
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Validation and application of arterial spin labeling MRI for cerebral perfusion

Heijtel, D.F.R.

Publication date
2014
Document Version
Final published version

Link to publication

Citation for published version (APA):
Heijtel, D. F. R. (2014). Validation and application of arterial spin labeling MRI for cerebral
perfusion. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/validation-and-application-of-arterial-spin-labeling-mri-for-cerebral-perfusion(8f1f5234-8e47-4a86-b61d-20162755b225).html


VALIDATION AND APPLICATION 
OF ARTERIAL SPIN LABELING MRI 

FOR CEREBRAL PERFUSION

VALID
ATION

 AN
D

 APPLICATION
 OF ARTERIAL SPIN

 LABELIN
G M

RI FOR CEREBRAL PERFU
SION

Dennis Heijtel

D
ennis H

eijtel



VALIDATION AND APPLICATION OF ARTERIAL SPIN  
LABELING MRI FOR CEREBRAL PERFUSION

Dennis Franciscus Ramón Heijtel



Validation and application of arterial spin labeling MRI for cerebral perfusion

Thesis, University of Amsterdam, The Netherlands.

ISBN: 978-94-6182-490-5

Printed by: Off page

Lay-out by: Off page 

Copyright © 2014, Dennis Franciscus Ramón Heijtel, Amsterdam, The Netherlands
The copyright of some of the articles that have been accepted for publication or that 
have been published, has been transferred to the respective journals

This thesis was prepared at the departments of Radiology and Biomedical Engineering 
and Physics, Academic Medical Center, University of Amsterdam, The Netherlands

The research in this thesis was financially supported by the Nuts Ohra Foundation 
(grant 0903-044), The Netherlands



VALIDATION AND APPLICATION OF ARTERIAL SPIN  
LABELING MRI FOR CEREBRAL PERFUSION

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor 

aan de Universiteit van Amsterdam

op gezag van de Rector Magnificus

prof. dr. D.C. van den Boom

ten overstaan van een door het college voor promoties 

ingestelde commissie,

in het openbaar te verdedigen in de Agnietenkapel

op donderdag 16 oktober 2014, te 14.00 uur

door

Dennis Franciscus Ramón Heijtel

geboren te Curacao



PROMOTIECOMMISSIE

Promotores:  Prof. dr. E.T. van Bavel 

Prof. dr. C.B.L.M. Majoie

Copromotores:  Dr.ir. A.J. Nederveen 

Dr.ir. M.J.P.  van Osch

Overige leden:  Prof. dr. F. Barkhof 

Prof. dr. M.A. van Buchem 

Prof. dr. A.G.J.M. van Leeuwen 

Prof. dr. D.G. Norris 

Dr. E. Achten 

Dr. G.J. Strijkers  

Dr. E. Richard

Faculteit der Geneeskunde



TABLE OF CONTENTS

Chapter 1 General Introduction and outline 7

Chapter 2 Feasibility of Arterial Spin Labeling on a 1 T open MRI scanner 21

Chapter 3 Acoustic noise reduction in pseudo-Continuous Arterial Spin 35 

Labeling (pCASL)

Chapter 4 Accuracy and precision of pseudo-continuous arterial spin 49 

labeling perfusion during baseline and hypercapnia:  

a head-to-head comparison with 15O H
2
O positron  

emission tomography

Chapter 5 Comparison of velocity and acceleration selective arterial 73 

spin labeling with [15O]H
2
O positron emission tomography

Chapter 6 Quantitative agreement between [15O]H
2
O PET and model-free 91 

QUASAR MRI derived cerebral blood flow and arterial blood  

volume measurements

Chapter 7 General discussion and future perspective 105

Chapter 8 Summary 115

Appendix List of publications 121

  Portfolio 127

  Dankwoord 131

  Curriculum vitae 137



1



GENERAL INTRODUCTION  
AND OUTLINE





1

General IntroductIon and outlIne

INTRODUCTION
Physiological background and rationale for perfusion imaging 
The perfusion of brain tissue with a continuous supply of oxygenated blood and glucose is essential 

for a proper brain function. When the supply of blood is disrupted (locally or globally), the brain 

tissue will be deprived of oxygen, leading to tissue damage and eventually tissue death. Pathologies 

that acutely affect the cerebral blood flow (CBF) are therefore characterized by relatively high rates 

of cognitive and/or physical impairment and mortality (Go et al., 2014). Consequently, fast and 

accurate assessment of local CBF is of utmost importance in the acute clinical setting. For example, 

in the case of an acute stroke, information on local CBF is showing great promise to assess the extent 

of salvageable brain tissue and benefit of reperfusion therapy (Albers et al., 2006). 

For pathologies that chronically affect the blood supply, baseline CBF alone may provide 

insufficient information for a correct assessment of vascular pathology. Chronic pathologies 

often exhibit normal baseline CBF though at maximum dilator capacity. Vascular reserve may be 

impaired, leaving the vessels unable to react to increased oxygen demand or decreased supply 

and causing chronic perfusion deficits in areas at risk. For instance, in the case of an internal 

carotid artery occlusion, baseline CBF often appears normal over the whole brain. However, when 

encountered with a perfusion stimulus, it can be seen that the affected side is unable to react as 

well to the stimulus as the unaffected side. In this case, the amount of decreased CBF reactivity 

could be an indication of chronic CBF deficits (Bokkers et al., 2011; Donahue et al., 2012). 

Apart from the clinical research setting, CBF is rapidly gaining popularity as a parameter 

of interest in the field of drug research as well. For example, CBF levels and patterns are 

increasingly considered as potential parameters for the assessment of acute and long term 

medication effects in the brain (Chen et al., 2011; Schouw et al., 2013). 

Clinical perfusion measurement techniques
Currently, the CBF can be measured with almost all imaging modalities available in the clinic 

(Wintermark et al., 2005). It can be assessed on a global manner by measuring the total amount 

of blood flowing to the brain, while local measurements image the perfusion distribution 

within the brain. Global perfusion can be estimated non-invasively with ultrasound in the brain 

feeding arteries, though it cannot directly measure the flow and rather probes velocities in the 

artery. Local perfusion can be assessed with positron emission tomography (PET), computed 

tomography (CT), magnetic resonance imaging (MRI) and single photon emission computed 

tomography (SPECT). These techniques can be categorized into invasive and non-invasive 

perfusion techniques. With the invasive perfusion techniques, a bolus of contrast-agent is 

injected in (preferably) the arm by means of a venous puncture. The contrast agent subsequently 

travels with the blood to the brain, where it causes a signal change as function of the time. This 

signal change is measured by the modality, after which the CBF image is calculated based on the 

Kety-Schmidt theorem (Kety and Schmidt, 1948). 

Currently, 15O-H
2
O PET is regarded as the most accurate and reproducible perfusion imaging 

technique available in the clinic. Yet, the requirement of a cyclotron severely limits the clinical 

usage to a few highly specialized medical centers. Requiring solely a widely available CT system 

and coming with less contra-indications than MRI, Iodine-CT perfusion imaging is the preferred 
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CHAPTER 1

method of choice in the acute clinical setting as for example with acute ischemic stroke. In the 

non-acute setting, where radiation exposure may be a concern, gadolinium enhanced MRI is 

currently the most applied technique. Applications here range from the detection of tumors 

to follow-up on ischemic strokes (Wintermark et al., 2005). However, it should be noted that 

both gadolinium-MRI and Iodine-CT use contrast agents which can induce nephropathy or 

nephrogenic systemic fibrosis in patients with impaired renal function (Marckmann et al., 2006; 

Rao and Newhouse, 2006). 99Technetium SPECT CBF imaging is nowadays not widely used in the 

clinic due to the relative high amount of radiation and decreased precision, compared to the 

other imaging techniques. However, the major drawback of all these invasive approaches, is 

the injection of contrast agent in the vein combined with either the usage of radiation (CT, PET 

and SPECT) or contrast agents which are toxic at higher dosages (gadolinium-MRI, Iodine -CT), 

limiting repeated usage within a short time frame. 

Originally developed in the beginning of the 90s by Williams, Detre and colleagues (Detre 

et al., 1992; Williams et al., 1992), but only gaining popularity since a few years due to key 

technical developments, arterial spin labeling (ASL) MRI is capable to measure the CBF non-

invasively. ASL employs the blood that travels to the brain as an endogenous contrast agent. 

The contrast induced by the magnetically labeled blood is then used to generate a perfusion 

weighted image. Since the major developments in ASL are relatively recent, the actual clinical 

usage is currently limited to highly specialized medical centers (Golay and Guenther, 2012). 

However, the non-invasive character of ASL and the ability for repeated measurements shows 

great promise for substituting current perfusion imaging techniques in a wide range of clinical 

pathologies. This includes the follow-up after an ischemic event, detection of tumors and 

assessment of arteriovascular malformations (Noguchi et al., 2008; Wolf et al., 2008, 2005). 

Arterial spin labeling
Measurement mechanism

In ASL, the water molecules in the blood are magnetically labeled. Generally, this occurs in the 

brain feeding arteries at the height of the neck. The magnetically labeled blood then travels 

to the brain capillaries, where it causes a small attenuation of the brain magnetization. with 

respect to the non-labeled situation. This signal attenuation is proportional to the CBF and is 

the basis of ASL imaging. In practice, an ASL experiment consists of 2 separate measurements, 

namely a label measurement and a control measurement. Both measurements consist of a 

labeling period, a delay time (1.5-2 sec) to allow for the labeled blood to arrive in the brain 

capillaries, followed by acquisition of the brain magnetization. The single difference between 

both experiments is that in the control experiment the water molecules are not actually labeled. 

Subtraction of the labeled measurement from its control yields a perfusion weighted image. 

Since the blood occupies on average ~4% of the brain tissue (Ito et al., 2003; Leenders et al., 

1990), the observed difference in blood signal is relatively small, compared to the total brain 

signal. In addition, the longitudinal relaxation time of the magnetically labeled blood (~1.65 sec 

at 3T (Lu et al., 2004; Varela et al., 2010)) is relatively short compared to the delay time, resulting 

in a small percentage of remaining label at the time of acquisition. A single subtraction image 

is therefore governed by noise and not reliable due to the low signal to noise ratio (SNR). For a 
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reliable perfusion image, the paired measurements are repeated multiple times (~30 times at 

3T) to average out the noise (see figure 1) (Gevers et al., 2009).

Figure 2: Illustration of the three major ASL labeling mechanisms. The CASL/pCASL and PASL techniques employ a 
labeling plane, while the VS-ASL techniques employ a blood velocity selective cut-off. Labeled blood is indicated 
in red, while non-labeled blood is indicated in blue.

Figure 1:  Example of a control and label image with the corresponding perfusion weighted ASL subtraction 
difference, after 1 and after 30 measurements.

Blood labeling approaches

One of the most important aspects of ASL is the creation of a magnetically labeled bolus of 

blood. Several labeling methods have been proposed over the past decade. Historically, 

these methods are categorized into continuous ASL (CASL) (Detre et al., 1992; Williams et al., 

1992), pulsed ASL (PASL) (Golay et al., 2005; Kim, 1995; Wang et al., 2002; Wong et al., 1997) 

and more recently also the velocity selective ASL (VS-ASL) (Duhamel et al., 2003; Schmid 

et al., 2014; Wong et al., 2006) labeling techniques (see figure 2) (Duhamel et al., 2003; 

Schmid et al., 2014; Wong et al., 2006). The CASL approach labels the blood by means of 

a thin labeling slice in the neck with a long low-power RF pulse, for a period of 1500 ms to 

3000 ms). The moving blood-water spins traveling to the brain are inverted while traversing 

through the labeling plane, effectively creating the blood bolus as function of time. The CASL 
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technique has the main advantage that it creates a well-defined blood bolus that is relatively 

insensitive to heterogeneities in the arrival time of the blood in the capillaries, while the major 

drawbacks are the relatively low percentage of created labeled blood (~68%, also known as 

the labeling efficiency) and decreased reproducibility with respect to the other ASL labeling 

approaches (Gevers et al., 2011; Wong et al., 1998). The PASL techniques label the spins almost 

instantaneously over a 80-100 mm slab along the neck by means of a high-power RF slab-

selective inversion. The main advantage of the PASL sequence is the high labeling efficiency 

(~99%), while the most important disadvantage is the high sensitivity of the blood bolus to 

heterogeneities in the arrival time of blood in the brain, leading to a less well preserved blood 

bolus at arrival in the microvasculature. Attempting to obtain both a high labeling efficiency 

and well preserved blood bolus, Dai and colleagues proposed to modify the CASL technique 

to a pseudo-CASL (pCASL) labeling approach (Dai et al., 2010; Silva and Kim, 1999). By applying 

a long pulse train of short high powered RF pulses in a thin slab, a CASL like blood bolus can 

be created as function of time, yielding a higher labeling efficiency (85%) combined with low 

sensitivity to the bolus arrival time artifacts. The performance of pCASL has been investigated 

extensively over the years, showing a superior SNR and reliability when compared to the 

existing PASL and CASL techniques (Chen et al., 2011; Gevers et al., 2011). PCASL is therefore 

currently recommended by the ASL community as the preferred method of choice for clinical 

ASL studies. More recently, a new type of labeling sequences has been developed to resolve 

the remaining sensitivity to heterogeneities in the bolus arrival time as observed with pCASL. 

By labeling the blood in the brain based on a velocity or accelerative selective cutoff, perfusion 

weighted images can be generated (Norris and Schwarzbauer, 1999; Schmid et al., 2014; Wong 

et al., 2006). These VS-ASL techniques have shown great potential in dealing with the arrival 

time artifacts, since the blood is labeled closer to the microvasculature. However, the exact 

reliability and accuracy are still unknown, as is the exact origin of the obtained image contrast. 

Another major advantage of the VS-ASL techniques is the requirement of no separate labeling 

coil at higher magnetic fields, making them more suitable for usage on 7T MRI systems. 

Delay time implementations

Following the labeling module, a delay time is applied to allow for the labeled blood to travel 

to the brain capillaries. Depending on the applied labeling method and clinical population, this 

delay ranges from 1.5-2 seconds and is essential for accurate and reliable CBF images. However, 

a major drawback is the “lost” imaging time where no action is performed. Therefore, several 

options have been proposed to utilize the delay time more effectively. Generally, background 

suppression pulses are applied to suppress the static brain tissue signal, for an improved SNR 

and precision of the acquired ASL images (Garcia et al., 2005; Gevers et al., 2011). The ASL signal 

difference comprises only 1-5% of the total magnetization. Therefore, noise variations in the 

remaining 95-99% of the static tissue greatly impact the SNR of the ASL derived difference 

images. The SNR in the ASL images can be significantly improved by reducing the static tissue 

and their respective noise contribution with background suppression pulses (figure 3) (Garcia 

et al., 2005; Ye et al., 2000). One could also consider avoiding the delay time and measure the 

in-and outflow of the label as function of time by means of multiple read-out acquisitions within 

12



1

General IntroductIon and outlIne

a single repetition time (TR). Quantitative STAR labeling of arterial regions (QUASAR) employs a 

PASL labeling pulse, directly followed by a Look-Locker sampling of the ASL signal as function of 

time (Petersen et al., 2006). Based on the Kety-Schmidt model revised for ASL perfusion imaging, 

the CBF images are subsequently calculated (Kety and Schmidt, 1948). The major advantage of 

QUASAR is that not only CBF information is gathered, but also knowledge on the bolus arrival 

time (BAT) and the arterial blood volume (aBV) are provided. However, the major drawback of 

the current QUASAR approach is the loss of full brain coverage and lower image resolution due to 

the Look-Locker read-out(Petersen et al., 2006). Recent advancements by means of Hadamard 

encoded pCASL and TURBO-QUASAR approaches show great potential for the acquisition of 

whole brain high SNR perfusion images combined with bolus arrival time information, though 

these approaches are still in the validation phase and not ready for widespread clinical usage 

(Petersen et al., 2013; Teeuwisse et al., 2014). As last, it was recently proposed to acquire an 

angiogram of the cerebral vasculature during the delay time, effectively acquiring two separate 

scans within the acquisition time of a single ASL scan (Suzuki et al., 2014). 

Figure 3: The effect of background suppression on the noise in ASL brain images, with the corresponding noise 
effect in the difference signal. Error bars indicate the standard deviation over 30  temporal averages.

Read out approaches

The ASL read-out succeeding the delay period is nowadays mainly performed by either a single 

shot multi-slice EPI (Ms-SSh-EPI) read-out with a fast field echo (FFE) preparation, a SSh-3D 
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read-out with a spin echo (SE) preparation or a segmented 3D read-out with a SE preparation 

(Günther et al., 2005; Vidorreta et al., 2012; Ye et al., 2000) (see figure 4). The EPI read-out has 

the advantage that it is widely available on all commercial platforms. Yet the 3D-SE read-outs 

have a superior SNR and better background suppression, while being less susceptible to off-

resonance artifacts. A minor drawback of the 3D approaches is blurring of the image in the 

slice direction. Where the SSh-3D read-out have shown the most potential, acquiring high 

quality whole brain images within a single TR, the reliability of these techniques are not yet fully 

validated for widespread clinical usage. Currently, a segmented 3D-read-out is recommended 

for routine clinical research based on its stability (Alsop et al., 2013).

Figure 4: An illustration of the major ASL read-out approaches in k-space, where the  3D approaches can be acquired 
in a single shot or a in a segmented manner (acquiring half of the spirals or planes within each TR instead of all).

ASL quantification

Following acquisition of the CBF weighted ASL images, it is essential to translate the derived MRI 

values into quantitative CBF values. Based on the blood flow model described by Kety-Schmidt 

(Kety and Schmidt, 1948), Buxton and colleagues derived a generic ASL solution, describing the 

CBF as function of the magnetization (Buxton et al., 1998)(see formula 1).

[1]

Here ΔM is the perfusion weighted difference signal as measured with ASL, α the labeling 

efficiency, M
a,0

 the equilibrium magnetization of arterial blood, f the CBF, c(t) the delivery 

function, r(t) the residue function describing the wash-out of the label and m(t) the longitudinal 

magnetization effect. Based on the applied labeling and read-out methods, the delivery and 

magnetization function are adapted accordingly for an accurate quantification. The model 

can be implemented based on a one- or two-compartment assumption, whereby the main 

difference lies in the modeling of the longitudinal relaxation behavior of the magnetically 

labeled arterial blood. Where the one-compartment model assumes that the label decays with 

longitudinal relaxation time of arterial blood (T
1a

) during the whole measurement, the two-
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compartment model assumes that when the blood arrives within the capillaries after a time δ, 

the label decays with the longitudinal relaxation time of the tissue (T
1t
) (Wang et al., 2002) (see 

figure 5). While the one-compartment model is currently recommended as the generic model 

of choice for clinical ASL perfusion imaging (Alsop et al., 2013), it simplified label assumption 

may not hold in terms of quantitative accuracy. 

Figure 5:  The difference between 1 compartment (red) and the 2 compartment (pink) modeling of the blood 
magnetization as function of time. For the 2 compartment model it was assumed that after 1900 ms the blood 
magnetization decays with the relaxation rate of tissue instead of arterial blood.
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Objective and outline of this thesis
The rapid developments indicated above have now provided sufficient quality for the use of 

ASL in clinical and research applications beyond highly specialized MR centers. However, with 

the focus mainly on technical improvements, several clinically relevant aspects of ASL have 

not been fully investigated to date. These aspects include patient comfort and quantitative 

accuracy and precision. The main aim of this thesis was therefore to investigate such clinically 

relevant aspects. The chapters address the improvement of patient comfort in ASL imaging and 

the comparison of different ASL approaches with respect to 15O-H
2
O PET perfusion imaging.  

To facilitate the applicability of ASL measurements in patients groups not eligible for an 

examination in common “tunnel like” MRI scanners, chapter 2 discusses the implementation 

and considerations of several ASL approaches on a 1T open bore scanner. Methods to reduce 

the intense acoustic noise produced by the pCASL labeling module are studied in chapter 3. 

To validate the performance of the community recommended pCASL technique, a thorough 

comparison of the reproducibility and accuracy of quantitative pCASL and 15O-H
2
O PET derived 

CBF measurements during baseline and hypercapnia is outlined in chapter 4. The accuracy of 

VS-ASL techniques with respect to 15O-H
2
O PET are investigated in chapter 5. As last, chapter 6 

addresses the CBF and aBV agreement between QUASAR and 15O-H
2
O PET derived measurements. 
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CHAPTER 2

ABSTRACT
Purpose: The clinical feasibility of Arterial Spin Labeling (ASL) on a 1 T open bore scanner. 

Materials and Methods: First, the optimal post-labeling delay (PLD) at 1 T was determined 

(n=5), with and without vascular crushing. Secondly, the effect of different labeling approaches 

(pseudo-Continuous ASL (pCASL) versus Pulsed ASL (PASL)), background suppression (BSup) 

and read-out options (GRASE versus EPI), was investigated (n=9). Each effect was quantified 

by calculating the SNR, convergence and number of significant Grey Matter (GM) voxels in the 

ASL images. Finally, an example of an obese volunteer who could not have been scanned in a 

cylindrical scanner was presented. 

Results: The found optimal PLDs were both 1300 ms. PCASL labeling outperformed PASL labeling 

in terms of convergence, anatomical correspondence between GM and perfusion maps, and 

SNR (p<0.05). BSup appeared to have no additional value on the convergence, anatomical GM 

correspondence and SNR (p>0.05). EPI read-out yielded a slightly better convergence, whilst 

the SNR of the GRASE read-out was higher (p<0.05). 

Conclusion: ASL on 1 T is clinically feasible whereby the pCASL sequence with EPI read-out 

yielded the best performance for whole brain clinical perfusion imaging. 

Key words
Arterial spin labeling, cerebral blood flow; perfusion MRI; Open Bore;   
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INTRODUCTION
Over the last decade the interest in Arterial Spin Labeling (ASL) as a non-invasive diagnostic tool 

for the determination of cerebral blood flow (CBF), has increased substantially. By employing 

the blood as an endogenous tracer, the perfusion in the brain can be evaluated non-invasively. 

Currently, most clinical applications of ASL are performed on MRI scanners with a magnetic field 

strength of 1.5 T or higher (Wolf and Detre, 2007). Imaging at a higher magnetic field strength 

has several advantages with ASL. Besides a SNR gain due to the increase in field strength, an 

additional SNR gain is obtained due to the increase of the longitudinal relaxation time of arterial 

blood (T
1a

). This increase in T
1a

 results in a slower decay of the ASL signal as function of the Post-

Labeling Delay (PLD) and an increase in SNR. A disadvantage however, is the increase in the 

Specific Absorption Rate, which can be a limiting factor for certain ASL methods.

With the increasing obese population and the difficulty to measure children and 

claustrophobic subjects in cylindrical MRI scanners, cylindrical wide bore and non-cylindrical 

open bore scanners form an attractive alternative to accommodate these patient populations. 

While wide bore scanners have the advantage of higher field strength (up to 3 T) and an 

increased field of view (FOV), open bore scanners (up to 1 T) have a greater aperture, allowing 

for the most extreme cases of claustrophobic and obese patients to be examined without 

conceding in patient comfort (Bangard et al., 2007; Uppot et al., 2007). To facilitate scientific 

research and clinical examinations in these patient populations, it is desirable to translate 

important functional MR techniques, like ASL, to these lower field strengths (de Bucourt et al., 

2011; van de Giessen et al., 2011; van Werven et al., 2011). Therefore the purpose of this study 

was to implement and optimize the latest available ASL sequences on a 1 T open bore scanner 

for clinical ASL perfusion imaging. 

In order to accomplish clinical ASL imaging on a 1T open bore scanner, some issues have 

to be addressed. Due to the short T
1a

 at 1 T, the SNR drastically decreases as function of the 

PLD, limiting the usage of conventional (relatively long) PLDs. Reducing the PLD would address 

the decreased SNR, though at these short delay times the signal from the brain feeding 

arteries contributes significantly to the measured ASL signal, which can cause a severe CBF 

overestimation when not taken into account in the CBF quantification. Bipolar gradients can be 

used to dephase the fast flowing blood protons, effectively crushing the macrovascular signal 

contribution (vascular crushing) (Petersen et al., 2006; Ye et al., 1997). In addition, over the last 

years several methods of ASL imaging were proposed in literature to improve image quality and 

increase SNR. These methods mainly varied in labeling, background suppression (BSup) and 

read out. Inclusion of these sequence characteristics at 1 T, will lead to an optimal acquisition 

scheme for ASL imaging at this low magnetic field strength, enabling clinical usage.

Based on these considerations, three studies were performed. First, the optimal PLD for ASL 

imaging at 1 T was determined, with and without vascular crushing. Second, the performance 

of three ASL sequence characteristics (i.e. labeling method, effect of BSup and read-out) was 

evaluated.  Finally, an example of an obese volunteer not eligible for a conventional MRI scanner 

is presented to illustrate the direct clinical applicability of ASL imaging on a 1 T open bore scanner. 
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MATERIALS AND METhODS
This study was conducted in compliance with the regulations of the Local Institutional Review Board. 

14 healthy volunteers (4 Female, 10 Male, age range 19-31 years) and one obese volunteer (Female, 43 

years, 127 kg and a BMI of 40.1) were included in this study and all gave their informed consent. Image 

acquisition was performed on a 1 T Philips Panorama system (Best, The Netherlands) equipped with 

a four channel SENSE head coil and body coil transmission. For each study, the scanning session 

consisted of an ASL measurement block for perfusion imaging (as specified below for each study) 

followed by a T1w scan for anatomical reference (for acquisition parameters see table 1).

Acquisition 
Study 1: Determining the optimal PLD at 1T

Five healthy volunteers were included in this study and the goal was to determine the optimal 

PLD for ASL perfusion imaging at 1 T. A single transverse slice was imaged at the top of the 

ventricles. The perfusion signal was imaged at different PLDs by means of a multiphase pCASL 

sequence with a Look-Locker sampling scheme (table 1) (Teeuwisse et al., 2011). To assess the 

influence of the macrovascular contribution at each PLD, the multiphase pCASL measurement 

was performed with and without vascular crushing. The optimal PLD for the crushed perfusion 

signal is defined as the PLD where the signal intensity is maximal. Straightforward determination 

of the optimal PLD for the non-crushed perfusion signal is hampered by the loss of SNR at 1 T 

at long PLDs. Therefore the optimal PLD for the non-crushed perfusion signal is determined 

based on a trade-off between SNR and the absence of vascular contributions. 

Study 2: Optimize ASL acquisition scheme at 1T

The purpose of this study was to implement and investigate the performance of different 

available ASL sequences, on a 1 T open bore scanner. Nine healthy volunteers participated in 

this study and three different aspects of ASL imaging were evaluated. For a correct comparison, 

the acquisition time of each sequence was fixed at 10 minutes, thus allowing for differences in 

repetition times. First the method of labeling was investigated, whereby the PASL (PULSAR, 

based on pulsed star labeling) (Golay et al., 2005) and pCASL labeling schemes were evaluated 

(table 1). Secondly, the effect of additional BSup pulses to suppress the static tissue was 

investigated. These pulses are applied to reduce the susceptibility to motion and physiological 

noise, leading to an increased SNR and improved inter and intra subject reproducibility. BSup 

was evaluated for the pCASL sequence (table 1) (Dai et al., 2008; Wu et al., 2007; Ye et al., 2000). 

Finally, the effect of different read-out methods was investigated whereby a Multi-slice (Ms) 

Single-Shot (SSh) Echo Planar Imaging (EPI) read-out was compared with a 3D Multi-Shot (MSh) 

GRASE read-out (table 1) (Fernández-Seara et al., 2008; Günther et al., 2005). 

Study 3: Illustration of an obese volunteer at 1T

An example of an obese volunteer is presented to emphasize the clinical applicability of ASL at 

1 T (see sequence details in table 1). With a body weight of 127 kilograms and a BMI of 40.1, this 

volunteer was not eligible for an MRI exam at a conventional scanner.    
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Post-processing
After acquisition, the data was processed in MATLAB (MathWorks, Natick, MA, USA) with custom-

made software. The non-subtracted ASL images were corrected for motion by means of a 2D rigid 

body registration to the first dynamic. The anatomical data were subsequently rigidly registered 

to the first ASL dynamic, after which the brain was segmented into WM, GM and cerebral spinal 

fluid (CSF). Registration and segmentation were performed with SPM8 (Wellcome Trust Centre 

for Neuroimaging, Oxford, UK). Based on the segmentation a GM mask was created where voxels 

with a GM probability larger than 50% were included in the mask. Subsequently, the labeled 

images were subtracted from the non-labeled images and averaged over the dynamics. 

Study 1: Determining the optimal PLD at 1T

The mean perfusion weighted image intensity in the GM mask was calculated for each PLD, after 

which the mean signal intensity was plotted as a function of the PLD to evaluate the optimal PLD. 

To visualize the vascular contribution as a function of the PLD, the ratio between the non-crushed 

and crushed perfusion images was calculated and subsequently plotted as function of the PLD. 

Study 2: Optimize ASL acquisition scheme at 1T

The performance of each sequence parameter was evaluated qualitatively based on visual 

inspection (at acquisition times 2, 5 and 10 min) and quantitatively within the GM mask. The 

Table 1: MRI acquisition parameters for study 1-3.

General Anatomical T1w FFE

3D FFE, FOV: 320x320x128 mm3, 320x320 scan matrix, 56 slices, 1x1x2 mm3 resolution, acquisition 
time: 2:02 min

Study 1 Multiphase Single Shot EPI pCASL

FOV: 320x176x10 mm3 (RL/AP/FH), 80x44 scan matrix, 1 slice, 4x4x10 mm³ resolution, labeling duration: 
1300 ms, number of phases: 10, range PLDs: 75-1875 ms with 200 ms interval, TR/TE: 3500/17 ms,  NSA: 
128, Flip Angle: 25º , Venc

crush
: 5cm/s,  b-value

crush
: 0.6 s/mm², acquisition time: 15:03 min 

Study 2 General ASL parameters:

FOV: 320x176x56 mm³ (RL/AP/FH), 80x44 scan matrix, 7 slices, 4x4x8 mm³ resolution, PLD: 1300 ms, 
acquisition time: 10 min.  

Multi-slice Single Shot EPI pCASL with/without  BSup

Labeling duration: 1300 ms, TR/TE: 3034/15 ms, NSA: 99, Venc
crush

: 5 cm/s, b-value
crush

: 0.6 s/mm²,  
Partial Fourier in AP-direction: 7/10, BSup: 1540/2275 ms.

Multi-slice  Single Shot EPI PASL without  BSup

PULSAR, Labeling slab/gap: 100/30 mm, TR/TE: 2200/16 ms, NSA: 133, Venc
crush

: 5 cm/s, 
b-value

crush
: 0.6 s/mm², Partial Fourier in AP-direction: 0.7.

Multi-shot 3D GRASE pCASL with  BSup

Labeling duration: 1300 ms, TR/TE: 2847/36 ms, NSA: 51, ETL: 145 ms, Shots: 2, Partial Fourier in 
FH-direction: 5/8, slice oversampling: 1.8,  BSup: 1540/2275 ms.

Study 3 Multi-slice Single Shot EPI pCASL with  BSup

FOV: 320x176x108 mm³ (RL/AP/FH), 80x44 scan matrix, 12 slices, 4x4x9 mm³ resolution, labeling 
duration: 1300 ms, PLD: 1300 ms, TR/TE: 3306/15 ms, NSA: 54, Venc

crush
: 5 cm/s, b-value

crush
: 0.6 s/

mm², Partial Fourier in AP-direction: 7/10,  BSup: 1540/2275 ms,  acquisition time : 6:04 min.  
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individual slices in the data acquired with a multi-slice read-out were additionally corrected 

for decay of the label between the given PLD and actual slice acquisition. For each individual, 

the following parameters of the GM were assessed as function of imaging time: the mean CBF, 

CBF convergence, percentage of significant pixels and SNR. Assuming only small differences 

between the longitudinal relaxation rates of blood and static brain tissue, the mean CBF could be 

calculated as described by Wang et al. and Chalela et al. (Chalela et al., 2000; Wang et al., 2003):

[1]

[2]

[3]

where f is the flow (ml/g/s), ΔM the raw ASL signal, ΔM’ the vascular crushed ASL signal, λ is 

the blood/tissue water partition coefficient (0.9 g/ml) (Herscovitch and Raichle, 1985), R
1a

 the 

longitudinal relaxation rate of arterial blood (0.94 s-1, estimated according to Wang et al. (Wang 

et al., 2002)), α the labeling efficiency (0.85 for pCASL, 0.71 for  BSup pCASL and 1.0 for PASL) 

(Garcia et al., 2005; Wu et al., 2007)which has been conventionally achieved using instantaneous 

(PASL, τ the labeling duration, δ
t
 the tissue transit time (1500 ms for pCASL (estimated from 

study 1) and 1754 ms for PASL (MacIntosh et al., 2010)), δ
a
 the arterial transit time (754 ms) 

(MacIntosh et al., 2010) , and M
0a 

the equilibrium magnetization of arterial blood. Since pCASL 

and PASL have different bolus definitions and labeling locations, the corresponding tissue 

transit times were chosen accordingly. The equilibrium magnetization is given by:

[4]

where S
csf

 is the signal intensity of the CSF, automatically determined based on the CSF 

segmentation in the anatomical images, λ
a
 is the ml of water per ml of arterial blood (0.76) 

(Herscovitch and Raichle, 1985), TR the repetition time and T
1csf

 the longitudinal relaxation time 

of CSF (4276 ms) (Rooney et al., 2007). The temporal SNR and CBF convergence in a GM pixel 

were calculated according to eq. 5-6:

[5]

[6]

where N is the dynamic scan number and std the standard deviation. The percentage of 

significant pixels was calculated as the percentage of pixels that significantly differ from zero 
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(van Osch et al., 2009). A pixel was considered significant based on the criterion of a two sided 

Student’s t-test (p<0.05).

The effect of an imaging parameter on the SNR, CBF convergence and pixel significance, 

was tested by means of a paired two sided Student’s t-test of the observed values at a 5 min 

acquisition time. The evaluation of the parameters at an acquisition time of 5 minutes was 

chosen to evaluate if the observed effects are significantly present within a clinically acceptable 

measurement time. To verify if the mean CBF quantification over the volunteers does not 

significantly differ between the sequences, a one-way ANOVA was used (p<0.05).  

Study 3: Illustration of an obese volunteer at 1T

For the obese volunteer, no additional post-processing was performed. 

RESULTS
Study 1: Determining the optimal PLD at 1T

Figure 1 displays the acquired ΔM images (with and without vascular crushing) as function of the 

PLD, for a single volunteer. For the crushed images (A), it can be seen that the signal increases 

until approximately 875 ms and starts deteriorating after 1275 ms. For the non-crushed images 

(B), a general hyper-intensity can be observed in the GM until 875 ms, after which the normal 

perfusion intensities slowly appear and starts deteriorating at approximately 1475 ms. Figure 2.A 

shows the GM perfusion signal for each volunteer (indicated by the symbols), as function of 

the PLD with (solid lines) and without (dashed lines) vascular crushing. In general, the signal 

behaviour as function of the PLD is similar over all subjects. However, a large spread in signal 

intensity between subjects is noted. Maximum intensities are generally observed at 475 ms 

(non-crushed) and between 875 to 1275 ms (crushed). Figure 2.B displays the ratio between the 

non-crushed and crushed perfusion signal as function of the PLD, for each volunteer (indicated 

by the symbols).  For reference, a horizontal line representing a ratio of 1 is displayed. In general, 

an exponential decay is observed after 275 ms whereby no substantial changes are noted after 

1275 ms. With the exception of volunteer 5, none of the subjects reach a ratio of 1 at 1875 ms. It 

can be appreciated that a large part of the spread between subjects has disappeared.    

Figure 1: Example of the crushed (A) and non-crushed (B) perfusion weighted images as function of the PLD, for 
a single volunteer.

27



CHAPTER 2

Study 2: Optimize ASL acquisition scheme at 1T

Figure 3 displays the acquired perfusion images for each sequence (figure 3.B-E), showing the 

odd slices for a representative volunteer, after 2, 5 and 10 minutes. For anatomical reference, 

the corresponding segmented GM slices are shown on the first row (figure 3.A). With exception 

of the PASL sequence, all perfusion sequences are nicely confined to the GM after 5 min. With 

the exception of the 3D GRASE read-out, which shows some minor image degradation near 

the basal nuclei (as depicted by the white arrow), no apparent differences between the three 

different pCASL sequences can be observed after 5 minutes. 

Figure 4.A-D show the mean CBF (A), CBF convergence (B), SNR (C) and percentage of 

significant pixels (D) for each sequence, as function of time. In general it can be seen that all 

sequences reach stable mean CBF values after approximately 200 seconds. Mean CBF values 

range between 56-59 ml/100g/min, whereby no statistical difference was found between 

the different sequences (one-way ANOVA, p=0.90). When comparing the different labeling 

approaches, it is noted that the SNR (18 %, p=0.05), convergence rate (29 %, p=0.004) and 

percentage of significant pixels (10 %, p=0.006) are higher with pCASL labeling compared 

with PASL labeling. When comparing the effect of BSup, it is observed that both lines are 

practically undistinguishable in figures 4 B, C and D. This observation is supported by statistical 

testing, since no significant differences are found for all analysed parameters (SNR: p=0.80, 

convergence: p=0.40, percentage significant pixels: p=0.83). For the different read-out 

methods, it can be seen that the 3D GRASE read-out has a higher SNR (18 %, p=0.02) while the 

convergence rate of the Ms EPI read-out is better (57 %, p<0.001). The percentage of significant 

pixels did not significantly differ between GRASE and EPI (p=0.30).

Study 3: Illustration of an obese volunteer at 1T

Figure 5 shows the acquired perfusion images (slices 2 to 11) of an obese volunteer, not suitable for a 

MRI scan in a conventional scanner. In general, an acceptable contrast between the GM and WM is 

observed covering the whole brain, though some image degradation is observed at the outer slices.

Figure 2: A) The non-crushed perfusion signal as function of the PLD for each volunteer. B) The corresponding 
ratio between the non-crushed and crushed perfusion signals at each PLD.
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Figure 3: The segmented GM (A), Ms-PASL (B), Ms-pCASL without BSup (C), Ms-pCASL with BSup (D) and 
3D-GRASE with BSup (E), for a single volunteer (after 2, 5 and 10 min). White arrow depicts minor image 
degradation in the basal nuclei.

Figure 4: The mean CBF (A), SNR (B), convergence (C) and percentage of significant pixels (D) over all volunteers 
as function of acquisition time, for each sequence. Error bars represent the standard error of the mean as 
calculated over different subjects.
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DISCUSSION
This paper shows that ASL on a 1 T open bore MRI scanner is feasible within a clinically acceptable 

acquisition time (≈ 5 minutes). First, the optimal PLD for ASL at 1 T with and without vascular 

crushing was determined. Maximum perfusion weighted signal intensities were observed at 475 

ms (non-crushed) and between 875 to 1275 ms (crushed). These values are in agreement with 

previous multiphase pCASL studies at 3 T (Chen et al., 2012; Teeuwisse et al., 2011).Based on the 

maximum intensities in the ASL images and GM ROIs, the optimal PLD was determined at 1300 ms 

for the crushed perfusion measurement. For most volunteers, the ratio between the non-crushed 

and crushed measurements did not converge to 1, indicating that a vascular contribution is still 

present at the longest measured PLD of 1875 ms. However, no considerable ratio changes were 

observed after approximately 1275 ms, indicating that the majority of the vascular contribution 

has dissipated after 1475 ms. Given the trade-off between image quality (deterioration after 1275 

ms) and remaining vascular contribution (no considerable changes after 1275 ms), the optimal 

PLD for the non-crushed experiment was determined at 1300 ms. Furthermore, at a 475 ms PLD 

(maximum non-crushed signal), the ratio between the non-crushed and the crushed signal was 

6.5. This ratio was a factor 2 higher than found in a similar experiment at 3T (Teeuwisse et al., 

2011), reflecting the faster decay of T
1a

 at 1 T compared to the tissue compartment. 

Secondly, the effect of different labeling schemes, additional BSup pulses and different 

read-out methods were analysed. No significant differences were found in the CBF 

quantification between different ASL methods. Mean whole brain GM CBF values were 56-59 

ml/100g/min, which are in agreement with values previously reported in literature (Floyd 

et al., 2003; Gevers et al., 2009; Wang et al., 2002). It was found that the pCASL labeling 

scheme surpasses the PASL labeling scheme in terms of convergence, image quality, SNR and 

percentage of significant pixels. Similar SNR results have been found previously at 3 T (Chen 

et al., 2011), though the increase was less evident in our study (12 % versus 21 %). BSup appears 

to have no additional value to the performance of the pCASL labeling scheme. An explanation 

could be that the relatively short longitudinal relaxation times of the static tissue at 1 T (Rooney 

et al., 2007) compared to 3 T, leads to a faster recovery of the longitudinal magnetization of 

static tissue during read-out, and therefore a less effective suppression. Alternatively, it may be 

explained by the lower contribution of physiological noise to the ASL signal at 1 T compared to 

3T, reducing the added value gained from BSup. The 3D-GRASE read-out yielded a significant 

increase in SNR compared to the Ms-EPI read-out, although the convergence rate with the 

3D-GRASE was significantly lower compared to the Ms-EPI read-out. While the cortical GM 

corresponds very well for both read-outs, the 3D-GRASE images suffered from minor image 

degradation near the basal nuclei. This image degradation can mainly be attributed to blurring 

Figure 5: The acquired ASL perfusion images in an obese volunteer. Slices are displayed in ascending order from 
slice 2 till 11.
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in the z-direction due to the 3D read-out, which is most likely to degrade the smaller structures 

in the perfusion image. 

Finally, the clinical applicability of ASL at 1 T was demonstrated by means of perfusion 

imaging in an obese volunteer, not eligible for a conventional MRI scan. The imaging resolution 

from study 2 was slightly adapted to assure image quality within a clinically acceptable scanning 

time. As can be seen in figure 5, the images resemble to a large extend with the images acquired 

in figure 3.D at 5 min acquisition time. This example illustrates that ASL at 1 T is clinically possible 

within an acceptable image quality.

However, this study has some limitations. For study 1, no point of convergence was reached 

between the crushed and non-crushed perfusion measurements. A broader range of PLD times 

could have determined the exact PLD where the macrovascular signal does not contribute to 

the perfusion anymore, though at the longest PLD SNR was already severely limited. For the 

second study, the FOV in the z-direction was limited to 56 mm. This is mainly chosen due to 

the 3D-GRASE read-out, since an increment in slices leads to longer echo train lengths, making 

the 3D-GRASE more prone to artefacts.  For an increase in slice coverage at 1 T, it is therefore 

not possible to use the current implementation of the 3D-GRASE read-out. Furthermore, due 

to technical reasons no vascular crushing could be performed with the 3D-GRASE. This could 

result in hyper-intensities due to a vascular contribution disturbing the perfusion image and 

artificially increasing SNR. For the third study, the optimized PLD of 1300 ms was used, which is 

relatively short compared to values used at 3 T (Gevers et al., 2011). A 1300 ms PLD suffices for the 

paediatric and relatively young obese population, however for the more elderly population and 

patient populations with delayed bolus arrival times, this PLD may not suffice as the label might 

not be in the microvasculature of the imaging slice at the time of imaging. For these patient 

populations it is therefore recommended to increase the PLD for adequate imaging of the CBF, 

combined with an increase in number of averages to compensate for the decrease in SNR.

To conclude, we have demonstrated that ASL on a 1 T open bore scanner is clinically feasible 

with a reasonable resolution and clinically acceptable scanning time. The optimal PLD was 1300 

ms. PCASL labeling proved to produce the most detailed images combined with an acceptable 

SNR and convergence rate. Background suppression appeared to have no significant influence on 

image quality and the analyzed CBF parameters. When interested in a whole brain coverage or the 

smaller GM structures (such as the basal nuclei), a Ms-EPI read-out is best suited for ASL imaging 

at 1 T. If the main area of interest is the cortical GM and SNR is crucial, the 3D-GRASE is best suited. 

Therefore, based on the area of interest, the most adequate read-out method should be chosen. 
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CHAPTER 3

ABSTRACT
Object: While pseudo-Continuous Arterial Spin Labeling (pCASL) is a promising imaging 

technique to visualize cerebral blood flow, it is also (acoustically) very loud during labeling. In 

this paper, we reduced the labeling loudness on our scanner by increasing the interval between 

the RF pulses from the literature standard of 1.0 ms. We also propose recommendations to 

reduce the loudness on scanners of the same type at other sites.

Materials and Methods: First the sound pressure level (SPL) was both simulated and measured 

as a function of the labeling interval (1.0-1.8 ms) and longitudinal position in the scanner (-10 to 

+10 cm, relative to isocenter). Subsequently, we selected the labeling interval with the lowest 

overall SPL for the ‘SPL-optimized’ pCASL sequence. Nine volunteers were scanned to compare 

raw signal intensity, temporal signal-to-noise ratio (tSNR) and labeling efficiency between the 

SPL-optimized and the standard PCASL sequence.

Results: SPL measurements on our scanner showed that loudness was reduced by 6.5 dB at the 

approximate location of the ear by adjusting the labeling interval to 1.4 ms. Furthermore, image 

quality was not affected, since no significant differences in signal intensity, tSNR and labeling 

efficiency were observed.

Conclusion: By increasing the pCASL labeling interval, acoustic noise in the pCASL sequence 

was reduced with 6.5 dB, while image quality was preserved. 

Key words
Arterial spin labeling; pCASL; sound pressure level; labeling interval; cerebral blood flow; 

magnetic resonance imaging;  
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INTRODUCTION 
Cerebral blood flow (CBF) is an important parameter to assess hemodynamic function of the 

brain. Over the past few years arterial spin labeling (ASL) has arisen as a very promising imaging 

technique to visualize CBF (Detre et al., 2012). The scanning technique will likely be distributed 

by manufacturers and see much use in clinical investigations as well as in research studies. By 

employing blood water as an endogenous tracer, CBF can be evaluated non-invasively. One 

of the most commonly used ASL methods is pseudo continuous ASL (pCASL) as proposed 

by Dai et al (Dai et al., 2008). With pCASL, a 1-2 s train of low flip angle radiofrequency (RF) 

pulses is administered while simultaneously, gradients encode for a plane at the base of the 

brain. The interval between two RF pulses (labeling interval) is set to 1 ms and in this way the 

blood flowing through the plane is labeled. This is often followed by a multi-slice echo-planar 

imaging (EPI) read-out, with other 3D read-out techniques such as the gradient and spin-echo 

(GRASE) or turbo spin-echo spiral (TSE) increasingly gaining popularity. To compensate for 

magnetic transfer effects, an accompanying non-labeling scan is performed with identical 

labeling gradients and readout but with alternating RF pulses, after which the perfusion can be 

calculated by subtraction of the labeled and non-labeled images.

One of the main issues currently with pCASL imaging is its loudness; it is perceived as rather 

uncomfortable for both the patient in the scanner and MR-technologists outside the scanner 

room. Dai et al. found that the use of stronger encoding gradients improves labeling, however 

since the average gradient strength needs to be maintained, the gradients need to alternate 

with the same period as the RF pulses in a zig-zag pattern (Dai et al., 2008) (as illustrated in figure 

1A). The dominant acoustic frequency of labeling will therefore be determined by the labeling 

RF interval (1 kHz), while the jagged shape of the encoding gradient will also lead to several 

higher harmonics. This is corroborated by the EPI readout, with a readout base frequency of 

~900 Hz, and is also typically very loud (Haller et al., 2005; Schmitter et al., 2008). The amount 

of scanner loudness is determined by the shape of the gradient coils and the scanner bore, 

parameterized in the acoustic transfer function (TRF), which enhances some frequencies (due 

to resonance) and dampens others; this loudness is parameterized as the Sound Pressure 

Level (SPL). In addition, the sensitivity of the auditory system is highest between 1 and 6 kHz 

(ISO standard 226:2003), leading to a further increase of the SPL perceived by the auditory 

system (also known as the hearing level (HL)). With a SPL exceeding safety levels of 100 dB 

(ISO standard 1999:1990 (ISO, 1990)), without appropriate hearing protection, 15 min of pCASL 

scanning could lead to permanent auditory damage (Welleschik, 1979). 

Reducing the loudness of pCASL would be especially favorable in cases where adequate 

hearing protection (earplugs combined with a headphone) is not feasible, e.g. for patients 

after neurosurgery wearing a bandage around the head preventing the use of proper hearing 

protection. In the presence of ever more powerful gradient systems however, relatively few 

efforts are made to also reduce acoustic noise. A set of guidelines to reduce the loudness of EPI 

scans (Haller et al., 2005; Schmitter et al., 2008) in functional imaging of auditory tasks (Peelle 

et al., 2010; Seifritz et al., 2006) has already been published by Hennel (Hennel et al., 1999). 

Our aim was therefore to reduce the loudness of the labeling part of the pCASL sequence, and 

present an approach which can be easily translated to other MR-systems. Previous simulations 
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by Dai et al. (Dai et al., 2008) suggested that increasing the labeling interval while preserving 

the total energy deposition, will not affect the labeling efficiency, provided the labeling interval 

is kept smaller than 2.3 ms. Since we have the TRF functions of our scanner (Philips Intera 3T), in 

this study, we first perform simulations to identify labeling intervals in which the loudness (SPL) 

and hearing level (HL) are minimal/maximal. Subsequently, we validate the optimal labeling 

interval by measuring the loudness and labeling efficiency of those labeling intervals and relate 

this to our simulations. 

MATERIALS AND METhODS
This study was conducted in compliance with the regulations of the Local Institutional Review 

Board. Two separate experiments were performed. The first experiment was designed to 

investigate the effect of a varying labeling interval on the pCASL acoustics by evaluation of the 

SPL and hearing level during labeling. The goal of the second experiment was to investigate 

the effect of a varying labeling interval on the pCASL image quality, as evaluated by the pCASL 

labeling efficiency, temporal SNR (tSNR) and perfusion signal intensity in the grey matter (GM). 

Investigations were performed by simulations in Matlab (Mathworks, Natick, MA, USA) and MRI 

measurements on a Philips 3T Intera system (Philips Medical Systems, Best, The Netherlands) 

with an eight-channel head  receive coil and body transmission coil.

Study 1

To investigate the effect of a varying labeling interval on the SPL, the SPL was first simulated 

in Matlab. The gradient waveform during the labeling segment of the pCASL (Dai et al., 2008) 

sequence was modeled (figure 1A). Subsequently, the frequency spectrum of these waveforms 

was computed and convolved with a scanner- and location-specific acoustic transfer function 

(TRF) by multiplication in the frequency domain (Hedeen and Edelstein, 1997). TRFs are 

specific for the model and field strength of the scanner, and were available from the scanner 

manufacturer upon request. The provided TRFs had a frequency resolution of 4.9 Hz and have 

been determined for 5 different longitudinal spatial positions in the scanner bore (from 0 cm to 

16 cm of the scanner isocenter with 4 cm steps, as indicated in figure 1B by the red squares). The 

acoustic distribution was assumed point-symmetric with respect to the scanner isocenter and 

values in the x,y plane were calculated based on the distance relative to the isocenter using the 

actual measured values along the longitudinal z-axis. Using a spline interpolation and assuming 

a point-symmetrical distribution, the TRF was then determined for arbitrary distances in the 

scanner bore (as indicated by the grey shading in figure 1B). Based on the power of this labeling 

specific acoustic frequency spectrum, the corresponding SPL was calculated: 

[1]

where P
spectrum

 is the power of the spectrum and p
0
 the power of the reference sound pressure 

(2x10-5 Pa). To include the sensitivity of the human auditory system in the simulations, the hearing 
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level was calculated by means of multiplication of the power spectrum with a frequency specific 

acoustic weighting filter (ITU-R-468) (Geddes, 1968). Based on the weighted power spectrum, 

the hearing level was subsequently calculated in a similar manner as the SPL (according to 

formula 1). Each simulation was repeated for varying values of the labeling interval (varying 

from 0.8 ms to 1.8 ms in steps of 0.01 ms) and for varying values of the measured positions (-16 

cm to 16 cm from the isocenter). 

To confirm the outcome of the acoustic simulations, the SPL was measured with a Bruel&Kjear 

2238 sound level meter (Naerum, Denmark) in the MRI scanner during pCASL labeling. The 

microphone was positioned 7 cm above the scanner bed and 8 cm left from the magnets 

isocenter (approximate in-plane location of the left ear as indicated in by the vertical green lines 

figure 1B). To avoid microphone damage during scanning, all RF was disabled. Subsequently, the 

Figure 1 A): Shape of the labeling gradient for different values of the labeling interval. B): Design of the 
measurement set-up. Left: Positioning of the measured TRF positions (red squares), simulated TRF area (grey 
shading), measured SPL positions (blue dots) and assumed ear position (green lines) in the scanners isocenter. 
Right:  The corresponding true scale positioning of a volunteer in the scanners isocenter.
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SPL was measured at different longitudinal scanner bed positions (-10 cm to 10 cm with 2.5 cm 

steps, as indicated by the blue dots in figure 1B) and with different labeling intervals (varying 

from 1.0 ms (current setting) to 1.8 ms with steps of 0.1 ms). Taking into account the horizontal 

positioning of the microphone, absolute positions from the isocenter were 8 cm to 12.81 cm 

(concurring to 0 to 10 cm bed positions). To optimize the SPL measurement for the labeling 

acoustics, the EPI readout was effectively minimized in the pCASL sequence by employing a 

single slice 2D EPI readout with a maximum SENSE factor (effectively leading to an EPI-factor of 

11 k-lines). PCASL sequence parameters were: labeling duration: 3175 ms, no post labeling delay, 

number of signal averages (NSA): 3, no RF.  

Study 2  

To investigate the effect of an adapted labeling interval on the image quality in the pCASL 

sequence, 9 healthy volunteers (5 female, 4 male, age 19-35 years) were scanned and all gave 

informed consent. Each scanning session consisted of a T1 scan for anatomical reference (3D 

FFE (FLASH), FOV: 240x240 mm2, resolution: 1x1 mm2, slices: 90, slice thickness: 2 mm, TR/TE: 

9/3.5 ms, scan duration: 2:15 min), followed by a phase-contrast (PC) velocity measurement at 

the height of the pCASL labeling plane to serve as input in the labeling efficiency quantification 

(Aslan et al., 2010) (FOV: 230x230 mm2, resolution: 0.45x0.45 mm2, single slice, slice thickness: 4 

mm, TR/TE: 15/5.1 ms, FA: 15º, V
enc

: 80 cm/s, scan duration 61 sec.). Based on the SPL simulations 

and measurements, combined with previous research regarding labeling efficiency as a 

function of the labeling interval (Dai et al., 2008), the CBF was measured twice: once with the 

literature default labeling interval (1.0 ms, FA: 18º) and once with the SPL optimized labeling 

interval (1.4 ms, FA: 25.2º). The imaging parameters of the pCASL scans were: FOV: 240x240 

mm2, resolution: 3x3 mm2, 17 slices, slice thickness: 7 mm, no gap, labeling duration: 1650 ms, 

post labeling delay: 1525 ms, gradient echo single shot EPI read-out, background suppression 

(BSup): 1680 ms /2830 ms, SENSE: 2.5, NSA: 38, TR/TE: 3850/14 ms, scan duration: 5:00 min.

After acquisition, the PC-velocity scans were imported in ITK-SNAP (Yushkevich et al., 2006) 

whereupon the velocities in the carotid and vertebral arteries were extracted by means of ROI 

drawing. Based on the segmented velocities the pCASL labeling efficiency was then estimated 

for each labeling interval by estimating the total blood flow into the brain and normalizing by 

total brain volume, which was determined from the T1 scan (Aslan et al., 2010). The ASL scans 

were internally realigned, subtracted, averaged and co-registered to the anatomical T1 scan 

with SMP8 (Wellcome Trust Centre for Neuroimaging, London, UK).  After registration, the GM 

was segmented from the anatomical scan and converted to a binary mask for GM CBF and GM 

tSNR evaluation.  The GM CBF was calculated according to (Wang et al., 2002): 

[2]

where f is the flow (ml/g/s), ΔM the ASL signal intensity, R
1T

 the longitudinal relaxation rate of 

brain tissue (0.83 s-1 for GM) (Lu et al., 2005), R
2a

* the R
2

* of arterial blood (20 s-1) (Teeuwisse et al., 

2011), TE the echo time (14 ms), R
1a

 the longitudinal relaxation rate of arterial blood (0.62 s-1) (Lu 
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et al., 2004), ρ the density of brain tissue (1.05 g/ml) (Herscovitch and Raichle, 1985), M
0a

 the 

equilibrium magnetization of arterial blood for which a previously determined scanner specific 

average value was used normalized by the signal of the CSF, based on the method of Chalela et 

al. (Chalela et al., 2000), α
pCASL

 the estimated labeling efficiency from the PC-MRI measurement 

(Aslan et al., 2010), α
BSup

 the labeling efficiency due to background suppression (0.83)(Garcia 

et al., 2005), δ the tissue transit time (1400 ms) (Chen et al., 2012), PLD the post-labeling delay 

(1500 ms) and τ the labeling duration (1650 ms). The tSNR in each voxel was calculated as the 

mean signal over the dynamics, divided by temporal standard deviation over the dynamics. 

To verify that the labeling efficiency, tSNR and ASL signal intensity across all volunteers did 

not significantly change due to the prolongation of the labeling interval, a paired two sided 

Student t-test was used (p<0.05). In addition to measuring labeling efficiency, subjects were 

asked which scan they experienced as the loudest.

RESULTS
Study 1

Figure 2A depicts the simulated SPL level as a function of the labeling interval and position from 

the scanners isocenter (relative to 1.0 ms interval and 0 cm distance from isocenter, which 

was used as 0 dB reference point). It shows that the SPL varies strongly over both distance 

and labeling interval. In addition the assumed positional symmetrical distribution around the 

isocenter is clearly visible. Maximum SPL was reached at a labeling interval of 1.54 ms regardless 

of position. Minimal SPL levels were found between labeling intervals of 1.15-1.24 ms, 1.31-1.43 ms 

and 1.73-1.8 ms. While the minimum around 1.2 ms appears to vary as a function of position, the 

second minimum (~1.37 ms) appears more stable over the position but starts varying beyond 

10 cm. The third minimum (~1.76 ms) appears to remains stable regardless of position. Figure 

2B depicts the simulated hearing level as a function of position and labeling interval. It can be 

Figure 2: Simulated sound pressure level (SPL) (A) and hearing level (HL) (B) as a function of the labeling interval 
and position from isocenter (grey area in Figure 1), relative to the simulated SPL at longitudinal position 0 cm and 
1.0 ms labeling interval. Longitudinal (ear) positions of 0.0, 2.5, 5.0, 7.5 and 10.0 cm correspond to the following 
positions from isocenter: 8.0, 8.4, 9.4, 11.0 and 12.8 cm.
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seen that the hearing level patterns largely resemble the patterns in figure 2A, with an overall 

increment of approximately 3-4 dB. However, for the labeling interval between 1.31-1.43 ms, 

levels remained relatively unchanged with a mean increment of less than 1 dB over all positions. 

Since the sound level at 1.0 ms interval increased with a mean of 3.6 dB over all positions, the ~1.37 

ms interval yields a relative decrease of approximately 2.6 dB over all positions in hearing level. 

For the approximate ear positions a relative reduction of 1.7 dB in hearing level can be achieved.  

Figure 3 depicts the measured SPL values as a function of the labeling interval for each 

measured longitudinal position in the scanner (SPL values relative to the measured SPL for 1.0 ms 

labeling interval and 0 cm longitudinal position).  It can be seen that the SPL varies as a function 

of the labeling interval and position. Contrary to the assumption used in the simulations, 

no symmetrical distribution around the isocenter was found. Of the 3 minima found in the 

simulations, solely for 1.4 ms labeling a consistent reduction of more than 1 dB is observed over 

all positions, though for positive longitudinal positions the minimum around 1.1-1.2 ms appears 

to be more pronounced.  At 1.4 ms, the measured average reduction over all positions was 3.7 dB 

with a maximum reduction of 6.8 dB (-2.5 cm) and minimum reduction of 1.7 dB (2.5 cm), while 

the average reduction at the approximate longitudinal position of the ear was 6.5 dB (-2.5 cm to 

-5 cm, as indicated in figure 1B by the blue dots combined with the horizontal green lines). 

Figure 3: The measured (solid line) SPL values as a function of the labeling interval, for each measured longitudinal 
position (-10 cm to 10 cm, feet to head), relative to the measured SPL at longitudinal position 0 cm and 1.0 ms 
labeling interval. The simulated (thin grey line) SPL values, corresponding to SPL values in Figure 2 at (+/-) 8.0, 
8.4, 9.4, 11.0 and 12.8 cm, are plotted for comparison. Absolute distances from isocenter are denoted in italic.
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Study 2

Figure 4 shows three ASL (ΔM) slices acquired for a 1.0 ms and 1.4 ms labeling interval. No 

distinct differences in perfusion patterns and overall image intensity can be seen between the 

two labeling intervals. These findings are supported by Table 1, where the average GM signal 

intensity, GM tSNR and calculated labeling efficiency (from the PC-MRI) across all volunteers 

are shown for both labeling intervals. No significant differences between the two labeling 

intervals were found for all three parameters (as indicated by the p-values). The corresponding 

average CBF across all volunteers was 64.3±14.6 ml/min/100gr. After the measurements, 8 (of 9) 

subjects reported that they experienced the 1.4 ms labeling interval to be more comfortable 

than the 1.0 ms labeling interval.

Table 1: Derived GM signal intensity, GM tSNR and labeling efficiency over the volunteers (mean± standard 
deviation), for a 1.0 ms and 1.4 ms labeling interval.

Labeling interval

1.0 ms 1.4 ms

CBF (ml/min/100gr) 64.3±14.6

GM Signal intensity (a.u)a 61.4 ± 24.6 57.1 ± 22.3 ap=0.69

GM tSNRb 6.65 ± 0.93 6.48 ± 0.68 bp=0.69

Labeling efficiency c 0.83 ± 0.23 0.76 ± 0.21 cp=0.52

Figure 4: Example of three acquired ASL (ΔM) slices for a 1.0 ms and 1.4 ms labeling interval in a single volunteer. 
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DISCUSSION
In this study, we have performed simulations and MRI measurements in an effort to reduce the 

acoustic noise produced during the labeling part of the pCASL sequence. This was investigated 

by varying the labeling interval. The SPL was first simulated and measured for different intervals 

in order to find an optimal SPL reduction, after which the pCASL image quality was assessed for 

its optimal setting. 

In study 1, we have performed SPL simulations for distances up to 16 cm from the isocenter 

and for labeling intervals between 1.0 and 1.8 ms. Simulation results (figure 2) show a large 

variation in the SPL as a function of the labeling interval and location. One notable feature is a 

peak in SPL at 1.5 ms (in our simulations at 1.54 ms). This can be accounted for by an overlap of a 

high peak in the TRF at 1.3 kHz with the first harmonic of the labeling frequency (i.e., 1/labeling 

period) at 1.5 ms (i.e. 667 Hz *2 = 1.33 kHz). With respect to acoustic noise reduction, we found 

three possible interval areas with a reduced SPL. Solely the 1.4 ms interval was confirmed by 

the MRI measurement, reducing the SPL by 3.7 dB on average over all measured positions in 

the scanner. At the longitudinal positions corresponding to the location of the ear (positions 

-2.5 cm to -5 cm) an average SPL reduction of 6.5 dB (corresponding to a 4.4 fold reduction in 

sound intensity/amplitude) was achieved. Taking into account the perception of the auditory 

system, simulations predict that an additional 1.7 dB reduction would be gained in hearing level 

in addition to the measured SPL reduction. 

However, some concerns have to be addressed. For the simulations, a distribution of the SPL 

that is symmetric in the z-direction around the isocenter was assumed (as indicated by the grey 

shading in figure 1B), but this was not confirmed by the measurements. An explanation could 

be that the longitudinal SPL distribution due to the z-gradient is not symmetrical around the 

isocenter when the contents of the scanner are not symmetric around the isocenter. Variations 

in SPL due to differences in the size of subjects inside the MRI have been reported before (Wu 

et al., 2014). Since solely positive longitudinal TRF positions were available, this would result in 

a mismatch between the minima found in the simulation and measurements. Especially for the 

negative longitudinal positions (which correspond to the approximate longitudinal position of 

the ear in a typical brain study), this could be a major source of the mismatch. In addition, the 

available TRFs were measured in the scanner isocenter (indicated by the red squares in figure 

1B), while the in-plane positioning of the microphone was on the approximate location of the 

ear (as indicated by the blue dots in figure 1B). With respect to the simulated hearing level, 

these were also based on the TRFs which could result in the same mismatch as found with the 

SPL simulation. However, this does not affect the main findings of this study, since the SPL (and 

HL) minimum found at 1.4 ms was confirmed by our measurements. 

In study 2, we assessed the effect of an adapted labeling interval on image quality. No 

difference in mean ASL signal was found between a 1.0 ms and 1.4 ms labeling interval, indicating 

preservation of image quality. This result confirms the simulations of Dai et al. (Dai et al., 2008) 

which predicted no change in labeling efficiency with an increasing RF interval up to 2.5 ms. In 

addition, no significant differences were found in the calculated labeling efficiency and tSNR, 

though the labeling efficiency variation over volunteers was larger than previously reported 

(Aslan et al., 2010). However, the mean labeling efficiency and mean GM CBF (derived from 
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PC-MRI) were in correspondence with previously found values (Aslan et al., 2010; Dai et al., 

2008; Garcia et al., 2005).  

In order to implement the labeling noise reduction on other MRI scanners, acoustic TRFs 

for the three gradients should be obtained from the manufacturer. While in this study, a scanner 

specific TRF was used, a model specific TRF (which is an average over different scanners of the 

same model) would suffice to give an indication of the labeling frequencies where the SPL and 

HL can be reduced. The noise reduction can already be achieved with minimal efforts by a) 

choosing the base frequency such that the first harmonic does not coincide with a peak in the 

TRF, and b) keeping the base frequency below the 1kHz frequency limit where human hearing 

becomes more sensitive (ITU-R-468). 

We are aware that the position-specific results cannot be straightforwardly generalized to 

other scanners. However, we investigated a general TRF that was provided by our manufacturer. 

We noticed characteristic properties common to all 1.5T-3T models; e.g. a peak at ~ 1310 Hz. This 

peak would cause a similar increase in SPL at 1.5 ms labeling interval as seen in our results, due to 

the contribution of the second harmonic.  Simulations with the general TRF showed an overall 

decrease in SPL with the labelling intervals ranging from 1.1-1.4 ms. We therefore recommend to 

select the most appropriate interval within 1.1 and 1.4 ms,  based on the subjective experiences 

of subjects and preferably based on the scanner specific TRF of the manufacturer.

Even though the labeling part can be reduced, the EPI readout remains considerably loud. 

The approaches described in this paper can be combined with readout strategies that use RF 

(instead of a gradient) for refocusing echo’s (such as a turbo spin echo readout), or use more 

smooth gradient readouts that minimize slew rates (such as spiral readout), or a combination 

of the two. See (Vidorreta et al., 2012) for several readout strategies.

CONCLUSION
To conclude, this study shows that for the pCASL scanning sequence on a 3T Philips Intera 

scanner, an average 3.7 dB acoustic noise reduction can be achieved over all positions, with an 

average reduction of 6.5 dB at the approximate location of the ear, by adjusting the labeling 

interval to 1.4 ms (714 Hz labeling frequency) while preserving image quality. Simulations 

indicate that the decrease in pitch should result in an additional 1.7 dB reduction in noise 

perception at the location of the ear, though these were not confirmed by measurements. The 

adjustment of labeling interval is a relatively easy procedure that can be performed in most 

institutions and replicated for a wide variety of scanner models, to ensure a more patient and 

operator friendly scanning experience.
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CHAPTER 4

ABSTRACT
Measurement of the cerebral blood flow (CBF) and cerebrovascular reactivity (CVR) provide 

useful information about cerebrovascular condition and regional metabolism. Pseudo-

continuous arterial spin labeling (pCASL) is a promising non-invasive MRI technique to 

quantitatively measure the CBF, whereas additional hypercapnic pCASL measurements are 

currently showing great promise to quantitatively assess the CVR. However, the introduction of 

pCASL at a larger scale awaits further evaluation of the exact accuracy and precision compared 

to the gold standard. 15O H
2
O positron emission tomography (PET) is currently regarded as the 

most accurate and precise method to quantitatively measure both CBF and CVR, though it is 

one of the more invasive methods as well. In this study we therefore assessed the accuracy and 

precision of quantitative pCASL-based CBF and CVR measurements by performing a head-to-

head comparison with 15O H
2
O PET, based on quantitative CBF measurements during baseline 

and hypercapnia. We demonstrate that pCASL CBF imaging is accurate during both baseline 

and hypercapnia with respect to 15O H
2
O PET with a comparable precision. These results pave 

the way for quantitative usage of pCASL MRI in both clinical and research settings. 

Keywords 
ASL, PET, precision, accuracy, CBF, CVR, MRI
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INTRODUCTION
Cerebral blood flow (CBF) measurements are important in the assessment of many brain 

disorders, ranging from acute stroke to Alzheimer’s disease (Alsop et al., 2000; Chalela et al., 

2000). While most techniques for CBF imaging rely on exogenous contrast-agent injection, 

arterial spin labeling (ASL) MRI employs magnetically labeled blood as endogenous “contrast-

agent”. This relative non-invasive nature of ASL offers the unique possibility for more extensive 

utilization of clinical and research CBF imaging in patients and normal adults, offering even the 

possibility of monitoring CBF fluctuations over time. This and the rapid technical improvements 

in image quality and precision over the past few years, have propelled ASL into a promising CBF 

imaging technique ready for clinical and research usage (Golay and Guenther, 2012).

Various labeling methods have been developed over the years to efficiently generate the 

magnetically labeled bolus of blood (Dai et al., 2008; Detre and Alsop, 1999; Golay et al., 2005; 

Petersen et al., 2006; Wong et al., 2006). The pseudo-continuous ASL (pCASL) labeling method 

is currently regarded as the most reliable and robust technique for ASL imaging. However, the 

introduction of ASL and particularly of pCASL, at a larger scale in research and routine clinical 

care awaits further evaluation its accuracy and precision. 15O H
2
O positron emission tomography 

(PET) is currently regarded as the most accurate and precise method to measure CBF. A direct 

comparison of PET and pCASL-based measurements of the CBF would therefore give necessary 

information on both the accuracy and precision of pCASL. 

For this purpose, several studies have been performed in which ASL was compared head-

to-head with 15O H
2
O PET (Bokkers et al., 2009; Henriksen et al., 2012; Kilroy et al., 2013; van 

Golen et al., 2013; Xu et al., 2009; Ye et al., 2000). Significant correlations between ASL and 15O 

H
2
O PET based CBF estimates were found with r2 values ranging from no grey matter region-of-

interest (GM-ROI) correlation to a single slice whole brain voxel-wise correlation of 0.72. Yet, 

a one-to-one quantitative agreement was not observed, indicating the presence of a possible 

bias in the ASL based CBF accuracy. An important reason could be the dependency on inter-

modality differences in the CBF quantification modeling, the assumed quantification parameters, 

physiological fluctuations in CBF, and differences in image resolution, rendering a quantitative 

comparison of ASL with other perfusion imaging techniques particularly difficult (Donahue al., 

2006). In addition, CBF measurements were compared during rest, limiting the comparison to 

a restricted range of normal CBF values. Application of a cerebrovascular challenge will increase 

the range of CBF values included in the comparison, for an improved accuracy assessment. 

Furthermore, it would enable to evaluate the accuracy of the ASL-based cerebrovascular reactivity 

(CVR) measurements, which is a physiological parameter showing great clinical potential as a new 

hemodynamic marker (Bulte et al., 2009; Hajjar et al., 2010; Villien et al., 2013). 

The precision of each modality per se has been studied in detail, by assessment of both 

intra-session and inter-session reproducibility combined with the inter-subject variability. The 

intra-session and inter-session reproducibility indexes (RI) were estimated at 7.4% and 18% for 
15O H

2
O PET and 11% and 22% for pCASL, respectively. Inter-subject coefficients of variation 

(CV) were reported at 13%  for 15O H
2
O PET and 16% for pCASL (Bremmer et al., 2010; Chen et al., 

2011; Coles et al., 2005; Gevers et al., 2011). To date, however, no head-to-head comparison of 

the precision of 15O H
2
O PET and pCASL has been performed. 
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The main aim of the present study was to assess the accuracy of quantitative pCASL CBF and CVR 

measurements by performing a head-to-head comparison with 15O H
2
O PET, based on quantitative 

CBF values under two different cerebrovascular conditions. A second aim was to compare the 

precision of both 15O H
2
O PET and pCASL by means of the intra- and inter-session reproducibility.

METhODS
Subjects and study protocol
This study was performed in compliance with regulations of the Local Institutional Review Boards 

of both participating centers. All MRI examinations were performed at the Amsterdam Medical 

Center on a Philips 3T Intera system (Philips Healthcare, Best, the Netherlands), equipped with 

body coil transmission and an eight-channel SENSE receive head-coil. All PET examinations 

were performed at the VU University Medical Center on a Philips Gemini TF-64 PET/CT system 

(Philips Healthcare, Cleveland, TN, USA). Sixteen healthy volunteers (9 male, 7 female, age 

range 20-24 years) were included in this study and all gave written informed consent prior to 

inclusion. For both modalities, each volunteer underwent five CBF measurements distributed 

over two measurement sessions (a schematic overview of the study design is given in figure 1) 

resulting in a total of 10 CBF measurements over 4 measurement sessions. For comparability of 

the ASL and PET sessions, the interval between corresponding PET and MRI sessions was set at a 

maximum of 7 days. To avoid unnecessary exposure to radioactivity in the case of an incidental 

finding that would lead to exclusion of that subject, the first MRI session was always performed 

prior to the first PET scanning session, whereas for the second paired PET and ASL scanning 

sessions a random order was used.

For a full quantitative assessment of the CBF accuracy in two different cerebrovascular 

conditions with corresponding CVR, the CBF of each subject was measured under baseline 

(B) and hypercapnic (H) conditions (figure 1). The precision was assessed by comparing the 

intra- and inter-session reproducibility of each modality. To this end, each subject received 3 

baseline (B1, B2, B3, figure 1) and 2 hypercapnic (H1, H2, figure 1) CBF measurements. For the 

baseline intra-session reproducibility, two baseline CBF measurements were performed in a 

single imaging session (B1-B2), separated by 20 to 30 minutes. For the baseline inter-session 

reproducibility, a third baseline CBF measurement was performed in a second imaging session 

approximately 28 days after the first (B1-B3). The hypercapnic inter-session reproducibility was 

assessed in a similar manner (H1-H2). 

Session 1  Session 2  

  Intra-session 

1.A 

pCASL 
(t=0d) 

1.B 

PET 
(t=1-7d) 

 

Inter-session 

 

2.A 

pCASL 
(t=28-35d) 

2.B 

PET 
(t=28-35d) 

Baseline(B1)  Baseline(B3)  

Baseline(B2)  Hypercapnia(H2)  

Hypercapnia(H1)  

Figure 1: Schematic diagram of the study design and imaging schedule.
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Before each scanning session, subjects were fitted with a MRI-compatible mobile non-

rebreather mask set-up for gas-delivery, which was identical at both imaging sites. During 

baseline, normal medical air (21% O
2
, 79% N

2
) was administered, while for the hypercapnic 

measurements the air delivery was switched to a pre-mixed gas mixture of 5% CO
2
 and 95% 

air (70% N
2
, 25% O

2
) (Linde Gas Therapeutics, Munich, Germany). A delay of 2 minutes was 

included before the start of the measurement to allow for the subject to get accustomed to 

the challenge and to reach a new physiological steady state condition. A nasal side-stream 

capnograph was placed within the mask to measure the end-tidal CO
2
 (etCO

2
). At the end of 

each 15O H
2
O PET scan, arterial pH, arterial CO

2
 pressure (PaCO

2
) and arterial O

2
 pressure (PaO

2
) 

were additionally determined by means of arterial blood sampling.

MRI protocol
Acquisition

The MRI protocol consisted of a survey and a time-of-flight (TOF) angiogram for planning of the 

pCASL imaging- and labeling-planes, a T1-weighted scan for anatomical reference, the pCASL 

CBF scans (Dai et al., 2008), repeated phase contrast (PC)-velocity scans to measure the blood 

velocity in the brain feeding arteries (imaged directly after each pCASL scan), a T
1
 mapping scan 

to determine the longitudinal relaxation rate of arterial blood (Varela et al., 2010), a multiple 

time point control-only pCASL scan for M
0
 quantification and a vascular crushed pCASL scan 

(acquired once in the second imaging session) to study the effect of macrovascular crushing 

(imaging parameters for each scan can be found in table 1). All pCASL scans were planned based 

on the survey and TOF scans, whereby the pCASL labeling plane was planned at an approximate 

distance of 90 mm from the anterior commissure-posterior commissure line, perpendicular 

to the labeling arteries. The corresponding PC-velocity measurement was planned at the 

exact location of labeling. No repositioning was performed within the imaging session and to 

minimize the effect of repositioning in the second ASL imaging session, planning images were 

saved during the first session and used as guidance in the second session.

Post processing

After acquisition, the pCASL scans were internally realigned, subtracted and averaged with 

SMP8 (Wellcome Trust Centre for Neuroimaging, London, UK). Subsequently, the CBF was 

calculated according to an adaptation of  the equation derived by Wang and co-workers (Wang 

et al., 2002), additionally incorporating the difference in longitudinal relaxation rates of arterial 

blood and brain tissue :

[1]

where f is the flow (mL/g/s), ΔM the pCASL signal intensity, R
1T

 the longitudinal relaxation rate 

of brain tissue (0.83 s-1 for GM (Lu et al., 2005)), R
2a

* the R
2

* of arterial blood (20 s-1 (Teeuwisse 

et al., 2011)), TE the echo time (14 ms), R
1a

 the longitudinal relaxation rate of arterial blood (as 

estimated by T
1
 mapping of venous blood in the sagittal sinus (Varela et al., 2010)), ρ the density 
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of brain tissue (1.05 g/mL (Herscovitch and Raichle, 1985)), α
pCASL

 the labeling efficiency derived 

from the PC-MRI measurement (as simulated by Bloch equations based on the velocities in the 

all labeling arteries (Wu et al., 2007)), α
BSup

 the decrease of labeling efficiency due to background 

suppression pulses (0.83) (Garcia et al., 2005), δ the tissue transit time (1900 ms (Liu et al., 

2011)), PLD the post-labeling delay (1525 ms), τ the labeling duration (1650 ms) and M
0a

 the 

equilibrium magnetization of arterial blood as determined by the multiple time-point control 

only pCASL scan (by fitting the M
0
 of CSF and multiply the calculated value with the blood-

water partition coefficient (0.76 ml water/ml blood (Herscovitch and Raichle, 1985))). Crushed 

pCASL scans were quantified with the same modeling parameters as described in equation 1 

by assuming that the application of the applied vascular crushers would only affect the ASL 

signal in relatively large arteries that exhibit a blood velocity larger than 5 cm/s. Subsequently, 

all pCASL CBF images were corrected for the slice delay and smoothed with an in-plane 5 mm 

Gaussian kernel (full width at half maximum (FWHM)), to reach an image resolution comparable 

with the 15O H
2
O PET images and keep the smoothing processing similar.

PET protocol
Acquisition

Prior to each PET session, subjects received arterial and venous lines (in opposite arms) for 

CBF arterial blood sampling and administration of 15O H
2
O, respectively. Subjects were then 

positioned in the scanner with the head immobilized in a foam mold to minimize motion. Motion 

was checked regularly by means of laser beam and when necessary corrected. The scanning 

protocol consisted of a 1 min low-dose CT transmission scan at the start of each scanning 

session (to correct the subsequent emission scans for attenuation and scatter) followed by 

dynamic scans to measure the CBF. Each emission scan was performed in 3D acquisition mode 

and consisted of 25 frames with progressively increasing duration over a total scanning period 

of 10 minutes. At the start of each scan an intravenous bolus of 800 MBq was administered. 

During each emission scan,  arterial blood was monitored continuously using an online blood-

sampler (Boellaard et al., 2001). To obtain the arterial input function (AIF), the online sampler 

curve was calibrated using three manual arterial blood samples, taken at 5.5, 8, and 10 min. The 

effective radiation exposure to a single volunteer for the combined PET scans amounted to ~7.8 

mSv, which was classified as intermediate risk according to ICRP 62 guidelines.

Post processing

All emission scans were reconstructed using the row action maximum likelihood algorithm 

(RAMLA) brain reconstruction protocol as provided by the vendor, including all usual 

corrections required for quantification. A matrix size of 128×128 was applied for an isotropic 

voxel size of 2 mm. The dynamic images were subsequently smoothed with an isotropic 5 mm 

FWHM Gaussian kernel, resulting in an isotropic image resolution of approximately 6.5 mm 

isotropic FWHM. For CBF quantification, the single tissue compartment model with arterial 

blood volume fraction correction was used:

[2]
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where C
T
 is the tissue concentration of 15O H

2
O, V

a
 the arterial blood volume fraction, C

a
 the 

arterial concentration of 15O H
2
O, f the blood flow, t the time and V

T
 the volume of distribution 

of the tracer. Subsequently, parametric CBF images were calculated using a basis function 

implementation of the blood flow model, with corrections for dispersion, delay and arterial 

blood volume (Boellaard et al., 2005; Bremmer et al., 2010). Based on a blinded inspection by a 

trained observer (R.B), the quality of each AIF was evaluated prior to inclusion. If a 15O H
2
O AIF 

was rejected, the corresponding pCASL scans were excluded from further analysis.

General Post-processing
After the CBF post-processing, the anatomical reference scan of each individual was segmented 

into a grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF) probability map with 

SPM8. All CBF scans were then individually co-registered to the segmented GM probability map. 

Based on the individual GM segmentations a population based GM template was calculated 

using a diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL) 

algorithm (Ashburner, 2007). The corresponding CBF scans were subsequently warped using 

the same transformation parameters as for the GM segmentations. 

Data analysis
For each volunteer and modality, baseline CBF was defined as the mean CBF over all 3 baseline 

scans, while hypercapnic CBF was defined as the mean CBF over both hypercapnic scans. The 

corresponding CVR was subsequently calculated according to equation 3, where the CVR is 

given as the percentage change in CBF per mm Hg change in etCO
2 
due to the hypercapnia (%/

mmHg). Subscripts denote the baseline (B) and hypercapnic (H) conditions.

[3]

The intra-session, inter-session and inter-modality reproducibility were assessed by means 

of the Pearson correlation coefficient and Bland-Altman analysis with the repeatability index 

(given by equation 4) (Bland and Altman, 1986). 

[4]

In Bland-Altman plots, the difference between 2 scans is plotted against their mean value. From 

the corresponding standard deviation of the difference SDΔ and the mean over the mean values 

(MV), the RI over the volunteers was calculated. The intra-session RI was calculated over the 2 

baseline scans in the first measurement session (B1-B2), while the inter-session RI was computed 

over the first baseline scan of each session (B1-B3). The inter-modality reproducibility was 

computed on a single scan and on an average scan basis for both baseline and hypercapnic 

conditions. The average inter-modality RI was determined based on the mean difference 

between modalities (i.e. B
avg1-3

_
PET

-B
avg1-3_pCASL

) and reflects the exchangeability of reported CBF 
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values in studies performed on different modalities. The single scan inter-modality RI was 

calculated as the mean RI of the two independent RI calculations of a 1 week interval (i.e. B1
PET

-

B1
pCASL

 and B3
PET

-B3
pCASL

) and reflects the exchangeability of successive perfusion scans that are 

performed on different modalities. The single scan RI incorporates both the physiological 1 week 

inter-session variation combined with the scanner variation of each modality. The inter-subject 

variability was assessed by means of the coefficient of variation (given in equation 5) and is given 

as the standard deviation over the volunteers SD divided by the mean value over the volunteers.

[5]

The CBF data were subsequently analyzed based on 2 different approaches: a GM region of interest 

(ROI) approach and a voxel-wise comparison. The GM-ROI approach aimed to quantitatively 

assess the calculated parameters, while the voxel-wise approach aimed to assess the spatial 

distribution of the calculated parameters. With the GM-ROI approach, a GM mask (thresholded 

at 50% GM probability) was first applied over each individual CBF image, whereupon the average 

signal in the mask was used for the accuracy, precision and inter-modality reproducibility 

calculations. For the voxel-wise approach, these parameters were first calculated on a voxel-wise 

basis, effectively generating mean CBF, CVR and RI maps. For the voxel-wise comparison, all CBF 

scans were additionally smoothed with an 5 mm3 FWHM isotropic Gaussian kernel to account for 

the error due to small spatial variations between the different scans.

With the exception of the gender difference in T
1a

 and the equality of variances for the 

reproducibility parameters, all statistical testing was performed by means of a paired two tailed 

student t-test (p<0.05). The gender difference in T
1a

 was tested with an unpaired two tailed 

student t-test (p<0.05), while the equality of variances was tested with a Levene’s F-test (p<0.05). 

To detect the slightest possible differences between pCASL and 15O H
2
O PET in the voxel-wise 

analysis, voxels were considered significantly different at a p<0.001 threshold uncorrected for 

family-wise errors. Due to the expected low signal-to-noise ratio (SNR) in the current pCASL 

implementation (van Osch et al., 2009), WM was not included in the evaluations. 

RESULTS
The average time between the pCASL and 15O H

2
O PET sessions was 4 days (range: 1-6 days) 

for the first session and 4 days (0-9 days) for the second, while the average time between 

consecutive sessions was 34 days (25-45 days) for 15O H
2
O PET and 34 days (27-42 days) for 

pCASL, respectively. Five volunteers did not complete the full 15O H
2
O PET acquisition scheme. 

Reasons for exclusion were complications with tracer production (N=2), inadequate arterial 

blood sampling (N=2) and abrupt nausea (N=1). An overview of the number of volunteers 

included in each analysis is given in table 4. 

The measured and derived parameters necessary for pCASL quantification are listed in 

table 2. Arterial blood T
1
 was significantly larger for females than for males (1775 ms versus 1695 

ms p=0.005), while a 0.01 increase in pCASL labeling efficiency was observed from baseline 

to hypercapnia (p=0.004, estimated from the measured blood velocity in the brain-feeding 
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arteries by means of Bloch simulations). Table 3 lists the measured physiological parameters. 

For both normo- and hypercapnic state, similar etCO
2 

concentrations were observed during 

the 15O H
2
O PET and pCASL examinations with no significant difference between 15O H

2
O PET 

and pCASL. Furthermore, significant increases in etCO
2
, PaCO

2
 and PaO

2
 were observed during 

hypercapnia, while the arterial blood pH decreased significantly. 

Table 2: Measured parameters for quantification of the pCASL signal (mean ± standard deviation).

T1art (ms)* Male 1695±38

Female 1779±63

Labeling efficiency (α)** Baseline 0.85±0.008 

Hypercapnia 0.86±0.006 *p=0.005 (unpaired)

M0art 3.7×106±0.28 **p=0.004 (paired)

Table 3: Measured physiological parameters (mean ± standard deviation) during baseline and hypercapnia 
for 15O H

2
O PET and pCASL. Significant difference between baseline and hypercapnia are denoted by *(p<0.05, 

paired) and ** (p<0.001, paired). 

  PET pCASL

EtCO
2

** (mmHg) Baseline 38.3±4.0 39.9±2.6

Hypercapnia 47.5±3.2 48.6±3.6

PaCO
2

** (mmHg) Baseline 40.7±3.91 -

Hypercapnia 45.3±2.82

PaO
2

** (mmHg) Baseline 104±6.62 -

Hypercapnia 151±9.10

PH* Baseline 7.40±0.02 -

Hypercapnia 7.36±0.01

GM-ROI analysis 
Figure 2 shows an example of raw acquired pCASL and 15O H

2
O PET CBF images (axial, coronal and 

sagittal view) of a single volunteer. Clearly noticeable are the lower acquisition resolution of 15O 

H
2
O PET (due to the smoothing before deconvolution) and the decreased FOV in the z-direction 

of the pCASL scan. A visualization of the processed (after identical smoothing) imaging scheme 

in a single volunteer is given in figure 3. Visible are the CBF and etCO
2
 fluctuations between 

successive baseline scans and the increase in CBF during hypercapnia. For the calculated CVR 

images, elevated pCASL reactivity was observed in the low SNR WM areas, though a coherent 

CVR pattern was seen in the GM. 15O H
2
O PET reactivity showed no coherent CVR pattern in 

most of the GM in one single subject. An overview of the mean CBF values for both modalities 

and conditions is given in table 4. The CBF over the volunteers for 15O H
2
O PET and pCASL had a 

similar mean and range during baseline (15O H
2
O PET: 48.5±5.6; pCASL: 50.8±6.5) and hypercapnia 

(15O H
2
O PET: 59.3±5.3; pCASL: 64.4±10.0), with no significant difference between modalities for 

each separate condition. However, for baseline and hypercapnia combined, a significant 3.6 

mL/min/100g difference (p=0.03) was observed with respect to 15O H
2
O PET. Figure 4 illustrates 
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Figure 2: A transversal (tra), sagittal (sag) and coronal (cor) view of an acquired raw (including 5 mm FWHM 
smoothing before deconvolution) 15O H

2
O Positron Emission Tomography (PET) and raw (unsmoothed) pseudo-

continuous arterial spin labeling (pCASL) cerebral blood image with the segmented Grey Matter (GM) probability 
map shown for anatomical reference. 

the average (4A) and single scan (4B) inter-modality agreement, by means of a GM-ROI scatter 

plot, the corresponding Bland Altman representation and a voxel-wise GM scatter plot. Baseline 

(green) and hypercapnic (red) CBF values are shown, with the accompanying Pearson correlation 

coefficients and linear regression line (4A, including the 3.6 mL/min/100g mismatch as constant). 

The additional value of measuring in two physiological conditions is evident from the stronger 

and more significant correlation between the 15O H
2
O PET and pCASL measurements when 

normo- and hypercapnic data are combined. This is the case for both the GM-ROI correlation as 

for the voxel-wise comparison. The slope of the average linear regression was 1.0 (0.94-1.06, 95% 

confidence interval), indicating an average one-on-one linear relationship with a small offset. 

Mean CVR values in table 4 support these observations with no significant differences between 

modalities (15O H
2
O PET: 2.50±0.92; pCASL: 2.82±1.21). The average inter-modality reproducibility 

was 22.9% during baseline and 30.3% during hypercapnia (table 4). For each condition, no 

significant mean difference was observed for the single scan inter-modality reproducibility, 

but a significant mean difference of 4.6 mL/min/100g between PET and pCASL derived CBF 

was observed for the combined conditions (p=0.03). Furthermore, single scan inter-modality 

reproducibility’s increased to 33.9% during baseline and 40.6% during hypercapnia (table 4).

Figure 5 shows the scatter and Bland-Altman plots of the intra-session (A), baseline inter-

session (B) and hypercapnic inter-session (C) reproducibility of 15O H
2
O PET and pCASL CBF with 
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Table 4: Measured GM CBF (mean ± standard deviation) during baseline and hypercapnia, CVR, intra-session 
RI, inter-session RI, inter-modality RI and inter-subject CV during baseline and hypercapnia, for 15O H

2
O PET 

and pCASL. N is the amount of subject used in the analysis. * p=0.03 (paired) overall CBF between modalities. 
**p=0.008 (Levene’s) the difference in hypercapnic CV between modalities. 

N PET pCASL

CBF* (mL/min/100g) Baseline  13 48.5±5.6 50.8±6.5

Hypercapnia 12 59.3±5.3 64.4±10.0

CVR (%/mmHg) 11 2.50±0.92 2.82±1.21

RI intra-session (%) Baseline CBF 15 23.5 18.2

etCO
2

10.3 22.8

RI inter-session (%) Baseline CBF 14 27.6 25.1

etCO
2

14.4 14.2

Hypercapnia CBF 12 43.0 24.8

etCO
2

8.9 7.2

RI inter-modality (%) Baseline mean 13 22.9

single 14 33.9

Hypercapnia mean 12 30.3

single 12 40.6

CV population (%) Baseline 13 11.6 12.9

Hypercapnia** 12 8.9 15.6

their corresponding etCO
2
. The intra-session reproducibility of pCASL and 15O H

2
O PET largely 

overlapped with a smaller spread and a 4 mL/min/100g significant mean difference between 

B1-B2 for pCASL (p=0.02). Notable is that the mean CBF differences of pCASL and 15O H
2
O PET 

showed similar offsets as their corresponding etCO 
2
 values. For the baseline inter-session 

reproducibility it was noted that the spread and mean difference appeared nearly identical 

for pCASL and 15O H
2
O PET. With respect to the reproducibility scatter plots, higher overall 

reproducibility correlations were found with pCASL. Observations in figure 5 are supported 

by calculated parameters in table 4. Baseline intra- and inter-session RIs did not significantly 

differ between modalities. The subject CV of 15O H
2
O PET (11.6%) and pCASL (12.9%) was not 

significantly different for baseline, although for hypercapnia a significant difference was 

observed (PET: 8.9%; pCASL: 15.6%; p=0.008). 

Voxel-wise analysis
Figure 6 shows the mean CBF image over all volunteers during baseline (N=13) and hypercapnia 

(N=12) for both modalities; in addition, the mean CBF image of the crushed pCASL dataset 

(N=13) is depicted. The parametrical testing of the absolute differences between pCASL↔15O 

H
2
O PET (baseline and hypercapnia) and pCASL

crush
↔15O H

2
O PET (baseline) are displayed on 

the segmented GM template. In general, an overall agreement in CBF was observed between 

PET and pCASL for both conditions. However, some areas with a CBF discrepancy between 

modalities were visible. This observation was supported by the parametric analysis, which 

showed a systematic overestimation of the pCASL CBF in deep cortical tissues (as indicated 

by the red overlay) and a systematic underestimation of the pCASL CBF in the prefrontal area, 
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basal nuclei, near the sagittal sinus and the first acquired pCASL slice (as indicated by the 

blue overlay). The effect of vascular crushing (with 5cm/s cutoff) is illustrated in row C and E. 

Compared with uncrushed pCASL scans, areas with a systematic CBF overestimation appeared 

smaller after crushing, while the areas with an underestimation remained nearly identical. 

The calculated CVR maps of both modalities, combined with the histogram of all voxels are 

illustrated in figure 7. In general, comparable values were seen for 15O H
2
O PET and pCASL with 

a higher spread for pCASL. This was supported by the corresponding histogram. Parametric 

testing of the CVR did not reveal significantly different voxels.

Figure 8, shows the calculated intra-session reproducibility, inter-session reproducibility, 

inter-modality reproducibility and inter-subject variability maps for 15O H
2
O PET and pCASL, 

combined with histograms of the voxels in those maps. For the intra-session reproducibility 

the observed RI appeared globally lower for pCASL, with exception of the lower slice and 

the prefrontal brain area. A similar pattern was visible for the inter-session reproducibility, 

though the difference appeared less evident. The corresponding histogram supported these 

observations, with RI distributions globally lower in the pCASL maps with respect to 15O H
2
O 

PET. It was noted that the 15O H
2
O PET histograms were normally distributed, while the pCASL 

distributions had a long trailing edge. The 1 week inter-modality reproducibility showed a 

Figure 4: Inter-modality agreement of baseline (green) and hypercapnic (red) CBF values between 15O H
2
O PET and 

pCASL per volunteer on an average (A) and single-scan basis (B). Scatter plots with corresponding Pearson correlations 
(r2) are shown for the GM-ROI (left) and on a voxel-wise basis (right). A representative example of the voxel-wise 
agreement in a single volunteer for a single scan is given in the bottom right corner figure, with the corresponding 
GM-ROI values delineated in black. The GM-ROI regression on an average basis is depicted by the solid black line with a 
95% confidence interval (dashed black lines). Significant correlations are denoted by *(p<0.05) and **(p<0.001). 
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similar pattern as the inter-session RI maps with an overall RI increase over the brain. For the 

inter-subject variability, a globally lower CV was seen with 15O H
2
O PET compared with pCASL, 

which was supported by the corresponding histogram. 

Figure 5: Scatter and Bland-Altman plots of the baseline intra-session (A), baseline inter-session (B) and 
hypercapnic inter-session (C) reproducibility of 15O H

2
O PET (red) and pCASL (blue) derived CBF with their 

respective etCO
2
. Solid lines depict the mean difference over the volunteers while the dashed lines depict the 

corresponding 95% confidence interval. r2 depicts the Pearson correlation, while the significance levels are 
denoted by *(p<0.05) and **(p<0.001).
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Figure 6: The average CBF maps for 15O H
2
O PET (A,G), pCASL (B,G) and pCASL

crush
 (C) during baseline (A-C) and 

hypercapnia (F-G) combined with voxel-wise parametric testing results (p<0.001, uncorrected) between 15O H
2
O 

PET-pCASL (D,H) and 15O H
2
O PET-pCASL

crush
(E)
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Figure 7: The calculated CVR maps for 15O H
2
O PET (A) and pCASL (B) with the corresponding probability 

histograms (C) of the shown maps.

Figure 8: The calculated intra-session (A-B), inter-session (C-D) and single scan 1 week inter-modality (E) 
reproducibility maps, combined with the inter-subject (F-G) variability maps for 15O H

2
O PET (A,C,F) and pCASL 

(B,D,G). The corresponding probability histogram of each map is shown in H-J.
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DISCUSSION
In this study we have investigated the accuracy and precision of baseline and hypercapnic pCASL 

CBF measurements with respect to 15O H
2
O PET measurements. Furthermore, CVR measurements 

revealed that pCASL can reliably measure CBF changes. To the best of our knowledge this is the 

first study to extensively compare all these parameters in a single population. 

To study the accuracy, we compared the mean baseline and hypercapnic GM CBF values 

of 15O H
2
O PET and pCASL combined with the accompanying CVR. All were in concordance 

with previously reported values (Ito et al., 2003; Leenders et al., 1990; Villien et al., 2013). 

The increase in CBF range due to the additional physiological state improved the correlation 

between both modalities and an excellent one-on-one linear regression was shown. Voxel-wise 

analysis identified areas with a systematic under- and overestimation of pCASL CBF, whereas 

mild vascular crushing appeared to resolve the overestimated areas to a large extent. To study 

the precision, we determined the intra- and inter-session RIs of both modalities. These were 

comparable, with no significant differences between modalities. Baseline GM CV was similar for 

both modalities, though differences were present during hypercapnia. The single scan inter-

modality reproducibility was in agreement with the previously reported value by van Golen and 

colleagues (33.9% in our study versus 31% by van Golen et al), while the average inter-modality 

reproducibility was in the order of the inter-session reproducibility. The corresponding inter-

modality GM correlations were relatively low (r
B

2=0.30, r
H

2=0.12 and r
All

2=0.47), albeit in line with 

values reported previously ((Bokkers et al., 2009, N
vol

=14, r
B

2=0.34), (van Golen et al., 2013, N
vol

=31, 

r
B

2=0.23), (Henriksen et al., 2012, N
vol

=17, no significant r2), (Xu et al., 2009, N
vol

=6, r
B

2=0.55, no 

quantitative comparison based on rCBF), (Kilroy et al., 2013, N
vol

=8, r
B

2=0.30, no quantitative 

comparison, three 15O H
2
O PET scans per volunteer)). The voxel-wise GM correlations (r

B
2=0.39, 

r
H

2=0.40 and r
All

2=0.48) were in the same range of previously values reported by Ye and co-workers 

(Ye et al., 2000, r
B

2=0.72, single slice in a single volunteer) and Kilroy and colleagues (Kilroy et al., 

2013, N
vol

=8, r
B

2=0.28). In both studies however, WM and GM voxels were included in the analysis, 

whilst in the present study WM was not included due to the expected low WM SNR. To facilitate 

comparisons with previous reports, the average whole brain voxel-wise correlations in our study 

were:  r
B

2=0.63, r
H

2=0.61 and r
All

2=0.6, which are very similar to values reported previously.

Although the accuracy and precision of pCASL and 15O H
2
O PET have been thoroughly 

investigated in this study, a few limitations remain. To minimize the effects of day to day 

perfusion variations in the accuracy estimation, imaging of the 15O H
2
O PET and pCASL sessions 

should ideally be performed on the same day or even at the same time (Zhang et al., 2013). 

However this was logistically not possible with the imaging centers at different locations and 

the amount of time necessary for proper preparation and aftercare of the subjects related 

to the arterial line needed for 15O H
2
O PET. The inter-modality physiological variation was 

minimized by averaging the multiple scans for each condition. Still, remaining variation could 

have influenced the inter-modality correlation, explaining the relatively low r2-values in the 

current and previous inter-modality CBF studies. Furthermore, additional variability in response 

to the hypercapnic challenge could be an explanation for the increased inconsistency between 
15O H

2
O PET and pCASL CBF for hypercapnia. For the pCASL measurements, the CBF scans were 

acquired with a resolution of 3x3x7 mm3 using an 8 channel head coil, whereas slightly higher 
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resolutions acquired with 16-32 channels are becoming more common in the research setting. 

However, the FWHM of the acquired PET scans was 6.5 mm isotropic, yielding higher pCASL 

resolutions not useful. For the CVR, a global CBF enhancing challenge was used while a local CBF 

decreasing challenge would be a better reflection of the pathological perfusion changes most 

often seen in the clinic (e.g. stroke), although also CBF increases are observed in the clinic, e.g. 

in brain tumors.  However, we opted for a CBF enhancing challenge by hypercapnia since it is 

frequently performed in literature showing great potential, while the accuracy and precision of 

these hypercapnic pCASL measurements were still unknown and in need for validation. 

Even though a one-on-one regression was found, a small offset in GM perfusion was detected 

between both modalities. The presence of several areas with a systematic under- and over-

estimation of the pCASL GM CBF is the most likely explanation for this mismatch. These voxel-wise 

discrepancies between 15O H
2
O PET and pCASL can be explained by the background suppressed 

EPI read-out. Recently, Vidorreta and co-workers (Vidorreta et al., 2012) demonstrated that the 

EPI read-out with pCASL labeling is prone to signal loss in the prefrontal brain area whereas a 

3D spin-echo read-out is not affected (Günther et al., 2005). In addition, it is suspected that 

the chosen background pulses timings were tuned too strict for the first acquired slice, leading 

to a significant signal loss in this slice. The presence of macrovascular signal could explain the 

CBF discrepancy between PET and ASL in highly vascularized areas. Especially since these areas 

became smaller after application of vascular crushers. Relatively high cut-off velocities were 

chosen in this study and it is expected that smaller cut-off velocities would result in a total 

dissolvement of the overestimated areas. However, when a significant amount of label would be 

crushed, the quantification model should be adapted accordingly. A more robust solution could 

be the prolongation of the post-labeling delay, allowing for remaining macro-vascular signal 

to reach the micro-vascular compartment. Although the main disadvantage of this approach 

would be the accompanying loss in SNR due to the additional decay of the label.

For the mean CVR maps, a modeling independent agreement was found, with no voxel-

wise differences between modalities. The systematic CBF discrepancies during baseline and 

hypercapnia suggest that these would reflect in the mean CVR maps (in figure 7) as well. We 

suspect that the voxel wise division of perfusion values for the CVR calculation enhanced the 

influence of noise, prohibiting the translation of the systematic discrepancies to the mean CVR 

maps. For the individual CVR maps this effect is visible as well (as seen in figure 3), resulting in 

relatively poor reliability.  Especially in the low SNR WM areas with pCASL and areas with small 

spatial differences for 15O H
2
O PET, unreliable values were observed. Additional smoothing 

could solve the issue, though information on the spatial distribution will be lost, effectively 

dissolving the purpose of the voxel-wise comparison. 

For the precision no significant difference in reproducibility was found between pCASL 

and 15O H
2
O PET, suggesting that for both modalities the precision is predominantly governed 

by physiological variation. Since the pCASL measurements do not require the injection of 

contrast-agent, exposure to ionizing radiation and the sampling of arterial blood, one might 

want to challenge the use of 15O H
2
O PET as gold standard in future CBF investigations. 

In the CBF post-processing, pCASL images were quantified by the two-compartment 

model by Wang and co-workers (Wang et al., 2002). While most parameters in the model were 

derived by direct measurements in this study or scanning parameters, some were derived from 
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the literature such as the tissue transit time. Although the tissue transit time was determined 

previously (Liu et al., 2011), it is unknown if the assumed value would be correct for the 

hypercapnic state. In addition, the labeling efficiency was modeled based on the velocities in 

the labeling arteries instead of the approach described by Aslan et al., where they calibrate the 

pCASL CBF to the flow in the brain feeding arteries  (Aslan et al., 2010). Since the focus of this 

paper was to compare the quantitative CBF agreement of pCASL with 15O H
2
O PET instead of 

pCASL scaled to the 2D-PC MRI CBF with 15O H
2
O PET, we chose to model the labeling efficiency 

based on the velocity profile instead (Wu et al., 2007). Furthermore, in the CBF quantification 

of PET the partition coefficient is fitted on a per scan basis whilst this was fixed in the pCASL 

modeling. Including a subject specific partition coefficient in the pCASL CBF quantification 

could improve the subject variability for the pCASL measurements.  

An important parameter in the post-processing and analysis of the CBF data is the amount 

of smoothing. To facilitate a fair comparison between the both modalities, pCASL data were 

smoothed in a similar way as PET. Although the resolutions after smoothing appeared to be 

identical, a small mismatch in FWHM between modalities could still remain. Furthermore, in this 

paper it was aimed to solely perform smoothing when necessary. ROI analysis was performed 

on a 6.5 mm FWHM isotropic resolution, while for the voxel-wise analysis an additional isotropic 

smoothing with 5 mm FWHM was performed. Therefore, the mean values reported in the tables 

and visualized in the reproducibility maps with corresponding histograms might differ slightly. 

No analysis was performed on smaller structural areas in the GM, such as specific flow territories, 

basal ganglia or MNI templates. Given the variation in reproducibility in the prefrontal area and 

first slice, certain areas could be tainted by the background suppressed EPI artifact, leading 

to incorrect values. Furthermore mean CBF and RI maps combined with the statistical maps, 

visually illustrate the agreement in ratios between the two modalities for a specific brain area. 

CONCLUSION
The accuracy and precision of pCASL CBF measurements were successfully assessed in relation to 

measurements based on 15O H
2
O PET. A linear relationship with slope 1.0 was found between the 

modalities, whereas a small absolute difference of 3.6 mL/min/100g in CBF was found between 

ASL and PET. Importantly, CVR as measured by pCASL in combination with a hypercapnia 

challenge, was proven to be in quantitative agreement with a similar CVR-measurements by 15O 

H
2
O. In general, intra- and inter-session RIs were comparable for both modalities during both 

conditions. These results pave the way for clinical usage of pCASL based quantitative CBF and 

CVR measurements. 
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CHAPTER 5

ABSTRACT 
In the last decade spatially non-selective arterial spin labeling (SNS-ASL) methods such as 

velocity selective ASL (VS-ASL) and acceleration selective ASL (AccASL), have been introduced 

which label spins based on their flow-velocity or acceleration rather than spatial localization. 

Since labeling also occurs within the imaging plane, these methods suffer less from transit 

delay effects than traditional ASL methods. However, there is a need for validation of these 

techniques. In this study, a comparison was made between these SNS-ASL techniques with 

[15O]H
2
O positron emission tomography (PET), which is regarded as gold standard to measure 

quantitatively cerebral blood flow (CBF) in humans. Additionally, the question of whether these 

techniques suffer from sensitivity to arterial cerebral blood volume (aCBV), as opposed to 

producing pure CBF-contrast, was investigated.

The results show high voxel-wise correlation (0.72–0.89) between the spatial distribution 

of the perfusion signal from the SNS-ASL methods and the PET CBF-maps. There was a 

significant underestimation of 16.7% of the GM CBF measured by dual VS-ASL compared with 

PET (39.2±3.5 versus 47.1±6.5mL/100mL/min, respectively). Finally, only a minor contribution of 

aCBV-patterns to all SNS-ASL methods was found.

In conclusion, VS-ASL underestimates CBF, but all SNS-ASL methods provide qualitatively 

similar CBF-maps as [15O]H
2
O PET.

Keywords 
15O H

2
O positron emission tomography; acceleration selective arterial spin labeling; cerebral 

blood flow; perfusion imaging; velocity selective arterial spin labeling 
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INTRODUCTION
Arterial spin labeling (ASL) is an MR technique that uses arterial blood as an endogenous 

tracer for non-invasive and quantitative local tissue perfusion measurements (Detre et al., 

1992). Conventional ASL methods label blood magnetically by inversion or saturation in a slab 

proximal to the imaging region. Subsequently, the label image is acquired after a post labeling 

delay (PLD), which is chosen approximately equal to the longitudinal relaxation time of blood 

(T
1
) for cerebral perfusion imaging. The PLD represents a compromise between loss of label 

due to T
1
 decay and transport time for labeled blood to reach the microvascular bed (Alsop and 

Detre, 1996). A so-called control image is obtained by repeating the sequence without labeling 

blood. By subtracting the label image from the control image, contributions from static tissue 

will be removed. Therefore, solely magnetization of inflowing tagged spins will be measured, 

resulting in a perfusion-weighted image. To gain sufficient signal-to-noise ratio (SNR) multiple 

interleaved repetitions of both label and control sequences are performed. 

Currently, pseudo-continuous ASL (pCASL) is considered to be the most reliable and robust 

ASL technique (Alsop et al., 2013). However, when arrival of the labeled blood in the tissue is 

delayed - for example due to pathology - a longer PLD is required, leading to more relaxation of 

the label and thereby lower SNR. On the other hand, when the PLD is chosen too short, a severe 

underestimation of the cerebral blood flow (CBF) will occur. Selecting a proper PLD for accurate 

CBF values in clinical pathologies represents a delicate balance and would frequently lead to a 

need for too many signal averages to be clinically practical.

Recently, a new family of ASL techniques has been introduced. These spatially non-selective 

ASL (SNS-ASL) methods label spins based on their flow velocity (VS-ASL) or acceleration 

(AccASL) rather than spatial localization (Duhamel et al., 2003; Norris and Schwarzbauer, 1999; 

Schmid et al., 2014; Wong et al., 2006). As the label is generated globally, i.e. also within the 

imaging plane, it is labeled much closer to the capillaries. Therefore, the time to reach the 

tissue, the so-called transit delay, is smaller and more uniform and consequently these SNS-ASL 

techniques have the potential to be used even under slow and collateral flow conditions (Guo 

and Wong, 2014; Qiu et al., 2012). Although all these SNS-ASL methods are regarded to reflect 

perfusion information with one of them thought to be fundamentally weighted to cerebral 

blood volume (CBV) (single VS-ASL), another purely to CBF (dual VS-ASL) and the third to mixed 

hemodynamic parameters, both CBF and CBV (AccASL).

Clearly, there is a need for validation of this new family of ASL techniques. Dual VS-ASL has 

already been compared with traditional ASL techniques (Wong et al., 2006; Wu and Wong, 2007), 

and Xenon computer tomography (CT) (Qiu et al., 2012), but single VS-ASL and AccASL have 

only been compared with pCASL (Schmid et al., 2014). None of these SNS-ASL techniques have, 

however, been compared to the gold standard for quantifying CBF in humans: [15O]H
2
O positron 

emission tomography (PET) (Bokkers et al., 2009). Except for providing parametric CBF-images, 

[15O]H
2
O PET can also be used to generate arterial cerebral blood volume (aCBV) images. 

Therefore, the aim of this study was to compare SNS-ASL methods with [15O]H
2
O PET derived 

CBF. In addition, it will be investigated whether these SNS-ASL methods suffer from additional 

sensitivity to aCBV as opposed to pure CBF-contrast, again using [15O]H
2
O PET as a standard. 
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MATERIALS AND METhODS 
Subjects and study protocol 
This study was performed in compliance with regulations of the Local Institutional Review 

Boards of the participating centers and written informed consent was obtained from each 

participant prior to inclusion. This study was part of another study, where the accuracy and 

precision of pCASL measurements were compared head-to-head with [15O]H
2
O PET, by means 

of a test-retest paradigm as described by Heijtel et al. (Heijtel et al., 2014). 

In addition to the previously described results, we studied in this current study three 

different SNS-ASL scans, which were performed during the second visit. Only the healthy 

subjects who completed all required scans (three SNS-ASL scans, a pCASL scan, a pCASL scan 

with vascular crushing as well as the [15O]H
2
O PET scan) were included in the present study 

(n=13, 7 male and 6 female, age 20-24 years). 

All MRI scans were performed on a Philips 3T Intera system (Philips Healthcare, Best, the 

Netherlands) using an 8 channel SENSE head-coil at the Academic Medical Center in Amsterdam. 

All PET examinations were performed on a Philips Gemini TF-64 PET/CT system (Philips Healthcare, 

Cleveland, TN, USA) at the VU University Medical Center in Amsterdam. The PET and MRI scans 

were performed in a random order with a maximum of 7 days between both sessions.

Three types of SNS-ASL approaches were compared with [15O]H
2
O PET. The first type, which 

will be referred to as “single VS-ASL”, uses one velocity-selective labeling module and labels all spins 

that flow faster than a predefined cut-off velocity (V
C
). This is irrespective of whether these spins 

are located in arterial or venous blood and therefore this sequence is thought to be fundamentally 

CBV weighted. The second type, which will be referred to as “dual VS-ASL”, is similar to single 

VS-ASL, except that a second velocity-selective labeling module is added just before imaging in 

both the label and control condition. This suppresses all spins accelerating in the PLD between the 

labelling modules, which is assumed to be the venous component (Duhamel et al., 2003). This is 

the only quantitative SNS-ASL method and is proposed to be predominantly CBF-weighted (Wong 

et al., 2006). In literature, this technique is referred to as VS-ASL, but to provide more insight into 

the labeling process, single VS-ASL was also included into this study, thereby requiring a clear 

distinguished terminology. The most recently introduced and third type is acceleration selective 

ASL (AccASL), which contains only a single labeling module and labels all spins that accelerate or 

decelerate during the labeling module above a certain cut-off acceleration (or deceleration) (A
C
). It 

has been suggested that the signal is of mixed hemodynamic origin; including both CBF and CBV-

weighting. The only difference between the velocity-sensitive and acceleration-sensitive labeling 

modules is the sign of the second and fourth gradients in the labeling module, inducing an effective 

zero first-gradient moment, giving no velocity sensitization, but acceleration sensitization due to a 

second-gradient moment (Priest et al., 2011; Schmid et al., 2014).

pCASL, as employed in the present study for reference purposes, was previously compared 

with [15O]H
2
O PET showing good resemblance (Heijtel et al., 2014; Xu et al., 2009). 

MRI Acquisition
Single VS-ASL, dual VS-ASL and AccASL were acquired with interleaved label and control images. 

The labeling module parameters for VS-ASL, which determine the velocity-sensitivity, were 22 
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mT/m for the amplitude of the gradients (G), 1 ms for the gradient duration (δ) and 30 ms for 

the time between the 90o RF-pulses (Δ), corresponding to a V
C
 of 2 cm/s. The labeling module 

parameters for AccASL, which determine the acceleration-sensitivity, were G=30mT/m, δ=1ms 

and Δ=30 ms, corresponding to an A
C
 of 2.3 m/s2. Velocity and acceleration encodings were only 

applied along the slice encoding direction (approximately feet-head direction). For all three 

techniques background suppression was applied using two adiabatic non-selective inversion 

pulses at 50 and 1150 ms after labeling to increase the contrast-to-noise ratios (Garcia et al., 2005; 

St Lawrence et al., 2005; Ye et al., 2000). The post-acquisition delay, the time between the post-

acquisition non-selective saturation and subsequent labeling module, was set to 2000 ms. An 

overview of all imaging parameters can be found in Table 1. 

Balanced pCASL was used as a reference representing spatially selective or “conventional” 

ASL methods (Dai et al., 2008). The labeling pulse duration was 0.5 ms with a 0.5 ms pause 

between the pulses and a 18o flip angle combined with a 0.6 mT/m average gradient in the 

direction of the blood flow. pCASL scans were acquired with and without vascular crushing 

(V
c
=5 cm/s) to study the effect of macrovascular crushing. For positioning of the pCASL labeling 

plane, a time-of-flight (TOF) angiogram was acquired.

For ASL quantification purposes, a multi-time point inversion recovery sequence with 

equal readout properties as the ASL sequence was acquired to estimate the longitudinal 

magnetization (M
0
), followed by a T

1
 mapping sequence of the venous blood to estimate the 

longitudinal relaxation of arterial blood (T
1a

) (Varela et al., 2010). In addition, to estimate the 

pCASL labeling efficiency a phase contrast scan (PC-MRI) was performed immediately after the 

pCASL scans, using a slice positioned at the center of the pCASL labeling plane, in order to 

measure the blood flow velocity in the brain feeding arteries. 

For anatomical reference a whole brain T
1
-weighted MPRAGE image was acquired with a 1 

mm isotropic voxel size. 

MRI post processing 
The Oxford Centre for Functional MRI of the Brain (FMRIB)’s Software Library (FSL) was used 

for realigning the unsubtracted ASL images (Smith et al., 2004; Woolrich et al., 2009) and the 

time series were motion corrected with Motion Correction FMRIB’s Linear Image Registration 

Tool (MCFLIRT) with a six-parameter rigid transformation (Jenkinson et al., 2002). ASL-maps 

were obtained by pairwise subtracting the label from the control images and averaging over 

time. To enable a valid comparison of the temporal signal-to-noise ratios (tSNR) between all 

different ASL methods, a fixed total ASL sequence duration of 5 min was chosen. To this end, 35 

averages of the SNS-ASL scans and the first 38 averages of the pCASL scans were included in the 

calculation of the tSNR, using the mean and standard error of the mean (SEM). 

Subsequently, CBF was calculated for dual VS-ASL according to the following equation (Wu 

and Wong, 2007):

[1]
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Comparison of Vs-asL teChniques with [15o]h2o pet

where CBF is the flow in mL/min/100gr, ΔM the ASL signal intensity, PLD the post-labeling delay 

(1600 ms for the first slice and increasing with 35 ms for each following slice to correct for the 

ascending slice time delay), T
1a

 the longitudinal relaxation of arterial blood (as estimated by T
1
 

mapping of venous blood in the sagittal sinus (Varela et al., 2010)), T
2a

* the T
2
* of arterial blood 

(50 ms (Teeuwisse et al., 2011)), TE the echo time (14 ms), ρ the density of brain tissue (1.05 

g/mL (Herscovitch and Raichle, 1985)), M
0a

 the equilibrium magnetization of arterial blood as 

determined by the multiple time-point control only pCASL scan (by fitting the M
0
 of CSF and 

multiplying the calculated value with the blood-water partition coefficient (0.76 mL water/mL 

blood (Herscovitch and Raichle, 1985))), and α
BSup

 the decrease of labeling efficiency due to 

background suppression pulses (0.83 (Garcia et al., 2005)).

CBF was derived from the pCASL scans according to the following equation (Wang et al., 2002):

[2]

with t
t
 being the tissue transit time (1900 ms (Liu et al., 2011)), T

1t
 the longitudinal relaxation of 

brain tissue (1200 ms for GM (Lu et al., 2005)), α
pCASL

 the labeling efficiency derived from the 

PC-MRI measurement (as simulated by Bloch equations based on the velocities in the labeled 

arteries (Aslan et al., 2010; Wu et al., 2007)), PLD the post-labeling delay (1525 ms for the first 

slice and increasing with 35 ms for each following slice), and τ the labeling duration (1650 ms). 

For the vascular crushed pCASL scans it was assumed that only the ASL signal in relatively large 

arteries with a blood velocity larger than 5 cm/s was affected by crushing (Ye et al., 1997). Therefore, 

quantification of these scans was performed using the same model as the non-crushed pCASL scans.

An in-plane 5 mm full width at half maximum (FWHM) Gaussian kernel was used to smooth 

all CBF images in order to obtain an image resolution comparable with that of [15O]H
2
O PET 

images and to have a similar smoothing process. 

PET acquisition 
Prior to scanning, all patients received an indwelling radial artery cannula for blood sampling 

and a venous cannula in the opposite arm for administration of [15O]H
2
O. Each patient was 

positioned with the head in the center of the field of view and immobilized with a foam mold 

to minimize motion. First, a 1 min low-dose CT transmission scan was acquired to enable 

correction of the subsequent emission scan for photon attenuation and scatter. Next, a dynamic 

emission scan was performed in 3D acquisition mode, starting at the time of administration of 

an intravenous bolus of 800 MBq [15O]H
2
O. This scan consisted of 25 frames with progressively 

increasing duration over a total scanning period of 10 min. The concentration in arterial blood 

was monitored continuously using an online blood sampler (Boellaard et al., 2001), which was 

calibrated using three manual arterial blood samples, taken at 5.5, 8 and 10 min after injection. 

PET post processing 
The [15O]H

2
O PET data were reconstructed using the row action maximum likelihood algorithm 

(RAMLA) brain reconstruction protocol as provided by the vendor (128×128 matrix, 2 mm 
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isotropic voxel size), including all common corrections (random events, dead time, photon 

decay, attenuation and scatter) required for quantification. Reconstructed images were 

smoothed with an isotropic 5 mm FWHM Gaussian kernel, resulting in an image resolution of 

approximately 6.5 mm isotropic FWHM. A single tissue compartment model with arterial blood 

volume fraction correction was used for CBF quantification: 

[3]

where C
T
 is the tissue concentration of 15O H

2
O, V

a
 the arterial blood volume (aCBV), C

a
 the 

arterial concentration of [15O]H
2
O , f

PET
 the blood flow (CBF), t the time and V

T
 the volume of 

distribution of the water. Subsequently, parametric CBF and aCBV images were generated from 

the smoothed dynamic images using a basis function method implementation of the single 

tissue compartment model with corrections for dispersion, delay and arterial blood volume 

(Boellaard et al., 2005; Bremmer et al., 2010).

General post-processing 
In FSL, the FMRIB’s Automated Segmentation Tool (FAST) was used to segment the anatomical 

T
1
-weighted scan of each subject into different tissue types (grey matter (GM), white matter (WM) 

and cerebrospinal fluid (CSF) probability maps). All ASL and PET CBF-maps were individually co-

registered to the segmented GM probability map using FMRIB’s Linear Image Registration Tool 

(FLIRT). A GM mask was generated using a threshold of 55% GM probability. The T
1
-weighted scan 

of each subject was registered to the Montreal Neurological Institute (MNI) template with FMRIB’s 

Non-Linear Image Registration Tool (FNIRT). Subsequently, all co-registered perfusion images 

and GM masks were warped into MNI space using the same transformation parameters.

Data analysis
For each subject, the mean GM CBF was calculated for the dual VS-ASL, pCASL and [15O]H

2
O 

PET scans using the individual GM-masks. Next, these CBF-values were compared with each 

other using a paired t-test applying a two-tailed significance level of 0.05. A Bland-Altman 

analysis (Bland and Altman, 1986) was performed to investigate the spread and measurement 

agreement between dual VS-ASL and [15O]H
2
O PET. Bias and 95% limits of agreement were 

calculated as mean difference and as 1.96 × standard deviation of difference between paired 

measurements respectively. 

A one-way ANOVA was performed to compare the temporal signal-to-noise ratios (tSNR) 

for the different ASL techniques. To determine the tSNR in GM, both mean (μ) and SEM (σ/√n) 

were calculated voxel-by-voxel over the pairwise subtracted ASL-maps before averaging: 

[4]

Since single VS-ASL and AccASL scans cannot be quantified, the comparison for these scans focused 

only on the tSNR and the distribution of the signal. In Matlab (R2012b, The MathWorks Inc., Natick, 
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MA) all scans were normalized by dividing each voxel by the average signal intensity in GM. The 

distribution agreement between the group-averaged normalized scans was visualized in a joint 

histogram: ASL versus [15O]H
2
O derived CBF. The whole brain linear correlation coefficient (Pearson’s 

r) was obtained to estimate the degree of correlation between ASL and [15O]H
2
O derived CBF and 

between ASL and [15O]H
2
O derived aCBV measurements. In order to assess whether the ASL methods 

are (also) sensitive to aCBV, the relative distribution of signal in the maps was compared by correlating 

the normalized, group-averaged ASL maps iteratively with different weighted sums of [15O]H
2
O 

derived CBF and aCBV. The aCBV-fraction at the maximum correlation was interpreted as the aCBV 

contribution to the ASL scans, where a differentiation was made between the whole brain correlation 

and the correlation of the whole brain excluding slices containing the Circle of Willis and below. 

RESULTS
Normalized [15O]H

2
O PET and ASL-images for both the group-average and a single subject 

example of the are shown in figure 1. For [15O]H
2
O PET the lower acquisition resolution is 

noticeable. On the other hand the ASL scans had a decreased FOV in the z-direction (images 

not shown), whilst PET covers the entire brain. In AccASL and even more in single VS-ASL an 

increased signal intensity is visible in the sagittal sinus. Only in the [15O]H
2
O derived aCBV maps 

the Circle of Willis is clearly present.

The M0
a,

 measured for CBF quantification, was 3.8 × 106 ± 0.27 × 106 and the arterial blood T
1
 

was 1789 ± 42 ms for females, which was significantly higher than 1696 ± 63 ms for males (p<0.01, 

unpaired student t-test). The mean GM CBF values for dual VS-ASL, pCASL and [15O]H
2
O PET 

are shown in Table 2, together with the GM tSNR of all ASL scans. ANOVA analysis indicated 

a significant difference in tSNR at the p<0.05 level for the different ASL techniques [F(4, 60) = 

37.65, p = 9.82×10-16]. Post hoc comparisons using the Tukey HSD test indicated that the mean 

tSNR of all ASL techniques were significantly different from each other (p<0.05), except for the 

tSNR of AccASL and non-crushed pCASL (p=0.80). 

The Bland-Altman plot (figure 2) showed a bias between the mean GM CBF of dual VS-ASL 

and [15O]H
2
O PET. The significant underestimation of GM CBF by dual VS-ASL was on average 

16.7% (paired t-test, p<0.05). Furthermore, regression analysis showed that the actual bias 

increased with increasing CBF (p=0.045). Moreover, the mean GM CBF-value of dual VS-ASL 

also was significantly lower than pCASL with or without vascular crushing (p<0.001). 

In figure 3 the whole brain normalized group-average of the ASL signal versus [15O]H
2
O derived 

CBF is plotted voxel-wise in a joint histogram. In Table 3 the correlation coefficients between ASL and 

Table 2. The average grey matter cerebral blood flow (GM CBF, in mL/100mL/min) of the quantifiable ASL and 
PET scans and the temporal signal-to-noise ratios (tSNR) of the 5 different ASL scans, both evaluated at subject 
level [mean ± SD]. 

PET CBF AccASL
Single 

VS-ASL
Dual  

VS-ASL
pCASL  

no crush pCASL crush

GM CBF 47.1 ± 6.5 39.2 ± 3.5 60.7 ± 10.9 49.2 ± 9.2

tSNR 6.96 ± 1.42 5.04 ± 0.85 3.49 ± 0.50 8.40 ± 1.41 7.05 ± 1.19
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[15O]H
2
O derived CBF evaluated at subject level are shown, with an average range between 0.72 and 

0.91 when only including slices above the Circle of Willis and between 0.62 and 0.85 for the whole 

brain. The correlation coefficients for AccASL, both pCASL scans and to a lesser extent dual VS-ASL 

were comparable. Only single VS-ASL showed a lower correlation and larger standard deviation. In 

Table 3 the correlation coefficients between the various ASL modalities with [15O]H
2
O derived aCBV 

are presented as well. For all ASL sequences the correlation coefficients with PET aCBV were lower 

than PET CBF (p<0.001). The correlation coefficients with [15O]H
2
O derived aCBV of AccASL and both 

pCASL scans were similar; but both VS-ASL methods showed a lower correlation. 

Figure 1. Example of 3 transversal slice of the [15O]H
2
O PET and ASL maps of both the group average and a single 

volunteer. For comparison of the spatial distribution of the signal, all maps were normalized dividing each voxel 
by the average grey matter value of the corresponding map.
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Figure 2. Bland-Altman plot of dual VS-ASL and [15O]H
2
O PET CBF in grey matter. The solid line depicts the 

mean difference between dual VS-ASL and PET CBF over all volunteers, the dashed lines the corresponding 95% 
confidence intervals and the dotted line the regression line.

Table 3. Whole brain (WB) and above the Circle of Willis (CoW) intensity normalized correlation coefficient 
between ASL and [15O]H

2
O PET CBF evaluated at subject level [mean ± SD] and the maximum Pearson’s r 

correlation coefficient between ASL and the weighted sum of PET cerebral blood flow (CBF) and arterial cerebral 
blood volume (aCBV) evaluated at group level. 

AccASL
Single 

VS-ASL
Dual 

VS-ASL
pCASL no 

crush
pCASL 
crush

Correlation with PET CBF WB 0.85 ± 0.02 0.62 ± 0.08 0.65 ± 0.03 0.84 ± 0.01 0.82 ± 0.02

above CoW 0.89 ± 0.02 0.72 ± 0.08 0.84 ± 0.02 0.91 ± 0.01 0.91 ± 0.02

Correlation with PET aCBV WB 0.72 ± 0.06 0.54 ± 0.09 0.58 ± 0.06 0.74 ± 0.06 0.73 ± 0.06

above CoW 0.75 ± 0.06 0.60 ± 0.10 0.70 ± 0.06 0.79 ± 0.06 0.79 ± 0.06

Max correlation with weighted 
sum of PET CBF and aCBV

WB 0.90 0.71 0.73 0.88 0.88

above CoW 0.93 0.78 0.90 0.95 0.95

% contribution of PET aCBV WB 20 30 47 38 39

above CoW 4 1 1 21 24

Figure 3. Voxel-wise joint histograms (34 x 30 bins) of ASL versus [15O]H
2
O PET CBF of whole brain intensity 

normalized group-averaged maps.
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Maximizing correlation with respect to the weighted sum of [15O]H
2
O derived CBF and aCBV 

showed only a minor aCBV contribution for all SNS-ASL methods for slices above the Circle of 

Willis, as can be observed in figure 4 and table 3. The largest influence of aCBV - although still 

marginal - was detected for pCASL. When looking at the maximum whole brain correlation of 

ASL with the weighted sum of [15O]H
2
O derived CBF and aCBV, AccASL and pCASL showed a 

similar high correlation with a lower maximum correlation for both VS-ASL methods showed. The 

contribution of aCBV was increased for all scans when including the slices with the Circle of Willis. 

Figure 4. Above the Circle of Willis and whole brain correlation between ASL and weighted sum of [15O]H
2
O PET 

CBF and aCBV, evaluated at group level. 

DISCUSSION
In the current study we compared three spatially non-selective ASL techniques with the 

gold standard [15O]H
2
O PET and showed pCASL scans, with and without vascular crushing, 

as a reference for traditional, spatially selective ASL. In addition, the correlation of these 

ASL methods with aCBV was assessed. To the best of our knowledge this is the first study to 

extensively compare these SNS-ASL methods with [15O]H
2
O PET. The most important findings 

of the present study are threefold. Firstly, a significant underestimation of the GM CBF by dual 

VS-ASL compared with [15O]H
2
O PET was identified. Secondly, the spatial signal distribution of 

the SNS-ASL methods showed good agreement with that of [15O]H
2
O derived CBF. Finally, for all 

SNS-ASL methods only a minor presence of aCBV patterns was found.

From the three SNS-ASL methods only the CBF of dual VS-ASL can be evaluated quantitatively. 

The average GM CBF was calculated using the equation proposed by Wu and Wong (Wu 

and Wong, 2007), with an additional correction factor to account for the two background 

suppression pulses. A significant difference was found between the GM CBF obtained using 

dual VS-ASL and [15O]H
2
O PET. In addition, a negative relationship was observed between CBF 

measured by these modalities as shown in the Bland-Altman plot (figure 2), indicating a larger 
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underestimation for higher CBF-values. This lower signal in dual VS-ASL could be related to four 

factors. Firstly, the velocity sensitive gradients of the labeling module were only applied in the 

z-direction. Most of the blood flowing in the larger vessels is moving in that direction, but there 

are important exceptions, such as the Circle of Willis and smaller vessels (Wu and Wong, 2007). 

Ideally, the labeling should be encoded rapidly along all three directions. Secondly, T
2
-relaxation 

occurs when spins are in the transversal plane, which is the case during the VS labeling module. 

Due to the use of two labeling modules significant T
2
-weighting will be included and, therefore, 

the ASL signal will decrease leading to an underestimation in CBF. Thirdly, for pCASL and [15O]

H
2
O PET a two-compartment model was used, whereas for dual VS-ASL a single compartment 

model was used to quantify the CBF. Finally, a limitation is that a constant, brain average blood-

water partition coefficient was assumed in the ASL quantification, although it is known that 

this is a function of the hematocrit that may vary between subjects. Furthermore, the partition 

coefficient also varies throughout the brain, since the water content of the tissue is not constant 

for the different brain regions (Herscovitch and Raichle, 1985). Since for [15O]H
2
O PET a region 

specific volume of distribution was calculated, GM-WM discrepancies might occur between 

both modalities. Nevertheless, the influence on the CBF quantification is hypothesized to be 

limited, since this was only performed in GM. 

In dual VS-ASL only the spins that experience decrease in flow velocity during the PLD will 

result in ASL signal, thereby removing the contamination of venous signal, which is still present 

when only a single labeling module is used. However, the use of the second labeling module 

will eliminate part of the arterial signal as well and thus decrease the amount of detected signal. 

Despite this, it will not influence the CBF, since it is corrected for in the quantification equation, 

but it does decrease the tSNR. This decrease in tSNR adds to the already lower tSNR of SNS-ASL 

due to the use of saturation instead of inversion for labeling.

Although the pCASL data in this study was included for reference purposes only, it was 

noticed that the calculated mean GM CBF values in this subgroup subjects was 9.8 ± 4.4 mL/

min/100g higher than reported by Heijtel et. al (Heijtel et al., 2014). The main reason for 

this difference was that in this present study the GM masks with a different threshold were 

created, which could lead to differences in the voxels included in the analysis and, moreover, 

all scans were registered to MNI, whereas in the other study a group-specific atlas was made. 

Furthermore, some volunteers who were included in the current analysis, were not included in 

the previous reported analysis and vice versa, resulting in an elevated mean CBF. 

The comparison of AccASL and single VS-ASL with [15O]H
2
O derived CBF solely focused on 

the tSNR and the spatial distribution of the signal by normalized maps, joint histograms, and the 

calculated correlation coefficients, as these ASL techniques cannot be quantified. When both 

modalities would have had the same signal distribution, the joint histograms would have shown 

a straight line as evidence of good agreement. As both the ASL and [15O]H
2
O PET data were 

normalized to the average signal intensity of the GM, the slope of the line has no specific meaning. 

In figure 3 it can clearly be seen that the ASL methods showed a good whole brain correlation 

with PET CBF. WM is represented in the left bottom corner, because the perfusion of WM is lower 

than that of GM. For [15O]H
2
O PET a region specific volume of distribution was calculated for the 

blood-water partition coefficient. However, the correlation coefficients were calculated using 

the ASL data without regional correction for the partition coefficient, which will induce GM-WM 
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discrepancies between both modalities and might have led to lower correlation values. Some of 

the other discrepancies can be explained by the EPI read-out, as can be seen in figure 1: it has been 

shown previously that the EPI read-out with pCASL labeling is prone to signal loss in the prefrontal 

brain area (Vidorreta et al., 2012). Furthermore, the timing of background suppression pulses was 

rather aggressive, which could have led to some signal loss in the lowest slices. 

Focusing at the correlation coefficients as presented in table 3, it is clear that compared 

to all other ASL techniques single VS-ASL showed the lowest correlation with [15O]H
2
O derived 

CBF. This weaker correlation could be explained by the presence of venous signal, of which 

the high signal intensity in the sagittal sinus is a good example, which is less obvious in e.g. 

AccASL and even absent in the other ASL sequences. Furthermore, it is known that single 

VS-ASL, and again to a lesser extent for AccASL, has higher signal in CSF regions, due to the 

combination of a relatively high amount of diffusion and flow in CSF. The diffusion weighting of 

the labeling module is strong enough to cause diffusion related attenuation in CSF and thereby 

contamination of the CBF-maps (Wong et al., 2006). To incorporate this contamination into our 

validation analysis, it was decided to compare signal distribution over the entire brain between 

ASL and PET (i.e. including ventricles and sagittal sinus), rather than limiting this analysis to GM. 

For both single VS-ASL and AccASL, it has been postulated that they would be more 

weighted towards CBV than CBF, since all blood above a certain velocity or acceleration is 

labeled (Schmid et al., 2014). To investigate this hypothesis, weighting towards aCBV was studies 

in two ways. Firstly, the whole brain correlation coefficients of ASL with [15O]H
2
O derived aCBV 

were examined. The highest correlations with PET aCBV were observed for pCASL and AccASL, 

closely followed by dual VS-ASL. Only the correlation coefficient of single VS-ASL with PET 

aCBV differed from the other sequences, being approximately 20% lower than the traditional 

ASL methods. However, all ASL methods showed lower whole brain correlation coefficients 

with PET aCBV than with PET CBF. Therefore, in the second analysis, the whole brain correlation 

coefficient of the various ASL methods for a range of different weighted sums of PET CBF and 

aCBV was calculated. The highest whole brain correlation coefficient between the SNS-ASL 

sequences and the weighted sum of PET CBF and aCBV was found when no additional aCBV-

weighting was included. aCBV-maps mainly show besides a normal GM/WM contrast, large 

vessels and the signal is only arterial, whereas the single VS-ASL and AccASL are thought to 

create label closer to the tissue due to the relatively long PLD and the images also include a 

venous component (Guo and Wong, 2014; Schmid et al., 2014). In summary, the present results 

show that single VS-ASL and AccASL have much lower weighting towards aCBV than towards 

CBF. Unfortunately, these findings cannot answer the question whether those techniques are 

more weighted towards total CBV and this remains to be answered. 

For dual VS-ASL the maximum correlation coefficient with the weighted sum of [15O]H
2
O 

derived CBF above the Circle of Willis was observed for full [15O]H
2
O derived CBF-weighting 

without additional aCBV-weighting included. The maximum whole brain correlation was 

detected at an almost 50% aCBV-weighting. This difference due to including of slices with 

the Circle of Willis into the analysis could be explained by the directionality of labeling in the 

velocity selective module, which is in the feet-head direction, while the vessels of the Circle of 

Willis are in different directions.
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Remarkably, no significant difference was identified in the maximum whole brain correlation 

coefficient of the weighted sum of [15O]H
2
O derived CBF and aCBV with pCASL with and without 

vascular crushing. This is remarkable, because vascular crushing is known to be able to resolve 

areas with overestimated CBF in pCASL to a large extent (Ye et al., 1997). Also no significant 

difference was observed in the percentile contribution of [15O]H
2
O derived aCBV. However, it 

should be noted that this was evaluated at group-level and that for both pCASL methods only a 

minor aCBV pattern contribution was established. 

In the present study, the [15O]H
2
O derived aCBV were used only for comparison of the 

relative signal distributions and not for quantitative purposes. This approach was followed 

because of uncertainties in quantitative accuracy of aCBV as measured by [15O]H
2
O PET. 

One problem is the potential confounding effect of dispersion in the arterial line. When the 

dispersion is not estimated correctly due to artefacts in the image reconstruction, aCBV will 

become less accurate and could especially show a global bias (Lammertsma and Jones, 1983). 

Visual inspection of the individual aCBV-maps was performed to identify any clear errors, which 

were not observed. PET would be able to provide more accurate CBV-measurements by means 

of [15O]-labeled carbon monoxide (C15O) (Bremmer et al., 2010).

The study protocol could have been improved by acquiring the PET and ASL scans on 

the same day or even at the same time, thereby minimizing the effects of the physiological 

fluctuations in the perfusion (Zhang et al., 2014). Unfortunately, this was logistically impossible 

with the imaging centers at two different locations, since at the time of the study no combined 

PET/MRI system was available in either if the two centers at the start of this study. Nevertheless, 

it should be noted that it was verified that both pCASL and VS-ASL demonstrate similar variations 

over time, with changes on the order of 10% or less over a 6 month period (Zun et al., 2013).

In future work, a comparison of the results from spatially non-selective ASL methods with 

images that are (totally) CBV-weighted should be made, to better understand in the weighting 

of the different ASL methods. Furthermore, the current recommended clinical application 

for SNS-ASL is pathology with slow or collateral flow. Therefore, a comparison between 

conventional and spatially non-selective ASL methods and [15O]H
2
O or [15O]CO PET in patients 

with large vessel disease could give more insight into the preferred perfusion measurement 

technique for such pathologies with delayed arrival times.

In conclusion, dual VS-ASL underestimates CBF, but qualitatively it provides similar 

CBF-maps as compared to [15O]H
2
O PET. From the spatially non-selective ASL methods, AccASL 

was most similar to PET CBF, showing only a 2% lower correlation coefficient compared with 

pCASL. This opens up the possibility of exploring the clinical applications and validations for 

especially dual VS-ASL as a quantitative technique and AccASL for qualitative purposes. 

ACkNOwLEDGEMENT
This research is supported by the Dutch Technology Foundation STW, applied science division 

of NWO and the Technology Program of the Ministry of Economic Affairs and by grants 

0903-044 and 1002-031 from the Nuts-Ohra Foundation (Amsterdam, The Netherlands).

87



CHAPTER 5

LIST OF REFERENCES
Alsop, D.C., Detre, J.A., 1996. Reduced transit-time 

sensitivity in noninvasive magnetic resonance 
imaging of human cerebral blood flow. J. Cereb. 
Blood Flow Metab. 16, 1236–49.

Alsop, D.C., Detre, J.A., Golay, X., Günther, M., 
Hendrikse, J., Hernandez-Garcia, L., Lu, H., 
MacIntosh, B.J., Parkes, L.M., Smits, M., van Osch, 
M.J.P., Wang, D.J.J., Wong, E.C., Zaharchuk, G., 
2013. Recommended implementation of arterial 
spin-labeled perfusion MRI for clinical applications: 
A consensus of the ISMRM perfusion study group 
and the European consortium for ASL in dementia. 
Magn. Reson. Med. doi: 10.1002/mrm.25197.

Aslan, S., Xu, F., Wang, P.L., Uh, J., Yezhuvath, U.S., 
van Osch, M., Lu, H., 2010. Estimation of labeling 
efficiency in pseudocontinuous arterial spin 
labeling. Magn. Reson. Med. 63, 765–771.

Bland, M.J., Altman, D.G., 1986. Statistical methods 
for assessing agreement between two methods of 
clinical measurement. Lancet 327, 307–310.

Boellaard, R., Knaapen, P., Rijbroek, A., Luurtsema, 
G.J.J., Lammertsma, A.A., 2005. Evaluation of 
basis function and linear least squares methods for 
generating parametric blood flow images using 
15O-water and Positron Emission Tomography. 
Mol. imaging Biol. 7, 273–85.

Boellaard, R., van Lingen, A., van Balen, S.C.M., Hoving, 
B.G., Lammertsma, A.A., 2001. Characteristics of a 
new fully programmable blood sampling device for 
monitoring blood radioactivity during PET. Eur. J. 
Nucl. Med. Mol. Imaging 28, 81–89.

Bokkers, R.P.H., Bremmer, J.P., van Berckel, B.N.M., 
Lammertsma, A.A., Hendrikse, J., Pluim, J.P.W., 
Kappelle, L., Boellaard, R., Klijn, C.J.M., 2009. 
Arterial spin labeling perfusion MRI at multiple 
delay times: a correlative study with H215O 
positron emission tomography in patients with 
symptomatic carotid artery occlusion. J Cereb 
Blood Flow Metab 30, 222–229.

Bremmer, J., van Berckel, B., Persoon, S., Kappelle, 
L., Lammertsma, A., Kloet, R., Luurtsema, G., 
Rijbroek, A., Klijn, C., Boellaard, R., 2010. Day-
to-Day Test–Retest Variability of CBF, CMRO2, 
and OEF Measurements Using Dynamic 15O PET 
Studies. Mol. Imaging Biol. 13, 759-768.

Dai, W., Garcia, D., de Bazelaire, C., Alsop, D.C., 2008. 
Continuous flow-driven inversion for arterial 
spin labeling using pulsed radio frequency and 
gradient fields. Magn. Reson. Med. 60, 1488–1497.

Detre, J.A, Leigh, J.S., Williams, D.S., Koretsky, A.P., 1992. 
Perfusion imaging. Magn. Reson. Med. 23, 37–45.

Duhamel, G., de Bazelaire, C., Alsop, D.C., 2003. 
Evaluation of systematic quantification errors 
in velocity-selective arterial spin labeling of the 
brain. Magn. Reson. Med. 50, 145–53.

Garcia, D.M., Duhamel, G., Alsop, D.C., 2005. 
Efficiency of inversion pulses for background 
suppressed arterial spin labeling. Magn. Reson. 
Med. 54, 366–372.

Guo, J., Wong, E., 2014. Comparison of transit 
delay sensitivity between pseudo-continuous 
ASL, pulsed ASL and velocity selective ASL, in: 
Proceedings of the 22nd Annual Meeting of 
ISMRM. Milaan, p. 2705.

Heijtel, D.F.R., Mutsaerts, H.J.M.M., Bakker, E., Schober, 
P., Stevens, M.F., Petersen, E.T., van Berckel, 
B.N.M., Majoie, C.B.L.M., Booij, J., van Osch, M.J.P., 
Vanbavel, E., Boellaard, R., Lammertsma, A.A., 
Nederveen, A.J., 2014. Accuracy and precision of 
pseudo-continuous arterial spin labeling perfusion 
during baseline and hypercapnia: A head-to-head 
comparison with (15)O H2O positron emission 
tomography. Neuroimage 92C, 182–192.

Herscovitch, P., Raichle, M.E., 1985. What is the correct 
value for the brain: blood partition coefficient for 
water. J Cereb Blood Flow Metab 5, 65–69.

Jenkinson, M., Bannister, P., Brady, M., Smith, S., 2002. 
Improved Optimization for the Robust and Accurate 
Linear Registration and Motion Correction of Brain 
Images. Neuroimage 17, 825–841.

Lammertsma, A.A., Jones, T., 1983. Correction for the 
Presence of Intravascular Oxygen-15 in the Steady-
State Technique for Measuring Regional Oxygen 
Extraction Ratio in the Brain: 1. Description of the 
Method. J. Cereb. Blood Flow Metab. 3, 416–424.

Liu, P., Uh, J., Lu, H., 2011. Determination of spin 
compartment in arterial spin labeling MRI. Magn. 
Reson. Med. 65, 120–127.

Lu, H., Nagae-Poetscher, L.M., Golay, X., Lin, D., 
Pomper, M., Van Zijl, P.C.M., 2005. Routine 
clinical brain MRI sequences for use at 3.0 Tesla. J. 
Magn. Reson. Imaging 22, 13–22.

Norris, D.G., Schwarzbauer, C., 1999. Velocity selective 
radiofrequency pulse trains. J. Magn. Reson. 137, 
231–6.

Priest, A., Graves, M., Lomas, D., 2011. Acceleration 
dependent vascular anatomy for non-contrast-
enhanced MRA (ADVANCE-MRA), in: In: 
Proceedings of the 19th Annual Meeting of 
ISMRM. Montreal, p. 90.

Qiu, D., Straka, M., Zun, Z., Bammer, R., Moseley, 
M.E., Zaharchuk, G., 2012. CBF measurements 

88



5

Comparison of Vs-asL teChniques with [15o]h2o pet

using multidelay pseudocontinuous and velocity-
selective arterial spin labeling in patients with long 
arterial transit delays: comparison with xenon CT 
CBF. J. Magn. Reson. Imaging 36, 110–9.

Schmid, S., Ghariq, E., Teeuwisse, W.M., Webb, A., 
van Osch, M.J.P., 2014. Acceleration-selective 
arterial spin labeling. Magn. Reson. Med. 71, 191–9.

Smith, S.M., Jenkinson, M., Woolrich, M.W., 
Beckmann, C.F., Behrens, T.E.J., Johansen-Berg, 
H., Bannister, P.R., De Luca, M., Drobnjak, I., 
Flitney, D.E., Niazy, R.K., Saunders, J., Vickers, J., 
Zhang, Y., De Stefano, N., Brady, J.M., Matthews, 
P.M., 2004. Advances in functional and structural 
MR image analysis and implementation as FSL. 
Neuroimage 23 Suppl 1, S208–19.

St Lawrence, K.S., Frank, J.A., Bandettini, P.A, Ye, F.Q., 
2005. Noise reduction in multi-slice arterial spin 
tagging imaging. Magn. Reson. Med. 53, 735–8.

Teeuwisse, W.M., Nederveen, A.J., Ghariq, E., Heijtel, 
D.F.R., van Osch, M.J.P., 2011. Comparison of spin 
dynamics in pseudo-continuous and velocity-
selective arterial spin labeling with and without 
vascular crushing, in: Proceedings of the 19th 
Annual Meeting of ISMRM. Montreal, p. 2115.

Varela, M., Hajnal, J. V, Petersen, E.T., Golay, X., 
Merchant, N., Larkman, D.J., 2010. A method 
for rapid in vivo measurement of blood T1. NMR 
Biomed. 24, 80–88.

Vidorreta, M., Wang, Z., Rodríguez, I., Pastor, M.A., 
Detre, J.A., Fernández-Seara, M.A., 2012. 
Comparison of 2D and 3D single-shot ASL perfusion 
fMRI sequences. Neuroimage 66C, 662–671.

Wang, J., Alsop, D.C., Li, L., Listerud, J., Gonzalez-At, 
J.B., Schnall, M.D., Detre, J.A., 2002. Comparison 
of quantitative perfusion imaging using arterial 
spin labeling at 1.5 and 4.0 Tesla. Magn. Reson. 
Med. 48, 242–254.

Wong, E.C., Cronin, M., Wu, W.C., Inglis, B., Frank, 
L.R., Liu, T.T., 2006. Velocity-selective arterial 
spin labeling. Magn. Reson. Med. 55, 1334–1341.

Woolrich, M.W., Jbabdi, S., Patenaude, B., Chappell, M., 
Makni, S., Behrens, T., Beckmann, C., Jenkinson, 

M., Smith, S.M., 2009. Bayesian analysis of 
neuroimaging data in FSL. Neuroimage 45, S173–86.

Wu, W.C., Fernández-Seara, M.A., Detre, J.A., 
Wehrli, F.W., Wang, J., 2007. A theoretical 
and experimental investigation of the tagging 
efficiency of pseudocontinuous arterial spin 
labeling. Magn. Reson. Med. 58, 1020–1027.

Wu, W.C., Wong, E.C., 2007. Feasibility of velocity 
selective arterial spin labeling in functional MRI. J. 
Cereb. Blood Flow Metab. 27, 831–8.

Xu, G., Rowley, H.A., Wu, G., Alsop, D.C., 
Shankaranarayanan, A., Dowling, M., Christian, 
B.T., Oakes, T.R., Johnson, S.C., 2009. Reliability 
and precision of pseudo-continuous arterial spin 
labeling perfusion MRI on 3.0 T and comparison 
with 15O-water PET in elderly subjects at risk for 
Alzheimer’s disease. NMR Biomed. 23, 286–293.

Ye, F.Q., Frank, J.A., Weinberger, D.R., McLaughlin, A.C., 
2000. Noise reduction in 3D perfusion imaging by 
attenuating the static signal in arterial spin tagging 
(ASSIST). Magn. Reson. Med. 44, 92–100.

Ye, F.Q., Mattay, V.S., Jezzard, P., Frank, J.A., 
Weinberger, D.R., McLaughlin, A.C., 1997. 
Correction for vascular artifacts in cerebral blood 
flow values measured by using arterial spin tagging 
techniques. Magn. Reson. Med. 37, 226–235.

Zhang, K., Herzog, H., Mauler, J., Filss, C., Okell, 
T.W., Kops, E.R., Tellmann, L., Fischer, T., Brocke, 
B., Sturm, W., Coenen, H.H., Shah, N.J., 2014. 
Comparison of cerebral blood flow acquired by 
simultaneous [(15)O]water positron emission 
tomography and arterial spin labeling magnetic 
resonance imaging. J. Cereb. Blood Flow Metab. 
34, 1373-1380.

Zun, Z., Qiu, D., Rosenberg, J., Zaharchuk, 
G., 2013. Longitudinal study of cerebral 
blood flow measurements in normals using 
pseudocontinuous and velocity-selective arterial 
spin labeling, in: Proceedings of the 21st Annual 
Meeting of ISMRM. Salt Lake City, p. 2144.

89



6



qUANTITATIVE AGREEMENT BETwEEN  
[15O]h2O PET AND MODEL-FREE qUASAR  
MRI DERIVED CEREBRAL BLOOD FLOw  

AND ARTERIAL BLOOD VOLUME MEASUREMENTS

D.F.R. Heijtel 
E.T. Petersen 

H.J.M.M. Mutsaerts 
E. Bakker 

P. Schober 
 M.F. Stevens 

B.N.M van Berckel  
C.B.L.M. Majoie 

J. Booij 
M.J.P. van Osch 

E.T. vanBavel  
R. Boellaard 

A.A. Lammertsma 
A.J. Nederveen

In submission 



CHAPTER 6

ABSTRACT
The purpose of this study was to assess whether there was agreement between quantitative 

cerebral blood flow (CBF) and arterial cerebral blood volume (CBV
A
) measurements by [15O]H

2
O 

PET and model-free QUASAR MRI. Twelve healthy subjects were scanned within a week in separate 

MRI and PET imaging sessions, after which quantitative and qualitative agreement between both 

modalities was assessed for grey matter, white matter and whole brain region of interests. 

The correlation between CBF measurements obtained with both modalities was moderate 

to high (r2: 0.28-0.60, p<0.05), although QUASAR significantly underestimated CBF by 30% 

(p<0.001). CBV
A
 was moderately correlated (r2: 0.28-0.43, p<0.05), with QUASAR yielding 

values that were only 27% of the [15O]H
2
O derived values (p<0.001). Group-wise voxel statistics 

identified minor areas with significant contrast differences between [15O]H
2
O PET and QUASAR 

MRI, indicating similar qualitative CBV
A
 and CBF information by both modalities.      

In conclusion, the results of this study demonstrate that QUASAR MRI and [15O]H
2
O PET 

provide similar CBF and CBV
A
 information, but with systematic quantitative discrepancies.

keywords 
Arterial spin labeling; QUASAR, PET, cerebral blood flow, arterial blood volume
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INTRODUCTION
Non-invasive cerebral blood flow (CBF) measurements with arterial spin labeling (ASL) MRI offer 

clinically relevant insight into regional cerebral hemodynamics (Detre et al., 2012; Golay and 

Guenther, 2012). ASL magnetically labels blood that flows to the brain by inversion of the blood-

water spins. To allow for the bolus of labeled blood to arrive in the brain capillaries, a waiting time 

is employed, also known as the post-labeling delay (PLD). After arrival in the brain capillaries, 

labeled blood causes a small signal attenuation compared to the non-labeled situation, from 

which CBF can be calculated. ASL can be implemented using a single or multiple PLDs within a 

repetition time (TR). Whilst the single PLD approach provides reproducible and accurate CBF 

images with full brain coverage, the multiple read-out method provides additional arterial 

cerebral blood volume (CBV
A
) and bolus arrival time (BAT) information, although at the cost of 

brain coverage and image resolution (Petersen et al., 2006). It has been shown that this additional 

CBV
A
 and BAT information may provide further insight into several clinical pathologies, such as 

symptomatic artery occlusion, Alzheimer’s disease and tumors (Bokkers et al., 2009b; Mak et 

al., 2012; van Westen et al., 2011). To date, the pseudo-continuous ASL (pCASL) (Dai et al., 2010) 

method is considered to be the preferred labeling module for a single PLD, while Quantitative 

STAR labeling of arterial regions (QUASAR) (Petersen et al., 2006) with model-free analysis is 

regarded as the preferred labeling module for multiple PLD acquisitions (Alsop et al., 2013).

Over the last couple of decades, [15O]H
2
O positron emission tomography (PET) with arterial 

blood sampling has been established as the most accurate and precise clinically available 

perfusion imaging method (Coles et al., 2005). To validate ASL, several studies have been 

performed comparing it with [15O]H
2
O PET (Bokkers et al., 2009a; Heijtel et al., 2014; Henriksen 

et al., 2012; Kilroy et al., 2014; van Golen et al., 2013; Xu et al., 2009; Ye et al., 2000; Zhang et 

al., 2014). However, the majority of these studies focused on the comparison of single PLD ASL 

with [15O]H
2
O PET, whereas a comparison between multiple-PLD ASL and [15O]H

2
O PET has been 

performed in only two studies with opposing results (Bokkers et al., 2009a; Henriksen et al., 2012). 

Where Bokkers and colleagues (Bokkers et al., 2009a) reported a significant correlation between 

both modalities in patients with symptomatic carotid artery occlusion, such a correlation was not 

found by Henriksen and co-workers (Henriksen et al., 2012) in a group of healthy volunteers. In 

addition, despite the availability of CBV
A
 information, these studies solely focused on CBF. It is 

known that for both modalities, the additional CBV
A
 information is more susceptible to noise and 

systematic errors than the CBF measurement, resulting in a decreased precision. In this regard, 

QUASAR CBV
A
 variation has been determined previously with a 22-41 % within-subject coefficient 

of variation (CV) and a 9-40% between-subject CV (Hendrikse et al., 2008; Petersen et al., 2010; 

Sousa et al., 2013). For [15O]H
2
O PET derived CBV

A
, only the between-subject CV has been reported 

previously (20%), while the within-subject CV has not been reported to date (Ito et al., 2005). A 

quantitative comparison between [15O]H
2
O PET and QUASAR for CBF and especially CBV

A
 would 

provide definitive evidence on the performance of QUASAR. 

The aim of this study was therefore to assess the agreement between [15O]H
2
O PET and 

model-free QUASAR MRI  derived measurements of CBF and CBV
A
.

93



CHAPTER 6

MATERIALS AND METhODS
Subject recruitment and study protocol
This study was performed after approval of the Medical Ethics Review Committees of both 

the Amsterdam Medical Center (AMC) and the VU University Medical Center (VUMC). All MRI 

scans were performed at the AMC and all [15O]H
2
O PET scans at the VUMC. Recently, accuracy 

and precision of pCASL CBF was compared with [15O]H
2
O by means of multiple paired imaging 

sessions in a group of sixteen healthy volunteers (Heijtel et al., 2014). In a subpopulation of 

twelve volunteers (7 males, 5 females, aged 20-25 years), additional QUASAR measurements 

were performed during the first MRI session. The maximum time between MRI and [15O]H
2
O PET 

sessions was 7 days. During all scans, end-tidal CO
2 

and heart rate (HR) were monitored using 

an anesthesia workstation (Dräger, Lübeck, Germany) in order to confirm similar physiological 

status for the separate sessions.

Data acquisition
All [15O]H

2
O PET scans were acquired on a Philips Gemini TF-64 PET/CT system (Philips Medical 

Systems, Cleveland, OH, USA). Prior to [15O]H
2
O PET imaging, subjects received an indwelling 

radial artery cannula for arterial blood sampling and a venous cannula for injection of [15O]H
2
O. 

First, a low dose CT scan was performed for attenuation and scatter correction, followed by 

the perfusion scan. At the start of the perfusion scan, 800 MBq of [15O]H
2
O was administered, 

immediately followed by acquisition of a 10 minute 3D dynamic emission scan, reconstructed 

to 25 dynamic frames with progressively increasing duration, as described previously (Heijtel et 

al., 2014). For CBF quantification, the arterial input function (AIF) was obtained with an online 

blood sampler combined with 3 manually acquired blood samples (Boellaard et al., 2001). 

All MRI scans were acquired on a Philips 3T Intera system (Philips Medical Systems, Best, the 

Netherlands), equipped with body coil transmission and an eight-channel receive head-coil. 

The MRI protocol consisted of a T1 weighted scan for anatomical reference (MPRAGE, FOV: 240 

x 240 x 200 mm, resolution: 1 mm isotropic, TR/TE: 7.0/3.1 ms, acquisition time: 4 min 5 s) and 

a QUASAR scan for perfusion imaging (7 cycles with varying crushing directions and flip angles 

(for details see (Petersen et al., 2010)), FOV: 240 x 240 mm, 7 slices, pixel size: 3.75 x 3.75 mm2, 

slice thickness: 7 mm, slice gap: 2.33 mm, TR/TE: 4000/22 ms, SENSE: 2.5, 13 inversion times, 

TI1/ΔTI: 40/300 ms, 10 dynamics, acquisition time: 6 min 52 s). 

CBF and CBVA quantification
PET

After acquisition, each emission scan was reconstructed to a 128 x 128 matrix with a 2 mm 

isotropic voxel size, using a row action likelihood algorithm as provided by the vendor. 

Subsequently, each dynamic scan was imported in IDL (Exelis, Boulder, Co, USA) and further 

processed using homemade software. Prior to quantification, all dynamic scans were smoothed 

with an isotropic 5mm full width half maximum (FWHM) Gaussian kernel to resolve spatial 

inconsistencies between  dynamics. For quantification of the dynamic PET scans, the measured 

concentration of tracer in tissue C
T
(t) was modelled according to (Ohta et al., 1996):  
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[1]

where V
A
 represents CBV

A
, C

A
(t) the measured AIF, f

PET
 the PET derived CBF and V

T
 the volume 

of distribution of water. Subsequently, parametric CBV
A
, volume of distribution

 
and CBF images 

were calculated by means of a basis function approach (Boellaard et al., 2005), where a set of 

basis functions B
i
(t) was pre-calculated for a range (i) of physiological (f

PET
/V

T
)

i
 ratios convolved 

with the AIF (eq. 2). 

[2]

This approach converts the non-linear tracer kinetic model equation (eq. 1) into a linear one 

(eq. 3) with unknowns Θ
1
(= f

PET 
· (1-V

A
)) and Θ

2
(= V

A
). 

[3]

Next, for each basis function B
i
(t), eq. 3 was solved by weighted linear regression analysis. Finally, 

the linear fit with the lowest residual sum of squares was selected and the model parameters 

derived from the corresponding coefficients. 

MRI

All QUASAR scans were imported in IDL and processed using homemade software. Images 

were first averaged for each PLD, after which the labeled images were subtracted from the non-

labeled images. The ASL subtraction signal as function of time (ΔM(t)) was then separated into 

contributions from arterial (ΔM
A
 (t)) and tissue (ΔM

T
(t)) compartments (eq. 4) by subtraction 

of the crushed and non-crushed data. 

[4]

Subsequently, ASL magnetization in tissue was modeled according to eq. 5, where M
A,0

 is the 

equilibrium magnetization of arterial blood, f
ASL

 perfusion as measured with ASL, C
A
 the AIF as 

described by the measured arterial magnetization (eq. 6), r(t) the fractional residual function 

which describes the washout of labeled spins, and m(t) the longitudinal magnetization fraction 

describing the longitudinal magnetization effects (Buxton et al., 1998).

[5]

[6]

Before deconvolution of eq. 5, CBV
A
 was calculated by integrating the area under the AIF curve 

relative to the expected bolus area. Candidate AIF voxels were selected based on an CBV
A
 

greater than 1.2%. Subsequently, for each voxel the nearest candidate AIF voxel was selected for 
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deconvolution, based on the Euclidian distance. Deconvolution was performed by means of a 

model-free approach with single-value-decomposition and regularization (Petersen et al., 2006). 

After quantification, images were resampled to the [15O]H
2
O PET matrix size and smoothed with 

an in-plane 5 mm FWHM Gaussian kernel to match the spatial resolution of [15O]H
2
O PET images. 

To preserve the sharpness of the QUASAR AIF for optimal deconvolution, it was decided to 

smooth the QUASAR data after quantification rather than striving for an identical post-processing 

approach as for [15O]H
2
O PET, where smoothing was performed before CBF calculation. 

Post-processing and statistical analysis 
After CBF quantification, anatomical images were segmented into grey matter (GM), white 

matter (WM) and cerebrospinal fluid (CSF) probability maps using SPM8 (Wellcome Trust, 

London ,UK). Next, each CBF image was registered to its corresponding GM probability map, 

and calculated registration parameters were also applied to the corresponding CBV
A
 image. 

Based on the GM probability maps, a population based template was generated by means of a 

diffeomorphic anatomical registration through exponentiated lie algebra (DARTEL) algorithm 

(Ashburner, 2007), with CBF and CBV
A
 maps warped accordingly. Due to the limited longitudinal 

coverage of the QUASAR scan, data analysis was confined to 40 mm in the slice direction with 

the circle of Willis as inferior limit. 

The similarity of physiological status between measurement sessions was tested by means 

of a paired t-test (p<0.05). Next, agreement between the various CBF and CBV
A
 data was 

analyzed based on the average signal within GM, WM and whole brain (WB) regions of interests 

(ROIs) and on a voxel-wise basis. For each ROI, voxels for inclusion were determined based on 

the segmented probability maps, solely including voxels with a tissue probability larger than 

50%.  ROI agreement between [15O]H
2
O and QUASAR scans was assessed by means of a paired 

t-test (p<0.05), Pearson correlation and linear regression analysis. Voxel-wise agreement was 

assessed by scatter plot and Pearson correlation analysis combined with statistical testing of 

the spatial maps in SPM (paired t-test, p<0.001, uncorrected for family wise errors). To avoid 

bias in spatial statistics resulting from scaling differences between modalities, QUASAR 

results were scaled to the [15O]H
2
O values based on the calculated whole brain ROI regression 

coefficient. Furthermore, additional smoothing with a 8 mm isotropic FWHM Gaussian kernel 

was performed to resolve spatial inconsistencies.

RESULTS
Figure 1 shows an example of CBF and CBV

A
 images in a single volunteer derived from [15O]

H
2
O PET (including smoothing prior to quantification) and QUASAR MRI (with and without 

resampling and smoothing after quantification) data. QUASAR and [15O]H
2
O PET derived CBF 

and CBV
A
 images appear to show similar hyper- and hypo-intensity patterns, though the initial 

resolution and scaling differences are clearly visible. 

An overview of the acquired physiological and hemodynamic parameters is provided in Table 1. 

No statistical significant differences in end tidal CO
2
 or HR were observed between corresponding 

MRI and PET sessions. However, significant differences between [15O]H
2
O and QUASAR derived CBF 
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and CBV
A
 values were observed. In case of CBF, a statistically significant (p<0.001) underestimation 

of the QUASAR derived values was observed, ranging from 68% in GM to 77% in WM. For CBV
A
, 

QUASAR values were significantly lower (p<0.001) than [15O]H
2
O values in all ROIs. QUASAR derived 

CBV
A
 values ranged from 26% (GM) to 29% (WM) of [15O]H

2
O derived values.

Figures 2A and 2C show scatter plots of corresponding GM and WM ROI values for CBF 

and CBV
A
, respectively. Both the CBF and CBV

A
 measurements correlated well between the 

modalities, ranging from moderate to high (r2: 0.28-0.66).  With exception of GM CBF, all 

correlations were statistically significant. The corresponding WB ROI regression coefficients 

Figure 1: Example of [15O]H
2
O PET (with smoothing before deconvolution) and QUASAR MRI (without and with 

resampling and smoothing) derived CBF and CBV
A
 images in a single volunteer.

Table 1: Measured (mean ± standard deviation) physiology and hemodynamic parameters for [15O]H
2
O PET and 

QUASAR.**(p<0.001, paired student-t test)

PET QUASAR

HR 60.7±11.8 62.4±13.2

etCO
2
 (mmHg) 37.9±3.7 39.1±3.5

CBF (mL/min/100g) GM** 46.3±7.0 31.5±4.9

WM** 30.2±3.9 23.4±4.0

WB** 39.3±5.6 28.0±4.4

CBV
A
 (% mL/mL) GM** 3.21±0.45 0.84±0.35

WM** 1.87±0.31 0.54±0.26

WB** 2.60±0.38 0.70±0.31
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were 0.70 and 0.27 for the CBF and CBV
A
, respectively. Corresponding scatter plots GM 

and WM voxel values are depicted in figures 2B and 2D. For the voxel-wise CBF scatter plot 

(figure 2B), a minor discrepancy can be seen in the transition area from GM to WM combined 

with a truncation of the [15O]H
2
O derived CBF at around 15mL/100g/min. For the voxel-wise 

CBV
A
 scatter plot (Figure 2D), a linear relation can be observed before reaching a plateau at 

approximately 0.15% mL/mL QUASAR derived CBV
A
. 

For a qualitative voxel-wise comparison, average CBF and CBV
A
 maps per modality are 

illustrated in figure 3, where the QUASAR color scale was adjusted according to the calculated 

regression coefficients (0.7 for CBF and 0.27 for CBV
A
). In addition, statistical difference 

maps between modalities (where QUASAR data were linearly scaled according to regression 

coefficients) are shown. In general, the voxel-wise contrast between modalities agreed for 

Figure 2: Correlation between [15O]H
2
O PET and QUASAR MRI measurements for CBF (A,B) and CBV

A
 (C,D) 

on both ROI (A,C) and voxel-wise (B,D) levels for grey matter (GM), white matter (WM) and whole brain (WB; 
individual data points not shown). Significant correlations are denoted by *(p<0.05), **(p<0.001)
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most of the brain, although QUASAR systematically underestimated CBF contrast in the 

prefrontal cortex and to a smaller extent also in the occipital cortex. Furthermore, minor 

QUASAR overestimations were noted in the posterior cingulate cortex and parts of the caudate 

nucleus. In case of CBV
A
, QUASAR CBV

A
 was only significantly larger in the posterior cingulate 

cortex, being similar to [15O]H
2
O CBV

A
 in most of the remaining brain. 

Figure 3: Population based CBF and CBV
A
 templates for each modality, together with a voxel-wise assessment of 

significant differences (p<0.001, uncorrected for family wise errors; QUASAR images were adjusted for observed 
regression coefficients prior to testing). 
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DISCUSSION
In this study, agreement between [15O]H

2
O PET and QUASAR MRI derived CBF and CBV

A
 values 

was assessed in a population of young healthy subjects. A moderate to high correlation 

between both modalities was observed, although QUASAR systematically underestimated CBF 

by 30% and CBV
A
 by 73% compared with [15O]H

2
O PET results. The major hyper- and hypo CBF 

and CBV
A
 patterns could be identified by both modalities, both at individual and group levels. 

After correction for global scaling factors, spatial statistical testing identified the prefrontal 

cortex and the caudate nucleus as the main areas with a significant mismatch in CBF contrast, 

whilst only minor areas with significant differences in image contrast were identified for CBV
A
. 

QUASAR MRI measurements systematically underestimated CBF compared with [15O]H
2
O 

PET. The major source of this discrepancy most likely is the single value decomposition with 

regularization analysis of the QUASAR images. Although this method is preferred for its robustness, 

previous simulations indicated a systematic 17% underestimation in CBF when using this approach 

(Petersen et al., 2006). Less strict regularization could resolve this underestimation, but at the 

cost of stability. Nevertheless, QUASAR CBF values obtained here were relatively low compared 

with previous QUASAR reports, whereas corresponding [15O]H
2
O PET CBF values were in line with 

previous studies (Leenders et al., 1990; Petersen et al., 2010). In addition, an average brain partition 

coefficient was used in the QUASAR analysis, whereas the volume of distribution was calculated for 

each voxel separately in case of [15O]H
2
O, possibly explaining the observed GM-WM discrepancy 

between modalities as seen in figure 2B. It is very likely that a tissue specific partition coefficient 

may decrease this discrepancy, although at the expense of additional complexity in the QUASAR 

calculations. The main source for truncation in [15O]H
2
O WM CBF could be sought in the use of 

parametric basis functions used for [15O]H
2
O PET. Due to regularization of the predefined basis 

functions, the algorithm is designed to avoid extreme values, effectively truncating CBF in low CBF 

WM areas. Adjusting the regularization of the basis functions could resolve this truncation but would 

result in decreased reliability of [15O]H
2
O derived hemodynamic parameters.

Calculated quantitative QUASAR CBV
A
 and accompanying CBV

A
 variation across all 

volunteers were in good agreement with data from previous reports (Petersen et al., 2010, 

2006). [15O]-H
2
O PET derived CBV

A
 values were higher than previously reported by Ito and 

colleagues (3.21% mL/mL in this study, versus 1.5 % mL/mL by Ito et al.) (Ito et al., 2005). The 

main difference between the present study and that of Ito et al. is that the present analysis was 

performed parametrically to generate CBV
A
 images, whereas Ito and colleagues first averaged 

the signal in four neocortical ROIs and subsequently calculated the hemodynamic parameters. 

While their approach may be more robust to noise effects and errors caused by delay and 

dispersion, it misses out on voxel-wise CBV
A
 information. Furthermore, the four neocortical 

ROIs did not cover high CBV
A
 areas such as the insular lobe, whereas these were included 

in our GM ROI analysis, resulting in higher GM CBV
A 

values. The quantitative discrepancy in 

CBV
A
 at a ROI level between both modalities appears to originate from both methods. The 

QUASAR approach calculates CBV
A
 as the integral over the difference between the crushed 

and non-crushed cycles. This results in quantitative CBV
A
 values that are highly dependent on 

the crusher velocities used, resulting in a velocity dependent CBV
A
 offset. Decreasing crushing 

velocities would increase the accuracy of QUASAR derived CBV
A
, but at the cost of a decrease 
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in signal-to-noise ratio (SNR) in the tissue (crushed) compartment and thus in the resulting CBF 

estimation. The [15O]H
2
O contribution to the quantitative CBV

A
 mismatch can be attributed to 

potential inaccuracies in the dispersion estimation and the relatively low temporal resolution 

of the dynamic frames (Lammertsma and Jones, 1983). With both modalities affected by CBV
A
 

offsets, it is difficult to indicate which modality provides the more accurate estimate of CBV
A
. 

Previously reported CBV
A
 estimates were between 0.75 and 1.5% mL/mL, indicating that the 

QUASAR CBV
A
 values in this study render a more accurate estimation than [15O]H

2
O PET (An 

and Lin, 2002; Ito et al., 2005). However, it should also be noted that the between-subject 

CV in this study was 14% for [15O]H
2
O PET and 44% for QUASAR, suggesting that [15O]H

2
O PET 

measurements provides more reproducible CBV
A
 estimates, when taking into account the 

population averaged CBV
A
 offset. Furthermore, since this study was part of a larger study on 

the precision of pCASL and [15O]H
2
O PET derived CBF values, information on the within-subject 

CV was available for [15O]H
2
O PET and found to be 28% (n=16). This is comparable with QUASAR 

derived CBV
A
 measurements, which have been reported to be between 22 and 41% (Petersen 

et al., 2010; Sousa et al., 2013). Together, these findings emphasize the precision with which the 

voxel-wise CBV
A
 can be measured with both modalities.

The observed plateauing of QUASAR CBV
A
 in figure 2D can be attributed to minor diffusion 

weighting by the crusher gradients. The non-crushed ASL signal is predominantly larger than 

the crushed signal and integrating over the difference will yield generally positive CBV
A
 values 

and an CBV
A
 plateau in low SNR areas with small CBV

A
 values. 

For the qualitative spatial statistical analysis, two areas with an CBV
A
 contrast discrepancy 

were identified, whereas based on the averaged CBV
A
 maps in figure 3, a significant contrast 

difference in the posterior area would be expected as well. It is very likely that the combination 

of a low number of volunteers (twelve), relatively high between-subject variation and low SNR, 

does not provide sufficient statistical power for a solid voxel-wise CBV
A
 comparison. Although 

it has been demonstrated that CBV
A
 might be a useful clinical parameter, at present QUASAR 

derived CBV
A
 information is rarely used in a clinical setting. To date, only a single report has 

investigated the clinical applicability of QUASAR derived CBV
A
 in brain tumors. (van Westen 

et al., 2011). It is possible that CBV
A
 has been overlooked, partly because of its  high variability, 

but also because of more focus on other QUASAR derived parameters, such as CBF and bolus 

arrival time. With new emerging techniques such as the recently introduced TURBO-QUASAR 

(Petersen et al., 2013), precision of CBV
A
 is likely to improve and might serve as a valuable clinical 

parameter additionally derived from QUASAR MRI measurements.

To conclude, both QUASAR derived CBF and CBV
A
 values were correlated with corresponding 

[15O]H
2
O PET derived values, although significant quantitative discrepancies were found. After 

correction for these quantitative discrepancies, both modalities showed similar qualitative CBF 

and CBV
A
 distribution in the brain, indicating voxel-wise agreement. 
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General discussion and future perspective

GENERAL DISCUSSION
Cerebral perfusion measurements with arterial spin labeling (ASL) provides information on the local 

cerebral hemodynamics. Contrary to the current perfusion imaging strategies available in the clinic, 

ASL employs the blood as an endogenous tracer thereby providing a non-invasive imaging method 

(Detre et al., 1992; Williams et al., 1992). Due to its relatively low spatial coverage, resolution and 

signal-to-noise ratio (SNR), the use of ASL imaging was initially limited to a few highly specialized MR 

centres, as research tool. To improve image quality, ASL research was mainly focussed on technical 

optimization and evaluation of the ASL acquisition. After introduction of the pseudo-Continuous 

ASL (pCASL) labeling scheme (Dai et al., 2008), background suppression (Garcia et al., 2005; Ye et 

al., 2000b) and 3D read-outs (Günther et al., 2005; Vidorreta et al., 2012), ASL image quality has 

improved in such a manner that is nowadays increasingly used in clinical research (Detre et al., 2012). 

Meanwhile, a wide variety of different ASL approaches have been proposed, each with their specific 

advantages and disadvantages (Detre et al., 1992; Golay et al., 2005; Kim, 1995; Petersen et al., 2006; 

Schmid et al., 2014; Williams et al., 1992; Wong et al., 2006, 1997). With the ASL research focus now 

shifted from technical optimization to its clinical application, this wide variety of ASL approaches 

has made it difficult for non ASL experts to select an appropriate ASL protocol. Therefore, the ASL 

research community recently came to a consensus by indicating what imaging approach to use for 

clinical applications of ASL (Alsop et al., 2013).

The use ASL is currently investigated for a wide variety of pathologies, ranging from ischemia 

and arteriovascular malformations to brain tumors (Wolf and Detre, 2007). However, before ASL can 

be translated from the clinical research setting to daily practice, several clinically relevant aspects 

of ASL have to be investigated. The main aim of this thesis was therefore to address some of these 

aspects, namely the improvement of patient comfort in ASL imaging and the validation of several 

ASL approaches with respect to 15O-H
2
O positron emission tomography (PET) perfusion imaging.  

Improving clinical applicability of ASL
The applications of ASL have been investigated predominantly for cylindrical MRI scanners with 

a magnetic field strength of 1.5 T or higher (Wolf and Detre, 2007). However, in clinical practice 

certain patient populations are not eligible to undergo a MRI examination in regular MRI scanners 

(e.g. obese, paediatric and claustrophobic patients) (Bangard et al., 2007; Uppot et al., 2007). For 

these patient groups, a ‘hamburger shaped’ 1T open bore MRI scanner with direct tableside access 

has been developed, to allow the possibility to undergo an MRI examination. In order to facilitate 

the possibility of ASL measurements for these patients, we investigated the applicability of ASL on 

a 1T open bore scanner in chapter 2. We showed that ASL on a 1T open bore MRI scanner is feasible 

within a clinically acceptable acquisition time. First, the optimal ASL parameters were determined 

at 1T; such as the labeling approach, post-labeling delay, benefit of background suppression pulses 

as well as the most optimal read-out. Secondly, based on the optimized imaging parameters, the 

feasibility of ASL on 1T was illustrated by acquiring CBF-images in an obese woman not eligible 

for a conventional MRI examination. However, with the recent arrival of high field wide bore MR 

systems to accommodate the obese population, the necessity for translating ASL to a 1T open bore 

scanner might be less of an issue. Still, in contrary to open bore scanners, wide bore scanners do 

not allow for tableside access, limiting the applicability for paediatric and claustrophobic patients. 
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These patient groups often require tableside comfort of a relative during the examination and for 

them the implications of this research are still clinically relevant.

Recently, pCASL labeling has been recommended by the ASL community as the labeling 

approach of choice for clinical application of ASL. As proposed by Dai and colleagues, pCASL 

employs a 1500-1800 ms pulse train of 1 ms Hanning pulses to magnetically invert the blood-

water (Dai et al., 2008). The corresponding 1 kHz-100 dB acoustic noise produced by the 

gradients during labeling is often perceived as very uncomfortable because it is loud as well 

as highly pitched. Particularly, the repeated transitioning from the ‘loud’ labeling to the ‘silent’ 

post-labeling delay (PLD) is experienced as aggravating. In chapter 3 we therefore performed 

simulations and MRI measurements in an effort to reduce the acoustic noise produced by the 

pCASL labeling module while preserving image quality. Simulations predicted three frequencies 

of interest that significantly could reduce the acoustic noise level. Measurements confirmed 

that by adapting the labeling frequency from 1.0 kHz to 0.71 kHz a 6.5 dB reduction in acoustic 

noise level could be achieved at the approximate location of the ear. PCASL imaging in nine 

volunteers with the original (1 kHz) and adapted (0.71 kHz) labeling frequency showed no 

significant difference in SNR between both approaches, indicating a preserved image quality. 

Still, one should take caution when translating these specific settings to a another scanner 

model, since the found minimum might differ from scanner-model to scanner-model. Yet, 

adjustment of the labeling interval is a relatively easy procedure that can be performed in most 

institutions and can be effortlessly replicated for a wide variety of scanner models. 

Validating the performance of ASL with [15O]H2O PET
To validate ASL as a clinically acceptable perfusion technique, the performance of ASL has been 

compared with [15O]H
2
O PET in several studies (Bokkers et al., 2009; Henriksen et al., 2012; 

Kilroy et al., 2014; Maolin et al., 2010; van Golen et al., 2013; Xu et al., 2009; Ye et al., 2000a). 

However, the focus of these studies was predominantly on the accuracy without comparing 

the precision . Furthermore, each study concentrated on a single ASL approach, whereas a 

comprehensive evaluation of all the different ASL techniques within a single population could 

provide a more complete insight into the performance of ASL with respect to [15O]H
2
O PET. 

The accuracy and precision of pCASL measurements with respect to the [15O]H
2
O PET was 

investigated in chapter 4. For the accuracy, consecutive ASL MRI and [15O]H
2
O PET imaging 

sessions were performed within a week. To assess the precision of both techniques, the paired 

imaging sessions were performed twice by means of a test re-test paradigm. Furthermore, CBF 

measurements were performed both during baseline as well as hypercapnic conditions to increase 

the CBF range of evaluation and to enable the evaluation of the cerebrovascular reactivity. For the 

CBF accuracy within the grey matter (GM), a one-on-one linear relationship was found between 

modalities. Voxel-wise analysis revealed several areas with systemic discrepancies between 

pCASL and [15O]H
2
O PET, predominantly originating from the applied background suppression 

settings and read-out approach. The intra- and inter-session reproducibilities were comparable 

for both modalities, indicating that both techniques have a similar precision, possibly dominated 

by physiological fluctuations. These results demonstrated that pCASL can be as quantitatively 

accurate and precise as the gold standard perfusion imaging method.  
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An important factor in the quantitative accuracy comparison is the CBF modeling. In this 

chapter we quantified the pCASL CBF based on the two-compartment approach as proposed 

by Wang et al (Wang et al., 2002), while the more simple one-compartment model approach is 

currently recommended for clinical applications (Alsop et al., 2013). In addition, we performed 

a series of additional measurements to obtain person specific parameters to be employed 

in the quantification process as opposed to the more common approach of using literature 

values (Alsop et al., 2013; Aslan et al., 2010; Varela et al., 2010). These additional measurements 

require more scan time, while the exact benefit of person specific quantification values over 

literature constants remains to be proven. A further investigation into the quantitative accuracy 

differences between the one- and two-compartment modeling, combined with a cost-benefit 

analysis of the additional person-specific measurements, would provide important additional 

information for the application of quantitative pCASL imaging. 

While the current pCASL implementation has proven to be as accurate and precise as 

[15O]H
2
O PET, an important remaining issue is the sensitivity of pCASL to increased blood arrival 

times. Proper timing of the post-labeling delay is still crucial for an accurate quantification. 

Especially in neuro-pathology, increased arrival time heterogeneities are often observed, 

which can lead to erroneous quantitative and qualitative CBF-maps. For example in the case 

of a symptomatic carotid artery occlusion, the blood arrival time in the affected hemisphere is 

often significantly prolonged. Single PLD pCASL imaging would show an underestimated CBF 

signal in the affected hemisphere due to the fact that not all label would have arrived yet at the 

time of imaging (Bokkers et al., 2009). Without specific knowledge on the ASL methodology, 

this could lead to misinterpretation of the underlying perfusion pathology. Velocity selective 

ASL (VS-ASL) techniques were proposed to resolve the blood arrival time sensitivity, by labeling 

the blood also within the brain based on specified cut-offs of the blood velocity or acceleration 

(Schmid et al., 2014; Wong et al., 2006). Although VS-ASL could provide a more accurate CBF 

contrast in populations with delayed arrival time (Qiu et al., 2012), a comprehensive comparison 

of the major available VS-ASL techniques with the gold standard has not yet been performed. 

Furthermore, it has been postulated that the image contrast in some VS-ASL scans might be 

partially cerebral blood volume weighted and a comparison with [15O]H
2
O PET could give an 

indication on the CBF-contrast agreement.  

In chapter 5 we compared the three major VS-ASL techniques with [15O]H
2
O PET. In addition 

to a CBF comparison, we assessed the amount of the arterial blood volume (aBV) contribution 

to the VS-ASL image contrast. Solely the dual VS-ASL approach is suitable for quantification and 

therefore comparison of the absolute CBF-values was only done for this variant of VS-ASL. Dual 

VS-ASL significantly underestimated the GM CBF with respect to [15O]H
2
O PET. Qualitatively, 

we demonstrated that the signal contrast of all the analyzed VS-ASL methods show good 

agreement with [15O]H
2
O PET, whereby accelerative-ASL showed the highest correlation. With 

respect to aBV contribution of VS-ASL, only a minor contribution was found, indicating that the 

VS-ASL contrast is minimally influenced by aBV. 

In the relative new field of VS-ASL, confirmation that the 3 major VS-ASL approaches provide  

predominantly CBF-weighted information, is an important step in the validation process of these 

techniques. However, further research has to be performed to assess the exact contribution of 

the influence of diffusion weighting as well as venous and capillary blood volume before VS-ASL 
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can be introduced in the clinic. Especially in clinical pathology, knowledge on the exact origin 

of the signal is important for correct diagnosis. However, with the possibility to go beyond CBF 

and also measure the cerebral metabolic rate of oxygen (CMRO
2
 ) (Bolar et al., 2011; Guo and 

Wong, 2012), the velocity selective labeling mechanism shows great promise to accompany 

pCASL and QUASAR measurements in clinical practice.

Even though the VS-ASL techniques appear to resolve the sensitivity to blood arrival time 

heterogeneities, it has been shown that the blood arrival time information itself might be a 

good reflector of hemodynamic failure (R P H Bokkers et al., 2009). The quantitative STAR 

labeling of arterial regions (QUASAR)-ASL technique as originally proposed by Petersen and 

co-workers (Petersen et al., 2006) was therefore developed to provide additional bolus arrival 

time and aBV information. By sampling the in- and out-flow of the blood bolus CBF, bolus arrival 

time and aBV can be calculated based on a similar approach as dynamic susceptibility contrast 

MRI. The QUASAR CBF has been compared previously with [15O]H
2
O PET, with opposing results 

(Bokkers et al., 2009; Henriksen et al., 2012). Theoretically, QUASAR could be better suited 

for clinical applications than pCASL, since it is not hampered by arrival time heterogeneities 

and provides valuable aBV and blood arrival time information as well. In addition to CBF-

information both [15O]H
2
O PET and QUASAR provide aBV information as well, although this 

was not part of the aforementioned comparison studies. To provide decisive evidence on 

the quantitative performance of QUASAR MRI with respect to [15O]H
2
O PET, the CBF and aBV 

agreement between both modalities was assessed in chapter 6. The gross patterns of CBF 

and aBV could be imaged in both modalities and moderate to high correlations were found 

between the modalities. However, significant quantitative discrepancies were observed, with 

QUASAR systematically underestimating CBF by 30% and aBV by 73%. After correction for these 

quantitative discrepancies, both modalities showed similar qualitative CBF and aBV images, 

indicating a voxel-wise agreement. These results demonstrate that QUASAR and [15O]H
2
O PET 

provide similar hemodynamic information, though systematic quantitative discrepancies exist 

which have to be taken into account. 

Beside the quantitative discrepancy, the major disadvantages of the current QUASAR 

application with respect to the pCASL implementation are the lower image resolution, 

reduced brain coverage and relatively poor SNR. Furthermore, the rather complex calculations 

necessary to obtain the CBF, aBV and bolus arrival time information, limit easy applicability in 

daily clinical practice. New developments as turbo QUASAR (Petersen et al., 2013) and time-

encoded pCASL (Teeuwisse et al., 2014) show great promise to provide high resolution CBF 

and arrival time information in the near future. Yet, the sequence optimization as well as the 

evaluation of reliability of both techniques is still under investigation. 

Overall, we compared three fundamentally different ASL approaches with [15O]H
2
O PET, 

showing that qualitatively all the ASL techniques provide comparable CBF contrast with 

respect to [15O]H
2
O PET. Yet, quantitatively solely pCASL imaging with CBF quantified by two-

compartment modeling demonstrated quantitatively agreement with [15O]H
2
O PET. The major 

drawback of the presented studies is that these were performed in healthy, young subjects 

without clinical pathology. Knowledge on the expected presence of certain pathology, could 

influence the choice for applying either pCASL, VS-ASL or QUASAR imaging, and therefore the 

current studies might present a preferential bias towards the most optimal method for healthy 
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subjects. However, the information from these studies does provide us with insight on the pros 

and cons off all these techniques by comparing the performance to the gold standard [15O]H
2
O 

PET, which should be taken into account when translating ASL towards clinical use.

To minimize the influence of physiological variation on the comparison, PET and MRI 

sessions would ideally be performed on the same day. Due to the different geographic locations 

of the scanners and the vast amount of preparation and aftercare for each imaging session, this 

was logistically not possible. Recently, Zhang and colleagues (Zhang et al., 2014) demonstrated 

the possibility of simultaneous pCASL and [15O]H
2
O PET acquisition on an integrated PET/MR 

system enabling a physiological more valid comparison, although both ASL and [15O]H
2
O PET in 

that study were acquired with suboptimal imaging settings.

Future perspective
In summary, the chapters in this thesis address several important steps necessary into making 

ASL a valid approach for use in daily clinical practice. To this end, chapters 2 and 3 were focused 

on improved patient comfort, and chapters 4 to 6 addressed the performance of different ASL 

approaches with respect to the gold-standard perfusion measurement.

However, before ASL can be widely applied in daily clinical practice, a few important issues 

still remain. First, to improve clinical usability, the different MR vendors should adopt a more or 

less similar ASL read-out and quantification protocol, to enable exchange of ASL scans between 

hospitals. Mutsaerts and colleagues investigated the quantitative differences between the 

standard GE and Philips pCASL imaging protocols and found significant qualitative contrast 

differences between the vendors, originating most likely from the different read-out protocols 

(Mutsaerts et al., 2014). Beside daily clinical care, this problem also hampers large scale clinical 

trials, since inclusion centers are often limited to a single MRI-vendor, because otherwise 

too large a variability would enter the perfusion data. Currently Groote and co-workers are 

investigating the application of identical ASL acquisition and quantification protocols on 

scanners of the three main MRI vendors to assess  differences in ASL-imaging solely arising due 

to slight differences in hardware or reconstruction approaches.  

Secondly, most clinical imaging is performed on 1.5 T scanners while the larger part of ASL 

research is performed on 3T. It is known that  ASL performs best at 3T due to the increased 

SNR and longer relaxation rate of the arterial blood (Wang et al., 2002). However, for ASL to be 

widely accepted as a clinical perfusion imaging technique, clinically acceptable results have to 

be achieved at 1.5T as well. 

Finally, with the qualitative performance of ASL assessed with respect to the gold standard, 

the next step should encompass a general consensus among clinicians on how and when to 

clinically apply ASL in the daily routine. The considerations that such a general consensus 

should include are: the current clinical quality of the recommended ASL implementation, the 

interpretation of ASL perfusion scans and the necessity of quantitatively accurate ASL CBF 

values. A major drawback of the currently recommended single PLD pCASL implementation, 

is the occurrence of artifacts in pathologies with prolonged arrival times due to slow flow or 

collateral supply. It should be decided whether to wait for a one-size fit all ASL approach or 

whether to adopt the current recommended ASL implementation and take the occurrence of 
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transit time artifacts into account when interpreting the CBF image. Turbo QUASAR (Petersen 

et al., 2013) and time-encoded pCASL (Teeuwisse et al., 2014) show great potential to realize 

such a one-size fit all measurement, yet both approaches are in early stage of development 

and it could take years before these will become clinically available. As demonstrated in this 

thesis, ASL has the capability to be quantitatively accurate. However, in clinical practice the 

main interpretation of an ASL perfusion image is mainly performed on a qualitative basis. While 

the qualitative ASL image can be easily calculated on the scanner console by simple subtraction 

and averaging, exact quantification by means of additional measurements requires the 

involvement of a physicist due to the complex post-processing. Therefore, the exact necessity 

of quantitative ASL imaging in the daily clinic should be addressed as well.

To conclude, ASL is on the verge of widespread usage in health care, though some important steps 

still have to be taken before it can replace existing perfusion techniques in daily clinical practice.
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Summary

Non-invasive evaluation of the cerebral blood flow (CBF) by means of arterial spin labeling (ASL) 

MRI offers an interesting alternative to currently used clinical perfusion measurement techniques. 

Where the current perfusion imaging techniques require the injection of an exogenous contrast-

agent, ASL employs the blood that travels to the brain tissue as an endogenous tracer, for a non-

invasive evaluation. However, due to the limited image quality and reliability of ASL measurements, 

the application of ASL was predominantly limited to highly specialized MRI centers. Recent 

technical developments in ASL research have elevated the quality and reliability of the technique 

to a level where it is ready for widespread ASL usage in clinical and research applications. However, 

with the focus mainly on technical improvements, several clinically relevant aspects such as 

patient comfort and quantitative performance have not been fully investigated to date. The main 

aim of this thesis was therefore to investigate such clinically relevant aspects. 

In chapter 2, the feasibility of ASL on a low field open bore MRI scanner was investigated, in 

order to enable non-invasive perfusion measurements in patient groups not eligible for a MRI 

examination in conventional scanners. First, ASL sequence parameters were optimized for 

1T. The optimal ASL labeling module, post-labeling delay, benefit of background suppression 

and read-out approach were investigated in healthy volunteers. The pCASL labeling module 

demonstrated superior image quality, 1300 ms post-labeling delay time showed to be the 

optimal trade-off between image quality and vascular contamination, no additional benefit of 

background suppression was observed, and depending on the brain area of interest either a 

multi-slice EPI or a 3D-GraSE read-out should be chosen. Secondly, based on the optimized 

imaging parameters, the feasibility of ASL on 1T was illustrated by acquiring CBF-images in an 

obese woman not eligible for a conventional MRI examination.

In chapter 3, we performed simulations and measurements to reduce the acoustic noise 

produced by the pCASL labeling module. Simulations of the sound pressure level (SPL) 

produced by the pCASL labeling module, predicted several potential labeling frequencies 

of interest that could reduce the acoustic noise. SPL measurements within the MRI scanner 

confirmed that by adapting the current pCASL labeling frequency from 1.0 kHz to 0.71 kHz, 

a 6.5 dB reduction in acoustic noise level could be achieved at the approximate location of 

the ear. Taking into account the acoustic sensitivity of the ear, an additional 1.7 dB reduction 

in acoustic noise perception was predicted as well, although this could not be confirmed by 

measurements. PCASL imaging in nine volunteers with the original (1 kHz) and adapted (0.71 

kHz) labeling frequency showed no significant difference in SNR between both approaches, 

indicating a preserved image quality.

In chapter 4, the accuracy and precision of pCASL measurements with respect to the gold 

standard perfusion imaging technique [15O]H
2
O PET was investigated. To investigate the 

accuracy, sixteen volunteers were scheduled for consecutive ASL MRI and [15O]H
2
O PET 

imaging sessions within a week. The intra- and inter-session precision of both techniques 

was assessed by means of the repeated imaging sessions through a test re-test paradigm. To 

improve the accuracy determination, the range of CBF analysis was increased by performing 

CBF measurements during both baseline and hypercapnic conditions. To investigate the 

macrovascular contribution in pCASL measurements, an additional pCASL measurement 
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was performed where the macrovascular signal contribution was suppressed. For the CBF 

accuracy within the grey matter (GM), a one-on-one linear relationship was found between 

modalities with a minor CBF offset. Voxel-wise analysis identified multiple areas with systemic 

discrepancies between pCASL and [15O]H
2
O PET. The sources of these areas were identified as 

macrovascular contribution, imperfectly timed background suppression and artifacts related 

to the applied multi-slice EPI read-out approach. The intra- and inter-session reproducibilities 

were comparable for both modalities, indicating a similar precision for both modalities. These 

results demonstrated that pCASL can be as quantitatively accurate and precise as the gold 

standard perfusion imaging method.  

In chapter 5 we assessed the agreement between different velocity selective ASL techniques 

and [15O]H
2
O PET. Additionally to the CBF, the amount of arterial blood volume (aBV) weighting 

in the VS-ASL image contrast was assessed as well. For a quantitative CBF analysis, only the dual 

VS-ASL approach was suitable for comparison with [15O]H
2
O PET. The qualitative agreement 

was analyzed by means of correlation analysis and voxel-wise joint-histograms. The amount of 

aBV contribution was assessed by means of a correlation analysis as function of aBV weighting. 

Quantitatively, dual VS-ASL significantly underestimated the GM CBF by 16.7 % with respect to 

[15O]H
2
O PET, whereby the difference increased significantly as function of CBF. Qualitatively, 

we showed that the signal contrast of all analyzed velocity selective methods were in good 

agreement with [15O]H
2
O PET, whereby acceleration selective ASL exhibited the highest 

correlation. The correlation coefficients of velocity selective ASL methods appeared minimally 

improved by increased aBV weighting, indicating minor aBV influence.

In chapter 6, we assessed the quantitative and qualitative CBF and aBV agreement of QUASAR 

MRI with respect to [15O]H
2
O PET. The quantitative agreement was assessed by means of 

correlation analysis in grey matter, white matter and whole brain regions of interest. The 

qualitative agreement was assessed by voxel-wise analysis. Quantitatively, moderate to high 

correlations were found between QUASAR and [15O]H
2
O PET. However, significant quantitative 

discrepancies were observed, with QUASAR systematically underestimating CBF by 30% and aBV 

by 73%. After correcting for these discrepancies, both modalities showed similar qualitative CBF 

and aBV maps, indicating a voxel-wise agreement. Voxel-wise statistics demonstrated moderate 

to high correlations as well, while identifying minor areas with qualitative discrepancies. These 

results demonstrated that QUASAR and [15O]H
2
O PET provide similar qualitative hemodynamic 

information, though systematic quantitative discrepancies exist.

In conclusion, the chapters in this thesis address a few of the important steps necessary into 

making ASL a clinically accepted technique for use in daily clinical practice. Where chapters 2 

and 3 focused on improving patient comfort, chapters 4 to 6 addressed the performance of 

different ASL techniques with respect to the gold-standard perfusion measurement.
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Ten eerste wil ik alle proefpersonen bedanken die voor mij in de scanner hebben gelegen. 

Zonder jullie medewerking was het niet mogelijk geweest om de resultaten en inzichten te 

verkrijgen die hier zijn gepresenteerd.

Verder wil ik graag mijn dagelijks begeleider en co-promotor Aart Nederveen bedanken voor de 

zeer goede begeleiding de afgelopen jaren. Ik bewonder ten zeerste hoe betrokken je bent met 

je medewerkers, ze vertrouwen geeft en altijd het menselijke aspect in ogenschouw blijft houden. 

Bedankt voor de kans die je me hebt gegeven om dit project tot een goed einde te brengen!     

Thijs, als 2de co-promotor en ASL expert ben ik erg blij dat jij tot mijn team van begeleiders 

behoorde. Vooral jouw enthousiasme en bereidheid om je ASL-expertise te delen is van groot 

belang geweest bij het opzetten en uitvoeren van de verschillende studies. Mede door jouw 

inzet (en leiding) om de verschillende ASL onderzoekers in Nederland met elkaar samen te 

laten werken, behoort het ASL onderzoek in Nederland nu tot de wereldwijde top.

Ed, als non-MRI expert was het soms moeilijk volgen als ik bij onze vergadering heel druk en 

snel alles aan het vertellen was. Maar juist jouw blik om de grotere lijnen in het oog te blijven 

houden en het probleem te concretiseren, heeft ons vaak weer op weg geholpen. Bedankt 

voor de goede begeleiding!    

Geachte leden van de commissie, hartelijk dank voor uw deelname in de zitting van mijn 

promotie commissie en het aandachtig doorlezen van mijn boekje. 

Henk-Jan, samen hebben we in korte tijd veel proefpersonen op het AMC en de VU gescand 

voor de PET-ASL studie. Dit ging in het begin met wat up- en downs, maar uiteindelijk liep het 

als een geoliede machine. Het resultaat mag er wezen en hoofdstukken 4-6 waren zeker niet 

mogelijk geweest zonder jouw bijdrage!

Johan, als mede eerste auteur hebben we samen heel wat uren achter de scanner en in de auto 

doorgebracht voor het stille-pCASL project. Het was altijd gezellig en de pCASL module is er 

“bijkans” ook nog stiller op geworden. Zelfs toen je in Duitsland ging wonen, bleven de Skype-

gesprekken altijd van zeer hoog niveau!

Sophie, enkele weken voordat de PET-ASL studie van start ging was jij net klaar met het 

ontwikkelen van de acceleratie selectieve ASL sequentie. We hebben destijds heel hard 

gewerkt om al jouw snelheid selectieve ASL modules op tijd te implementeren in de scanner-

software. Het heeft tot de mooie inzichten van hoofdstuk 5 geleid en bedankt voor de prettige 

samenwerking.

Geen PET-ASL studie zonder de samenwerking met de nucleaire geneeskunde afdeling van de 

VU. Ronald en Adriaan, bedankt voor de samenwerking de afgelopen jaren. Tevens wil ik Esther, 

Judith en het team van laboranten en chemici bedanken voor de bereidheid om speciaal voor 

onze studie op de zaterdagen te komen werken. 

Esben, thanks for all your help with the QUASAR sequence and implementation of the 

hypercapnia measurements. Your knowledge on ASL methodology helped me numerous times 

when working on the PET-ASL project
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Markus en Patrick, als de anesthesisten die betrokken waren bij het PET-ASL project wil ik jullie 

bedanken voor de cruciale rol die jullie hebben gespeeld bij het bedenken en regelen van een 

mobiele masker set-up voor het geven en meten van CO
2
 en het aanleggen van de arterielijnen 

voor de PET metingen.

Sanna, jij was mijn voorgangster op het ASL project. Door jouw hulp kon ik snel beginnen met 

het vervolgen van de ASL onderzoekslijn. Bedankt en veel succes met je opleiding! Tevens wil 

ik alle andere onderzoekers op G1 bedanken voor de hulp met METC formulieren en medische 

vraagstukken.

Jasper en Kerim, als mijn studenten hoop ik dat jullie wat van mij hebben opgestoken gedurende 

jullie projecten, ik heb in ieder geval veel van jullie en geleerd!

Geen promotie zonder alle collega’s op Z0. Als jonkie van de oude lichting Promovendi en als 

oudje van de nieuwe lichting promovendi heb ik een zeer leuke tijd beleeft bij ons op de afdeling. 

In de beginjaren met (“toep-koning”) Pim, (“H-index”) Martijn en (“SPAMMer”) Andre 3 maal per 

week borrelen in het oude gasthuis met een stok kaarten, dikwijls vergezeld door (“puss in purple 

boots”) Anne, (“made in Manhattan”) Elsmarieke,(“ba dum dum tsss”) Marieke en Martin (“RICO!”). 

Later, lunchen in de koffiekamer met zijn allen waarbij vaak het gesprek iets te ver doorschoot in 

de foute richting, en natuurlijk de dagelijkse colabreak met JP (“Rotterdam Hooligans!”), Claudia 

(“Pietertje”) en (“ananassap”) Jos. (“Partyflock-celeb”) Anne-Marije, (“bi-exponentiele”) Oliver, 

(“triple breakfast”) Myrle, Jordi (“the spanish guy”), (“fosfor”) Ot,(“Mr. Tetrahedron”) Kevin, Eline 

(“waar is mijn patiënt nou?”), Bram (“huh?????”), Sanne (“van Moorsel”), Valentina (“VA-len-TI-

na!!”), Lena (“koffie?”), (“Dunglish”)Geor, Anouk (“de inspiratie voor Stings Roxanne”), Wouter (“1 

bier = -10 IQ”) en Hyke (“sssshh!”), bedankt voor de gezelligheid!  

Paul, als stille diesel motor van Z0 ben jij een van de onmisbare schakels die ervoor zorgt dat 

alles bij ons op de afdeling soepel verloopt. Of het nu ging om het automatisch back-uppen van 

data tot het ARBO-veilig maken van de technische MRI ruimte voor de gasflessen, jij bent van alle 

markten thuis en altijd bereid om te mee te denken. Ik denk dat menig AIO bij ons op de afdeling 

2 à 3 maanden langer over zijn of haar promotie zou doen ware het niet door jouw hulp, bedankt!

Joena, als “niet zo stille” motor van Z0, wil ik jouw ook graag bedanken voor de zorg die je 

op jezelf hebt genomen om “de mannen van Z0” op te voeden en de sfeer te verhogen met 

spontane koekjes pauzes en de kamers te voor zien van planten (maar wel met het iets te 

moederlijke advies van: “geen bier in de planten doen, ze zijn geleased!”).

Sandra en Raschel, bedankt voor de gezellige gesprekken bij de scanner op de woens- en 

vrijdagen. De ISMRM conferenties waren ook altijd zeer leuk, met name de taxirit in Montreal 

staat me nog steeds bij!

Matthan, dank voor de hulp als ik weer eens vastzat met data processing en even niet meer wist 

hoe verder te werk te gaan.

Brian en Justin, we zijn al vrienden sinds het PSC in Curaçao. Ondanks dat wij vaker zouden 

moeten afspreken (ik weet het, ligt aan mij) ben ik blij dat we altijd op elkaar kunnen rekenen 

wanneer één van ons vast zit met iets (zoals met figuur 1 in hoofdstuk 3). 
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Martijn en Chris, leuk dat jullie mijn paranimfen zijn. Twee ingenieurs en een arts, wie had dat 

nou gedacht toen wij enkele jaren geleden het tentamen moleculaire simulaties aan het maken 

waren (2x KFC, 1x0.8)!

Ik wil tevens al mijn familieleden en vrienden bedanken voor de hulp, ondersteuning en 

luisterend oor de afgelopen 4 jaar. Oma, bedankt dat ik enkele maanden bij u op zolder mocht 

bivakkeren tijdens mijn promotie, toen ik even zonder woonplek zat. Ik hoop dat ik op uw 

leeftijd nog net zo fit ben als u. Diane, Maarten en Angely, doordat we zo ver van elkaar wonen 

zijn we bijna nooit meer met zijn allen samen op één plek. Ik zie ernaar uit om weer met zijn 

allen bij elkaar te zijn op mijn promotie.  

Pa en Ma, ik wil jullie bedanken voor alle hulp en interesse die jullie hebben getoond in mijn werk 

en studie sinds ik naar Nederland ben verhuisd. Ondanks dat wij 7848 km van elkaar wonen, zijn 

jullie altijd betrokken geweest met mijn doen en laten en de bijna jaarlijkse vakantie naar huis 

is voor mij altijd een vast ‘zen-moment’ geweest. Bedankt voor alle wijze lessen de afgelopen 

30 jaar en jullie zijn voor mij het bewijs dat veel geduld en hard werken uiteindelijk altijd loont.

Lieve Tanja, we hebben elkaar leren kennen halverwege mijn promotie-traject en wonen 

inmiddels alweer een jaar samen. Ik wil je graag bedanken voor al je geduld en zorgzaamheid. 

Vooral toen ik in de afrondende fase van mijn promotie steeds meer ging werken en vaak als een 

“zombie” thuiskwam (zoals jij het altijd beschrijft), die niet, nauwelijks of chagrijnig reageerde. 

Hopelijk kan ik jouw de komende maanden net zo goed ondersteunen in je “zombiefase” als jij 

dat bij mij hebt gedaan.
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