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Cerebral perfusion 

 

Blood flow is one of the most fundamental physiological parameters, being responsible for the delivery 

of oxygen and nutrients to biological tissue. Maintenance of adequate cerebral blood flow (CBF) is of 

vital importance for the health, growth and repair of brain tissue 2. CBF is commonly expressed as the 

volume of blood that flows through 100 grams of brain tissue each minute (mL/100g/min). CBF is 

determined by the cerebral perfusion pressure (CPP) and cerebrovascular resistance (CVR), with the 

following relationship 2, 3: 

     CBF = CPP
CVR

        [1] 

CPP is the net pressure gradient, causing blood to flow from the proximal supplying vasculature to distal 

vasculature in the brain. CVR is the resistance offered by the cerebral vasculature to the CPP. The vessel 

walls of intra-cerebral arteries contain smooth muscle tissue that enable vasoconstriction upon 

contraction and vasodilation upon relaxation 4. By transitionally varying the tone of the smooth muscles, 

the cerebral vasculature can regulate the CBF locally 5. If CPP falls - within the autoregulatory CPP range 

(CPP>60 mm Hg, Figure 1) - the cerebral arteries dilate, reducing CVR, increasing cerebral blood 

volume (CBV) and bringing CBF back to its original level within seconds. These rapid vascular 

adaptations to changes in CPP are known as the dynamic cerebral autoregulation 3. A second 

compensatory mechanism is the variation of the oxygen extraction fraction (OEF), which is the fraction 

of oxygen which is extracted from blood for metabolic use. If CBF decreases, the OEF will increase. 

These two mechanisms simultaneously keep the cerebral metabolic rate of oxygen (CMRO2) at a 

constant level, which is important to keep in mind when interpreting CBF values. 
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Figure 1 shows the relationship between several perfusion parameters. CBF = cerebral blood flow, CBV 

= cerebral blood volume, OEF = oxygen extraction fraction, CMRO2 = cerebral metabolic rate of 

oxygen, CVR = cerebrovascular resistance. 60 mmHg is the lower border of healthy cerebral perfusion 

pressure (CPP) values. 30 mmHg is the border at which autoregulation and OEF have reached their 

maximum and further CBF decline will cause disruption of normal cellular metabolism and function. 

 

 

  

9 



General introduction and outline 
 
Chapter 1 

Perfusion modifiers 

 

A multitude of factors influence cerebral perfusion 6. These are not only important to account for in the 

interpretation of CBF values, but can also be employed as challenges to evoke changes in cerebral 

perfusion 7. One important class of perfusion modifiers is neuronal action secondary to cognitive 

performance, which is the basis of task-based functional MRI (fMRI) 8. A variety of tasks exist that can 

induce perfusion changes. One class of tasks that are easy to perform is motor activity, such as finger 

tapping. When a subject performs a finger tapping task (Figure 2a), CBF will increase in the 

sensorimotor cortex (Figure 2b), and return to its original value after the task has ended and the hand is 

idle 9. Task-based fMRI can be of particular interest to neurobiologically map the psychiatric brain 10-12. 

 

 

Figure 2. Sequential opposition finger-tapping task (a) inducing an increase in CBF in the sensorimotor 

cortex, here projected on a T1 image (b) 

 

Drugs form another important class of perfusion modifiers 13. The study of CBF changes induced by 

medication or recreational drugs may not only serve to gain a better understanding of the effects of 

drugs on perfusion, but also of the neurobiology of psychiatrical pathologies and the pathophysiology of 

craving 14-16. Caffeine is an example of a drug that can be considered a first choice pharmacological 

challenge for explorative studies in healthy volunteers, as it is one of the most socially accepted and 

widely consumed neuro-stimulants in the world 16, 17. Caffeine has two paradoxical effects on 

hemodynamics, as it is both a cognitive enhancer - potentially increasing CBF similar to finger-tapping as 

described above - and a potent vaso-constrictive agent - decreasing CBF 18, 19. Because the vaso-

constrictive effect of caffeine outweighs its cognition enhancing effect in terms of CBF changes, CBF 

decreases with 20%-30% approximately 30 minutes after the intake of 200 mg caffeine (equivalent to 1-5 

cups of coffee) 17. Consequentially, OEF will increase to sustain CMRO2 levels (Figure 1). As this 

example shows, the range over which CBF can fluctuate over the day while sustaining healthy neuronal 
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function is large. Other main perfusion modifiers include patient characteristics such as age 20, gender 21 

and stress 22 as well as  lifestyle factors such as food consumption 23, exercise 24, alcohol 25 and smoking 
26. 

If the perfusion changes of interest are subtle, they can be easily dominated by perfusion fluctuations 

arising from this multitude of perfusion modifiers. Therefore, only a handful of pathologies, including 

cerebral infarction or tumors, may induce perfusion changes that are sufficiently large to be reliably 

measured on the single subject level 27-30. Most of the perfusion changes of interest in clinical, 

psychological or pharmacological studies are subtle, and can frequently only be reliably detected on a 

group level 31, 32. For this reason, most applications of arterial spin labeling (ASL) perfusion MRI are still 

in the research setting 33-35. 

Short history of ASL 

In the first few years of the existence of ASL 36, 37, investigators were exploring its possibilities in rodents 
38, mainly focusing on fundamental improvements of its implementation 39. Around 1997 clinical 

applications in humans began to appear, although these were limited to a few specialized research 

centers 40-43. Main developments that helped to increase the clinical reliability of ASL include the 

implementation of background suppression in 2000 44, the increasing availability of 3T MRI  45 and the 

invention of pseudo-continuous ASL in 2005 46. Simultaneously, more and more clinical applications of 

ASL were tested 47, 48. These developments promoted a broader applicability of ASL and from 2000 up 

until now, ASL-related publications have been exponentially increasing from 19 PubMed® hits in 2000 

to 252 in 2013 (US National Library of Medicine) (Figure 3).  

11 



General introduction and outline 
 
Chapter 1 

 

Figure 3 shows the exponential increase of peer reviewed arterial spin labeling studies, after its inception 

in 1992. 
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 Useful MRI terminology 

Spin Elementary particles such as water protons carry a physical property which is called spin. Spin can be 

represented by a vector and resembles a very small compass needle in many aspects. Under the influence 

of the strong magnetic field of the MR scanner, spin vectors will tend to align with the main magnetic 

field. Magnetization is the net effect of the magnetic vectors of all spins within an imaging voxel.  

Sequence A single MRI scan or experiment. This name stems from the fact that a single MRI 

measurement consists of a series of actions such as the application of radiofrequency (RF) pulses. Each 

sequence consists of a preparation phase and a readout phase. 

Magnetic resonance imaging During the preparation phase of an MRI sequence, the magnetization is 

modulated by RF pulses. Subsequently, the magnetization will recover to its original value and emit RF 

waves. These RF waves are then measured - during the readout phase - and reconstructed into an image 1. 

Point spread function Describes the spatial response of an imaging system to a point source. A large 

point spread function translates to a large extent of spatial smoothing of the acquired image. 

Readout The part of the sequence during which the emitted RF waves are being measured.  

Signal-to-noise ratio (SNR) Mean (signal) divided by its variation (noise). A ratio that describes to which 

extent the values on an MR image are determined by actual signal of interest compared to random noise. 

Provides an estimate of image quality. 

Voxel Volume pixel, where pixel stands for picture element. An MR image is composed of a grid of 

voxels, where each voxel is a cube with its own value or intensity. All voxels together form an image, 

which can appear mosaic-like (Figure 8c). 
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Arterial spin labeling 

ASL is a relatively new MRI perfusion modality that changes the magnetization of blood water protons 

to use them as an endogenous tracer 49. ASL is a completely non-invasive imaging modality, meaning 

that it requires neither ionizing radiation nor the administration of an exogenous contrast agent. Non-

invasiveness has several advantages for clinical research: it is possible to repeat the CBF measurement as 

frequently as desired and the measurement can be applied in vulnerable populations such as patients 

with renal failure or children 50. 

In ASL, a labeling plane is first positioned perpendicular to the cervical arteries 51. Throughout labeling, 

the positive magnetization of blood water protons that flow through the labeling plane is inverted by a 

radiofrequency (RF) pulse. The blood will then have a negative magnetization 37, 52. During the 

subsequent post-labeling delay (PLD), the labeled blood will travel downstream to the brain tissue 

(Figure 4). After this PLD, an image of the brain is acquired during the readout. This image will contain 

both the original positive magnetization of the stationary brain tissue as well as the negative 

magnetization from the inflowing labeled blood 39. In a second image, an identical MRI experiment is 

carried out without the labeling of blood. Hence, in this second image, the magnetization of both the 

brain tissue and the blood will be positive. The subtraction of these two images provides an image that is 

weighted by perfusion, because the magnetization of stationary brain tissue is the same in both images 

but the signal of blood is different (Figure 5). Noteworthy, this subtractive nature of ASL cancels out 

scanner signal drift (i.e. longitudinal changes in MRI signal related to MRI hardware), rendering ASL 

preferable to blood-oxygen-level-dependent (BOLD)-contrast for the study of longitudinal changes of 

cerebral physiology 13. 
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Figure 4 illustrates the timeline and spatial setup of a single ASL experiment schematically, for a 3D (a) 

and 2D (b) readout. The 3D readout module (a) occurs on a single time point for the whole brain, with a 

single effective post-labeling delay (PLD). For a 2D readout module (b), multiple slices are imaged 

consecutively, and the effective PLD increases with the slice readout duration for each slice in ascending 

mode. s = second, PLD = post-labeling delay. For illustrative purposes, only 10 slices are depicted here. 
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Figure 5 demonstrates how the subtraction of MR images with and without labeling yields perfusion-

weighted images. Both the control and label images contain the positive magnetization of static brain 

tissue (blue arrows), whereas only the label image contains the negative magnetization of labeled blood 

(red arrows). Since the majority of the brain volume is composed of brain tissue, the control and label 

images themselves will appear as low resolution anatomical images, whereas the subtraction image (ΔM) 

is weighted for the magnetization difference between the control and label images, hence for perfusion. 

 

One major caveat of the use of blood as an endogenous perfusion tracer, is that blood only forms 0-2% 

of brain volume within an imaging voxel, the other 98% being stationary brain tissue 53. In addition, the 

lifetime of the endogenous tracer is short: the inverted magnetization of the blood protons will return to 

its original positive magnetization with a T1 relaxation time (abbreviated as T1). In the context of ASL, 

T1 is defined as the time after which the inverted magnetization recovers to approximately 63% of its 

original value. At 3T MRI, the T1 of blood is 1.65 s 54, 55, whereas the T1 of tissue is even shorter (1.2 s 

for gray matter (GM), 0.9 s for white matter (WM)) 56. For these reasons, the signal-to-noise ratio (SNR) 

of ASL can be regarded as 50-100 times as small as the SNR of conventional anatomical MRI 34. In 

order to account for this low SNR, ASL experiments - 8 seconds for a single control-label pair (in case 

of a 2D EPI readout) - are typically repeated 20-40 times and the image resolution is kept low (in each 

dimension, ASL voxels are typically 3-4 times as large as anatomical MRI voxels) 57, 58.  
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Reproducibility 

Before any new measurement method can be applied clinically or in clinical research 59, 60, it is important 

to assess its accuracy and precision (Figure 6) 61-63. Accuracy states how close the mean of all 

measurements is to the "real" value. High accuracy is also referred to as low offset, bias or low 

systematic error. Precision, on the other hand, states how close each individual measurement is to the 

mean of all measurements. High precision is also referred to as low variation. In other words, the 

accuracy concerns a comparison of the means of all measurements from two different ASL sequences, 

preferably in comparison to a gold standard measurement, whereas the precision concerns a comparison 

of the variation between the measurements within one ASL sequence and the variation between 

measurements within another ASL sequence. 

Likewise, if we perform repeated measurement sessions with different methods, we can compare 

between methods either 1) the mean of the repeated measurements - analogous to accuracy - or 2) the 

variation between the repeated measurements - analogous to precision. To this end, we can compare 

multiple measurements of baseline resting CBF values, assuming that the effects of perfusion modifiers 

are randomly divided across different the measurement sessions  64-69. In addition, it is of interest to 

compare the mean and variation of a perfusion change - which is the outcome variable of many clinical 

and psychopharmacological perfusion studies 7, 70, 71. For the assessment of reproducibility in healthy 

volunteers, finger tapping can be considered a first choice fMRI task because is it easily performed and 

highly validated, whereas caffeine can be considered a convenient drug for reproducibility assessments 

because of its large whole-brain effect, wide availability and socially and medical-ethically accepted status. 
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Figure 6. Four situations with different combinations of high or low accuracy and/or precision.  

 

Sources of variability 

Two main components of variability of ASL-based CBF measurements can be distinguished: 

measurement noise and perfusion fluctuations 72. Measurement noise can be considered the first and 

most important to deal with, especially since the temporal SNR of ASL is intrinsically low. Because the 

temporal SNR of ASL is proportional to CBF, the reproducibility of ASL can vary significantly between 

patients and between different brain regions. In patients with high CBF - such as children - SNR 

optimizations may have low priority 50. On the other hand, in patients with low CBF - such as elderly 

with cerebrovascular or neurodegenerative disease - it is important to focus on improving SNR of ASL. 

Factors that can improve the SNR of ASL - and consequently its reproducibility - can be subdivided into 

MRI scanner hardware (including field strength and head coil design) and sequence optimization 

(including higher labeling efficiency or efficient readout strategies, as discussed below) 73. 

The relative influence of the perfusion fluctuations component increases as ASL technology advances 

and becomes increasingly robust - especially since averaging several voxels within a region of interest 

(ROI) - which is referred to as spatial averaging - can decrease the measurement noise. This follows 

from the assumption that the actual mean CBF within a ROI is constant but the variability between 

different voxels within a ROI is high because of the low SNR of ASL. In this case, the contribution of 

the measurement noise to the variability of CBF values can be greatly decreased by averaging CBF-

values of multiple voxels within an ROI. Since long-term perfusion fluctuations are relatively large 74, 75, 

these can easily dominate the variability for a large ROI such as the total GM 64, 65, 76, 77. Hence, if the 
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variability differs between different head coils or ASL readouts, this difference may be clearly apparent 

on an individual voxel level but much less when multiple voxels within a large ROI are averaged for a 

mean CBF value. 

 

Confounding effect of transit time 

"Conventional" ASL sequences that are commonly used in clinical research employ a single time point at 

which the readout is performed, directly following the PLD (Figure 4) 53. With a single time point ASL 

experiment, the validity of the measurement relies on the assumption that all the labeled blood has 

reached the brain tissue or its capillaries within the imaging voxel after the PLD 39, 78. If the label has not 

arrived in the imaging voxel at the time of imaging, the CBF will be underestimated. Paradoxically, if the 

label has already arrived in the imaging voxel but still resides within large blood vessels and has not 

arrived in the tissue or its capillaries yet, CBF will be overestimated. This is the consequence of the 

differences in T1 between blood and static tissue (GM or WM): when the label has not arrived in brain 

tissue yet, it has decayed slower than label that has already been in brain tissue for a period of time 

(Figure 7). Therefore, the time it takes for the labeled blood to travel to the tissue - which is called transit 

time (TT), also known as arrival time - can have a large effect on the quantification of ASL-based CBF 

values 53: it may introduce a bias (systematically under- or over-estimating CBF) or it may contribute to 

the variability of the measurement 67. 

Since TTs are similar to the T1 of blood on 3T MRI and the label signal decays exponentially (Figure 7), 

the selection of labeling duration and PLD can have a major effect on the accuracy and precision of the 

ASL measurement 79. E.g., if TT is short, the labeled blood has resided longer in the tissue and more 

signal will have decayed at the time of the readout, compared to if it had been residing in blood vessels 

only in case of a long TT (Figure 7). Although a-priori assumptions of TT can be inferred from literature 
80, these may still vary within- and between populations 66, 81. Therefore, the measurement of TT in 

addition to CBF may improve the accuracy and precision of ASL-based CBF values. In addition, there 

may be situations in which TT values carry information additional to - or even more important than - 

CBF values alone 82-85. 

Although this may not always be the case, a good rule of thumb is that TTs are inversely proportional to 

CBF 80, 86. In GM, TT is generally lower and CBF generally higher compared to TT and CBF in WM 

tissue 87, 88. Children have shorter TT and higher CBF than adults 79, perhaps to compensate for their 

increased brain metabolism during brain development. Moreover, in children with sickle cell disease 

(SCD), TTs are even shorter and CBF even higher to compensate for their anemia. This can be visually 
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appreciated on the perfusion-weighted images in children, where label has already arrived in the sagittal 

and transverse sinus at the readout time point 79. In contrast, elderly with neurodegenerative or 

cerebrovascular disease, have longer TTs and lower CBF, which may be the consequence of the extra-

cranial and cerebral arteries becoming more tortuous (hence prolonging TT) 89. In addition, perfusion 

modifiers such as drugs (e.g. caffeine) 90 or neuronal activation (e.g. finger tapping) 88, 91, 92 also modify 

TT. Therefore, it is important to take into account that TT differences may add to the bias and 

variability of CBF values measured by a single time point ASL sequence 67. For these reasons, several 

methods have been developed to measure TT using ASL 93, 94 and current efforts are focused on 

developing a simultaneous measurement of CBF and TT without SNR penalty for the single time point 

CBF measurement 95-97.  

 

Parameter Value 

  

GM CBF children with SCD  80-100 mL/100g/min 

GM CBF children  60-80   mL/100g/min 

GM CBF adults  50-60   mL/100g/min 

GM CBF elderly  40-50   mL/100g/min 

GM CBF elderly with cognitive decline  30-40   mL/100g/min 

  

WM CBF  15-20 mL/100g/min 

  

  

T1 blood 1650 ms 

T1 GM tissue 1240 ms 

T1 WM tissue   900 ms 

Table 1 provides an impression of the range of gray matter (GM) cerebral blood flow (CBF)-values that 

can be expected in different populations. For the white matter (WM), a single range is shown, since this 

value does not differ much between populations 74, and is not reported as frequently as GM CBF-values. 

These CBF-values are typical values and may vary strongly with the employed ASL and quantification 

techniques. 
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Figure 7. Schematic view of label signal evolution. Consider a typical ASL experiment with a 3D 

readout, 1800 ms labeling duration and 1800 ms post-labeling delay 53, in a healthy young volunteer with 

a transit time of 1900 ms for a proximal voxel and 2700 ms for a distal voxel. The average blood water 

proton is labeled at 900 ms (0.5 * labeling duration). This label will then have had 900 ms + 1800 = 2700 

ms between labeling and readout. If the label would arrive in the distal voxel, its signal has decayed with 

the T1 of blood only (red line). If the label would arrive in the proximal voxel, the signal has decayed the 

first 1900 ms with the T1 of blood and upon its arrival in tissue for another 800 ms with the T1 of GM 

tissue (blue line).  
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Pseudo-continuous labeling strategy 

Since the inception of ASL in 1992, a plethora of labeling and readout strategies have been proposed 37. 

Recently, a review has been published providing a consensus on the clinical application of single time 

point ASL 53. From all existing labeling strategies, pseudo-continuous ASL (PCASL) has been selected as 

the most robust and widely available labeling strategy for single time point ASL 76, 98. This labeling 

strategy relies upon continuous labeling - i.e. during a relatively long labeling duration - of blood flowing 

through a relatively thin labeling plane (Figure 4). The prefix "pseudo" is added because in PCASL 

labeling is not performed in a single continuous RF pulse but rather as a train of very short discrete RF 

pulses (around 1000 Hz) 99. The effect and CBF quantification of PCASL can be regarded the same as 

continuous labeling (CASL) but PCASL has several advantages compared to CASL, including higher 

labeling efficiency and better compatibility with existing MRI hardware - as it requires no extra coil 46, 98, 

99. An important disadvantage of PCASL - although this may also apply for ASL in general - is that the 

1000 Hz labeling produces a sound that can be highly uncomfortable for patients. There have been 

initiatives to adapt the PCASL sequence to produce more patient-friendly sounds, which can be 

especially important for clinical research applications in which it is important that the subject lies still for 

a prolonged period of time 100.  

 

Readout strategies 

Whereas most previous ASL experiments have been performed with a 2D readout 57, 58 such as 2D 

gradient-echo echo-planar imaging (EPI), it has been agreed upon that a 3D readout - such as 3D fast-

spin echo stack-of-spirals - is preferable for clinical applications of ASL 53. The main difference between 

a 2D and 3D readout for whole-brain imaging, is that a 2D readout is composed of multiple sequential 

single-slice readouts, whereas a 3D readout measures the magnetization in the whole brain at a single 

time point (Figure 4a). One important difference between reading out the magnetization of the whole 

brain at a single time point or ascendingly at sequential time points, is that the PLD is fixed for 3D 

whereas it becomes longer for each slice that is being read out later in time in the case of a 2D readout 

(Figure 4b). The main advantage of a 3D readout is its larger SNR compared to a 2D readout, translating 

into higher reproducibility 101. One of the main reasons why the SNR of a 3D readout is higher, is its 

improved implementation of background suppression 101. 
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Background suppression 

Ideally, the magnetization of stationary brain tissue is identical for the control and label experiments and 

will not contribute to the perfusion-weighted values of the subtraction image. In practice this is not the 

case, since the control and label experiments are performed at different time points and perfusion- and 

MRI-related artifacts change in time 102. Differences in stationary brain tissue magnetization between 

control and label images lead to subtraction errors that can be referred to as pseudo-perfusion 103. One 

of the largest subtraction errors is formed by head motion between the control and label scans, which 

can be visually appreciated as a bright edge around the brain on the perfusion-weighted image 53. Since 

subtraction errors increase the noise of the mean perfusion-weighted image, the suppression of 

background magnetization - i.e. the magnetization of stationary brain tissue - can greatly increase the 

SNR of ASL 44, 104. 

Background suppression minimizes the magnetization of stationary brain tissue during the readout. Since 

the magnetization - and hence the signal - of stationary brain tissue does not have a stable value but 

rather follows an exponential recovery curve 105 (Figure 8), it is not feasible to alter the magnetization of 

brain tissue in such a way that it is as low as possible at all time points in a multi-slice 2D readout 104. The 

magnetization of brain tissue will be lowest in the caudal slices, but will recover to its original values as 

more cranial slices are being readout later in time (Figure 8) 106. Hence, background suppression is only 

optimal for the first slice of a 2D readout, and suboptimal for the remaining superior slices. On the 

other hand, for the single time point of a 3D whole-brain readout, the magnetization of stationary brain 

tissue can be carefully altered by RF pulses to be as low as possible at the single readout time point 105. 

Therefore, the efficiency of background suppression is optimal for the whole brain in 3D whereas a 

standard 2D readout background suppression implementation is only optimal for a few caudal slices 104, 

106. However, this suboptimal noise reduction is still considered preferable to no noise reduction 53, 65. 

Since the accuracy and precision of ASL can suffer much from the intrinsically low SNR of ASL, 

improvements of SNR are highly desirable. This is especially the case in clinical applications with long 

TT and low CBF, such as in elderly with cerebrovascular or neurodegenerative disease 107.  
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Figure 8 demonstrates the effect of background suppression. a) shows its implementation for a pseudo-

continuous labeling module with a multi-slice 2D readout and the resulting evolution of tissue 

magnetization over time for gray matter (GM), white matter (WM), blood and cerebrospinal fluid (CSF). 

The second gray surface represents the readout phase during which all slices are consecutively readout, 

during which the "background" tissue signal returns to its original positive magnetization, reducing the 

background suppression level (b). This can be visually appreciated in (c), in which sagittal projections of 

raw EPI images are shown with (BS, upper Figure) and without background suppression (NBS, lower 

Figure). The bar below the picture indicates the signal intensity. 

 

Spatial smoothing 

An important disadvantage of a 3D readout module is its larger point spread function (PSF) 53, 101, 

resulting in a higher degree of spatial smoothing compared to a 2D readout, as illustrated by Figure 9. 

Other factors that can contribute to spatial smoothing include head motion and registration and 

interpolation errors in the post-processing stage 108. Furthermore, it is common practice to apply 

additional smoothing before statistical group analyses are carried out with ASL data 109. These origins of 

spatial smoothing contribute to a lower effective spatial resolution. A degree of smoothing can be 

desirable since it decreases random noise, similar to averaging multiple voxels 109. Nevertheless, 

considering the large perfusion differences between GM, WM and CSF tissue types, it is important to 

restrict the amount of smoothing to retain information that is beneficial for post-processing (e.g. non-

linear registration) 108, 110 or for the detection of small focal CBF changes 111. It should be noted that the 

PSF of a 3D sequence can vary much between different implementations of 3D readouts 101. Currently, 

efforts are directed towards decreasing the PSF of 3D sequences 73. 

 

 

Figure 9. Illustration of spatial smoothness differences in cerebral blood flow (CBF) data acquired in 

the same subject with a 3D spiral (a) and 2D EPI (b) readout module, after post-processing and 
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normalization to standard space. There is a clear difference in the visual differentiation between gray and 

white matter CBF, which can be strongly reduced by smoothing the 2D EPI CBF map to the same 

smoothness as the 3D spiral image (c). This illustrates how smoothing can be understood as a way of 

"ironing out" differences between neighboring voxels. The color scale shows CBF-values between 0 and 

100 mL/100g/min. 

 

White matter perfusion 

WM CBF may carry more information than GM CBF for certain pathologies 112-114. In the elderly, early 

hemodynamic changes related to small vessel disease are frequently observed as white matter lesions 

(WML) 115, 116. These lesions are thought to arise from a combination of focal and general perfusion 

deficits, and it has been suggested that WM CBF can represent a micro-vascular biomarker to investigate 

the interplay between aging and neurodegenerative and cerebrovascular pathology 114. WML are 

frequently observed on MRI scans in the elderly, and are regarded as clinically silent lesions, having no 

direct neurological or cognitive consequence. Despite being clinically silent, WML are associated with 

cognitive impairment and with an increased risk of neurodegenerative disease, stroke and even 

mortality117-120. Despite the vast interest in these lesions, the pathophysiology is still not well known 121, 

122. There may be similarities as well as differences in the pathophysiology of these lesions in various 

diseases, including aging, cerebrovascular disease, neurodegeneration, multiple sclerosis (MS) or SCD 123. 

As most of the WM tissue lies at the end of the cerebrovascular tree, it has been postulated that transient 

moments of low perfusion pressure may affect the WM perfusion more than the GM perfusion, which 

lies more proximally in the vascular tree 124. Small vessel disease and WML are strongly correlated with 

hypertension 122. The general hypothesis is that as hypertension becomes chronic, the cerebral auto-

regulation will adapt to chronically sustain higher perfusion pressures. This adapted autoregulation will 

have a lower ability to respond to lower perfusion pressures, leaving patients more vulnerable to 

transient moments of low perfusion pressure 125.  

Despite the pathophysiological interest of WM CBF as an early micro-vascular marker of vascular 

pathology 113, 114, the reliability of ASL in WM is relatively poor 126. Because of the long TT in the WM 

(Figure 10), the majority of the signal will have decayed at the time of readout and the SNR of WM CBF 

becomes very poor. However, with recent ASL advances it seems possible to measure WM CBF in the 

majority of voxels with longer measurement times and preferably longer labeling duration and PLD 127. 

If CBF is averaged across the total WM ROI, SNR may even be sufficient for patient groups 128. Another 

challenge for WM perfusion imaging is its close proximity to GM. Since the GM CBF is 3 to 4-fold as 
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high and varies more than WM CBF, even minor contamination of WM signal by GM perfusion signal 

can distort WM CBF measurements 126. This is especially problematic considering the low spatial 

resolution and various sources of smoothing in ASL 129. In a worst case scenario, an apparent change in 

WM CBF is nothing more than a change in GM CBF that has been detected in the WM because of 

signal contamination 126. 

 

Sickle cell disease 

Children with SCD form a population in which WMLs occur at a low age 130, 131. Similar to WML in the 

elderly, these WML have no direct clinical consequences and are referred to as silent cerebral infarcts 

(SCIs), but are associated with progressive cognitive decline 132 and increased stroke risk in the long-term 
133, 134. SCD is a hereditary disorder in which hemoglobin is developed abnormally, leading to anemia due 

to chronic hemolysis 135. In order to sustain brain metabolism - which is high in developing children 136 - 

CBF is elevated in these patients to compensate for their lower hemoglobin level. Because the higher 

CBF of children with SCD translates to much higher SNR for ASL than in elderly patients 137, it is more 

feasible to study WM CBF in patients with SCD than in elderly with low ASL SNR. Because not only 

the WML but also the patterns of other cerebral lesions are similar in patients with SCD as in elderly 

with small vessel disease 138, it has been suggested that the cerebrovascular pathophysiology in both 

populations may have similarities as well. Therefore, the study of WM CBF in patients with SCD with 

ASL may not only benefit the understanding of cerebrovascular pathology in SCD but may eventually 

also improve the understanding of the pathophysiology of SVD 139. 
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Figure 10. Schematic overview of the vasculature within one cerebral hemisphere, showing the route 

blood travels to reach the white matter (WM), resulting in longer transit times for white matter than for 

the gray matter (GM). Transit time is longest for regions prone to development of white matter lesion 

(WML).  

28 



General introduction and outline 
 
Chapter 1 

Outline of this thesis 

The overall aim of this thesis was to investigate the inter-vendor reproducibility of ASL sequences in 

healthy volunteers at 3 Tesla (Part I) and to investigate its applicability for clinical research in several 

patient populations (Part II). 

Part I   Inter-vendor reproducibility of ASL 

Firstly, using the ASL product sequences of General Electric (GE) and Philips, the inter-vendor 

reproducibility of ASL was investigated for baseline ASL measurements (Chapter 2), pharmacological 

ASL (Chapter 3) and functional ASL (Chapter 4). Although it was known that the readout strategies of 

these vendors were different, the question remained how different the results of these measurements 

were in comparison to long-term physiological fluctuations of CBF. Secondly, the inter-vendor 

reproducibility was assessed between GE, Philips and Siemens for nearly identical custom-made 

sequences on three scanners from these major MRI vendors (Chapter 5). It was hypothesized that the 

inter-vendor reproducibility was more comparable to the intra-vendor reproducibility for these near-

identical sequences in comparison to the abovementioned dissimilar ASL product sequences. 

Part II  Clinical research applications of ASL 

The possibility to measure uncontaminated WM CBF in elderly patients with cognitive decline was 

investigated in Chapter 6. It was hypothesized that a large part of WM voxels are contaminated by GM 

CBF and that care is needed to isolate pure WM CBF signal. In Chapter 7, the feasibility of an 

alternative ASL sequence was assessed in elderly patients with hypertension. This sequence acquires both 

micro-vascular CBF and a mix of micro- and macro-vascular CBF, the ratio of which is inversely 

proportional to micro-vascular TT. Although the SNR of this sequence may be too low on an individual 

level, it was hypothesized that could be sufficient for group level analyses. In Chapter 8, the clinical 

applicability of ASL to detect associations between CBF and WML was investigated in elderly patients 

with hypertension. It was hypothesized that WMLs were not only correlated to WM CBF but also to 

GM CBF, reflecting widespread perfusion deficits rather than focally reduced perfusion within the 

lesion. In Chapter 9, the clinical applicability of ASL to detect associations between CBF, WML and 

hematological parameters was investigated in children with SCD. The aim was to investigate whether 

ASL-based CBF measurements can help to estimate the contribution of endothelial dysfunction and 

CBF insufficiency to the development of WML in children with SCD.  
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