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Abstract 

Cerebral small vessel disease (cSVD) is prevalent in the aging population 
and is believed to be an important contributor to cognitive decline, 
dementia, and stroke. The underlying mechanisms of cSVD remain largely 
unknown but are potentially linked to cerebral arterial stiffening. With age 
and vascular risk factors, the arteries lose their elasticity, facilitating 
transmission of pulsatile blood flow to the brain which potentially harms 
the microvasculature through processes involving blood-brain barrier 
(BBB) disruption. However, the association between cerebral arterial 
stiffness and cSVD is understudied, likely due to the lack of measurement 
techniques.  

Another potential pathway through which brain health can be affected in 
aging is via its waste clearance system. It entails flow of cerebrospinal fluid 
(CSF) from the subarachnoid space (SAS) through the brain via 
perivascular pathways, enabling clearance of interstitial solutes along the 
way. Here the CSF production, as well as the cyclic motion of the arterial 
walls are thought to drive the fluid flow. In line with this, studies have 
demonstrated that injected contrast agents propagate along the major 
cerebral arteries, although the separate contributions from diffusion and 
bulk flow are still to be determined. 

The aim of this thesis was to propose methods to assess key parameters 
believed to influence brain health in the ageing population, specifically 
stiffness of, and CSF transport along, the major cerebral arteries. 
Furthermore, the aim was to employ the proposed techniques in relevant 
cohorts to study physiological and pathological processes. 

Using whole-brain 4D flow MRI and leveraging the stiffness-dependent 
time-delays between blood flow waveforms sampled at increasing depths 
in the cerebral arterial tree, allowed the quantification of a global cerebral 
pulse wave velocity (gcPWV). We demonstrated that challenges 
introduced by low temporal resolution could be handled by utilizing the 
vast number of potential measurement points along the extent of the 
cerebrovascular tree (Paper I). We also showed that gcPWV did not 
critically depend on the included vascular depth (Paper II), or the 
inclusion of specific arterial branches, and that it demonstrated 
robustness to large reductions in the amount of input data, as well as the 
expected sensitivity to age (Paper I).  



 

iv 

In a population-based cohort, higher gcPWV was associated with white 
matter hyperintensity (WMH) volume, the most frequently recognized 
feature of cSVD (Paper II). gcPWV was also associated to change in WMH 
volume over a 2.5-year period (Paper III). However, controlling for 
baseline WMH volume suppressed this relationship, suggesting that the 
predictive nature of gcPWV at an already old age and over a short time 
window was limited.  

Furthermore, gcPWV showed no association with BBB permeability. 
Combined with an absence of the previously suggested link between 
WMH volume and BBB permeability, this finding suggests that increased 
BBB permeability is unlikely to be a primary pathway for cSVD 
progression in its early stages (Paper III).  

To investigate CSF diffusion and bulk flow, we studied contrast 
propagation following intrathecal gadolinium injection in patients 
evaluated for idiopathic normal pressure hydrocephalus (Paper IV). 
Quantitative MRI was used to measure contrast concentrations at 
baseline and 3, 5, and 7 hours post-injection. By applying an optimization 
approach based on the 1D advection-diffusion equation, we identified 
contributions from both diffusion and bulk flow, with movement 
occurring in an antegrade direction along the major cerebral arteries in 
the SAS. The measured diffusivity was significantly higher than that of 
self-diffusion, indicating enhanced diffusion-like behavior. Notably, the 
bulk flow component matched the magnitude expected from intrinsic CSF 
production and absorption. 

In conclusion, using 4D flow MRI we developed a robust measurement 
approach to assess global cerebral arterial stiffness, quantified as gcPWV. 
Our findings showed that gcPWV was associated with both age and cSVD 
features, suggesting a role for macrovascular dysfunction in cSVD. 
However, from a longitudinal perspective, gcPWV had limited predictive 
value for cSVD development. Additionally, BBB leakage was not 
associated with gcPWV or WMH volume, indicating that BBB disruption 
was unlikely to be the primary pathway for disease progression in this 
cohort. Using a novel approach to assess gadolinium propagation along 
major arteries in the SAS, we identified an enhanced diffusion behavior 
and a bulk flow magnitude consistent with intrinsic CSF production and 
absorption. This highlights the role of classical CSF circulation in 
delivering fresh CSF for brain clearance. 
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Abbreviations 

ACA  Anterior cerebral artery 

AcoA  Anterior communicating artery 

AD  Alzheimer’s disease 

BA  Basilary artery 

BBB  Blood-brain barrier 

CCA  Common carotid artery 

CD  Complex difference 

CSF  Cerebrospinal fluid 

cSVD  Cerebral small vessel disease 

DCE  Dynamic contrast enhanced 

FLAIR  Fluid attenuated inversion recovery 

FSPGR  Fast spoiled gradient echo  

Gd  Gadolinium 

gcPWV  Global cerebral pulse wave velocity 

ICA  Internal carotid artery 

iNPH  Idiopathic normal pressure hydrocephalus 

ISF  Interstitial fluid 

MCA  Middle cerebral artery 

MCI  Mild cognitive impairment 

MRI  Magnetic resonance imaging 
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NUV  Neurovascular unit 

PCA  Posterior cerebral artery 

PCMRI Phase contrast MRI 

PC-VIPR Phase contrast vastly undersampled isotropic-voxel 
projection reconstruction 

PcoA  Posterior communicating artery 

PI  Pulsatility index 

PVS  Perivascular spaces 

PWV  Pulse wave velocity 

SAS  Subarachnoid space 

SPGR  Spoiled gradient echo 

SSS  Superior sagittal sinus 

VA  Vertebral artery 

𝑣𝑒𝑛𝑐  Velocity encoding 

WMH  White matter hyperintensity 
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Populärvetenskaplig sammanfattning 

på svenska 

Inom det kommande århundradet förväntas andelen människor över 65 
år att öka kraftigt. För att öka livskvalitén bland den åldrande 
befolkningen kommer det behövas mer forskning relaterad till hjärnans 
hälsa. Vi vet att kärlsjukdomar bidrar till försämrat minne, demens och 
åldrande i hjärnan. En typisk åldersförändring i hjärnan kallas för 
cerebral småkärlssjukdom (cSVD), men de bakomliggande 
mekanismerna är fortfarande oklara. Med ålder stelnar blodkärlen och 
påverkar blodflödet till hjärnan. Specifikt har man sett att blodflödet blir 
mer pulserande, vilket tros koppla till småkärlssjukdom. Den ökade 
pulserande kraften tros skada hjärnans små blodkärl, vilket i sin tur kan 
leda till skador på blod-hjärnbarriären och en försämrad blodförsörjning. 
Stelhet har framför allt studerats i stora kärl, men även hjärnans egna 
blodkärl kan bli stelare – men detta är svårare att studera eftersom vi 
saknar bra mätmetoder. Med hjälp av magnetkamerateknik för att mäta 
blodflöde utvecklade vi en matematisk metod för att studera kärlstelhet, 
specifikt i hjärnans blodkärl. Vi kunde se att hjärnans kärl var stelnade 
bland äldre, samt att äldre individer med stela blodkärl visade typiska 
tecken på tidig cSVD, även om det prediktiva värdet av kärlstelhet var 
begränsat. Däremot kunde vi inte se samband med skador på blod-
hjärnbarriären. 

En annan potentiellt viktig faktor för hjärnans hälsa är ett välfungerande 
system för att transportera bort avfall. För detta nyttjar hjärnan vätskan 
som omger den, den så kallade cerebrospinalvätskan (CSF). Denna vätska 
rör sig längs utrymmen runt hjärnans blodkärl och sedan genom hjärnans 
egen vävnad där den tar med sig restprodukter som kan vara skadliga. 
Enligt vissa teorier pumpas CSF framåt med hjälp av kärlväggarnas 
rörelser. Därmed kan stelhet i hjärnans blodkärl påverka även detta 
system negativt. Mycket kring detta system är dock obekräftat. Genom att 
spruta in kontrastvätska i ryggmärgskanalen och ta bilder med en 
magnetkamera, kan man studera på vilket sätt den sprider sig i CSF. Med 
hjälp av denna metod och matematisk modellering utvecklade vi ett sätt 
att karaktärisera transporten. Vi fann att både diffusion och bulkflöde 
bidrog, och att det senare var i nivå med vad man kan förvänta sig utifrån 
hjärnans produktion och upptag av CSF. 
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Sammanfattningsvis så utvecklade vi i min avhandling två metoder för att 
mäta faktorer som tros vara viktiga för hjärnans hälsa i den åldrande 
populationen. Med hjälp av dessa metoder kunde vi se att kärlstelhet var 
högre bland de äldre och var kopplad till typiska tecken på cSVD, men inte 
till skador på blod-hjärnbarriären. Vi fann också att flödet av CSF längs 
hjärnans kärl följde ett mönster som tyder på att hjärnans klassiska CSF-
cirkulation spelar en viktig roll i att tillföra ny vätska som kan rensa avfall 
från hjärnan. 
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Introduction 

Within the next century, the proportion of people aged 65 years or older 
is expected to grow dramatically1, necessitating extensive research into 
diseases common among older adults. Improving brain health and 
developing innovative methods to understand, diagnose, and treat 
cognitive decline and stroke are central focuses that could significantly 
enhance the quality of life for the elderly. This notion arises from 
observations that vascular risk factors, such as hypertension, diabetes, 
and hyperlipidemia, heighten the risk of cognitive decline, dementia, and 
stroke2,3.  

Aging and vascular risk factors reduce the elasticity of blood vessels, 
altering the transmission of cardiac pulses to the brain4. This 
phenomenon could potentially contribute to or reflect disease 
progression. One of the most recognized vascular diseases of the brain is 
cerebral small vessel disease (cSVD), a multifaceted condition involving 
various brain lesions visible on magnetic resonance imaging (MRI)5. 
These lesions progressively worsen with age and are significant 
contributors to cognitive decline, dementia, gait disturbances, mood 
disorders, and stroke6. Despite the high prevalence of cSVD-related 
lesions in the elderly, the underlying vascular mechanisms remain poorly 
understood. 

In another direction of research, which also has potential impact on 
understanding cognitive decline and dementia, light has been shed on the 
brain’s housekeeping function, the glymphatic system, which clears 
metabolic waste products7. This system relies on the continuous perfusion 
of fluid through brain tissue, carrying away unwanted molecules. 
Cerebrospinal fluid (CSF), which bathes the entire central nervous system, 
is critical to this process. Interestingly, the glymphatic system is 
hypothesized to depend heavily on the vascular system7. Fresh CSF flows 
along major arterial branches, not only at the  surface of the brain but also 
into the tissue as arteries penetrate down to the capillary bed, and the flow 
of CSF appears tightly synchronized with vascular impulses, driven by 
cardiac activity or slower vasomotion8. 

Beyond detecting cSVD-related lesions, MRI allows for the detailed 
investigation of both the cerebrovascular and CSF systems. Using 
specialized imaging sequences, MRI can detect particle motion, enabling 
blood flow to be imaged and quantified. A notable example is 4D flow 
MRI, which can provide time-resolved flow waveforms across the entire 
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cerebral vascular network9,10. Additionally, in studies involving the 
injection of MRI contrast agent into the CSF, post-injection MRI enables 
the visualization and measurement of contrast spread in space and time, 
offering insights into CSF and glymphatic system dynamics10.  

Despite MRI’s strengths in visualizing cerebral vasculature and CSF flow, 
significant potential challenges remain in extracting deeper insights by 
characterizing the properties and dynamics of each system. One critical 
parameter is cerebral vascular stiffness, a central element in many 
hypotheses about vascular aging and brain health. Another key aspect is 
understanding the mechanisms driving CSF flow, which are thought to 
supply the glymphatic system with fresh fluid for optimal waste clearance. 

In the work included in this thesis, we propose using mathematical 
models of flow transmission to extract these key parameters using MRI. 
This approach allows for a more comprehensive characterization of the 
vascular and CSF systems, surpassing what can be gleaned from the 
unprocessed data. Beyond developing these techniques, we apply them to 
relevant populations to explore fundamental biofluid mechanics and 
associations with disease. 
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Background 

In this section, a brief background is provided to give context and motivate 
the research questions that have fueled the work performed over the 
course of the PhD. 

The cerebral vasculature 

Although the brain constitutes only two percent of the body weight11, it 
consumes at least twenty percent of the body’s total energy.11,12 To support 
such high metabolic demand, the brain receives more than fifteen percent 
of the cardiac output13 via the cerebral vasculature, or more specifically, 
via the anterior and posterior cerebral circulation (see Figure B1).  

The vascular supply 

The heart pumps blood from the left ventricle into the aorta. From the 
aortic arch it then passes into the left common carotid artery (CCA), or via 
the brachiocephalic artery into the right CCA, to supply the left and right 
internal carotid arteries (ICA). These constitute the start of the anterior 
cerebral circulation. Within the intracranial compartment, the ICAs then 
branch into the left and right middle cerebral arteries (MCA) and anterior 
cerebral arteries (ACA) that run along the lateral as well as the anterior 
and superior parts of the brain, respectively. Together they supply the 
frontal, temporal, and parietal lobes with blood. The left and right ACAs 
are further connected at the base via the anterior communicating artery 
(AcoA), thus creating a connection between the left and right side of the 
brain.14  

The posterior cerebral circulation receives blood via the left and right 
vertebral arteries (VA) that stem from the subclavian arteries originating 
from the aorta. The VAs join together to form the basilar artery (BA) that 
branches into the left and right posterior cerebral arteries (PCA) 
supplying the occipital lobe, i.e. the posterior part of the brain.14  

The posterior and anterior circulations are joined together via the left and 
right posterior communicating arteries (PcoA), connecting the last 
segment of the ICAs to the first segment of the PCAs. The vascular “ring” 
created by the ICA, ACA, PCA and the communicating arteries is called 
the circle of Willis, and acts as a hub that redistributes blood flow  
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Figure B1. (A) A schematic view of the arterial blood supply from the 
aortic arch to the major arteries of the anterior (ICA, ACA and MCA) and 
posterior (VA, BA and PCA) cerebral circulation. (B-D) A MRI 
angiogram depicting the cerebral arteries in sagittal (Sag), coronal 
(Cor) and axial (Ax) views (image B, C and D, respectively). 
Abbreviations: ACA - Anterior cerebral artery, AcoA - Anterior 
communicating artery, BA - Basilar artery, CCA - Common carotid 
artery, ICA - Internal carotid artery, MCA - Middle cerebral artery,  
PCA - Posterior cerebral artery, PcoA - Posterior communicating artery, 
VA - Vertebral artery, SSS - Superior sagittal sinus.   
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if one of the primary supply routes, through one of the ICAs or VAs, 
becomes impaired15. The total cerebral blood flow is around 600-700 
mL/min, measured as the sum of the blood flow rate in the ICAs and VAs. 
The anterior circulation receives roughly 2/3 (ICA 36-38%, MCA 21-22% 
and ACA 11-12% per side) while the posterior circulation receives 
approximately 1/3 (VA 12-15%, BA 19-20% and PCA 8-9% per side)16,17.  

Following continuous branching of the ACA, MCA, and PCA, the arterial 
network spreads to cover the surface of the brain prior to penetrating the 
brain tissue. Along the way, arteries branch into arterioles and finally 
capillaries, where tissue perfusion takes place. Following the capillaries, 
the blood is drained into venules, the smallest vessels on the venous side 
of the circulation. Arterioles, capillaries and venules are commonly 
referred to as the microcirculation. The venules then merge to form larger 
veins and eventually sinuses, transporting the blood away from the brain 
on its journey back towards the heart.  

Arterial characteristics 

The aorta and its major branches (i.e. the brachiocephalic artery, 
subclavian artery and CCA) are considered elastic arteries. These are 
characterized by vessel walls with prominent elastic properties, as 
opposed to muscular arteries (VA, BA, PCA, ICA, ACA and MCA) that 
contain a larger amount of smooth muscle cells, less elastic fibers and a 
more prominent outermost layer of connective tissue. The elastic arteries 
play a primary role in enabling an uninterrupted blood flow throughout 
the cardiac cycle, while at the same time reducing blood flow pulsatility 
created by the heart18. This is achieved by enabling an intermittent blood 
volume storage and pressure reservoir according to the Windkessel 
function. As the heart ejects blood during systole, the pressure in the 
arterial system increases, causing the arteries to expand and store part of 
the blood. Then, as the heart relaxes during diastole, the heart valve 
closes, the injection of blood stops, and the pressure decreases, allowing 
the arteries to recoil. As they do, the stored blood is released and pushed 
towards the cerebral vasculature19. In addition to the Windkessel function, 
the impedance (resistance in a system with an alternating flow) difference 
between the elastic arteries (low impedance) and the succeeding 
branching arteries (high impedance) creates a protective mismatch that 
prohibits transmission of excessive pulsatile energy by partially reflecting 
the incident pressure wave. These reflected waves then return to the 
elastic arteries during diastole where they help boost the blood flow20.  
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The primary role of the muscular arteries is to maintain vascular tone and 
distribute blood to the arterioles. Arterioles, on the other hand, play a key 
role in regulating cerebral blood flow by changing the vascular resistance. 
As described by Poiseuille’s law, the resistance that a vessel can exert on 
fluid flow is proportional to 1/𝑟𝑎𝑑𝑖𝑢𝑠4, meaning that a small change in 
radius causes a large change in vascular resistance. Be it through direct 
neuronal innervation or by chemical mediators, smooth muscle cells 
cause the vessels to contract (increasing vascular resistance) or dilate 
(decreasing vascular resistance), with a subsequent decrease or increase 
in cerebral blood flow, respectively21. Finally, the capillaries are the site 
for tissue perfusion, where nutrients and waste products are exchanged. 
Capillaries and arterioles are further part of the neurovascular unit 
(NVU). 

The neurovascular unit 

 
Figure B2. An illustration of the of the neurovascular unit (NVU). From 
the left to the right: penetrating arteriole, pre-capillary arteriole and 
capillary. The NVU consists of the astrocytes and their end-feet (green), 
pericytes or smooth muscle cells (dark and bright blue respectively) and 
the endothelium (pink) together with the neurons (not included in the 
figure). Along the penetrating arterioles the vascular and astrocytic cells 
are separated by the perivascular space (off-white). 

The NVU is a small functional unit located at the level of the arterioles and 
capillaries. It comprises neurons and astrocytes linked together with the 
endothelial cells lining the inside of the vessel wall, as well as with the 
smooth muscle cells and pericytes (sometimes referred to as capillary 
smooth muscle cells)22, see Figure B2. The penetrating arterioles are 
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surrounded by perivascular spaces (PVS) filled with CSF from the brain 
surface, and are encircled by astrocytic protrusions (astrocytic end-feet). 
Moving towards the pre-capillary arterioles, the PVS shrinks, and the 
arterioles come into close contact with the astrocytes. At the capillary 
level, the smooth muscle cells are further replaced by pericites23. The NVU 
enables crosstalk between neurons and vasculature, and plays an 
important role in the regulation of cerebral blood flow to support neuronal 
activity24. It also houses the blood-brain barrier (BBB), a semipermeable 
membrane made up of the endothelial cells and pericytes. The BBB 
protects the brain from inflammation and harmful substances within the 
blood by closely regulating the transfer of nutrients, fluids and waste 
between the blood and brain25,26. Dysfunction of the NVU has been 
implicated as a particular link in vascular contributions to 
neurodegenerative disorders21–23.  

Arterial stiffness 

With age, and further enhanced by vascular risk factors (such as 
hypertension, diabetes and dyslipidemia)27, elastic arteries go through 
structural remodeling and become stiffer28. Pertaining to the brain, 
arterial stiffness has been associated with structural changes in tissue 
(cSVD markers), cognitive decline and dementia in the older 
population29–32. 

Arterial stiffness critically alters hemodynamic properties by affecting the 
Windkessel function and reducing the impedance mismatch between 
arterial segments, causing an incapacity to buffer the pulsatile blood flow 
generated by the heart19,20. Additionally, arterial stiffness increases the 
pressure wave’s velocity through the arterial system, causing reflected 
waves to return quicker and augment the pressure wave in systole instead 
of diastole, thus facilitating increased transfer of pulsatile blood flow 
toward the smaller vasculature29,33. As a highly perfused organ, the brain 
is believed to be particular sensitive as it would allow pulsations to extend 
deeper18,34. In line with this, a recent hypothesis postulates that arterial 
stiffness damages the brain as a consequence of excessive capillary 
pulsatility inducing BBB breakdown, neurovascular uncoupling, failure to 
sustain neuronal activity, and decrements in cognitive function, see Figure 
B335. A chain of events that can be inferred from animal studies33, in vitro 
studies36, and large population-based studies37. Another potential 
pathway between arterial stiffness and neurological deficits are the 
stiffness-induced alterations of the vessel wall movement thought to drive 
the brain’s CSF waste clearance38–40 (see The glymphatic system section 
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below). Here, altered vessel wall motion reduced CSF movement in mice41. 
Combined, this suggests that the arterial pulsatility is crucial, but should 
be kept within an acceptable range. 

 
Figure B3.  A conceptual model linking arterial remodeling and 
arterial stiffness to excessive microvascular pulsatility, damage of the 
neurovascular unit and age-related cognitive decline. Reprinted from 
Wåhlin and Nyberg35 with permission.  

Previous research has been largely focused on the large elastic arteries, 
but it is important to note that different vascular segments might express 
pathological changes differently23,42. Indeed, arterial stiffness is increased 
in the arteries leading up from the neck (CCA to the proximal section of 
the MCA)43 as well as along the proximal ICAs44. Furthermore, a loss in 
blood flow pulsatility dampening along large cerebral vessels has been 
demonstrated with age45. This suggests that distal arterial segments also 
experience arterial stiffening, prompting the development of measures 
reflecting intracranial vascular pathology.  

Pulse wave velocity 

Pulse wave velocity (PWV) is used as an indicator of arterial stiffness and 
represents the rate at which the systolic pressure propagates through the 
vasculature. It is calculated as 𝑃𝑊𝑉 =  ∆𝑑/∆𝑡 where ∆𝑡 is the time it takes 
for the pulse to travel between two arterial locations separated by a 
distance ∆𝑑. This uses the phenomenon that a pulse-wave travels more 
slowly through an elastic arterial segment compared to stiff and rigid 
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one46, see Figure B4. Theoretically, the Bramwell-Hill equation47 links the 
PWV to inversed distensibility, 𝐷, 

 𝑃𝑊𝑉𝐵𝐻 =  √
𝑉∙∆𝑃

𝜌∙∆𝑉
= √

1

𝜌∙𝐷
 , (1) 

under the assumption of a non-viscous incompressible fluid where the 
vessel wall is small compared to the vessel lumen and the ratio between 
luminal diameter and wall thickness is constant. Showing that the PWV is 
linked to blood density (𝜌), vessel strain (∆𝑉/𝑉, where 𝑉 is volume per unit 
length) and pulse pressure (∆𝑃, where 𝑃 is pressure).  

  
Figure B4. (A) Schematic drawing of the cerebral vasculature, with 
proximal and distal ends marked by red and blue cross-sections. (B) 
Flow waveforms sampled at the two different locations. Note how the 
distal waveform is shifted to the right. Adapted from Wåhlin et al.48 
under CC BY-NC 4.0 license. 

Clinically, PWV is often assessed through methods such as applanation 
tonometry49 and ultrasound43,50, however such measurements suffer 
limitations due to geometric assumptions and rough length estimates 
when it comes to the calculation of ∆𝑑51. Furthermore, the estimation of 
∆𝑡 can vary as well. Different measurement systems tend to use their own 
algorithms to estimate the time delay. Comparing two systems using 
either the foot-to-foot or the maximum systolic slope between pressure 
waves measured at a proximal and distal arterial site, revealed that 
carotid-to-femoral PWV differed with 1.7 ± 0.75 m/s at a mean value of 12 
m/s.52  
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PWV is commonly measured between the carotid and femoral artery using 
applanation tonometry. Excluding participants with dyslipidemia, 
smoking, cardiovascular disease, diabetes, hypertension and hypertensive 
treatment, a large population-based study from 13 centers in Europe 
determined reference values and revealed an increase from 6.2 (4.7-7.6) 
m/s in the young participants under 30 years, to 8.3 (4.5-12.1) m/s in the 
middle-aged between 50-59 years, and 10.9 (5.5-16.3) m/s in the older 
people above 70, presented as mean ± 2DS.53 Similarly, reference values 
for PWV measured between the brachial artery and the ankle has been 
made in a large study from China revealing values of 12.3 (9.3-15.3) m/s 
for participants under 40 years, 13.9 (10.1-17.7) m/s in the mddle-aged 
between 50-59, and 16.0 (10.6-21.4) m/s for those over 60 years54. As 
expected, more distal segments experienced a higher PWV for all age 
groups. 

For the purpose of measuring cerebral PWV, an applanation tonometry 
approach would not work as pressure measurements are hindered by the 
cranium. Transcranial doppler measurements offers some possibilities to 
probe the cranium43, however the technique is limited to cranial windows, 
which only allow selective measurements sites. Intriguingly, MRI is 
increasingly used to analyze hemodynamic parameters in the cerebral 
vasculature55–58, and could be suited for PWV calculations. Especially 
time-resolved 3D (4D) volume sequences that would allow multiple 
vascular segments to be imaged at the same time44.  

Cerebral small vessel disease 

cSVD stems from pathological changes to the microcirculation (arterioles, 
capillaries and venules)59, commonly displaying arteriolosclerosis, 
lipohyalinosis and fibrinoid necrosis causing stiffening, narrowing, vessel 
wall thickening and lesion development59. Symptoms are diverse and 
range from gait and balance impairment, urinary incontinence and 
depression, to cognitive decline and dementia as well as acute stroke-
related symptoms. Radiologically, cSVD is visible as white matter 
hyperintensities (WMH), enlarged PVS, cerebral microbleeds, recent 
small subcortical infarcts, cortical cerebral microinfarcts, cortical 
superficial siderosis and lacunar infarcts60,61. The underlying cause(s) still 
remains largely unknown, potentially as a consequence of clinical 
symptoms usually not being detected until late in the disease 
progression62. Adding to this, some level of brain lesion occurrence is 
common and considered a part of normal ageing63.   
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As opposed to only being an ischemic disease caused by focally narrowed 
and/or occluded arterioles, or being the direct insult of ruptured vessels, 
the underlying pathology of cSVD seems to be highly diverse59. Here, 
endothelial dysfunction and BBB breakdown have been proposed as early 
pathological changes in the disease progression62,64–69, in line with the 
proposed chain of events described in the Arterial stiffness section. 
However, the causality has been questioned by studies instead suggesting 
that increased cerebral pulsatility develops secondary to white matter 
changes70,71. Furthermore, endothelial dysfunction was recently suggested 
to be the initializing entity through processes involving inflammation, 
BBB damage and vascular stiffness72.   

If cerebral arterial stiffness affects the microvasculature through excessive 
transfer of pulsatile flow, or reflects a common age-related endothelial 
dysfunction, it could be of interest to assess in relation to early 
pathological changes in cSVD. Another important area of investigation is 
the relationship between subtle BBB leakage rates and cerebral arterial 
stiffness, particularly in connection with cSVD features. To assess the 
relationship between structural changes in the cerebral macro- and micro-
vasculature, cerebral PWV could hold potential as a biomarker helping to 
identify early changes, and be used to aid potential treatment plans. To 
address this, studies involving large cohorts measuring multiple cSVD 
markers are needed. Additionally, longitudinal studies are required to 
understand the temporal dynamics of these associations. 

The cerebrospinal fluid circulation  

CSF is a clear liquid that consists of 99% water and fills the ventricular 
system within the brain as well as the subarachnoid space (SAS) 
surrounding the brain and spinal cord. The SAS also houses the major 
cerebral arteries and their branches covering the surface of the brain. The 
main function of CSF is to contribute to brain homeostasis through 
nutrient and hormone transport, create buoyancy for the brain and act as 
a shock absorber against physical trauma.  
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Figure B5. An illustration of the cranial CSF fluid flow, from secretion 
in the choroid plexus (bright pink structures), to flow through the 
ventricles (dark and light brown) into the SAS (light blue) and finally, 
the absorption in the arachnoid villi (protrusions into the dark blue 
superior sagittal sinus). Reprinted from openStax.org under CC BY 4.0 
license.  

According to the classical view, CSF is produced within the choroid 
plexuses73,74, specialized secretory structures attached to the ventricular 
walls, at a rate of roughly 600 m/day75,76. Given that the typical CSF 
volume is around 150 mL77, this implies multiple turnovers of CSF every 
day. From the lateral ventricles, CSF travels through the third ventricle via 
the cerebral aqueduct to the fourth ventricle, and then out into the SAS. 
CSF is then drained into venous blood via specialized structures called 
arachnoid granulations, or through a lymphatic pathway via cranial and 
spinal nerve sheaths (most commonly observed along the olfactory nerve 
that exits the brain through the cribriform plate)78. The relative 
contribution from each outflow pathway is however not yet concluded, but 
based on animal studies it has been suggested that up to 50% could be 
attributed to lymphatic drainage79. Using radiolabeled tracers in humans 
it has further been inferred that ~20% of the reabsorption occurs in the 
spinal compartment80. Figure B5 illustrates the cranial CSF flow pathway 
with absorption via arachnoid granulations of the superior sagittal sinus 
(SSS). 
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The glymphatic system 

 
Figure B6. An illustration of the hypothesized glymphatic pathway 
(back arrows). In the SAS, CSF flows along the major cerebral arteries. 
From there it enters the brain tissue via perivascular/periarterial spaces 
along the penetrating arteries, infiltrates the interstitial fluid via 
intercellular clefts and aquaporin-4 water channels, and then exits via 
perineural and perivenous spaces either leaving the system or 
recirculating back to the SAS. Abbreviations: SAS – Subarachnoid space, 
ISF – Interstitial space. 

To preserve a functional neuronal milieu, the brain needs an efficient 
waste clearance. The notion that CSF works within waste clearance 
management is not new, but since 2012 it has gained a renewed interest 
due to a study by Iliff et al. where it was coined that the brain has a 
glymphatic system (from “glia-lymphatic”)81, which provides similar 
functionality as the lymphatic system of the body. The glymphatic 
hypothesis describes a CSF-interstitial fluid (ISF) clearance pathway 
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driven by bulk flow, first identified in rodents. It entails a flow of CSF that 
enters the brain within perivascular spaces surrounding the penetrating 
arteries, down to the capillaries. CSF then enters the ISF compartment 
through aquaporin-4 water channels or intercellular junctions situated 
ta/between the astrocytic end-feet. The CSF-ISF fluid is then directed 
towards the perivenous (hypothesized, but not yet observed) and 
perineural spaces and finally drains into the bloodstream and cervical 
lymphatic vessels as it brings along potentially toxic solutes accumulated 
during neuronal activity82,83, see Figure B6. 

In addition to the glymphatic hypothesis that has gained a lot of interest, 
there is also the IPAD (intermural periarterial drainage) and the Mixing 
model84. The IPAD model postulates that CSF flow enters via the 
periarterial pathways and that it exits via an intermural pathway in the 
arterial walls, against the direction of the blood flow and periarterial CSF 
flow, driven by vasomotion. The mixing model instead suggests a flow 
along the surface-arteries, but no net flow into the periarterial spaces. 
Waste removal from the ISF to the periarterial space and SAS is instead 
promoted by “mixing” caused by physiological pulsatility. The flow along 
the surface-arteries would in this model create a concentration gradient 
for diffusion of waste products.  

As suggested by rodent studies, the glymphatic hypothesis suggests that 
vessel wall pulsations act as the main driving force behind fluid flow and 
clearance,41,85 although arguments are made that CSF production 
constitutes a large contribution86,87. Using model-based approaches of 
symmetric tubes, it has even been argued that such pulsatile wall 
movement would not contribute a net forward movement at all88, 
although by adding an unsymmetrical fluid pathway (suggested to be 
more physically representative) and realistic boundary conditions, net 
forward movement has been modeled89,90. 

As these systems have only “recently” gained a lot of interest, most 
research is performed on animals. The development of new imaging 
techniques in humans and the investigation of potential driving 
mechanisms will be of great importance. One direct approach used to 
investigate human glymphatic clearance in vivo is via multiple MRI 
investigations following contrast injection into the spinal CSF 
compartment91,92. In this way the path of the injected contrast agent has 
been studied in humans10,93,94. In agreement with animal research40, 
human studies have shown that contrast appears to travel alongside the 
major cerebral arteries in the SAS94. However, no study on humans has 
investigated the underlying nature of this CSF propagation. Animal 
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studies have found evidence of bulk flow motion using optical sensing 
where they follow tracer movement40. Human studies on the other hand, 
have looked at percentual change in MRI signal, and time of arrival, to 
describe contrast propagation10,94. Such observations cannot differentiate 
between contributions from diffusion-like processes and bulk flow. 
Understanding what drives the flow could have implications for waste 
clearance of different molecular types and sizes, but also for CSF-drug 
delivery strategies95. Also, determining the magnitude of CSF bulk flow in 
the SAS can provide critical insights into glymphatic physiology as it 
potentially reflects the supply of fresh CSF available for the glymphatic 
system. 

Magnetic resonance imaging 

MRI is one of the main imaging modalities used in medicine, owing to its 
many and versatile uses. It utilizes the magnetic property of hydrogen 
nuclei (highly abundant in the body) and their interaction with external 
magnetic fields to create an image. 

When placed in a static magnetic field (𝐵0), the nuclei of the hydrogen 
atoms within the body reach a thermal equilibrium where they partially 
align with the magnetic field, giving rise to a net magnetization vector 
pointing in the direction of the magnetic field. By applying a radio-
frequency (RF) pulse at the Larmor frequency, given by 

 𝜔 =  𝛾𝐵  (2) 

where 𝐵 is the magnetic field strength experienced by the nuclei and γ 
represents the gyromagnetic ratio, the net magnetization vector is flipped 
into the transverse plane (perpendicular to 𝐵0) where it starts to precess 
around the 𝐵0-field with the Larmor frequency. This flip into the 
transverse plane is commonly referred to as excitation. After turning off 
the RF pulse, the net magnetization vector gradually falls back into its 
thermal equilibrium state, i.e. gradually returns to 𝐵0-field alignment. 
This occurs through two main mechanisms: T1-relaxation, where 
interactions between the hydrogen nuclei and the surrounding tissue’s 
molecules causes the net magnetization vector to return to 𝐵0 field 
alignment, and T2-relaxation, where individual nuclei interact with each 
other and gradually lose their coherence, decreasing the precessing net 
magnetization vector in the transverse plane. As long as there exists a 
transverse net magnetization precessing around the 𝐵0 field, the MR 
scanner can read a signal through induction receiver coils. The case of a 
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single RF pulse and readout is called free induction decay and represents 
the most basic signal that can be measured96,97. 

To select which part of the body to image, additional magnetic fields are 
used, so called gradient fields. These are applied in different spatial 
directions, allowing for the local magnetic field experienced by the nuclei 
in the body to vary with position inside the scanner. By then tuning the 
RF pulse to match the Larmor frequency, 

 𝜔 =  𝛾(𝐵0 + 𝐺 ⋅ 𝑟) (3) 

where 𝐺 ⋅ 𝑟 is the gradient field at position 𝑟(𝑥, 𝑦, 𝑧), a specific slice or 
volume within the anatomy can be selected. Then, additional gradient 
fields modulate the phase and frequency of the oscillating spins within the 
selected slice (or volume), which codes their positions into the recorded 
signal. The sampled data is referred to as k-space which, by design, is a 
spectral representation of the imaged object. Finally, performing the 
inverse Fourier transform on the k-space data, an image is obtained. 
Importantly, changing precession frequency not only allows for slice (or 
volume) excitation and spatial encoding. It is also used for coding velocity 
into phase-images, a technique utilized in 4D flow MRI (see the 4D flow 
MRI section). The combination of RF pulses, gradients and signal 
sampling used to produce an image is collectively referred to as a MRI 
sequence, which can be altered in multiple ways to produce different 
image types.  

Image contrast is generated by considering the relaxation processes that 
describe how the magnetization returns towards thermal equilibrium 
following excitation. By leveraging the differences in relaxation times 
between tissues, images can be T1- or T2-weighted depending on whether 
the scanner settings were used to highlight T1- or T2-time differences. It 
is also common to implement so called inversion recovery sequences in 
which additional RF pulses are used prior to excitation to suppress the 
signal from specific tissue types, which highlights alternative features.   

Additionally, the underlying parameters governing tissue relaxation can 
be quantified. In this thesis it was important to determine the T1-value for 
tissue since it forms the foundation of quantifying contrast agent 
concentration following injections into blood or CSF. Specifically, 
gadolinium (Gd) based contrast agents exert a T1-shortening effect, which 
allows tissue concentration assessment based on a simple relationship to 
the change in T1-time and a tabulated relaxivity parameter. One approach 
to determine the T1-value entails repeated imaging with variations in 
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acquisition flip angle. This possibility arises since there, for a specific 
family of pulse-sequences called spoiled gradient echo (SPGR), exists a 
known dependence between the measured signal, flip angle and T1-
relaxation time. 

4D flow MRI 

Velocity encoded MRI offers direct measurements of fluid velocities in the 
body, such as for the cerebral blood flow98. Phase contrast MRI (PCMRI) 
utilizes the fact that, when within a magnetic field gradient, moving 
particles (with precession frequency 𝜔) accumulate a phase shift (𝜙) over 
time (𝑡) that is proportional to its velocity (𝑣)97,99. Briefly, the phase shift 
can be described by 

 𝜙 = ∫ 𝜔𝑑𝑡 = 
 

 
𝛾 ∫ (𝐵0 + 𝐺𝑥(𝑥 + 𝑣𝑡))𝑑𝑡 

 

 
. (4) 

If a constant velocity in the 𝑥-direction is considered, the phase shift due 
to velocity becomes 

 𝜙 = 𝛾(𝑥 ∫ 𝐺𝑥𝑑𝑡 +
 

 
𝑣 ∫ 𝐺𝑥𝑡𝑑𝑡 ) = 

 

 
 𝛾(𝑥𝑀0 +  𝑣𝑀1) , (5) 

where 𝑀0 and 𝑀1 are referred to as the 0th and 1st order moments. Adding 
the results from two acquisitions with bipolar gradients of opposite 
polarity, the accumulated phase of stationary particles cancels out, while 
the phase shift for the moving particles becomes 

 Δ𝜙 =  𝛾𝑣Δ𝑀1, (6) 

where Δ𝑀1 represents the difference in the first order moments. This way 
of encoding velocity into phase can be extended to multiple directions in 
order to generate three-dimensional velocity information. 

A crucial setting for PCMRI is the velocity encoding (𝑣𝑒𝑛𝑐). It sets the limit 
for the maximal velocity that can be measured without aliasing (phase 
wrapping). It should however be carefully considered and adjusted to suit 
the velocities of the measured flow since the velocity-to-noise ratio 

decreases with increasing 𝑣𝑒𝑛𝑐 
100. 

Two-dimensional PCMRI (2D-PCMRI) is suitable for cerebral 
measurements and has been used to measure PWV in the arteries leading 
up from the neck101. Nonetheless, the technique requires an experienced 
operator to plan at least two separate 2D scans orthogonally to each vessel 
segment. Due to the tortuous nature of cerebral arteries, it is laborious 
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and time-consuming. Additionally, measurements would be taken at very 
different time-points.  

 
Figure B7. A schematic description of the 4D flow MRI sequence 
depicting the gradient fields (𝐺) in the x, y and z direction together with 
the timing of the radio frequency (RF) excitation and signal readout.  The 
radial sampling trajectories in k-space are determined by prewinders, 
rewinders and readout gradients, while the spoiler gradients make sure 
that the transverse magnetization is removed before the next RF 
excitation. The bipolar gradients enable the encoding of velocities. TR 
(repetition time) represents the time between excitations and TE (echo 
time) the time between excitation and signal readout.   

4D flow MRI is a time-resolved 3D-PCMRI sequence, able to obtain 
whole-brain coverage with velocity mapping in all three spatial directions 
during a single acquisition102,103. An advantage is that the simultaneous 
measurement of the velocities allows for arterial branch selection during 
post-processing. This makes it possible to apply vessel tracing algorithms 
that automatically extract the velocity waveform from all voxels in the 
desired vasculature104. Owing to these advantages, 4D flow MRI may allow 
for PWV measurements in the cerebral arteries.  
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Considering the cerebral vasculature, 4D flow MRI has demonstrated the 
ability to accurately measure blood flow in several major cerebral 
arteries57 and has previously been used to measure blood flow pulsatility 
in vessels as small as 0.75 mm105 using a temporal resolution of 20 time-
frames per cardiac cycle. Furthermore, a 4D flow MRI based 
measurements of PWV through the proximal ICA was shown possible with 
a high reconstructed temporal resolution (~10 ms) using two 
measurement sites44. Still, individual velocity waveforms from single 
cross-sections in the smaller cerebral vessels can be noisy55,57, suggesting 
that it would be useful if the flow waveforms from multiple cross-sections 
could be weighted together in the PWV calculation.  

In this thesis a phase contrast vastly undersampled isotropic-voxel 
projection reconstruction (PC-VIPR103) 4D flow MRI sequence was used 
in all Papers, see Figure B7 for an illustration of a radially sampled 4D flow 
MRI sequence. It is a 5-point encoding (1 reference, 4 velocity encodings), 
3D spoiled gradient echo sequence with radial sampling of k-space, that 
undersamples the edges. Compared to cartesian sampling, sequences 
using radial sampling suffer more from trajectory and off-resonance 
errors106. However, a reduced sensitivity to pulsatility-related artifacts, 
and the possibility of keeping short scan times while still obtaining high 
spatial and temporal resolutions, are crucial benefits103. 

Variable flip angle method 

The steady-state signal (𝑆𝑖) for a SPGR sequence using flip angle 𝛼𝑖 can 
be express according to  

 𝑆𝑖 =  𝑆0
sin 𝛼𝑖 (1−𝑒−𝑇𝑅/𝑇1 )

1−(cos 𝛼𝑖)𝑒−𝑇𝑅/𝑇1  
𝑒−𝑇𝐸/𝑇2 

∗
, (7) 

where 𝑆0 is proportional to the equilibrium magnetization, 𝑇1 the 
quantitative T1-time, 𝑇2∗ the observed T2-time with magnetic field 
homogeneities, TR the repetition time (the time between excitations), 
and TE the echo time (time between excitation and signal readout). 

Considering a short TE the last exponent 𝑒−𝑇𝐸/𝑇2 
∗
 can be considered 

approximately equal to unity and the equation becomes T1-weighted. By 
further rearranging the equation according to   

 
𝑆𝑖

sin 𝛼𝑖
= 𝐸𝑖

𝑆𝑖

tan 𝛼𝑖 
+ 𝑆0(1 − 𝐸1),  (8) 
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the term 𝐸1 = 𝑒−𝑇𝑅/𝑇1 can viewed as the slope in a linear equation. 
Acquiring signal at multiple flip angles (𝑖 = 1: 𝑁), 𝑇1 can then be solved 
for by using regression analysis and taking the natural logarithm of 𝐸1. 
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Aims 

This thesis addresses key gaps in the quantification of crucial biofluid 
mechanical parameters in the cerebral arterial and CSF systems. Despite 
advancements in imaging technologies, important physiological 
properties such as cerebral arterial stiffness and CSF dynamics remain 
challenging to measure accurately. To bridge these gaps, our strategy was 
to extract information from 4D flow MRI and serial quantitative MRI 
(pre- and post-contrast injection) enhanced by MRI contrast agents using 
mathematical modeling approaches. By doing so, we aim to provide a 
more comprehensive and precise characterization of cerebral 
hemodynamics and CSF transport than what has previously been 
achievable. 

Beyond the development of these methodologies, we also sought to apply 
the proposed techniques to investigate fundamental physiological 
processes and pathological mechanisms. Specifically, we focused on 
studying the progression of age-related cerebrovascular changes and 
understanding the dynamics of CSF flow along the major cerebral arteries. 
These insights could lead to improved understanding of conditions that 
may lead to cognitive decline and dementia among elderly. 

Specific aims 

• To develop and evaluate a 4D flow MRI based method for 
measurement of c PWV (Paper I). 

• To assess the relationship between the developed PWV 
measurement and radiological markers of cSVD, both from a 
cross-sectional (Paper II) and longitudinal (Paper III) perspective. 

• To investigate the associations between BBB permeability and 
PWV and cSVD progression (Paper III). 

• To develop an approach to quantify CSF propagation along the 
major cerebral arteries in the SAS (Paper IV). 
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Materials and Methods 

Participants 

All participants were recruited from the county of Västerbotten in 
Sweden. With the exception of the patient cohort included in Paper IV, the 
cohorts represent the normal population with different inclusion criteria 
potentially making them slightly healthier. Five cohorts were used 
throughout this PhD project: 10-Healthy55, 2D4D107, VESPR108,109, 
IVGADO110 and ITGADO, see Table 1. In Table 2, a comparison between 
the cohorts (VESPR and IVGADO) used for cSVD features and BBB 
permeability assessment can be seen (Paper II and III). 

Table 1. Summary of the cohorts used in the different papers. 

Paper Cohort N* Male/ 
Female 

Age MRI** 

I 10-Healthy 
2D4D 

10 
35/21a 

7/3 
15/20 

29-53 
70-91 

4D flow MRI 

II VESPR 190/185b 119/71 66-85 4D flow MRI 
T1  
T2 FLAIR 

III IVGADO 
 

46 25/21 66-81/ 
68-84c 

4D flow MRI 
T1, T1-map 
T2 FLAIR 
DCE MRI 

IV ITGADO 5 3/2 73-83 4D flow MRI 
T1, T1-map 

* Number of participants. ** The MRI data used for the specific papers. 
a Participants without dementia, diabetes and vascular risk factors.  
b Five participants were excluded due to the lack of FLAIR images in 
specific analyses containing manual assessment of cSVD markers. 
Other table entries are given for the full cohort. c Age at baseline/follow 
up. 
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10-Healthy  

The 10-Healthy cohort was part of Paper I and the development of the 
PWV measurement used in this thesis. The cohort consisted of ten 
volunteers (age range: 29-53 years) who were considered healthy in terms 
of radiological findings. Crucially, together with the older 2D4D cohort, 
they allow us to assess the PWV measurements age-sensitivity.  

2D4D 

The 2D4D participants were included in the methodological paper 
developing our PWV-method (Paper I). The cohort consisted of thirty-five 
older participants invited to evaluate agreement between 2D and 4D flow 
MRI measurements (age range: 70-91 years). All participants were from 
Umeå and had been part of a different study ten years earlier.  At the time 
of the initial study, they had no neurological or psychiatric disorders or 
signs of advanced atherosclerotic disease.  

At the time of inclusion, vascular risk factors (hypertension (23), 
hyperlipidemia (14), and ever smoker (7)) as well as the following 
diseases: Alzheimer’s disease (2), Lewy body dementia (1), ischemic heart 
disease (2), diabetes mellitus (2), and atrial fibrillation (3) and 
cerebrovascular disease (5) were noted. From the complete cohort, an 
additional sub-cohort of twenty-one participants was used. Here only 
participants without the aforementioned diseases were included. 

VESPR 

The VESPR (“ventriculomegaly and gait disturbances in the senior 
population in the region of Västerbotten”) cohort was used to assess the 
PWV among the older population as well as the relationship between PWV 
and cSVD markers (Paper II). The cohort constituted 190 participants 
(age range: 66-85 years) originally recruited to serve as controls in a large 
population-based study investigating gait disturbances among the older 
people. They represent the general population in the county of 
Västerbotten in northern Sweden without self-perceived gait 
disturbances.   

From the initial cohort of 213 participants, fifteen participants were 
excluded due to perceived brady- or tachycardia, one due to cardiac gating 
problems during the 4D flow MRI, two due to missing blood pressure 
measurements, and five due to erroneous volume segmentations. 
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Among the participants, the following cardiovascular conditions were 
registered, hypertension (100), previous stroke (5), diabetes (15), atrial 
fibrillation (16), transient ischemic attack (5), myocardial infarction (18), 
angina pectoris (13), heart failure (1) and any kind of heart valve disease 
(5). Medications used in the cohort were antihypertensives (96), Lipid 
lowering drugs (64), platelet inhibitors (36) and with anti-coagulants (13) 
as well as nicotine habits (104 ever smokers and 40 ever snuff users). 

Table 2. Description and comparison of cohorts in Paper II and III 

 Paper II 

VESPR  

N (%**) 

Paper III 

VESPR/IVGADO* 

N (%**) 

Number of participants 190 46/46 

Hypertension 100 (53) 27 (57)/ 28 (61) 

Previous stroke 5 (3) 1 (2) / 3 (7) 

Diabetes 15 (8) 4 (9) / 6 (13) 

Atrial fibrillation 16 (8) 5 (11) / 8 (17) 

Transient ischemic attack 5 (3) 0 (0) / 1 (2) 

Hear failure 1 (1) 0 (0) / 0 (0) 

Heart valve disease 5 (3) 0 (0) / 1 (2) 

Myocardial infarction 18 (9) 2 (4) / 4 (9) 

Angina pectoris 13 (7) 2 (4) / 1 (2) 

Ever smoker 104 (53) 30 (65) 

Ever snuff user 40 (21) 11 (24) 

* Baseline/Follow up: Baseline measurements were performed in 

the VESPR cohort, while follow up measurements were performed 

in the IVGADO cohort 2.5 years later. ** Percentage of the included 

cohort size. 
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IVGADO 

The IVGADO (intravenous gadolinium) cohort was part of a longitudinal 
study evaluating the relationship between cerebral PWV and WMH. 
Furthermore, subtle BBB leakage was assessed in relation to arterial 
stiffness and cSVD through PWV and WMH volume, respectively (Paper 
III). 

Participants from the controls in the VESPR cohort were invited to a 
follow up after 2.5 years. They underwent intravenous MR contrast agent 
injection to enable BBB permeability assessment. From the sixty-one 
participants who underwent follow up, three participants were excluded 
due to an insufficient amount of MRI contrast agent entering the blood 
stream, nine with problems relating to cardiac gating under the 4D flow 
MRI and one that was unable to complete the entire MRI examination. 
Additionally, one participant was lacking FLAIR data and one had WMH 
segmentation errors. This created a final cohort of forty-six participants 
(age range: 66-81 years at baseline and 68-84 years at follow up). 

Among the participants, the following was noted from their first visit as 
part of the VESPR cohort: were ever smokers (30) and ever snuff users 
(11), reported hypertension (27), stroke (1), diabetes (4), atrial fibrillation 
(5), transient ischemic attack (0), myocardial infarction (2), angina 
pectoris (2), heart failure (0) and any kind of heart valve disease (0). The 
following medications were noted at time: antihypertensives (22), 12 lipid 
lowering drugs (12), platelet inhibitors (7) and anti-coagulants (5). 

At the follow up participants had hyperlipidemia (22), hypertension (28), 
previous stroke (3), diabetes mellitus (6), arterial fibrillation (8), angina 
pectoris (1), myocardial infarction (4), transient ischemic attack (1) and 
any kind of heart valve disease (1). 

ITGADO 

The ITGADO (intrathecal gadolinium) cohort was used in Paper IV to 
quantify contrast propagation along the major cerebral arteries. 

Five older participants (age range: 73-83 years) investigated for possible 
idiopathic normal pressure hydrocephalus (iNPH), that had planned CSF 
infusion investigations, were included. The participants were given 
intrathecal contrast injection to allow for investigations of MR contrast 
agent throughout the SAS. Data collection is still ongoing and analyses 
presented in this thesis is based on a preliminary sub-sample. 
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Ethics  

All studies were conducted according to the 1964 Declaration of Helsinki 
and its later amendments with approval from the regional ethical review 
board or the Swedish Ethical Review Authority (see the specific 
registration numbers below). The Swedish Medical Products Agency 
approved the use of intrathecal contrast injection (registration number 
5.1-2021-5951) in the ITGADO cohort. Written and oral informed consent 
was obtained from all participants.  

Registration numbers for the ethical approvals: 
10-healthy: 2011/440-31 M 
4D2D:   2017/253-31  
VESPR: 2017/335-31 & 2017/528-32 M  
IVGADO: 2020/037-10 
ITGADO: 2020/047-11 (5.1-2021-5951) 

MRI 

Participants included in 10-Healthy, 2D4D, VESPR and IVGADO (paper 
I-III) underwent MRI acquisitions on a 3T scanner (Discovery MR 750; 
GE Healthcare, Milwaukee, Wisconsin) with a 32-channel head coil. 
ITGADO participants (paper IV) underwent acquisitions on a 3T PET-MR 
scanner (Signa; GE Healthcare, Milwaukee, Wisconsin) using a 16-
channel head coil. 

4D flow MRI 

All participants underwent 4D flow MRI acquisitions using the PC-VIPR 
sequence103 from which magnitude data as well as the average and time-
resolved velocity data were reconstructed (in x, y and z direction). 
Retrospective gating was used to arrange the time-resolved velocity data 
into twenty time points per cardiac cycle and spatial direction. The 
imaging parameters were: 5-point velocity encoding111, venc 110 cm/s, 
repetition time/echo time 6.5/2.7 ms for 10-Healthy, 2D4D, VESPR and 
IVGADO (paper I-III) and 7.8/2.5 for ITGADO (paper IV), flip angle 8°, 
radial projections 16000, acquisition matrix 300·300·300 voxels, 
reconstruction matrix 320·320·320, isotropic voxel size 0.69 mm3, field 
of view 22·22·22 cm3. To correct for velocity errors caused by eddy 
currents, polynomial fitting to the background field was used112. 
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T1-weighted images  

T1-weighted scans were used for segmentations of intracranial structures 
and to estimate the cSVD markers. They were acquired using 3D fast 
spoiled gradient echo (FSPGR) sequences. Slightly different settings were 
used between cohorts. For VESPR/IVGADO/ITGADO the following 
settings were used: repetition time 8.2/8.2/7.2, echo time 3.2/3.2/2.9 s, 
in-plane resolution 1/0.94/1 mm, field of view 
(25.6·25.6)/(25·25)/(25.6·25.6) cm, slice thickness 1/1/1 mm, number of 
slices 180/176/250, flip angles 10°/12°/(2°&12°), phase acceleration 
2/2/1. 

T2-weighted fluid attenuated inversion recovery images 

T2-weighted fluid attenuated inversion recovery (FLAIR) images were 
used in the assessment of the cSVD markers. In the VESPR cohort a 2D 
fast spin-echo sequence (PROPELLER) was used. The scan parameters 
were: repetition time/effective echo time/inversion time 
10000/112/2562 ms, echo train length 38, in-plane resolution 0.9 mm, 
field of view 24·24 cm, slice thickness 3 mm, number of slices 47, flip angle 
142°. For the IVGADO cohort, the T2 FLAIR scans were collected with the 
following settings: TR/TE: 8000/120 ms, slice thickness: 3 mm, number 
of slices: 46, in‐plane resolution: 0.94 mm, and field of view: 24·24 cm. 

T1-mapping 

T1-maps were used to calculate the concentration of MRI contrast agent 
in brain tissue and CSF in the IVGADO (Paper III) and ITGADO (Paper 
IV) cohorts. For both cohorts, the T1-maps were created using the variable 
flip angle method113 on T1-weighted 3D FSPGR scans acquired with 
different flip angles. 

In the IVGADO cohort one T1-map was created from three FSPGR scans 
performed prior to MR contrast agent injection, using the flip angles 2°, 
8° and 12°. For each flip angle, two scans were collected over 17.5 s and 
averaged. Additional settings were: repetition time 4.5 ms, echo time 1.6 
ms, in-plane resolution 0.82 mm, field of view 21·21 cm, slice thickness 
1.5 mm, number of slices 108, partial Fourier 6/8, parallel imaging factor 
2, see Figure M1 for T1-maps from an example participant. 

For the ITGADO cohort, four T1-maps were created from eight FSPGR 
scans using the flip angles 2° and 12°. Scans were performed prior to 
contrast injection, and then at 3, 5 and 7 h post injection. See additional 
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settings in the T1-weighted section above. The participants underwent 
intrathecal injection of 0.25 mL of 1.0 mmol/mL gadobutrol 
(GadovistTM, Bayer Pharma) administered at the lumbar region prior to 
three MRI sessions. 

  
Figure M1. T1-maps at baseline, 3, 5 and 7 h (row) in coronal (Cor), 
sagittal (Sag) and Axial (Ax) views. The colorbars represent the T1-times 
in seconds. Note: The black arrows mark areas where major cerebral 
arteries lie and where changes in T1-time can be visually perceived. 
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B1-mapping 

Prior to T1-map calculations, B1-maps were obtained using the Bloch-
Siegert shift approach with the vendor specific implementations. This was 
used to compensate for magnetic field inhomogeneities and deviations 
between the achieved and the intended flip angles. The following settings 
were used for the IVGADO/ITGADO cohorts: in-plane resolution 4/4 
mm, slice thickness 5/10 mm, flip angle 15°/20°. These were then 
resampled to match the 3D FSPGR flip angle scans. 

Dynamic contrast enhanced MRI 

Together with the T1-maps, dynamic contrast enhanced (DCE) data was 
used to calculate the MRI contrast agent concentration in tissue, followed 
by the assessment of subtle BBB leakage (Paper III). This was performed 
using a standard approach to translate the dynamic T1-weighted signal to 
dynamic and quantitative T1-values from which the temporal Gd 
concentration curves could be estimated114,115.   The DCE scans consisted 
of 60 3D FSPGR scans acquired over 17.5 min. Except for only using a flip 
angle of 12°, the imaging parameters were the same as for the T1-
mapping. Slow injection of Gadolinium contrast (0.1 mmol/kg Dotarem) 
was initiated one minute into the collection and lasted for approximately 
1 minute.  

MRI contrast agent concentration 

The MRI contrast agent exerts a T1-shortening effect that allows for tissue 
concentrations (𝐶) to be calculated according to 

 𝐶(𝑡) =
1

𝑟1
(𝑅1(𝑡) − 𝑅1,0) , (9) 

where 𝑡 represents the time between contrast injection and T1-map data 
collection, 𝑟1 is the MRI contrast agent relaxivity (3.5 Lmmol-1s-1 in blood 
plasma for the MRI contrast agent116), 𝑅1(𝑡) = 1/𝑇1(𝑡) is the T1-relaxation 
rate at  time 𝑡, and 𝑅1,0 is the longitudinal relaxation rate obtained from 

the baseline T1-maps (R1,0 = 1/T1,0).115 

Quantification of blood-brain barrier permeability 

BBB permeability was estimated according to the Patlak approach117, 
which is based on a compartment model using the assumption of 
irreversible uptake (suitable for subtle uptake of MRI contrast agent). 
Briefly, the contrast concentration in tissue was expressed as a 
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combination of a vascular contribution and a tissue contribution 
(modeled as an integral of the vascular concentration). A linear regression 
approach was used to solve for the contrast transfer coefficient describing 
the flow from blood plasma to tissue. Blood plasma concentration was 
estimated in the superior sagittal sinus.110,118,119 

4D flow post processing  

The 4D flow MRI processing was performed in MATLAB following the 
same processing scheme in all Papers (see Figure M2), except for the 
distance calculation in Paper IV. 

 

Figure M2: An overview of the centerline processing scheme.  
(A) Anatomical representation of the vasculature. (B) Image of the 
vasculature with incorporated centerlines (C) The vessel section selected 
for images E-F. (D) A visual representation of the placement of 
orthogonal cut-planes along a vascular segment. (E) Images of extracted 
orthogonal cut-planes along an arterial segment. (F) Average blood flow 
waveforms extracted from the cut-planes along the arterial segment in 
(C). Reprinted from Wåhlin et al.48 under CC BY-NC 4.0 license. 
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First, CD images (see Figure M2 A) were created by combining time-
averaged velocities in all three spatial directions (𝑣𝑥, 𝑣𝑦, 𝑣𝑧) with the 

magnitude data (𝑚) according to,   

 𝐶𝐷 = 𝑚 sin (𝜋
√𝑣𝑥

2+𝑣𝑦
2+𝑣𝑧

2

𝑣𝑒𝑛𝑐
) . (10) 

Here, 𝜋√𝑣𝑥
2 + 𝑣𝑦

2 + 𝑣𝑧
2/𝑣𝑒𝑛𝑐  was truncated to be kept within the range 

[0 𝜋/2 ]. To further improve visibility of the smaller vasculature, a vessel 
enhancing filter120 previously used on 4D flow MRI55 was applied to the 
CD.  In accordance with a centerline processing scheme developed by 
Schrauben et al.104, the CD was then turned into a one voxel thick vascular 
tree with unique branch identifications for each vessel. 
Vasculature/centerlines representing bridging veins, venous sinuses and 
the PCA were then manually removed before velocity wave forms were 
extracted. For each branch, orthogonal cut-planes were automatically 
placed at all voxels in the centerline. Then, the vessel cross-section was 
segmented by local thresholding, allowing for the area and velocity 
waveforms to be extracted. Each waveform consisted of twenty 
timeframes per cardiac cycle.  

For all PWV assessments (Paper I-III), as well for investigating MR 
contrast agent propagation in SAS (Paper IV), the centerline was utilized 
to calculate the Euclidian distance along the vascular segments. After 
manually selecting starting points, the distance to the following voxels 
were assigned in a stepwise manner. For PWV assessment, the starting 
points were the first (most inferior) voxels in the ICAs. For the CSF 
propagation investigation (Paper IV), the anterior and posterior 
circulation were given different starting points. The bifurcation into MCA 
and ACA from the ICA was used for the anterior circulation, while the 
sections following the attachment of PcoA onto the PCA was used for the 
posterior circulation, see Figure M3. In case the algorithm encountered a 
voxel connecting the vasculature from two starting points, the shortest 
distance was kept as it was believed to most accurately represent the path 
taken by the pulse wave.  
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Figure M3. Centerlines with incorporated distances in (A) Sagittal 
(Sag), (B) Coronal (Cor), (C) and Axial (Ax) views (the centerlines are 
dilated for visualization purposes). These were used in Paper IV. 

In preparation for the PWV assessment, velocity waveforms were 
normalized (subtracted by the mean and scaled by the reciprocal of 
standard deviation). Further, the velocity and distance data were 
rearranged into a 2D velocity matrix and a distance, vector sorted 
according to the distance. Figure M4 provides a schematic overview of the 
post-processing process for the PWV estimation. 

Arterial stiffness 

Pulse wave velocity 

We developed a global cerebral PWV (gcPWV) measure that used the vast 
amount of cerebral arterial velocity waveforms obtained from 4D flow 
MRI. This measure was developed in Paper I and used as a biomarker in 
Paper II and III. 𝑔𝑐𝑃𝑊𝑉 was estimated using a maximum likelihood 
estimator formulated as a least-square equation according to 

 𝑔𝑐𝑃𝑊𝑉, 𝑽 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝑔𝑐𝑃𝑊𝑉,𝑽

∑ 𝑊𝑖
𝑁
𝑖=1 ∑ (𝑉̃ (𝑡𝑗 − 

𝑟𝑖

𝑔𝑐𝑃𝑊𝑉
; 𝑽) − 𝑣𝑖𝑗)

2
𝑀
𝑗=1 , (11) 

where 𝑣𝑖𝑗 represents the measured velocity at the 𝑖th distance from the 

start of the ICAs, at the 𝑗th timeframe in the cardiac cycle, see Figure M5. 
Here the temporal resolution depends on the heart rate of the participant, 
as the data is reconstructed to contain 20 time-frames per cardiac cycle. 

𝑉̃ (𝑡𝑗 −  
𝑟𝑖

𝑔𝑐𝑃𝑊𝑉
; 𝑽) is a linear interpolation function that utilizes the 

assumption that an identical, but phase shifted velocity waveform (𝑽) is 
sampled at each position in the arterial tree with time delays given by 
𝑟𝑖/𝑔𝑐𝑃𝑊𝑉 (where 𝑟𝑖 is distance). Additionally, a weight factor, modeled as 
the cross-sectional area divided by the squared scaling applied to the 
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velocity data in the previous section, was incorporated in the data fitting. 
The equation solves for the 𝑔𝑐𝑃𝑊𝑉and velocity waveform, 𝑽, that best fit 
the measured velocity data.  

 

Figure M4. An overview of the post-processing steps used to estimate 
gcPWV. Following the calculation of the CD a centerline structure was 
created following filter-enhancement of small vessel. The desired 
centerlines (CL) were then obtained by manual pruning. Then, each 
voxel was assigned a vascular depth (r), and stored in a Distance vector 
ranging from shortest to the longest distance. The CL was further used 
to find orthogonal cut-planes along the vasculature, which together with 
the time resolved velocity data (Vx, Vy, Vz), was used to assign each voxel 
a velocity waveform. The velocity waveforms were then stored in a 2D 
velocity matrix sorted according to the Distance vector. The gcPWV was 
then obtained by fitting a model to the 2D velocity matrix and Distance 
vector. Additionally, the velocity profile assumed to traverse the 
vasculature with the gcPWV was estimated. Reprinted from Björnfot et 
al.121 under CC BY 4.0 license. 

Pulse wave velocity stability 

The stability of the proposed gcPWV measurement was tested with 
regards to the amount of data included in the estimations (Paper I), the 
field of view coverage (Paper II), as well as the intra-rater agreement 
(Paper I). Data sufficiency was evaluated using two approaches. First, data 
from each participant was divided into two subsets by sorting every other 
cross-section from the velocity matrix into one subset, and the remaining 
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into a second subset. This subdivision effectively reduced the data in half, 
but kept the range of the vasculature. Second, an additional centerline 
segmentation was performed were only the longest vessel within each 
vascular territory (left and right MCA and ACA) was kept, i.e. the shortest 
vessel was removed following each branching point. The field of view 
coverage was evaluated by centering the view at the bifurcation from ICA 
to ACA and MCA, and then gradually increased coverage by 5 mm (7 
voxels) in each direction. For each test, the gcPWV was re-estimated using 
the arteries continuous with the ICAs.  

 
Figure M5. (A) A vascular distance tree displayed as a maximun 
intensity projection in the sagital (Sag) view. The three markers in blue, 
yellow and red correspond to the waveforms with the same colors in 
figure B-D. (B) Normalized velocity waveforms from cross-section i = 
1:N over timepoints j=1:M. (C) The velocity waveform sampled from the 
locations in figure A. (D) The average flow wavefoms of from a region of 
4 cm centered around the selected points. Note how averageing multiple 
velocity waveforms reduces noice. 

Pulsatility index 

In Paper II pulsatility index (PI), 

 𝑃𝐼 =
𝑀𝑎𝑥𝑖𝑚𝑢𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦−𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦

𝑚𝑒𝑎𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦
 , (12) 

was determined to assess the relationship to gcPWV, as well as to see if 

associations to cSVD markers differed between the two measures. 
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Cerebral small vessel disease markers 

Paper II and III investigated the associations between cSVD markers and 
PWV. For this we used automatic segmentations of WMH and PVS volume 
as well as manual assessments of WHH and PVS severity and lacune 
status. Additionally, we also looked at the association to total cSVD score. 
See Figure M6 for images highlighting PVS and WMH. 

 
Figure M6. To the left, T1-image displaying PVS as hypointense spots. 
To the right, FLAIR image displaying WMH volumes. Abbreviations: 
PVS – Perivascular space, WMH – White matter hyperintensities.  

FreeSurfer was used to perform automatic segmentations of cortical122 
and subcortical structures123 (including the ventricles)(Paper II-IV). T1-
weighted images were used for all segmentations.   

Manual assessment 

All manual assessments of cSVD markers were performed by a 
neurologist. WMH severity (Paper II and III) was assessed using the 
Fazekas scale124. Based on T2 FLAIR images, both periventricular and 
deep white matter WMH were evaluated. The scale ranges from 0-3. 

PVS severity (Paper II) was evaluated using a rating scale based on axial 
slices in the basal ganglia and centrum semiovale.125 For this T1 images 
were used to count the number of PVS, while T2 FLAIR images were used 
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to distinguish them from lacunes. In case of more than 20 PSV in a slice, 
the final regional grade was 20.  

Lacunes were manually counted using the STRIVE definition61. For 
analysis, participants were treated as either having or not having lacunes 
(Paper II). 

Automatic segmentation 

WMH volume was automatically extracted by FreeSurfer123 using T1-
images. It was evaluated as a whole (Paper II and III) as well as separately 
in the frontal, parietal, temporal and occipital lobes (Paper II).  

PVS volume (Paper II) was extracted in both white matter and the basal 
ganglia using T1 images and an automatic post processing scheme. PVS 
spaces were segmented by first applying a filter that enhanced tubular 
structures120, and then selecting which voxels to include by applying a 
threshold. The threshold was selected by finding the maximum 
correlation between manually assessed PVS and automatically segmented 
PVS volumes for different thresholds. This was done separately for white 
matter and the basal ganglia.  

Combined measure 

Total cSVD burden was calculated by combining WMH and PVS volume 
data as well as lacune status from all participants in a principal component 
analysis (Paper II). Following the analysis, the first component was used 
as the total cSVD score (explaining 45% of the variance).  

Quantification of MRI contrast agent propagation 

in the SAS  

In Paper IV we investigated the propagation of gadolinium along the 
major cerebral arteries (ACA, MCA and PCA) within the SAS. T1-maps 
were acquired at baseline and at 3, 5 and 7 h post lumbar injection of 
Gadobutrol (0.25 mL of 1.0 mmol/mL, GadovistTM, Bayer Pharma) into 
the spinal SAS. Using the 1D advection-diffusion model to describe the 
modeled contrast propagation, an optimization approach was devised to 
find the diffusivity (𝐷) and bulk flow (𝑞) along the SAS. This approach 
minimized the difference between the measured and modeled gadolinium 
concentrations, according to 



 

37 
 

 𝐷, 𝑞 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝐷,𝑞

‖𝐶𝑀𝑅𝐼 − 𝐶𝑚𝑜𝑑𝑒𝑙(𝐷, 𝑞)‖𝟐
  , (13) 

where ‖ ‖2
  represents the Euclidian norm. 𝐶𝑀𝑅𝐼 and 𝐶𝑚𝑜𝑑𝑒𝑙 represents the 

measured and the modeled contrast concentrations, respectively. 

Segmentation of the SAS along the major cerebral arteries 

Segmentation of the SAS was performed by combining the T1-map at 
baseline and the 4D flow MRI-derived centerline structure with 
incorporated distances of the ACA, MCA and PCA. Prior to any 
segmentation, the T1-map was resampled and reoriented to match the 4D 
flow MRI data. This was done by using the degree of rotation and 
translation obtained from matching the T1-weighted images obtained at 
baseline to the 4D flow MRI magnitude images using SMP12126. Once the 
data was spatially matched, the SAS region was segmented by first dilating 
the distance-centerline using a spherical element with a diameter of 5 
voxels (3.4 mm). Then, the baseline T1-map was used to only select 
regions containing CSF within the volume, i.e., voxels with T1 times longer 
than 4000 ms.  

To calculate cross-section area of the subarachnoid space for each depth 
in the vasculature, each voxel within the SAS was assigned a vascular 
distance defined by the vascular distance-centerline voxel to which it was 
closest (Euclidian distance). The distance-assigned voxels were then 
binned into cm-wide distance sections ranging from 1-18 cm. By dividing 
the total volume of each section (number of voxels times voxel size) by the 
length of the section (1 cm), the area for CSF flow at a certain depth in the 
vasculature was obtained. 

Measurement of MRI contrast agent concentration 

The gadolinium concentration in the SAS was obtained for all timepoints 
(3, 5 and 7 h post-injection) according to Equation 9 with a gadolinium 
contrast relaxivity of 3.2 mM-1s-1 116. For these calculations, T1-maps were 
first made to spatially match the 4D flow MRI data (in the same way as 
described for the baseline T1-maps in the previous section). Then, the data 
was rearranged into a 2D concentration matrix, 𝐶𝑀𝑅𝐼, containing the 
average concentrations within 1 cm distance increments, from 1-18 cm, for 
all time points. See, Figure M7. 
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Figure M7. Gadolinium concentration in the SAS spaces 
surrounding the vasculature of the major cerebral arteries. The 
color bar represents the concentration in mM. Note: the entire SAS 
contained within the fissures was considered for the volume 
calculations. 

Modelling of MRI contrast agent concentration 

The 1D advection-diffusion model can be used to describe how the 
contrast concentration, 𝑐, changes with respect to time, 𝑡, and position, 𝑥, 
depending on the diffusivity, 𝐷, and bulk flow velocity, 𝑢, according to 

 
𝜕𝑐

𝜕𝑡
= 𝐷

𝜕2𝑐

𝜕𝑥2 −  𝑢
𝜕𝑐

𝜕𝑥
 , (14) 

in the case of an incompressible fluid with constant diffusivity and bulk 
flow, moving through a system with no sink or source. 

To model the concentration along the major cerebral arteries, an iterative 
approach was selected. It was based on Equation 14 rewritten into a 
forward-prediction model with discrete step sizes in time and space: 
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 𝑐𝑖
𝑘+1 =  𝑐𝑖

𝑘 +  𝐷
∆𝑡

∆𝑥2 (𝑐𝑖+1
𝑘 − 2𝑐𝑖

𝑘 + 𝑐𝑖−1
𝑘 ) −  (𝑞/𝐴𝑖)

∆𝑡

2∆𝑥
(𝑐𝑖+1

𝑘 − 𝑐𝑖−1
𝑘 ), (15) 

where 𝑖 and 𝑘 represents position and time, respectively. The bulk flow 
velocity was modeled as the flow (𝑞) through distance-section in 𝑖, divided 
by the cross-sectional area (𝐴𝑖) of the SAS (𝑞/𝐴𝑖). The time ranged from 3 
to 7 h in steps of 10 s (∆𝑡), while the position went from 1 to 18 cm in steps 
of 1 cm (∆𝑥). The measured concentration, 𝐶𝑀𝑅𝐼, for 3 h was used as the 
initial condition for the concentration. The position boundary values (at 
distance 1 and 18 cm) were obtained by using a shape-preserving 
piecewise cubic interpolation of the measured concentrations at 3, 5 and 
7 h. 𝐶𝑚𝑜𝑑𝑒𝑙 was then created by extracting the modeled Gd concentrations 
for the time points 3, 5 and 7 h, i.e. in the same time points as the 
measured data.  

Statistics 

All statistical analyses were performed in MATLAB. Lilliefors tests were 
used to test for normality. P-values less than 0.05 were considered 
significant. 

Paper I. Wilcoxon rank sum test was used to test group differences. 
Pearson correlation was used to assess the correlation between variables. 

Paper II. Spearman’s rank correlation was used to assess the correlation 
between variables 

Paper III. Longitudinal changes were assessed via Wilcoxon signed rank 
test. Spearman’s rank correlation was used for correlation between 
variables. All correlations were adjusted for systolic and diastolic blood 
pressure as well as body mass index measured at baseline. Using partial 
correlation, baseline WMH volume was removed from WMH volume 
change, so that associations could be assessed between gcPWV and WMH 
volume change without effects relating to WMH volume at baseline.  

Paper IV. R2 was used to assess goodness-of-fit  
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Results 

Pulse wave velocity method 

 
Figure R1. (a) An example of a CD volume, (b) the original centerline 
structure and (c) the final structure illustrated together with the vascular 
depth. Image (d) illustrates the average velocity waveform in the 
proximal (blue, depth<50 mm) and distal (yellow, depth>250 mm) end 
of the vasculature, whilst (e) displays the initial guess (red) given to the 
optimization algorithm, together with the final waveform (black). 
Reprinted from Björnfot et al.121 under CC BY 4.0 license. 

In Paper I, we developed a method capable of measuring cerebral PWV 
(gcPWV) using 4D flow MRI. In Figure R1a-c we can see part of the post-
processing steps where, starting from the CD, a centerline structure of the 
vessels was exacted and pruned to include only the desired vasculature. 
The pruned centerline structure then allowed for calculations of the 
vascular depth and velocity waveform extraction. Figure R1d depicts the 
average velocity waveforms sampled from the most proximal and distal 
section of the cerebral vasculature. It illustrates that the data had 
sufficient arterial coverage to resolve the minute temporal phase shift 
accumulated across the vasculature. Figure R1e showcases the underlying 
velocity waveform obtained from the optimization procedure, together 
with the initial guess.  
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Figure R2. (a) The number of cross-sections per vascular depth. (b) The 
obtained gcPWV for the young (green) and the older cohort (blue and 
red) displaying a significant difference between them. The red markers 
represent the older participants without dementia, diabetes or previous 
vascular diseases. (c) Comparison of gcPWV between two subsections of 
cross-sections used in the estimation. The subsections were created by 
sorting every other cross-section (based on distance) into the 1st split and 
then keeping the others as the 2nd split (r = 0.80). (d) Comparison of 
using the full vasculature to only using the main supplying branches 
(r = 0.99). Reprinted from Björnfot et al.121 under CC BY 4.0 license. 

Analyzing the number of cross-sections at different vascular depths 
revealed a rapid increased starting at roughly 15 cm, followed by a rapid 
decrease following 25 cm (Figure R2a). This illustrated the branching that 
occurred following the circle of Willis as well as where the vessels became 
too small for the 4D flow MRI sequence to resolve (Paper I). Additionally, 
gcPWV displayed robustness to vast reductions in the number of cross-
sections available to the estimation (Figure R2c-d). 
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Figure R3. A CD volume (a) and the subdivisions in central coverage 
for 13 sections (b). Starting with 1 cm centered at the bifurcation from 
ICA to MCA and ACA, each section increase constitutes 0.5 cm in the 
inferior and superior direction. (c) gcPWV (group median and 
interquartile range, N = 190) for the different increasing coverage. 
Reprinted from Björnfot et al.108 under CC BY-NC 4.0 license. 

To make sure that the algorithm did not critically depend on vascular 
depth and settings such as field of view, an analysis of central field-of-view 
was performed (Paper II). By gradually decreasing the field of view in the 
inferior-posterior direction (centered around the ICA, ACA and MCA 
bifurcation) we observed that a central field-of-view of less than 4 cm 
generated instability, see Figure R3. 

gcPWV displayed sensitivity to age-related changes (Paper I) when 
comparing a young and an older cohort (Figure R2b). Both when 
comparing the young cohort to the complete older cohort and when 
comparing to a healthier subsample without dementia, diabetes or 
previous vascular diseases (21 out of 35). Importantly, the temporal 
resolution was similar between the groups; 47.3 ± 11.2 ms for the young 
and 46.1 ± 6.9 ms for the old.   

Regarding the relationship between gcPWV and other common vascular 
measures, we showed that gcPWV was positively correlated to diastolic 
blood pressure (r=0.18, p=0.01) but not to systolic blood pressure 
(r=0.05, p=0.52) (Paper II). Furthermore, we found no association 
between gcPWV and pulse pressure (r=-0.04, p=0.63) or PI (r=0.09, 
p=0.24). 
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Cerebral arterial stiffness and cerebral small 

vessel disease  

To investigate the potential role of arterial stiffness in cSVD, we evaluated 
gcPWV in a large population-based cohort and looked at the associations 
to cSVD markers. Histograms of the variables are provided in Figure R4. 
Here we found that gcPWV displayed positive associations to WMH 
volume (r = 0.29, p < 0.001), PVS volume in white matter (r = 0.21, 
p < 0.004), as well as to the global cSVD score (r = 0.24, p < 0.001), 
associations that persisted even after adjusting for age, PI and vascular 
risk factors. gcPWV was however not related to PVS volume in the basal 
ganglia or to lacune status. Interestingly, PI demonstrated similar 
associations to WMH volume, PVS volume and the global cSVD score, but 
no association between gcPWV and PI could be found (Paper II).  

 
Figure R4. Histograms of (A) global cerebral pulse wave velocity, (B) 
white matter hyperintensity volume and (C) white matter perivascular 
space volume and (D) basal ganglia perivascular space volume. 

Splitting WMH volume into different lobes of the brain, gcPWV was found 
to be associated to WMH volume in the frontal (r = 0.28, p < 0.001), 
parietal (r = 0.25, p < 0.001) and temporal lobe (r = 0.16, p = 0.02), whilst 
lacking such link to the occipital lobe (r = 0.08, p = 0.26). Adjusting for 
age, PI and vascular risk factors removed the association to the temporal 
lobe (p = 0.10). Furthermore, dividing the participants into groups based 
on their global cSVD score revealed similar associations to gcPWV for 
both the high and low tertial (Paper II). 



 

44 

Following a period of 2.5-years (Paper III), see Figure R5, WMH volume 
increased from 1.9 (1.9) to 2.5 (3.4) mL (p<0.001). Furthermore, gcPWV 
at baseline was associated to WMH volume at baseline (r=0.44, p=0.003), 
at follow up (r=0.42, p=0.005) as well as to the change in WMH over time 
(r=0.31, p=0.04) when adjusting for age, systolic blood pressure, diastolic 
blood pressure and body mass index. However, after removing the effect 
of baseline WMH volume, the association between WMH volume at follow 
up was diminished (r=-0.02, p=0.9) (Paper III). Additionally, no link 
between gcPWV and WMH volume at follow up was found (r=0.22, 
p=0.17). 

 
Figure R5. Histograms of (A) global cerebral pulse wave velocity, (B) 
White matter hyperintensity volume and (C) Blood-brain barrier 
permeability. A-B at baseline and follow up. 

Furthermore, we investigated the link between BBB permeability in white 
matter and gcPWV as well as the change in WMH volume (Paper III) and 
found no association (gcPWV and BBB, r=-0.04, p=0.8. WMH volume 
and BBB, r=-0.1 p=0.34).  

MRI contrast agent propagation in the SAS 

Using our proposed method, we assessed the contrast propagation along 
the major cerebral arteries in the SAS from concentration measurements 
obtained from multiple T1-maps (at 3, 5 and 7 h post-injection). Together 
with the 1D advection-diffusion model and the optimization framework, 
we obtained a mean diffusivity of 31 ± 16 cm2/h and a bulk flow of 19±16 

mL/h (R2 0.950.02), see Figure R6.  
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Figure R6. (A) Concentration as a function distance with the different 
curves representing 3 h, 5 h and 7 h post-injection. Dashed lines 
represent measured data while the solid lines represent modeled data.  
(B) Diffusivity and (C) Bulk flow for all participants. The horizontal line 
represents the mean value. 
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Discussion  

In this thesis we addressed important gaps in the literature for quantifying 
biofluid mechanical parameters of the cerebral vascular and CSF systems. 
A unifying theme for our studies was the use of mathematical models that 
enabled the estimation of the parameters of interest. The methods 
presented allow a more comprehensive characterization of each system 
compared to what have been previously available. We also applied our 
methodologies in relevant populations and cohorts to address 
fundamental questions regarding how changes in the vascular wall might 
be related to brain health in aging, as well as how the brains CSF system 
subserves the glymphatic system with fresh CSF inflow. 

Cerebral arterial pulse wave velocity 

The 4D flow MRI post processing was inspired by previous work 
demonstrating the capability to extract multiple arterial cross-sections 
along the cerebral vasculature, together with work showing how low 
velocity-to-noise typically seen in the smaller vasculature can be mitigated 
by averaging multiple cross-sections57,104,105. One challenge in this thesis 
was to find a way to capture the small temporal phase shift between 
velocity waveforms at the proximal and distal end of the vasculature.  

Different approaches have been proposed to assess the time-delay in aorta 
and major proximal arteries. Examples include Time-to-peak, Time-to-
foot and Time-to-maximum-upstroke51 and refer to the transit-time of 
different sections of the arteria blood flow waveform. Approaches using 
only one point on the waveform would be prone to sampling errors as the 
true point could easily be missed (as for example the peak of the 
waveform), thus causing errors in the PWV estimation. Time-to-upstroke 
instead uses the maximum derivative, an approach that would be less 
prone to sampling errors, but instead becomes sensitive to noise. To 
overcome this, we were inspired by cross-correlation methods displaying 
good agreement and repeatability with the other approaches127, and PWV  
approaches demonstrating a beneficial increase in assessment accuracy 
obtained from the use of multiple cross-sections128.  

As the vessels become increasingly smaller with increasing path length, 
partial volume effects presented a potential problem, even if we employed 
a restrictive local threshold in the segmentation of the vessel lumen prior 
to velocity waveform extraction. However, although partial volume effects 
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likely contaminated and caused overestimations in flow rates in distal 
arteries, simulations on 4D flow MRI have demonstrated that the shape 
of the velocity waveform is preserved105. Thus, partial volume effects were 
not believed to bias gcPWV estimations since it was designed to only 
consider the delay in the waveform observed at different depths. 

To estimate gcPWV we utilized the vast amount of data provided by the 
4D flow MRI sequence in an optimization framework. To ensure that the 
optimization had enough input data and that it did not critically depend 
on specific branches being captured by the centerline-approach, we 
evaluated the performance after down sampling the data by 50% and after 
removing all but the main supplying branches (a reduction of 33% of the 
cross-sections). Additionally, different field-of-view settings in the 
superior-inferior direction were mimicked retrospectively. We were able 
to demonstrate robustness to large reductions in the number of cross-
sections. We also showed that gcPWV estimates did not critically depend 
on the included vascular depth, or the inclusion of specific branches, an 
important feature to avoid an unwanted dependence on factors such as 
field-of-view and blood flow velocities of individual subjects. We further 
showed that gcPWV was sensitive to age-related vascular changes by 
comparing a young and an old cohort, a rather expected finding extending 
observations that have been made with central PWV measurements129 to 
the cerebral vasculature.  

Given that our approach to measure PWV in the vascular network of an 
end-organ is unique, direct comparison to other work is not 
straightforward. However, from measurements in the arteries leading up 
to the neck, as well as the ICAs, it has been reported that the arterial 
segments are stiffer with older age43,44,130. In the ICA, Rivera Rivera et al.  
demonstrated a PWV of 10.0 (4.8) and 17.2 (7.4) among a middle aged 
(58 ± 5 years) and older group (73 ± 7 years), respectively. Additionally, 
the arterial segment between the common carotid artery and ICA has been 
reported to have a PWV of 4.7 (1.0) m/s in a young cohort (30 ± 3 years) 
and 7.9 (2.4) m/s among older participants (73 ± 7 years)101. Given the 
differences in age and measurement sites the gcPWV values obtained in 
Paper I-III, as compared to other research, can be considered reasonable. 
The lack of methodological consensus in the field concerning the 
assessment of the time shift likely also contributes to part of the 
discrepancy. 

Regarding physiological measures that correlated to gcPWV, we found a 
positive correlation to diastolic blood pressure but no correlation to 
systolic blood pressure or pulse pressure (Paper II). As increased aortic 
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arterial stiffness modulates blood pressure by increasing the systolic 
blood pressure and decreasing the diastolic blood pressure37,131 this was a 
bit unexpected. A potential explanation could be that the reflected waves 
boosted the diastolic pressure at more distal locations and that this could 
cause local vascular remodeling, behaving a bit differentially from 
proximal aortic remodulation. 

Cerebral arterial pulse wave velocity and small 

vessel disease  

Using gcPWV, associations between cerebral arterial stiffness and cSVD 
were detected (Paper II and III). gcPWV displayed positive associations to 
both white matter PVS volume, WMH volume, as well to the global cSVD 
score. Interestingly, the relation between gcPWV and frontotemporal 
WMH also suggested an AD pathology pattern, favoring more 
heterogenous  mechanisms, such as atherosclerosis and endothelial 
dysfunction132. Furthermore AD is known to cooccur with cSVD22,133,134.  

Surprisingly, we found gcPWV and PI to be unrelated to each other, 
although they individually displayed similar associations to cSVD markers 
(Paper II). Recent evidence from a longitudinal study assessing cSVD 
markers in conjunction with PI found that increases in PI occurred after 
the structural changes to the brain. Perhaps this is suggesting that gcPWV 
and PI exert influence over different time-scales in the disease 
progression. In support of this, baseline gcPWV was shown to be related 
to the changes in WMH volume over a 2.5-year period (Paper III), an 
association that persisted after adjusting for age, blood pressure and BMI. 
However, after adjusting for the effect of baseline WMH volume, the 
association between gcPWV and WMH volume change disappeared, 
suggesting that the degree of WMH burden at baseline was the larger 
predictor of change. 

We speculate that the cross-sectional association between gcPWV and 
cSVD and the lack of a longitudinal relationship (after controlling for 
baseline WMH burden) could indicate that WMH burden already at 
baseline captured much of the long-term vascular pathology, and could be 
viewed as an integrated end-product of vascular insult over time. With this 
line of reasoning, it could be more usefull to measure gcPWV at a couple 
of time points during adulthood, in order to learn more about early and 
long-term exposure.  
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Another possibility is that there is a temporal disconnection or lag 
between arterial stiffness and lesion manifestation. In that scenario, 2.5 
years could be too short for lesions to develop, requiring more long-term 
longitudinal studies. Alternativity, the effects of vascular stiffness on the 
brain are established earlier in life and over a long period. Then it is 
conceivable that the best predictor of lesion growth is the current lesion 
volume. 

The lack of association between BBB leakage and gcPWV as well as to the 
change in WMH volume (Paper III) suggest that the BBB disruption is not 
the dominant pathway to cSVD disease progression in out cohort. 
However, it could be that BBB disruption is more evident in later stages 
of the pathological changes and, as we were trying to capture early 
changes, that the BBB disruption was too robustly subtle to detect in our 
cohort of 46 individuals over such short time-window.  

Our results also do not tell the story of how cerebral arterial stiffness 
would influence glymphatic flow, which could hold another key 
component as to how arterial stiffness influences the brain. For example 
in AD, where there is protein accumulation of amyloid beta and tau135 
potentially indicating impaired glymphatic clearance. 

CSF transport along the major cerebral arteries in 

the SAS 

Using lumbar intrathecal contrast injections, we investigated MR contrast 
agent propagation in the intracranial subarachnoid space. To achieve this, 
we considered concentration estimations obtained from multiple 
quantitative MRI investigations of T1-relaxation time. By further using an 
optimization approach based on the 1D advection diffusion model, we 
found the bulk flow and diffusivity parameters best describing contrast 
movement along the major cerebral arteries in the SAS.  

Both animal40 and human94 studies have suggested that CSF flows along 
the major cerebral arteries, however these studies have not attempted to 
disentangle the different contribution of diffusion and bulk flow. 
Combining angiograms and T1-maps measured at three occasions we 
proposed that a simple 1D advection diffusion model could offer crucial 
insights. Studying participants investigated for suspected iNPH, our 
method found a diffusivity of 31 ± 16 cm2/h exceeding that of free diffusion 
by orders of magnitude, suggesting that substantial mixing occurs, 
facilitating an enhanced diffusion behavior. Bulk flow (19 ± 16 mL/h), 
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instead appeared to follow what could be predicted from CSF production 
and absorption rates in iNPH patients (27 ± 9 mL/h)136 if we take into 
consideration that a substantial part of CSF likely travels via other outflow 
pathways before leaving the central nervous system, such as the 
cribriform plate and the spinal compartment78,137,138. Our results do not 
allow for direct assessment of the relative contribution of vascular wall 
movements or pulsatility. However, since CSF production and absorption 
appear to explain the observed bulk flow rate, we consider the impact of 
vascular wall movements on bulk flow to be limited. Instead, these 
movements likely enhanced diffusion by promoting mixing within the 
subarachnoid space. Importantly, these findings do not contradict 
evidence of pulsation-driven flow in perivascular spaces surrounding 
penetrating arteries in the brain tissue, as the conditions in those regions 
can potentially be very different.  

Limitations 

While more detailed descriptions are available in the individual papers, 
some notable limitations are summarized here. 

Regarding gcPWV, the most prominent limitation is that there is no 
reference technique, making it difficult to determine the true accuracy of 
the obtained gcPWV. In our studies, we attempted various perturbations 
to investigate the stability of the method, and while these results were 
promising, they do not confirm the ability to measure the true value. 
During the development phase, our algorithm was tested on simulated 
data to ensure that it accurately measures the arterial pulse wave delay as 
intended. However, such simulated data may not capture all the 
complexities present in real human data. 

Another prominent limitation was the small sample sizes used in Paper I, 
III, and IV. This, combined with a short follow-up time in study III, 
unfortunately leaves some uncertainty regarding how gcPWV and BBB 
leakage is expressed in the progression of cSVD. Furthermore, in Paper 
IV, the small sample size did not allow for an investigation of potential 
associations between gcPWV and the diffusion and bulk flow rate of CSF 
along the arteries of the SAS. 

Regarding the cSVD-focused studies, another limitation was that no 
consideration was given to medications. For example, it has been 
suggested that successful treatment of hypertension reduces the risk of 
severe WMH volumes and that statin therapy could improve arterial 
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elasticity. It should also be noted that the participants did not exhibit high 
levels of cSVD burden, meaning that these results do not necessarily apply 
to cases with severe cSVD. Additionally, concerning potential longitudinal 
increases in gcPWV, the follow-up 4D flow MRI scan was unfortunately 
performed after Gd injection (due to logistical requirements), likely 
introducing a bias that overshadowed actual longitudinal changes in 
gcPWV. 

Limitation specific to Paper IV include uncertainty regarding the ability of 
our global-level model to accurately depict a potentially fine-grained 
process. As a zeroth-order approximation, we assumed a spatially 
constant diffusion and bulk flow rate along the entire vascular tree. 
Therefore, potential variations along the vascular tree were not 
investigated, and the derived results should be regarded as average, 
global-level effects. We also only studied patients being investigated for 
suspected iNPH, which has previously been shown to exhibit delayed 
contrast propagation in the perivascular CSF. Future studies with larger 
cohorts will need to elucidate whether diffusion, bulk flow, or both 
underlie these apparent differences when compared to control subjects. 

Future Directions of Research 

As alluded to above, it would be of great interest to apply the developed 
methodology to measure gcPWV in larger population based longitudinal 
studies, undertaking a life-span perspective, to better elucidate how 
cerebral vascular remodeling might relate to neurological diseases among 
the older population. From a physiological perspective, it would also be 
valuable to determine how our gcPWV measure relates to central arterial 
stiffness. Furthermore, although we acknowledged the different 
approaches to determine pulse-wave delay between different vascular 
positions, we have yet to compare and describe potential biases between 
such approaches. 

Regarding the CSF propagation along major cerebral arteries in the SAS, 
diffusion and bulk flow should be assessed in a control group to address 
normal CSF dynamics among the young and old, thereby enabling 
detection of pathological changes. Additionally, an obvious next step is to 
relate the diffusion and bulk flow rate to vascular parameters such as 
arterial pulsatility and gcPWV to elucidate how human CSF transport 
depend on vascular pulsations. Another interesting question would be to 
relate the SAS flow rates to glymphatic perfusion at the tissue level. 
Determining whether total glymphatic bulk flow is lower or higher than 
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SAS bulk flow will give rise to different interpretation regarding the 
glymphatic outflow route.  

Conclusions 

In this thesis, we presented model-based approaches to characterize 
cerebral arterial stiffness and CSF transport using MRI. These were 
achieved by analyzing the velocity of the traveling pulse wave through the 
cerebral arterial tree and the contrast propagation along the major 
cerebral arteries within the SAS CSF. 

Using 4D flow MRI, gcPWV was assessed by considering the minute 
temporal phase-shift between velocity waveforms sampled at increasing 
depths of the vasculature. Challenges induced by a low temporal 
resolution were overcome by exploiting the vast number of velocity 
waveforms sampled from the full detectable arterial tree. gcPWV 
displayed robustness to a decrease in the number of available velocity 
waveforms, did not critically depend on the included vascular depth, or 
the inclusion of specific branches, and was sensitive enough to detect age-
related changes.  We demonstrated that gcPWV was associated to 
common features of cSVD in a cross-sectional setting, suggesting that 
vascular dysfunction occurs at multiple levels of the cerebral vasculature, 
not only at the microcirculation. However, shifting toward a longitudinal 
setting revealed that the predictive value of gcPWV in cSVD progression 
was limited. Furthermore, the lack of associations between BBB leakage 
and gcPWV as well as to cSVD progression suggest that BBB leakage is not 
the primary pathway to disease progression in our cohort. 
 
Using T1-maps collected at multiple timepoints (pre- and post-contrast 
injection), an optimization approach based on a 1D advection-diffusion 
model, enabled the extraction of diffusivity and bulk flow parameters 
describing Gd propagation in CSF along the major cerebral arteries in the 
SAS. Results revealed a diffusion behavior surpassing self-diffusion of Gd 
and a bulk flow rate closely aligned with the CSF production rate. These 
findings suggest that CSF production and absorption drive directional 
CSF flow along the SAS. Importantly, this demonstrates a method capable 
of assessing CSF dynamics that could hold important implications for how 
the brains waste clearance system is supplied with fresh CSF.  

In summary, this thesis successfully introduced model-based MRI 
methods to characterize cerebral arterial stiffness and CSF transport 
dynamics. These methods provide innovative tools to deepen insights into 
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vascular and CSF physiology, laying the groundwork for future research 
and clinical applications 
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