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ABSTRACT 
This thesis is focused on perfusion MRI techniques and topics related to image 
acquisition, analysis and clinical applications. The first half of the thesis is 
focused on dynamic susceptibility contrast (DSC) MRI, a technique which is 
based on the contrast enhancements caused by an intravenously administered 
paramagnetic contrast agent. The second half of this thesis is focused on blood 
oxygen level dependent (BOLD) MRI, which leverages a signal effect caused 
by paramagnetic properties of venous blood. For application in peripheral 
muscle, this signal effect can be enhanced by restricting the blood flow of a 
feeding artery to the studied tissue. In papers I and III, it is shown that the 
duration of the contrast agent injection and the duration of the flow restriction, 
indeed affects the measures of perfusion produced with these techniques. 

The pathophysiology of normal pressure hydrocephalus (iNPH) is not 
completely understood, but symptoms point toward brain stem regions. In 
paper II, DSC-MRI and diffusion MRI was applied to patients with iNPH, pre 
and post shunt-surgery, showing the possible involvement of these regions in 
iNPH symptoms and disease reversibility. 

In paper IV peripheral muscle BOLD was applied to patients with peripheral 
artery disease (PAD) and controls, in an exploratory study. Perfusion related 
measures derived from acquired BOLD curves were able to separate between 
PAD patients and controls, in accordance with previous studies. Further data 
exploration found a number of curve traits that could be indicative of potential 
disease phenotypes, and these have now been documented. As the technique 
continues to develop towards individual prognostication, these curve traits may 
be of value for establishing disease severity.  

In conclusion, this work has made advancements of the common knowledge 
base within the field of perfusion imaging, spanning from the well-studied area 
of DSC-MRI to the comparatively new technique of peripheral muscle BOLD 
imaging and their application to clinically relevant patient cohorts. 

Keywords: MRI, CBF, CBV, TTP, biophysical modelling, signal 
representation 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 

Som medicinsk utrustning är magnetkameran enastående. Den är känslig för 
variationer i magnetfält och rörelser på mikroskopisk nivå i kroppen och kan ge 
detaljerade bilder av anatomiska strukturer. Magnetkameran kan också göras 
känslig för olika egenskaper hos vävnaden, vilket möjliggör att bilden kan 
skräddarsys för specifika diagnostiska frågeställningar. 

Flödet av blod genom kapillärbädden i en vävnad kallas för perfusion. Denna 
avhandling är inriktad på magnetkameratekniker för perfusionsavbildning samt 
frågeställningar kopplade till bildinsamling, perfusionsanalys, samt teknikens 
kliniska tillämpningar. Den första halvan av avhandlingen fokuserar på en teknik 
för perfusionsavbildning där blodflödes bildkontrast förstärks av ett intravenöst 
givet kontrastmedel (DSC-MRI). Avhandlingens andra halva är fokuserad på 
blodsyrenivåkänslig magnetkameraavbildning (BOLD-MRI), som utnyttjar en 
signaleffekt orsakad av magnetiska egenskaper hos venöst blod. Signaleffekten 
förstärks i den här tekniken genom att tillfälligt stoppa blodflödet till vävnaden i 
en matande artär. I artiklarna I och III visas att längden på 
kontrastmedelsinjektionen respektive flödesbegränsningen faktiskt påverkar de 
perfusionsmått som tas fram med teknikerna. 

Den bakomliggande sjukdomsmekanismen vid idiopatisk 
normaltryckshydrocefalus är ännu inte helt klarlagd, men symtombilden pekar mot 
funktioner som kan kopplas till hjärnstammen. I artikel II applicerades DSC-MRI 
på patienter med idiopatisk normaltryckshydrocefalus, före och efter shuntkirurgi. 
Resultaten tyder på områdets sannolika inblandning i symptombilden, samt 
symptomförbättring efter shuntkirugi. 

I artikel IV presenteras en explorativ studie, där BOLD-MRI i vadmuskel 
applicerades på patienter med perifer artärsjukdom och kontrollpersoner. I enlighet 
med tidigare studier visades att perfusionsberoende kurvegenskaper möjliggjorde 
en särskiljning mellan patienter och kontroller. Med ytterligare analyser kunde 
flera nya kurvegenskaper påvisas; egenskaper som eventuellt speglar sjukdom. 
När tekniken fortsätter att utvecklas mot individuell prognostisering kan de här 
egenskaperna vara av värde för fastställande av svårighetsgraden av perifer 
artärsjukdom. 

Sammanfattningsvis har den här avhandlingen bidragit till kunskapen inom 
perfusionsavbildning med den välstuderade tekniken DSC-MRI samt den 
jämförelsevis nya tekniken BOLD-MRI i perifer muskel, samt teknikernas 
tillämpning inom kliniskt relevanta patientkohorter. 

 



 vi 

 

 vii 

POPULÄRVETENSKAPLIG SAMMANFATTNING 

Som medicinsk utrustning är magnetkameran enastående. Den är känslig för 
variationer i magnetfält och rörelser på mikroskopisk nivå i kroppen och kan ge 
detaljerade bilder av anatomiska strukturer. Magnetkameran kan också göras 
känslig för olika egenskaper hos vävnaden, vilket möjliggör att bilden kan 
skräddarsys för specifika diagnostiska frågeställningar. 

Flödet av blod genom kapillärbädden i en vävnad kallas för perfusion. Denna 
avhandling är inriktad på magnetkameratekniker för perfusionsavbildning samt 
frågeställningar kopplade till bildinsamling, perfusionsanalys, samt teknikens 
kliniska tillämpningar. Den första halvan av avhandlingen fokuserar på en teknik 
för perfusionsavbildning där blodflödes bildkontrast förstärks av ett intravenöst 
givet kontrastmedel (DSC-MRI). Avhandlingens andra halva är fokuserad på 
blodsyrenivåkänslig magnetkameraavbildning (BOLD-MRI), som utnyttjar en 
signaleffekt orsakad av magnetiska egenskaper hos venöst blod. Signaleffekten 
förstärks i den här tekniken genom att tillfälligt stoppa blodflödet till vävnaden i 
en matande artär. I artiklarna I och III visas att längden på 
kontrastmedelsinjektionen respektive flödesbegränsningen faktiskt påverkar de 
perfusionsmått som tas fram med teknikerna. 

Den bakomliggande sjukdomsmekanismen vid idiopatisk 
normaltryckshydrocefalus är ännu inte helt klarlagd, men symtombilden pekar mot 
funktioner som kan kopplas till hjärnstammen. I artikel II applicerades DSC-MRI 
på patienter med idiopatisk normaltryckshydrocefalus, före och efter shuntkirurgi. 
Resultaten tyder på områdets sannolika inblandning i symptombilden, samt 
symptomförbättring efter shuntkirugi. 

I artikel IV presenteras en explorativ studie, där BOLD-MRI i vadmuskel 
applicerades på patienter med perifer artärsjukdom och kontrollpersoner. I enlighet 
med tidigare studier visades att perfusionsberoende kurvegenskaper möjliggjorde 
en särskiljning mellan patienter och kontroller. Med ytterligare analyser kunde 
flera nya kurvegenskaper påvisas; egenskaper som eventuellt speglar sjukdom. 
När tekniken fortsätter att utvecklas mot individuell prognostisering kan de här 
egenskaperna vara av värde för fastställande av svårighetsgraden av perifer 
artärsjukdom. 

Sammanfattningsvis har den här avhandlingen bidragit till kunskapen inom 
perfusionsavbildning med den välstuderade tekniken DSC-MRI samt den 
jämförelsevis nya tekniken BOLD-MRI i perifer muskel, samt teknikernas 
tillämpning inom kliniskt relevanta patientkohorter. 

 



 viii 

LIST OF PAPERS 
This thesis is based on the following studies: 

I. Effects of bolus injection duration on perfusion estimates in dynamic CT 
and dynamic susceptibility contrast MRI 

Jonathan Arvidsson, Göran Starck, Kerstin Lagerstrand, 
Doerthe Ziegelitz and Oscar Jalnefjord 
Magnetic Resonance Materials in Physics, Biology and Medicine 2022 36:95-
106 DOI: 10.1007/s10334-022-01038-y 
 

II. MRI diffusion and perfusion alterations in the mesencephalon and pons as 
markers of disease and symptom reversibility in idiopathic normal 
pressure hydrocephalus 

Simon Agerskov*, Jonathan Arvidsson*, Doerthe Ziegelitz,  
Kerstin Lagerstrand, Göran Starck, Isabella Björkman-Burtscher, Carsten 
Wikkelsö and Mats Tullberg 
PLOS ONE 2020 15(10):1-13 
DOI: 10.1371/journal.pone.0240327 
 

III. Arterial occlusion duration affects the cuff-induced hyperemic response in 
skeletal muscle BOLD perfusion imaging as shown in young healthy 
subjects 

Jonathan Arvidsson*, Stefanie Eriksson*, Edvin Johansson  
and Kerstin Lagerstrand 
Magnetic Resonance Materials in Physics, Biology and Medicine 2023 
DOI: 10.1007/s10334-023-01105-y 
 

IV. Exploring the dynamics of ischemia and reactive hyperemia with skeletal 
muscle BOLD imaging in patients with peripheral artery disease, age 
matched controls and young healthy subjects 

Jonathan Arvidsson, Stefanie Eriksson, Oscar Jalnefjord,  
Edvin Johansson, Joakim Nordanstig and Kerstin Lagerstrand 
Manuscript 
 

 
Paper I, II, III are Open Access and available under the CC BY 4.0 DEED license. 

 
* Authors contributed equally 

 ix 

LIST OF CONTRIBUTIONS 
Paper I  

I participated in conceptualizing the study. I performed the experimental and 
the simulation-based perfusion evaluations and the statistical analysis. I was 
the main author of the manuscript. 

Paper II  

I contributed to the study design, implemented the perfusion estimation 
method and was responsible for the technique-related aspects of the 
manuscript, specifically data post-processing, perfusion, and diffusion 
parameter estimation. I shared the main authorship of the manuscript with the 
first author. 

Paper III  

I contributed to the study design. I participated in MRI data acquisition, and 
performed the perfusion data processing and the statistical analysis. I shared 
the main authorship of the manuscript with the second author. 

Paper IV  

I conceived the study design which was based mainly on previously acquired 
data. I participated in MRI data acquisition. I performed the data processing 
and the statistical analysis. I was the main author of the manuscript. 

  



 viii 

LIST OF PAPERS 
This thesis is based on the following studies: 

I. Effects of bolus injection duration on perfusion estimates in dynamic CT 
and dynamic susceptibility contrast MRI 

Jonathan Arvidsson, Göran Starck, Kerstin Lagerstrand, 
Doerthe Ziegelitz and Oscar Jalnefjord 
Magnetic Resonance Materials in Physics, Biology and Medicine 2022 36:95-
106 DOI: 10.1007/s10334-022-01038-y 
 

II. MRI diffusion and perfusion alterations in the mesencephalon and pons as 
markers of disease and symptom reversibility in idiopathic normal 
pressure hydrocephalus 

Simon Agerskov*, Jonathan Arvidsson*, Doerthe Ziegelitz,  
Kerstin Lagerstrand, Göran Starck, Isabella Björkman-Burtscher, Carsten 
Wikkelsö and Mats Tullberg 
PLOS ONE 2020 15(10):1-13 
DOI: 10.1371/journal.pone.0240327 
 

III. Arterial occlusion duration affects the cuff-induced hyperemic response in 
skeletal muscle BOLD perfusion imaging as shown in young healthy 
subjects 

Jonathan Arvidsson*, Stefanie Eriksson*, Edvin Johansson  
and Kerstin Lagerstrand 
Magnetic Resonance Materials in Physics, Biology and Medicine 2023 
DOI: 10.1007/s10334-023-01105-y 
 

IV. Exploring the dynamics of ischemia and reactive hyperemia with skeletal 
muscle BOLD imaging in patients with peripheral artery disease, age 
matched controls and young healthy subjects 

Jonathan Arvidsson, Stefanie Eriksson, Oscar Jalnefjord,  
Edvin Johansson, Joakim Nordanstig and Kerstin Lagerstrand 
Manuscript 
 

 
Paper I, II, III are Open Access and available under the CC BY 4.0 DEED license. 

 
* Authors contributed equally 

 ix 

LIST OF CONTRIBUTIONS 
Paper I  

I participated in conceptualizing the study. I performed the experimental and 
the simulation-based perfusion evaluations and the statistical analysis. I was 
the main author of the manuscript. 

Paper II  

I contributed to the study design, implemented the perfusion estimation 
method and was responsible for the technique-related aspects of the 
manuscript, specifically data post-processing, perfusion, and diffusion 
parameter estimation. I shared the main authorship of the manuscript with the 
first author. 

Paper III  

I contributed to the study design. I participated in MRI data acquisition, and 
performed the perfusion data processing and the statistical analysis. I shared 
the main authorship of the manuscript with the second author. 

Paper IV  

I conceived the study design which was based mainly on previously acquired 
data. I participated in MRI data acquisition. I performed the data processing 
and the statistical analysis. I was the main author of the manuscript. 

  



 x 

 

RELATED PRESENTATIONS 
 
The following presentations are related to the studies of this thesis: 
 
1. BOLD MRI Perfusion in Peripheral Skeletal Muscle:  

Revealing the cuffing duration dependency 
Stefanie Eriksson, Jonathan Arvidsson, Suhela Abubakar Mohammad,  
Edvin Johansson and Kerstin Lagerstrand 
Joint annual meeting ISMRM-ESMRMB 2022, London  

 
2. Can bolus injection duration explain the difference in CBF estimates from 

DSC- and CT-perfusion? 
Jonathan Arvidsson, Oscar Jalnefjord, Göran Starck and Kerstin Lagerstrand  
ESMRMB Congress 2019, Rotterdam 

 
3. Regularized k-means clustering for segmentation of brain tissues using 

hemodynamic features in DSC-MRI 
Jonathan Arvidsson, Oscar Jalnefjord, Fredrik Kahl and Göran Starck  
Joint annual meeting ISMRM-ESMRMB 2018, Paris 

 xi 

ABBREVIATIONS 
ADC Apparent Diffusion Coefficient 
ASL Arterial Spin Labelling 
AIF Arterial Input Function 
BBB Blood Brain Barrier 
BOLD Blood Oxygen Level Dependent 
CBF Cerebral Blood Flow 
CBV Cerebral Blood Volume 
CEST Chemical Exchange Saturation Transfer 
DCE Dynamic Contrast Enhanced 
dMRI Diffusion MRI 
DSC Dynamic Susceptibility Contrast 
EPI Echo Planar Imaging 
fMRI Functional MRI 
Hb Hemoglobin 
iNPH idiopathic Normal Pressure Hydrocephalus 
IVIM Intravoxel Incoherent Motion  
MRI Magnetic Resonance Imaging 
MRS MR Spectroscopy 
MTT Mean Transit Time 
PAD Peripheral Artery Disease 
PASL Pulsed ASL 
RBC Red Blood Cell 
rCBF relative Cerebral Blood Flow 
ROI Region Of Interest 
SVD Singular Value Decomposition 
TE Echo Time 



 x 

 

RELATED PRESENTATIONS 
 
The following presentations are related to the studies of this thesis: 
 
1. BOLD MRI Perfusion in Peripheral Skeletal Muscle:  

Revealing the cuffing duration dependency 
Stefanie Eriksson, Jonathan Arvidsson, Suhela Abubakar Mohammad,  
Edvin Johansson and Kerstin Lagerstrand 
Joint annual meeting ISMRM-ESMRMB 2022, London  

 
2. Can bolus injection duration explain the difference in CBF estimates from 

DSC- and CT-perfusion? 
Jonathan Arvidsson, Oscar Jalnefjord, Göran Starck and Kerstin Lagerstrand  
ESMRMB Congress 2019, Rotterdam 

 
3. Regularized k-means clustering for segmentation of brain tissues using 

hemodynamic features in DSC-MRI 
Jonathan Arvidsson, Oscar Jalnefjord, Fredrik Kahl and Göran Starck  
Joint annual meeting ISMRM-ESMRMB 2018, Paris 

 xi 

ABBREVIATIONS 
ADC Apparent Diffusion Coefficient 
ASL Arterial Spin Labelling 
AIF Arterial Input Function 
BBB Blood Brain Barrier 
BOLD Blood Oxygen Level Dependent 
CBF Cerebral Blood Flow 
CBV Cerebral Blood Volume 
CEST Chemical Exchange Saturation Transfer 
DCE Dynamic Contrast Enhanced 
dMRI Diffusion MRI 
DSC Dynamic Susceptibility Contrast 
EPI Echo Planar Imaging 
fMRI Functional MRI 
Hb Hemoglobin 
iNPH idiopathic Normal Pressure Hydrocephalus 
IVIM Intravoxel Incoherent Motion  
MRI Magnetic Resonance Imaging 
MRS MR Spectroscopy 
MTT Mean Transit Time 
PAD Peripheral Artery Disease 
PASL Pulsed ASL 
RBC Red Blood Cell 
rCBF relative Cerebral Blood Flow 
ROI Region Of Interest 
SVD Singular Value Decomposition 
TE Echo Time 



 xii 

 

  

 xiii 

 
CONTENTS 
Introduction ...................................................................................................... 1 
Physiological background ................................................................................ 3 

Microcirculation ............................................................................................ 3 
Pathology and clinical features ..................................................................... 5 

Perfusion imaging ............................................................................................ 7 
Biophysical models and  signal representations ............................................ 7 
DSC-MRI ...................................................................................................... 8 

Estimation of tracer concentration from MR signal ............................... 10 
Model theory .......................................................................................... 10 
AIF and experimental considerations .................................................... 14 
Estimates of CBF, CBV and MTT ......................................................... 14 
Deconvolution ........................................................................................ 16 
Challenges of absolute quantification .................................................... 21 
Simulation of bolus tracking data .......................................................... 23 

Peripheral muscle BOLD perfusion ............................................................ 25 
BOLD contrast mechanism .................................................................... 26 
Peripheral muscle BOLD MRI .............................................................. 31 
BOLD curve analysis ............................................................................. 33 

Aims ............................................................................................................... 37 
Summary of papers ........................................................................................ 38 
Discussion ...................................................................................................... 42 
Conclusion and future perspectives ............................................................... 46 
Acknowledgements ........................................................................................ 49 
References ...................................................................................................... 49 
 

 



 xii 

 

  

 xiii 

 
CONTENTS 
Introduction ...................................................................................................... 1 
Physiological background ................................................................................ 3 

Microcirculation ............................................................................................ 3 
Pathology and clinical features ..................................................................... 5 

Perfusion imaging ............................................................................................ 7 
Biophysical models and  signal representations ............................................ 7 
DSC-MRI ...................................................................................................... 8 

Estimation of tracer concentration from MR signal ............................... 10 
Model theory .......................................................................................... 10 
AIF and experimental considerations .................................................... 14 
Estimates of CBF, CBV and MTT ......................................................... 14 
Deconvolution ........................................................................................ 16 
Challenges of absolute quantification .................................................... 21 
Simulation of bolus tracking data .......................................................... 23 

Peripheral muscle BOLD perfusion ............................................................ 25 
BOLD contrast mechanism .................................................................... 26 
Peripheral muscle BOLD MRI .............................................................. 31 
BOLD curve analysis ............................................................................. 33 

Aims ............................................................................................................... 37 
Summary of papers ........................................................................................ 38 
Discussion ...................................................................................................... 42 
Conclusion and future perspectives ............................................................... 46 
Acknowledgements ........................................................................................ 49 
References ...................................................................................................... 49 
 

 



 xiv 

 

  

Jonathan Arvidsson 

1 

INTRODUCTION 

Within medical imaging, most are familiar with structural imaging where the 
basis for diagnosis is the morphology of an object. Functional imaging extends 
beyond this and seeks to quantify physiological processes. 

The last few decades have seen considerable research effort within magnetic 
resonance imaging (MRI) towards the development of quantitative mapping 
techniques. Measures of interest span from MR-related properties such as 
proton density and relaxation times to the mapping of concentrations of 
metabolites1. Even dynamic physiological processes such as the diffusion of 
water molecules, brain activation, and the supply of blood to tissues of the body 
have also been studied extensively within the field of quantitative MRI1. 

The term perfusion is used to denote the process of blood flowing through the 
microvasculature of a tissue (Fig. 1), a process critical for maintaining tissue 
viability2. The Within the microvasculature, capillaries serve as the main point 
of exchange for oxygen and nutrients to the cells and metabolic by-products 
such as carbon di-oxide away from the tissue2. Insights into this physiological 
process are thus important for in vivo assessments of organs involved in 
diseases where the symptoms include disturbances in tissue metabolism and 
cardiovascular function. 

 
Figure 1. Illustration of microvasculature with arterioles, venules, capillaries, and 

erythrocytes that are color coded to reflect the degree of oxygenation. 
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Measuring perfusion has proven to be a difficult task and the clinical adoption 
of recent research developments has been relatively slow. While MR 
perfusion-related measures are presently used in the clinic, via contrast 
enhanced MRI and arterial spin labelling techniques, quantitative imaging-
based perfusion parameters used clinically are not always achievable, one such 
example being dynamic susceptibility contrast MRI (DSC-MRI) in which 
normalized measures are used (rather than estimates on a ratio or interval 
scale3). While several technical challenges remain in order to leverage the full 
potential of perfusion imaging techniques, clinical adoption also depends on 
practical developments in which standardisation of acquisition, post-
processing, and presentation schemes play important roles. 

The topics of this thesis span from aspects of perfusion image acquisition and 
data analysis to the application of perfusion imaging in clinical subject cohorts. 
It also spans two different perfusion MRI techniques, one well established, for 
use in neurological perfusion imaging, DSC-MRI, and one novel candidate 
technique for use in the assessment of peripheral muscle, cuff-based blood 
oxygenation level dependant MRI (BOLD-MRI). The techniques differ 
substantially in how image contrast, to probe tissue perfusion, is created. DSC-
MRI is dependent on the use of an exogenous contrast agent, administered via 
an intravenous injection. The contrast mechanism in cuff-based peripheral 
muscle BOLD-MRI leverages differences in the magnetic properties of arterial 
and venous blood and enhances these by first limiting, and subsequently 
releasing, the flow of blood to the tissue of interest. While DSC-MRI has been 
extensively researched over the last three decades and is routinely used in the 
clinic, cuff-based peripheral muscle BOLD imaging is still under technical 
development. 
  

Jonathan Arvidsson 

3 

PHYSIOLOGICAL BACKGROUND 

MICROCIRCULATION 
The microcirculation includes the arterioles, venules, the capillary bed as well 
as the terminal lymphatic vessels. Together they make up a fine mesh of vessels 
embedded in almost every tissue of the body2. The primary function of the 
microcirculation is to adjust the blood flow according to the nutritional needs 
of the tissue and to transport away metabolic byproducts2. 

Arterioles are the smallest arteries that intersect with the capillary bed and have 
an average diameter of 30 µm or less4. The venule is the smallest draining vein 
with diameters varying from 8-100 µm4. The capillaries are the smallest blood 
vessels at only 5-10 µm in diameter and the primary point of exchange between 
tissue cells and the vascular system 4. The diameter of the red blood cell (RBC) 
is about 7-8 µm4, close to or even slightly larger than the capillary diameter5, 
enforcing cell deformation during capillary flow. To allow for exchange 
between the vasculature and the cells, capillaries generally have leaky vessel 
walls. However, several different types of capillaries exist to support the 
specific needs of different organs. For example, the capillaries of the liver are 
highly permeable to allow proteins and cells to leave the vasculature4. In 
contrast, capillaries of the brain have an extremely low permeability and play 
an important role in maintaining the protective blood brain barrier (BBB)4. 

The arterioles play a major role in maintaining blood pressure and to keep a 
steady flow of blood through the microvasculature. As the blood enters the 
capillaries, the RBC velocity decreases from ~5-10 mm/s to ~1 mm/s6. This is 
in stark contrast to the RBC velocity of ~300 mm/s as found in larger arteries4.  
However, the velocity of blood through individual capillaries is not precisely 
constant. Rather, it follows oscillating flow pattern dictated by chemical 
signaling in response to the present tissue environment. At the inlet to each 
capillary, pre-capillary sphincters control the flow of blood to the vessel and 
different combinations in the level of hydrogen ion, lactic acid, tissue oxygen 
and carbon dioxide will either cause a vasodilation or vasocontraction, 
effectively increasing or decreasing capillary exchange4. 
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PHYSIOLOGICAL BACKGROUND 

MICROCIRCULATION 
The microcirculation includes the arterioles, venules, the capillary bed as well 
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is about 7-8 µm4, close to or even slightly larger than the capillary diameter5, 
enforcing cell deformation during capillary flow. To allow for exchange 
between the vasculature and the cells, capillaries generally have leaky vessel 
walls. However, several different types of capillaries exist to support the 
specific needs of different organs. For example, the capillaries of the liver are 
highly permeable to allow proteins and cells to leave the vasculature4. In 
contrast, capillaries of the brain have an extremely low permeability and play 
an important role in maintaining the protective blood brain barrier (BBB)4. 

The arterioles play a major role in maintaining blood pressure and to keep a 
steady flow of blood through the microvasculature. As the blood enters the 
capillaries, the RBC velocity decreases from ~5-10 mm/s to ~1 mm/s6. This is 
in stark contrast to the RBC velocity of ~300 mm/s as found in larger arteries4.  
However, the velocity of blood through individual capillaries is not precisely 
constant. Rather, it follows oscillating flow pattern dictated by chemical 
signaling in response to the present tissue environment. At the inlet to each 
capillary, pre-capillary sphincters control the flow of blood to the vessel and 
different combinations in the level of hydrogen ion, lactic acid, tissue oxygen 
and carbon dioxide will either cause a vasodilation or vasocontraction, 
effectively increasing or decreasing capillary exchange4. 

 



Advancements in DSC and BOLD perfusion imaging 

 4 

According to the Fåhraeus effect, the volume percentage of RBCs in blood is 
lower in capillaries than in larger vessels7. Partly, this is due to the RBCs 
distribution in the axial center of small vessels (diameter < 30 µm), but also to 
the laminar flow, where RBCs move faster than the outer layer of plasma (and 
the average blood velocity). When tracer kinetic modeling is used as the basis 
for analyses to derive perfusion estimates on an absolute scale, corrections for 
differences in arterial and capillary hematocrit, the ratio of RBC to whole blood 
volume, is thus necessary. 

The convention for reporting perfusion parameters has been to relate                                            
the intravascular volume and flow to a reference tissue mass of 100g, yielding 
units ml/100g tissue and ml/min/100g, for blood volume and blood flow, 
respectively. The reference tissue mass is used to enable the comparison of 
perfusion estimates regardless of organ size. An alternative formulism also 
used, is the reporting of perfusion levels in relation to a reference volume of 
100 ml tissue, this is also recommended in a recent perfusion reporting lexicon 
under development by the open science initiative for perfusion imaging 
(OSIPI)8 initiated by the perfusion study group of the international society for 
magnetic resonance in medicine (ISMRM). 

Table 1. Neurological reference measures of perfusion, cerebral blood flow (CBF), 
cerebral blood volume (CBV) and mean transit time (MTT) in gray and white matter 
9 and peak blood flow measured in peripheral muscle of peripheral artery disease 
(PAD) patients and controls 10 

Perfusion	measure	 Healthy	subjects	 Patients	
Neurological	measures	 Gray	matter	 White	matter	 -	
CBF	(ml/min/100ml)	 35-60	 17-28	 	

CBV	(ml/100ml)	 3.5-6.6	 2.1-3.0	 -	
MTT	(s)	 3.8-6.6	 4.6-7.4	 	

Peripheral	muscle	 Anterior	tibialis	 PAD		
𝐹𝐹!"#$	(ml/min/100g)	 80	±	23	 48	±	16	

 
Perfusion measures can be achieved on an absolute scale in accordance with 
the tracer kinetic theory as shown in Table 1. for brain and peripheral muscle 
tissue, and as presented in the following chapters. However, in practical 
imaging scenarios, a number of challenges make absolute quantification less 
feasible in everyday clinical use. Clinical implementations of DSC-MRI are, 
for example, typically confined to relative measures of perfusion. In this thesis, 
the results of paper I bear relevance for quantitative perfusion imaging. In 
paper II, relative estimates of perfusion were derived. In paper III and IV signal 
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representation-based, rather than model-based analyses of perfusion were 
derived. 

PATHOLOGY AND CLINICAL FEATURES 
Microvascular disease and dysfunction are terms used for a broad set of 
conditions11. Severe microvascular pathologies include abnormal tumor 
vasculatures and arteriovenous malformations, as illustrated in Fig. 212. 
Abnormal tumor vasculature, driven by tumor angiogenesis, is often highly 
perfused with vessel leakage13. Arteriovenous malformations are characterized 
by tangles of macrovascular vessels that allow high-flow arteriovenous 
communication without passing through the capillary bed14. These examples 
illustrate somewhat extreme cases of microvascular abnormities. In many 
diseases, perfusion disturbances are closer to the normal variation, which thus 
require sensitive and specific perfusion measurement techniques. 

 
Figure 2. Illustrations of capillary beds found in healthy tissue, abnormal tumor 
vasculature, and arteriovenous malformations. 
 

iNPH 
In addition to volumetric increases in the lateral ventricles of the brain, late-
onset idiopathic normal pressure hydrocephalus (iNPH) is combined with a set 
of clinical symptoms: impaired gait and posture, cerebellar 𝑇𝑇!∗-time curves and 
paratonia, impaired wakefulness and urinary incontinence. The 
pathophysiology is not fully understood, but there is clear association with 
cardiovascular disease, mainly hypertension and diabetes mellitus15–17. 
Increased prevalence of white matter lesions has also been found in iNPH 
patients17. 

The clinical relevance of radiological assessments is motivated both by the 
clinical need to qualify patients for surgical interventions, but also to gain 
better understanding of the disease manifestation and development. While 
many patients are too fragile for surgery, a number of patients that are accepted 
for surgery do not improve. Being able to separate these non-responders from 
responders prior to surgery is an important topic of research towards increased 
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efficiency of clinical treatments for iNPH patients. The involvement of 
vascular risk factors and the fact that postoperative increases in perfusion of 
periventricular regions have been shown18, indicate that perfusion is relevant 
to study within this patient group. 

PAD 
Peripheral artery disease (PAD) is a category of vascular disease in which the 
flow of blood in peripheral arteries, typically in the lower limbs, is limited due 
to obstructions or vascular stiffening. Causes of the disease include increasing 
age, hypertension, tobacco use, diabetes, and hypercholesterolemia19. The 
symptoms range from intermittent ischemic-related pain (claudication) to 
critical limb ischemia with pain at rest and/or ulcers20. PAD is often 
accompanied by loss of muscle mass, sarcopenia, and degradation of muscle 
strength. The mechanics between sarcopenia and PAD remain to be 
established, but findings show likely involvement of oxidative stress, 
inflammation, mitochondrial dysfunction, and enhanced protein degradation as 
well as impaired muscle regeneration20. 

As critical limb ischemia becomes severe, wound healing in the peripheral 
body regions is impaired, to the extent that surgical interventions cannot be 
advised. For this subgroup of patients, even revascularizing surgery must be 
considered with care. Image-based measures of perfusion may provide 
additional information with the potential to aid the diagnostic question of 
whether a patient can benefit from surgical interventions or not. 
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PERFUSION IMAGING 
Several medical imaging modalities have been utilized to capture perfusion in 
vivo including positron emission tomography (PET), single photon emission 
computed tomography (SPECT), Doppler ultrasound, dynamic contrast 
enhanced computed tomography (DCE-CT) and MRI21. The most common 
strategy is to leverage the signal dynamics produced by the injection of an 
intravascular contrast agent. However, particularly within MRI there are 
alternative contrast mechanisms available such as arterial spin labelling (ASL) 
and BOLD. Each of these techniques provides unique image contrasts and 
prerequisites for the quantification of perfusion. 

BIOPHYSICAL MODELS AND  
SIGNAL REPRESENTATIONS 
According to Novikov et al.22, a majority of quantification techniques within 
diffusion MRI (dMRI) falls within one of two broad categories referred to as 
biophysical models and signal representations. This nomenclature also bears 
relevance to the field of perfusion MRI in general, but also in this thesis, as the 
analyses in DSC-MRI and cuff-based BOLD-MRI fall into different 
categories. While the analysis of DSC-MRI is based on tracer kinetic theory 
and a model of the vascular bed, the cuff-based BOLD MRI technique is based 
on a signal representation. 

Biophysical models require an underlying theory to interpret the measurements 
of an observed phenomenon. If the theory can be condensed and summarized 
into a parameterized mathematical expression, where each parameter holds 
specific biophysical meaning, it can be termed a biophysical model23. 
Parameter estimates of such an analysis can, if successful, provide specific 
insights to properties of the underlying physiology23. 

Signal representation is more straight forward in the sense that it simply 
conveys the fitting of a mathematical expression that can represent the data 
efficiently23. Such an analysis does not require any biophysical interpretation, 
and the parameters of the fitted expression will typically not carry a specific 
biophysical meaning. Analyses building on signal representations are often 
combined with a second step, where measures such as amplitudes, slopes, and 
durations are derived from the fitted representation. Although less specific, 
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representative analyses can provide measures that are sensitive to the observed 
biophysical phenomena and thus still provide valuable insights in clinical 
settings.  

To differentiate between the measures that these two analysis strategies 
produce, this thesis has used the term “perfusion parameters”, for parameters 
of model-based analyses and the term “perfusion related measures” for 
measures obtained via signal representation-based analyses. 

DSC-MRI 
DSC-MRI is typically used in neuro-imaging applications where the brain is 
assumed to have an intact blood brain barrier, hence where the contrast agent 
remains intravascular. In the following sections theory, underlying the 
perfusion analyses in paper I and II are presented. While original articles have 
been referred to, more recent publications have revisited and presented this 
theory24–28. 

Susceptibility contrast  
In dynamic susceptibility contrast-based MRI, the measured signal is made 
sensitive to the presence of an intravascular paramagnetic contrast agent. In 
the presence of a static magnetic field, such as the 𝐵𝐵#-field of the MR-system, 
the contrast agent, causes magnetic field inhomogeneities that alter the spins 
of nearby water molecules29. This effect spans the vasculature and extends 
some length into the extravascular space. On a macroscopic level, spatial 
variations in resonance frequencies of water molecules can be observed as a 
phase dispersion of the bulk magnetization, and a decrease in the MR signal 
magnitude, as registered by the MR-system29.  
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Imaging sequence 
Disregarding diffusion effects, the rephasing of altered spins to regain the 
signal magnitude and phase is made possible by the use of refocusing 
radiofrequency pulses, as applied in spin-echo pulse sequences. However, 
while spin-echo sequences are used, the most common approach is to leverage 
the strong susceptibility-based contrast mechanism, sampled by gradient-echo 
sequences26. The non-refocusing, gradient-echo pulse sequence, is repeated 
over time and as the contrast agent passes through the tissue of interest, its 
strong effect on the transversal relaxation produces a temporary decrease in 
signal that can be observed30. Depending on brain coverage and spatial 
resolution, typical sample rates used in practice are 0.5-1.5 s.  

The DSC-MRI sequence used in paper I and II was based on a segmented 
gradient echo echo-planar imaging (EPI) sequence with 2 segments, producing 
an image every 1000 ms, with echo time 30 ms, flip angle 40 degrees, 
repetition time 500 ms. Slice thickness was 5 mm with no slice gap, the in-
plane voxel dimensions were 1.8×1.8 mm2, field of view was 230×230 mm2 
and acquisition matrix 128×128. 

Gadolinium-based contrast agent 
The tracer used in the DSC-MRI acquisition is a paramagnetic contrast agent, 
commonly based on a gadolinium-chelate. The chelate acts as a carrier-
molecule, designed to encapsulate the toxic metal during its passage through 
the human body. The tracer is commonly injected via the right antecubital vein, 
passing through the pulmonary circulation before arriving at the brain, where 
its effect on the image contrast can be measured. In paper I and II a 
gadopentetate-based contrast agent (Gd-DTPA 0.5 mmol/ml) was 
administered at 5 ml/s of 0.1 mmol/kg, followed by a saline flush of 10 ml. In 
light of the recent debate on gadolinium deposition and the risk of developing 
nephrogenic systemic fibrosis31, it should be mentioned that the used contrast 
agent has since the acquisition of the current dataset been banned for use in the 
EU. 
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Estimation of tracer concentration from MR signal 
By use of a gradient echo sequence, change in MR signal depends on the 
change in transversal relaxation rate according to  

𝑆𝑆(𝑡𝑡) = 𝑆𝑆#𝑒𝑒$%&∆(%
∗(*) (1) 

The change in transversal relaxation rate ∆𝑅𝑅!∗(𝑡𝑡) is approximately linearly 
related to the contrast agent concentration29. This linear approximation enables 
a simplified observational model for the tissue contrast agent concentration 	

∆𝑅𝑅!∗(𝑡𝑡) = 𝑟𝑟!∗	𝐶𝐶*,-(𝑡𝑡) (2) 

The estimation of contrast-agent concentration from MRI signal can then be 
formulated 

𝑟𝑟!∗	𝐶𝐶(𝑡𝑡) = −
1
𝑇𝑇𝑇𝑇

𝑙𝑙𝑙𝑙	 6
𝑆𝑆(𝑡𝑡)
𝑆𝑆#

7 (3) 

Model theory 
Tracer kinetic modeling, also known as the Meier-Zierler indicator-dilution 
theory32, describes a model of the tissue microvasculature and the formulation 
of equations expressing perfusion parameters that are commonly used in 
intravascular bolus tracking techniques. The application of this theory is not 
limited to the brain or even perfusion imaging, but its most common 
applications include contrast agent-based techniques such as DSC-MRI and 
DCE-CT. While outside the scope of this thesis, the theory can be expanded to 
include the case where a permeable vasculature leads to contrast agent 
extravasation. Such a vasculature is characteristic for the brain with a disrupted 
BBB or in other organs of the body. 
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Figure 3. System representing the microvasculature with a bolus of intra-vascular 
tracer particles passing through. 

Under the assumption of an intravascular tracer, the tissue is assumed to 
behave in accordance with a linear and time-invariant system as illustrated in 
Fig. 3. More specifically, the system is assumed to fulfill the following set of 
properties32: 

• There exists only one inlet and one outlet to the system.  
• The system consists of several pathways of different length of which 

tracer particles can pass through. 
• Tracer particles that enter the system at the same time will thus exit 

the system via the outlet at different times, producing a distribution of 
transit times 

• The system is linear and time invariant, meaning that the distribution 
of transit times for particles traversing the system is the same 
regardless of the number of incoming tracer particles or when they 
enter the system. 

• The system holds a constant volume, 𝑉𝑉.,-*/ ,	 and the volumetric flow 
rate, F, through the system is constant. Tracer particles cannot be 
trapped in the system and recirculation of tracer particles does not 
occur, implying that eventually all tracer particles will exit the system. 

• The flow of the tracer through the system is representative of the flow 
of the native medium through the system. This implies that the transit 
time distribution of the tracer equals that of the native medium. 
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time distribution of the tracer equals that of the native medium. 
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The distribution of tracer times, ℎ(𝑡𝑡), represents the probability that a tracer 
particle that entered the system via the inlet at time t = 0, will exit through the 
outlet at time t. Since all particles at some point will leave the system, 

∫ ℎ(τ	)𝑑𝑑τ0
# = 1. (4) 

The cumulative distribution function, H(t), describes the fraction of all tracer 
particles that entered the system at t=0 and that have reached the outlet before 
time t. 

H(t) = ∫ ℎ(τ	)𝑑𝑑τ*
# , (5) 

the remaining fraction of particles in the system will reach the outlet at a time 
point after time t, as expressed by the impulse residue function33, 

R(t) =1- H(t) =1 - ∫ ℎ(τ	)𝑑𝑑τ*
# , (6) 

The following paragraph will show the relationship between R(t), the 
measured tissue concentration and concentration at the input to the system. 
Here, the use of the whole tissue concentration is practical as this is what can 
be measured remotely in an imaging voxel. Conveniently, with an 
intravascular tracer, the number of tracer particles in the system, 𝑄𝑄1'()*+, 
equals the number of tracer particles in the whole tissue volume,  
𝑄𝑄1'()*+ = 𝑄𝑄1*(). At a given time, t, the number of particles in the system is 
equal to the difference in the total number of particles that have entered and 
left the system so 

𝑄𝑄1'()*+(𝑡𝑡) = 𝑄𝑄1*()(𝑡𝑡) = 𝑄𝑄,2(𝑡𝑡) −	𝑄𝑄34*(𝑡𝑡). (7) 

The total number of particles that have passed the inlet and can be expressed 
as 

𝑄𝑄,2(𝑡𝑡) = 𝐹𝐹 A 𝐶𝐶,2(τ	)𝑑𝑑τ
*

#
 (8) 

The general approach to experimental applications of linear systems theory is 
to sample the system at its inlet and outlet. However, it is possible and in some 
remote sensing scenarios helpful to instead describe the concentration at the 
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outlet, by use of the cumulative distribution function, 𝐻𝐻(𝑡𝑡). The total number 
of particles that have passed the outlet,	𝑄𝑄34*(𝑡𝑡), can then be expressed as 

𝑄𝑄34*(𝑡𝑡) = 𝐹𝐹 A 𝐶𝐶34*(τ	)𝑑𝑑τ
*

#
  

= 𝐹𝐹A 𝐶𝐶,2(τ	)𝐻𝐻(𝑡𝑡 − τ)𝑑𝑑τ
*

#
 (9) 

Expressing Eq. 7 with concentrations at the inlet and outlet using Eq. 8 and 9 
yields33 

𝑄𝑄1*()(𝑡𝑡) = 𝐹𝐹A 𝐶𝐶,2(τ	)−𝐶𝐶34*(τ	)𝑑𝑑τ
*

#
 

= 	𝐹𝐹 A 𝐶𝐶,2(τ	)C1 − 𝐻𝐻(t − τ)E𝑑𝑑τ
*

#
 

(10) 

Using Eq. 6 this can be written using the residue function34, as 

𝑄𝑄1*()(𝑡𝑡) = 	𝐹𝐹 ∫ 𝐶𝐶,2(τ	)𝑅𝑅(t − τ)𝑑𝑑τ*
# , 

(11) 

The division of 𝑄𝑄1*()(𝑡𝑡) by 𝑉𝑉*,- provides an expression for C5,-.(t) as 

C5*()(t) =
F
𝑉𝑉*,-

A 𝐶𝐶,2(τ	)𝑅𝑅(t − τ)𝑑𝑑τ
*

#
  

= 6
1*()

	𝐶𝐶,2(t) ⊗ R(t), (12) 

where ⊗ denotes the convolution integral and where the assumption of equal 
contrast-agent relaxivity (Eq. 3) in the feeding artery and the tissue of interest, 
𝑟𝑟!∗, can be divided out. Eq. 12 shows the relationship between the tissue 
concentration time curve, the concentration time curve measured at the system 
inlet, and the tissue impulse residue function. 
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AIF and experimental considerations 
In the experimental setting, 𝐶𝐶,2(t) is referred to as the arterial input function 
(AIF) and an often-used nomenclature for the AIF is 𝐶𝐶7(t), which will be used 
for the continued derivation of perfusion estimates. 

A common site to manually register the global AIF is the middle cerebral 
artery, but AIF selection can also be aided by the use of an algorithm designed 
to select the most suitable AIF candidate voxels, based on a number of curve 
criteria such as early bolus arrival, steep up- and down-slope, avoiding curves 
with distorted peaks35,36. 

Hematocrit 
The contrast agent resides in the blood plasma space while the aim is to 
quantify perfusion properties of whole blood. Since hematocrit differs between 
macro- and microvasculature37, quantification of perfusion requires a 
correction for hematocrit. Correction factors can be obtained by dividing the 
tissue concentration time curve and the AIF by the fractional plasma space (1-
Hct), in Eq. 13, correction for arterial-, 𝐻𝐻𝐻𝐻𝑡𝑡7/*, and capillary hematocrit, 
𝐻𝐻𝐻𝐻𝑡𝑡879, have been combined to one factor as, 

𝐾𝐾: = (;$:8*/+*)
(;$:8*0/1)

,  (13) 

which when applied to Eq. 12, provides 

𝐾𝐾:C5*()(t) =
F
𝑉𝑉*,-

	𝐶𝐶7(t) ⊗ R(t) (14) 

 

Estimates of CBF, CBV and MTT 
In the following sections, the remaining derivation of perfusion parameters 
includes experimental aspects such as hematocrit and the estimated residue 
function,	RL(t). Maps of parameters CBF, CBV and MTT are shown in Fig. 4. 

CBF 
The estimation of the residue function from Eq. 14 involves deconvolving the 
AIF from the tissue concentration-time curve. The inverse problem can be 
formulated to yield the scaled impulse residue function as24 
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RL<(t) = 𝐶𝐶7(t) ⊗$; 𝐾𝐾:C5*()(t), (15) 

Where the correction for hematocrit can be applied to C5*()(t) prior to 
deconvolution, and where the flow scaled impulse residue function RL<(t) =
6
1*()

	RL(t). Here, RL(t) is an estimate of R(t), representing the fraction of tracer 

that remains in the system upon an instantaneous deposition of contrast agent 
at time t=0, thus R(0) = 1. However, the numerical solution to Eq. 15 may not 
be monotonically decreasing, so in practice, the approximation max	[RL<(t)], 
is used rather than RL<(0). 

𝐶𝐶𝐶𝐶𝐶𝐶 = max	[RL<(t)] (16) 

CBV 
To arrive at the CBV, a short detour to the model in Fig. 3 is necessary. In the 
case of an intravascular tracer, the number of particles of the whole tissue is 
the same as the number of particles in the tracer distribution volume.  

𝑄𝑄1*()(𝑡𝑡) = 𝐶𝐶1*()(𝑡𝑡) ⋅ 𝑉𝑉*,- = 𝐶𝐶1'()*+(𝑡𝑡) ⋅ 𝑉𝑉.,-*/ (17) 

Based on the conservation of mass, the total numbers of particles having passed 
the systems inlet, outlet and distribution space must be equal34,38. 

𝑄𝑄*3* = 𝐶𝐶A 𝐶𝐶,2𝑑𝑑𝑡𝑡
0

#
= 𝐶𝐶A 𝐶𝐶34*𝑑𝑑𝑡𝑡

0

#
= 𝐶𝐶A 𝐶𝐶1'()*+𝑑𝑑𝑡𝑡

0

#
 (18) 

If Eq. 17 is valid for any timepoint, it is also valid for integrations, 
which enables the substitution of ∫ 𝐶𝐶𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑡𝑡)𝑑𝑑𝑡𝑡

∞
0  from Eq. 18 and 

the blood volume fraction, can be expressed34 
 

𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑

=
∫ 𝐶𝐶𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑(𝑡𝑡)𝑑𝑑𝑡𝑡
∞
0

∫ 𝐶𝐶𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝑡𝑡)
∞
0 𝑑𝑑𝑑𝑑

=
∫ 𝐶𝐶𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑(𝑡𝑡)𝑑𝑑𝑡𝑡
∞
0

∫ 𝐶𝐶𝑑𝑑𝑖𝑖(𝑡𝑡)
∞
0 𝑑𝑑𝑑𝑑

. 
(19) 

In neuroimaging scenarios, the volume fraction is known as the CBV. Here, 
the correction for hematocrit has also been added. 
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𝐶𝐶𝐶𝐶𝐶𝐶 = 𝐾𝐾: 	
𝐶𝐶.,-*/
𝐶𝐶*,-

= 𝐾𝐾:
∫ C5*()(t)
0
# 𝑑𝑑𝑑𝑑

∫ CF(t)
0
# 𝑑𝑑𝑑𝑑

 (20) 

This derivation enables CBV estimates without deconvolution. The measures 
provide volume-specific estimates (in relation to 100 ml tissue), but mass-
specific estimates of CBF and CBV are given via division by the tissue density. 

MTT 
It can be shown that MTT is related to R(t) as follows24,25,32 

𝑀𝑀𝑀𝑀𝑀𝑀 = A 𝑑𝑑	ℎ(t)𝑑𝑑t
0

#
= A 𝑅𝑅(t)𝑑𝑑t

0

#
	 (21) 

In practice, this is achieved after deconvolution as 

𝑀𝑀𝑀𝑀𝑀𝑀 =
∫ RL<(t	)𝑑𝑑t
0
#

max	[RL<(t	)]
	, (22) 

which has been referred to as the Zierler’s area-to-height relationship. 

Central-volume theorem and alternative forms 
Finally, the central-volume theorem32,39 states that the relationship between 
these parameters is CB𝐶𝐶 = 𝐶𝐶𝐶𝐶𝐶𝐶	 ∙ MTT.	 This	 relationship	 between	 the	
three	 perfusion	 parameters	 enables alternative formulations by its use 
together with two of the three above expressions for CBF, CBV and MTT25. 

 
Figure 4. Parameter maps of CBF (left), CBV (center) and MTT (right) resulting from a 
standard DSC-MRI acquisition of a healthy elderly subject, overlayed on a fluid attenuated 
inversion recovery image. CBF and CBV have been scaled such that CBV in white matter is 2 
ml/100ml.  

Jonathan Arvidsson 

17 

Deconvolution  
Signal representation-based analyses have been suggested also within the field 
of DSC-MRI40–42, but the most common approach is to solve the inverse 
problem in Eq. 15, as illustrated by Fig. 5. In other words, to deconvolve the 
AIF from the tissue concentration-time curve. 

At noise levels typical for experimental scenarios, the inverse problem of Eq. 
15 is ill-posed, meaning that there exist many solutions to it. This inverse 
problem is also regarded ill-conditioned, meaning that small variations in the 
measured data can have large effects on the solution. Over the last two and a 
half decades, this has led to the development of many deconvolution 
strategies43–57. 

 
Figure 5. Illustration of inverse problem with the flow scaled tissue impulse residue 
function, the AIF and the tissue concentration-time curve. 

Eq. 14 can be written on discrete form as 

𝐾𝐾:𝐶𝐶1*()d𝑡𝑡Ge = 𝑑𝑑𝑡𝑡	𝐶𝐶𝐶𝐶𝐶𝐶	f𝐶𝐶7[𝑡𝑡,] ∙ 𝑅𝑅d𝑡𝑡G − 𝑡𝑡,e
G

,H#

, (23) 

where dt is the sampling interval and where the convolution instead can be 
reformulated using matrix notation,  

𝑐𝑐1*() = 𝑨𝑨𝑟𝑟 (24) 

in which, 𝑨𝑨, approximates the AIF-convolution integral and where 𝐾𝐾:, dt, and 
CBF constants have been included in 𝑐𝑐1*(), 𝑨𝑨 and 𝑟𝑟, respectively.  
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which has been referred to as the Zierler’s area-to-height relationship. 

Central-volume theorem and alternative forms 
Finally, the central-volume theorem32,39 states that the relationship between 
these parameters is CB𝐶𝐶 = 𝐶𝐶𝐶𝐶𝐶𝐶	 ∙ MTT.	 This	 relationship	 between	 the	
three	 perfusion	 parameters	 enables alternative formulations by its use 
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Figure 4. Parameter maps of CBF (left), CBV (center) and MTT (right) resulting from a 
standard DSC-MRI acquisition of a healthy elderly subject, overlayed on a fluid attenuated 
inversion recovery image. CBF and CBV have been scaled such that CBV in white matter is 2 
ml/100ml.  
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Deconvolution  
Signal representation-based analyses have been suggested also within the field 
of DSC-MRI40–42, but the most common approach is to solve the inverse 
problem in Eq. 15, as illustrated by Fig. 5. In other words, to deconvolve the 
AIF from the tissue concentration-time curve. 

At noise levels typical for experimental scenarios, the inverse problem of Eq. 
15 is ill-posed, meaning that there exist many solutions to it. This inverse 
problem is also regarded ill-conditioned, meaning that small variations in the 
measured data can have large effects on the solution. Over the last two and a 
half decades, this has led to the development of many deconvolution 
strategies43–57. 

 
Figure 5. Illustration of inverse problem with the flow scaled tissue impulse residue 
function, the AIF and the tissue concentration-time curve. 

Eq. 14 can be written on discrete form as 

𝐾𝐾:𝐶𝐶1*()d𝑡𝑡Ge = 𝑑𝑑𝑡𝑡	𝐶𝐶𝐶𝐶𝐶𝐶	f𝐶𝐶7[𝑡𝑡,] ∙ 𝑅𝑅d𝑡𝑡G − 𝑡𝑡,e
G

,H#

, (23) 

where dt is the sampling interval and where the convolution instead can be 
reformulated using matrix notation,  

𝑐𝑐1*() = 𝑨𝑨𝑟𝑟 (24) 

in which, 𝑨𝑨, approximates the AIF-convolution integral and where 𝐾𝐾:, dt, and 
CBF constants have been included in 𝑐𝑐1*(), 𝑨𝑨 and 𝑟𝑟, respectively.  
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If the inverse of  𝑨𝑨 could be derived, the solution would be trivial: 

𝑨𝑨$𝟏𝟏𝑐𝑐1*() = 𝑟𝑟. (25) 

The convolution theorem enables the use of the Fourier transform, often 
regularized by low pass filtering to stabilize the solution in the presence of 
noise 46. But these techniques have proven sensitive to noise58.  

SVD 
Singular value decomposition (SVD)43,44 can be used to achieve the so-called 
More-Penrose pseudoinverse of 𝑨𝑨, 𝑨𝑨J. By decomposing the convolution 
matrix into left and right singular matrices 𝑼𝑼 and 𝐕𝐕∗, which are made up of the 
eigenvectors of 𝑨𝑨	𝑨𝑨𝑻𝑻 and 𝑨𝑨𝑻𝑻𝑨𝑨, respectively. 

𝑨𝑨 = 𝑼𝑼𝚺𝚺𝐕𝐕∗ 

The covariance matrix, 𝚺𝚺, of such a decomposition is diagonal and thus 
invertible, and made up of the square root of the eigenvalues of 𝑨𝑨	𝑨𝑨𝑻𝑻 or 𝑨𝑨𝑻𝑻𝑨𝑨, 
the so-called singular values. The singular values of 𝚺𝚺 are all positive and 
normalized to the largest singular value and placed in a descending order such 
that the first value equals 1. SVD can be used to find the pseudoinverse, 𝑨𝑨J =
𝑼𝑼∗𝚺𝚺$𝟏𝟏𝐕𝐕, which in turn can be applied in Eq. 25 as 

𝑼𝑼∗𝚺𝚺$𝟏𝟏𝐕𝐕𝑐𝑐1*() = 𝑟𝑟. (26) 

However, as with Fourier-based deconvolution, solutions are often afflicted by 
non-physiological oscillations. Such oscillations can be addressed by applying 
a threshold to the values of 𝚺𝚺$𝟏𝟏 to provide a smoother solution, effectively 
allowing fewer components of the AIF to form 𝑐𝑐*,-. The standard SVD (sSVD) 
based technique has been subject to improvements such as the delay-
insensitive block-circulant design of the 𝑨𝑨-matrix (cSVD) and the oscillatory 
index-based selection of singular value threshold, as a means to yield solutions 
with similar degrees of oscillations (oSVD)44. The use of oSVD has been wide-
spread and has seen use as a method of reference in the development of novel 
deconvolution strategies47,48,52,59. In this thesis, oSVD was used in the 
evaluation of injection duration effects in paper I. 
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Numerical solutions 
A numerical approach to solving Eq. 24 is to find the vector, r, which 
minimizes  

𝑟𝑟 = min
/

kl𝑨𝑨𝑟𝑟 − 𝑐𝑐1*()lm. (27) 

A penalty term can also be added to steer the optimization toward a solution 
that agrees with expectations on a physiologically plausible solution. 

𝑟𝑟L = min
/

kl𝑨𝑨𝑟𝑟 − 𝑐𝑐1*()l + 𝜆𝜆‖𝑳𝑳𝑟𝑟‖m ,	 (28) 

where 𝜆𝜆 is the regularization parameter and where the matrix 𝑳𝑳 is designed to 
introduce a penalty when the solution, r, deviates from a-priori expectations 
on the solution. Typically, such expectations address the smoothness of the 
solution45, but also monotonicity can be addressed. 

Vascular model 
Vascular model-based analyses were proposed in early studies by Kroll et al.60 
and Østergaard et al.61. Mouridsen et al.47 continued on this path by assuming 
that the distribution of transit times, h(t), follows a gamma variate distribution. 

ℎ(𝑡𝑡; 𝛼𝛼, 𝛽𝛽) =
1

𝛽𝛽MΓ(𝛼𝛼)
𝑡𝑡M$;𝑒𝑒$*/O 𝛼𝛼, 𝛽𝛽	 > 0 (29) 

Where 𝛼𝛼 and 𝛽𝛽 are shape parameters. By inserting ℎ(𝑡𝑡; 𝛼𝛼, 𝛽𝛽) in Eq. 6, the 
impulse residue function is 

𝑅𝑅PQ(𝑡𝑡; 𝛼𝛼, 𝛽𝛽) = 	1 − A ℎ(𝜏𝜏; 𝛼𝛼, 𝛽𝛽)𝑑𝑑𝜏𝜏
*

#
 (30) 

The implementation of vascular model deconvolution includes an additional 
parameter, 𝛿𝛿, to account for delay between the AIF and the tissue concentration 
time curve. 

𝐶𝐶PQd𝑡𝑡G; Θe = 𝑑𝑑𝑡𝑡	𝐶𝐶𝐶𝐶𝐶𝐶	f𝐶𝐶7[𝑡𝑡, − 𝛿𝛿] ∙ 𝑅𝑅PQd𝑡𝑡G − 𝑡𝑡,; 𝛼𝛼, 𝛽𝛽e
G

,H#

 (31) 

Where Θ are the model parameters (𝛼𝛼, 𝛽𝛽, 𝛿𝛿, 𝐶𝐶𝐶𝐶𝐶𝐶).  
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time curve. 
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G

,H#

 (31) 

Where Θ are the model parameters (𝛼𝛼, 𝛽𝛽, 𝛿𝛿, 𝐶𝐶𝐶𝐶𝐶𝐶).  
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In practice, the convolution in Eq. 31 is performed on up-sampled curves and 
using a Volterra convolution matrix62 to minimize errors related to the discrete 
approximation of the convolution integral. Finally, the model can be fitted in 
the signal domain by applying the observational model, Eq. 1, and the linearity 
assumption in Eq. 2 as 

𝑆𝑆[𝑡𝑡; Θ] = 𝑆𝑆#𝑒𝑒$%&/%
∗	S78[*;V] + 𝜀𝜀, (32) 

where, 𝜀𝜀 represents a gaussian noise vector. Note, that the inclusion of the 
hematocrit correction factor, 𝐾𝐾:, was left out of this paragraph for sake of 
simplicity. In paper II, vascular model-based deconvolution was implemented 
in a Bayesian fitting scheme as described by Mouridsen et al.63 and used for 
the estimation of relative perfusion. 

Nonparametric deconvolution 
A closely related strategy to the vascular model is to use Eq. 31 but implement 
an alternative description of the flow scaled residue function. Many approaches 
exist48–53,55. These techniques typically require the fitting of a number of 
parameters, and many utilize Bayesian model fitting schemes. While these 
methods do not assume a specific shape of the solution, regularization and 
intrinsic properties of the methods may result in shape restrictions on the 
solution. 
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Challenges of absolute quantification 
DSC-MRI is faced with a number of challenges that stand in the way of 
absolute quantification of perfusion parameters. A number of reviews on this 
topic that are well worth reading have been published, including Knutsson et 
al. 201026, Willats et al. 201364 and Calamante 201365. Several of these 
challenges are associated with the fact that a global AIF is commonly used as 
a surrogate measure for the concentration-time curve at the inlet of the system. 
Delay and dispersion (temporal widening) of the bolus of contrast occurring 
between the site of registration and the tissue of interest will then risk 
obstructing the perfusion estimation. While corrections for delay are possible 
to incorporate in deconvolution methods and appear to work relatively well, 
the effect of AIF-dispersion is more challenging. In patients with vascular 
abnormalities, dispersion has been shown to have substantial impact on 
perfusion estimates66,67, sparking research on use of local AIFs68–72. The use of 
a global AIF, however, remains the most common approach, with dispersion 
correction as an optional addition to the inverse problem of perfusion 
estimation49,52,55,73. 

Partial volume effects and misregistration of the AIF are also of major 
importance. Kjölby et al.74 showed via simulations how partial volume and the 
orientation of the vessel relative to the static magnetic field, 𝐵𝐵#, affects the 
shape of the AIF. Furthermore, the alternative of selecting an AIF-voxel 
entirely within the artery is less viable, mainly due to the limited spatial 
resolution and the signal saturation that such a voxel would cause, given that 
the imaging is optimized towards a strong signal response from tissue. The best 
alternative to obtain a non-distorted and minimally broadened AIF appears to 
be in a voxel with small partial volume of an artery that is oriented in parallel 
to 𝐵𝐵#. While this approach may produce an AIF with preserved curve shape 
properties, the partial volume effect will still directly scale estimates of CBV 
and CBF and needs to be addressed74. Several approaches have been proposed 
to address AIF partial volume effects, including a novel sequence that 
simultaneously excites a slice in the neck region with short echo time and 
complex signal read out75, or the addition of phase data as a basis for partial 
volume correction76. Also, methods based on rescaling the AIF have been 
proposed, such as the rescaling based on the ratio of the area under the tails of 
the measured AIF and venous output function77, as well as a scaling scheme 
based on an additional small dose pre-bolus contrast agent administration78. 
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Further challenges that can be considered include macrovascular partial 
volume contributions to the measured tissue signal, leading to errors in 
parameter estimates59,64. Such correction has been addressed by modeling 
macrovascular within-voxel contributions to concentration as a relative arterial 
blood volume-scaled AIF59. Contrast agent extravasation, leakage from the 
vasculature to the extravascular, extracellular space can be addressed by 
adopting a leakage term from dynamic contrast enhanced MRI (DCE-MRI) 
models79. Leakage in clinical rCBV-estimates is commonly addressed by so 
called Boxerman-Schmainda-Weisscoff-correction, based on a linear fitting 
algorithm80. 

The effects of injection speed, which translates to injection duration given a 
volume of tracer, has been studied in silico by van Osch et al.81 The injection 
of a volume of tracer ultimately determines the time duration of the input 
function with which to observe the tissue response. In paper I, we build upon 
these results, to evaluate the effect of injection duration on quantitative 
perfusion estimation under experimentally relevant noise conditions of DSC-
MRI and DCE-CT perfusion. 
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Simulation of bolus tracking data 
The simulations in paper I were performed to enable the evaluation of 
perfusion estimation with predefined perfusion parameters, injection durations 
and noise levels. A detailed description for both DCE-CT and DSC-MRI 
curves are included in paper I, here a short description of DSC-MRI curves is 
included and illustrated in Fig. 6. 

Tissue concentration-time curves were derived by use of the vascular model in 
Eq. 31, with shape parameters of the impulse residue function fixed 𝛼𝛼/X- = 3 
and where 𝛽𝛽/X- = 𝑀𝑀𝑀𝑀𝑀𝑀/𝛼𝛼/X-. The AIF was modelled as a box-car function 
representing the injection of contrast agent convoluted with a gamma-variate 
dispersion kernel, 𝜑𝜑(𝑡𝑡; α, β), (same as in Eq. 29) with αYZ[\ = 3 and β.Z[\ =
1.8, representing the pulmonary circulation. Recirculation was modelled as a 
delayed, dampened, and dispersed copy of the first pass, providing the AIF as 

CF(t) = Å𝐵𝐵(𝑡𝑡) + e$]^𝐵𝐵(𝑡𝑡 − 𝛿𝛿)⊗ 𝜑𝜑(𝑡𝑡; α, β)Ç⊗ 𝜑𝜑(𝑡𝑡; α, β),	 (35) 

Where the recirculation parameters were set to λ = 0.13 s-1 and 𝛿𝛿 = 16 s. 

 
Figure 6. Schematic diagram of the simulation of a noisy tissue signal-time curve. 
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Concentration time curves were transformed to the signal domain using the 
observational model and linear assumption in Eq. 1 and 2, as 

𝑆𝑆(𝑡𝑡) = 𝑆𝑆#𝑒𝑒$_∙%&∙S(*) (36) 

Where 𝑆𝑆#=100 and 𝐾𝐾, which accounts for both hematocrit and the linearly 
assumed tissue relaxivity, was set to achieve a 40% signal drop at maximum 
concentration in a reference tissue with CBF = 60 ml/100ml/min. For the AIF, 
a 60 % maximum signal at peak concentration was set. 

Gaussian noise was finally added in the signal domain, where the contrast-to-
noise (CNR) was defined in the concentration domain such that 

𝐶𝐶𝐶𝐶𝐶𝐶 = S8/9
a:/);<(=;

, (37) 

Where 𝐶𝐶Q7b is the maximum concentration and 𝜎𝜎c7-Xd,2X is the standard 
deviation of the baseline concentration81. 
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PERIPHERAL MUSCLE BOLD PERFUSION 
The interest in peripheral muscle function has grown, partly due to global aging 
and the concomitant rise in musculoskeletal disorders82. The application of 
functional MRI techniques has also provided new possibilities for probing 
peripheral muscle tissue perfusion and metabolism. For that purpose, a number 
of candidate MR techniques are under development, and amongst these, ASL, 
BOLD, ASL, intravoxel incoherent motion (IVIM) and DCE-MRI, 31P 
magnetic resonance spectroscopy (MRS) and chemical exchange saturation 
transfer (CEST) have been considered promising82,83.  

DCE-MRI has been applied to peripheral muscle perfusion and showed 
differences in time curves between muscles. DCE-MRI has the potential to 
provide the widest array of perfusion parameters out of these. So far estimates 
of the hyperemic microvascular blood plasma volume fraction of the 
musculature have been presented as an interesting potential biomarker for PAD 
assessment84.  ASL and IVIM can both provide quantitative measures of blood 
flow and neither technique requires an intravenous contrast agent injection. In 
a recent study, both ASL-blood flow and IVIM-f and -D* showed significant 
differences between pre- and post-operative measures in several calf muscles 
of which those in the anterior and soleus muscles correlated with pre- and post-
operative ABI improvement85. Phosphocreatine (PCr) measured by 31P-MRS 
is a surrogate for mitochondrial function and prolonged recovery after exercise 
is a marker of skeletal muscle ischemia in PAD86. Unfortunately, the technique 
requires long acquisition times and lacks spatial resolution83. An alternative to 
31P-MRS is to perform creatine chemical exchange saturation transfer crCEST, 
in which relatively high-resolution images reflecting creatine levels can be 
acquired repeatedly after exercise, to monitor recovery. crCEST is a promising 
technique, but further studies were found necessary to validate the technique87. 

Paper III and IV, focuses on leveraging the BOLD contrast, which is sensitive 
to the ratio of oxygenated-Hb/deoxygenated-Hb in the tissue. The technique 
does not require any external contrast agents, and the relatively low noise level 
and high temporal resolution of repeated acquisitions over time are beneficial 
properties. An important aspect of peripheral muscle BOLD imaging is how 
contrast changes can be introduced by imposing blood flow restrictions to 
feeding arteries as first described by Toussaint et al.88. This enables the 
possibility to gain insights from the tissue of interest at both ischemic and 
hyperemic states.   
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BOLD contrast mechanism 
The blood oxygenation level-dependent (BOLD) effect in MRI is highly 
complex with many simultaneous effects89. Simplified, however, it can be 
summarized as a change in 𝑇𝑇! and 𝑇𝑇!∗ due to the change in the ratio of 
deoxygenated and oxygenated hemoglobin (Hb) in the tissue. The shortening 
effect is caused by the paramagnetic property of deoxygenated Hb inducing 
microscopic magnetic field inhomogeneities in the blood and tissue 
surrounding the capillaries, in turn, leading to increases in bulk susceptibility89.  

Since the research field of peripheral muscle BOLD imaging is relatively new, 
theory is lacking in regard to muscle specific BOLD mechanism, and 
especially in combination with cuffing techniques that induce ischemia and 
subsequent hyperemia. The research field of functional MRI (fMRI), on the 
other hand, has applied BOLD contrast to dynamically image the brain since 
its discovery in the early 1990s90. Within the fMRI research, substantial efforts 
have been made toward establishing biophysical models that can accurately 
capture the BOLD contrast mechanisms involved in neuronal activation91. Two 
main modeling strategies have been established, 1) Dynamic physiological 
modeling and 2) steady state calibration methods. Dynamic biophysical 
models are utilized in the analysis of data acquired with task-based paradigms 
and aim to quantify the dynamic physiological response to a stimulus. 
Calibration methods aim to produce estimates of oxygen metabolic parameters 
such as oxygen extraction fraction (OEF) and cerebral metabolic rate of 
oxygen (𝐶𝐶𝐶𝐶𝐶𝐶𝑂𝑂!). Such methods often utilize hypercapnic (elevated 𝐶𝐶𝑂𝑂!) or 
hyperemic (elevated 𝑂𝑂!) respiratory paradigms and an imaging sequence that 
enables simultaneous BOLD and ASL acquisitions, to provide estimates of 
CBF for use in the analysis.  
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Within the research of calibration methods, Griffeth and Buxton presented a 
detailed four-compartment BOLD signal model that is valid under ideal noise-
free conditions92, as 

ef
f>

= 𝐻𝐻C𝑉𝑉&𝑒𝑒$%&∙∆(%?
∗

+ 𝜀𝜀g𝑉𝑉g𝑒𝑒$%&∙∆(%@
∗

+ 𝜀𝜀S𝑉𝑉S𝑒𝑒$%&∙∆(%A
∗

+

𝜀𝜀1𝑉𝑉1𝑒𝑒$%&∙∆(%B
∗
E, 

(38) 

where 

𝐻𝐻 = 1/C𝑉𝑉& + 𝜀𝜀g𝑉𝑉g,#	+	𝜀𝜀S𝑉𝑉S,#		+	𝜀𝜀1𝑉𝑉1,#	E. (39) 

Table 2 provides symbol keys and Fig. 7 illustrates the four compartments 
considered. 

 

Table 2. Symbol keys for BOLD signal model. 

Symbol	 Symbol	keys	
𝑆𝑆	 BOLD	signal	

	
𝑆𝑆C	 Baseline	BOLD	signal	

	
Δ𝑆𝑆	 𝑆𝑆 − 𝑆𝑆C	

	
𝑉𝑉(E,G,H,I)	 Volume	fractions	(intravascular,	arterial,	capillary,	

venous)	
	

𝑉𝑉(E,G,H,I),C	 Baseline	volume	fractions	(intravascular,	arterial,	
capillary,	venous)		

	
𝜀𝜀(G,H,I)	 Signal	ratio	at	baseline	of	an	intravascular	volume		

(arterial,	capillary,	venous)	to	an	extravascular	volume	
	

∆𝑅𝑅K(E,G,H,I)
∗ 	 Change	in	MR	signal	relaxation	rate	with	stimulus	for	

each	compartment	(extravascular,	arterial,	capillary,	
venous)	
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Figure 7. Illustration of vascular (arterial, capillary, venous) and extravascular 

compartments that contribute to the BOLD effect. 

According to this four-compartment BOLD model, the 𝑇𝑇!∗-relaxation in 
gradient-echo BOLD imaging is influenced by the extravascular volume, and 
three intravascular volume compartments. The intra- and extravascular 
compartments can be considered separately since exchange rates are slow in 
relation to the imaging echo time (TE)92. This model describes the effect on 
the BOLD contrast at an impulse in relation to baseline. Note that, in addition 
to the variation in the relaxation rates, the volume fractions of each 
compartment, 𝑉𝑉(&,g,S,1) and 𝑉𝑉(&,g,S,1),#, can differ between the two 
measurements, providing an increasing degree of complexity due to such 
physiological change93. 

A detailed review of physiological and biophysical BOLD-effects was made 
by Kim and Ogawa (2012)89 showing that not only the blood oxygen level 
dictates the measured signal. Water molecule diffusion contributes to 
deoxygenated-hemoglobine-induced signal dephasing in the extravascular 
compartment. This effect is strong for capillaries, but not for larger vessels94. 
Additionally, 𝑇𝑇!∗-relaxations will depend on vessel diameters and the 
orientation of vessels relative to the static magnetic field 𝐵𝐵#. Each 
compartment will thus depend on this effect to a varying degree. Also, 
intracellular pH will influence the BOLD signal of the extravascular 
compartment95. The dependency between the BOLD signal, tissue blood flow 
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and venous blood volume94, previously studied in dynamic physiological 
modelling in fMRI, will be valid also for the case of peripheral muscle BOLD 
imaging. More specifically, increases in the venous oxygenation level caused 
by an increase in CBF will lead to an increase in the BOLD signal, while 
increases in the venous blood volume (at the expense of decreases in the 
volume of other compartments), will lead to a decrease in the BOLD signal 
resulting from the comparatively higher ∆𝑅𝑅!1∗  of this compartment96. 

The cuffing paradigm and practical considerations 
In practice, cuffing-based peripheral BOLD imaging can be performed by 
using a tourniquet system and a multi-echo MR sequence, where the cuffing 
introduces dynamical changes in the tissue oxygenation and the sequence 
allows imaging of these changes. By the inflation and deflation of the cuff, 
blood flow restrictions to the muscle tissue of interest and reperfusion can be 
achieved. In paper III and IV, cuff inflation and deflation were made according 
to a predefined cuffing paradigm. Such a study design allowed different 
aspects of calf-muscle ischemia, the hyperemic response, and the transition 
between these states to be studied. Fig. 8D. shows an example of a measured 
time curve including the three phases of the cuffing technique, and how a 
descriptive model is fitted to these data points and subsequently used to derive 
perfusion related measures. 

Scanning procedure 
The scanning procedure in peripheral muscle BOLD perfusion requires a 
correct placement of the leg near the centre of the MR-bore, as well as correct 
positioning of the thigh tourniquet and MRI coil. Finally, the padding of the 
leg will ensure stability during the applied cuff-compression scheme and 
should be optimized also for patient comfort as this decreases the risk of patient 
movement during scanning. Fig. 8A shows the positioning of the pressure cuff, 
the MRI flex-coil, and an example of applied padding. 

The data acquisition includes dynamic imaging of the peripheral limb during a 
cuffing scheme consisting of three segments. The first segment is the baseline 
period when the cuff remains deflated. The baseline is followed by the 
ischemic segment, where the cuff is inflated. The final segment includes the 
release of pressure in the cuff, enabling tissue re-oxygenation, the cuff is then 
kept deflated for the remaining duration of the acquisition. The effect of this 
cuffing paradigm on calf skeletal muscle can be seen on the BOLD 𝑇𝑇!∗-time 
curve tissue shown in Fig. 8D. 
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Figure 8. Illustration of experimental setup of peripheral muscle BOLD MR 
including the positioning of leg with pressure-cuff, coil and padding (A, illustration is 
inspired by an original artwork by Erika Berggren), 𝑇𝑇K∗-map estimated from the first 
acquisition (B), ROIs delineated in the first-echo, first-acquisition image (C), and an 
acquired time curve with derived perfusion related measures, as well as the cuffing 
sequence with the cuff inflation and deflation indicated (B).  
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Peripheral muscle BOLD MRI 
In the literature, BOLD imaging techniques have been applied to skeletal 
muscle of patients with various cardiovascular diseases. The technique has 
proven to be able to differentiate between patients with PAD97–101, critical 
limb ischemia102, Type 2 diabetes103 and systemic sclerosis104 and controls. 
Improvements in symptom severity following from surgical revascularizing 
interventions in PAD102,105 and treatments in type 2 diabetes patients106 have 
also shown to be reflected by the technique. 

The adoption of cuff-based peripheral muscle BOLD imaging has since its first 
publication in the 1990s by Toussaint et al.88 been slow, possibly due to scanner 
hardware limitations and limitations in acquired data. However, the last decade 
has seen an increasing interest107–113. There are currently no reference values 
for derived measures and when results are compared between studies apparent 
variations in the hyperemic responses of BOLD-time curves are seen. The 
cuffing duration varies in many of these studies, and as studied in paper III, 
this will largely dictate the degree of the ischemic provocation.  

Regarding scan sequence considerations, there also appears to be substantial 
variability in how these dynamic BOLD MRI experiments have been 
performed. For example, Toussaint et al.88 acquired a single echo (60ms) at 
1.5T, Lederman et al.97 acquired four echoes (16-84 ms) at 1.5T. Partovi et 
al.111 acquired four echoes (9.3-41.5 ms) at 3T. Stacy et al.110 acquired a single 
echo (40 ms) at 3T and in paper III and IV eleven echoes (2-40 ms) were 
acquired at 3T, firstly to produce parameter maps as in Fig. 8B, finally via 
region of interest (ROI) wise analysis (example-ROIs seen in Fig. 8C) to 
produce 𝑇𝑇!∗-time curves and derived perfusion related measures Fig. 8D. In the 
few mentioned examples above, studies that used more than one echo all 
displayed curves as baseline normalized 𝑇𝑇!∗-time curves. But even so, there are 
difficulties in comparing the quality of time curves between these studies, as 
several of them only presents groupwise averaged curves. Interestingly, the 
original study by Toussaint et al.88, published almost three decades ago 
displays a curve with high resemblance to those seen in healthy individuals of 
paper III and IV (Fig. 8B). The undershooting transient upon cuff-release was 
observed in this study, but no explanation was given, and the curve trait 
appears to have received less attention in subsequent studies, until recently 
(paper IV). The dependency of the quality of acquired 𝑇𝑇!∗-time curves on the 
MRI acquisition appears to be a topic for future standardization efforts. 
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An interesting approach has been applied by Englund et al. 2013114, in which 
an MRI-sequence termed “perfusion, Intravascular Venous Oxygen saturation, 
and T2*” (PIVOT) is used. The sequence consists of interleaved pulsed arterial 
spin labeling (PASL) and multi-echo gradient-recalled echo (GRE) sequences. 
Thus, simultaneously acquiring PASL and multi-echo gradient echo images (5 
echoes spanning 3.78-26.32 ms) at 3T. In combination with a cuffing 
paradigm, this has enabled acquisition of dynamic estimates of 𝑇𝑇!∗, oxygen 
saturation (by use of complex multi-echo gradient echo data) and estimates of 
blood flow (via PASL data). The possibilities of a combined image acquisition 
strategy are indeed interesting to consider as a potential tool for monitoring 
disease progression and effectiveness of treatments, especially if the additional 
derived parameters can be shown to provide an added diagnostic value. In a 
second study by Englund et al.99, TTP estimates from both the dynamic PASL 
and BOLD acquisitions were found repeatable and sensitive to the presence 
and severity of PAD. In the MRI acquisitions used in paper III and IV, phase 
data was acquired for each of the eleven echoes and could be used to derive 
measures of intravascular venous oxygen saturation as in Englund et al114. 
Even though this was out-of-scope for this thesis, such analysis could 
potentially add to the ability to separate venous contributions to ROI-wise 𝑇𝑇!∗-
time curves. 

Dynamic BOLD MRI sequence 
It has been shown that the use of quantitative 𝑇𝑇!∗-mapping provides the benefit 
of an increased BOLD contrast when compared to 𝑇𝑇!∗-weighted imaging115. In 
papers III and IV, multi-echo gradient-echo imaging was used at 3T to acquire 
11 equidistant echoes at echo times (TE): 2.0, 5.8, 9.6, 13.4, 17.2, 21.0, 24.8, 
28.6, 32.4, 36.2, 40.0 ms. Repetition time was 44 ms and the flip angle was 9 
degrees. The single image slice had a thickness of 10 mm, and a field of view 
of 160×160 mm, with an acquisition matrix of size 128×119. Over the course 
of the cuffing sequence the MRI-acquisition repeated every 3.2 seconds and 
for each repetition a 𝑇𝑇!∗-parameter map was derived via the fitting of a mono-
exponential signal-decay model during data post-processing. 
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BOLD curve analysis 
The four-compartment model, described by Eq. 38 and 39, was designed to 
describe the signal change between two measurements and includes the 
volume fractions at both time points, 𝑉𝑉(&,g,S,1) and 𝑉𝑉(&,g,S,1),#. In the case of a 
dynamic measurement scenario as in cuff-based peripheral muscle BOLD 
imaging, this implies estimates for the volume fractions for each time-point of 
the measurement procedure, 𝑉𝑉(&,g,S,1)(𝑡𝑡). To model such a change, some 
theory dictating these partial volume changes in response to the cuffing 
sequence, is required. While Toussaint et al.88, concluded vasodilation and 
increased deoxygenated Hb content to be the main contributions to the 
decrease and increase in signal intensity during ischemia and reperfusion, a 
more detailed theory of this mechanism is warranted. As this theory is not yet 
established, the analyses in papers III and IV uses a descriptive, signal 
representation-based analysis.  

The parameterized function (the signal representation) is fitted to a ROI-wise 
signal- or 𝑇𝑇!∗-time-curve to facilitate the quantification of curve shape 
properties such as levels, slopes, and durations. The design of such a function 
must be flexible enough to fit to highly variable data, yet specific enough to 
enable the extraction of meaningful measures, and thus requires a set of 
underlying assumptions on how a tissue can act in response to the cuffing 
procedure.  
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BOLD curve assumptions 
The following set of assumptions, also illustrated in Fig. 9, are the bases for 
the parameterized function. 1) During cuffing, T!∗ will decrease, from a 
baseline level to an ischemic plateau. 2) Following cuff release, T!∗ will rise 
steeply to a hyperemic peak. 3) Following the hyperemic peak T!∗ will return 
slowly to the initial T!∗ level. This minimal set of assumed curve traits can be 
extended based on observations, to including other shape characteristics. One 
such example is the post-cuff-release undershoot that was quantified in paper 
IV. 

 

Figure 9. Assumed BOLD effect in response to activity and arterial occlusion. The 
color in the illustrated capillary beds represents the degree of tissue oxygenation in 
the blood. As cuff-induced arterial occlusion takes place, the volume of the venous 
compartment increases as the available oxygen is consumed. Upon cuff-release, an 
excess arterial inflow of blood increases the blood oxygenation. 
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Signal representation 
The signal representation-based analysis in paper III and IV was carried out by 
the fitting of the function, 𝑓𝑓(𝑡𝑡, 𝜃𝜃), to ROI-wise T2*-time curves. This 
functional description was developed initially by the company Antaros 
Medical (Mölndal, Sweden) and has been developed further by the author. 
Developments include addition of the term u(t), describing the cuff-release 
undershooting transient as well as various customizations regarding the 
derivation of the curve measures. The function is comprised by a set of 
components, defined over specific time intervals as 

𝑓𝑓(𝑡𝑡, 𝜃𝜃) = 𝑚𝑚(𝑡𝑡) + 𝑛𝑛(𝑡𝑡) + 𝑢𝑢(𝑡𝑡) + 𝑔𝑔(𝑡𝑡) + 𝑠𝑠(𝑡𝑡) + 𝑙𝑙(𝑡𝑡), (40) 

where 

𝑚𝑚(𝑡𝑡) = 1 +𝑚𝑚;(𝑡𝑡 −
𝑡𝑡!
2
) 𝑡𝑡 ≤ 𝑡𝑡! (41) 

𝑛𝑛(𝑡𝑡) = 𝑚𝑚(𝑡𝑡!) − 𝑛𝑛#(1 − 𝑒𝑒;$2L(*$*%)) 𝑡𝑡 ≥ 𝑡𝑡!, 𝑡𝑡 ≤ 𝑡𝑡# (42) 

𝑢𝑢(𝑡𝑡) = 𝑛𝑛(𝑡𝑡#) + 𝑢𝑢#𝑡𝑡(𝑡𝑡 − 𝑡𝑡i) 𝑡𝑡 ≥ 𝑡𝑡#, 𝑡𝑡 ≤ 𝑡𝑡# + 𝑡𝑡i (43) 

𝑔𝑔(𝑡𝑡) = 𝑔𝑔#C1 − 𝑒𝑒$jL(*$*>)E𝑒𝑒$j%(*$*>) 𝑡𝑡 > 𝑡𝑡# + 𝑡𝑡i (44) 

𝑠𝑠(𝑡𝑡) = 𝑠𝑠#(1 − 𝑒𝑒$-L(*$*>$*L)) 𝑡𝑡 > 𝑡𝑡# + 𝑡𝑡; + 𝑡𝑡i (45) 

𝑙𝑙(𝑡𝑡) = 𝑛𝑛(𝑡𝑡#) + 𝑙𝑙;(𝑡𝑡 − 𝑡𝑡#) 𝑡𝑡	 > 𝑡𝑡# + 𝑡𝑡i. (46) 

Where 𝑡𝑡# is the cuff deflation time point, 𝑡𝑡; is the time from undershoot end 
until 𝑠𝑠(𝑡𝑡) begins, 𝑡𝑡! is the cuff inflation time point and 𝑡𝑡i is the duration of the 
cuff-release undershoot. Further, 𝑔𝑔(𝑡𝑡) and 𝑠𝑠(𝑡𝑡), are modifications of the 
gamma variate and sigmoidal function components, published previously by 
Schewzow et al.116, such that the derivative at the upslope of the hyperemic 
response can be defined. ROI-wise descriptive data representation was carried 
out by fitting the parameterized function, 𝑓𝑓(𝑡𝑡, 𝜃𝜃), to each 𝑇𝑇!∗-time curve. 
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Perfusion related measures 
The measures derived from the described signal representation (Eq. 40) are 
described in Table 3. Note that since the curve is fitted normalized to baseline, 
multiplication by the baseline 𝑇𝑇!∗-level is necessary to obtain amplitude- and 
slope-estimates on a ms-scale. 

Table 3. Perfusion related measures and their calculation based on parameters from 
a signal representation based 𝑇𝑇K∗-time curve analysis. 

Measure		 Calculation	
Baseline	𝑇𝑇K∗	(ms)	
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AIMS 
The primary aim of this thesis is to advance the knowledge regarding certain 
aspects of the acquisition and measurement setup of DSC and BOLD perfusion 
MRI. The secondary aim is to apply these techniques in clinically relevant 
patient cohorts, either for the purpose of better understanding the 
pathophysiology of a disease or for further development of diagnostic imaging 
procedures. The specific aims of the papers were  

I. to study the effect that the injection duration in DSC-MRI and DCE-
CT perfusion has on perfusion parameter estimates 

II. to apply DSC-MRI in an iNPH patient cohort, estimating perfusion 
pre- and post-operatively in mesencephalon and pons, to explore the 
involvement of these regions in the pathophysiology 

III. to study the effect that the cuffing duration in cuff-based peripheral 
muscle BOLD perfusion has on perfusion-related measures in a 
population of young healthy subjects 

IV. to study and characterize cuff-based peripheral muscle BOLD 
perfusion 𝑇𝑇!∗-time curves and derived measures in PAD patients and 
healthy controls 
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SUMMARY OF PAPERS 

Paper I 
This study evaluates the effect that injection duration and noise have on 
perfusion parameter estimates in DCE-CT and DSC-MRI perfusion imaging. 
The simulation-based study design provided ground truth perfusion levels, but 
also enabled evaluations of these effects both separately and combined. 
Experimental noise levels typical for ROI-based and voxel-based DCE-CT and 
DSC-MRI were implemented and perfusion parameters CBF, CBV and MTT 
were extracted using an oSVD-based deconvolution. A ROI-based analysis 
based on five healthy subjects scanned using both DSC-MRI and DCE-CT was 
used to confirm that the simulation-based analysis reflected experimental 
conditions as shown in the derived estimates from the techniques. 

Further evaluations in silico showed that CBF estimates in DCE-CT (with the 
longer 12.5 s injection-duration) were more prone to a negative bias and 
increasing variability, compared to DSC-MRI (with the shorter 3.2 s injection 
duration), especially for high levels of CBF (Fig. 10). CBV was the most robust 
of the three parameters in regard to injection duration effects and noise. 

Increasing noise in tissue time curves to levels typical of single voxel analysis 
increased the CBF sensitivity to injection duration even further. Hence, the 
findings strongly suggest that differences in estimates of CBF between DCE-
CT and DSC-MRI, to a large degree, can be explained by the different injection 
durations and noise levels of the techniques. 

 

Figure 10. Evaluation of CBF at CBV=4 ml/100ml with noise levels at SNR 50 and 
25 and injection durations at 3.2 s and 12.5 s for DSC-MRI and CTP, respectively. 
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Paper II 
Patients with iNPH (n=20) were scanned before and after cerebral shunt 
surgery using DSC-MRI and diffusion weighted imaging to obtain estimates 
of relative CBF (rCBF) and apparent diffusion coefficient (ADC). The iNPH-
score, a summary score reflecting symptom severity, was acquired pre- and 
post-operatively and used to distinguish the 15 patients that responded with a 
≥5-point improvement to the surgical intervention. An additional age-matched 
control group (n=15) was subjected to a single session of scanning and iNPH-
score measurement.  

ADC estimates were obtained from diffusion weighted MRI, scanned with b-
values 0 and 1000 s/mm2 and in 3 orthogonal encoding directions. Perfusion 
estimates were derived by fitting the vascular model to the AIF and ROI-wise 
tissue signal-time curves. The fitting procedure was implemented in-house and 
based on a Bayesian cost function and Maximum Likelihood Expectation 
Maximization optimization framework. Relative estimates, rCBF, were 
produced by division with the estimate in the occipital lobe reference-ROI. 

iNPH-patients had lower preoperative ADC in the mesencephalon and pons 
when compared to controls. Postoperatively, ADC decreased but without 
correlation to clinical improvement. Preoperative rCBF was comparable in 
preoperative patients and in controls. After surgery, rCBF increased in the 
responder group in mesencephalon and pons and the increase correlated with 
clinical improvement as seen in Fig. 11. The alterations in ADC and rCBF in 
the mesencephalon and pons in iNPH-patients combined with the finding that 
rCBF increased postoperatively, seem to reflect clinical reversibility in shunt 
responders and strengthens the hypothesis, that these areas may be involved in 
the development and potential reversibility of iNPH. 

 
Figure 11. Correlation between rCBF and post-surgery change in iNPH scale score in 
responders for mesencephalon (a) and pons (b). This figure is a reprint from Agerskov and 
Arvidsson et al. 117, available under the CC-BY 4.0 license 
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SUMMARY OF PAPERS 
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also enabled evaluations of these effects both separately and combined. 
Experimental noise levels typical for ROI-based and voxel-based DCE-CT and 
DSC-MRI were implemented and perfusion parameters CBF, CBV and MTT 
were extracted using an oSVD-based deconvolution. A ROI-based analysis 
based on five healthy subjects scanned using both DSC-MRI and DCE-CT was 
used to confirm that the simulation-based analysis reflected experimental 
conditions as shown in the derived estimates from the techniques. 

Further evaluations in silico showed that CBF estimates in DCE-CT (with the 
longer 12.5 s injection-duration) were more prone to a negative bias and 
increasing variability, compared to DSC-MRI (with the shorter 3.2 s injection 
duration), especially for high levels of CBF (Fig. 10). CBV was the most robust 
of the three parameters in regard to injection duration effects and noise. 

Increasing noise in tissue time curves to levels typical of single voxel analysis 
increased the CBF sensitivity to injection duration even further. Hence, the 
findings strongly suggest that differences in estimates of CBF between DCE-
CT and DSC-MRI, to a large degree, can be explained by the different injection 
durations and noise levels of the techniques. 

 

Figure 10. Evaluation of CBF at CBV=4 ml/100ml with noise levels at SNR 50 and 
25 and injection durations at 3.2 s and 12.5 s for DSC-MRI and CTP, respectively. 
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Paper II 
Patients with iNPH (n=20) were scanned before and after cerebral shunt 
surgery using DSC-MRI and diffusion weighted imaging to obtain estimates 
of relative CBF (rCBF) and apparent diffusion coefficient (ADC). The iNPH-
score, a summary score reflecting symptom severity, was acquired pre- and 
post-operatively and used to distinguish the 15 patients that responded with a 
≥5-point improvement to the surgical intervention. An additional age-matched 
control group (n=15) was subjected to a single session of scanning and iNPH-
score measurement.  

ADC estimates were obtained from diffusion weighted MRI, scanned with b-
values 0 and 1000 s/mm2 and in 3 orthogonal encoding directions. Perfusion 
estimates were derived by fitting the vascular model to the AIF and ROI-wise 
tissue signal-time curves. The fitting procedure was implemented in-house and 
based on a Bayesian cost function and Maximum Likelihood Expectation 
Maximization optimization framework. Relative estimates, rCBF, were 
produced by division with the estimate in the occipital lobe reference-ROI. 

iNPH-patients had lower preoperative ADC in the mesencephalon and pons 
when compared to controls. Postoperatively, ADC decreased but without 
correlation to clinical improvement. Preoperative rCBF was comparable in 
preoperative patients and in controls. After surgery, rCBF increased in the 
responder group in mesencephalon and pons and the increase correlated with 
clinical improvement as seen in Fig. 11. The alterations in ADC and rCBF in 
the mesencephalon and pons in iNPH-patients combined with the finding that 
rCBF increased postoperatively, seem to reflect clinical reversibility in shunt 
responders and strengthens the hypothesis, that these areas may be involved in 
the development and potential reversibility of iNPH. 

 
Figure 11. Correlation between rCBF and post-surgery change in iNPH scale score in 
responders for mesencephalon (a) and pons (b). This figure is a reprint from Agerskov and 
Arvidsson et al. 117, available under the CC-BY 4.0 license 
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Paper III 
The study was set up to evaluate the sensitivity of the cuff-based BOLD 
imaging technique to the cuffing duration, including changes in BOLD 
parameters between different durations but also assessment of intra- and 
inter-scan repeatability. The study was based on a small cohort of young 
healthy individuals subjected to repeated measurements in which two 
different cuffing sequences were used, as shown in Table 2.  

Table 2. Data acquisition protocol with the resulting number of included subjects, n, 
for each imaging session. 

Session	 Measurement	1	 Rest	 Measurement	2	
1	 5	min	occlusion	(n=14)	 10	min	 5	min	occlusion	(n=10)	
2	 1.5	min	occlusion	(n=14)											10	min	 1.5	min	occlusion	(n=11)	
3	 5	min	occlusion	(n=6)	 -	 -	

Occlusion, either 1.5 or 5 min, denotes which compression sequence was used for each scan session. 
 

The longer occlusion duration was found to produce an enhanced hyperemic 
response (Fig. 12A), producing significantly different values in gastrocnemius 
(as exemplified in Fig. 12B) for all measures describing the hyperemic 
response, and in soleus for two of these measures. More specifically, the longer 
5-minute cuffing yielded an increase in hyperemic-upslope of ~40 % in 
gastrocnemius and ~60 % in soleus. This was also captured in both muscles by 
the time-to-half-peak measure which was found shorter by ~50% in 
gastrocnemius and ~35 % in soleus. 

 
Figure 12. The groupwise mean (filled) and standard deviation (shaded) of ROI-mean 
time curves from the gastrocnemius muscle, n=14 (A). TTHP in gastrocnemius for the 
measurement 1 in session 1 and 2 (B). This figure is based on figures from Arvidsson 
and Eriksson et al.113, printed under the CC-BY 4.0 license 

In conclusion, paper III shows that occlusion durations in cuff-based 
peripheral muscle BOLD imaging indeed influences the dynamics of the 
hyperemic response in peripheral cuff-based BOLD imaging and that a 
longer duration enhances the BOLD dynamics  
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Paper IV 
In a structured survey of data from patients with PAD, and age-matched and 
young controls, deviations from a standard T!∗-time curve were identified most 
commonly for PAD patients. For gastrocnemius, curve traits deviating from 
the standard curve (Fig. 13A) included non-monotonic T!∗ decrease during 
cuffing, 63 % and 33 % (Fig. 13B); transient curve traits linked to cuffing 
events, 42 % and 67 % (Fig. 13C); and apparent curve dependencies between 
muscles, 21 % and 0 % (Fig. 13D); for patients and age-matched controls, 
respectively. The negative cuff-release transient was observed even more 
frequently in young controls at 92 %. This trait has been included in the 
parameterized signal representation used in the analysis. The trait has 
similarities to the pre-impulse undershoot found in fMRI studies and may be 
relevant to study further from a biophysical and clinical perspective. 

 
Figure 13. Examples of soleus 𝑇𝑇K∗-time curves (blue and magenta) with orange annotations: 
the standard curve (A) followed by deviating curve traits including non-monotonic 
𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑	𝑖𝑖𝑖𝑖	𝑇𝑇K∗ during cuffing (B), a zoomed in example of a cuff-induced curve transient 
(C) and apparent curve dependencies between muscles (D), including gastrocnemius 
medialis (green) and gastrocnemius lateralis (red). Magenta lines can be disregarded. 

The present study confirmed current literature in that most clinically relevant 
dynamic BOLD effects were found in the hyperemic upslope. The measures 
characterizing this segment were the hyperemic upslope, the time to peak and 
the time to half peak. In patients, measurements in soleus frequently provided 
higher quality curves when compared to those in the gastrocnemius muscle. 
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Paper IV 
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DISCUSSION 

Clinical relevance 

Paper I 
In clinical or research scenarios, where CBF (or MTT) parameter maps are 
compared between the techniques, it is important to be aware that parameters 
from DCE-CT may be underestimated (or overestimated) in comparison to 
estimates from DSC-MRI, especially in highly perfused areas. These 
differences between the techniques have, to the authors knowledge, previously 
not received much attention in the literature. 

The clinically most used perfusion parameter, however, is the rCBV. The 
findings of paper I in regard to CBV, that this is the parameter least sensitive 
to the injection duration effect, are likely valid also for rCBV estimates. When 
CBV is estimated without deconvolution, as in Eq. 20 the integrals of the AIF 
and the tissue-concentration-time-curve provides some robustness against 
moderate levels of noise. These benefits of CBV-estimates are likely a part of 
the explanation to why rCBV-estimates have been successfully adopted in the 
clinical setting. 

Paper II 
Paper II showed that the increase in rCBF after shunt-surgery in 
mecencephalon and pons correlated with disease symptom improvements. This 
strengthens the hypothesis that these neuroanatomical regions may be involved 
in the disease symptom and potential reversibility of iNPH. However, no 
differences were found between any pre-operative perfusion parameters 
(rCBF, rCBV, MTT) between patients and controls, nor any differences for 
any perfusion parameters when all post-operative patients were compared to 
controls. Thus, indicating that intragroup and intersubject variabilities were 
relatively high, with large overlaps between groups. 

ADC estimates were found lower in preoperative patients when compared to 
controls, and estimates decreased further postoperatively. In all individual 
ROIs except the posterior ROIs in mecencephalon and pons, ADC was reduced 
postoperatively. However, these changes did not correlate with symptom 
improvements.  
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The ADC is a coarse measure of diffusion to start with as all signal effects that 
contribute to signal decreases during the diffusion weighting will be included 
in this single-parameter representation. The currently used diffusion weighting 
is less specific from a measurement perspective, due to the inclusion of the b=0 
s/mm2. This makes the ADC estimate sensitive to intravoxel incoherent 
motion, the contribution of the microvascular blood compartment to the 
measured diffusion signal decrease. The fact that differences between subject 
groups pre- and postoperatively could be detected is encouraging for future 
developments toward the application of more specific dMRI techniques to this 
patient cohort118. 

Paper III 
Paper III was based on a small cohort of healthy subjects to minimize the 
possibility of cofounding factors. This paper was focused on the acquisition 
protocol and how to apply the arterial occlusion in order to obtain strong and 
reproducible BOLD-curve measures. The results show that the duration of the 
occlusion indeed can affect the hyperemic response and derived measures. 
Hence, as the technique is developed further towards clinical adoption, and as 
standardization efforts are made to optimize image acquisition protocols, the 
arterial occlusion duration is a parameter that should be taken into regard.  

Since the subjects included in this study were young and healthy, the effect of 
the arterial occlusion duration on elderly healthy subjects, as well as PAD 
patients should be included in future standardization efforts. It is reasonable to 
expect similar or slightly smaller differences in an elderly population. 
Optimally, cuffing should be made sufficiently long for all potential subject 
groups, but as short as possible to minimize MRI scan duration. 

Paper IV 
One of the interesting findings in this study was the relatively frequent 
acquisitions of unexpected curve traits in the gastrocnemius muscles. While 
the reason for these deviating curves has not fully been established, the 
possibility that the cause is related to the leg placement in the scanner or 
differences in the padding of patients and healthy subjects cannot be entirely 
excluded. From a clinical perspective it is important to understand these causes 
in order to maximize repeatability of the technique under experimental 
conditions.  

A second finding was that while data from the gastrocnemius ROI often was 
deemed unusable, soleus curves were often acceptable. Based on the derived 
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measures from the soleus muscle, patients and age-matched controls were 
easily separated based on the hyperemic upslope measures. If the data in soleus 
continues to provide more reliable measurements, its recommended use over 
other muscles could be considered.   

Quantitative vs. relative estimates of perfusion 

Paper I 
This work showed that CBF-estimates in DCE-CT perfusion, which 
occasionally is used in parallel to DSC-MRI, depends on the injection duration. 
Longer injection durations can lead to estimate bias in CBF and MTT in highly 
perfused regions, while CBV estimates were proven to be robust against longer 
injection durations. These findings will hold true also when considering 
relative CBF estimates, given that the reference region used during 
normalization is not a highly perfused area. 

The oSVD deconvolution algorithm used in the evaluation of paper I is known 
to underestimate perfusion at high levels of CBF. Can the increased difficulty 
to estimate highly perfused regions at longer injection durations be dismissed 
as a property of the deconvolution technique? While each deconvolution 
technique has different qualities, it is believed that the results with increased 
bias and variability reflects the increased difficulty of solving an inverse 
problem when the solution has been encoded onto longer arrays. It is a 
possibility, however, that more recently developed deconvolution algorithms 
perform better than oSVD-deconvolution on these tasks. 

Paper II 
The surgical intervention where ventriculo-peritoneal shunts were installed 
caused severe susceptibility artifacts in the postoperative GE-EPI-based 
perfusion raw data. While care was taken to exclude these areas from analysis, 
we cannot entirely rule out the influence of susceptibility induced effects on 
post-operative estimates. Furthermore, it was found that occasionally sessions 
were terminated near the ending of the first bolus-passage. AIF-partial volume 
correction schemes based on tail-scaling (that do not require any extra acquired 
data), could thus not be leveraged for a portion of the subjects. To process all 
subjects equally, relative estimates of perfusion were derived. 
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During data-processing, special care was taken to exclude vessels and CSF 
from the ROIs prior to the averaging of signal-time curves. This was done first 
by use of an automated clustering, which during quality control was improved 
by a manual trimming of the ROI by the radiologist if necessary. 

Paper III and IV 
In paper III and IV BOLD imaging was applied to assess perfusion in 
peripheral calf muscle. While quantitative estimates of 𝑇𝑇!∗ are derived from raw 
images, no quantitative estimates of peripheral perfusion can be derived with 
the technique to date. Repeatability was evaluated in paper III and found 
excellent in regard to operator-related variations. Inter- and intra-session 
variability was found relatively low. 

The arterial inflow to the muscles appears to have substantial influence over 
the shape of the 𝑇𝑇!∗-time curve. While large vessel properties are highly 
relevant to measure for the patient group, the ability to capture more specific 
properties, that reflect properties of the capillary bed and oxygen metabolism 
is highly relevant from a clinical perspective. Theory describing changes to 
vascular volume fractions during the BOLD MRI acquisition, is warranted in 
order to enable estimation of quantitative perfusion parameters with the 
technique.  

For the evaluation of PAD, MRI techniques DCE-MRI, ASL, IVIM and 
crCEST appear to be the most interesting to compare against cuff-based 
BOLD. These are techniques that provide quantitative measures of perfusion 
or reflect metabolic function, each with its own level of measurement accuracy 
and precision. Current cuff-based BOLD analysis does not provide quantitative 
measures of perfusion. However, it can still reflect perfusion properties and 
derived measures may hold relevant information to assessments of PAD. 
Hence, it remains to be seen which of these techniques provide the best basis 
for clinical decision-making. 
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CONCLUSION AND FUTURE 
PERSPECTIVES 
What has this thesis contributed toward the primary and secondary aims of this 
thesis? In regard to the primary aim, to advance the knowledge regarding 
certain aspects of acquisition and measurement in perfusion imaging, paper I 
and III, are the primary articles to consider. To conclude, we now know that 
acquisition parameters such as the duration of the contrast agent injection in 
DSC-MRI and the cuffing duration in peripheral muscle BOLD imaging can 
influence the measures derived by each technique.  

In regard to the secondary aim of this thesis, to apply these techniques in 
clinically relevant patient cohorts, paper II and IV, are the primary articles to 
consider. Results in paper II, show that the mesencephalon and pons are likely 
involved in the iNPH disease and its potential reversibility, as reflected by a 
post-operative increase in rCBF that follows the rate of clinical improvement 
in shunt-responders. Future studies on larger cohorts are needed to validate the 
results of previous exploratory, small-cohort studies, such as paper II. In 
parallel, studies exploring other MR-contrast mechanisms and their potential 
to probe neurophysiology, relevant to the disease, are motivated. Techniques 
that combine BOLD and ASL acquisition with gas paradigms can potentially 
provide measures of oxygen metabolism. Animal studies on the glymphatic 
system show its potential involvement in iNPH and the use of contrast 
enhanced T1-weighted imaging may help enlighten these mechanisms further 
in humans119. The potential to sensitize microstructural tissue properties of the 
brain via advanced diffusion MRI techniques also appears promising118. 
 
In paper IV, cuff-based peripheral muscle BOLD imaging was applied to a 
small cohort of PAD patients and two control groups. Paper IV showed for the 
first time that the 𝑇𝑇!∗-time curves of patients can be difficult to interpret and 
can be associated with unexpected curve traits that do not always align with 
the most basic expectations on the response of the muscle to the cuffing 
sequence. It was also shown that these effects were more frequent in 
gastrocnemius rather than soleus muscles. To seek the causes of the observed 
deviating curve traits, whether they have scan-technical or physiological 
explanations, requires further studies.  
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Paper IV also confirmed previous results showing that the technique can 
separate patients from age-matched controls based on the soleus muscle even 
when data from the gastrocnemius ROI of several patients (n=10, 53%) had to 
be disregarded due to low quality. The most discriminative perfusion related 
measures were related to the upslope of the hyperemic response. Future work 
should be targeted on studying the BOLD effect during this segment of the 
cuffing paradigm in more detail by e.g. using pixel-based rather than ROI-
based analysis, enabling spatial intensity and pattern variations to be 
determined. Such detailed analysis may reveal regional changes associated to 
pathology but also enable separations between macroscopical tissue structures 
into e.g. fat, blood vessels and muscle tissue. From a clinical perspective, 
current PAD image diagnosis is mainly performed via angiographic imaging 
techniques, by studying the vessel tree. Also, measures of ankle brachial index 
can be used but in similarity to angiography, it produces a coarse measure of 
the macrovascular state. Paper IV shows that similar group-wise separations 
as ABI can be achieved with peripheral muscle BOLD imaging. Hopefully, 
more detailed analysis of the BOLD MR images can contribute with new 
information that can strengthen the diagnosis and increase the prediction of 
response to intervention on an individual level. As the lack of a gold-standard 
reference measure of microvascular tissue function may become challenging, 
intervention studies could be an attractive alternative to enable the evaluation 
of the clinical use of the technique. 
 
Shifting perspective from individual studies of this thesis to the field of 
perfusion imaging and the techniques used, the two main techniques used can 
indeed be placed at opposite ends of a hypothetical technical maturity-scale. 
The challenges associated with quantitative perfusion estimation in DSC-MRI 
are at this stage well documented and addressed, in most cases by several 
alternative approaches. While the possibilities and potential limitations of 
peripheral muscle BOLD imaging are still being explored. 

Improving the acquisition scheme in DSC-MRI has been suggested in the 
literature, such as combining gradient- and spin-echo acquisitions120–123 and 
multiple echo-times to more efficiently separate micro and macrovascular59 
signal contributions and provide leakage corrections124. However, while 
developments toward richer and richer data appears reasonable from a 
technical perspective, in the clinic, contrast-agent based techniques are 
competing against alternatives that do not require the hassle of an intra-venous 
injection during the scan-session. The current precautions against the use of 
gadolinium-based contrast agents and the recent developments on the topic of 
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CONCLUSION AND FUTURE 
PERSPECTIVES 
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contrast agent deposits31 adds to the interest of exploring alternative MRI 
techniques. Adding more complexity to the technique at this stage could 
become detrimental to a continued widespread clinical adoption, why 
balancing technical gains with practicality appears necessary. The fact is that 
correction techniques that require additional bolus injections or altered scan 
sequences have not reached clinical adoption, and in the clinic, rCBV-
estimates remains the most common perfusion estimate of DSC-MRI.  

The challenge of standardization of functional imaging techniques, such as 
DSC-MRI, has recently been recognized in the research community. Recent 
years has seen the rise of open-research initiatives and the relatively new 
interest toward reproducible research. Standardization of post-processing 
software and supporting the benchmarking of alternative software solutions on 
common data sets are topics within the scope of the open science initiative for 
perfusion imaging (OSIPI)125. The relatively new OSIPI code repository and 
testing framework126 is a platform initiated by the perfusion study group of the 
ISMRM, where world-wide collaborative efforts on these topics are currently 
taking place. 

The research field of perfusion MRI spans many categories of topics. These 
include, but are not limited to, 1) MRI physics and scan sequence optimization, 
2) experimental factors to enhance the perfusion-related signal contrast, 3) pre-
processing and correction techniques, 4) modelling theory, 5) the analysis of 
data to produce estimates of perfusion, and 6) post-processing such as scaling, 
normalization, and standardization of derived perfusion measures. When 
considering the combined complexity of this entire measurement apparatus, it 
becomes clear that research development is driven forward collectively by 
many. With the pooled efforts of a world-wide research community, a future 
with the successful clinical adoption of accurate and precise perfusion imaging 
techniques appears bright and hopeful. 
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