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General discussion 

Arterial spin labeling (ASL) is a non-invasive perfusion MR imaging technique, which uses 
arterial blood water protons as an endogenous tracer of flow. The technique allows for 
visualization and quantification of cerebral blood flow (CBF). Its non-invasiveness and the 
lack of need for radioactive tracers or ionizing radiation, render the technique especially 
attractive for vulnerable patient populations or for repeated CBF measurements. Despite 
its advantages and despite the continuous research that is performed in the field of ASL, 
the technique has not yet replaced the more invasive perfusion imaging methods, based 
on contrast agent injection, that are currently used in clinical practice. Possible 
explanations for this are the relative complexity of the method, its intrinsic low SNR and 
relative high sensitivity to motion artefacts. Researchers kept searching for an ASL method 
that would allow for quantification of cerebral blood flow (CBF), would be easy to 
implement, short in duration  and with which whole brain coverage could be reached. 
During the last decade, technical improvements of ASL sequences have increased the 
signal to noise ratio (SNR) and shortened scanning times. Also, whole brain coverage can 
be achieved, at a resolution that is often comparable with the resolution of other perfusion 
imaging techniques. The studies described in this thesis investigate the reproducibility of 
currently used ASL methods and their applicability in different patient populations.  
Reproducibility  
As described in more detail in the first chapter (introduction section) of this thesis, two 
major labeling strategies are in common use: pulsed (PASL) with single or multiple 
inversion times (TIs) and continuous (CASL) ASL. PASL methods use short radio frequency 
(RF) pulses to instantaneously invert blood water spins in a thick labeling slab while CASL 
uses either a temporally long RF pulse or a long train of pulses to invert blood spins 
flowing through the labeling plane. At the start of this project, PASL methods were most 
widely used because of their ease of implementation and low specific absorption rate 
(SAR) levels. In practice, it had been difficult to achieve the full potential of CASL for 
multislice imaging due to inefficiencies in control vs. labeling schemes. CASL is relatively 
sensitive to velocity of the arterial blood water spins and thus also to vascular geometry 
with respect to the labeling slab. PASL has high labeling efficiency that is relatively stable 
over a wide range of blood velocities, which implies PASL may have better reproducibility 
than CASL1;2. Recently, a variant of the CASL method, called pseudo-CASL (p-CASL) has 
been introduced3;4. P-CASL uses a train of discrete RF pulses to achieve labeling of blood 
water spins in a way similar to CASL. However, labeling in p-CASL is achieved through 
phase shifts caused by blood flow in the direction of a gradient and is less dependent on 
blood velocity than CASL, making p-CASL less sensitive to variations in blood velocity and 
vascular geometry than CASL2. The train of short RF pulses results in lower SAR levels. 
Moreover, p-CASL has a higher labeling efficiency than CASL due to a better control 
condition while cancellation of magnetization transfer (MT) effects is still achieved. To 
determine the relative performance of the common labeling strategies, we studied their 
reproducibility in the first part of this thesis. All studies were carried out on 3.0 Tesla MR 
systems. The use of a high field strength MR system has the advantage of longer 
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longitudinal relaxation times and higher signal-to-noise ratio, leading to improved spatial 
and temporal resolution and reduction of acquisition-related variability.  

In the second chapter of this thesis, we studied the reproducibility of CASL with 
test-retest intervals ranging from several minutes to weeks. By using short within scan 
test-retest intervals we attempted to minimize acquisition related variability and to 
approach physiology dependent variability. However, reproducibility measures for test-
retest timeframes of several minutes between scans and 10 minutes between scans were 
comparable. This could indicate that the contribution of physiologic fluctuations to 
variability is relatively large in the timescales of 4 to 10 minutes. However, more 
variability was observed between sessions separated by one to three weeks. Possibly this 
reflects a larger contribution of physiological variation. By comparison of reproducibility for 
different timeframes, the exact contributions of acquisition and physiology related 
variability remained unclear. Possibly, analysis of regional variability patterns or 
comparison of ASL perfusion imaging with other perfusion imaging modalities (e.g. PET) 
could provide more information on the different sources of variability. Moreover, 
reproducibility measures did not change by using 20 acquisitions instead of the generally 
taken 50 acquisitions for reproducibility calculations. Based on this finding, scanning time 
for CASL measurements at 3.0 Tesla could be reduced to 3 minutes. The latter might 
greatly improve the usefulness of CASL CBF measurements in daily clinical routine.  

Whereas previous ASL reproducibility work focused on single ASL sequences 
tested in single imaging centres 5-9, it remained uncertain whether comparable perfusion 
values would be obtained when scanning the same subjects multiple times and at multiple 
sites. The latter could answer the question whether reference values for CBF could be used 
in clinical decision making or whether each hospital should first gauge its own perfusion 
values in healthy controls. With the increasing amount of labeling strategies that had 
become available in clinical practice, comparison of the main labeling strategies became 
essential. The third chapter of this thesis describes a multicenter reproducibility study 
comparing all labeling strategies for measuring cerebral perfusion. P-CASL with additional 
background suppression showed least variability within and between imaging sites. Based 
on the p-CASL reproducibility measures, one could consider the use of reference values, 
with within subject test-retest values deviating less than 20% considered normal. CASL 
and PASL with a single inversion time showed considerably more variability between 
imaging sites, indicating that both methods are more sensitive to site specific differences, 
e.g. planning process, scanner hardware instability and homogeneity of the magnetic field, 
than p-CASL. On the contrary, PASL with multiple inversion times performed much better. 
This underlines the improved accuracy of multi TI PASL, being less dependent on model 
assumptions for the arterial transit time compared to single TI PASL without additional 
QUIPPS pulses10;11. This also implies that the observed variability cannot be ascribed to 
variations in labeling efficiency, since variations in labeling efficiency would be similar for 
both PASL techniques. In addition to intra- and multicenter reproducibility, regional 
variability patterns of all methods were assessed. For all ASL methods, within session 
variance was largest in vascular regions and between sessions variance was largest in grey 
matter. Variability in vascular regions can be due to varying amounts of residual label 
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inside the vasculature or fresh inflow of arterial spins, leading to subtraction errors. 
Variability in the grey matter can be explained by physiological variation in cerebral 
perfusion between sessions separated by several weeks. The latter was supported by the 
fact that all ASL methods showed similar patterns and that the use of background 
suppression did not alter the observed pattern. This study provided strong support for the 
reliability of current state of the art ASL techniques, enabling the use of reference values. 
Knowledge on regional perfusion variability elucidates the origin of ASL signal fluctuations.  

Besides global perfusion imaging, ASL can be used for regional perfusion imaging. 
Different selective ASL methods have been proposed. Vessel-encoded p-CASL, allows for 
complete planning-free visualization of the flow territories of the individual brain feeding 
arteries within five minutes. Although the short acquisition time and the lack of a difficult 
planning process render the technique very attractive for clinical use, lack of individual 
planning could impede the reproducibility of the method. The fourth chapter of this thesis 
describes the reproducibility of planning-free vessel-encoded P-CASL in patients with 
vascular stenosis and healthy controls. Reproducibility of flow territory mapping was 
assessed by visual comparison of the flow territories of consecutive scans and by 
calculating the mean distance between the flow territory boundaries of consecutive scans. 
Repeated scanning yielded comparable flow territories in the majority of patients and 
controls. However, occasionally gross motion artefacts were present that could easily be 
identified and that made accurate post-processing impossible. In one volunteer, an 
erroneously enlarged posterior flow territory was observed in some of the scans, which 
was probably composed of both left internal carotid artery (L-ICA) and basilar artery (BA) 
supply. MR angiography showed a close course of the BA and the L-ICA at the labeling 
level, causing similar labeling efficiency of blood water protons in both arteries rendering 
identification of separate clusters impossible. In patients with brain disease, who may have 
elongation or curvature of their vasculature, extensive collateral supply or complete 
occlusion of brain feeding arteries, the same could occur. We would therefore recommend 
that in clinical decision making, flow territory mapping by planning free vessel-encoded P-
CASL is combined with an angiogram at the level of labeling to avoid misinterpretation of 
flow territories. Flow territory boundaries of repeated scans deviated less than four 
millimeters on average. With an acquired in plane scan resolution of three millimeters, this 
deviation was considered to be small. The results of this study showed reasonable 
reproducibility of planning-free vessel-encoded p-CASL both in healthy controls and in 
patients with vascular stenosis or occlusion. 

A wide range of ASL sequences has been developed thus far and not all of them 
have been dealt with in this thesis. The current reproducibility work studied the main 
labeling strategies using 3.0 Tesla MR systems of the same manufacturer. Future work 
should focus on the reproducibility of ASL sequences at different field strengths and on 
scanners produced by different vendors. However, as indicated by the results of the 
reproducibility studies presented in the first part of this thesis, the latest technical 
developments and the broader availability of high field MR systems, might change the 
perception of ASL being only suitable for research purposes in highly specialized imaging 
centres. The reproducibility of currently available ASL methods is comparable with or even 
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better than the reproducibility of other perfusion imaging modalities12;13. However, to be 
widely used in clinical routine, some advances still need to be made to make acquisition 
and post-processing easier and less dependent on the involved personnel. For that 
purpose, a fully automated post-processing cascade, as described by Deibler et al., would 
be preferable14. Moreover, it would be desirable to evaluate the performance of ASL 
methods in different populations, since decreased CBF or delayed arrival of arterial blood 
may worsen the performance of ASL. 
Clinical applicability 
The clinical utility of ASL perfusion MRI has already been demonstrated for several 
neuroimaging applications, such as cerebrovascular disease, dementia, epilepsy, 
neoplasms and functional MRI15-26. The technical advances that have been made during the 
last decade, have dramatically improved its clinical applicability and its clinical use is likely 
to increase in the coming years. However, for optimal use in a clinical setting, one should 
recognize the advantages and pitfalls of different labeling strategies. And in the choice for 
specific sequences, hemodynamic changes resulting from pathology or drug use should be 
taken into consideration. For example in patients with cerebrovascular stenosis, the use of 
a long postlabeling delay would allow for all the labeled spins to reach the brain 
parenchyma via collaterals while a short postlabeling delay would result in underestimation 
of CBF. In this population, a multi TI PASL sequence offers the unique opportunity to 
calculate arterial timing parameters such as the arterial arrival time. In the elderly with a 
relatively lower CBF, the choice for a long postlabeling delay would be inappropriate since 
relaxation of the relatively smaller amount of labeled spins would result in insufficient SNR.  
Furthermore, in patients with chronic anemia, the longitudinal relaxation time of arterial 
blood increases, causing higher perfusion signal measured by ASL. The longitudinal 
relaxation time of arterial blood should thus be corrected for the individual hematocrit 
level. Finally, blood velocity at the level of the labeling plane, influences the labeling 
efficiency and thus the subsequent perfusion estimates in quantification. The studies in the 
second part of this thesis focus on the applicability of different labeling strategies and 
parameter choices, in three different patient populations with their own hemodynamic 
characteristics.  

ASL is of great interest in pharmacological studies since it does not involve 
injection of agents that could interfere with the tested drug27. Moreover, it provides 
absolute quantification of CBF and directly reflects the arterial blood response to metabolic 
changes. Additionally, low frequency drifts (as encountered in Blood Oxygen Level 
Dependent (BOLD) phMRI) are eliminated by the use of alternating label and control 
images which is especially important when studying the influence of a pharmacological 
agent on resting state CBF15;28-31. In the fifth chapter of this thesis, the utility of PASL 
based pharmacological MRI (phMRI) was studied in ecstasy users. Results of PASL based 
phMRI were compared with SPECT imaging findings. PASL revealed similar (occipital) and 
one additional (thalamic) brain region in which ecstasy induced neurotoxicity had occurred 
and CBF decreases were measured in response to a pharmacological challenge. Indeed the 
occipital and thalamic regions have been described to be very sensitive to ecstasy induced 
neurotoxicity32-36. Additionally, PASL allowed for quantification of whole brain CBF that 
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turned out to be higher in ecstasy users than in controls. This finding is in concordance 
with literature, in which ecstasy induced serotonin depletion has been related to CBF 
increase37;38. The findings of this study suggested that phMRI is very well suited for in-vivo 
assessment of serotonergic dysfunction. Based on the regional performance of different 
labeling strategies described in this thesis (chapter 3), we would recommend a pCASL 
sequence for measurement of regional hemodynamic alterations. The lower intrinsic 
regional variability of this method, allows for measurement of significant CBF differences in 
smaller sample sizes or even on the individual level.  
 The sixth chapter of this thesis describes the use of a multi TI PASL sequence to 
evaluate CBF long term after therapeutic occlusion of the internal carotid artery for large 
or giant aneurysms in patients who tolerated angiographic balloon test occlusion (BTO). 
CBF values were in the normal range2;39 without a significant CBF difference between the 
hemisphere on the occlusion side and the contralateral hemisphere. Arterial timing 
parameters were however prolonged on the occlusion side. The multi TI PASL sequence 
used in this population perfectly demonstrates the delayed arrival of arterial blood 
traveling via the circle of Willis (COW) and collateral pathways. The prolonged trailing edge 
time (i.e. the time from initial arrival till clearance from the labeled bolus), could be due to 
a larger temporal spread of the diverted inflowing bolus and also to the presence of 
compensatory vasodilatation resulting in increased cerebral blood volume and longer 
arterial transit times. In this patient population, the combination of selective ASL with flow 
measurements in the Circle of Willis, clearly illustrated the collateral pathway via the Circle 
of Willis (COW). Depending on the collateral route, ASL timing parameters on the occlusion 
side were more or less affected. Even more accurate results, could have been obtained if 
superselective ASL would have been used instead of the currently used selective ASL 
sequence. Superselective ASL allows for visualization of the flow territories of intracranial 
arteries, while the currently used selective ASL sequence can be used to visualize the flow 
territories of the major brain feeding arteries (internal carotid and vertebrobasilar supply).  
In addition to previous work by Bokkers and Hendrikse, this study demonstrates the 
feasibility of ASL with multiple inversion times to measure perfusion and its temporal 
characteristics in patients with vascular occlusion17;18;40.  

The seventh chapter of the current thesis describes the applicability of ASL in 
patients with a chronic hematological disorder. Patients with sickle cell disease (SCD) 
suffer from vascular occlusion and chronic anaemia with compensatory hyperaemia. One 
of the most devastating complications of this disease is cerebral infarction. Previously, 
different study groups used ASL to measure perfusion in children with SCD41-43. They 
reported on increased CBF and on asymmetries in regional CBF that could be an early 
indicator of brain tissue at risk of ischemia. However, the localization of regional CBF 
changes could not be related to the presence of cerebral pathology. Therefore the purpose 
of this current study was to evaluate the applicability of ASL for CBF measurements in 
children with SCD using a state-of-the-art p-CASL sequence with two different delay times 
between labeling and imaging, to identify possible transit time effects on quantification. 
Perfusion estimates were corrected for variations in labeling efficiency due to blood 
velocity differences and for individual Hematocrit (Hct) level. We hypothesized that these 
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methods would provide in a better approximation of perfusion abnormalities in children 
with SCD. Results of this study confirmed cerebral hyperaemia in SCD patients. 
Furthermore, agreement between ASL perfusion measurements and PC-MRI flow 
measurements slightly improved after Htc correction, indicating that correction for blood 
Htc adds to the accuracy of the ASL perfusion measurement. Agreement did not improve 
substantially after blood velocity correction of the labeling efficiency, mainly because the 
modifications of the labeling efficiency were too small to have a measurable effect in our 
relatively small study population. Finally, we found less and smaller perfusion asymmetries 
than in previous studies, in which continuous and pulsed ASL sequences were employed 
with shorter delay times41-44. The number and magnitude of asymmetries decreased 
employing a longer delay time (2100 ms), which illustrates that the perfusion asymmetries 
in children with SCD as they have been described before can at least partly be attributed 
to transit time effects. Again, the localization of regional CBF changes could not be related 
to the presence of cerebral pathology. This could be due to the limited spatial resolution of 
ASL, to the fact that we did not measure CBF at the time ischaemic lesions arose or to the 
use of relatively large templates for calculation of perfusion asymmetries. Moreover, most 
pathology occurs in white matter, whereas perfusion signal in ASL is mainly originating 
from grey matter and the SNR in white matter requires longer scanning times for accurate 
perfusion measurements in the white matter. Whether the asymmetries are related to the 
occurrence of cerebral infarcts is not clear at present and the ability of ASL to identify 
patients at risk of silent infarcts remains to be assessed in a prospective longitudinal study 
design employing longer scanning times to allow for measurement of white matter 
perfusion. The results of the current study indicate that care must be taken in the 
interpretation of ASL perfusion imaging in children with SCD, since both physiological 
characteristics of this patient population as well as technical pitfalls will influence perfusion 
maps. A long postlabeling delay with a correction for blood velocity could anticipate 
overestimation of CBF asymmetries. Moreover, assessment of cerebrovascular reactivity 
could provide in information on the origin of infarction. Some study groups have reported 
on chronic hyperaemia causing exhaustion of the cerebrovascular reserve capacity and 
leading to infarction in case of slight increases in the metabolic demand45;46.  
Clinical ASL imaging protocol 
Having studied the performance of the main labeling strategies and having discussed their 
application in different study populations, it might be interesting to share some thoughts 
on which protocol to use in clinical practice. An overview of recommended ASL sequences 
is presented in Table 1 and of course each individual clinical case should be decisive for 
the final imaging protocol. For global CBF measurements we would recommend the use of 
a short p-CASL sequence (20 to 35 averages) with additional background suppression 
pulses, to suppress temporal fluctuations in ASL signal. To avoid underestimation of 
perfusion, a relatively long postlabeling delay should be employed (2100 ms), in patients 
who are regarded to have normal or increased CBF. In patients with vascular stenosis or 
occlusion, a multi TI PASL sequence can be used to measure the temporal characteristics 
of the inflowing arterial blood. If visualization of the territorial contribution of the brain 
feeding arteries is important e.g. for the classification of borderzone infarcts, planning-free 
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vessel-encoded p-CASL can be added to the protocol. This sequence should be combined 
with MR angiography at the level of the labeling plane to avoid misinterpretation of flow 
territories. Finally, it is important to correct the longitudinal relaxation time of arterial 
blood for individual hematocrit level. The longitudinal relaxation time of arterial blood can 
be defined by a separate sequence47-49. If scanning time is limited and hematocrit values 
are available, the longitudinal relaxation time can be corrected for individual hematocrit 
level as described by Lu et al.48.  

Table 1: recommended ASL imaging protocol for clinical use 
 

ASL scanning protocol Scan duration 
P-CASL 3 min 
Multi TI PASL 3 min 
Selective ASL 2.5 min 

Blood T1 measurement 1.0 min 

PC-MRI labeling plane 1.0 min 

Total scan duration 10.5 min 
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Conclusions and implications of this thesis 

After conducting the studies described in this thesis we can draw the following conclusions 
regarding reproducibility: 
 

Fewer averages are sufficient to obtain stable and reliable perfusion measures using 
CASL at 3.0 Tesla than at 1.5 Tesla. Scanning times for CASL at 3.0 Tesla can be 
reduced to 3 minutes. 

 
P-CASL with additional background suppression pulses shows best intra- and 
multicenter reproducibility.  

 
Except PASL with a single inversion time, intra- and multicenter reproducibility of 
other labeling strategies are comparable, though slightly worse than p-CASL with 
background suppression.  

 
P-CASL and PASL with multiple inversion times display least variance in quantitative 
CBF measurements, between imaging sites.  

 
For repeated P-CASL measurements within the same individual, reference values 
could be used with test-retest differences of less than 20% considered normal.  

 
Within session variance is largest in vascular regions while within session variance is 
largest in grey matter.  

 
Small hotspots of perfusion signal within the vascular areas cannot be considered 
regions of hyperperfusion since those could arise from remaining intravascular label of 
freshly inflowing spins.  

 
Since background suppression pulses do not reduce variability in the grey matter 
observed between sessions, this variability is likely to be physiology rather than 
acquisition related.  

 
Planning-free vessel-encoded P-CASL allows for non-invasive, fast and reproducible 
visualization of the flow territories of the brain feeding arteries.  

 
Results of planning-free vessel-encoded P-CASL should be combined with an MR 
angiogram at the level of the labeling plane, to avoid misinterpretation of flow maps. 

 
After conducting the studies described in this thesis we can draw the following conclusions 
regarding clinical applicability: 
 

ASL based Pharmacological MRI is very well suited for in-vivo imaging of serotonergic 
dysfunction.  



Chapter 8 

 134 

 
PASL with multiple inversion times is a valuable technique for the assessment of 
temporal characteristics of the arterial bolus, especially in patients with prolonged 
arterial transit times.  

 
Planning-free vessel-encoded P-CASL is a very elegant method for non-invasive 
visualization of collateral pathways via the circle of Willis. 

 
ASL is suitable for perfusion imaging in patients with sickle cell disease (SCD) if 
appropriate postlabeling delays and corrections for individual hematocrit level and 
blood velocity are applied to anticipate overestimation of CBF asymmetries.   

 
ASL is a very attractive tool for non-invasive perfusion imaging that can be used in 
every patient suitable for MR imaging. However, the physiological characteristics of 
the individual patient as well as technical pitfalls of the chosen ASL sequence and 
quantification methods should be considered. 
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