudinal data further suggest that subclinical
infarction in AF contributes to cognitive decline, particularly in older individuals and in
the presence of cumulative vascular burden (50—52). Overall, evidence suggests that
vascular brain injury in AF contributes to cognitive decline, particularly in the presence
of comorbidities such as hypertension and diabetes (49,53).

Collectively, these observations suggest that cognitive decline in AF is not solely a
consequence of cerebrovascular events, but rather the cumulative result of subtle and
potentially chronic disturbances in brain perfusion and structure. This perspective shifts
aftention from discrete embolic episodes toward broader hemodynamic and vascular
mechanisms that operate silently over time.

1.4 Possible causes of altered brain structure and function in
atrial fibrillation

Building on this concept, the impact of AF on brain structure and function likely reflects
multiple interacting biological pathways (Figure 1). AF appears to influence the brain
through converging embolic, vascular, inflammatory, and hemodynamic processes
(52,54-58). Among these pathways, hemodynamic disturbance has emerged as a
particularly compelling mechanism. AF is characterized by irregular ventricular rhythm,
beatto-beat variability in stroke volume, loss of atrioventricular synchrony, and reduced
cardiac efficiency, all of which may compromise effective cerebral blood delivery even
in the absence of overt stroke. Chronic alterations in central flow dynamics may impair
microvascular integrity and promote progressive structural injury, particularly in the
context of aging and vascular comorbidity.

Age and vascular risk factors further modify this relationship. Both AF and cognitive
impairment increase with advancing age and cumulative vascular exposure, and
hypertension, diabetes, heart failure, and obesity have been independently associated
with brain atrophy, reduced GM volume, and WM injury (46,49,59). Thus, AF-related
hemodynamic instability likely operates within a broader substrate of vascular aging,
where cumulative vascular burden increases susceptibility to brain injury.

While AF contributes to brain injury through embolic and hemodynamic mechanisms,
vascular aging and arterial stiffening represent parallel and potentially interacting
pathways influencing brain perfusion and structural brain integrity. This raises the
possibility that disturbances in central hemodynamics beyond rhythm irregularity —such
as increased aortic stiffness and altered pulsatile energy transmission—may exert
additive effects on the brain.
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Figure 1 Proposed pathophysiology of cognitive impairment in atrial fibrillation.

Atrial fibrillation (AF) has a number of effects that predispose to cognitive impairment, including
a prothrombotic state, a pro-inflammatory state, and reduced cardiac output. Final pathways
leading to cognitive impairment potentially include cerebral embolism, hemorrhage, and volume
loss. LV, left ventricular; TIA, transient ischemic attack. Reprinted with permission from M.
Madhavan, |. Graff-Radford, J.P. Piccini, B.]. Gersh. Cognitive dysfunction in atrial fibrillation.
Nature Reviews Cardiology 2018, vol. 15, p. 744—756. www.nature.com/nrcardio/.

1.5 Atherosclerosis and aortic stiffness

Vascular aging involves progressive structural remodeling of the arterial wall that leads
to loss of elasticity and increasing arterial stiffness. Stiffening of the aorta, the principal
elastic artery of the circulation and a key buffer of pulsatile cardiac output, represents a
central manifestation of this process and has important implications for both
cardiovascular and cerebrovascular health (60).

Atherosclerosis is a chronic inflammatory disease of the arterial wall that promotes
progressive structural remodeling, luminal narrowing, and loss of arterial compliance,
ultimately contributing to arterial stiffening and impaired tissue perfusion. The
atherosclerotic process is accelerated by aging, vascular risk factors, and cumulative
hemodynamic stress (61,62). In parallel, vascular aging is characterized by elastin
fragmentation, increased collagen deposition, and medial calcification, further
reducing arterial elasticity.

A functional consequence of these cumulative structural changes is increased aortic
stiffness, reflecting the progressive loss of the aorta’s normal cushioning function. This
process can be quantified as pulse wave velocity (PWYV), which reflects the intrinsic
stiffness of the aortic wall and integrates the cumulative effects of vascular aging and
cardiometabolic risk exposure, making it a central measure of arterial health (63,64).
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Aortic stiffness reflects the loss of normal viscoelastic properties of the aortic wall and
represents a maladaptive response to cumulative hemodynamic load and vascular risk
exposures (62). Increasing evidence suggests that arterial stiffening may also represent
a biological pathway through which these exposures contribute to cardiovascular and
cerebrovascular disease (60). Elevated PWYV is consistently associated with increased
cardiovascular morbidity and mortality (65—68). Large population-based studies,
including the Rotterdam and Framingham cohorts, demonstrate that PWV provides
additive and independent prognostic information beyond traditional cardiovascular risk
factors, supporting its role as a robust biomarker of vascular disease risk (69,70). In the
Framingham Offspring Study, higher carotid-femoral PWV (CFPWV) and central pulse
pressure were associated with increased risk of cardiovascular events and mortality,

reinforcing the clinical and epidemiological relevance of central arterial stiffness (71—
73).

Both atherosclerosis and arterial stiffening accelerate with age, and PWV can be
viewed as an integrated marker of cumulative vascular injury across the life course. In
contrast, the predictive value of several conventional cardiovascular risk factors
diminishes in older age due to selective survival and increasing comorbidity
(67,74,75). In the Framingham Offspring Study, Mitchell et al. (2004) demonstrates
that aging is associated with a disproportionate increase in aortic stiffness relative to
peripheral muscular arteries, resulting in reversal of the normal central-to-peripheral
stiffness gradient (76). This age-related shift enhances transmission of pulsatile energy
into the microcirculation, highlighting the pathophysiological significance of aortic
stiffness.

Beyond its established association with cardiovascular morbidity and mortality,
increased aortic stiffness may also have important implications for high-flow organs
such as the brain. Increased transmission of pulsatile pressure into the distal circulation
may expose the cerebral microvasculature to greater hemodynamic stress, providing a
potential link between vascular aging and alterations in brain perfusion and structural
brain infegrity.

1.6 Aortic stiffness and the brain

The aorta plays a central role in buffering pulsatile cardiac output, protecting the distal
microcirculation from excessive pressure and flow fluctuations. Aortic impedance
reflects the opposition of the aorta to pulsatile blood flow. In healthy young adults, the
compliant aorta exhibits low impedance, whereas first-generation branch arteries are
relatively stiffer and display higher impedance. This transition creates an impedance
mismatch that promotes partial reflection of pulsatile waves and limits transmission of
pulsatile pressure into the distal arterial tree.

With aging and cumulative vascular exposure, aortic compliance declines, and central
impedance rises. As a result, the normal impedance mismatch between the aorta and
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its branch vessels is reduced, diminishing wave reflection and increasing transmission
of pulsatile pressure into the microcirculation (76—78).

The resulting pulsatile load may damage cerebral small vessels and impair
microvascular integrity, rendering the brain particularly vulnerable (72,79). Increased
pulse pressure transmission has been associated with vascular remodeling, impaired
cerebrovascular reactivity, and microvascular injury, processes that may contribute to
alterations in cerebral perfusion and subsequent structural brain injury (80—83).

Consistent with this mechanistic framework, increased aortic stiffness measured by
CFPWV has been associated with lower regional cerebral blood flow (84). Alterations
in cerebral perfusion may therefore represent an early manifestation of vascular
stiffening, potentially preceding detectable structural brain injury. Elevated PWV has
also been linked to reduced total brain and GM perfusion, smaller total brain and GM
volume, and increased risk of cognitive impairment (85). Furthermore, increased
arterial stiffness has been associated with imaging markers of cerebral small vessel
disease, including WMH, subcortical infarctions, and microinfarcts detected by MRI,
suggesting an association with microvascular dysfunction and brain damage (86—88).
In systematic reviews and meta-analyses, higher aortic stiffness has been consistently
associated with poorer performance across multiple cognitive domains, independent of
demographic and clinical characteristics (89,90). This framework provides a
physiological basis for investigating how disturbances in central hemodynamics, arising
from rhythm irregularity and arterial stiffening, may influence brain perfusion and
structural brain vulnerability.

1.7 Assessment of brain perfusion and aortic stiffness

Detailed methodological descriptions are provided in Chapter 3. The following section
outlines the theoretical principles underlying the assessment of brain perfusion and
aortic stiffness used in this thesis.

1.7.1 Magnetic resonance imaging

Magnetic resonance imaging (MRI) is a non-invasive imaging modality that exploits the
magnetic properties of hydrogen protons to generate high-resolution anatomical and
functional images without ionizing radiation. Owing to its superior soft-tissue contrast,
MRI is particularly suited for assessment of brain structure and pathology. In addition to
structural imaging, MRI enables quantitative evaluation of cerebral blood flow and brain
perfusion using specialized techniques, including phase contrast (PC) and arterial spin
labeling (ASL).
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1.7.1.1 Phase conirast magnetic resonance imaging

PC MRI is a velocity-encoded technique that allows visualization and direct
quantification of blood flow. By encoding flow velocity into phase shifts of moving
spins, PC MRI enables measurement of the magnitude and direction of blood flow
within selected vessels (91). When applied at the level of the cervical arteries, PC MRI
permits calculation of total cerebral blood flow (TCBF) by combining flow velocities with
vessel cross-sectional area (Figure 2) (92—95).

For accurate quantification, the imaging plane must be oriented perpendicular to the
vessel of interest and the velocity encoding (ven) appropriately adjusted to avoid
measurement error (91,96). PC MRI has demonstrated good reproducibility and
feasibility even in elderly populations and provides a robust measure of global cerebral
inflow (94).

Figure 2 PC MRI for quantification of total cerebral blood flow.

a) A PC MRI scan for measuring mean TCBF was prescribed on a PC MRI sagittal localizer image
perpendicular to the carotid arteries at the level of the mid-basilar artery. b) A representative
phase image demonstrating the right and left internal carotid arteries (R.ICA and L.ICA) together
with the basilar artery (BA). Reprinted with permission from S. Sigurdsson, L. Forsberg, T.
Aspelund, R.J. var der Geest, M.A. van Buchem, L: Launer, V. Gudnason, M.. van Osch.
Feasibility of Using Pseudo-Continuous Arterial Spin Labeling Perfusion in a Geriatric Population
at 1.5 Tesla. PLOS One 2015. vol. 10 (12), e0144743. journals.plos.org/plosone/.

1.7.1.2 Arterial spin labeling magnetic resonance imaging

ASL is a non-invasive MRI technique that quantifies brain perfusion at the tissue level
without the need for exogenous contrast agents (97,98). In ASL, inflowing arterial
blood water is magnetically labeled proximal to the imaging region and used as an
endogenous tracer. After a defined transit time, labeled blood reaches the capillary
bed, allowing quantification of brain perfusion in units of milliliters per gram of tissue
per minute (mL/g/min) (Figure 3) (99,100).
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Readout

pCASL labeling

Figure 3 ASL planning with labeling plane at the upper cervical spine (orange) perpendicular to
the carotid and basilar artery and image volume (green).
PCASL: pseudo-continuous arterial spin labeling.

The inflow of inverted spins alters total tissue magnetization and consequently the tissue
magnetization as well as image intensity, creating the tag image. The final product, the
perfusion image, will reflect the amount of arterial blood delivered to each voxel within
the slice during the transit time, determining the delivery rate of oxygen and nutrients to
the microcirculation (94,101). Perfusion is a fundamental quantitative physiological
parameter, referring to the delivery of nutrients and oxygen to tissues (99,100).

ASL enables regional and whole brain perfusion assessment and is particularly suitable
for repeated measurements due to its non-invasive nature (100). Pseudo-continuous ASL
has been shown to be feasible and reliable in elderly populations at 1.5 Tesla, with
good agreement compared to PC MRI measurements (94). As brain perfusion is
influenced by agerelated vascular changes, careful consideration of acquisition
parameters is required in older individuals. There are three main approaches to ASL
labeling; continuous labeling, pulsed labeling, and velocity selective labeling. Pseudo-
continuous ASL is one form of continuous labeling and recommended for clinical
imaging by a consensus expert group due to its robustness and simplicity (102).

1.7.2 Applanation tonometry

Atherosclerosis and vascular aging can be assessed as aortic stiffness non-invasively
with arterial tonometry, the reference non-invasive method for measuring CFPWV
(Figure 4) (103). This technique involves recording arterial pressure waveforms at the
carotid and femoral arteries using a high-fidelity pressure sensor. The time delay
between the foot of the two waveforms, combined with the measured transit distance,
yields CFPWYV, an established measure of aortic stiffness (70,104). CFPWV reflects

10
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stiffness of the central elastic arteries and is considered the gold standard for
epidemiological and clinical studies of arterial stiffness. CFPWYV demonstrates strong
predictive value for cardiovascular events and mortality independent of conventional
risk factors (68,103,104). Importantly, central arterial stiffness precedes overt
hypertension, providing complementary information beyond brachial blood pressure
measurement (62,105).

Some technical limitations should be acknowledged. Accurate femoral waveform
acquisition may be challenging in individuals with obesity, metabolic syndrome,
diabetes or peripheral arterial disease, and proximal arterial stenosis can affect
waveform transmission (104,106).
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Figure 4 Measurement of carotid-femoral pulse wave velocity.

Time delay, AT, between the foot of the carotid (red waveform) and femoral waveforms was
measured. Carotid-femoral transit distance (CFTD) was estimated by measuring the distance from
the suprasternal notch (SSN, %) to the carotid (SSN-C) and femoral (SSN-F) sites and taking the
difference to account for parallel transmission along the brachiocephalic and carotid arteries and
around the aortic arch (red shading). This corrected distance is divided by transit time delay to
give PWV. Note that carotid-femoral PWV fails to assess stiffness of the proximal aorta (red
shading). Reprinted with permission from G.F. Mitchell, J.L. Izzo |r., Y. Lacourciere, |.P. Ouellet,
J. Neutel, C. Qian, L.J. Kerwin, A.J. Block, M.A. Pfeffer. Omapatrilat reduces pulse pressure and
proximal aortic stiffness in patients with systolic hypertension: results of the conduit
hemodynamics of omapatrilat international research study. Circulation 2002, vol. 105 (25), p.
2955-—2961. https://www.ahajournals.org/.

To summarize Chapter 1, AF and aortic stiffness represent prevalent manifestations of
cardiovascular aging that may converge on the brain through shared disturbances in
central hemodynamics. While thromboembolism and overt stroke remain established
mechanisms of brain injury in AF, accumulating evidence indicates that chronic

1
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alterations in flow dynamics, impaired brain perfusion, and enhanced pulsatile energy
transmission may contribute to structural brain changes and cognitive impairment even
in the absence of clinically apparent cerebrovascular events. Progressive arterial
stiffening further alters aortic buffering capacity and increases pulsatile load within the
cerebral microcirculation, raising the possibility that rhythm-related irregularity and
vascular stiffening interact to influence brain integrity. However, the extent to which
these mechanisms independently or jointly affect brain perfusion and subsequent
structural and cognitive outcomes remains uncertain. Clarifying these relationships
defines the central research problem addressed in this thesis.

12



2 Aims and hypotheses

2.1 Aims

The overall aim of this thesis was to examine whether disturbances in central
hemodynamics represent a unifying pathway linking AF and aortic stiffness to alterations
in brain perfusion, brain structure, and cognitive performance.

In Paper |, the aim was to evaluate the association between AF and TCBF, estimated
brain perfusion, brain volume, and cognitive performance in elderly individuals.

In Paper Il, the aim was to evaluate changes in TCBF and brain perfusion following
electrical cardioversion to sinus rhythm (SR) in individuals with AF.

In Paper lll, the aim was to evaluate the associations of age and aortic stiffness with
brain perfusion, brain volume, and cognitive performance.

2.2 Hypotheses
The hypotheses of this thesis were:

e Total cerebral blood flow and estimated brain perfusion are lower in elderly
individuals with permanent AF compared with those in SR.

e Brain volume and cognitive performance are reduced in elderly individuals
with permanent AF compared with those in SR.

e Brain perfusion improves following successful restoration of SR by electrical
cardioversion.

e Brain perfusion is inversely associated with aortic stiffness.

e Increased aortic stiffness is associated with reduced brain volume and
poorer cognitive performance.

13






3 Materials and Methods

The following chapter describes the methods used in the three studies included in this
thesis. More detailed methods and protocols are provided in the individual papers
included in this thesis.

3.1 Paper

The cohort in the study on TCBF and estimated brain perfusion comes from AGES I, a
follow up visit of 3316 surviving participants from the multidisciplinary AGES Reykjavik
Study (AGES-RS) who gave consent for participation, conducted in 2007-2011 (107).
The AGESRS, initiated in 2002, was designed to examine genetic and environmental
factors contributing to clinical and subclinical disability in old age (108). The AGES-RS
cohort consists of 6000 elderly subjects and is a random recruitment of survivors from
the previous Reykjavik Study that commenced in 1967, collecting midlife data on
cardiovascular traits (109,110). The Reykjavik Study is a total population study of men
and women born in 1907-1935 who were residents of the greater Reykjavik area in
1967, and the cohort has been followed since the beginning by the Icelandic Heart
Association.

Data collection included a questionnaire, clinical examination, brain, musculoskeletal
system, heart and vasculature imaging, measurement of body composition and
metabolic regulation as well as cognitive testing to provide detailed phenotypes related
to neurocognitive, cardiovascular, and musculoskeletal systems. Individuals with
diagnosis of dementia and heart failure were excluded in the current study. After
excluding individuals with contraindications for MRI (claustrophobia, physical inability
to undergo the investigation, pacemaker), participants underwent brain MRl on a 1.5-T
Signa Excite Twinspeed system (General Electric Medical Systems, Waukesha, WI). The
scan protocol included PC scan for TCBF measurements, and anatomical imaging
sequences of the whole brain for calculations of brain tissue volumes and estimation of
brain perfusion, including cerebrospinal fluid (CSF), GM, WM, and white matter
hyperintensities (WMH) that were segmented with a validated automatic image tissue
post-processing pipeline (111,112). The AGES-Reykjavik brain MRI image acquisition
protocol has previously been described in detail (112). In brief, the protocol included a
Tl-weighted 3-dimensional spoiled gradient echo sequence, a proton density/T2-
weighted fast-spin echo sequence, a T2-weighted gradient echotype echo planar
imaging sequence, and a T2-weighted fluid-attenuated inversion recovery (FLAIR)
sequence. All images were acquired to give full brain coverage in the oblique-axial
plane.
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Total brain volume (TBV) was computed in milliliters (mL) as the sum of GM volume,
WM volume, and WMH volume. The intracranial volume (ICV) was computed as the
sum of TBV and CSF volume. Brain volumes were normalized to intracranial volume
and presented as percentages of intracranial volume (TBV/ICV*100).

TCBF was measured using PC MRI at the level of the skull base for flow measurement in
all the cervical arteries, both the internal carotid arteries and the basilar artery. PC MRI
does not measure perfusion directly in the microcirculation, and therefore average
brain perfusion of each group was estimated. This approach allowed indirect estimation
of perfusion at the tissue level. The average blood flow volume was divided by whole
brain volume to generate the average estimated whole brain perfusion, expressed in
units of mL/100g brain tissue/min, assuming an average brain density of 1.05 g/mL
(113). Details on the analysis of the images as well as calculation of cerebral blood flow
and average estimated perfusion have previously been described by Sigurdsson et al.
(2015) (94). The operators of the MRI system performing the acquisitions and the MR
image analysts were blinded to all clinical information on the study participants,
including the AF status of each participant. Stroke was determined from hospital data,
and coronary artery calcium was calculated using the Agatston method from computed
tomography examination of the coronary arteries performed on a Siemens Somatom
Sensation 4 multi-detector scanner with prospective ECG triggering (Siemens
Healthcare, Erlangen). For cognitive testing, the Mini-Mental State Examination and the
Digit Symbol Substitution Test were administered to all participants. Cognitive
impairment was classified as 23 points or lower on the Mini-Mental State Examination
score (MMSE) and 17 or lower on the digit symbol substitution test score (DSST).

Participants were divided into three groups according to presence of AF at the time of
MRI imaging and previous history of AF; AF on electrocardiogram (ECG) (persistent AF
group), those in SR on ECG but with previous history of AF from hospital records or
medical history (paroxysmal AF group), and those in SR on ECG and with no previous
history of AF (no AF group). Of the 2291 participants, 117 had persistent AF and 78
individuals had a prior history of the arrhythmia but were in SR at the time of the
examination. For statistical analysis, generalized linear models were used to compare
characteristics between groups with age and sex adjustment. The assumption of a
normal distribution of the residuals from the continuous perfusion measures was
verified by inspecting qg-plots of residuals from the regression models. Generalized
linear models were used to perform analysis of TCBF difference between groups with
age and sex adjustments, as well as adjustments for brain volume, warfarin use, and
use of antihypertensive medication. Similarly, analysis of brain perfusion was done with
adjustments for warfarin use and use of antihypertensive medication, but adjustments
for brain volume were not needed as the outcome was already standardized by total
brain volume. All analyses were done using SAS System software version 9.2 (SAS
Institute Inc., Cary, NC, USA). Data was presented as mean (standard deviation) for
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continuous variables and as percentages for categorical variables. A P-value <0.05 was
considered statistically significant.

The AGES-Reykjavik study was approved by the Icelandic National Bioethics Committee,
which acts as the Institutional Review Board for the Icelandic Heart Association, and by
the Institutional Review Board for the Intramural Research Program of the National
Institute on Aging, National Institute of Health, Bethesda, MD as well as the Icelandic
Data Protection Authority (VSN-063). Informed written consent was obtained from all
participants.

3.2 Paper ll

To investigate TCBF and brain perfusion before and after elective direct-current
cardioversion, all individuals between the age of 18 to 75 scheduled for cardioversion
for AF at Landspitali—University Hospital in Reykjavik, Iceland were invited to participate
in the study (114). A letter was sent to individuals on the waiting list with an offer to
receive more information on the study. They were contfacted via phone by a study
coordinator 10—14 days after the lefter was sent, and an appointment made if they
wished to participate. During the interview, the study coordinator collected
demographic information on the participants, and blood pressure and heart rate were
recorded. Collected information also included cardiovascular risk factors and past
medical history, information on the nature (paroxysmal AF or persistent AF) and length
of AF episodes, medication use and history (beta blockers, antihypertensive
medication, anticoagulation medication; warfarin or novel oral anticoagulants, aspirin
or platelet inhibitors, diabetes medication, lipid lowering medication, and digoxin) as
well as history of previous cardioversion, if present. Information was also obtained from
participants” medical records if needed regarding biochemistry, medication, and past
medical history, and results of echocardiography studies were registered if done within
6 months prior to entering the study.

Exclusion criteria included former stroke, severe claustrophobia, contraindications for
MRI (pacemaker, implantable cardioverter defibrillator or other contraindications for
MRI). The study coordinator went through a safety questionnaire regarding MRI
compatibility after obtaining informed written consent from each participant, and
participants were advised not to use caffeine or tobacco at least 4 hours before the MRI
examination. When the date of the cardioversion was set, the first MRI study was
scheduled by the study coordinator to be done prior to the cardioversion, either the
day before or preferably on the same day according to the study protocol (Figure 5).
Biochemistry tests (Nterminal probrain natriuretic peptide (NT-proBNP)) were done the
day before the cardioversion and INR had to have been stable at >2.0 for more than 3
weeks prior to the cardioversion. At the day of the cardioversion, an ECG was done to
confirm AF, and electrical cardioversion was performed under brief anesthesia
according to clinical hospital protocol. The use of anticoagulation pre- and post
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cardioversion is mandatory. Although electrical systole in the atria is induced
immediately after successful cardioversion to SR, mechanical atrial systole may be
delayed for a few weeks. Therefore, it is reasonable to consider that it takes more than
a few weeks for normal hemodynamics to be fully restored after successful
cardioversion. Indeed, in the study, the follow up MRI was performed at least ten weeks
after the procedure, to allow the afria to mechanically recover. Cognitive testing was
not performed, as cognitive function was not a main outcome in the study and changes
in cognitive performance were not expected to be affected during the short observation
period.

[Exclusion criteria | = Invitation accepted

!
Interview, demographic information First MRI, ECG, cardioversion,
Biochemistry, check INR ECG

— |

— | New ECG, biochemistry |
1) )

New AF during | | Successful Unsuccessful
observation cardioversion to | | cardioversion

— period SR and still in SR | | and still in AF
] Vo

@ Second MRI

New appointment for
MRI made about 10
weeks later

Figure 5 A diagram showing the cardioversion study protocol in Paper II.

Individuals with contraindication for MRI were excluded from the study. Baseline information was
collected and informed consent obtained. The day before the cardioversion, ECG and
biochemistry test were done and the first MRl was performed on the day of the cardioversion. An
appointment was made for the second MRI at least 10 weeks after the cardioversion and
approximately a week before, a new ECG was done and the patient asked about symptoms of
recurrent AF. If recurrence had occurred, the patient was excluded from the second MRI, but
those that achieved and maintained continued SR after a successful cardioversion or maintained
AF after an unsuccessful cardioversion went for the MRI as planned.

After the cardioversion was done, ECG-verified results were registered, and the second
MRI examination was scheduled. Before the follow-up visit, a biochemistry test (NT-
proBNP) and an ECG was performed a few days before the follow-up visit to confirm
SR after successful cardioversion or continued AF if unsuccessful, and the patient asked
about symptoms of recurrent AF. Patients with recurrence of AF on ECG after a
previously successful cardioversion to SR were excluded from further participation in
the study, as the time from cardioversion to recurrence was uncertain, and the second
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MRI was cancelled. Without knowledge of the interim between cardioversion to SR and
recurrence of AF, the results would have been very difficult to interpret. No 24-hour
Holter monitoring was performed between the cardioversion and the follow-up visit.
Those that achieved and maintained SR after a successful cardioversion, or continued in
AF after unsuccessful cardioversion, that is maintained unchanged rhythm on the day of
the second MRI, went for the imaging procedure as planned.

MRI acquisition and image processing as well as measurement of TCBF were
performed as described in Section 3.1. The ASL perfusion scan protocol included
acquisition of 3-dimensional pCASL perfusion sequences for calculating brain
perfusion, with postlabeling delay of 1525 milliseconds (112). Quantitative ASL
perfusion maps were calculated for the whole brain, global GM, global WM, and
multiple cortical and subcortical brain regions using a validated automated image post-
processing pipeline (94,112). PC measurements for cerebral blood flow measurements
were done for comparison with ASL. The operators of the MRI system performing the
acquisitions and the MR image analysts were blinded to all clinical information on the
study participants, including the AF status of each participant.

Participants were divided into three groups, those that were cardioverted into SR and
remained in SR during the observation period (SR group), those who remained in AF
after an unsuccessful attempt at cardioversion (AF group), and those who had a
recurrence of AF during the observation period after a successful cardioversion to SR
(recurrent AF group). Those in the recurrent AF group were excluded from further
evaluation with a second MRI according to the study protocol as previously described
(Figure 5). Data were presented as mean (standard deviation) for continuous variables
and as percentage for categorical variables. A P-value of <0.05 was considered
statistically significant. Characteristics between groups were compared using ttests and
X2 tests. The assumption of normal distribution of the two continuous blood flow
measures was verified by inspecting qg-plots of residuals from the regression models.
All analyses were performed using R version 3.5.5. Changes in TCBF over time and
between groups were analyzed with linear mixed models using the Ime4 package in R,
with age and sex adjustment, as well as adjustment for brain volume. Adjustment for
brain volume was not performed because perfusion was quantified independently of
total brain volume. Adjusted marginal means at each time-point and change between
time-points were estimated using the emmeans package in R.

The study was approved by the Icelandic National Bioethics Committee, which acts as
the Institutional Review Board for the Icelandic Heart Association and the National
University Hospital (VSN-13-043) and by the Icelandic Data Protection Authority.

3.3 Paper lll

The sample in Paper Il on aortic stiffness and brain perfusion came from the OffGen
population. The OffGen study was designed to investigate neurologic, cardiovascular,
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sensory, lifestyle, and medical history differences in offspring of AGES-Reykjavik Study
parents, previously described in Section 3.1. The OffGen study involved selective
analysis of subclinical disease and traits such as brain morphology and function, based
on genetics and other profiles in parents. The cohort consisted of 956 participants that
were recruited in 2011—-2015 (mean age 62 years, range 55-81 years) and the current
sample consists of 269 OffGen participants aged 58 to 74 years who were randomly
selected from the cohort and specifically recruited for PWV measurements using
tonometry, measurement of brain perfusion and structural brain imaging with MRI, and
cognitive evaluation.

The hemodynamic acquisition, calculations of PWYV, and analysis protocol of CFPWV
have already been described in detail (115,116). Blood pressure was measured
following 15—20 minutes of supine posture, using a computer-controlled device that
automatically inflated the cuff to a user preset maximum pressure, and then precisely
controlled deflation at 2 mmHg/second. This device digitized and recorded cuff
pressure, electrocardiogram, and a cuff microphone channel throughout the inflation
and deflation sequence. Applanation tonometry with ECG for assessment of regional
PWV was obtained with a custom transducer from the carotid, brachial, radial, and
femoral arteries. Body surface measurements from suprasternal notch to pulse
recording sites were obtained by using a fiberglass tape measure for carotid, brachial,
and radial sites, and a caliper for the femoral site (115).

The MRI scan protocols, PC acquisition, ASL acquisition, and anatomical imaging
acquisition as well as tissue segmentation and calculations of brain tissue volumes have
already been described in Sections 3.1 and 3.2. The operators of the MRI system
performing the acquisitions and the MR image analysts were blinded to all clinical
information on the study participants. The Mini-Mental State Examination and the Digit
Symbol Substitution Test were administered to all participants for cognitive testing.
Cognitive impairment was classified as 23 points or lower on the Mini-Mental State
Examination score (MMSE) and 17 or lower on the digit symbol substitution test score
(DSST).

This study was a cross-sectional observational analysis. For comparison of
characteristics, participants were divided into two groups (lower and higher aortic
stiffness) by median arterial stiffness, 8.6 m/s. For regression models, the negative
inverse transformation of CFPWV (niCFPWYV) was used to normalize the right-skewed
distribution due to non-linear age- and pressure-related aortic stiffening and to reduce
heteroskedasticity of CFPWV (niCFPWV= -1000/CFPWYV). Analysis of brain perfusion
difference between groups was performed using generalized linear models with age
and sex adjustment, as well as adjustment for heart rate, mean arterial pressure (MAP),
and use of antihypertensive medication. The assumption of a normal distribution of the
continuous perfusion measures was verified by inspecting qg-plots of residuals from the
regression models. All analyses were performed using R Statistical Software version
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4.4.2. Data were presented as mean (standard deviation) for continuous variables and
as percentage for categorical variables. A P-value <0.05 was considered statistically
significant.

The study was approved by the Icelandic National Bioethics Committee, which acts as
the Institutional Review Board for the Icelandic Heart Association and the National
University Hospital, as well as the Icelandic Data Protection Authority (VSN 11-047).
Informed written consent was obtained from all participants.
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4 Results

This thesis is based on the three papers listed on page XVII. Paper | begins by
evaluating cerebral blood flow and estimated brain perfusion, brain volumes and
cognitive performance by AF status in a population study. In Paper Il, direct measures
of brain perfusion and cerebral blood flow are evaluated in individuals undergoing
elective cardioversion for AF, and in Paper Ill, brain perfusion is evaluated by aortic
stiffness, assessed as PWV by tonometry.

4.1 Study populations and patient characteristics

4.1.1 Study population and characteristics in a population-based cohort
in Paper |

The study on cerebral blood flow and estimated brain perfusion (Paper 1) included
2291 men and women (mean age 80 years, range 71-95 years) from AGES Il, a follow
up visit from the multidisciplinary AGES-RS, described in Section 3.1. Of the 2291
individuals, 117 had AF (persistent AF group) and 78 had a prior history of the
arrhythmia but were in SR at the time of imaging (paroxysmal AF group) (Table 1) (107).
The remaining 2096 individuals had no known history of the arrhythmia (no AF group).

Individuals with persistent AF were older when compared to those with paroxysmal AF
or no AF (81.2 years versus 79.6 and 79.4 years, respectively), included more men
(63.3% versus 52.6% and 38.8%, respectively), and had lower measured systolic blood
pressure (141.3 mm Hg versus 142.7 mm Hg and 145.3 mm Hg, respectively). Those
with paroxysmal AF used antihypertensive medication and aspirin most frequently, while
those with permanent AF used warfarin most frequently (Table 1). Measured cholesterol
was highest in the no AF group and lowest in the paroxysmal AF group (5.3 mmol/L
versus 4.7 mmol/L). History of coronary heart disease was most frequent in the
paroxysmal AF group and least frequent in the no AF group (42.3% versus 24.2%).
Other demographic factors and cardiovascular risk factors, including education,
smoking status, alcohol consumption, BMI, self-reported or history of hypertension,
diabetes type 2 or myocardial infarction, and calculated coronary artery calcium from
computed tomography examination of the coronary arteries were similar between all
groups (Table 1).
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Table 1 Characteristics of individuals in Paper I.

Persistent Paroxysmal | No AF

AF (n=117) | AF (n=78) | (n=2096) | P-value
Age, years 81.2 (5.1) 79.6 (4.3) 79.4 (4.5) p<0.001
Sex, % men 63.3 52.6 38.8 p<0.001
Education, %
primary 12.0 20.5 20.1 p=0.16
Ever smoker,
former or
current, % 49.6 57.1 47.4 p=0.40
Alcohol
consumption,
g/week® 6.4(1.626.4) | 32(1.6161) | 3.2(016.7) p=0.91
Height, cm 171.6 (9.9) 169.4 (9.8) 167.0 (9.1) p<0.01
BMI 27.0 (3.9) 27.3(4.3) 26.8 (4.3) p=0.18
HTN history 94.0 94.9 88.7 p=0.06
SBP mm Hg 141.3 (22.8) | 142.7(22.6) | 145.3(20.7) p<0.05
Ml history 13.7 16.7 12.3 p=0.63
CHD 28.2 42.3 24.2 p<0.01
Cholesterol 4.9 (1.7) 4.7 (1.1) 5.3 (1.1) p<0.001
DM type 2 15.4 15.4 1.7 p=0.58
HTN med 84.6 21.0 69.5 p<0.001
Warfarin use 67.5 33.3 2.2 p<0.001
Aspirin use 31.6 51.3 42.2 p<0.01
CAC: 671 (197-2027) | 630 (126-1974) | 404 (78-1173) p=0.57

Data are shown as mean (standard deviation) for continuous variables and as % for categorical
variables. ®Median and quartiles. Persistent AF: those with AF at the time of imaging; paroxysmal
AF: those in sinus rhythm at imaging but with a previous history of AF; no AF: those in sinus
rhythm and no history of the arrhythmia. AF: atrial fibrillation, BMI: body mass index in kg/m?,
HTN history: history of hypertension, SBP: systolic blood pressure, MI history: history of
myocardial infarction, CHD: history of coronary heart disease, DM type 2: diabetes mellitus type
2, HTN med: antihypertensive medication use, CAC: coronary artery calcium.
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4.1.2 Study population and characteristics before cardioversion in
Paper Il

In the cardioversion study, 44 men (n=35, 80%) and women (mean age 64 years at
entry, range 36-74 years) were enrolled in total (Table 2) (114). A total of 27 individuals
(21 men) completed the study with two MRI examinations, 17 that were cardioverted to
SR and remained in SR during the study period (SR group) and 10 who remained in AF
after an unsuccessful cardioversion attempt (AF group). The remaining 17 had a
recurrence of AF during the observation period and were therefore excluded from the
second MRI according to the study protocol (recurrent AF group) (Figure 5, Section
3.2). One individual in the AF group had missing PC MRI due to technical failure
during the follow up visit.

There was no significant difference in baseline characteristics between the three groups
with regards to age, BMI, systolic or diastolic blood pressure, heart rate, or previous
smoking status, but those in the SR group reported more often that they had never
smoked (Table 2). There was no significant difference between the three groups with
regards to self-reported or history of hypertension, lipid disorders, coronary heart
disease, coronary interventions or surgery, valve disease, or heart failure (114). With
regards to medication, there was no significant difference in warfarin use, thrombin or
antiplatelet medication use, lipid lowering medication or diabetes medication, digoxin
or antiarrhythmic medication use, but those in the AF group used more often aspirin
(Table 2) (114). All individuals were taking oral anticoagulation medication, and the
proportion of those taking novel oral anticoagulation was similar in all three groups.
Measured NT-proBNP was similar prior to cardioversion across the three outcome
groups and left ventricular ejection fraction measured by echocardiography prior to
cardioversion was also similar between the groups. (Table 2) (114).
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Table 2 Characteristics of individuals at baseline before cardioversion in Paper II.

Recurrent

SR groups | AF group | AF group P-value all

(n=17) (n=10) (n=17) groups
Age, years 62.6 (9.8) 65.9 (6.3) 65.3(7.6) p=0.53
Height, cm 177.2(10.2) | 175.9(7.9) | 179.8 (8.6) p=0.53
Weight, kg 94.4 (19.5) | 95.3(10.6) | 92.1(13.2) p=0.86
BMI 29.8 (4.61) | 30.8 (2.3) 28.5(3.8) p=0.33
SBP (mm Hg) 132.3 (16.8) | 134.0(15.7) | 133.3(19.3) | p=0.97
DBP (mm Hg) 82.9(11.9) | 85.6(7.0) 89.2(15.3) | p=0.37
HR before
cardioversion 77.6 (14.5) | 80.2 (12.4) | 78.8(9.8) p=0.87
Ever smoker, former
or current 10 (58.8) 10 (100.0) | 12 (70.6) p=0.07
Smoking (never) 7 (41.2) 0 (0.0) 5(29.4) p<0.01
HTN 13 (76.5) 6 (60.0) 9 (52.9) p=0.35
Lipid disorder 3(17.6) 6 (60.0) 4 (23.5) p=0.052
CHD 2(11.8) 5 (50.5) 4 (23.5) p=0.09
PCl or CABG 1(5.9) 3(30.0) 1(5.9) p=0.11
Valve or other
cardiac disease 8 (47.1) 4 (40.0) 7 (41.2) p=0.78
Other cardiac
surgery/inierveniion 1 (5 9) O (O O) 1 (5 9) p=O 74
Reduced
contractility, HF 4(23.5) 5(50.0) 9 (52.9) p=0.18
Other cardiac
disease 0 (0.0) 0 (0.0) 2(11.8) p=0.19
Stroke 2(11.8) 0(0.0) 0 (0.0) p=0.19
Anti-hypertensive
medication 14 (82.4) 9 (90.0) 14 (82.4) p=0.85
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Beta-blocker use 13 (76.5) 8 (80.0) 10 (58.8) p=0.40
Warfarin use 5(29.4) 4 (40.0) 3(17.6) p=0.44
Thrombin/Xa use 12 (70.6) 5 (50.5) 13 (76.5) p=0.35
Aspirin use 0 (0.0) 4 (40.0) 2(11.8) p<0.05
Lipid medication 1(5.9) 7 (70.0) 3(17.6) p<0.01
Diabetes medication | ; (5.9) 0 (0.0) 1(5.9) p=0.74
Digoxin 4 (23.5) 1(10.0) 2(11.8) p=0.54
Class Ill use 4 (23.5) 0 (0.0) 3(17.6) p=0.26

Data are shown as mean (standard deviation) for continuous variables and % for categorical
variables. SR group: those successfully converted to sinus rhythm, AF group: those that were not
converted info sinus rhythm, recurrent AF: those that were successfully converted into sinus
rhythm but had recurrent atrial fibrillation at follow up. AF: atrial fibrillation, SR: sinus rhythm,
BMI: body mass index as kg/m"2, SBP: systolic blood pressure, DBP: diastolic blood pressure,
HR: heart rate, HTN: hypertension, CHD: coronary heart disease, PCI: percutaneous coronary
intervention, CABG: coronary artery bypass graft, HF: heart failure. Xa: Xa inhibitor, Class Il
Class Il antiarrhythmic.

4.1.3 Study population and characteristics in aortic stiffness in Paper Il

The sample consisted of 269 men and women (mean age 62 years, range 58-76 years).
Subjects were stratified according to mean CFPWYV, 8.6 m/s. In unadjusted analyses,
individuals with higher CFPWV (>8.6 m/s, n=135) were significantly older (63.7
versus 61.9 years, P<0.001) when compared to those with lower aortic stiffness (<8.6
m/s, n=134), had higher measured systolic and diastolic blood pressure (130.0 mm
Hg versus 118.5 mm Hg (P<0.001) and 65.2 mmHg versus 61.2 mm Hg (P<0.00T1),
respectively) higher MAP (90.2 mm Hg versus 83.0 mm Hg (P<0.001)), and higher
heart rate (66.1 beats per minute versus 59.8 beats per minute (P<0.05)), and used
antihypertensive medication more often (Table 3).
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Table 3 Characteristics of individuals with lower and higer aortic stiffness in Paper IIl.

Lower CFPWV | Higher CFPWV | P-value
group 1 (<8.6 group 2 (>8.6
m/s) n=134 m/s) n=135
Age (years) 61.9 (3.7) 637 (4.2) <0.001
Sex (% men) 58 47 >0.05
Systolic BP (mm
Hg) 118.5 (12.9) 130.0 (14.3) <0.001
Diastolic BP (mm
Hg) 61.2 (8.4) 65.2 (8.7) <0.001
MAP (mm Hg) 83.0 (9.4) 90.2 10.4) <0.001
Heart rate 59.8 (8.2) 66.1(9.7) <0.001
Anti-hypertension
medication use 41 59 <0.05

Data are shown as mean (standard deviation) for continuous variables and % for categorical
variables. CFPWV: carotid-femoral pulse wave velocity, BP: blood pressure, MAP: mean arterial

pressure.

4.2 Total cerebral blood flow and brain perfusion in AF and
aortic stiffness

4.2.1 Total cerebral blood flow and average estimated brain perfusion
in a population-based cohort in Paper |

TCBF, adjusted for age and sex, was on average lowest in the persistent AF group
(472.1 mL/min), intfermediate in the paroxysmal group (512.3 mL/min) and highest in
the no AF group (541.0 mL/min) (Table 4), with significant differences between
persistent AF and both comparison groups (P<0.05 and P<0.001, respectively) (107).
TCBF in the paroxysmal group was lower than in the no AF group (P<0.05). After
additionally adjusting for relative brain volume, antihypertensive medication and
warfarin use, the difference between persistent AF (487.3 mL/min) and no AF (535.5
mL/min) remained significant, whereas the difference between paroxysmal AF (520.0
mL/min) and no AF groups was aftenuated (Table 4, Figure 6) (107).
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Table 4 Total cerebral blood flow and averave estimated brain perfusion of individials in Paper I.

Persistent Paroxysmal | No AF P-value®
AF AF
Total cerebral
blood flow | 472.1 512.3 541.0 <0.001
(mL/min)
Total cerebral
blood flow | 482.9 520.7 542.2 <0.001
(mL/min)®
Total cerebral
blood flow | 487.3 520.0 535.5 <0.001
(mL/min)<
Average
estimated brain |, , 50.9 52.8 <0.001
perfusion
(mL/100g/min)
Average
estimated brain |, ; 50.7 50.7 <0.007
perfusion
(mL/100g/min)¢

Persistent AF: those with AF at the time of imaging; paroxysmal AF: those in sinus rhythm at
imaging but with a previous history of AF; no AF: those in sinus rhythm and no history of the
arrhythmia. *Difference between persistent AF and no AF. PAdjusted for brain volume. cAdjusted
for brain volume, use of anti-hypertensive medication and warfarin use. 9Adjusted for use of anti-
hypertensive medication and warfarin use. AF: atrial fibrillation, ML/min: flow in cervical arteries
in milliliters per minute; ml/100g/min: brain perfusion in milliliters per 100 grams of brain tissue

per minute.

29



Marianna Gardarsdottir

560

540

520

500 T
480 -
460 -

440 -

Total cerebral blood flow (ml/min)

420 -

400 -
Persistent AF Paroxysmal AF No AF

Figure 6 Total cerebral blood flow (mL/min) in the cervical arteries in the three groups in
Paper I.

Persistent AF: those with AF at the time of imaging; paroxysmal AF: those in sinus rhythm at
imaging but with a previous history of AF; no AF: those in sinus rhythm and no history of the
arrhythmia. Adjustments were made for age, sex, brain volume, use of anti-hypertensive
medication and warfarin use. Persistent AF versus paroxysmal AF: p=0.05; persistent versus no
AF: p<0.001; paroxysmal AF versus no AF: p>0.05. AF: atrial fibrillation.

Estimated whole brain perfusion, adjusted for age and sex, was on average significantly
the lowest in the persistent AF group (46.4 mL/100g/min), intermediate in the
paroxysmal AF group (50.9 mL/100g/min, P<0.05 when compared to persistent AF
group) and highest in the no AF group (52.8 mL/100g/min, P<0.001 when compared
to the persistent AF group) (Table 4) (107). Estimated brain perfusion remained
significantly reduced in the persistent AF group (46.7 mL/100g/min) after additional
adjustment for medication use (Table 4). No significant difference in estimated
perfusion was observed between paroxysmal AF and no AF, neither before (50.9
mL/100g/min versus 52.8 mL/100g/min) nor after adjustment for medication use
(50.7 mL/100g/min versus 50.7 mL/100g/min) (Table 4, Figure 7) (107).
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Figure 7 Average estimated brain perfusion (mL/100g brain tissue/min) in the three groups in
Paper I.

Persistent AF: those with AF at the time of imaging; paroxysmal AF: those in sinus rhythm at
imaging but with a previous history of AF; no AF: those in sinus rhythm and no history of the
arrhythmia. Adjustments were made for age, sex, use of anti-hypertensive medication and
warfarin. Persistent AF versus paroxysmal AF: p<0.05; persistent versus no AF: p<0.007;
paroxysmal AF versus no AF: p>0.05. AF: atrial fibrillation.

4.2.2 Brain perfusion and total cerebral blood flow before and after
cardioversion in Paper Il

At baseline, there was no significant difference in whole brain perfusion, GM
perfusion, or TCBF between the three outcome groups (Table 5) (114). Brain perfusion
measured in the whole brain with ASL MRI was 36.6 mL/100g/min in the SR group,
34.0 mL/100g/min in the AF group and 36.1 mL/100g/min in the recurrent AF group
(P>0.05). GM perfusion measured 40.2 mL/100g/min in the SR group, 37.2
mL/100g/min in the AF group and 39.8 mL/100g/min in the recurrent AF group
(P>0.05) (114). TCBF measured 557.4 mL/min in the SR group, 588.8 mL/min in the
AF group and 528.2 mL/min in the recurrent AF group (P>0.05). Left ventricular
ejection fraction was similar between the groups and measured NT-pro BNP
values were also in similar ranges (Table 5) (114).
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Table 5 Brain perfusion and total cerebral blood flow at baseline in Paper II.

Baseline value SR group | AF group | Recurrent | P-value

(n=17) (n=10) AF group
(n=17)

ASL Whole Brain

mL/100g/min 36.6(8.2) |34.0(7.9) |36.1(8.6) |p=0.73

ASL Grey

Matter mL/100g/min | 40 2 (9.6) | 37.2 (9.4) | 39.8(10.3) | p=0.72
557.4 588.8 528.2

Total CBF* mL/min | (109.9) (144.2) (110.5) p=0.45

Relative BV % 71.4 (4.6) | 69.9(2.3) | 69.1(3.7) p=0.32

EF % 57.6 8.1) 57.6 (9.1 |555(8.6) |p=0.83
1172.6 437.3 927.3

BNP pg/mL (950.1) (236.6) (584.2) p=0.06

Data are age and sex adjusted and shown as mean (standard deviation). *Adjusted for brain
volume. SR group: those successfully converted to sinus rhythm, AF group: those that were not
converted info sinus rhythm, recurrent AF: those that were successfully converted into sinus
rhythm but had recurrent atrial fibrillation at follow up. AF: atrial fibrillation, SR: sinus rhythm,
ASL: arterial spin labelling, CBF: cerebral blood flow, BP: brain perfusion, BV: brain volume, EF:

ejection fraction, BNP: brain natriuretic peptide.

Following successful restoration of SR, brain perfusion measured with ASL MRI
increased significantly in the whole brain in the SR group (4.9 mL/100g/min,
P<0.001), and in the GM in the SR group (5.6 mL/100g/min, P<0.001), whereas no
significant change was observed in individuals who remained in AF (AF group, -1.6
mL/100g/min, P>0.05), (Table 6, Figures 8 and 9) (114). Total cerebral blood flow
measured with PC MRI similarly increased after successful cardioversion in the SR
group (58.6 mL/min) but remained unchanged in those that remained in AF (AF
group, -20.8 mL/min, P>0.05) (Table 6, Figure 8) (114). Heart rate lowered
significantly in those that were cardioverted to SR from 80.5 £15.0 beats per minute to
58.1 £7.1 (P<0.001), while no significant change was seen in the AF group. The
interval between baseline and follow-up MRI did not differ between the SR and the AF
groups, 20.7 weeks and 24.5 weeks, respectively (P>0.05) (114).
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Table 6 Brain perfusion and total cerebral blood flow before and after cardioversion.

First Second
visit visit Change | P-value®
ASL SR group
WB mL/min (n=17) 36.3(1.9) | 41.2(1.9) | +4.9 (1.3) | p<0.001
AF group
(n=10) 34.4 (2.6) | 32.8(2.6) | -1.6 (1.7) p=0.36
ASL SR group
GM mL/min (n=17) 39.9(2.3) | 45.5(2.3) | +5.6 (1.4) | p<0.001
AF group
(n=10) 37.8(2.9) | 35.9(3.0) | -1.9 (2.0) p=0.34
SR group 555.2 613.8 +58.6
TCBF mL® (n=17) (29.2) (29.5)° (24.7) p<0.05
AF group 586.8 566.0 -20.8
(n=10) (38.2) (39.9) (32.0) p=0.52

Data are age and sex adjusted and shown as estimated marginal means (standard errors) using

Kenward-Roger Degrees of Freedom Approximation. *Adjusted for brain volume. b: change

between visits. 3N=9. SR group: those successfully converted to sinus rhythm, AF group: those

that were not converted into sinus rhythm, recurrent AF: those that were successfully converted
into sinus rhythm but had atrial fibrillation at follow up. TCBF: total cerebral blood flow, BP: brain
perfusion, ASL: arterial spin labelling, WB: whole brain, SR: sinus rhythm, AF: atrial fibrillation,

GM: grey matter.
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Figure 8 Box whisker plot showing the change in brain perfusion in the grey matter and the
whole brain and the change in total cerebral blood flow in the SR group and the AF group after
cardioversion in Paper Il.

The upper columns show a positive change in perfusion and cerebral blood flow in the SR group
after a successful cardioversion, whereas the lower columns show no change in the AF group
after an unsuccessful cardioversion. Total cerebral blood flow measurements were scaled by a
factor of 10. SR: sinus rhythm, AF: atrial fibrillation, ASL: arterial spin labeling. Reprinted with
permission from M. Gardarsdottir, S. Sigurdsson, T. Aspelund, V.A. Gardarsdottir, L. Forsberg,
V. Gudnason, D.O. Arnar. Improved brain perfusion after electrical cardioversion of atrial
fibrillation. Europace 2020, vol. 22 (4), p. 530-—537. https://www.academic.oup.europace.
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Sustained AF

Cardioverted to SR

Before cardioversion After cardioversion

Figure 9 Average brain perfusion map of the whole brain before and after cardioversion
measured by ASL MRI in Paper II.

Upper panel shows average baseline brain perfusion of the AF group before cardioversion (left)
and no detectable change after an unsuccessful cardioversion (right). Lower panel shows
baseline brain perfusion in the SR groups before cardioversion (right) and visible improvement
of perfusion after restoration of SR after a successful cardioversion (left). The perfusion is most
prominent in the cortex of the brain where perfusion is naturally most apparent. The scale on the
right shows color coded perfusion, with the lowest value (O mL/100g/min) being blue and the
highest (60 mL/100g/min) being red. AF: atrial fibrillation, ASL: arterial spin labeling, MRI:
magnetic resonance imaging: SR; sinus rhythm. Reprinted with permission from M.
Gardarsdottir, S. Sigurdsson, T. Aspelund, V.A. Gardarsdottir, L. Forsberg, V. Gudnason, D.O.
Arnar. Improved brain perfusion after electrical cardioversion of atrial fibrillation. Europace
2020, vol. 22 (4), p. 530-—537. https://www.academic.oup.europace.

4.2.3 Brain perfusion in aortic stiffness in Paper Il

Individuals with higher aortic stiffness (>8.6 m/s) exhibited significantly lower global
brain perfusion measured by ASL MRI (46.7 mL/100g/min versus 51.0 mL/100g/min,
P<0.001), GM perfusion (52.0 mL/100g/min versus 57.0 mL/100g/min, P<0.001),
and WM perfusion (39.4 mL/100g/min versus 42.6 mL/100g/min, P<0.001) (Table
7, Figure 10). Across increasing quintiles of niCFPWYV, a gradual downward shift in
median global brain perfusion was observed, from those in the lowest quintile
demonstrating the highest perfusion to those in the higher quintiles showing lower
values (Figure 11).
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Table 7 Brain perfusion stratified by median CFPWYV in Paper lIl.

Lower CFPWV | Higher CFPWV | P-value
group 1 (<8.6 group 2 (>8.6

m/s) n=134 m/s) n=135

Total BP 51.0 (9.3) 46.7 (9.9) <0.001
(ml/100g/min)

GM perfusion 57.0 (10.7) 52.0 (11.3) <0.001
(ml/100g/min)

WM perfusion 42.6 (7.7) 39.4 (7.9) <0.001
(ml/100g/min)

unit

Data are shown as mean (standard deviation) for continuous variables and % for categorical
variables. CFPWV: carotid-femoral pulse wave velocity, BP: brain perfusion, GM: grey matter,
WM: white matter.

Group 1 (n=129, CFPWV <8.6m/s) Group 2 (n=132, CFPWV >8.6m/s) 20

Figure 10 Average total brain perfusion map split by median CFPWV (8.6 m/s) measured by
ASL MRI in Paper Il

On the left, the group with lower CFPWV (<8.6 m/s) is pictured, and on the right the group with
higher CFPWV (>8.6 m/s) is pictured. The perfusion is most prominent in the cortex of the brain
where perfusion is naturally most apparent. The scale on the right shows color coded perfusion,
with the lowest value (O mL/100g/min) being blue and the highest (60 mL/100g/min) being
red. CFPWV: carotid-femoral pulse wave velocity, ASL: arterial spin labeling, MRI: magnetic
resonance imaging.
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globalbrain

icfpwvg5

Figure 11 Global brain perfusion across quintiles of negative inverse carotid-femoral pulse wave
velocity (niCFPWYV) in Paper Il

Globalbrain: total brain perfusion, icfpwvg5: aortic stiffness as negative inverse carotid-femoral
pulse wave velocity across increasing quartiles of negative inverse carotid-femoral pulse wave
velocity.

In multivariable regression analyses, increased aortic stiffness was independently
associated with lower global brain perfusion (=-0.08, P<0.01) after adjustment for
age, sex, heart rate, MAP, and antihypertensive medication use, but not with total, GM,
WM relative brain volume or WMH volume (Table 8). Older age was not independently
associated with global brain perfusion but was independently associated with lower
relative total brain (B=-0.26, P<0.001), GM (B=-0.19, P<0.001), and WM volume (B=-
0.07, P<0.01) and increased WMH volume (=0.31, P<0.001). MAP was neither
associated with brain perfusion nor volume metrics, but heart rate was associated with
increased global brain perfusion (B=-0.22, P<0.05) and lower relative GM volume (B=-
0.04, P<0.05).
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Table 8 Multivariable associations of aortic stiffness with brain perfusion and brain volumes in

Paper IIl.
Variable B Standard P-value
error
Age -0.22 0.15 >0.05
Sex 5.10 1.15 <0.001
HR 0.177 0.07 <0.05
MAP -0.03 0.06 >0.05
HTN med -1.84 1.28 >0.05
niCFPWV -0.08 0.03 <0.01
Variable B Standard P-value
error
Age 0.26 0.04 <0.001
Sex 1.41 0.30 <0.001
HR -0.03 0.02 >0.05
MAP -0.01 0.02 >0.05
HTN med -0.20 0.31 >0.05
niCFPWV 0.003 0.01 >0.05
Variable B Standard P-value
error
Age 0.19 0.03 <0.001
Sex 1.17 0.21 <0.001
HR -0.04 0.01 <0.05
MAP 0.004 0.01 >0.05
HTN med -0.37 0.21 >0.05
niCFPWV 0.0001 0.01 >0.05
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Variable B Standard P-value
error
Age -0.07 0.03 <0.01
Sex 0.25 0.21 >0.05
HR -0.002 0.01 >0.05
MAP -0.009 0.01 >0.05
HTN med 0.18 0.21 >0.05
niCFPWV 0.002 0.01 >0.05
Variable B Standard P-value
error
Age 0.31 0.07 <0.001
Sex 0.07 0.55 >0.05
HR -0.02 0.03 >0.05
MAP -0.01 0.03 >0.05
HTN med 0.22 0.56 >0.05
niCFPWV 0.02 0.01 >0.05

Adjustments were made for age, sex, heart rate, mean arterial pressure and antihypertensive
medication use. HR: heart rate, MAP: arterial pressure, HTN med: antihypertensive medication,
niCFPWV: negative inverse carotid-femoral pulse wave velocity, GM: grey matter, WM: white
matter, WMH: white matter hyperintensities.

4.3 Brain volumes and cognitive performance

4.3.1 Brain volume and cognitive performance in atrial fibrillation in a
population-based cohort in Paper |

There was no significant difference in TBV (tofal brain volume, the sum of GM, white
matter (WM), and white matter hyperintensities (WMH) in mL) between the three
groups in Paper | (Table 9) (107). Relative brain volume (TBV/ICV*100) was smallest in
individuals with persistent AF (69.3%), intermediate in individuals with paroxysmal AF
(70.3%) and largest in those without AF (71.7%) (P<0.001) (107). Stroke was more
frequent in both persistent and paroxysmal AF groups (P<0.001) (Table 9). Cognitive
scores did not differ significantly between the groups, but GDS scale measures varied
between the groups (P<0.05) (107).
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Table 9 Brain volumes and cognitive measures in Paper .

Persistent Paroxysmal | No AF

AF (n=117) | AF (n=78) (n=2096) P-value
TBV, ml 1073.2 (103.1) | 1061.3 (109.6) | 1066.1 (98.3) p=0.09
ICV, ml 1550.7 (157.6) | 1510.9 (151.6) | 1490.2 (146.7) p=0.35
Relative BV
(%) 69.3 (3.6) 70.3 (4.0) 71.7 (3.8) p<0.001
Stroke 16.2 19.2 6.4 p<0.001
GDS scale 2.4 (1.9) 2.6 (1.9) 2.1(2.0) p<0.05
MMSE score 26.2 (2.4) 26.3 (3.7) 26.6 (2.6) p=0.85
DSST score 27.4 (9.6) 29.4 (9.4) 30.6 (10.1) p=0.30

Data are shown as mean (standard deviation) for continuous variables and as % for categorical
variables. Persistent AF: those with atrial fibrillation at the time of imaging; paroxysmal AF: those
in sinus rhythm at imaging but with a previous history of AF; no AF: those in sinus rhythm and no
history of the arrhythmia. AF: atrial fibrillation, TBV: total brain volume, ICV: intracranial volume,
BV: relative brain volume, GDS: geriatric depression scale, MMSE: mini mental-state
examination, DSST: digit symbol substitution test.

4.3.2 Brain volume and cognitive performance before cardioversion
for atrial fibrillation in Paper Il

There was no significant difference in stroke between the three groups; SR group, AF
group and recurrent AF (Table 2, Section 4.1.2) (114). No significant difference was
observed in relative brain volume at baseline between the three outcome groups (Table
5, Section 4.2.2) (114). As described in Section 3.2, cognitive testing was not
performed in the study.

4.3.3 Brain volume and cognitive performance in aortic stiffness in a
population-based sample in Paper Il

Relative total brain volume and relative GM were smaller in those participants with
increased aortic stiffness (80.9% versus 81.8% (P<0.01), and 48.7% versus 49.3%
(P<0.05), respectively), while WMH volume was increased in the high-stiffness group
(1.0% versus 0.4%, P<0.05) (Table 10). Cognitive performance did not differ
significantly between the two groups (Table 10).
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Table 10 Brain volumes and cognitive performance by median aortic stiffness in Paper IIl.

Lower CFPWV | Higher CFPWV | P-value
group 1(<8.6 group 2 (>8.6
m/s) n=134 m/s) n=135
Relative total 81.8 (2.5) 80.9 (2.7) <0.01
brain volume (%)
Relative GM 49.3 (1.8) 48.7 (1.9) <0.05
volume (%)
Relative WM 32.5 (1.6) 32.2 (1.6) >0.05
volume (%)
WMH volume* 0.39 1.01 <0.05
(%)
MMSE score 28.2 (1.6) 28.3 (1.6) >0.05
DSST score 48.4 (10.5) 47.0 (11.0) >0.05

Values are shown as mean (*median) (standard deviation) for continuous variables and % for
categorical variables. CFPWV: carotid-femoral pulse wave velocity, GM: grey matter, WM: white
matter, WMH: white matter hyperintensities, MMSE: mini mental-state examination, DSST: digit

symbol substitution test.
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5 Discussion

5.1 Main findings

Permanent AF was associated with lower TCBF and reduced estimated brain perfusion
compared with SR. Individuals with permanent AF also exhibited smaller relative brain
volume, while no difference in cognitive function was observed in the studied
population. Brain perfusion improved following successful electrical cardioversion to
SR, whereas no significant change was observed in those who remained in AF.

Higher aortic stiffness was associated with lower total brain, GM and WM perfusion
and with smaller relative total brain and GM volume, and greater WMH burden. In
multivariable analysis, increased aortic stiffness independently predicted lower total
brain perfusion, whereas older age was associated with smaller relative total brain, GM,
and WM volume and greater WMH burden.

5.2 Hemodynamic determinants of brain perfusion: effects of
atrial fibrillation and aortic stiffness

In the present studies, both AF and increased aortic stiffness were associated with
reduced brain perfusion, supporting the concept that central hemodynamics influence
cerebral blood flow. Individuals with persistent AF exhibited the lowest TCBF and lowest
estimated brain perfusion measured with MRI, whereas those without a prior history of
AF had the highest values. These differences persisted after adjustment for age, sex
and relevant structural and clinical covariates, indicating that AF at the time of imaging
is an important determinant of cerebral blood flow and estimated brain perfusion,
independent of prior arrhythmia history.

Brain perfusion improved following successful electrical cardioversion to SR, whereas
no improvement was observed in individuals who remained in AF. This observation
suggests that AF-related cerebral hypoperfusion is dynamic and consistent with
impaired effective cerebral blood delivery, reflecting beatto-beat variability in stroke
volume, altered autoregulatory responses, or neurohumoral influences.

A comparable pattern of cerebral hypoperfusion was observed in relation to increased
aortic stiffness. Greater aortic stiffness, assessed by tonometric CFPWYV, was associated
with lower brain perfusion and independently predicted reduced perfusion in
multivariable analyses. These findings indicate that cerebral blood flow is sensitive to
proximal aortic stiffening and are consistent with prior studies demonstrating inverse

associations between aortic stiffness and brain perfusion measured with ASL-MRI
(84,117).
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Taken together, the associations of AF and aortic stiffness with reduced brain perfusion
point toward a dynamic mechanism affecting the cerebral microcirculation. In AF,
irregular ventricular rhythm and impaired cardiac efficiency disrupt effective forward
flow. In contrast, aortic stiffening reduces the buffering capacity of the proximal aorta,
increasing forward pressure and transmission of pulsatile stress into the cerebral
microcirculation, which may compromise microvascular regulation, promote cerebral
hypoperfusion, and contribute to subsequent cumulative structural brain changes. Thus,
rhythm irregularity and arterial stiffening appear to influence brain perfusion through
distinct but converging hemodynamic pathways.

5.3 Structural and functional consequences of atrial fibrillation
and aortic stiffness

AF has been associated with smaller brain volume and cognitive impairment
independent of overt stroke. In Paper |, individuals with persistent AF exhibited the
smallest relative brain volume, supporting the possibility that sustained hemodynamic
disturbances associated with AF contribute to adverse structural brain changes.
Although individuals with persistent AF were older, and age is a well-established
determinant of brain atrophy, adjustment for age indicated that the observed
differences in brain volume were related to the presence of persistent AF itself.

In the study by Stefansdottir et al. (2013), AF was associated with smaller totfal brain,
GM, and WM volumes, and the strongest effects were observed for total brain and GM
matter volume and in individuals with persistent or long-standing AF. These findings
suggested a dose-response relationship, with greater structural brain changes observed
with increasing AF burden (39). Information on AF duration was not available in Paper
I, limiting assessment of cumulative exposure.

In Paper lll, aortic stiffness showed a similar pattern of association with brain structure.
Higher aortic stiffness was associated with smaller relative total brain and GM volume
and greater WMH burden. However, in multivariable analyses, aortic stiffness
independently predicted lower total brain perfusion, whereas age was associated with
smaller relative total brain, GM, and WM volumes and greater WMH burden. These
findings suggest that perfusion measures may be more sensitive to vascular stiffening
than structural brain measures and support the concept that hemodynamic alterations
may precede detectable structural brain injury, that rather reflect cumulative and long-
term processes (81,118).

In Paper |, cognitive performance did not differ significantly between groups, possibly
reflecting exclusion of individuals diagnosed with dementia. No association with
cognitive measures was observed in Paper lll either. This absence of detectable
cognitive differences may partly reflect the relatively young age of the sample in Paper
ll. Nevertheless, several previous studies have linked increased aortic stiffness to
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reduced brain perfusion, structural brain injury, and poorer cognitive performance
(85,103,119—121). Large population-based studies, including the Cardiovascular Health
Study and the Whitehall Il imaging study, further support an association between aortic
stiffness and cognitive impairment and risk of dementia, independent of traditional
vascular risk factors (88,122).

Together, these observations suggest that AF and arterial stiffening influence brain
structure and cognitive function through partially overlapping hemodynamic pathways,
in which alterations in cerebral perfusion may represent an early and potentially
reversible stage preceding structural brain injury and cognitive decline.

5.4 Effects of rhythm restoration and implications for central
hemodynamics

Previous small studies reported reduced cerebral blood flow in individuals with AF and
increased cerebral blood flow following restoration of SR with electrical cardioversion
(123—125). In Paper Il, cerebral blood flow and brain perfusion increased significantly
following successful cardioversion to SR, whereas no change was observed when the
cardioversion was unsuccessful. Rate control was adequate prior to the procedure, and
no differences in blood pressure or heart rate were observed between groups at
baseline, indicating that the observed improvement was unlikely to be explained by
systemic hemodynamic changes. Rather, restoration of coordinated atrial and
ventricular activity and function appears to enhance effective forward flow and stabilize
brain perfusion.

No differences in relative brain volume were observed at baseline, and structural
measures were not reassessed following cardioversion, as the observation period was
insufficient to defect structural change. Together, these findings suggest that AF-related
cerebral hypoperfusion represents a dynamic and potentially reversible component of
brain vulnerability, in contrast to structural alterations that likely develop over longer
time scales. This observation also highlights the importance of temporal dynamics,
whereby hemodynamic disturbances may influence cerebral perfusion early, whereas
structural brain changes likely reflect cumulative exposure to these alterations.

Later studies have confirmed improvements in cerebral blood flow and cardiac output
following restoration of SR, attributed in part to reduced beatto-beat variability in stroke
volume, improved ventricular filling, and stabilization of microvascular flow (126—128).
High-temporal-resolution studies using near-infrared spectroscopy have further shown
that AF is characterized by frequent extreme single-beat hemodynamic variations within
the cerebral microcirculation, which are attenuated following cardioversion (129).
Although ASL MRI does not capture beatto-beat fluctuations, the observed increase in
mean perfusion is consistent with improved overall hemodynamic stability.
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These findings are also consistent with other studies suggesting improved cerebral
blood flow following restoration of SR and a lower longterm risk of cognitive
impairment in individuals undergoing rhythm control strategies (130—135). However,
most available data remains observational, and causal inference regarding long-term
structural or cognitive benefit is limited (136—138).

While cerebral hypoperfusion provides a plausible mechanistic link between AF and
adverse brain outcomes, additional contributors including thromboembolism,
microinfarction, small vessel disease, systemic inflammation, and shared vascular risk
factors likely act in parallel. Nonetheless, the present findings indicate that rhythm-
related hemodynamic instability represents a measurable and potentially modifiable
determinant of cerebral blood flow and brain perfusion in the aging brain.

5.5 Comorbidity and cumulative vascular exposure

AF, aortic stiffness, and structural and functional brain alterations share a broad cluster
of cardiovascular risk factors, including hypertension, diabetes mellitus, atherosclerosis,
dyslipidemia, obesity, smoking, and chronic kidney disease. These conditions promote
atrial remodeling, arterial stiffening, endothelial dysfunction, and cerebral small vessel
disease, linking rhythm disturbances and vascular aging to brain injury through
overlapping biological pathways. Rather than acting independently, these processes
frequently coexist and likely exert additive or synergistic effects on brain perfusion and
brain integrity (45).

Hypertension represents a central driver within this axis by increasing the risk of AF and
accelerating arterial stiffening through vascular remodeling and inflammation,
contributing directly to cerebral small vessel disease and vascular cognitive impairment
(62,83,139,140). Diabetes similarly promotes atrial remodeling and arterial stiffening in
a proinflammatory milieu and is independently associated with microvascular
dysfunction and brain atrophy (44,141,142). Together, these metabolic and
hemodynamic exposures increase susceptibility to cerebral injury. Within this context,
aortic stiffness may be viewed both as a consequence of cumulative comorbidity and as
a mediator of further vascular and cerebral dysfunction. This concept is supported by
the recent work of Hamel-Sellman et al. (2026), demonstrating bidirectional
relationships between vascular age, cardiometabolic risk factors, and incident
cardiometabolic disease, ultimately contributing to cardiovascular disease development
(60). By increasing transmission of pulsatile pressure into the cerebral circulation,
aortic stiffness likely amplifies the impact of shared risk factors on microvascular injury
and vascular remodeling. In this way, aortic stiffness functions both as a marker and a
mechanism of systemic vascular aging, highlighting the importance of early
identification and management of vascular risk factors (60,73,143).

Age remains the strongest non-modifiable determinant across these processes. AF
prevalence rises steeply with advancing age, and aging is closely associated with
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progressive arterial stiffening, reduced cerebrovascular reserve, and brain atrophy
(70,144,145). In the present studies, although age was associated with structural brain
measures in Papers | and lll, multivariable analyses demonstrated independent
associations between AF or aortic stiffness and brain perfusion. These findings suggest
that aging, with its cumulative burden of vascular and cardiometabolic exposures,
primarily shapes the structural substrate over time, whereas disturbances in central
hemodynamics exert additional effects on brain perfusion.

Taken together, AF and aortic stiffness become prevalent with aging and cumulative
vascular exposure, yet they represent distinct pathophysiological processes that
converge at the level of the cerebral microcirculation. Against a background of age-
related vascular vulnerability, rhythm-related flow irregularity and stiffness-related
pulsatile stress may act as distinct but converging hemodynamic stressors, influencing
brain perfusion and increasing vulnerability to cerebral injury over time.

5.6 Study strengths and limitations

5.6.1 Strengths

The present thesis has several strengths. First, brain perfusion was quantified using
validated MRI techniques, including PC MRI and ASL MRI, enabling direct, non-invasive
assessment of global and regional brain perfusion rather than relying on indirect or
surrogate measures. The combination of perfusion imaging, structural brain imaging,
and cognitive evaluation allowed simultaneous assessment of both dynamic and
cumulative markers of brain vulnerability.

Second, the inclusion of a cardioversion study provided a unique opportunity to
examine within-individual changes in brain perfusion following restoration of SR. This
longitudinal component strengthens the mechanistic interpretation of the cross-sectional
findings and supports the concept of perfusion as a dynamic hemodynamic marker.

Third, aortic stiffness was assessed using CFPWYV measured by applanation tonometry,
the reference standard for non-invasive assessment of central arterial stiffness. The use
of tonometric CFPWV enhances the validity of the observed associations between
vascular stiffening and brain perfusion.

Finally, the studies were conducted within well-characterized cohorts with detailed
clinical phenotyping, standardized imaging protocols, and blinded image analysis.
These methodological features reduce measurement bias and strengthen internal
validity, providing a robust framework for examining the interplay between central
hemodynamics and brain health.
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5.6.2 Limitations

Several methodological limitations should be considered when interpreting the findings
of the present work.

Selection and Participation Bias

In Papers | and II, several individuals were excluded due to contraindications for MR,
most commonly pacemakers and implantable cardioverter-defibrillators. In Paper |,
participants were survivors of the AGES-Reykjavik Study who agreed to follow-up
examination; death prior to examination, refusal, and loss to follow-up were major
causes of non-participation. Additional exclusions included missing MRI data,
claustrophobia, physical inability to undergo imaging, prevalent heart failure, and
diagnosed dementia.

In Paper Il, recruitment proved challenging for logistical reasons, including non-
response to invitation, spontaneous restoration of SR prior to cardioversion, arrhythmia
reclassification, MRI contraindications, and equipment malfunction. Recurrence of AF
during follow-up led to further exclusions from repeat imaging. These factors may
introduce selection bias and limit generalizability.

Sample Size and Statistical Power

The sample size in Paper Il was modest, limiting statistical power, particularly for TCBF,
which demonstrated substantial variability. Although TCBF correlates strongly with ASL-
derived perfusion measures, limited power may have reduced the ability to detect
smaller effects.

Cross-Sectional Design and Causality

Papers | and Il were cross-sectional in design. Consequently, causal relationships or
temporal sequencing between AF, aortic stiffness, brain perfusion, and structural brain
changes cannot be inferred. Longitudinal studies assessing brain perfusion, brain
volume, and cognitive function over time would be required to clarify these
relationships.

Measurement Limitations

In Paper |, estimated perfusion was indirectly estimated rather than directly measured
with ASL MRI, as ASL was not available at the time of examination. Consequently, GM-
specific perfusion could not be assessed. Additionally, detailed information on AF
burden and timing of the last AF episode was lacking in Paper |, and continuous rhythm
monitoring was not performed during follow-up in Paper Il. Intermittent AF episodes
during the observation period therefore cannot be excluded. In Paper Ill, AF status was
not systematically ascertained, limiting evaluation of potential interaction between AF
and aortic stiffness. Information on AF duration in Paper | was not available, preventing
assessment of cumulative exposure to rhythm-related hemodynamic disturbances.
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Confounding and Residual Bias

Although statistical adjustments were performed for major cardiovascular risk factors,
residual confounding cannot be excluded. Unmeasured or incompletely characterized
comorbidities may have influenced the observed associations.

Cognitive Assessment

Individuals diagnosed with dementia were excluded in Paper |, which may have
reduced variability in cognitive measures. The relatively young age of the cohort may
also partly explain the absence of detectable cognitive differences despite perfusion
and structural findings.

5.7 Future perspectives

The present findings suggest that disturbances in central hemodynamics represent a
potentially modifiable pathway linking cardiovascular aging to brain vulnerability.
Several key directions for future investigation emerge.

Randomized rhythm-control trials with brain endpoints

If AF-related hypoperfusion is dynamic and reversible, future randomized trials
comparing rhythm control with rate control should incorporate brain perfusion,
structural MRI markers, and cognitive performance as predefined outcomes. Inclusion
of individuals without established cognitive impairment would allow assessment of
prevention rather than late-stage mitigation. Continuous rhythm monitoring, ideally with
implantable devices, would enable quantification of AF burden and clarify whether
sustained SR translates into durable preservation of brain perfusion and structural brain
integrity.

Long-term hemodynamic trajectories

Longitudinal cohort studies with repeated measurements of brain perfusion, aortic
stiffness, brain structure, and cognition are needed to establish temporal relationships.
Such designs would clarify whether alterations in cerebral perfusion precede
measurable structural decline and whether progression of arterial stiffening parallels
cognitive deterioration or further propagation of cardiovascular risk. Integration of AF
burden, vascular risk exposure, and treatment status would help disentangle rhythm-
related from vascular-mediated effects.

Aortic stiffness as a modifiable target

While CFPWYV independently predicted reduced brain perfusion, its potential as an
intervention target remains incompletely explored. Prospective studies should evaluate
whether strategies that reduce arterial stiffness or pulsatile load can mitigate
microvascular brain injury and cognitive decline. Because arterial stiffening often
precedes overt hypertension, CFPWV may serve as an early marker of vascular
vulnerability and aid in risk stratification.
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Anticoagulation and microvascular brain injury

Although anticoagulation reduces overt thromboembolic events, its influence on
structural brain measures and cognitive trajectories requires further study. Comparative
investigations between anticoagulation strategies may clarify whether prevention of
subclinical embolic injury translates into measurable preservation of brain structure.

Integrative hemodynamic models

Future research should move beyond isolated cardiovascular exposures toward
integrative models incorporating rhythm irregularity, pulsatile pressure transmission,
cerebrovascular autoregulation, microvascular resilience, and cumulative comorbidity.
Advanced imaging and computational approaches may further elucidate how central
hemodynamic disturbances interact with age-related susceptibility to produce
progressive brain injury.

Taken together, advancing this field requires a ftransition from cross-sectional
association to mechanistic and interventional studies. By positioning central
hemodynamics as a shared pathway linking AF and arterial stiffening to cerebral
vulnerability, future research may inform strategies aimed at preserving cognitive health
in aging populations.
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6 Conclusions

This thesis demonstrates that disturbances in central hemodynamics represent an
important pathway linking AF and aortic stiffness to alterations in brain perfusion and
structural brain integrity. Permanent AF was associated with lower TCBF and reduced
estimated brain perfusion, and restoration of SR was accompanied by measurable
improvement in perfusion, supporting a dynamic and partly reversible hemodynamic
mechanism. Similarly, increased aortic stiffness was independently associated with
reduced brain perfusion, with accompanying differences in structural brain markers,
underscoring the vulnerability of the cerebral microcirculation to altered pulsatile load.

While aging remains the dominant determinant of brain atrophy, both rhythm-related
flow irregularity and vascular stiffening exert additional and potentially modifiable
effects on brain perfusion. These hemodynamic disturbances operate within a broader
context of cumulative vascular risk exposure, thereby increasing the susceptibility of the
cerebral microcirculation to injury. Together, the findings support the concept that
cardiovascular aging affects brain health not only through overt thromboembolism and
clinical stroke, but also through chronic alterations in central blood flow and pulsatile
dynamics.

By integrating rhythm disturbances and arterial stiffening within a shared hemodynamic
framework, this work highlights central hemodynamics as an important link between
cardiovascular disease and brain health and further underscore its relevance as a
potential therapeutic target for preserving cognitive function in aging populations.
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Aims

Methods
and results

Atrial fibrillation (AF) has been associated with cognitive impairment. Additionally, brain volume may be reduced in
individuals with AF. Potential causes may include cerebral micro-embolism or reduced stroke volume due to the
beat-to-beat variation in AF. The aims of this study were to measure cerebral blood flow and estimate whole brain
perfusion in elderly individuals with and without AF.

Blood flow in the cervical arteries was measured with phase contrast MRI and brain perfusion estimated in a large
cohort from the AGES-Reykjavik Study. Individuals were divided into three groups at the time of the MRI: persist-
ent AF, paroxysmal AF, and no history of AF. Of 2291 participants (mean age 79.5years), 117 had persistent AF
and 78 had paroxysmal AF but were in sinus rhythm at the time of imaging AF. Those with persistent AF had lower
cholesterol and used more anti-hypertensive medication and warfarin. The three groups were similar with regard
to other cardiovascular risk factors. Those in the persistent AF group had significantly lower total cerebral blood
flow on average, 472.1 mL/min, both when compared with the paroxysmal AF group, 512.3 mL/min (P <0.05) and
the no AF group, 541.0 mL/min (P<0.001). Brain perfusion was lowest in the persistent AF group, 46.4 mL/100g/
min compared with the paroxysmal AF group, 50.9 mL/100 g/min in (P <0.05) and those with no AF, 52.8 mL/100 g/
min (P<0.001).

Conclusion Persistent AF decreases blood flow to the brain as well as perfusion of brain tissue compared with sinus rhythm.

Keywords Atrial fibrillation e Cognitive impairment ¢ Dementia e Brain volume e Cerebral blood flow e Brain
perfusion

Introduction independent of cerebral infarcts.* Thus, AF appears to affect the brain

in more ways than by causing cerebral emboli that lead to stroke.

Atrial fibrillation (AF) is an important risk factor for stroke and has
been implicated in up to a third of cases of ischaemic stroke." More
recently, AF has been linked to cognitive impairment and dementia."**
We have previously demonstrated that AF was associated with a

decreased brain volume in addition to decline in cognitive function,

The association of AF and decreased brain volume in our previous
study was stronger with increased arrhythmia burden and also with
longer time from first diagnosis of AF.* Other studies have shown AF
to be associated with specific alterations in brain morphology rather
than total brain volume but those studies had rather small cohorts

* Corresponding author. Tel: +-354 543 1000; fax: +-354 543 6467. E-mail address: davidar@landspitali.is

Published by Oxford University Press on behalf of the European Society of Cardiology 2017.
This work is written by US Government employees and is in the public domain in the US.


Deleted Text:  <sup>(</sup>
Deleted Text: <sup>)</sup>.
Deleted Text:  <sup>(</sup>
Deleted Text: ).
Deleted Text:  (
Deleted Text: ).
Deleted Text: <sup>.</sup>
Deleted Text:  <sup>(</sup>
Deleted Text: <sup>)</sup>.

Atrial fibrillation is associated with decreased total cerebral blood flow and brain perfusion 1253

What’s new?

® Individuals with persistent atrial fibrillation (AF), which has pre-
viously been associated with cognitive impairment and smaller
brain volume, had decreased total cerebral blood flow and
estimated whole brain perfusion when compared with those
in sinus rhythm.

Those with paroxysmal AF but in sinus rhythm at the time of

brain imaging had a slight but not significant lowering of cere-
bral blood flow and estimated brain perfusion than those with
no history of the arrhythmia.

® These results suggest that lower cerebral blood flow and
lower estimated whole brain perfusion may, at least in part,
help explain previous findings of smaller brain volumes and

cognitive decline in elderly individuals with AF.

and complete brain imaging studies had not been done on all partici-
pants.”” Possible mechanisms connecting AF and decreased brain
volume might include multiple micro-emboli causing small cerebral
infarcts, decreased cerebral blood flow due to beat-to-beat variation
in stroke volume, neurohumoral factors, or even changes in auto-
regulation of blood flow to the brain.

The aim of this study was to evaluate and compare measured total
cerebral blood flow in the cervical arteries (mL/min) at the level of the
skull base and estimated brain perfusion (mL/100g brain tissue/min)
measured with magnetic resonance imaging (MRI) in individuals with
and without AF at the time of imaging. The data are from the large
population-based Age, Gene/Environment Susceptibility-Reykjavik
Study (AGES-RS).

Methods

The AGES-RS, initiated in 2002, is a multidisciplinary study that was designed
to investigate the genetic and environmental factors contributing to clinical
and subclinical disease and disability in old age, providing detailed phenotypes
related to the cardiovascular, neurocognitive, and musculoskeletal systems,
and to body composition and metabolic regulation. The study is a continu-
ation of the Reykjavik Study, a total population study of men and women
born in 1907-1935, who were residents of the greater Reykjavik area in
1967. The Reykjavik Study was a longitudinal study performed from 1967 to
1994 to collect mid-life data on cardiovascular traits. The AGES-Reykjavik
study cohort is a random recruitment of survivors from the previous
Reykjavik Study, including 5764 subjects aged 67-93 years. The current study
includes cross-sectional analysis of 3316 subjects aged 71-95 years of the co-
hort from the second visit of the AGES-RS, a follow-up examination of all
surviving participants who agreed to participate, conducted in 2007-2011.
Data collection included a questionnaire, clinical examination, cognitive
testing, and imaging of the brain, musculoskeletal system, body compos-
ition, vasculature, and the heart. The study design and initial assessments of
the cohort have been described previously in more detail® The AGES-
Reykjavik study has been approved by the Icelandic National Bioethics
Committee, which acts as the Institutional Review Board for the Icelandic
Heart Association, and by the Institutional Review Board for the Intramural
Research Program of the National Institute on Aging, National Institute of
Health, Bethesda, MD as well as The Icelandic Data Protection Authority
(VSN-063). Informed written consent was obtained from all participants.

Definition and categorization of AF status
Participants in this current study were divided into three groups accord-
ing to presence or absence of AF at the time of a brain MRI examination
and a previous history of the arrhythmia: (i) those with AF according to a
12-lead electrocardiogram (EKG), (i) those in sinus rhythm but with a
previous history of AF (as determined from hospital records or medical
history), and (iii) those in sinus rhythm and with no previous history of
the arrhythmia. To make the presentation of the data easier to under-
stand, the group of individuals with AF at the time of the MRI exams were
defined as persistent AF and the group with a previous history, but in
sinus rhythm at the time of imaging, as paroxysmal AF. This was done
with the understanding that the some of the former may have had parox-
ysmal AF but happened to have AF at the time of MRI.

Potential confounders

Age, sex, education level (primary/secondary/college or university),
smoking status (ever smoker/former smoker/current smoker), and alco-
hol consumption (g/week) were assessed by questionnaire. Body mass
index was calculated from measured height and weight. Hypertension
was defined as self-reported doctor’s diagnosis, use of hypertensive medi-
cation or measured systolic blood pressure >140 mmHg systolic or dia-
stolic blood pressure >90 mmHg. Myocardial infarction was defined as
self-reported history of myocardial infarction or evidence on EKG of pos-
sible or probable myocardial infarction and coronary heart disease was
defined as prevalent disease using hospital data pertaining to diagnosis of
myocardial infarction, hospital operations including percutaneous translu-
minal coronary angioplasty and coronary artery bypass surgery. The diag-
nosis of heart failure was based on hospital discharge diagnosis codes
from all hospitals in Reykjavik. Hypercholesterolaemia was defined as
total cholesterol level >6.6 mmol/L. Diabetes mellitus type 2 was defined
as a self-reported doctor’s diagnosis, use of diabetes medication or fasting
blood glucose >7 mmol/L. At the time of data collection, warfarin was the
only anticoagulant used for stroke prevention in Iceland. Depressive
symptoms were classified as a score of 5 or higher on the 15-item
Geriatric Depression Scale and cognitive impairment was classified as 23
points or lower on the mini-mental state examination (MMSE) and 17 or
lower on digit symbol substitution test (DSST). Stroke was determined
using hospital data and coronary artery calcium was calculated using
the Agatston method from computed tomography examination of the
coronary arteries performed on a Siemens Somatom Sensation 4 multi-
detector CT scanner (Siemens Healthcare, Erlangen, Germany) with
prospective ECG triggering. Participants with dementia and diagnosis of
heart failure were excluded.

MRI acquisition and image processing

All participants without contraindications underwent brain MRl on a 1.5-
T Signa Twinspeed system (General Electric Medical Systems, Waukesha,
WI, USA) including a phase-contrast scan for flow measurements and
anatomical imaging of the whole brain for measurement of brain volume
and estimation of brain perfusion. The AGES-Reykjavik brain MRI image
acquisition protocol has previously been described in detail” In brief, the
protocol included a T1-weighted three-dimensional spoiled gradient
echo sequence, a proton density/T2-weighted fast-spin echo sequence,
a T2-weighted gradient echo-type echo planar imaging sequence, and a
T2-weighted fluid-attenuated inversion recovery (FLAIR) sequence. All
images were acquired to give full brain coverage in the oblique-axial
plane. Brain tissue volumes including cerebrospinal fluid (CSF), grey mat-
ter (GM), white matter (WM), and white matter hyperintensities (WMH)
were computed with a validated automatic image post-processing
pipeline.’
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Total brain volume (TBV) was computed in millilitres (mL) as the sum
of GM volume, WM volume, and WMH volume. The intracranial volume
was computed as the sum of TBV and CSF volume. Brain volumes in this
study were normalized to intracranial volume and presented as percent-
ages of intracranial volume (TBV/ICV * 100).

Total cerebral blood flow (mL/min) was measured using phase-
contrast MRl at the level of the skull base for flow measurement in all the
cervical arteries, both the internal carotid arteries and the basilar artery.
Estimated brain perfusion in the entire brain expressed in mL/100 g brain
tissue/min was defined as the average blood flow volume divided by the
whole brain volume assuming an average brain density of 1.05g/mL.
More details on the acquisition and analysis of phase-contrast images, the
calculation of flow and perfusion, as well as on estimating brain perfusion
has previously been described in detail.'® The operators of the MRI sys-
tem and the MR image analysts were blinded to all clinical information on
the study participants, including the AF status of each participant.

Statistical analyses

Characteristics between groups were compared using generalized linear
models (GLM) with age and sex adjustment. The assumption of a normal
distribution of the two continuous blood flow measures was verified by
inspecting qg-plots of residuals from the regression models.

Analysis of total cerebral blood flow difference between groups was
performed using GLM with age and sex adjustment, as well as adjustment
for brain volume, and for warfarin use and use of anti-hypertensive medi-
cation. Analysis of brain perfusion was done similarly with adjustments
for warfarin use and use of anti-hypertensive medication, but adjustment
for brain volume was not necessary since the outcome was already stand-
ardized by total brain volume.

Allanalyses were performed using SAS System/STAT software version
9.2 (SAS Institute Inc., Cary, NC, USA). Data are presented as mean
(standard deviation) for continuous variables and as % for categorical vari-
ables. A P-value <0.05 was considered statistically significant.

Analytical sample

Survivors of the AGES-Reykjavik Study were invited for a follow-up visit.
A total of 5245 individuals from the original cohort were alive at the start
of recruitment. Reasons for not participating were death before examin-
ation (n=520), refusal (n=1198) or loss to follow-up (n=211). A total
of 3316 individuals gave informed consent to match the study data to hos-
pital and private physicians’ records. Of these, 648 lacked brain MRI data,
376 individuals refused MRI imaging mainly due to claustrophobia or
physical inability to undergo the investigation and 272 were excluded be-
cause of other contraindications (mainly pacemaker). Individuals with de-
mentia (n = 180) and prevalent heart failure (n = 104) were excluded. Of
the 2384 remaining subjects, 4 did not possess EKG-data and 89 did not
have cerebral blood flow measurements, resulting in a final study sample
of 2291 individuals.

Results

Of the 2291 individuals, 117 had persistent AF and 78 had a prior his-
tory of the arrhythmia but were in sinus rhythm at the time of the
brain MRI (paroxysmal AF). The mean age of the cohort was
79.5years, ranging from 71 to 95years (Table 7). Compared with
those without AF and those with paroxysmal AF, participants with
persistent AF were older and more often men. They had lower meas-
ured blood pressure, lower cholesterol and used more anti-
hypertensive medication and warfarin but less aspirin. As might be

expected, stroke was significantly more common in the persistent AF
group and in the paroxysmal AF group when compared with those
with no history of the arrhythmia. Those with persistent AF were not
significantly different to the other two groups with regards to body
mass index; type 2 diabetes, self-reported hypertension, coronary ar-
tery calcium, and history of myocardial infarction or coronary artery
disease. Likewise, the persistent AF group did not differ significantly
from the other two with regard to alcohol consumption, smoking
status, or educational status and they scored similar on cognitive and
depressive measures.

Individuals with persistent AF had the smallest relative brain vol-
umes (69.3%) when compared with the paroxysmal AF group
(70.3%) and to those with no history of AF (71.7%) (Table 1).

Participants in the persistent AF group had significantly lower total
cerebral blood flow on average, 472.1 mL/min, both when compared
with the paroxysmal AF group, 512.3 mL/min (P<0.05) and the no
AF group, 541.0mL/min (P<0.001) (Table 2, Figure 1A). The total
cerebral blood flow in the paroxysmal AF group was lower than
in the no AF group (P<0.05). Adjusting for relative brain volume
(Table 2) and then warfarin use as well as use of anti-hypertensive
medication did not alter the difference between those in the persist-
ent AF group vs. the no AF group but after adjustment there was no
longer a significant difference in total cerebral blood flow between
the paroxysmal AF group and those without any previous history of
the arrhythmia (Table 2 and Figure 1B).

On average, estimated whole brain perfusion was significantly low-
est in the persistent AF group, 46.4 mL/100 g/min when compared
with the paroxysmal AF group, 50.9mL/100g/min in (P<0.05)
and those with no AF, 52.8 mL/100g/min (P<0.001) (Table 2 and
Figure 2A). After correcting for warfarin use and use of anti-
hypertensive medication the results remained unchanged, with brain
perfusion still significantly lowest in the persistent AF group (Table 2
and Figure 2B). Estimated whole brain perfusion in those with parox-
ysmal AF was not significantly lower than in the group with no history
of the arrhythmia, neither before nor after adjustment.

Discussion

In this cross sectional study of a large cohort of elderly individuals
from the general population, persistent AF was associated with
decreased total cerebral blood flow and estimated whole brain perfu-
sion assessed by phase contrast MRI of the brain. Individuals with par-
oxysmal AF, but nevertheless in sinus rhythm at the time of imaging,
had similar cerebral blood flow and brain perfusion as those with no
history of the arrhythmia. The presence of the arrhythmia at the time
of measurement of cerebral blood flow and brain perfusion thus ap-
pears to be of key importance.

We have previously shown an association between brain volume
and AF in an elderly cohort.* A linear trend was found between lon-
ger duration of AF and greater reduction in total brain volume sug-
gesting a cumulative effect with increasing burden of the arrhythmia.
Brain atrophy both of the grey and white matter has indeed been
associated with a decline in cognitive function."”

There are a number of possible explanations for the observed as-
sociation between reduced brain volume and AF. Those include
cerebral micro-infarcts caused by small emboli from the heart,
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Table | Characteristics

All groups Persistent Persistent AF vs.
AF vs.no AF*  paroxysmal AF
and no AF?*
P ParoxysmalNoAF ................. i B
AF (n = 117) AF (n =178) (n =2096)
Age (years) 812 (5.1) 79.6 (4.3) 794 (4.5) P<0.001 P<0.001 P<0.001
Sex, % men 63.3 526 388 P<0.001 P<0.001 P<0.001
Education, % primary education 12.0 20.5 201 P=0.16 P=0.07 P=0.06
Ever smoker, former or current 49.6 571 474 P=0.40 P=1.00 P=0.45
Alcohol consumption (g/week)® 6.4 (1.6-26.4) 32 (1.6-16.1) 32(0-16.1) P=091 P=0.71 P=0.71
Height, cm 171.6 (9.9) 169.4 (9.8) 167.0 (9.1) P<0.01 P<0.01 P<0.001
Body mass index (kg/m?) 27.0 (3.9) 273 (4.3) 268 (4.3) P=0.18 P=0.17 P=0.19
Hypertension 94.0 94.9 88.7 P=0.06 P=0.09 P=0.11
Systolic blood pressure (mmHg) 141.3 (22.8) 142.7 (22.6) 145.3 (20.7) P<0.05 P<0.01 P<0.01
Myocardial infarction 13.7 16.7 12.3 P=0.63 P=0.60 P=057
Coronary heart disease 282 423 242 P<0.01 P=0.75 P=0.63
Cholesterol 4.9 (1.1) 4.7 (1.1) 53 (1.1) P<0.001 P<0.01 P<0.05
Diabetes mellitus type 2 154 154 1.7 P=0.58 P=044 P=0.47
Anti-hypertensive medication use 84.6 91.0 69.5 P<0.001 P<0.001 P<0.01
Warfarin use 67.5 333 22 P<0.001 P<0.001 P<0.001
Aspirin use 316 513 42.2 P<0.01 P<0.01 P<0.001
GDS scale 24 (1.9) 2.6 (1.9) 2.1(2.0) P<0.05 P=0.24 P=0.28
MMSE score 262 (2.4) 263 (3.7) 26.6 (2.6) P=0.85 P=0.67 P=0.66
DSST score 274 (9.6) 294 (9.4) 30.6 (10.1) P=0.30 P=0.17 P=0.18
Stroke 16.2 19.2 64 P<0.001 P<0.001 P<0.01
Coronary artery calcium® 671 (197-2027) 630 (126-1974) 404 (78-1173) P=0.57 P=0.48 P=0.51
Total brain volume (BV) (mL) 1073.2 (103.1) 1061.3 (109.6) 1066.1 (98.3) P=0.09 P=0.25 P=0.28
Intracranial volume (ICV) (mL) 1550.7 (157.6) 1510.9 (151.6) 1490.2 (146.7) P=0.35 P=0.18 P=0.18
Relative BV (%) (TBV/ICV x100) 69.3 (3.6) 70.3 (4.0) 71.7 (3.8) P<0.001 P<0.001 P<0.001

Data are shown as mean (standard deviation) for continuous variables and as % for categorical variables.

Persistent AF, those with atrial fibrillation (AF) at the time of imaging; paroxysmal AF, those in sinus rhythm at imaging but with a previous history of AF; no AF, those in sinus
rhythm and no history of the arrhythmia. GDS, geriatric depression scale; MMSE, mini mental-state examination; DSST, digit symbol substitution test; BV, brain volume; ICV,
intracranial volume.

?Age and sex adjusted.

°Median and quartiles.

Table 2 Total cerebral blood flow and average estimated brain perfusion

Persistent AF Paroxysmal AF No AF P-value*
Total cerebral blood flow (mL/min) 4721 512.3 541.0 <0.001
Total cerebral blood flow (mL/min)? 482.9 520.7 542.2 <0.001
Total cerebral blood flow (mL/min)® 487.3 520.0 535.5 <0.001
Brain perfusion (mL/100 g/min) 46.4 50.9 528 <0.001
Brain perfusion (mL/100 g/min)© 46.7 50.7 50.7 <0.001

Persistent AF, those with atrial fibrillation (AF) at the time of imaging; paroxysmal AF, those in sinus rhythm at imaging but with a previous history of AF; no AF, those in sinus
rhythm and no history of the arrhythmia.

*Adjusted for brain volume.

°Adjusted for brain volume, use of anti-hypertensive medication and warfarin use.

“Adjusted for use of anti-hypertensive medication and warfarin use. mL/min: flow in cervical arteries in millilitres per minute; mL/100 g/min: brain perfusion in millilitres per
100 grams of brain tissue per minute.

*Difference between persistent AF and no AF.
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Figure | (A) Total cerebral blood flow in the cervical arteries in mL/min in the three groups. Persistent AF: those with atrial fibrillation (AF) at the
time of imaging; paroxysmal AF: those in sinus rhythm at imaging but with a previous history of AF; no AF: those in sinus rhythm and with no history
of the arrhythmia. Adjustments were made for age and sex. Persistent AF vs. paroxysmal AF: P <0.05; persistent vs. no AF: P <0.001; paroxysmal AF
vs. no AF: P <0.05. (B) Total cerebral blood flow in the cervical arteries in mL/min in the three groups. Persistent AF: those with atrial fibrillation (AF)
at the time of imaging; paroxysmal AF: those in sinus rhythm at imaging but with a previous history of AF; no AF: those in sinus rhythm and with no his-
tory of the arrhythmia. Adjustments were made for age, sex, brain volume, use of anti-hypertensive medication, and warfarin use. Persistent AF vs.
paroxysmal AF: P=0.05; persistent vs. no AF: P <0.001; paroxysmal AF vs. no AF: P> 0.05.

leading to ischaemia and brain injury and possibly even atrophy.'?
However, in our previous study on AF and brain volume, there was
no significant difference in brain volumes between those who were
taking warfarin anticoagulation or not.

Another explanation could be cerebral hypo-perfusion, perhaps
related to beat-to-beat variation in stroke volume in AF. Decreased
cerebral perfusion has been associated with a reduction in both grey
and white matter although the effect may be greater on the grey mat-
ter due to higher metabolic demand.*"® There was a stronger associ-
ation between AF and lower grey matter volume than white matter
volume in our prior study, possibly lending support to the cerebral
hypo-perfusion hypothesis. Other factors such as neurohumoral ef-
fects or even altered auto-regulation of blood flow may also be play-
ingarole.

In order to explore possible causes we undertook a study to
examine whether there was a difference in cerebral blood flow and
brain perfusion in individuals with persistent AF and individuals in
sinus rhythm. In this study individuals with AF at the time of imaging
had lower total cerebral blood flow and estimated whole brain perfu-
sion compared with those in sinus rhythm regardless of a previous
history of the arrhythmia. The adverse haemodynamic effects of hav-
ing AF while the brain was imaged thus appear to be the most im-
portant variable in this observed difference. No temporal
information was available as to when individuals in sinus rhythm at
the time of imaging, but with paroxysmal AF, had their most recent
episode of arrhythmia.

Whilst cerebral flood flow in AF is not a particularly well-studied
subject there is some clinical data to support the theory that brain
hypo-perfusion flow may occur and blood flow be diminished in AF.
In one study regional cerebral blood flow was decreased in 17

subjects with AF compared with 13 in sinus rhythm using SPECT
brain imaging, suggesting that cerebral hypo-perfusion occurred with
the arrhythmia'® and another study showed cerebral blood flow
measured with trans-cranial Doppler and by Xenon-133 inhalation
technique to be lowered during AF and increased after cardi-
oversion."*™"® A small Danish study also showed improvement of
cerebral blood flow after cardioversion for AF by injecting Xenon-133
intravenously and measuring the clearance of the isotope with a brain
scintillation detector and it has also suggested that individuals with AF
may have decreased cerebral blood flow that could be reversed.'”'®
More recently AF has been shown to adversely affect haemodynamic
parameters, microcirculation, and cerebral oxygenation."”*°

In the current study individuals with persistent AF had the lowest
relative brain volume and the lowest total cerebral blood flow and
brain perfusion. However, after correction for brain volume, individ-
uals with paroxysmal AF but in sinus rhythm at the time of imaging
and those with no history of the arrhythmia still had higher cerebral
blood flow than those with persistent AF, emphasizing that a rela-
tively smaller brain did not explain lowered cerebral blood flow in in-
dividuals with the arrhythmia.

Individuals with persistent AF were similar to individuals with par-
oxysmal AF and those with no history of AF with regard to BM|, dia-
betes, cardiovascular risk factors, and coronary heart disease. They
were however older, and age is the most important factor affecting
the brain but whether the threshold for adequate cerebral flood flow
and brain perfusion may be affected by age, atherosclerosis, or spe-
cific brain functions is not known. Likewise, older brains may be more
susceptible to the effects of reduced blood flow and perfusion.

In all likelihood, the haemodynamic effects on the brain are com-
plex and involve multiple mechanisms. These results do however
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Figure 2 (A) Total brain perfusion in mL/100 g brain tissue/min in the three groups. Persistent AF: those with atrial fibrillation (AF) at the time of
imaging; paroxysmal AF: those in sinus rhythm at imaging but with a previous history of AF; no AF: those in sinus rhythm and with no history of the ar-
rhythmia. Adjustments were made for age and sex. Persistent AF vs. paroxysmal AF: P <0.01; persistent vs. no AF: P <0.001; paroxysmal AF vs. no
AF: P>0.05. (B) Total brain perfusion (mL/100 g brain tissue/min) in the three groups. Persistent AF: those with atrial fibrillation (AF) at the time of
imaging; paroxysmal AF: those in sinus rhythm at imaging but with a previous history of AF; no AF: those in sinus rhythm and with no history of the ar-
rhythmia. Adjustments were made for age, sex, use of anti-hypertensive medication and warfarin. Persistent AF vs. paroxysmal AF: P < 0.05; persistent

vs. no AF: P <0.001; paroxysmal AF vs. no AF: P> 0.05.

suggest that decreased cerebral blood flow may play an important
role in diminished brain volume and the decline in cognitive function
seen in individuals with AF.*

There have been a number of studies in recent years associating
AF and cognitive impairment in individuals both with and without
prior stroke suggesting a link between the two.”%*" In this current
study, we excluded people with dementia; among the relatively cog-
nitively better performers there was no difference between the
groups in cognitive function as measured by MMSE and DSST tests
(Table 1).

A clear strength of the study is the large well-defined cohort and
that brain imaging with MRI was available. The method of studying
the blood flow by phase-contrast MRI is an accurate, reliable and
highly reproducible method.?* By measuring the total cerebral blood
flow in the carotids and the basilar artery the sum of blood flowing to
the brain through the cervical arteries is directly measured.?* Phase-
contrast imaging does not however assess the perfusion of the brain
tissue directly, as first pass dynamic susceptibility contrast-enhanced
magnetic resonance perfusion imaging and dynamic contrast-
enhanced magnetic resonance perfusion imaging do, as well as the
more recently developed method of arterial spin labelling magnetic
resonance perfusion imaging. The limitations of our measurement is
that perfusion is estimated rather than directly measured in the capil-
lary bed of the brain, as would be done with arterial spin labelling and
needs to be validated.

There are some additional limitations to this study. Of the original
cohort in the AGES RS a number of individuals did not participate in
this study. The reasons for this are numerous and are detailed in the
methods section. Of the 648 individuals excluded from the study due
to missing brain MRI data individuals with AF were more common as
the main reason was inability to undergo the MRI study because of

the presence of cardiac pacemakers and other medical devices that
were felt to be a contraindication for the imaging study. Additionally
the interpretation of the study results would have benefited from
more detailed information on the AF burden of the paroxysmal
group and the date of the last AF episode.

The results also raise some important clinical questions. It would
be interesting to evaluate whether restoration of sinus rhythm in indi-
viduals with AF would lead to improved blood flow to the brain. Such
a study would have to be done in a prospective manner. Likewise a
follow-up of the cohort may be of potential value regarding cognitive
outcome over time in order to support the hypothesis that AF affects
brain volume and cognition by causing reduced blood flow to the
brain and decreased brain perfusion.

The results, while intriguing, therefore need to be validated in a
longitudinal manner, preferably with measurements of total cerebral
blood flow and brain perfusion in AF and then by repeated measure-
ments after restoration of sinus rhythm in the same individuals.

Conclusions

Atrial fibrillation was associated with decrease in total cerebral blood
flow and brain perfusion in an unselected elderly cohort. These re-
sults may, at least in part, explain the association of AF with reduced
relative brain volume and cognitive impairment. There is growing
data that AF may adversely affect the brain in other ways than by
increasing the risk of cerebral infarcts. The association between per-
sistent AF and diminished cerebral blood flow and brain perfusion
are of particular interest as the consequences may potentially influ-
ence treatment decisions in AF.
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Aims Atrial fibrillation (AF) has been associated with reduced brain volume, cognitive impairment, and reduced cerebral
blood flow. The causes of reduced cerebral blood flow in AF are unknown, but no reduction was seen in individu-
als without the arrhythmia in a previous study. The aim of this study was to test the hypothesis that brain perfu-

sion, measured with magnetic resonance imaging (MRI), improves after cardioversion of AF to sinus rhythm (SR).

Methods
and results

were included. Magnetic resonance imaging studies were done before and after cardioversion with both brain per-
fusion and cerebral blood flow measurements. However, 17 did not complete the second MRI as they had a recur-
rence of AF during the observation period (recurrent AF group), leaving 17 in the SR group and 10 in the AF group
to complete both measurements. Brain perfusion increased after cardioversion to SR by 4.9 mL/100 g/min in the
whole brain (P<0.001) and by 5.6 mL/100g/min in grey matter (P<0.001). Cerebral blood flow increased by
58.6 mL/min (P <0.05). Both brain perfusion and cerebral blood flow remained unchanged when cardioversion was

In this study of individuals undergoing elective cardioversion for AF, restoration, and maintenance of SR for at least

10 weeks after was associated with an improvement of brain perfusion and cerebral blood flow measured by both

arterial spin labelling and phase contrast MRI. In those individuals where cardioversion was unsuccessful, there was

unsuccessful.
Conclusion

no change in perfusion or blood flow.
Keywords

perfusion
Introduction

Atrial fibrillation (AF) has become a serious public health problem
and its prevalence is expected to triple in the next four decades.’
Atrial fibrillation is a significant risk factor for cardioembolic stroke.
Atrial fibrillation has furthermore been linked to cognitive decline
and vascular dementia, independent of stroke.>* The mechanisms be-
hind the association of AF and a detriment in cognitive function are
not clear despite multiple shared risk factors including hypertension,
diabetes, heart failure, chronic kidney disease, and alcohol abuse.*

Atrial fibrillation e Cardioversion e Brain volume e Cognitive impairment e Cerebral blood flow e Brain

Atrial fibrillation has been associated with decreased brain volume as
well as cognitive impairment suggesting a link between these.” There
are many possible factors linking AF to decreased brain volume and
dementia including altered neurohumoral regulation of the blood
flow to the brain secondary to the arrhythmia, multiple microemboli
causing small cerebral infarcts and decreased cerebral blood flow, in
part due to beat-to-beat variation in stroke volume and lack of atrial
contraction.

While cerebral blood flow in AF is not a particularly well-studied
subject, there is nevertheless some recent clinical data that supports

* Corresponding author. Tel: +-354 5431000; fax: +354 543 6467. E-mail address: davidar@landspitali.is
Published on behalf of the European Society of Cardiology. All rights reserved. © The Author(s) 2019. For permissions, please email: journals.permissions@oup.com.
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What’s new?

® Cardioversion of atrial fibrillation (AF) to sinus rhythm resulted
in improvement in cerebral blood flow and brain perfusion
measured by phase contrast and arterial spin labelling magnetic
resonance imaging of the brain.

® In those where cardioversion was unsuccessful no improve-
ment in these parameters was seen.

® Decreased cerebral blood flow and brain perfusion could be a
key mechanism in causing reduced brain volumes and cognitive
decline seen with AF.

® These results might have important clinical implications but
need to be further evaluated in large-scale clinical trials.

brain hypoperfusion and diminished cerebral blood flow in AF. In a
large cohort of elderly individuals persistent AF was associated with
both lower total cerebral blood flow and lower estimated brain per-
fusion measured by phase contrast magnetic resonance imaging
(MRI) of the brain compared to those in sinus rhythm (SR).® While
these results showing decreased cerebral blood flow and brain perfu-
sion in AF with MRI were intriguing, there were some important limi-
tations including the cross-sectional design of the study and indirect
measurement of brain perfusion. The results also raise the important
question of whether restoration of SR in those with AF could lead to
improvement in or even restoration of normal cerebral blood flow.

In a recent large population study, lower cerebral perfusion was
associated with brain volume loss, accelerated cognitive decline and a
higher risk of dementia during a 7-year follow-up.” This same mecha-
nism could contribute to the detriment of cognitive function seen in
individuals with AF.>®

The goal of this study was to test the hypothesis that blood flow to
the brain is lowered in AF, resulting in decreased brain perfusion and
cerebral blood flow, and that successful cardioversion to SR leads to
improvement in these parameters. If this would be the case it would
strengthen our previous observation as a kind of ‘proof of concept’.

Methods

Individuals aged 18-75 years who were referred to the Landspitali—The
National University Hospital in Reykjavik for elective direct-current car-
dioversion for AF were invited to participate in the study. Those with a
pacemaker, an implantable cardioverter-defibrillator, other contraindica-
tions for MRI or severe claustrophobia were excluded. A study coordina-
tor went through a safety questionnaire regarding MRI compatibility and
collected baseline information. Informed written consent was obtained
and the participant was advised not to use tobacco or caffeine at least 4 h
before the MRI examination. When the date of the cardioversion was set
the coordinator made an appointment for the first MRl study to be done
prior to the cardioversion, preferably on the same day or the day before.
On the day of the MR, the patient underwent an electrocardiogram
(ECG) to confirm that the patient was still in AF and a blood test including
measurement of N-terminal pro brain natriuretic peptide (NT-proBNP).
After the cardioversion, an appointment was made for the second MRI
examination at least 10 weeks later. This timeframe was chosen to allow
for the return of mechanical atrial systole, which takes a few weeks after
restoration of electrical SR.

Approximately a week before the second MRI, the patient underwent
a new ECG and was asked about symptoms of recurrent AF. If a patient
who previously had been cardioverted to SR had a recurrence of AF on
the ECG, they were excluded from further participation in the study as
the time from cardioversion to recurrence was uncertain and the second
MRI was cancelled. No 24-h Holter monitoring was performed. Those
that achieved continued SR after a successful cardioversion, or continued
in AF after unsuccessful cardioversion, that is maintained unchanged
rhythm at the second MRI; went for the imaging procedure as planned.
Those that went back into AF during the observation period were ex-
cluded from the study as it was not known when they had reverted to AF
again, this could have happened anytime from a few hours after the car-
dioversion to some weeks later. The lack of knowledge on this would
have made the results on this group very difficult to interpret.

Baseline data collected included information on age, sex, height and
weight of the participant, as well as blood pressure and heart rate. Body
mass index (BMI) was calculated from measured height and weight.
Information on the individual's past medical history and cardiovascular
risk factors was also collected, including information on the nature of AF
(paroxysmal or persistent), length of AF episode, and history of previous
cardioversion. Information on medication use included use of beta-block-
ers, anti-hypertensive medication, warfarin or novel oral anticoagulants
(NOAGC:s), aspirin or platelet inhibitors, diabetes medication, lipid-lower-
ing medication, and digoxin was registered. Information was also obtained
from medical records and results of echocardiography studies noted if
done within 6 months prior to entering the study.

The study was approved by the Icelandic National Bioethics
Committee, which acts as the Institutional Review Board for the Icelandic
Heart Association and The National University Hospital (VSN-13-043)
and by The Icelandic Data Protection Authority.

All participants without a contraindication for MRI underwent a brain
scan on a 1.5-T Signa Excite Twinspeed system (General Electric Medical
Systems, Waukesha, WI, USA). The scan protocol included acquisition of
pseudo-continuous arterial spin labelling (ASL) perfusion sequences for
calculating brain perfusion with post-labelling delay of 1525 ms.
Additionally, a phase contrast sequence for flow measurements in the
cervical arteries was performed as well as anatomical imaging sequences
of the whole brain for calculations of brain tissue volumes, including
cerebrospinal fluid, grey matter, white matter, and white matter hyperin-
tensities that were computed with a validated automatic image post-
processing pipeline.”'® Total brain volume (TBV) was computed in
millilitres (mL) as the sum of grey matter volume, white matter volume,
and white matter hyperintensities volume. The intracranial volume was
computed as the sum of TBV and cerebrospinal fluid volume. Brain vol-
umes, in this study, were normalized to intracranial volume and pre-
sented as percentages of intracranial volume (TBV/ICV * 100).

Arterial spin labelling is a completely non-invasive method of measur-
ing brain perfusion by using magnetically labelled arterial blood water as
an endogenous tracer for quantification of cerebral blood flow in the cap-
illary bed. Hence, this technique does not require an exogenous
gadolinium-based tracer as in dynamic susceptibility contrast perfusion, as
the blood itself acts as the freely diffusible tracer and the perfusion is mea-
sured directly. Inflowing hydrogen nuclei in the arterial blood water are
magnetized and then imaged by first labelling the water molecules just
proximal to the region of interest. After a certain time, transit time, the
paramagnetic tracer flows into the plane to be imagined and interacts
with tissue water. The inflow of inverted spins alters total tissue magneti-
zation and consequently the tissue magnetization and image intensity, cre-
ating the tag image. The final product, the perfusion image, will reflect the
amount of arterial blood delivered to each voxel within the slice within
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the transit time, determining the delivery rate of oxygen and nutrients to
the capillary bed."®

Total cerebral blood flow was measured for comparison with ASL us-
ing phase contrast MRI for flow measurement at the level of the skull
base in both the internal carotid arteries and the basilar artery. The
method of studying the blood flow by phase-contrast MRl is a reliable and
highly reproducible method and by measuring the total cerebral blood
flow in the carotids and the basilar artery the sum of blood flowing to the
brain through the cervical arteries is directly measured.!! More details on
the acquisition and analysis of the images as well as calculation of perfu-
sion and flow can be found elsewhere, previously described in detail by
Sigurdsson et al.'® The operators of the MRI system and the MR image
analysts were blinded to all clinical information on the study participants.

Statistical analysis

Data were presented as mean (standard deviation) for continuous varia-
bles and as percentage for categorical variables. A P-value <0.05 was con-
sidered statistically significant. Characteristics between groups were
compared using t-tests and y? tests. The assumption of a normal distribu-
tion of the two continuous blood flow measures was verified by inspect-
ing qg-plots of residuals from the regression models. All analyses were
performed using R version 3.5.3. Analysis of change in total cerebral
blood flow by and between groups was performed using linear mixed
models, using the Ime4 package in R, with age and sex adjustment, as well
as adjustment for brain volume. Analysis of brain perfusion was done sim-
ilarly with adjustments but adjustment for brain volume was not neces-
sary since the outcome is independent of brain volume due to its direct
nature. Adjusted marginal means at each time-point and change between
time-points was estimated using the emmeans package in R.

Analytical sample

In total, 142 individuals were initially contacted either with a letter or by
telephone. Of those, 60 persons never replied or were not reached in
time before their planned cardioversion. Fourteen individuals declined
participation in the study, which left 68 individuals that accepted to take
part in the study. Of those, 11 were excluded because of spontaneous re-
turn to SR before the cardioversion, 6 individuals were further excluded
because of a pacemaker or an implanted cardioverter-defibrillator, 5
were excluded because of atrial flutter being the primary arrhythmia and
one patient was excluded due to equipment malfunction (MRl machine
malfunction at the day of the first examination). During the study period,
one individual was further excluded because of a reclassification of the
primary arrhythmia as atrial flutter rather than AF discovered while
reviewing ECGs. That left 44 eligible and willing individuals to participate
in the study.

Results

Of the 44 patients enrolled in the study, 35 (80%) were men and 9
women, mean age 64.4years (Table 1). A total of 27 individuals (21
men) completed the study with two MRI examinations, 17 that were
cardioverted to SR and remained in SR at the time of the second MRI
examination (SR group) and 10 who continued to be in AF despite
the cardioversion attempt (AF group). The remaining 17 participants
had a recurrence of AF during the period from successful cardiover-
sion to the second MRI examination and hence were excluded from
further evaluation with a second MRI examination according to the
study protocol (recurrent AF group). One of the 27 participants had
missing blood flow measurement values due to a technical failure on

the day of the second examination and therefore cerebral blood flow
values measured with phase contrast MRl only exist for 9 individuals
but perfusion values measured with ASL were available for all 10 indi-
viduals in the AF group.

With regards to baseline clinical characteristics, there was no sig-
nificant difference between the three groups; SR group, AF group,
and recurrent AF group in age, BMI, blood pressure, or heart rate at
baseline (Table 7). Likewise, there was no significant difference be-
tween the groups with regards to history of coronary artery disease,
valvular heart disease, heart failure, or hypertension. Pre-
cardioversion heart rate on ECG was 80.5 % 15.0 b.p.m. for the SR
group, 83.1+£ 10.2 for the AF group, and 85.1 + 14.8 for the recurrent
AF (P=0.64). There was no difference in pre-cardioversion and post-
cardioversion heart rate on ECG for the AF group (83.1£10.2 vs.
89.6+13.7, P=0.13) but a significant lowering was seen in the SR
group (80.5+15.0 vs. 58.1+ 7.4, P<0.001). Left ventricular ejection
fraction measured by echocardiography as well as NT-proBNP val-
ues measured immediately before the cardioversion were also in the
same ranges (Table 2). All patients were taking oral anticoagulants
and the proportion of those taking NOACs was similar in all three
groups (Table 1).

Baseline brain perfusion measured with ASL, both in the whole
brain as well as in the grey matter of the brain and total cerebral
blood flow measured with phase contrast MRI during the first MRI
examination prior to the cardioversion in all 44 individuals enrolled
into the study was not significantly different between the three out-
come groups (Table 2). Furthermore, there was no difference in rela-
tive brain volume at baseline. On the other hand, brain perfusion
measured by ASL was significantly higher after cardioversion in the
SR group when compared with the AF group, both with regards to
whole brain perfusion as well as grey matter perfusion (P<0.05)
(Table 3, Figure 1). The change in ASL perfusion in the SR group was
significant for both whole brain, 4.9 mL/min (P <0.001), and grey mat-
ter perfusion, 5.6 mL/min (P <0.001), as opposed to the AF group,
were no significant change was detected, —1.6 mL/min (P =0.36) and
—1.9 mL/min (P =0.34), respectively (Table 3, Figures 2 and 3).

There was also no significant difference between the groups in to-
tal cerebral blood flow measured with phase contrast MRI during the
first examination (Table 2). Total cerebral blood flow furthermore in-
creased between the pre- and post-cardioversion MRI examinations
in the SR group by 58.6 mL (P < 0.05) but remained unchanged in the
AF group, —20.8 mL (P = 0.52) (Table 2, Figures 1 and 2).

There was no significant difference in interval from the first to the
second MRI examination between the SR group and the AF group
(20.7 weeks and 24.5 weeks, respectively, P=0.52).

Discussion

In this prospective study of individuals undergoing elective cardiover-
sion for AF, restoration, and maintenance of SR for at least 10 weeks
after was associated with an improvement of brain perfusion and ce-
rebral blood flow measured by both ASL and phase contrast MRI. In
those individuals where cardioversion was unsuccessful, there was
no change in perfusion or blood flow.

Brain perfusion in AF has not been particularly well-studied. Some
studies have indicated that cerebral blood flow is lowered during AF
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Table | Patient characteristics

Male Female P-value SR group AF group Recurrent AF P-value
(n=35) (n=9) (n=17) (n=10) group 3 (n=17) all groups

Age (years) (at entry into study) 64.1(83) 65.8(8.5) 0.59 62.6(9.8) 659 (6.3) 65.3 (7.6) 0.53
Height (cm) 181.2 (64) 165.0(5.5) <0.001 177.2(10.2) 1759 (7.9) 179.8 (8.6) 0.53
Weight (kg) 954 (147) 87.0(162) 0.14 944 (19.5) 953 (10.6) 92.1(132) 0.86
Body mass index (kg/m?) 290(34) 31.8(5.1) 0.05 298 (4.6) 308 (23) 285 (3.8) 0.33
Systolic blood pressure (mmHg) 1342 (17.5) 128.8 (16.5)  0.41 132.3 (16.8) 134.0 (15.7) 133.3(19.3) 0.97
Diastolic blood pressure (mmHg) 86.7 (12.7) 83.3(128) 048 829 (11.9) 85.6(7.0) 89.2 (15.3) 0.37
Heart rate (at baseline) (b.p.m.) 773 (12.0) 839 (119) 015 77.6 (145) 80.2(124) 788(9.8) 0.87
Ever smoker, former, or current 25 (71.4) 7(778) 10 10(58.8) 10 (100.0) 12 (70.6) 0.07
Smoking (never) 10 (28.6) 2(222) 069 7 (41.2) 0 (0.0 5(29.4) <0.01
Hypertension (reported, history of) 21 (60.0) 7(77.8) 055 13 (76.5) 6 (60.0) 9 (52.9) 0.35
Lipid disorder (reported, history of) 11 (31.4) 2(222) 090 3(17.6) 6 (60.0) 4(23.5) 0.052
Coronary heart disease (reported) 10 (28.6) 1(11.1) 052 2(11.8) 5 (50.5) 4(23.5) 0.09
PCI with or without stent insertion, CABG 4(114) 1(11.1) 1.0 1(5.9) 3(30.0) 1(5.9) 0.1

(reported, history of)
Valve disease, history of or reported at echo 14 (40.0) 5(5559 0.75 8(47.1) 4 (40.0) 7(412) 0.78

or other cardiac disease
Other cardiac surgery or intervention 1(2.9) 1(11.1)  0.87 1(5.9) 0 (0.0 1(5.9) 0.74
Reduced cardiac contractility, history of or 12 (34.3) 6(66.7) 017 4 (23.5) 5(50.0) 9 (529) 0.18

reported at echo (EF < 55%), clinical HF
Other cardiac disease, history of 2(5.7) 0(0.0) 1.0 0(0.0) 0(0.0) 2(11.8) 0.19
Stroke (cerebral infarct or embolus) 1(29) 1(11.1) 087 2 (11.8) 0(0.0) 0 (0.0) 0.19
Anti-hypertensive medication (including beta-blockers) 28 (80.0) 9(100.0) 0.34 14 (82.4) 9 (90.0) 14 (82.4) 0.85
Beta-blocker use 22 (62.9) 9(100.0) 0.08 13 (76.5) 8(80.0) 10 (58.8) 0.40
Warfarin use 8(22.9) 4(444) 038 5(294) 4 (40.0) 3(17.6) 0.44
Thrombin/Xa inhibitor use 25 (71.4) 5(55.6) 0.61 12 (70.6) 5(50.5) 13 (76.5) 0.35
Aspirin and anti-platelet medication use 6(17.2) 0(0.0) 041 0(0.0) 4 (40.0) 2(11.8) <0.05
Lipid lowering medication 10 (28.6) 1(11.1) 052 1(59) 7(70.0) 3(17.6) <0.01
Diabetes medication 129 1(11.1) 087 1(5.9) 0(0.0) 1(5.9) 0.74
Digoxin 4(11.4) 3(333) 028 4(235) 1(10.0) 2(11.8) 0.54
Class lll anti-arrhythmic use 3(8.6) 4 (44.4) <0.05 4 (23.5) 0(0.0) 3(17.6) 0.26

Data are shown as mean (standard deviation) for continuous variables and % for categorical variables.

AF, atrial fibrillation; AF group: those that were not converted into sinus rhythm; CABG, coronary artery bypass graft; EF, ejection fraction; HF, heart failure; PCI, percutaneous
coronary intervention; recurrent AF: those that were successfully converted into sinus rhythm but had recurrent atrial fibrillation at follow-up; SR, sinus rhythm; SR group:
those successfully converted to sinus rhythm.

Table 2 Brain perfusion and cerebral blood flow at baseline

Baseline value SR group (n=17) AF group (n=10) Recurrent AF P-value
group (n=17)

ASL whole brain 366 (82) 340 (7.9) 361 (8.6) 073
ASL grey matter 402 (9.6) 372(94) 39.8 (103) 072
Total CBF® 557.4 (109.9) 588.8 (144.2) 5282 (110.5) 045
Relative BV 714 (4.6) 69.9 (2.3) 69.1 (37) 032
EF 57.6 (8.1) 57.6 (9.1) 55.5 (8.6) 083
BNP 1172.6 (950.1) 4373 (236.6) 9273 (584.2) 006

Data are age and sex adjusted and shown as mean (standard deviation). For ASL whole brain and grey matter the units were mL/min but for total CBF mL. BNP units were pg/
mL. Relative BV and EF are expressed as %.

AF, atrial fibrillation; AF group, those that were not converted into sinus rhythm; ASL, arterial spin labelling; BNP, brain natriuretic peptide; BP, brain perfusion; BV, brain vol-
ume; CBF, cerebral blood flow; EF, ejection fraction; recurrent AF, those that were successfully converted into sinus rhythm but had recurrent atrial fibrillation at follow-up; SR,
sinus rhythm; SR group, those successfully converted to sinus rhythm.

*Adjusted for brain volume.
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Table 3 Perfusion and cerebral blood flow values at MRI visit 1 and visit 2

Perfusion and cerebral blood flow

ASL whole brain SR group (n =17)
AF group (n = 10)
ASL grey matter SR group (n =17)

AF group (n = 10)
SR group (n =17)
AF group (n = 10)

Total cerebral blood flow”

First visit

363
344
399
378
555.2
586.8

Second visit

(19) 412(19) 49 (13) <0.001
(2.6) 32.8(2.6) —16(17) 036
23) 455 (2.3) 56 (14) <0.001
29) 359 (3.0) —19 (2.0) 034
(29.2) 613.8 (29.5)° 58.6 (24.1) <0.05
(38.2) 566.0 (39.9)° ~2038 (32.0) 052

Data are age and sex adjusted and shown as estimated marginal means (standard errors) using Kenward-Roger Degrees of Freedom Approximation. For ASL whole brain and

grey matter the units were mL/min but for total cerebral blood flow mL.

AF, atrial fibrillation; AF group, those that were not converted into sinus rhythm; ASL, arterial spin labelling; MRI, magnetic resonance imaging; recurrent AF, those that were
successfully converted into sinus rhythm but had atrial fibrillation at follow-up; SR, sinus rhythm; SR group, those successfully converted to sinus rhythm.

?Change between visits.
°Adjusted for brain volume.
N=9.
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T CB Flow

Figure | Box whisker plot of brain perfusion by ASL MRI in the grey matter of the brain and the whole brain and by phase contrast MRI of the total
cerebral blood flow in the SR group and the AF group before and after cardioversion. The right column for each parameter in both groups shown
the increment in perfusion and blood flow after a successful cardioversion or no change after an unsuccessful cardoversion. Total cerebral blood
flow measurements were scaled by a factor of 10. AF, atrial fibrillation; ASL, arterial spin labelling; MRI, magnetic resonance imaging; SR, sinus rhythm;

T CB Flow, total cerebral blood flow.

and that brain oxygenation and cerebral blood flow may be improved
after restoration of SR."*™"® Those studies used indirect methods for
measurement of cerebral blood flow and some investigated regional
perfusion only. Additionally, not all studies compared perfusion in
AF to perfusion in SR or included patients undergoing cardioversion
of AF.

In our study, we used the relatively novel method of ASL for mea-
suring brain perfusion. ASL is an accurate, non-invasive method for
directly measuring perfusion in the capillary bed of the whole brain in
a reliable and safe manner. At the same time, ASL makes it possible
to extract information on both regional and tissue level during the
same session.’®"” In a previous cohort study of ours we have shown
that the presence of AF was associated with lower cerebral blood

flow and estimated brain perfusion than in those in SR.® Decreased
brain perfusion and cerebral blood flow could be contributing factors
to reduced brain volume and subsequent cognitive impairment, al-
though the pathophysiologic mechanisms linking AF to cognitive im-
pairment are most likely complex and multifactorial. Cognitive
function has been recently been shown to improve after AF abla-
tion."® The results of our investigation on cerebral blood flow in AF
however show that reduced brain perfusion does occur with this ar-
rhythmia and that it may be reversible with return to SR, suggesting
that hypoperfusion could play a role. Other possible mechanisms
that might link AF with decreased brain volume include cerebral
microemboli from the heart, systemic inflammation, cerebral micro-

bleeds, and possibly even genetic factors.>'%2°
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Figure 2 Box whisker plot showing the change in brain perfusion by ASL MRl in the grey matter of the brain and the whole brain and by phase con-
trast MRI of the total cerebral blood flow in the SR group and the AF group after cardioversion. The upper columns show a positive change in perfu-
sion and cerebral blood flow in the SR group after a successful cardioversion, whereas the lower columns show no change in the AF group after an
unsuccessful cardioversion. Total cerebral blood flow measurements were scaled by a factor of 10. AF, atrial fibrillation; ASL, arterial spin labelling;

MRI, magnetic resonance imaging; SR, sinus rhythm.

Wolters et al.” showed in a recent population-based study that
lower cerebral perfusion measured by phase contrast MRI was linked
to accelerated cognitive decline and higher risk of developing demen-
tia, supporting this association, but interestingly this rather large study
of almost 5000 individuals did not report whether individuals had AF
or not. The mechanism of decreased perfusion in AF could be a com-
bination of reduced stroke volume due to variability in R-R intervals,
resultant changes in atrial filling and ventricular loading and simulta-
neous loss of atrial contractility. It is also conceivable that AF with a
rapid ventricular response might additionally result in even lower
brain perfusion. In this study, the rate control both before and after
cardioversion was adequate and therefore unlikely that heart rate
played a major role in the changes seen in brain perfusion.

Cardiovascular risk factors were similar between those in the SR
group and the AF group, suggesting that they did not play a significant
role in influencing the difference in measured perfusion of the brain
and cerebral blood flow. Atherosclerosis may, along with age and
autoregulation, affect the threshold for perfusion, but there was no
difference either in age or presence of coronary artery disease be-
tween the groups in the present study. Whether older brains are
more susceptible to the effect of reduced blood flow and perfusion is
not known, but Bunch et al#*" actually found more reduction of re-
gional cerebral blood flow in younger age groups with AF compared
to normal subjects and higher risk of Alzheimer disease in the youn-
ger age groups. However, it stands to reason that superimposed ath-
erosclerosis would further compromise the cerebral circulation,
possibly showing a consequent decline with advancing age.

In this study, restoration of SR resulted in improvement of perfu-
sion as opposed to individuals remaining in AF after unsuccessful car-
dioversion. These results may have important clinical implications.

The difference in both perfusion and blood flow after successful car-
dioversion was almost 15% measured by ASL and phase contrast
MRI'in the whole brain and grey matter. No changes in brain volumes
were detected pre- and post-cardioversion, although it should be
emphasized that the study cohort was younger than in previous stud-
ies showing an effect of AF on brain volume.>**?? Also, the time be-
tween the pre- and post-cardioversion MRI examination was only a
few weeks. Therefore, we did not include cognitive testing nor did
we actually expect this to be affected in such a short observation pe-
riod. The main focus was on changes in blood flow with SR in com-
parison to AF.

Whether all patients demonstrate these changes in perfusion is
not clear and larger studies would be needed to further investigate
this important effect of AF on brain perfusion and cerebral blood
flow, preferably with brain volume and cognition considered in addi-
tion to perfusion as endpoints. Whether maintenance of SR can then
delay onset of brain atrophy or cognitive decline also needs to be ex-
plored further although the results of this study are clearly intriguing.

Limitations

The sample in this study was rather small and hence yields low power
in statistical calculations. This was especially apparent in calculations
for total cerebral blood flow, due to high variability in measured val-
ues, even though there is high correlation with ASL.'® The initial goal
was to include a higher number of patients in this study but as indi-
cated in the Methods section 17 patients dropped out as they went
back in to AF during the period between the cardioversion and sec-
ond MRI Given the results of our much larger recent study
(n=2291) showing that patients in AF have lower total cerebral
blood flow and brain perfusion than those in SR, we were very
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Before cardioversion

Sustained AF

Cardioverted to SR

After cardioversion

Figure 3 Average brain perfusion of the whole brain before and after cardioversion measured by ASL MRI. Upper panel shows average baseline

brain perfusion of the AF group (left) and no detectable change (right) after an unsuccessful cardioversion. Lower panel shows baseline brain perfu-
sion in the SR group (right) and a visible improvement of perfusion with restoration of sinus rhythm after a successful cardioversion (left). The perfu-

sion is most prominent in the cortex of the brain where perfusion is naturally more apparent. The scale on the right shows colour coded perfusion,
with the lowest value (0 mL/100 g/min) being blue and the highest (60 mL/100 g/min) being red. AF, atrial fibrillation; ASL, arterial spin labelling; MRI,

magnetic resonance imaging; SR, sinus rhythm.

interested to evaluate if this phenomenon in AF patients could be re-
versed by cardioversion to SR. Despite the small sample, the results
do suggest that cerebral blood flow and brain perfusion improve after
restoration of SR which in our opinion is an important observation.
An important strength of this study is the use of ASL for measure-
ment of brain perfusion and the study design with individual observa-
tions both before and after cardioversion.

It can be difficult to ascertain whether individuals might have a brief
recurrence of AF or not after cardioversion or even pulmonary vein
ablation. Perhaps a Holter monitor for 24 h would have been of help
but nevertheless an AF free Holter monitor would not have excluded
a potential paroxysmal recurrence at another point in time during
the observation period. Ideally, an implantable loop recorder might
have been best for this purpose. In this study, however, clinical
follow-up with an ECG and brief interval history was chosen.

Conclusion

Restoration of SR in individuals with AF resulted in improvement of
cerebral blood flow. It has previously been suggested that subjects
with AF may have decreased cerebral blood flow, diminished brain
volume, and impaired cognitive function. These results imply that de-
creased cerebral blood flow might be one of the mechanisms of

cognitive decline in individuals with AF. The fact that this is reversed
with cardioversion to SR offers a proof of concept in kind and may
have important clinical implications, but requires further investigation,
preferably in a larger cohort and with longer follow-up.
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Abstract

Aortic stiffness, a marker of vascular aging that increases with cumulative exposure to vascular risk
factors, has been associated with cerebral hypoperfusion and structural brain changes. However, the
relationships between aortic stiffness, aging, and markers of brain health remain incompletely

characterized in population-based cohorts without overt cognitive impairment.

In a population-based sample of randomly selected descendants from a large community study (mean
age 62 years, range 5581 years), aortic stiffness was assessed using carotid—femoral pulse wave
velocity measured by applanation tonometry. Brain perfusion and structural brain measures were
assessed using magnetic resonance imaging, and cognitive performance was evaluated using

standardized neuropsychological tests. Participants were stratified by median CFPWV (8.6 m/s).

Participants with higher aortic stiffness were older, had higher heart rate and blood pressure, and more
frequently used antihypertensive medication. Total brain perfusion, grey matter perfusion, and white
matter perfusion were significantly lower in individuals with higher aortic stiffness. Relative brain
volume was lower, and white matter hyperintensity volume higher in unadjusted analyses, whereas
cognitive performance did not differ between groups. In multivariable models, increased aortic
stiffness was independently associated with lower total brain perfusion, whereas chronological age

was independently associated with lower brain volumes and greater WMH burden.

These findings suggest that aortic stiffening and chronological aging may represent related but distinct
contributors to brain health, with aortic stiffness primarily associated with alterations in brain
perfusion in this relatively young population-based sample. The association between aortic stiffness
and cerebral perfusion, but not structural brain measures, is consistent with the concept that alterations
in cerebral hemodynamics may represent an early manifestation of vascular aging preceding detectable
structural brain injury. These observations highlight vascular aging as an early hemodynamic link
between cardiovascular and brain health and underscore a potential window for vascular risk factor

management to preserve cerebrovascular function across the lifespan.
Key words

Aortic stiffness, brain perfusion, arterial stiffness, brain volume, cognitive impairment.



Introduction

Aortic stiffness, or large artery stiffening, has been increasingly recognized as a contributor to cerebral
small vessel disease and cognitive decline, suggesting that reduced aortic compliance may promote
microvascular dysfunction and brain tissue injury (1-3). In the cardiometabolic disease paradigm,
vascular risk factors promote structural and functional changes in the aorta, leading to increased
arterial stiffness and adverse cardiovascular outcomes (4,5). Although age and mean arterial pressure
are dominant cross-sectional correlates of carotid—femoral pulse wave velocity (CFPWV), arterial
stiffening is increasingly recognized not only as a consequence but also as a contributor to
cardiometabolic disease (5-7). As the aorta stiffens, its buffering capacity declines, increasing
transmission of pulsatile energy to distal microvascular beds, including the cerebral circulation (8,9).
Because the brain receives a large proportion of cardiac output and operates under low vascular
resistance, the cerebral circulation is particularly vulnerable to the hemodynamic load that can
contribute to changes in brain perfusion and subsequent structural brain injury and cognitive
impairment (10-16). Aortic stiffness reflects vascular aging and serves as an integrative marker of
cumulative hemodynamic stress (17,18). It can be measured noninvasively using applanation
tonometry as CFPWV and has previously been associated with lower global and regional brain
perfusion (10,19). However, the relationships between aging, aortic stiffness, and brain health remain
incompletely characterized in population-based cohorts. Therefore, this study examined the
associations of age and aortic stiffness with brain perfusion, brain structure, and cognitive function in

a population-based sample.
Materials and methods

The effect of aortic stiffness and age on brain perfusion, brain structure and function was studied in a
sample from the OffGen study. The OffGen study was designed to investigate neurologic,
cardiovascular, sensory, lifestyle and medical history differences among offspring of AGES-Reykjavik
Study participants. The AGES-Reykjavik Study is a large population-based study of descendants of
the Reykjavik Study; a total population study performed in Iceland in 1967-1994 (20,21). The OffGen
cohort (n = 956) was recruited in 2011-2015, with a mean age of 62 years (range 55-81 years) at
recruitment. The study involved selective analysis of subclinical disease and traits such as brain
morphology and function based on genetics and other profiles in parents. Here, we report the findings
from 269 OftGen participants randomly selected from the cohort who underwent pulse wave velocity
(PWYV) assessment using applanation tonometry, brain perfusion quantification and analysis of brain
structure with magnetic resonance imaging (MRI) as well as assessment of cognitive performance

using standardized neuropsychological tests.

Assessment of aortic stiffness with applanation tonometry as CFPWYV is an accurate and validated

method and considered the reference standard for non-invasive evaluation of aortic stiffness,



measuring the travel time of the arterial pulse wave (3,6,22). CFPWYV is a useful measure of vascular
aging and atherosclerotic risk and serves as a valuable risk stratification tool for preventive
intervention (1,3,23-25). Tonometric CFPWV provides an accurate direct and physiologically
grounded assessment of aortic stiffness, whereas oscillometric estimates of pulse wave velocity
(PWYV), another method of assessing aortic stiffness, are largely driven by age and systolic blood
pressure, and show limited independent agreement with measured CFPWYV after accounting for these

factors ((26,27).

The hemodynamic acquisition and analysis protocol of CFPWV, a measure of aortic wall stiffness, has
been described in detail before (28). In brief, following 15-20 minutes of supine posture, auscultatory
brachial blood pressure was assessed using a computer-controlled device automatically inflating the
cuff to a user preset maximum pressure and then precisely controlled deflation at 2 mmHg/second.
This device digitized and recorded mean and oscillometric cuff pressure, electrocardiogram (1000 Hz)
and a cuff microphone channel (12 kHz) throughout the inflation and deflation sequence so that all
blood pressure measurements could be over-read by the core lab (Cardiovascular Engineering, Inc.).
Applanation tonometry with electrocardiogram for measurement of regional pulse wave velocity
(PWV) was obtained from the brachial, radial, femoral, and carotid arteries using a custom transducer
(Cardiovascular Engineering, Inc.). Body surface measurements from suprasternal notch to pulse
recording sites were obtained by using a fiberglass tape measure for carotid, brachial, and radial sites
and a caliper for the femoral site. The time delay of the pulse wave between the sites was measured,
then divided by the distance (surface distance between carotid and femoral) as previously described by

Mithcell et al. (29).

Arterial spin labeling (ASL) MRI is a non-invasive method of measuring brain perfusion by using
magnetically labelled arterial blood water as an endogenous tracer for quantification of brain perfusion
in the capillary bed. Inflowing hydrogen nuclei in the arterial blood water are magnetized, and the
water molecules first labeled just proximally to the area to be imaged and then imaged for direct
quantification of total or regional brain perfusion in the capillary bed (Figure 1). The perfusion image
reflects the amount of arterial blood delivered to each voxel, measured in units of milliliters of blood
flow per gram of tissue per unit (mL/g/min) determining the delivery rate of oxygen and nutrients to
the capillary bed (30,31). ASL provides both high temporal and spatial resolution for measurement of

perfusion and is both reliable and easily repeatable for multiple measurements (31-34).

All participants without contraindication for MRI underwent a brain scan on a 1.5-T Signa Excite
Twinspeed system (General Electric Medical Systems, Waukesha, WI, USA). The perfusion scan
protocol included acquisition of 3-dimensional pseudo-continuous ASL (pCASL) perfusion sequences
for calculation of brain perfusion with post-labelling delay of 1525 ms (30,35). Quantitative ASL

perfusion maps were calculated for the total brain, total grey matter (GM), and total white matter



(WM) using a validated automated image post-processing pipeline (30,35). Additionally, anatomical
imaging sequences of the whole brain were made for calculations of brain tissue volumes;
cerebrospinal fluid, GM, WM as well as WM hyperintensities (WMH) that were segmented with a
validated automatic image post-processing pipeline (35,36). Total brain volume (TBV) was computed
in milliliters (mL) as the sum of GM volume, WM volume, and WMH volume. The intracranial
volume (ICV) was computed as the sum of TBV and cerebrospinal fluid volume (CSF) volume. Brain
volumes in this study were normalized to intracranial volume and presented as percentages of
intracranial volume. The anatomical imaging scan protocol included a T1-weighted 3-dimensional
spoiled gradient echo sequence, a proton density/T2-weighted fast-spin echo sequence, a T2-weighted
gradient echo-type echo planar imaging sequence, and a T2-weighted fluid-attenuated inversion
recovery (FLAIR) sequence. All images were acquired to give full brain coverage in the oblique-axial
plane. Details on the MRI acquisition and flow measurement have previously been described
elsewhere in the AGES-Reykjavik brain MRI image acquisition protocol (35). The operators of the
MRI system and the MR image analysts were blinded to all clinical information on the study
participants. For cognitive testing, the Mini-Mental State Examination and the Digit Symbol
Substitution Test were administered to all participants. Cognitive impairment was classified as 23
points or lower on the mini-mental state examination (MMSE) and 17 or lower on digit symbol

substitution test (DSST).

This study was a cross-sectional observational analysis. For characteristics comparison, participants
were divided into two groups (lower and higher aortic stiffness) based on the median CFPWV (8.6
m/s). For regression models, the negative inverse transformation of CFPWV (niCFPWV) was used to
normalize the right-skewed distribution due to non-linear age- and pressure-related aortic stiffening
and to reduce heteroskedasticity of CFPWV (niCFPWV= -1000/CFPWYV) (37). Analysis of brain
perfusion and relative brain volume was performed using generalized linear models with age and sex
adjustment, as well as adjustment for heart rate, mean arterial pressure (MAP), use of antihypertensive
medication and cognitive measures. The assumption of a normal distribution of the residuals from the
continuous perfusion measures was verified by inspecting qq-plots of residuals from the regression
models. All analyses were performed using R Statistical Software version 4.4.2. Data were presented
as mean (standard deviation) for continuous variables and as % for categorical variables. A p-value

<0.05 was considered statistically significant.

The study was approved by the National Bioethics Committee in Iceland, which acts as the
Institutional Review Board for the Icelandic Heart Association and the National University Hospital
(VSN 11-047), as well as the Icelandic Data Protection Authority. Informed written consent was
obtained from all participants. Language improvement was assisted by ChatGPT (OpenAl; GPT-5.3),
accessed in November 2025. No Al tools were used for data analysis or generation of results. The

authors take full responsibility for the content.



Results

The sample consisted of 269 men and women aged 58 to 76 years (mean age 62 years). In unadjusted
analyses, individuals with higher CFPWYV were older, had higher heart rate and blood pressure,
including higher mean arterial pressure (MAP), and were more likely to use antihypertensive
medication (Table 1). They also had significantly lower brain perfusion in the total brain, the GM, and
the WM (Table 1, Figures 2 and 3). Relative total brain and GM volume were lower and WMH
volume higher in individuals with higher aortic stiffness, whereas cognitive performance did not differ
between groups (Table 1). Across increasing quintiles of niCFPWYV, median total brain perfusion
progressively decreased, with the highest perfusion values observed in the lowest quintile and lower
values in higher quintiles (Figure 4). In multivariable regression analyses, increased aortic stiffness
remained independently associated with lower total brain perfusion after adjustment for age, sex,
MAP, heart rate, and antihypertensive medication (Table 2). In contrast, aortic stiffness was not
independently associated with relative total brain, GM, WM, or WMH volume. Older age was not
independently associated with total brain perfusion but was independently associated with lower
relative total brain, GM, and WM volume and higher WMH volume (Table 2). MAP was not
significantly associated with total brain perfusion, but higher heart rate was associated with higher

total brain perfusion and lower relative GM volume (Table 2).
Discussion

The main finding of this study is that increased aortic stiffness, quantified by CFPWV, was
independently associated with lower total brain perfusion in a population-based sample after
adjustment for age, sex, heart rate, MAP, and antihypertensive medication use. Total brain perfusion
demonstrated a stepwise decrease across increasing quintiles of niCFPWV, and despite overlapping
interquartile ranges, the central tendency progressively shifted toward lower perfusion with increasing
arterial stiffness. These findings are consistent with the concept that declining buffering capacity of the
proximal aorta in aortic stiffness and advancing age may alter cerebral hemodynamics by increasing
transmission of pulsatile energy to the high-flow, low-resistance cerebral microvasculature (38,39).
Chronic exposure to excessive pulsatility may promote vascular damage through vascular remodeling,
impaired cerebrovascular reactivity, and increased vascular resistance, ultimately leading to reduced
brain perfusion (9,14,18). Intact resistance vessel reactivity is essential for cerebral autoregulation and
an adequate hyperemic response that, if impaired, may predispose the brain to transient hypotensive

ischemia and hypertensive injury (11).

Relative total brain volume and GM volume were smaller in individuals with higher aortic stiffness in
unadjusted analyses; however, these associations with structural brain measurements were attenuated
after multivariable adjustment. Similarly, WMH volume was greater in participants with higher aortic

stiffness in the unadjusted model, reflecting increased small vessel disease burden, but this association



was also attenuated after adjustment. This may reflect the relatively small WMH burden in this
comparatively younger population-based sample. Other studies have reported associations between
increased aortic stiffness and higher WMH volume, as well as between aortic stiffness and brain
atrophy, another marker of small vessel disease, suggesting that aortic stiffening may accelerate age-
related brain changes across the adult lifespan (14,40). Loss of GM volume as observed in our study
may represent a downstream consequence of chronic microvascular injury and hypoperfusion (11,41).
Hemodynamic changes may therefore precede structural brain injury and may become more apparent

in older populations with longer exposure to vascular risk factors.

In this study, chronological age was a strong independent determinant of lower relative total brain and
GM volume, as well as higher WMH volume. Aortic stiffness represents a vascular manifestation of
biological aging and may capture cumulative hemodynamic stress not fully reflected by chronological
age alone. In contrast, aortic stiffness was associated with alterations in brain perfusion rather than
structural brain measures after multivariable adjustment. This pattern suggests that the hemodynamic
effects of vascular aging may be more readily detectable in dynamic measures such as brain perfusion,
whereas structural brain changes may reflect cumulative biological aging processes. In this relatively
young sample, the effects of vascular aging on brain volume and atrophy may therefore not yet be

readily apparent.

No significant differences in cognitive performance were observed between individuals with lower
and higher aortic stiffness, which may reflect the relatively young age and preserved cognitive
function of this sample. In a larger community-based study of older individuals, including parents of
the Offspring cohort, Mitchell et al. reported associations between increased aortic stiffness, brain
tissue damage and cognitive impairment (3). Microvascular damage and subsequent vascular
remodeling may represent a mechanistic link between increased aortic stiffness, WMH burden, brain

atrophy, and cognitive impairment (3).

In our study, increased aortic stiffness was associated with lower total brain perfusion independent of
potential confounders such as MAP. In contrast, higher heart rate was positively associated with total
brain perfusion, likely reflecting acute hemodynamic influences on brain perfusion rather than
cumulative vascular changes. Because perfusion is a dynamic physiological measure sensitive to pulse
wave transmission, it may be affected earlier than structural brain measures such as brain volume,
which may reflect the stronger association between aortic stiffness and perfusion compared with

structural brain changes observed in this study.

Chronic microvascular damage and cerebral hypoperfusion associated with increased aortic stiffness
share common upstream determinants with other age-related cardiovascular conditions, highlighting
aortic stiffness as a marker of vascular aging and cumulative vascular risk exposure. The predictive

value of individual cardiovascular risk factors may diminish with advancing age because of selective



survival and increasing comorbidity, whereas aortic stiffness reflects the cumulative impact of lifelong
vascular exposures (42—45). Because aortic stiffening often precedes the development of hypertension,
assessment of CFPWYV may provide complementary information about cerebrovascular risk beyond
traditional cardiovascular risk factors (23,46,47). Consistent with this concept, the prevalence of
increased aortic stiffness rises markedly with age and contributes substantially to cardiovascular and

cerebrovascular disease burden (5).

The transmission of pulsatile energy to the cerebral circulation is influenced by impedance mismatch
between the compliant aorta and stiffer branch arteries. In healthy young individuals, this impedance
mismatch promotes wave reflection that limits transmission of pulsatile energy to the microcirculation.
With advancing vascular aging, progressive impedance matching reduces wave reflection and allows
greater transmission of pulsatile energy into distal vascular beds, including the cerebral
microcirculation (6,48). This mechanism may partly explain the association between increased aortic

stiffness and reduced brain perfusion observed in the present study.

Importantly, arterial stiffness is influenced by modifiable factors, including lifestyle behaviors and
vascular risk factor control, and may be partially attenuated by antihypertensive therapies that reduce
pulse pressure (14,49). Aortic stiffness may therefore provide complementary information about
vascular health beyond chronological age or hypertension alone. The graded reduction in brain
perfusion across stiffness quintiles observed in this study supports the hypothesis that increased
arterial stiffness contributes to altered cerebral hemodynamics. Measurement of CFPWV may thus
have value for cardiovascular risk stratification and prevention, although, whether reductions in
arterial stiffness translate into prevention of age-related cognitive impairment remains uncertain

(17,39,50).
Conclusion

In conclusion, increased aortic stiffness was independently associated with lower total brain perfusion
in this population-based sample, supporting the concept that vascular aging may influence cerebral
hemodynamics. In contrast, structural brain changes were more strongly associated with chronological
age than with aortic stiffness in this relatively young sample. These findings suggest that alterations in
brain perfusion may represent an early hemodynamic manifestation of vascular aging that precedes
detectable structural brain injury. Because arterial stiffness reflects the cumulative impact of lifelong
vascular exposure and remains influenced by modifiable risk factors, its assessment may provide
valuable insight into cerebrovascular health and the long-term consequences of vascular aging. These
observations underscore the potential importance of preventive measures and vascular risk factor

management to preserve brain perfusion and maintain brain health across the adult lifespan.
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Table 1. Subject characteristics comparison between subjects with lower and higher CFPWV split by median
CFPWYV (8.6 m/s).

Age (years) 61.9 (3.7) 63.7 (4.2) <0.001
Sex (% men) 58 47 >0.05
Systolic BP (mm Hg) 118.5(12.9) 130.0 (14.3) <0.001
Diastolic BP (mm Hg) 61.2 (8.4) 65.2 (8.7) <0.001
Mean arterial pressure 83.0 (9.4) 90.2 10.4) <0.001
(mm Hg)

Heart rate (bpm) 59.8 (8.2) 66.1 (9.7) <0.001
Anti-hypertension 41 59 <0.05

medication use

Total brain perfusion 51.0 (9.3) 46.7 (9.9) <0.001
(mL/100g/min)

Grey matter perfusion 57.0 (10.7) 52.0 (11.3) <0.001
(mL/100g/min)

White matter perfusion 42.6 (7.7) 39.4(7.9) <0.001
(mL/100g/min) unit

Relative total brain volume 81.8 (2.5) 80.9 (2.7) <0.01
(%)

Relative grey matter 49.3 (1.8) 48.7(1.9) <0.05

volume (%)

Relative white matter 32.5(1.6) 32.2 (1.6) >0.05
volume (%)

WMH volume* (%) 0.39 1.01 <0.05

MMSE score 28.2(1.6) 28.3(1.6) >0.05

DSST score 48.4 (10.5) 47.0 (11.0) >0.05




CFPWV: carotid-femoral pulse wave velocity, BP: systolic blood pressure, WMH: white matter hyperintensities,
MMSE: mini mental-state examination, DSST: digit symbol substitution test. Values are shown as mean
(*median) (standard deviation) for continuous variables and % for categorical variables.

Table 2. Multivariable associations of aortic stiffness with total brain perfusion and relative total brain volume,
adjusted for age, sex, heart rate, mean arterial pressure and antihypertensive medication use.

Age -0.22 0.15 >0.05
5.10 1.15 <0.001

Sex
HR 0.17 0.07 <0.05
MAP -0.03 0.06 >0.05
HTN med -1.84 1.28 >0.05
HCFPWV -0.08 0.03 <0.01
A -0.26 0.04 <0.001

ge
S 1.41 0.30 <0.001

ex
HR -0.03 0.02 >0.05
MAP -0.01 0.02 >0.05
HTN med -0.20 0.31 >0.05
niCFPWV 0.003 0.01 >0.05

-0.19 0.03 <0.001

1.17 0.21 <0.001




HR -0.04 0.01 <0.05
MAP 0.004 0.01 >0.05
HTN med -0.37 0.21 >0.05
niCFPWV 0.0001 0.01 >0.05

Age -0.07 0.03 <0.01
Sex 0.25 0.21 >0.05
HR -0.002 0.01 >0.05
MAP -0.009 0.01 >0.05
HTN med 0.18 0.21 >0.05
niCFPWV 0.002 0.01 >0.05
Age 0.31 0.07 <0.001
Sex 0.07 0.55 >0.05
HR -0.02 0.03 >0.05
MAP -0.01 0.03 >0.05
HTN med 0.22 0.56 >0.05
niCFPWV 0.02 0.01 >0.05

CFPWV: carotid-femoral pulse wave velocity, HR: heart rate, MAP: mean arterial pressure, HTN med:
antihypertensive medication, niCFPWV: negative inverse carotid-femoral pulse wave velocity, WMH: white

matter hyperintensities.




pCASL labeling

Figure 1. ASL planning with labeling plane at the upper cervical spine (orange) perpendicular to the carotid and
basilar artery and image volume (green). PCASL: pseudo-continuous ASL.

Group 1 (n=134, CFPWV <8.6m/s) Group 2 (n=135, CFPWV >8.6m/s) 80

Figure 2. Average brain perfusion map split by median CFPWV (8.6 m/s) measured by ASL MRI. On the left
the group with lower cfPWYV (<8.6 m/s) is pictured, and on the right the group with higher cfPWV(>8.6 m/s) is
pictured. The perfusion is most prominent in the cortex of the brain, where perfusion is naturally most apparent.
The scale on the right shows color coded perfusion, with the lowest value (0 mL/100g/min) being blue and the
highest (60 mL/100g/min) being red. CFPWV; carotid-femoral pulse wave velocity, ASL; arterial spin labeling;
MRI; magnetic resonance imaging.



Group 1 (n=134, CFPWV <8.6m/s) Group 2 (n=135, CFPWV >8.6m/s)

Figure 3. Sample MRI from group 1 and group 2. Average brain perfusion map split by median CFPWV (8.6
m/s) measured by ASL MRI. On the left the group with lower CFPWYV (<8.6 m/s) is pictured, and on the right
the group with higher CFPWV (>8.6 m/s) is pictured. The perfusion is most prominent in the cortex of the brain,
where perfusion is naturally most apparent. The scale on the right shows color coded perfusion, with the lowest
value (0 mL/100g/min) being blue and the highest (60 mL/100g/min) being red. CFPWV; carotid-femoral pulse
wave velocity, ASL; arterial spin labeling; MRI; magnetic resonance imaging.
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Figure 4. Global brain perfusion across quintiles of negative inverse carotid femoral pulse wave velocity
(niCFPWYV). globalbrain: total brain perfusion, icfpwvq5: aortic stiffness as negative inverse carotid-femoral
pulse wave velocity across increasing quartiles of negative inverse carotid-femoral pulse wave velocity.
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