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ABSTRACT

Arterial spin labeling (ASL) is a completely noninvasive magnetic resonance imaging 

(MRI) technique that uses blood water as an endogenous tracer to assess cerebral blood 

flow (CBF). We applied a pulsed arterial spin labeling (PASL) sequence at 1.5 Tesla to 

determine potential methodological problems in multi-slice ASL imaging. Results 

indicate that slice interactions in 2D-EPI acquisition schemes reduce perfusion-weighted 

signal in ASL images, causing an underestimation of blood flow in distal slices. As 

preliminary work for the application of ASL to stroke, the same PASL sequence was 

used to assess CBF and arterial transit times in the elderly. Due to an increase in transit 

times, a longer inversion time (TI) is required for PASL imaging in the elderly to reduce 

intravascular signal and increase tissue signal, and accurately quantify CBF. Overall, 

ASL is a promising technique that can provide reliable and reproducible CBF 

measurements in normal brain tissue as well as a variety of pathologies.
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CHAPTER 1: Introduction
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1.1 Introduction

Magnetic resonance imaging (MRI) is a powerful technique for the evaluation of brain 

structure and function. During the last 20 years tremendous progress has been made in 

MR imaging which has increased our knowledge of the human brain and numerous 

cerebral diseases. MRI has developed into an imaging modality that is applied routinely 

in the clinical setting to assess both acute and chronic pathologies. The noninvasive 

nature of MRI makes it suitable for use in long term studies and in the assessment of 

children.

One of the greatest advantages of MRI is its flexibility to generate variable contrast 

between different tissues and pathologies. Conventional MRI provides excellent 

structural information by exploiting the distinct longitudinal and transverse relaxation 

times (Ti and T2 respectively) of different tissue compartments. Conventional techniques 

can be combined with: magnetic resonance angiography (MRA), to evaluate arteries in 

the head and neck for the presence of stenosis or aneurysm; magnetic resonance 

spectroscopy (MRS), to measure relative concentrations of cerebral metabolites; 

functional magnetic resonance imaging (fMRI), to evaluate normal brain functioning and 

neurocognitive disorders (e.g. schizophrenia, bipolar disorder, and depression); and 

diffusion-tensor imaging (DTI) to measure the directionality and magnitude of water 

diffusion, map white matter tracts, and assess white matter disease and brain 

development. Structural MR imaging is often supplemented with methods that 

investigate physiologic aspects of the brain, such as diffusion-weighted imaging (DWI), 

and perfusion-weighted imaging (PWI). The widespread availability of MR scanners 

capable of ultrafast imaging (e.g. echo-planar imaging, EPI) has led to an increase in the 

clinical application of DWI and PWI.

Techniques for the assessment of tissue perfusion are of considerable clinical importance, 

especially in the areas of acute stroke, chronic cerebrovascular disease, brain tumors,

2
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Alzheimer’s disease, and epilepsy. Therapy for acute stroke depends on ensuring an 

accurate diagnosis and excluding diseases that clinically mimic cerebral ischemia, such as 

brain tumours or hemorrhagic stroke Because stroke is characterized by reduced blood 

flow, imaging of brain perfusion has become an important part in the evaluation of 

potential stroke patients. Where available, perfusion-weighted MR imaging (PWI) 

combined with diffusion-weighted MR imaging (DWI) is the method of choice for 

determining the physiological status of tissue and helping to guide the direction of 

treatment (Chalela et al., 2000, Schellinger et al., 2003, Kidwell et a l, 2004).

In chronic cerebrovascular disease, patients often present with intra- and/or extracranial 

high grade stenotic lesions of the cerebral vessels (e.g. internal carotid artery (ICA) 

stenosis) which cause resting cerebral hypoperfusion and reduced cerebrovasculature 

reserve capacity (Nighoghossian et al., 1994, Widder et al., 1994). While it is well 

known that chronic cerebrovascular abnormalities can lead to cortical and white matter 

borderzone ischemia (Leblanc et al., 1987, Carpenter et al., 1990), reduced cerebral 

perfusion or perfusion reserve has also been found to be predictive of stroke 

(Bogousslavsky et al., 1990, Widder et al., 1994, Webster et al., 1995, Gur et al., 1996). 

Perfusion MR imaging is capable of quantifying both hypoperfusion and reduced reserve 

capacity, therefore it provides important diagnostic information for patients with chronic 

cerebrovascular disorders (Detre & Alsop, 1999, Detre et al., 1999).

There are two main categories of MRI perfusion techniques: dynamic susceptibility 

contrast enhanced MRI (DSC-MRI), and arterial spin labeling (ASL). DSC-MRI is a 

bolus tracking technique that uses exogenous contrast to assess multiple hemodynamic 

parameters (i.e. cerebral blood flow, cerebral blood volume (CBV), mean transit time 

(MTT), and time-to-peak (TTP)). Alternatively, arterial spin labeling is a completely 

noninvasive technique that uses blood water as an endogenous tracer to measure cerebral 

blood flow. Both ASL and DSC have been validated with H2150  PET for assessing 

cerebral blood flow in humans (Ostergaard et al., 1998b, Ye et al., 2000).

3
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This thesis focuses on the measurement of cerebral perfusion using arterial spin labeling. 

In the first chapter we present the basic theory of ASL, including the mechanism for 

generating the perfusion signal as well as techniques for CBF quantification. The 

implementation of ASL at our site along with preliminary results is also discussed. 

Chapters 2 and 3 are essentially journal articles which comprise our main body of work 

in ASL. In Chapter 2 we compare multi-slice and single slice pulsed ASL acquisitions 

for the assessment of cerebral perfusion, and in Chapter 3 we optimize pulsed ASL 

parameters for an elderly population. In the final chapter we introduce our preliminary 

ASL work at high field and in stroke patients, and discuss potential future directions.

1.1.1 Cerebral Perfusion

The brain is the most complex organ in the human body and has captured the interest of 

the world’s most prominent scientists for thousands of years. Pythagoras was the first to 

emphasize the importance of the brain when he claimed the brain was the locus of the 

soul. In the 3rd century B.C., Herophylos of Chalcedon continued in the ideas of 

Pythagoras and studied the anatomy and function of the brain. He established the brain 

as the centre of intelligence and consciousness and identified many brain structures such 

at the meninges, sinuses, veins and arteries. As well, he discovered the function of 

nerves, and was able to separate them into sensory and motor branches (Bell, 1984). The 

understanding of the human brain was slow to advance until human dissections began in 

the 13th century. At this time, the structure and location of the cerebral vasculature was 

determined with considerable success. Finally, in the 17th century the focus on vascular 

anatomy was shifted to physiology when William Harvey discovered the circulation of 

the blood (Harvey, 1628). This prompted research into the purpose of the distribution of 

cerebral blood vessels, such as the Circle of Willis (Willis, 1684). From this point, many 

techniques were used to measure cerebrospinal fluid (CSF) pressure, volume of the brain, 

intracranial pressure, and pressure and flow in cerebral vessels.

4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The term perfusion refers to the delivery of blood at the capillary level, where the 

exchange of oxygen and nutrients between blood and tissue occurs. Cerebral blood flow 

(CBF) is usually defined as the volume of arterial blood (mL) delivered to a volume of 

tissue (mL) per unit time (min), although it can also be defined as a rate constant (s'1). It 

is useful to describe perfusion as the rate of delivery of metabolic substrates, including 

oxygen and nutrients, and removal of metabolic products, thereby linking blood flow to 

local metabolism. Regional CBF was proven to be coupled to regional brain function and 

energy metabolism in the 1970’s (Carter et al., 1972, Raichle et a l, 1976), finally 

providing evidence to support the observation made by Roy and Sherrington in 1890: 

“ ....the brain possesses an intrinsic mechanism by which its vascular supply can be 

varied locally in correspondence with local variations of functional activity” (Roy & 

Sherrington, 1890). In fact, one of the primary functions of the brain is flow regulation, 

determining the rate of oxygen delivery and removal of waste according to regional 

energy metabolism.

The cerebral circulation is a vast and complex system which is designed to distribute 

oxygen and nutrients to brain tissue. Blood is supplied to the cerebral vasculature 

through two pairs of large vessels in the neck, the internal carotid arteries, arising from 

the common carotid arteries, and the vertebral arteries (Fig. 1-1). Inside the brain, the 

major arteries, including the anterior cerebral artery (ACA), middle cerebral artery 

(MCA), and posterior cerebral artery (PCA), branch into multiple smaller arteries and 

arterioles, which in turn divide until they form capillaries, vessels made from a single 

layer of endothelial cells.

5
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Figure 1-1: Major blood vessels supplying the brain

The common carotid arteries travel most of the length of the neck before branching into the 
external carotid arteries, supplying the face, and the internal carotid arteries, supplying 
approximately two thirds of the cerebrum. The vertebral arteries join in the brain to form 
the basilar artery which supplies the remaining third of the brain.

Typically only two capillaries arise from an arteriole in the nervous system, and run 

parallel to each other for about a centimeter before rejoining to form a small venule (Fig. 

1-2). Unlike most systems in the body, substances are selectively passed from the blood 

to brain tissue through endothelial cells making up the capillary wall. The endothelial 

cells are major components of the blood-brain barrier (BBB), which prevents harmful 

substrates from passing into the brain.
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Figure 1-2: Exchange of oxygen and nutrients through the capillary wall

Capillaries permit the diffusion of oxygen and nutrients from the blood into tissues, and the 
waste products of metabolism from the tissues into blood. Although it is important that 
these molecules easily pass through the capillary wall, the brain must be protected from 
harmful substances (e.g. toxins), therefore cerebral vessels form a blood-brain barrier. The 
large surface area of the capillary network ensures that substrates can reach all brain 
regions by means of diffusion.

1.1.2 Perfusion Regulation

The human brain is only 2% of total body weight yet it consumes 20% of the cardiac 

output and oxygen consumption at rest, making it the most metabolically active organ in 

the human body (Kety, 1991). Cerebral metabolism is almost completely dependent on 

aerobic metabolism, therefore normal brain function requires regulation of cerebral blood 

flow to ensure a constant delivery of oxygen. Almost all of the oxygen supplied to brain 

tissue is used for the conversion of glucose to CO2 . Since neural tissue has no 

mechanism for storage of oxygen, there is an oxygen metabolic reserve of about 8-10 

seconds (Paulson, 2002).

The cerebral circulation is regulated by four primary factors: metabolic stimuli, perfusion 

pressure, chemical stimuli, and neural stimuli (Lou et a l,  1987). As mentioned above, 

local metabolic activity is coupled to local blood flow in normal brain tissue; in fact, local

7
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CBF varies in parallel to the local cerebral metabolic rate of oxygen (CMRO2 ) (Lou et 

a l, 1987). Increased neuronal metabolic activity leads to the accumulation of 

vasodilating products (e.g. hydrogen ions, potassium, and glycolitic intermediates), which 

decrease vascular resistance thereby increasing blood flow until homeostasis is 

reestablished (Roy & Sherrington, 1890). Local increases in metabolic demand are 

rapidly met with increases in local blood flow and delivery of metabolic substrates.

Under non-pathological conditions, local perfusion is maintained through a wide range of 

arterial blood pressures, approximately 60 to 150 mmHg (Paulson et a l, 1990). This 

process is termed cerebral autoregulation and is controlled by local arterioles which 

possess an intrinsic autoregulatoiy capacity. Arterioles consist of endothelium 

surrounded by one or more layers of smooth muscle cells that can be stimulated to 

contract or dilate in order to maintain perfusion with changes in pressure. However, the 

vascular system cannot compensate for pressures below approximately 60 mmHg; 

cerebral vasodilation is maximal, and blood flow falls with pressure resulting in hypoxia. 

Similarly, pressure elevated above 150 mmHg can overwhelm resistance, leading to 

breakdown of the blood-brain barrier, and brain swelling.

Blood gases are the major chemical stimuli which can cause vasoconstriction or 

vasodilation of minor arteries approaching the capillary bed (Kety & Schmidt, 1948b, 

Reivich, 1964). An increase in blood levels of CO2 causes vasodilation and higher blood 

rates, whereas a decrease below usual levels produces the reverse effect. A change in the 

arterial pressure of CO2 (PaC02) takes precedence over autoregulatory mechanisms. On 

the other hand, circulatory response to hypoxia is very poor, and elevated oxygen levels 

do not generate any response. Vasodilation occurs only when the oxygen partial pressure 

drops below approximately 50 mmHg.

Direct innervation of vessels appears to have relatively little role in cerebral blood flow, 

but when it does intervene it has priority over metabolic or autoregulatory processes 

(Tomita et a l, 2000). Sources of neural input to the brain's vessels include sympathetic,

8
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parasympathetic, and peripheral sensory innervation. Brain stem and cerebellar nuclei 

have also been implicated in direct control of vessel diameter.

A loss of CBF regulatory capacity is most frequently attributed to damage of the control 

system (e.g. cerebral vessels). The most common vascular diseases to damage the control 

system are atherosclerosis, stroke, aneurysm, and hypertension, although the cerebral 

vasculature can also be impaired by brain tumors, epilepsy, Alzheimer’s disease, and 

neuropsychiatric disorders such as, bipolar disorder, schizophrenia, and depression.

1.1.3 Perfusion Thresholds

Maintenance of normal cerebral blood flow is an important indicator of a healthy cerebral 

circulation and viable tissue. If perfusion regulation fails, global or focal blood flow may 

fall below the level required for normal brain function and tissue can become ischemic. 

Ischemic tissue is defined as having blood flow between two critical rates, the threshold 

for electrical failure and the threshold for membrane failure (Hossmann, 1994). Ischemia 

is also a time-dependent state; viable neurons that are not functioning properly undergo 

transient depolarizations which over time can compromise energy metabolism leading to 

infarction (Back, 1998).

In the presence of sufficient oxygen, the brain is highly efficient in deriving its energy 

from glucose and metabolic demands are easily met. Once cerebral perfusion drops 

below the critical ‘threshold for ischemia’, the resting neuronal membrane potential is 

lost, and a cascade of biochemical mechanisms is triggered within the tissue (Fig. 1-3) 

(Hossmann, 1994). Although the exact perfusion threshold for ischemia varies among 

individuals and pathologies, it is generally agreed to be approximately 20 

mL/lOOmL/min. If perfusion continues to decline below approximately 12 

mL/lOOmL/min neuronal energy metabolism fails, causing loss of cell ion homeostasis, 

acidosis, increased intracellular Ca2+, excitotoxicity, free radical-mediated toxicity, and 

neuron death by necrosis or apoptosis (Macdonald & Stoodley, 1998). As a general rule,

9
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neurons can endure many minutes to hours of ischemia when CBF is between 12 and 20 

mL/lOOmL/min, however CBF less than 10 mL/lOOmL/min can only be tolerated for 

several minutes before infarction occurs (Latchaw et al., 2003).

Protein
Synthesis

Selective  
gene expr. - 4 0  -

CMRG
Lactate

pH

PCr
{

- 3 0  -

ATP^

r  SO

- 2 0  -

I -  10 -

Selective 
neuronal loss

Glutamate
release

■ Infarct

|  K*.Ca"

0 -* 
mt/IOOg/min

Figure 1-3: Biochemical consequences of reduced cerebral perfusion

The approximate gray matter perfusion thresholds in stroke have been determined as 55 
mT/lOOmL/min for loss of protein synthesis, 35 mL/lOOmL/min for stimulation of 
anaerobic glycolysis (lactate release), 20 mL/lOOmL/min for synaptic release of 
transmitters (e.g. glutamate) and failure of energy metabolism, and 15 mL/lOOmL/min for 
anoxic depolarization (Hossmann, 1994). Normal human gray matter cerebral blood flow 
is approximately 60 mL/lOOmL/min. Adapted from (Hossmann, 1994).
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1.2 Measurement of Cerebral Blood Flow

1.2.1 The Original Techniques

The quantitative measurement of cerebral blood flow (CBF) in humans was 

accomplished in 1945 by Seymour S. Kety and Carl F. Schmidt (Kety & Schmidt, 1945). 

CBF was determined following the inhalation of the diffusible inert gas nitrous oxide 

(NO), sampling of the jugular venous and peripheral arterial blood, and application of the 

Fick Principle (Fick, 1870). Kety and Schmidt calculated CBF in healthy normal men to 

be 54 ± 12 mL / 100 g brain / minute (Kety & Schmidt, 1948a). The Kety and Schmidt 

model was fundamental in advancing research of the cerebral circulation, and further 

work by Kety on the exchange of inert gas in the lungs and tissues helped develop 

techniques for regional blood flow measurements (Kety, 1951). The quantitative 

measurement of regional CBF was successfully carried out in humans in 1961 (Ingvar & 

Lassen, 1961). In the end, it was the original work by Kety in 1951 that produced the 

equations governing the action of inert gases as diffusible indicators, which eventually 

formed the basis of all clearance, autoradiographic, and computed tomographic 

techniques.

Currently, several imaging techniques are used clinically for the assessment of cerebral 

blood flow. Xenon-enhanced computed tomography (XeCT), involving inhalation of 

freely diffusible Xenon gas as a contrast material, has been used since the 1970’s to 

quantitatively assess human CBF (Drayer et a l, 1978). Accurate and reliable 

quantitative measurements of CBF are possible with XeCT, although images are prone to 

motion artifacts and long acquisition times. Perfusion CT, which is a dynamic contrast 

bolus technique, can be used to accurately quantify CBV, MTT, and CBF, and has been 

widely accepted for the evaluation of acute stroke (Nabavi et al., 1999, Nabavi et al., 

2001). A limitation of dynamic perfusion CT is its use of ionizing radiation and 

iodinated contrast material (Eastwood et al., 2003). Single photon emission computed 

tomography (SPECT) uses gamma ray emitting radioisotopes (commonly 99mTc and 123I) 

and gamma cameras to determine cerebral blood flow (Brooks & Di Chiro, 1976,
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Jaszczak & Coleman, 1988). SPECT imaging is easy to perform, requiring only an 

intravenous injection of contrast, and is available in most large radiology departments, 

however images have low spatial resolution and only provide qualitative (relative) 

perfusion information (Latchaw et al., 2003). Finally, positron emission tomography 

(PET) techniques measure emissions from radioactive metabolic chemicals, and apply 

kinetic wash-in and wash-out approaches to accurately produce quantitative images of 

hemodynamic parameters, such as CBF, CBY, relative oxygen extraction fraction 

(rOEF), and relative cerebral metabolic rate of oxygen (rCMR02) (Ter-Pogossian et al., 

1975, Brooks & Di Chiro, 1976). PET is often used as the ‘gold-standard’ for validation 

of other perfusion measurement techniques (Wintermark et al., 2005). Readers are 

referred to the report by Wintermark et al. for a detailed overview of imaging techniques 

currently used to evaluate cerebral perfusion (Wintermark et al., 2005).

Magnetic resonance imaging has become a powerful tool for the assessment of cerebral 

perfusion. Compared with PET, MRI is advantageous due to improved spatial and 

temporal resolution, no patient exposure to ionizing radiation, and the possibility to 

combine structural and functional information during a single imaging session. MRI 

techniques for the study of cerebral perfusion fall into two major categories: dynamic 

susceptibility contrast enhanced MR imaging (DSC-MRI), and arterial spin labeling 

(ASL).

1.2.2 Dynamic Susceptibility Contrast MRI

Cerebral perfusion MRI using exogenous contrast agents is a widely accepted technique 

for basic perfusion research and clinical applications (Villringer et al., 1988, Rosen et al., 

1990). Dynamic susceptibility contrast MRI (DSC-MRI) is a bolus tracking technique 

used to derive hemodynamic parameters, such as cerebral blood flow (CBF), cerebral 

blood volume (CBV), and mean transit time (MTT), using tracer kinetic analysis. The 

technique involves injecting a bolus of paramagnetic contrast agent (gadolinium-based 

chelate, e.g. Gd-DTPA) into an antecubital vein, and tracking its first pass through the
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cerebral vasculature by rapid MR imaging, most commonly echo-planar imaging (EPI). 

Overall, DSC-MRI uses changes in signal intensity caused by the paramagnetic contrast 

agent to infer contrast agent concentration within the tissue, and measure cerebral blood 

flow.

The contrast agents used in bolus tracking are compartmentalized in the vessels, creating 

microscopic susceptibility gradients between blood and tissue. Diffusion of extravascular 

protons through these gradients causes transverse relaxation and signal loss (Fig. 1-4) 

(Yillringer et al., 1988). The amount of signal loss depends on: vascular structure, 

contrast agent concentration, and the echo time (TE) of the acquisition sequence. The 

sensitivity of DSC-MRI to the microvasculature (i.e. capillaries) and macrovasculature 

depends on the acquisition method used (Speck et al., 2000). Gradient-echo (GE) based 

techniques are relatively insensitive to vessel size, whereas spin-echo (SE) based 

techniques show a maximum sensitivity for vessels between 5 and 10 pm in diameter, the 

size of human cerebral capillaries (Weisskoff et al., 1994, Boxerman et al., 1995). GE- 

EPI techniques are advantageous because they allow for calculation of the arterial input 

function, and compared to SE-EPI, more slices can be acquired in the same time period, 

and images show higher contrast-to-noise ratio (CNR) and signal-to-noise ratio (SNR) 

(Simonsen et al., 2000, Speck et al., 2000). However, SE-EPI perfusion images 

demonstrate improved image quality, with fewer distortions and less signal loss in areas 

with high susceptibility gradients. Most importantly, spin-echo based images provide 

more information regarding signal alterations from small vessels, therefore they are more 

representative of true tissue perfusion at the capillary level (Baird & Warach, 1998).

13
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Figure 1-4: DSC-MRI raw images and corresponding signal intensity plot

An acute stroke patient was imaged using GE-EPI every 2 seconds after the injection of a 
bolus of contrast agent. The sequence of raw perfusion images in (a) show signal loss in 
perfused tissue as the contrast bolus passes through the slice, and high signal intensity in 
regions without flow (white arrows). The change in signal intensity with time for both 
normal and ischemic tissue is seen in (b). Ischemic tissue is identified as voxels showing 
little or no drop in signal intensity.

1.2.2.1 Absolute CBF Measurements by Bolus Tracking MRI

Quantification of CBF requires that the change in regional signal intensity, S(t), is 

converted to contrast agent concentration. The signal intensity in SE and GE sequences 

depends on both the transverse relaxation rate, R2 and R2 *, and their rate changes, AR2 

and AR2 * The transverse relaxation rate R2 * describes the rate of decay of transverse
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magnetization that is caused by both molecular interactions and inhomogeneities in the 

main magnetic field (Bo), and accounts for the rate of signal loss in GE based sequences, 

whereas R2 is the rate of decay of transverse magnetization that results from molecular 

interactions only, and describes signal loss in SE based sequences. By assuming a linear 

relationship between the change in transverse relaxation rate and tissue contrast agent 

concentration, the time course of the tissue tracer concentration, Ct(t), and arterial tracer 

concentration, Ca(t) (i.e. arterial input function, AIF), can be calculated from the signal 

intensities at baseline, S(0), and at time t, S(t),

where k is the assumed proportionality constant. The calculation of tissue contrast agent 

concentration can also be described as the convolution between the arterial input 

function, Ca(t), and the residue function, R(t), which describes the fraction of contrast 

agent remaining in the tissue at time t,

The relative cerebral blood flow is the height of the deconvolved response curve. It is 

important to note that the amount of signal loss is proportional to the concentration of 

contrast agent, and therefore proportional to CBF; the proportionality constant is k. A 

relative map of perfusion can be generated without determining k, however a quantitative 

value for k is required for absolute CBF measurement. Interestingly, the amount of signal 

loss is directly proportional to blood volume in healthy brain tissue, emphasizing that 

DSC-MRI is actually an indirect measure of cerebral blood flow and a direct measure of 

cerebral blood volume (Belliveau et al., 1990, Belliveau et al., 1991).

The quantification of CBF from raw DSC images involves three important processes: 

calibration of the proportionality constant k, selection of a robust mathematical approach

C,( t ) - k -  AR2(t) = - k  • log / tE 
2 5(0)

[1 .1]

Ct (t) = CBF ■ Ca (0  <S> R(t) [1.2]
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for deconvolution, and calculation of the arterial input function. The calculated CBF 

value can vary substantially with different combinations of deconvolution techniques, 

arterial input functions, and k values. Determination of an appropriate value for k 

requires co-registration of DSC images and CBF images acquired from an independent 

technique. Using PET and MRI data it has been shown that a common conversion factor 

can be used for perfusion quantification in healthy normal tissue (Ostergaard et a l, 

1998a, Ostergaard et al., 1998b). However, k must be calibrated separately for 

pathological tissues; in fact, researchers are unsure whether the proportionality between 

signal loss and contrast agent concentration holds in diseased tissue (Ostergaard et al., 

1998a).

The selection of an appropriate deconvolution technique is an important step in CBF 

calculation. Deconvolution approaches can be divided into two major categories: (a) 

model-dependent approaches, where R(t) is given a specific analytical expression based 

on an assumed vascular structure, or (b) model-independent approaches, where Eq. 1.2 is 

solved on a pixel-by-pixel basis to determine CBF • R(t) (Gobbel et al., 1991, Rempp et 

al., 1994). Experimental comparison of the various deconvolution methods has been 

carried out in numerous studies, however an optimal approach for all patients has yet to 

be determined (Ostergaard et al., 1996b, Ostergaard et al., 1996a, Smith et al., 2000, 

Wirestam et al., 2000).

The arterial input function (AIF) can be obtained from an artery within the slice of 

interest or from the middle cerebral artery supplying the slice, the difference being that 

more delay and dispersion of the bolus can occur if the MCA is chosen. As well, in 

cerebral ischemia the AIF can be chosen from the ipsilateral or contralateral side to the 

stroke. Several studies have tested different AIF sites and results indicate that perfusion- 

weighted lesion size and CBF values vary substantially with AIF location (Ostergaard et 

al., 1996a, Wirestam et al., 2000, Thijs et a l, 2004). Thijs et al. found that when the AIF 

was calculated from the MCA in the hemisphere contralateral to the stroke, the PWI 

lesion volumes were the largest, and they correlated best with final infarct volumes on
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follow-up scans (Thijs et al., 2004). Overall, optimal postprocessing methods for 

calculating absolute CBF values are yet to be determined.

Bolus tracking methods have been used to identify perfusion abnormalities in the brain in 

a wide variety of clinical applications, including characterization of tumours and acute 

stroke lesions. DSC techniques are appealing when qualitative or semi-quantitative 

results are required; DSC-MRI is straightforward to implement, acquisition times are 

short (40-60 seconds), and it is relatively sensitive to the microvasculature, resulting in 

good quality maps of CBF, CBV, and MTT. However, the use of exogenous 

paramagnetic contrast is potentially detrimental because it is expensive, it requires good 

intravenous access with a large bore catheter (18 gauge), and the concern of toxicity 

limits the number of injections in each subject. Alternatively, arterial spin labeling 

(ASL) is completely noninvasive, using blood water as an endogenous tracer for the 

direct measurement of cerebral blood flow. The noninvasive nature of ASL permits 

multiple measurements longitudinally or within a single imaging session, therefore ASL 

is an attractive method for basic science studies and clinical applications. Additionally, 

values for CBF obtained with ASL have been shown to be highly and linearly correlated 

with values from H2150  PET (Ye et al., 2000). The remainder of this chapter focuses on 

the measurement of perfusion using arterial spin labeling as well as the implementation 

of ASL at the University of Alberta.

1.2.3 Arterial Spin Labeling

1.2.3.1 Generating the Perfusion Signal

Arterial spin labeling is a magnetic resonance imaging technique for measuring perfusion 

that is completely noninvasive, since it uses an endogenous blood flow tracer. Basically, 

an MR image can be made sensitive to flow if incoming blood spins are in a different 

magnetic state than static brain tissue spins. Arterial spin labeling utilizes blood water as 

a freely diffusible tracer to determine the amount of blood that reaches capillaries and is
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available for exchange with tissue. Arterial spins are labeled (inverted) in an artery 

upstream from the imaging region of interest. As labeled blood flows into the imaging 

area, there is an exchange of water between the microvasculature and tissue through the 

blood-brain barrier, yielding a change in tissue magnetization. The amount of signal 

change (i.e. magnetization change) is determined by blood flow and Ti relaxation.

Two images are required to detect blood flow: one with upstream spin inversion (the tag 

image), and one without spin inversion (the control image) (Fig. 1-5). The tag image is 

subtracted from the control image to generate a perfusion-weighted image, known as an 

ASL difference signal image (AM) (Fig. 1-6). The difference signal in humans is 

inherently low (approximately 1% of the static tissue signal), resulting in low SNR, 

therefore lengthy signal averaging of tag-control pairs is required.

CONTROL IMAGE

Imaging S licesImaging S lices

Inversion Slab

Figure 1-5: Creating the tag and control images

The tag image (a) is created by inverting water spins below the imaging slices. It is 
necessary that the control image (b) does not produce spin inversion in the same area as the 
tag image, so that the difference image can be sensitive to blood flow.
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Figure 1-6: Tag and control (raw) images and ASL difference signal images

Control and tag images and subsequent difference images from (a) a water phantom 
without flow, and (b) a volunteer with normal cerebral blood flow. The sum of many tag- 
control pairs (50 in the example above) is required to produce perfusion-weighted images 
with adequate SNR and gray-white matter contrast.

1.2.3.2 CASL and PASL

In the original applications of ASL, arterial blood water was tagged continuously in the 

neck by flow-driven adiabatic inversion or pseudo-continuous saturation (Detre et al., 

1992, Williams et al., 1992, Kwong et al., 1995). This technique, known as continuous 

arterial spin labeling (CASL), inverts blood water along a plane that is defined by 

constant RF irradiation and a magnetic field gradient. Although the first CASL 

techniques were successful in producing qualitative perfusion maps in single slices, 

magnetization transfer (MT) effects induced from continuous labeling prevented the 

extension to multi-slice imaging. Either a hardware addition, a separate labeling coil 

(Zhang et al., 1995), or a pulse sequence modification, amplitude modulation of the RF 

waveform (Alsop & Detre, 1998), is required to avoid MT effects.
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Pulsed arterial spin labeling (PASL) was introduced as an alternative labeling technique 

that did not induce MT effects. The PASL inversion tag is applied over a large region 

rather than a plane, and is created from a rapid frequency sweep within the RF pulse. 

The RF pulse is typically a hyperbolic secant (sech) pulse or C-shaped frequency offset 

corrected inversion (FOCI) pulse (Ordidge et a l, 1996). The FOCI pulse is advantageous 

because of its high slice profile selectivity, which (a) reduces slice profile interactions 

and signal from static tissue, and (b) allows the tagging plane to be placed closer to the 

imaging slices, therefore reducing transit delays and increasing the perfusion signal 

(Yongbi etal., 1999).

1.3 Pulsed Arterial Spin Labeling

1.3.1 Labeling Schemes

The first PASL sequence introduced was echo-planar imaging and signal targeting with 

alternating radio-frequency (EPISTAR) (Edelman et al., 1994). The EPISTAR tag pulse 

inverts spins in a slab proximal to the imaging slice, and the control pulse inverts a slab 

distal to the imaging slice (Fig. 1-7). The purpose of inversion in the tag image is to 

generate an upstream bolus of tagged blood that flows into the imaging slices and alters 

tissue magnetization, whereas the inversion pulse is applied distal to the image slices in 

the control application in order to balance MT effects. In the next PASL sequence, flow- 

sensitive alternating inversion recovery (FAIR), the tag is created with an unselective 

inversion pulse that inverts all spins within the RF range of the coil, and the control is a 

slice selective inversion applied to the imaging slice (Kwong et al., 1995, Kim, 1995, 

Schwarzbauer et al., 1996). The third tagging scheme is a derivative of EPISTAR, called 

proximal inversion with a control for off-resonance effects (PICORE). PICORE uses the 

same tag as EPISTAR, but the control is an off-resonance inversion pulse applied at the 

same frequency as the tag in the absence of slab selective gradients (Wong et al., 1997).
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Figure 1-7: EPISTAR, FAIR, and PICORE tagging profiles

In the tag image of EPISTAR, FAIR, and PICORE the inversion pulse is applied, at least in 
part, to an area proximal to the imaging slices, generating a bolus of labeled blood (shaded 
regions). Inversion in the control image has no effect on incoming blood spins. The 
magnetic state of tissue spins in the image slices is always the same in tag and control 
images, whereas blood spins in the region proximal to the slices are always in a different 
magnetic state. Adapted from (Wong et al., 1997).
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EPISTAR, FAIR, and PICORE are the prototype PASL tagging schemes most frequently 

used in ASL research. In all three techniques the inversion pulse in the tag image 

generates a labeled bolus proximal to the imaging slices, yet the control image inversion 

pulse has a variety of effects on tissue depending on the scheme used. In general, it is 

essential in all PASL techniques that proximal blood spins in the control image are not 

affected by the inversion pulse, and that tissue in the imaging slices is left in the same 

magnetic state as the tag image. Therefore, subtraction of the tag image from the control 

image removes the signal from static tissue and generates a perfusion-weighted image.

1.3.2 The General Kinetic Model for CBF Quantification

Arterial spin labeling has always been considered a promising technique for blood flow 

quantification. The initial kinetic models for CBF quantification, which assumed single­

compartment kinetics for water clearance and instantaneous exchange of water between 

blood and tissue, were specific to the applied tagging scheme (Detre et al., 1992, 

Williams et a l, 1992). A more general model was proposed by Buxton et al. that

describes the ASL difference signal (AM) at time t after application of the inversion pulse

as (Buxton et al., 1998),

AM (t) = 0 0 < t < At [1.3]

AM(0 = 2M obf ( t -  At ) a exp(-t/ Tlb)q(Tlb,Tlt,Tex, f ,A,TI) At < t < At + T [1.4]

AM(t) = 2M obfT a exp (-t/T lb)q(Tlb,Tu ,Tex, f ,A ,T I ) A t + K t  [1.5]

where M0b is the T2 *-weighted equilibrium signal of blood, a is the fraction of the desired 

difference in magnetization generated by the tag and control pulses (between 0 and 1), 

and / i s  the cerebral blood flow in s '1. Basically, the general kinetic model indicates that 

the ASL perfusion-weighted signal (control -  tag) first appears in the imaging slice after 

a delay, At, the time it takes for blood to travel from the tagging plane to the slice, 

increases for a time x, equal to the time width of the labeled bolus, and decays after this 

time according to the relaxation time of blood. The remaining term, q(t), describes the
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effects of the capillary/tissue exchange, incomplete water extraction, and venous outflow. 

q(t) is a function of the longitudinal relaxation times of blood and tissue, Tib and Tit, the 

time of exchange of tagged water spins between blood and tissue, Tex, the blood-brain 

partition coefficient of water, X, the inversion time, TI, and blood flow.

The general kinetic model can be used to quantify cerebral blood flow (/). In Eq. 1.4, AM 

is the signal intensity that is measured directly from the ASL difference image that results 

from the subtraction of tag and control images. The inversion pulse in PASL imaging 

frequently produces complete inversion and a  is normally given a value of 1. Tib can 

either be measured in a separate experiment or assumed from literature results, and M0b is 

calculated per individual using measurements taken from two separate MRI scans. In 

PASL imaging, q(t) has been determined to be between 0.85 and 1.0 depending on the 

timing parameters of the ASL sequence. Overall, cerebral blood flow can be calculated 

from Eqs. 1.3 through 1.5 after measuring AM and M0b, and assuming values for Tib, a, 

and q(t). A more detailed description of CBF quantification can be found in the Materials 

and Methods sections of Chapters 2 and 3.

The subtraction of two images (control -  tag) at one delay time (TI) generates a 

qualitative map of perfusion that contains information about transit time and CBF. In 

order to generate a quantitative CBF image, data is required from a minimum of two 

delays so that any change in signal due to the variability in transit times can be measured. 

The transit time variation affects (1) the amount of blood delivered to the slice at the time 

of image acquisition, and (2) the amount of Ti decay of the tag across the imaging slice 

(Alsop & Detre, 1996, Wong et al., 1997). Because the delay time (TI) between 

inversion and image acquisition is on the order of T ib, the ‘transit time effect’ can 

significantly alter the measured perfusion value. In general, it is possible to quantify 

CBF using the traditional PASL sequences and application of the general kinetic model. 

However, this is a time consuming process because the ASL signal must be measured at a 

minimum of two inversion times in order to eliminate/reduce transit time effects. 

Alternatively, a newer form of PASL imaging has been introduced by Wong et al. that is
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relatively insensitive to the variability in transit times, and perfusion can be quantified 

using only one inversion time (Wong et al., 1998b). The remainder of Chapter 1 outlines 

the pulse sequence design and CBF quantification model(s) of the ‘transit time insensitive 

sequences’, QUIPSS and Q2TIPS. These sequences were implemented at the University 

of Alberta for ASL research.

1.3.3 Transit Time Insensitive Sequences

1.3.3.1 QUIPSS II

There are several pulse sequence modifications that can be added to the prototype PASL 

tagging schemes. Quantitative imaging of perfusion using a single subtraction (QUIPSS 

II) is a modular feature that can be added to PICORE, FAIR, or EPISTAR, rendering 

them transit time insensitive (Wong et al., 1998b). In QUIPSS II, a saturation pulse is 

applied to the tagging region at a time TIi after the tagging pulse (Fig. 1-8).

The saturation pulse clips the tail end of the tagged bolus, defining the time width of the 

tag. A delay time, At, is inserted following the saturation pulse, and images are acquired 

at TI2. The delay allows time for tagged spins to move from the intravascular space into 

tissue, reducing intravascular signal (Fig. 1-9). QUIPSS II produces more accurate CBF 

values because it minimizes two major systematic errors: spatially varying transit delays, 

and contamination of tissue signal by intravascular tagged blood destined for more distal 

slices (Calamante et al., 1999). As well, QUIPSS II is more time efficient than 

traditional sequences since it allows for CBF quantification in a single subtraction at one 

inversion time (TL). This is apparent in the simplification of the general kinetic model 

for QUIPSS quantification. The QUIPSS signal is no longer dependent on the timing 

parameters At and x, but rather on the time width of the tag (Tf), and Eqs. 1.3 through 

1.5 can be written as (Wong et al., 1998b),

AM(772) = W ^ f n ia t x p ( - n 2/T lb)q(Tlb,Tu ,Ta ,f,A ,,T I2) [1.6]

if 77j < T and TI2 > 77) + At
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As long as the saturation pulse (at TIi) is applied before all of the tagged blood has left 

the tagging region (TIi < x), and the image is acquired (at TI2) after the entire bolus has 

been allowed to perfuse the imaging slice (TI2 > TIi+At), CBF can be quantified using 

Eq. 1.6. The ASL difference signal (AM) is measured at one inversion time (TI2), TIi is 

the time of saturation, Tib is assumed from literature values, M0b is calculated using two 

alternate MR sequences, and q(t) is either measured or assumed to be 1. Therefore, 

cerebral blood flow (f) can be calculated on a pixel-by-pixel basis to generate an absolute 

CBF image.
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EPI Readout
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Figure 1-8: QUIPSS II modification of a traditional PASL sequence

The prototype PASL sequences (a) can be modified with the QUIPSS II saturation pulse 
(b). T f  is the time between inversion and saturation, and TI2 is the time between inversion 
and imaging; TI2 -  TIi = At.
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Figure 1-9: Movement of tagged water during the inversion time in QUIPSS II

Application of the inversion pulse (large rectangle) creates a wide slab of tagged blood that 
perfuses tissue (dark black area represents tagged blood in vessels). Saturation at TIi 
eliminates tagged blood remaining in the inversion slice. The additional delay before 
imaging, At, allows time for intravascular tag to perfuse the slice before image acquisition 
at TU. Adapted from (Wong et al., 1998b).

1.3.3.2 Q2TIPS

The QUIPSS II pulse sequence has been modified to remove residual errors caused by 

incomplete saturation of the tagging region and spatial mismatch of the inversion and 

saturation slice profiles, both of which can lead to perfusion overestimation. In QUIPSS 

II with thin-slice TIi periodic saturation (Q2TIPS), the 15-lobe sine saturation pulse in 

QUIPSS II is replaced by a periodic train of thin-slice sine saturation pulses (Fig. 1-10) 

(Luh et al., 1999). The slice profile of a sinc-shaped pulse is easily altered with Bi 

inhomogeneity. The saturation pulses in Q2TIPS produce slice profiles on the distal end 

of the tagging region that closely match the sharply defined slice profile of the sech (or 

FOCI) inversion pulse.
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Figure 1-10: Q2TEPS pulse sequence

Periodic saturation pulses are applied to the tagging region from TIi to TIis (TIi stop time). 
Each 90° pulse is followed by a crusher gradient. A delay, At, is inserted between the first 
saturation pulse and the EPI readout; At = TI2 -  TIi. The saturation pulse defines the time 
width of the tagged bolus, x. A presaturation pulse is applied to the imaging slices prior to 
inversion to reduce signal from static tissue. Adapted from (Luh et al., 1999).

The difference signal, AM, in Q2TIPS imaging is independent of both At and x. 

Therefore, the general kinetic model can be simplified for Q2TIPS by replacing At and x 

with the time duration of the tagged bolus, TIi (Wong et al., 1998b). Because of its 

transit time insensitivity, Q2TIPS is more amenable to multi-slice imaging than 

traditional PASL techniques such as FAIR. A more detailed explanation of Q2TIPS CBF 

quantification, including equations and timing parameters, can be found in the Materials 

and Methods section of Chapters 2 and 3.
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1.4 Implementation of PASL Imaging

Prior to construction of the NMR Research Facility, we developed a FAIR sequence with 

a QUIPSS-like extension on the 3T MRI scanner. Even though we were successful in 

producing multi-slice ASL images from normal volunteers, the technique was hindered 

by: shimming difficulties, which lead to distortions and image shifting in the y-direction 

between slices, a slower gradient hardware system, and inaccessibility of the scanner to 

clinical patients. We ultimately wanted to apply ASL to stroke patients, therefore we 

pursued research on the 1.5T scanner. We were able to continue working with a QUIPSS 

sequence, specifically Q2TEPS with PICORE tagging, through collaboration with 

Siemens. In this section I discuss some of our relevant PASL research not mentioned in 

Chapters 2 and 3, which are essentially journal articles; Chapter 2 has been submitted for 

review and Chapter 3 has been accepted by JMRI.

To begin with, we implemented a PICORE-Q2TIPS pulse sequence (Siemens, Works in 

Progress) on the 1.5T scanner, and with preliminary adjustments we were able to 

generate difference signal (AM) images from normal volunteers (Fig. 1-11). We wrote 

several programs in Matlab (The MathWorks, Inc., Natick, MA) to enable the manual 

selection of individual difference images to the final perfusion-weighted image in order 

to avoid motion artifacts and any remaining static tissue signal. Subsequent programs 

were written for calculation of CBF and transit time.

In optimizing the Q2TIPS pulse sequence, we attempted to (a) select parameters within 

the limits of the QUIPSS quantification model, and (b) maximize AM SNR of individual 

tag-control pairs so we could decrease the number of averages. In our research, typical 

AM SNR values in whole slice, GM, and WM were 4.4 ± 0.4, 5.6 ± 0.7, and 1.8 ± 0.5, 

respectively, which are comparable to literature results using Q2TIPS with 2D-EPI 

readout (Gunther et al., 2005). It is important to note that the difference signal (AM) is 

proportional to cerebral blood flow (see Eq. 1.6), therefore areas with higher signal 

intensity in ASL difference images, such as the cerebral cortex, have higher perfusion.
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Figure 1-11: Q2TIPS difference signal images

PASL-Q2TIPS difference images (a) and corresponding anatomical inversion recovery EPI 
(IR-EPI) images (b) from a healthy volunteer (22-years-old). The IR-EPI images were 
used to differentiate gray matter from white matter in the perfusion images. As expected, 
gray matter displays the highest signal intensity, therefore the highest perfusion. The six 
slice Q2TIPS data set was acquired with TIi = 600 ms, TI2 = 1200 ms, 5 mm slice 
thickness, 1.5 mm gap, 1396 Hz/Px, 4:25 min acquisition time, and 63 averages.

1.4.1 TR Optimization

Minimizing PASL sequence repetition time (TR) is important for improving SNR per 

unit time. However, it is essential to allow enough time between saturation and the next 

inversion (TR -  TI2) for the entire tag region to be refilled with fully relaxed blood. 

Using PICORE-QUIPSS II with a 10 cm tag and a 1 cm gap between the inversion slab 

and imaging slices, Wong et al. determined that there is no significant difference in the 

ASL signal when TR is between 2000 and 3000 ms (Wong et al., 1997). Our research 

showed that lowering TR from 2800 to 2300 ms did not significantly change AM SNR 

(TI2 = 1500 ms), yet scan time was reduced by almost 2.5 min. In our first study, where 

PASL parameters were optimized for an elderly population, we used longer inversion 

times (TI2 = 1800 and 2100 ms), therefore it was necessary to increase TR to 2500 ms in
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order to refresh the tagging region with fully relaxed spins. In the end, we kept TR = 

2500 ms for the remainder of our studies so that comparisons between studies could be 

made.

1.4.2 TIi Optimization

According to the QUIPSS quantification model (Eq. 1.6), the perfusion-weighted signal 

intensity exhibits a linear dependence on the time of saturation (TIi): AM is 0 when TIi 

= 0, increases in proportion to TIi at low values, and is constant when TIi > x. Given that 

the saturation pulse clips the tail end of the tagged bolus, the time of saturation defines 

the size of the tag as long as the natural time width of the tag produced by the inversion 

pulse (t) has not been exceeded. The natural time width can be estimated from a graph of 

AM versus TIi as the point at which the linear dependence of AM levels off as TIj 

increases. This is the maximum allowable value for Tfi that satisfies the QUIPSS 

quantification model.

We measured the GM signal at four values of TIi (500, 600, 700, and 800 ms) in three 

volunteers (age range 24-32 years) using PICORE-Q2TIPS (6 slices, 10 cm tagging 

plane, TI2 = 1500 ms) (Fig. 1-12). As expected, gray matter AM SNR increases linearly 

with TIi at lower values. Figure 1-12 suggests that most of the tag passes through the 

distal edge of the tagging region by approximately 800 ms, therefore an optimal value for 

TIi is around 800 ms. This is a relatively common value used for research with PICORE- 

Q2TIPS (Wong et al., 1998b, Wang et al., 2002, Wang et al., 2003).
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Figure 1-12: TIi optimization

Gray matter SNR is calculated from the average signal across six slices in three volunteers. 
The time width of the tag (x) appears to be approximately 700-800 ms, the time when GM 
AM SNR levels off. Luh et al. show similar results for multi-slice Q2TIPS (Luh et al., 
1999).

1.4.3 Reproducibility of ASL Perfusion Values

The noninvasive nature of arterial spin labeling makes it particularly appealing for repeat

studies of perfusion, although it will be important to determine the precision of ASL

perfusion values (in terms of intra- and intersubject variability) before meaningful

conclusions can be drawn from serial measurements. Few studies have assessed the

reliability and reproducibility of CBF values in humans measured by ASL. In a FAIR

study, the reproducibility of quantitative CBF measurements was found to be satisfactory

from day to day, although the authors express concern in drawing conclusions from long

term studies (Yen et al., 2002). CASL was used to assess the stability and reproducibility
31

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of perfusion in 34 subjects; CBF was remarkably stable and reproducible in the short 

term, however intersubject variability was high, up to 100% (Parkes et al., 2004). The 

authors concluded that intersubject biological variability had a much larger affect on CBF 

than instrumental error. Finally, the main result of a recent Q2TIPS study was that 

random noise made the greatest contribution to fluctuation in ASL signal, rather than 

intrasubject variability; therefore low SNR is the primary limiting factor in the reliability 

of perfusion measurements (Jahng et al., 2005). At our site, we were concerned with the 

reliability of AM SNR and CBF values measured using PICORE-Q2TIPS, in particular 

the stability of AM SNR over a range of inversion times. This was important to 

supplement our work concerning PASL imaging in the elderly (Chapter 3), therefore we 

conducted a small study with repeat measurements of AM SNR and CBF values at 

increasing inversion times.

1.4.3.1 Q2T1PS stability

Three healthy volunteers (24-32 years) were scanned using PICORE-Q2TIPS; sequence 

parameters and data processing are described in Chapter 3. Four Q2TIPS scans (TI2 = 

900, 1200, 1500, and 1800 ms) were performed on each volunteer per imaging session. 

Volunteers underwent four imaging sessions on four consecutive days at the same time 

each day. Stability was determined by monitoring changes in difference image SNR and 

CBF with time.

The variation in AM SNR with increasing TI2 is consistent over four days in volunteers 1 

and 2 (Fig. 1-13a and 1-13b), and over three days in volunteer 3 (Fig. l-12c), which 

suggests a relatively low intrasubject variability in the general pattern. Not only is the 

SNR trend consistent over four days, there is also a small range in SNR values at each 

TI2.
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Figure 1-13: Stability of gray matter AM SNR with TI2

The variation in AM SNR with TI2 shows a consistent trend in volunteer 1 (a) and 
volunteer 2 (b), and a deviation from the general pattern on one day for volunteer 3 (c) 
(denoted with *). The intrasubject variability in absolute GM SNR with TI2 also appears to 
be low, as indicated by the small range in AM SNR at each TI2.
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Average cerebral blood flow (6 slices) for each subject over the course of four days is 

displayed in Fig. 1-14. CBF range and average (mL/lOOmL/min) for volunteers 1, 2, and 

3 are 58-64 (60 ± 3), 48-58 (52 ± 5), and 40-50 (45 ± 5), respectively. The gray matter 

standard deviation of CBF over the three volunteers is approximately 9%. It is difficult 

to compare CBF values from different techniques because of partial volume and 

segmentation effects. However, an interesting comparison can be made between the 

standard deviation of perfusion measurements, which is a good indicator of intrasubject 

variability (Parkes et al., 2004). The average gray matter standard deviation in our study 

is similar to that found in other non-MRI and MRI perfusion studies (Pantano et al., 

1984, Herscovitch et a l, 1987, Leenders et al., 1990, Schreiber et al., 1998, Parkes et al., 

2004). The spread of gray matter perfusion values is higher than that found in white 

matter and whole brain, and is likely due to changes in metabolism and awareness 

(Parkes et al., 2004).
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Figure 1-14: Stability of gray matter CBF with PICORE-Q2TIPS

Gray matter CBF (TI2 = 1500 ms) was measured over four days in three volunteers. CBF 
values measured with PICORE-Q2TIPS appear to have low intrasubject variability 
considering the potential for large perfusion fluctuations within the brain. Q2TIPS shows 
promise as a technique for intersubject comparisons of CBF; across four days, CBF in 
volunteer 1 > CBF in volunteer 2 > CBF in volunteer 3.

A greater understanding of the causes of perfusion variation, such as caffeine intake, 

hydration, and physiological factors, would be helpful in reducing the number of 

variables in perfusion experiments, possible leading to more stable results. Given that an 

individual’s cerebral perfusion can fluctuate considerably (up to 40%), our results 

demonstrate relatively stable AM SNR and CBF with time (Yen et al., 2002).
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1.4.4 CBF Quantification

1.4.4.1 Theory: Single-Compartment Model

There are two main approaches to single-compartment modeling that are used to describe 

the ASL signal. The first approach is based on the Bloch equations which are modified 

to include flow (Detre et a l, 1992). This model describes a well mixed compartment at 

equilibrium, analogous to the H2150  PET tracer kinetic model, and assumes that (a) 

labeled blood water exchanges instantaneously and completely into tissue and (b) signal 

loss occurs with Tu, the tissue longitudinal relaxation time.

Unlike PET imaging, the time scale of an ASL experiment is short (approximately 1 s), 

and labeled water spends a large percentage of this time in blood, not tissue. Therefore, 

assuming that the ASL signal is dependent only on local properties, such as Mot (the T2 *- 

weighted equilibrium magnetization of tissue), X (blood-brain partition coefficient), and 

Tn, is incorrect. This model has been shown to give significant errors; approximately 

20% and 60% overestimation in gray matter and white matter respectively (Parkes & 

Tofts, 2002); however, in recent years it has been extended to a two-compartment model 

that more accurately describes the loss of the tag throughout the experiment (Zhou et a l, 

2001, Parkes & Tofts, 2002).

The second approach to single-compartment modeling assumes that tagged water remains 

intravascular throughout the measurement period (i.e. q(t) = 1 in the general kinetic 

model) (Buxton et a l, 1998). Solutions to this model are simple; only the global 

properties of blood, M0b and Tlb, are required for quantification. Initially we thought it 

might be more accurate to (a) relax the assumption in this model, and calculate a value 

for q(t) based on T |b, Tn, Tex, f, X, and TI2 , or (b) apply a two-compartment model. 

However, a recent report suggests that assuming tagged water remains intravascular 

throughout the measurement period may be reasonable for PASL studies with short 

measurement times (<2 s). Using this model, errors in CBF were found to be <10% and 

20% in gray and white matter, respectively (Parkes, 2005).
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1.4.4.2 Q U IPS Quantification

We used the QUIPSS quantification model to calculate CBF in all studies (Wong et a l, 

1998b). Prior to quantification, ASL data was imported to Matlab (The MathWorks, Inc., 

Natick, MA) and processed to yield ASL difference images. Absolute CBF values for 

GM, WM, and whole slice were determined after regional signal intensity in the 

difference images was measured in MRVision (MRVision Co., Winchester, MA) and 

converted to CBF values in Microsoft Excel (Microsoft Co., Seattle, DC). Alternately, 

quantitative CBF maps could be created in Matlab (The MathWorks, Inc., Natick, MA) 

(Fig. 1-15). Further details concerning pulse sequence parameters and quantification 

methods used in our studies can be found in the Materials and Methods sections of 

Chapters 2 and 3.

CBF
(mL/100mL/min)

Figure 1-15: Quantitative CBF map

A signal intensity scale corresponding to specific CBF values (mL/lOOmL/min) is shown to 
the right of the image. Data was acquired from a normal volunteer using a PICORE- 
Q2TIPS sequence with T f  = 600 ms, TL = 1200 ms, 5 mm slice thickness, 1.5 mm gap, 
1396 Hz/Px, 4:25 min acquisition time, and 63 averages.
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1.5 Scope of Thesis

The search for a technique to accurately quantify cerebral blood flow has been ongoing 

ever since the discovery of the cerebral circulation, especially from the time that regional 

perfusion was coupled to nerve activation and energy metabolism. Although PET 

imaging was established as the ‘gold-standard’ for CBF measurement in the 1980’s, MRI 

has been able to advance CBF research by providing a safe, noninvasive, and widely 

available technique to measure perfusion, with higher SNR and spatial resolution, and 

shorter scan times than PET.

The two MRI techniques used to assess cerebral blood flow are dynamic susceptibility 

contrast MRI and arterial spin labeling. Both techniques have been successfully applied 

in a variety of volunteer and patient studies, although DSC is the technique more 

frequently used in cerebrovascular disease. DSC has some advantages over ASL in data 

acquisition; shorter scan times, higher SNR, and superior brain coverage. However, 

bolus tracking is hindered by computationally intensive postprocessing, and patient 

exposure to exogenous contrast agent. Alternatively, arterial spin labeling is completely 

noninvasive, using blood water as an endogenous tracer to track flow. Unlike DSC 

which measures blood volume, ASL directly measures blood flow, enabling the 

quantification of CBF without calibration to an independent technique. Postprocessing of 

ASL images to generate a relative perfusion map entails only image subtraction (control 

-  tag) and averaging, although production of a quantitative CBF map is considerably 

more difficult. Accurate perfusion quantification requires the use of a model with 

appropriate assumptions, and acquisition of additional images for calculation of the 

global properties of blood. Nonetheless, the relative ease of postprocessing extends the 

practical use of ASL imaging in the acute clinical setting.

Even though ASL has been shown to provide accurate CBF measurements in normal 

brain tissue, there are many areas for improvement of this technique; pulse sequence 

optimization, methodological advancements, and technical developments to name a few.
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For example, in our preliminary research we noticed signal loss in slices farthest from the 

tagging plane that could not be accounted for by blood Ti decay alone, and this prompted 

research comparing single slice to multi-slice acquisition techniques. This 

methodological study is presented in Chapter 2. ASL has also been successful in 

assessing perfusion in various pathologies, such as acute and chronic cerebrovascular 

disease, epilepsy, Alzheimer’s disease, and brain tumors. Specifically, our goal has been 

to use ASL in acute stroke, and since stroke occurs primarily in the elderly we decided to 

optimize the Q2TIPS sequence in an elderly population. The results of this study are 

presented in Chapter 3. It is well known that ASL suffers from low SNR, which limits 

image resolution and brain coverage. In the final chapter we discuss high field ASL 

imaging which provides increased perfusion signal and improved image quality. 

Preliminary results from our work at 3T are also mentioned. Finally, we suggest 

potential future directions for PASL work at our site, and discuss current state-of-the-art 

ASL technology.
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CHAPTER 2: Comparison of Multi-slice and Single Slice 
Acquisitions for Pulsed Arterial Spin Labeling Measurements

of Cerebral Perfusion

A version o f this chapter has been submitted for publication 

Alison Campbell, Christian Beaulieu (2005) (Submitted)
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2.1 Introduction

Arterial spin labeling (ASL) is a noninvasive imaging technique proven to yield accurate 

measurement of cerebral blood flow in cortical gray matter (Ye et al., 2000). Arterial 

spins are labeled by changing their state of magnetization in an artery upstream from the 

site of interest. As these spins flow through the tissue vasculature, water exchange occurs 

between the labeled blood and tissue. This causes a measurable change in both the 

apparent tissue Ti and the tissue magnetization; either change can be measured and used 

to quantify blood flow. Essentially, perfusion is determined by acquiring one image with 

spin tagging and one without. The subtraction of these two images results in a difference 

signal image (AM) that is directly proportional to blood flow.

In the early nineties it was shown that either pseudo-continuous saturation or flow driven 

adiabatic inversion could be used to tag blood water spins in the neck and measure 

perfusion in a single slice within the brain (Detre et al., 1992, Williams et al., 1992, 

Kwong et a l, 1992). Since the first attempts using continuous arterial spin labeling 

(CASL), many different arterial labeling schemes have been proposed, such as the pulsed 

arterial spin labeling (PASL) technique called EPISTAR, whereby a single radio­

frequency (RF) pulse is used to label a thick slab close to the imaging slice of interest 

(Edelman et al., 1994). A 180° inversion pulse is used to apply the upstream tag, and 

after a delay time to allow the tagged blood to perfuse into the tissue, an image is 

acquired within the brain. As with CASL, the resultant AM image reflects the difference 

in magnetization of the blood between images acquired with and without the application 

of a tag pulse. Other PASL variants, such as FAIR (Kwong et al., 1995, Kim, 1995, 

Schwarzbauer et al., 1996), PICORE (Wong et al., 1997), and Q2TEPS (Wong et al., 

1998b) have also been successfully applied. Although the inherent signal-to-noise ratio 

(SNR) is higher in CASL, PASL has a higher inversion efficiency (close to 1) and lower 

natural transit delay, making the SNR efficiency between the two techniques similar 

(Wong etal., 1998a).
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With both CASL and PASL the goal is to produce a tag and control image where the 

signal from static tissue in both images is identical. This is easy to accomplish with 

single slice techniques, however it is an increasingly complicated task when a multi-slice 

data set is required for greater brain coverage. A multi-slice acquisition involves 

applying a single magnetization preparation pulse of the arterial blood tag followed by 

the sequential acquisition of multiple slices downstream. The major complication in 

CASL multi-slice imaging is magnetization transfer (MT) effects. It is necessary that the 

tag image receive the same MT effects as the control image, and this case can only occur 

if a single slice is acquired. The most effective solution to this problem is to employ a 

two-coil CASL system (Zhang et al., 1995), however this requires specialized hardware. 

For PASL, multi-slice acquisitions are difficult because of variable transit delays both 

within and between slices, and static tissue subtraction errors consistent with slice profile 

effects of the tag and control pulses (Buxton et a l, 1998). Because of these problems 

with multi-slice acquisitions, single slice CASL and PASL techniques are ideal. 

However, cerebral perfusion results are often desired at multiple slice locations. To 

avoid this problem, one could acquire multiple single slice images, however this is time 

consuming given that lengthy signal averaging is necessary to create perfusion maps with 

adequate SNR. Therefore, when time constraints are present, which is usually the case, 

multi-slice ASL acquisitions are necessary for greater brain coverage.

It is well known that SNR in multi-slice scans decreases in more distal slices due to 

longer inversion times and greater Ti decay of blood (Luh et al., 1999). However, we 

have observed signal loss in distal slices which is greater than the loss expected with 

blood Ti decay. Several reasons have been proposed for this effect including: the 

destruction of tagged blood destined for more distal slices by the acquisition of proximal 

slices (Wong et al., 1997, Wong et al., 1998b), inversion profile imperfection (Wong et 

al., 1997), and the uncertainty of transit time (Gunther et a l, 2005). The purpose of the 

present study is to determine the cause of the additional signal loss in distal slices, 

beyond that resulting from blood Ti decay, by comparing perfusion maps from various 

single slice acquisitions to those derived from multi-slice acquisitions in healthy
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volunteers. This study looks specifically at a Q2TIPS pulse sequence with PICORE 

tagging and highlights several potential ASL protocol improvements for the study of 

disease.

2.2 Materials and Methods

2.2.1 MR Imaging

Images were obtained from a group of 17 healthy volunteers (12 males, 5 females, age 

range 23-34 years), all of whom gave written and informed consent. Three separate 

studies were conducted for this report, and each volunteer participated in one or more of 

the studies. Four volunteers participated in all three studies. There were 8 volunteers in 

study 1, 12 volunteers in study 2, and 9 volunteers in study 3. MR scanning was 

performed on a 1.5 Tesla Sonata scanner (Siemens Medical Systems, Erlangen, 

Germany) equipped with gradient coils capable of 40 mT/m amplitude and 200 T/m/s 

slew rate. Q2TIPS with PICORE tagging (Siemens, Works in Progress) was utilized for 

all arterial spin labeling perfusion imaging (Luh et al., 1999). PICORE tagging involved 

slab selective inversion interleaved with no inversion in order to create tag and control 

images. Gradient-echo (GE) echo-planar imaging (EPI) was used to acquire all slices 

after application of the labeling pulse.

One multi-slice ASL scan and six single slice ASL scans were acquired in each study. 

The multi-slice scan consisted of six contiguous 8 mm slices acquired inferior to superior 

with an interslice delay time of 54 ms. The gap between the inversion band and first 

imaging slice was set at 20 mm to ensure minimal interaction of slice profiles (Fig. 2- 

1A). The time of the first saturation pulse (Tfi) was fixed at 800 ms, and the total 

inversion time (TL) for the first slice was 1500 ms. This value of TI2 was chosen as a 

result of previous experiments which indicated that TI2 = 1500 ms is optimal for this age 

range of volunteers (23-34 years) in order to maximize tissue signal and minimize 

intravascular signal. Other multi-slice Q2TIPS acquisition parameters included: FOV 22
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x 22 cm, 64 x 64 matrix, echo time (TE) 15 ms, repetition time (TR) 2500 ms, slice 

repetition time (TRsiiCe) 54 ms, 3:52 min scan time, 50 tag-control pairs, and bandwidth 

3004 Hz/pixel. The six slice locations in both the multi-slice and single slice acquisitions 

were exactly aligned. In the single slice data sets, slice thickness, TIi, FOV, matrix, TE, 

TR, scan time, number of tag-control pairs, and BW were the same as the multi-slice data 

set. The major differences between single slice and multi-slice acquisition parameters 

include the width of the gap between the inversion band and imaging slice, and TE of 

each slice. Basically, the location of each slice was static; however the position of the 10 

cm inversion band and the timing of image acquisition (TI2 ) were varied between studies.

In study 1, the placement of the inversion band was fixed with respect to the volunteer. 

Therefore, the gap between the inversion band and the first imaging slice was 20 mm, 

and this gap increased with increasing slice number (Fig. 2-1B). The distance between 

the inversion band and the imaging slices were: 20 mm, 28 mm, 36 mm, 44 mm, 52 mm 

and 60 mm for slices 1 through 6 respectively. The time of image acquisition (TI2) was 

fixed at 1500 ms for every slice, regardless of the distance between the inversion band 

and the slice. In study 2, the inversion band location was fixed and the distances between 

the inversion band and the imaging slices were the same as study 1 (Fig. 2-1B). As 

superior slices were imaged, TI2 increased in accordance with the slice repetition time of 

the multi-slice acquisitions (54 ms). Therefore, inversion times (TI2 ) in study 2 for slices 

1 through 6 were: 1500 ms, 1554 ms, 1608 ms, 1662 ms, 1716 ms, and 1770 ms 

respectively (i.e. exactly the same as they would be in a multi-slice acquisition). In study 

3, the inversion band placement varied so that its distance from the imaging slice was 

constant at 20 mm. As a result, TI2 was also kept constant at 1500 ms (Fig. 2-1C and D).
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Figure 2-1: Location of the tagging plane and imaging slices in studies 1,2, and 3

Location of the tagging plane with respect to the imaging slices for: (A) multi-slice study, 
(B) single slice studies 1 and 2, (C) and (D) single slice study 3. The multi-slice study 
consists of six 8 mm contiguous slices placed 2 cm from the tagging plane. TL increases 
incrementally per slice, with a slice repetition time of 54 ms. For studies 1 and 2 the 
placement of the tagging plane is fixed with respect to the volunteer. The difference 
between the two studies is that in study 1, TL = 1500 ms for every slice, whereas in study 2, 
TI2 increases by 54 ms with every increase in slice number (identical to the multi-slice 
study). In study 3, the tagging plane is adjusted so that it is always located 2 cm from the 
imaging slice. TI2 = 1500 ms for every slice in study 3.
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Several anatomical images were also acquired for each volunteer. An inversion recovery 

gradient-echo EPI image (TI = 200 ms, TE = 57 ms, TR = 5500 ms) was acquired at each 

ASL slice location in order to provide an image with adequate gray-white matter contrast 

for tissue segmentation. Two additional anatomical images were obtained in order to 

calculate R and M0Wm, necessary variables for the determination of Mob. A proton density 

weighted image was acquired (gradient-echo, flip angle =10°, TE =5 ms, TR = 1000 

ms), so that R, the ratio of proton density of blood in the sagittal sinus to that in white 

matter, could be determined. M owm, the T2 *-weighted equilibrium signal of white matter, 

was calculated from a single shot gradient-echo EPI sequence with TE =15 ms, TR 

= 20000 ms. These sequences were acquired with the same receiver gain settings as the 

perfusion images. Together, R and M 0Wm were used to determine M 0b, the T2 *-weighted 

equilibrium signal of blood,

M ob = RM owm exp[(l/T2wm * -1  /T2b*)TE] [2.1]

where T2Wm* is the T2 * of white matter and T2b* is the T?* of blood (Wong et al., 1998b). 

M0b is unique to each volunteer and is necessary for the calculation of cerebral blood 

flow. The total scan time per volunteer for one study, including the anatomical images, 

six single slice ASL scans, and one multi-slice ASL scan, was approximately 30 min.

2.2.2 Data Processing

Using the Q2TIPS pulse sequence we acquired a series of tag and control images that 

were motion corrected and pairwise subtracted to obtain individual ASL difference 

images. Using MRVision software (MRVision Co., Winchester, MA) each individual 

difference image was qualitatively assessed and removed if pairwise subtraction had not 

adequately deleted static tissue. The remaining individual difference images were added 

together and further processed in Madab (The MathWorks, Inc., Natick, MA) to create an 

overall signal difference image (AM image). Once AM is produced, cerebral blood flow 

(/) in mL blood / 100 mL tissue / min was calculated using (Wong et al., 1998b),

46

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



AM(TI2) = 2Mob fT Ixa exp(-772 / Tlb)q(Tlb,Tu ,Tex, f  ,A,TI 2) 

if Tlx < r  and TI2 > TI{ + At

[2 .2 ]

where q(t) is a correction factor accounting for the difference in Ti decay as tagged water 

spins move from blood to tissue. In our study q(t) is assumed to be unity (Luh et al.,

1999). At is the transit time of blood from the labeling plane to the imaging slice, and T is 

the time width of the tagged bolus. Tib is the longitudinal relaxation time of blood, 

assumed to be 1200 ms (Yang et al., 1998).

The inversion recovery anatomical images with good gray-white matter contrast were 

used for the segmentation of perfusion difference images into gray matter and white 

matter regions. Signal from whole slice, gray matter, and white matter was calculated for 

each slice in both the multi-slice and single slice scans. In studies 1 and 3, TI2 for each 

slice was constant at 1500 ms. Therefore, the amount of blood Ti decay is identical for 

all slices in these two single slice studies. However, in the single slice scans in study 2, 

as well as all multi-slice acquisitions, TI2 changes per slice. If not corrected for, SNR 

would decrease per slice in part because the Ti decay of blood increases per slice. In 

order to accurately compare all studies, we corrected for blood Ti decay prior to making 

the final SNR calculations.

SNR was calculated for whole slice, gray matter (GM), and white matter (WM) in all 

slices. In our report, SNR is calculated from the AM images and is defined as the signal 

in brain divided by the standard deviation of the background noise. For the multi-slice 

experiments, SNR values for all volunteers were averaged per slice, and compared to the 

average SNR values for all volunteers in the corresponding single slice experiment. In 

each study, the SNR in the first slice in both the single slice and multi-slice experiments 

was normalized to 1, as there are no methodological reasons for a difference in SNR in 

the first slice. For whole slice measurements, the actual difference in slice 1 between 

single slice and multi-slice experiments before normalization was 4.3% for study 1, 0.7%
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for study 2, and 16.6% for study 3. For gray matter, the difference was 3.3% for study 1, 

1.9% for study 2, and 12.2% for study 3.

Paired t-tests were performed for all experiments (multi-slice and single slice 

acquisitions) to determine if significant signal loss occurred in superior slices compared 

to the first slice. As well, paired t-tests were used to show if any differences in SNR 

existed between corresponding slices acquired by single slice and multi-slice methods 

within a study. P < 0.05 was considered a statistically significant difference.

2.3 Results

Qualitative assessment of AM images in all volunteers demonstrates signal loss in 

superior slices in multi-slice studies albeit to differing degrees in the 3 single slice studies 

(Figs. 2-2, 2-3, 2-4). It is not apparent in the initial evaluation of study 1, where the 

tagging plane was fixed in one position and TI2 for each slice was held constant at 1500 

ms, that any signal in superior slices is recovered (Fig. 2-2). In study 2, the tagging plane 

is fixed in position, identical to study 1, however TI2 is increased for slices further from 

the tagging plane. Imaging superior slices at a later time allows more blood to reach 

these slices and the perfusion signal increases, as seen in Fig. 2-3. AM images in study 3 

clearly indicate that signal in superior slices is higher when the tagging plane is moved 

adjacent to the single acquired slice than the corresponding slice in the multi-slice 

experiment (Fig. 2-4). Although perfusion signal increases in superior slices for both 

studies 2 and 3 with single slice acquisition, the increase in signal intensity appears to be 

greater in study 3.
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Figure 2-2: ASL single slice and multi-slice perfusion images in study 1 
Perfusion difference images normalized to M0b (AM / M0b) for the multi-slice and single 
slice (constant TI2 = 1500 ms) experiments in study 1 (one volunteer). There is an obvious 
drop in signal with increasing slice number with the multi-slice and single slice 
experiments.
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Figure 2-3: ASL single slice and multi-slice perfusion images in study 2 
Multi-slice and single slice (incremental TI2) perfusion images in study 2. There is an 
obvious drop in signal with increasing slice number in the multi-slice experiment. The 
images from single slice acquisitions appear to have greater perfusion signal.
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Figure 2-4: ASL single slice and multi-slice perfusion images in study 3 
Multi-slice and single slice (adjacent tagging plane and constant TI= 1500 ms) perfusion 
images in study 3. There is an obvious drop in signal with increasing slice number in the 
multi-slice experiment. There is a large increase in perfusion signal in the single slice 
images compared to the multi-slice images.
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All perfusion experiments yielded AM images with adequate signal to perform SNR and 

CBF measurements. Difference image SNR values at slice 1 for all single slice and 

multi-slice acquisitions were: 4.4 ± 0.4 (whole slice), 5.6 ± 0.7 (GM), and 1.8 ± 0.5 

(WM). The general pattern of gray matter SNR versus slice number for single slice and 

multi-slice experiments in each study is demonstrated in Fig. 2-5. SNR measurements 

from whole slice and white matter demonstrate nearly identical patterns (data not shown). 

Although the multi-slice acquisition results in all 3 studies would be expected to be 

identical, deviation occurred due to different volunteers per study and inexact placement 

of tagging regions and slice locations.

In study 1, with fixed TI2 of 1500 ms per slice, GM SNR decreases in more distal slices 

by an amount similar to the multi-slice study (Fig. 2-5A). For each slice, there is no 

significant difference in GM SNR between the single slice and multi-slice experiments in 

study 1. As well, there was no significant difference in whole slice and white matter 

SNR measurements.

In study 2, the tagging plane location was fixed, however TI2 was increased 

incrementally with more superior slices. In Fig. 2-5B, gray matter SNR remains 

relatively constant for all slices in the single slice experiments. Therefore, the additional 

delay (over study 1) in acquiring more distal slices increases the perfusion signal. GM 

results for study 2 show that there is a significant difference between SNR measurements 

of single slice and multi-slice acquisitions in slices 4, 5, and 6 (P =0.04, 0.05, and 0.006 

respectively). T-tests on whole slice measurements demonstrate a significant difference 

in slices 4, 5, and 6 in study 2; WM results indicate that slices 5 and 6 have significantly 

higher SNR in the single slice experiments compared to multi-slice experiments.
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Figure 2-5: Mean gray matter SNR ± SD in both single slice and multi-slice acquisitions

(A) study 1 (N = 8), (B) study 2 (N = 12), and (C) study 3 (N = 9). When the tagging plane 
location is fixed and TI2 is held constant at 1500 ms (study 1), single slice GM SNR 
decreases with slice number by an amount similar to multi-slice studies. SNR in the single 
slice experiments is not significantly different from the corresponding slice in multi-slice 
studies. In study 2, most of the signal lost in multi-slice acquisitions is recovered by 
acquiring multiple single slices. GM SNR in slices 3, 4, and 5 in single slice experiments 
are significantly higher than slices 3, 4, and 5 in multi-slice experiments, noted with * 
(paired t-test, P < 0.05). In study 3 the tagging plane is kept adjacent (2 cm) to the single 
slices and hence moves up the brain for superior slices. This results in marked increased 
GM SNR for single slice acquisitions (slices 2-5) than corresponding slices in the multi­
slice studies.
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The greatest increase of SNR in whole slice, GM, and WM measurements was found in 

study 3, when the tagging plane was kept immediately adjacent (2 cm separation) to the 

single slice. It is apparent in Fig. 2-5C that signal in the superior slices in the single slice 

experiments is much greater than in the multi-slice experiment (for the same slice), as 

well as exceeding the signal acquired in studies 1 and 2. Whole slice, GM and WM 

measurements for all slices are significantly different between multi-slice and single slice 

acquisitions. Paired t-tests were also performed to indicate whether SNR in slices 2 

through 6 differed from SNR in slice 1 for the single slice experiments. Figure 2-5C 

demonstrates an increase in gray matter SNR in slices 2 through 6 compared to slice 1 for 

study 3. This is most likely due to the fact that the tagging plane is moved up towards the 

brain. After comparison to MR angiographic images, it seems that this superior 

movement of the tagging plane leads to the arteries in the Circle of Willis being tagged. 

Therefore, it is possible that this greater degree of tagging leads to higher SNR in slices 

2- 6 .

CBF results for single slice and multi-slice experiments were plotted against slice 

number, similar to the SNR results. The graphs for whole slice, GM and WM for all 3 

studies were nearly identical to the SNR graphs (data not shown). White matter 

displayed the most dramatic drop in CBF in multi-slice experiments when moving from 

inferior to superior slices. Whereas the average drop in WM CBF between the first 3 

slices and the last 3 slices in the multi-slice experiments was 38%, it was 23% and 10% 

for whole slice CBF and GM CBF respectively. CBF was averaged across all 6 slices to 

obtain whole brain CBF results, shown in Table 2-1. For study 1, the single slice whole 

brain, GM, and WM CBF are not significantly different from the corresponding multi­

slice CBF values (P =0.53, 0.13, and 0.89 respectively). However, single slice CBF in 

study 2 is 18% (whole brain, P = 0.001), 16% (GM, P = 0.003) and 32% (WM, P = 0.003) 

larger than multi-slice CBF. In study 3, single slice CBF is 22% (whole brain, P 

= 0.0003), 13% (GM, P = 0.0004) and 32% (WM, P = 0.02) larger than multi-slice CBF.
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Table 2-1: Average CBF in single slice and multi-slice studies

Average CBF (mL/100 mL/min) over six slices calculated for whole brain, GM, and WM 
for multi-slice versus single slice PASL imaging in studies 1, 2, and 3 (paired t-tests with * 
denoting P < 0.05).

CBF (mL /1 0 0  mL / min)

Whole Brain Gray Matter White Matter

Multi-slice (N =  29) multi-slice 49 ± 5 70 ± 7 19 ± 4

STUDY 1 (N -  8) single slice 48 ± 17 63 ± 2 0 21 ± 1 2

STUDY 2 (N =  12) single slice 58 ± 14 * 81 ± 17 * 25 ± 13 *

STUDY 3 (N =9) single slice 60 ± 15 * 79 ± 17 * 25 ± 15 *

2.4 Discussion

Many PASL schemes have been extended to multi-slice acquisitions and implemented in 

patient studies. However, accurate cerebral blood flow quantification is difficult since 

there are differing blood transit times from the tagging plane to each imaging slice. 

Acquiring slices proximal to distal from the tagging plane means that additional Ti decay 

of blood will have occurred in distal slices and blood signal will be lower. This is 

qualitatively apparent in multi-slice image sets; however it can be corrected for prior to 

CBF quantification. The introduction of quantitative imaging of perfusion using a single 

subtraction (Q2TIPS) (Wong et al., 1998b) reduces the problem of various transit time 

delays. In Q2TIPS, a saturation pulse is applied to the tagging region at a time TIi in 

order to clip the tail end of the tagged bolus. Therefore, the time width of the bolus is 

known, and the sequence becomes transit time insensitive. Consequently, Q2TIPS 

appears to be an obvious choice for multi-slice imaging, and is the sequence used in the 

present report.

As mentioned in the introduction, a major difficulty in PASL multi-slice imaging is the 

destruction of blood magnetization destined for more distal slices by acquiring more
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proximal slices; this causes an underestimation of blood flow. It has been proposed that 

in order to overcome this problem, one can begin imaging with the superior slice (Yang 

et al., 1998). However, this is not amenable to Q2TIPS imaging because of the necessary 

timing parameters involved with this technique. These timing parameters also limit the 

number of slices that can be acquired. In order to quantify CBF in a single subtraction, 

the following equation must hold: TI2 > TIi + At, where TI2 is the time of image 

acquisition and At in the transit time from the tagging plane to the imaging slice. In other 

words, an image can only be acquired if the entire tagged bolus has been allowed to 

perfuse the slice and exit by outflow. This equation is unlikely to hold if imaging is 

carried out with superior to inferior slice acquisition, or if too many slices are acquired. 

For these two reasons we implemented an inferior to superior slice acquisition scheme 

while acquiring six slices. Another problem with imaging superior slices prior to inferior 

slices is the loss and decay of tagged blood signal. The inversion time in such an 

experiment would have to be long in order to let the tag reach superior slices before 

imaging occurs. Hence, the inversion time for inferior slices would have to be even 

longer, and the tag will likely have already passed through these slices prior to imaging. 

Even if some tag remains, the Ti decay is likely to be extensive.

The three studies carried out in this report help to demonstrate the extent to which the 

acquisition of inferior slices dampens the signal in superior slices. In particular, study 2 

is identical to a multi-slice acquisition in all ways except for the lack of acquisition of 

inferior slices. The tagging plane was applied at the same location regardless of slice 

position, and TI2 for each slice in the single slice acquisitions were identical to TI2 in the 

multi-slice acquisition. Results indicate that a large portion of the signal lost in multi­

slice acquisitions is due to this effect. When comparing the first three slices to the last 

three slices in the multi-slice acquisitions there is a 21% drop in whole slice SNR, 

however 14% of whole slice SNR is recovered using multiple single slice acquisitions 

with identical parameters to the multi-slice acquisition.
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The difference signal images acquired as single slices in study 3, when the tagging plane 

is adjacent to the imaging slice and TI2 is fixed at 1500 ms, show the average GM SNR 

of the last three slices is 10% higher than the first three slices. This indicates that placing 

the tagging plane close to the imaging slice prevents blood from taking circuitous routes, 

increasing the amount of tagged blood reaching the slice by TI2 . As well, superior 

movement of the tagging plane may cause tagging of additional blood vessels, also 

increasing the size of the tag reaching the slice by TI2 . By comparison of study 1 to study 

3 we are certain the recovery of signal in study 3 is not due to the shortening of TI2 for 

more superior slices. Study 1 indicates that the effect of shortening TI2 in all slices plays 

little role in the recovery of signal in more distal slices. TI2 was shortened to 1500 ms in 

study 3 so as not to miss the tagged bolus, since the distance between the tagging plane 

and the imaging slice was small (20 mm) and no extra time was required for the tag to 

enter the slice.

Mean CBF per slice, measured using multi-slice Q2TIPS with sequential slice 

acquisition, is lower in slices most distal to the tagging region. This is a drawback to 2D 

multi-slice ASL techniques, since GM and WM CBF should be similar in each slice 

throughout the brain. The results of this study show that mean CBF of multiple slices, 

acquired using a single slice technique with optimized parameters, may be more accurate 

than mean CBF of multi-slice acquisitions, since CBF values are consistent over many 

slices. However, it is difficult to validate specific CBF values since CBF in different 

studies is quantified using variable acquisition parameters such as resolution, scan time, 

and tagging methodology. A recent study compares ASL CBF measurements to the 

current gold standard H2150  PET, and concludes that ASL GM CBF values (64 ± 1 2  

mL/lOOmL/min) are not statistically different than PET GM CBF values (67 ± 13 

mL/lOOmL/min) (Ye et al., 2000). Within the ASL literature, GM CBF ranges from 50.9 

± 7.2 (Femandez-Seara et a l, 2005) to 64 ± 12 mL/lOOmL/min (Ye et al., 2000), with 

GM/WM CBF ratios from 1.6 (Ye et al., 2000) to 3.2 (Gunther et al., 2005). The multi­

slice and single slice (study 2 and 3) GM CBF values (70 ± 7 and 80 ± 17
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mL/lOOmL/min respectively) and GM/WM CBF ratios (3.7 and 3.2 respectively) in the 

present study are high considering ranges in current literature.

Recently, ASL has been implemented using single-shot 3D readout techniques to remove 

detrimental signal loss in 2D multi-slice schemes (Talagala et al., 2004, Gunther et al., 

2005, Femandez-Seara et al., 2005). PASL with 3D-GRASE readout schemes result in 

perfusion images with 2.8-fold higher mean GM SNR than 2D-EPI readouts (13.0 ± 3.5 

and 4.7 ±1 . 3  respectively) along with equal nominal resolution and acquisition time 

(Gunther et al., 2005). As well, CASL 3D-GRASE imaging at 3T has been implemented 

with greater brain coverage in areas of high susceptibility and comparable SNR to CASL 

2D-EPI (Femandez-Seara et al., 2005). Q2TIPS with 2D-EPI readout is a widely 

accepted sequence for perfusion quantification, however resultant multi-slice data sets 

have lower SNR and CBF in superior slices due to Ti decay and slice interference, a 

problem likely to occur with other PASL sequences using inferior to superior slice 

acquisition. This problem is amplified with increasing number of slices. Therefore, 

minimizing slice number to cover only the region of interest (e. g. just the coverage of 

stroke highlighted on diffusion weighted MRI), and placing the tagging region 

immediately adjacent to the slices of interest ought to be beneficial for maximizing the 

signal-to-noise of ASL perfusion images of the brain.
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CHAPTER 3: Pulsed Arterial Spin Labeling Parameter 
Optimization for an Elderly Population

A version o f this chapter has been accepted for publication 

Alison Campbell, Christian Beaulieu (2005) JMRI (In Press)
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3.1 Introduction

Several imaging techniques such as PET, SPECT, and dynamic susceptibility contrast 

enhanced MRI are capable of measuring cerebral perfusion. Arterial spin labeling (ASL) 

uses blood water as an endogenous tracer and has an advantage over other perfusion 

techniques because it is completely noninvasive. The added advantage over MRI bolus 

tracking is that ASL permits the absolute quantification of cerebral blood flow (CBF) 

without knowledge of the arterial input function. Without the need for radioisotopes or 

injection of contrast agents, ASL cannot cause any dangerous allergic reactions, is much 

cheaper to implement, and repetitive measurements are possible.

Since the introduction of ASL in the early 1990’s (Detre et al., 1992, Williams et al., 

1992), there has been a large diversity of schemes proposed for the two broad categories 

of continuous ASL (CASL) and pulsed ASL (PASL) (Calamante et al., 1999). Typically, 

arterial spins are inverted (labeled) in an artery upstream from the imaging region of 

interest, and as labeled blood flows into the imaging area there is an exchange of water 

between the microvasculature and static tissue through the blood brain barrier. The 

magnetization state of the tissue changes by an amount determined by blood flow and Ti 

relaxation. Two images are acquired, one with spin inversion and one without, and the 

subtraction of these two images results in a perfusion-weighted image. ASL methods 

have proven to be accurate for the measurement of CBF in healthy adults (Ye et al.,

2000), and have demonstrated perfusion alterations in a variety of disease states, such as 

stroke (Siewert et al., 1997, Detre et al., 1998, Chalela et al., 2000, Hunsche et al., 2002), 

epilepsy (Detre & Alsop, 1999, Wolf et al., 2001, Liu et al., 2001), and Alzheimer’s 

disease (Alsop et a l, 2000). Stroke and Alzheimer’s disease are more prevalent in the 

elderly and it is unclear whether ASL parameters optimized for a younger adult 

population, as in most studies, are optimal for measuring perfusion in the elderly.
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Numerous studies have been carried out using SPECT and PET to evaluate the change of 

CBF with age in the elderly. Generally, it is accepted that gray matter flow values in the 

frontal, temporal, and parietal areas (limbic association regions) decrease with age 

although there is discrepancy as to the rate of change (Shaw et a l, 1984, Martin et a l, 

1991, Waldemar et a l, 1991, Van Laere et a l, 2001). Even more controversial is 

whether or not global CBF has an age-related decline, with most studies rejecting the idea 

of a global decline with age (Waldemar et a l, 1991, Krausz et a l, 1998, Nobler et a l, 

1999). Also of interest are the changes in white matter CBF with age, which has been 

found to stay relatively constant (Pantano et a l, 1984, Marchal et a l, 1992). Using the 

same set of acquisition parameters for all age groups, a continuous ASL study in healthy 

volunteers as a function of age (20-67 years) has demonstrated a 0.45% per year 

reduction in gray matter perfusion (Parkes et a l, 2004). However, changes in blood flow 

and transit time could mean that an alternate set of ASL parameters is required to yield 

optimal perfusion-weighted images in the elderly. The purpose of the present study is to 

compare the quality (i.e. maximize difference signal in brain, minimizing intravascular 

signal) of perfusion images obtained with variable delay times for pulsed ASL in both 

healthy young and older adults.

3.2 Materials and Methods

3.2.1 MR Scanning

Twenty-six healthy volunteers (14 male, 12 female, age range 21-67 years) gave written 

and informed consent and were scanned using pulsed ASL. Subjects were divided into 

two categories based on age: young (N = 14, 21-27 years, 7 male, 7 female, mean age 

= 23 ± 2 years), and elderly (N = 12, 61-67 years, 7 male, 5 female, mean age = 63 ± 2 

years). Each person was considered healthy and free of psychiatric and neurologic 

disorders, diabetes, cardiovascular disease, and psychotropic medications. A 

questionnaire based on the Framingham Study was used on elderly volunteers to assess 

for risk of stroke within ten years (Elias et a l, 2004). Probability of stroke within ten
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years was low in all volunteers. The only risk factor was moderately high systolic blood 

pressure in two elderly subjects. Perfusion scans were performed on a 1.5 Tesla Sonata 

scanner (Siemens Medical Systems, Erlangen, Germany) equipped with gradient coils 

producing a maximum amplitude of 40 mT/m and a maximum slew rate of 200 T/m/s. 

The Q2TIPS pulse sequence (Siemens, Works in Progress) with PICORE tagging was 

applied for perfusion imaging in all volunteers (Wong et al., 1998b, Luh et al., 1999). 

Consequently, slab selective inversion was interleaved with no inversion to obtain tag 

and control images. A gradient-echo echo-planar imaging (EPI) sequence was used to 

acquire 6 oblique slices, inferior to superior, with an interslice delay time of 54 ms. Other 

imaging parameters were: FOV 22 x 22 cm, 64 x 64 matrix, 8 mm thick contiguous 

slices, echo time (TE) 15 ms, repetition time (TR) 2500 ms, 3:52 min scan time, and 

bandwidth 3004 Hz/pixel. The time of the saturation pulse (TIi) was kept constant at 800 

ms. Using a TIi of 800 ms and a 10 cm tagging region, the tail end of the tagged bolus 

was clipped while maximal signal was achieved (Wong et al., 1998a, Wang et al., 2002, 

Wang et al., 2003). The delay time (to) between saturation and excitation was varied (co 

= 100, 400, 700, 1000, 1300 ms) in all volunteers to yield perfusion maps acquired with 

total inversion times (TE) of 900, 1200, 1500, 1800, and 2100 ms. Pairwise subtraction 

of tag and control images yielded 45 difference images.

For anatomical comparison an inversion recovery gradient-echo EPI image with TI = 200 

ms, TE =57 ms, TR =5500 ms was acquired to provide good gray-white matter contrast 

in the slices identical to the perfusion imaging slices. Also, a proton-density weighted 

image (gradient-echo, flip angle =10°, TE =5 ms, TR =1000 ms) was obtained to 

measure the value R, the ratio of the signal intensity of white matter to the signal 

intensity of blood in the sagittal sinus. A single shot gradient-echo EPI image was 

acquired with TE =15 ms and TR = 20000 ms so that measurements could be made to 

determine the T2 *-weighted equilibrium signal of white matter (M 0Wm)- These sequences 

were acquired with the same receiver gain settings as the perfusion images. In the end, 

the ratio R and M 0Wm were used to calculate M 0b, such that (Wong et al., 1998b),
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M ob = RM owm exp[(l/T2Km * - l /T 2b*)TE] [3.1]

where T2Wm* is the T?* of white matter and T2b* is the T2 * of blood. M 0b, the T2 *- 

weighted equilibrium signal of blood, is important in the calculation of cerebral blood 

flow and is unique to each volunteer. Ti maps were used for the segmentation of gray 

matter and white matter for blood flow calculations. These were produced using another 

inversion recovery EPI sequence with varying inversion times, TI = 400, 600, 800, 1000, 

and 1200 ms.

3.2.2 Data Processing

From the perfusion image series, individual difference images (control - tag) were 

examined and removed prior to averaging if motion was suspected. Difference images 

were added together to make a sum image off-line using MRVision (Winchester, MA). 

Additional processing and calculation of AM and CBF images was performed off-line 

using Matlab (The MathWorks, Inc., Natick, MA). The pulsed ASL difference signal is 

given by the following equations (Wong et al., 1998b),

AM(TI2) = 2M obfT Ixa  exp(-772 / Tlb )q(Tlb, Tlt ,Tex, f , A,TI2) [3.2]

if TI, < t  and TI2 > TI, + At

w h ere /is  the cerebral blood flow in s '1, AM is the difference signal between tag and 

control images, and Tib is the longitudinal relaxation time of blood. At is the transit time 

of blood from the labeling plane to the imaging slice, and x is the time width of the 

tagged bolus. q(t) is a correction factor taking into account the time of exchange of water 

from blood into tissue, the different relaxation rates of blood and tissue, and the clearance 

of tag by outflow. For our study q(t) was assumed to be unity (Luh et al., 1999), and Tib 

was assumed to be 1200 ms (Yang et al., 1998, Wang et al., 2003). In practice, q(t) is 

close to 1 (typically 0.85-1.0) and plays little role in the overall quantitative value of 

CBF. Tib is typically between 1200-1400 ms and is a spatially invariant constant.
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CBF was calculated using Eq. 3.2 when TI2 = 1500 and 1800 ms. As long as one time 

point (TI2) was obtained when © < At, Eq. 3.3 could be used to calculate transit time to 

each of the slices (Wang et al., 2003).

AM(TI2) = -2 M obfe x p ( -T I2/T lb)x [m in (A t-6 ) ,0 )-(A t-T I2)] [3.3]

Since the Ti maps were acquired with the same resolution, FOV, and bandwidth (i.e. 

distortions) as the perfusion images, these Ti maps were used to segment whole slices 

into gray matter and white matter, such that white matter consisted of pixels where 

Ti= 600-800 ms, and gray matter where Ti was 800-1200 ms. Ti thresholds were the 

same in both the elderly and younger groups. Similar Ti values between young and 

elderly were confirmed prior to segmentation with production of a Ti histogram.

As stated above, tissue was first segmented into gray and white matter prior to any 

measurements. The signal difference (AM) was calculated per tissue type per slice and 

averaged across all 6 slices in each individual, taking into account the Ti decay of blood 

for each slice. Before averaging, AM measurements were normalized to Mob for accurate 

intersubject comparisons. Intravascular signal was avoided while taking AM 

measurements of the brain tissue. Next, CBF was calculated using Eq. 3.2 for each tissue 

type in each individual (e.g. gray matter for the entire brain). Transit time was 

determined in each individual in the second slice only, keeping to the limitations for 

transit time calculations (© < At). AM, CBF, At, and R were compared between the 

younger group and older group using two-tailed unpaired t-tests, and averages and 

standard deviations are reported for each group. P < 0.05 was considered to be 

significant. Images at each value of TI2 were examined per individual and across age 

groups. The time and occurrence of intravascular and tissue signal at each TI2 was noted, 

and general qualitative observations were made for each age group.
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3.3 Results

3.3.1 ASL Difference Signal

All tissue difference signal (AM) in the perfusion-weighted images of each individual 

was seen to decrease with increasing slice position (inferior to superior), and was most 

often higher in each young individual than in each older individual. Overall, the average 

gray matter difference signal normalized to M 0b (AM /  M0b) is higher for the younger 

group at all time points, and shows a significant difference at TL = 1200 ms and 1500 ms 

(P = 0.02 and 0.05 respectively). The results of the normalized gray matter difference 

signal versus inversion time (TI2) are shown in Fig. 3-1. The white matter AM /  M 0b is 

similar between the young and old at all values of TI2 , showing no statistically significant 

difference between the two groups (P =0.29 and 0.36 at TI2 = 1200 ms and 1500 ms, 

respectively). The value of white matter AM / M 0b increases when TI2 = 900 ms and 1200 

ms followed by a decrease at longer TI2, similar to the trend in gray matter (Fig. 3-1).
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Figure 3-1: Average GM difference signal normalized to M 0b (AM /  M 0b)

The AM / Mob from the younger group is generally larger and tends to peak at shorter TI2 

times (* P < 0.05). The error bars represent the standard deviations.
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At shorter inversion times such as TI2 = 900 ms, images from the older population show 

mostly vascular signal with little tissue signal whereas the younger group has significant 

signal from tissue but still has regions of high intensity due to intravascular protons. The 

maximum GM signal occurs at TI2 -1500 ms in the elderly, and at TI2 -1300 ms in the 

young. Less intravascular signal is observed as TI2 is increased in both groups; however, 

the younger group has lost most intravascular signal at TI2 = 1500 ms, whereas the elderly 

group has persistent intravascular signal. It is not until TI2 = 1800 ms that we see a 

complete loss of intravascular signal in the elderly (Fig. 3-2). The signal difference 

between the two age groups can be seen qualitatively in Fig. 3-3 for TI2 values of 1500 

ms and 1800 ms.

1 2 0 0  ms 1 5 0 0  ms 1 8 0 0  ms

Elderly 
Volunteer v

Young 
Volunteer

Figure 3-2; Perfusion-weighted difference images at different values of TI2

The elderly volunteer has mostly intravascular signal at a TI2 of 900 ms, and still retains 
some intravascular signal at TI2 = 1500 ms. The young volunteer shows some tissue signal 
at a TI2 of 900 ms and most intravascular signal has disappeared by TI2 = 1500 ms. These 
images clearly display that the tagged blood takes longer to enter the tissue in the elderly. 
As a result, intravascular signal remains at longer values of TI2 in the elderly compared to 
the younger group.
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Figure 3-3: Multi-slice perfusion-weighted difference images

For the elderly volunteer, most slices at TI2 = 1500 ms show bright spots representing 
intravascular signal, whereas at TI2 = 1800 ms the intravascular signal gives way to more 
dispersed tissue signal. The young volunteer has high signal at TI2 = 1500 ms, with less 
intravascular signal. Therefore using a TI2 of 1800 ms causes a loss of tissue signal 
without reduction of intravascular artifacts, and is not beneficial in the younger adult 
population. This observation is in contrast to the elderly group in which the absolute tissue 
difference signal is similar for the two TI2 times of 1500 ms and 1800 ms. Note that each 
image is normalized to M0b and all images are globally scaled.

3.3.2 Transit Time

It was possible to calculate the transit time in each individual since perfusion-weighted 

images were acquired at different values of TI2 . The transit time of blood to gray matter 

tissue was calculated for the second slice in each individual (Table 3-1). The 

approximate transit times for the young and elderly were significantly different (P = 0.03) 

and were 522 ± 136 ms and 629 ± 95 ms, respectively, in the cortical gray matter. There 

is also a statistically significant difference in whole brain transit times between the two 

age groups (P =0.03), however white matter transit times were similar between the
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young and old (P = 0.50). These gray matter results are consistent with previous studies 

measuring transit time: 416 ± 51 ms (Wang et al., 2003), 730 ± 40 ms (Yang et al., 

1998), 514 and 906 ms (visual and motor cortices) (Gonzalez-At et al., 2000), 680 ± 40 

ms (Yang et al., 2000), and 680 ± 50 ms (Yongbi et al., 2002).

Table 3-1: Gray matter CBF in the young and elderly

Quantitative perfusion values (mL/lOOmL/min) in cortical gray matter for both the young 
and elderly age groups.

Subjects
Age CBF (mL /1 0 0  mL /  min) Transit Time

R-value(years)
TI2=  1500ms TI2=  1800ms

(ms)

Young
( N —14)

23 ± 2 67 ± 15 68 ± 12 522 ± 136 1.11 ±0.05

Elderly
( N = 1 2 )

63 ± 2 57 ± 12 63 ±15 629 ± 95 1.08 ± 0 .06

Unpaired t-test, P 0.08 0.38 0.03 0.16

3.3.3 Cerebral Blood Flow

The average gray matter cerebral blood flow calculated at a TI2 of 1500 and 1800 ms for 

both the young and elderly can be found in Table 3-1. There was no significant 

difference in cerebral blood flow between the young and the elderly (P = 0.08 and 0.38 

for TI2 = 1500 and 1800 ms, respectively). For the younger group, gray matter CBF is 

nearly identical regardless of the value of TI2. However for the older group, there is a 

significant increase in gray matter CBF when TI2 increases from 1500 to 1800 ms (P 

= 0.05). The same pattern holds true for whole brain CBF in the elderly with a significant 

increase in CBF (P = 0.02) while increasing TI2 to 1800 ms. Also shown in Table 3-1 are 

the calculated values of R, which agree well with literature (Wong et al., 1998b).
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3.4 Discussion

An ideal pulsed ASL inversion time is one in which tissue signal remains high yet the 

inversion time is long enough so that intravascular signal is minimal. By varying the 

inversion time in our experiments it was noticeable that the difference signal was very 

dependent on the chosen TI2 , with increasing difference signal at lower values of TI2 until 

delivery of the entire tag was complete (trailing time) and signal began to drop off. The 

younger group signal peaks at about TI2 = 1300 ms, however vascular signal still exists at 

this point. An improved TI2 is one at 1500 ms where most intravascular signal has 

disappeared, and there is a loss in tissue signal of only 3%. In the older group the 

maximum signal occurs when TI2 = 1500 ms, but the loss of intravascular signal occurs at 

TI2 = 1800 ms, which also results in a 12% loss in tissue signal. Attempting to use the 

same inversion time in both the young and elderly groups is not ideal since the use of a 

TI2 of 1800 ms in the younger group would result in a 22% loss in tissue signal compared 

to the maximum signal achieved at shorter TI2 values. In gray matter, the higher tissue 

signal in the young shows that more tagged blood enters each slice no matter what 

inversion time is selected. Our findings of similar white matter signal between young 

and old adults follows the common belief that white matter CBF does not change with 

age (Davis et al., 1983, Pantano et al., 1984).

The transit time (At) results indicate that a 100 ms difference exists between the young 

and the elderly in the tagging of the blood to the first arrival of tagged blood in the 

second imaging slice (i.e. first arrival of vascular signal). This suggests that the 

difference in trailing time between young and old (difference in peak AM / M0b signal) is 

possibly due to a longer transit time from the tagging region into the imaging slice. 

Parkes et al. noted that a change in capillary permeability as well as slower flow in the 

larger arterial vessels may be factors in causing the elderly to appear to have lower 

perfusion (Parkes et al., 2004). These factors may increase the transport time of the 

entire bolus to the slices of interest in the elderly (i.e. increase in trailing time).
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Recent ASL MRI studies measuring cerebral perfusion note a decrease in perfusion with 

age (Wang et al., 2003, Parkes et al., 2004). Wang et al. have shown that a decrease in 

CBF occurs in the entire brain as we age from children to young adults (Wang et al., 

2003). This study was also conducted with varying inversion times. They observed 

increases in CBF of 30% in children, however these results did not coincide with any 

changes in transit time. Parkes et al. showed a decrease in gray matter perfusion with age 

at a rate of 0.45% per year (Parkes et al., 2004), which is slightly lower than other 

reported rates (Pantano et al., 1984, Leenders et al., 1990, Martin et al., 1991). Our study 

concentrated only on a global change in CBF and does not report any focal 

measurements. There is no significant difference in CBF values when comparing the 

young group to the older group at each TI2. However, the goal of our study was neither 

to quantify CBF nor to identify how CBF changes with age. Without a gold standard for 

quantifying CBF it is not possible to tell which one of our CBF values is correct, but it is 

important to note that all our reported CBF values fall within a reasonably tight range of 

57-68 mL/lOOmL/min.

The purpose of our study was to determine parameters for yielding optimal perfusion- 

weighted images for scanning an elderly population using the Q2TIPS ASL sequence. 

We have determined that if we set TIi = 800 ms that the optimal TI2 is 1500 ms for the 

young, and 1800 ms for the elderly. However, these results pertain only to our sequence 

and TIi value and may not be exactly the same for other ASL sequences. Overall, the 

results of our experiments show that when comparing different age groups it is not 

necessarily best to use identical acquisition parameters. Differences in the transit time 

from the tagging region to the imaging slice may play an important role in the amount of 

difference signal between tagged and untagged images.

In conclusion, inversion timings in arterial spin labeling must be optimized to receive 

maximum perfusion-weighted tissue signal without deleterious intravascular signal, and 

these timings may differ between younger and older subjects. Therefore, ASL protocol 

optimization of the inversion timings should be considered for perfusion studies on 

diseases that primarily affect the elderly, such as Stroke and Alzheimer’s disease.
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CHAPTER 4: Discussion
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In the following chapter I will briefly summarize the results of Chapter 2 and 3, introduce 

theory on high field ASL imaging and show preliminary results at 3T, assess the 

feasibility of applying ASL to stroke, and end with suggestions for future ASL research 

at our site and current state-of-the-art techniques.

4.1 Multi-slice and Single Slice PASL for CBF Measurement

From the time when pulsed ASL was introduced as a single slice technique for the 

assessment of CBF, technical advances have permitted multi-slice imaging with reduced 

sensitivity to transit time effects. Specifically, Q2TIPS implementation has allowed the 

accurate and efficient quantification of perfusion in multiple slices. Our preliminary 

work with perfusion quantification showed that CBF values were lower in slices distal to 

the tagging region, outlining a methodological problem with the acquisition of multiple 

slices, as there is no physiological basis for decreased perfusion in superior regions of the 

brain.

The purpose of our study was to determine the reason for the ASL signal loss in superior 

slices acquired with Q2TIPS that could not be accounted for by blood Ti decay. Results 

of the study showed that the signal loss was most likely due to slice interactions, the 

destruction of blood magnetization destined for more distal slices through the acquisition 

of proximal slices. The results also highlighted the importance of tagging plane location 

for maximizing the ASL signal.

Overall, we demonstrate a limitation of 2D-EPI acquisition in ASL when a high number 

of slices are desired. Emerging techniques using 3D readouts, specifically 3D-GRASE, 

3D-FSE-spiral and parallel imaging, are promising especially for ASL imaging at high 

field and for extended brain coverage (Talagala et al., 2004, Gunther et al., 2005, 

Femandez-Seara et al., 2005).
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4.2 PASL Parameter Optimization for the Elderly

CBF studies conducted using PET, SPECT, and MRI indicate that regional (cortical) 

blood flow decreases with age (Martin et al., 1991, Waldemar et al., 1991, Van Laere et 

al., 2001, Parkes et a l, 2004). It has also been stated that blood velocity in large arterial 

vessels decreases, possibly due to atherosclerosis, implying that the transit time of blood 

to brain tissue is higher in the elderly (Scheel et al., 2000, Bakker et al., 2004). Optimal 

ASL sequence parameters, such as the inversion time, are highly dependent on transit 

time, and it is unclear whether ASL parameters optimized for a younger population, as in 

most studies, also apply to an elderly population. We hypothesized that sequence 

parameters would need to be altered for the elderly in order to obtain accurate 

quantitative results.

Our results show that inversion timings used in PASL imaging should be optimized for 

the elderly. Due to the increase in transit time with age, a longer inversion time may be 

necessary to maximize brain tissue signal and minimize intravascular signal. Because 

stroke is more prevalent in the elderly, optimization of TI should be considered for ASL 

perfusion studies of stroke.

An example of exceptionally long arterial transit times was observed in a 91-year-old 

patient recruited into one of our stroke studies. The patient’s blood pressure was 

controlled and the carotid arteries were not significantly diseased. Diffusion images and 

bolus tracking time-to-peak maps were used to show the area of stroke. ASL perfusion 

images obtained with TL = 1500 ms show a significant amount of intravascular signal 

with very little tissue signal, even in areas not affected by the stroke (Fig. 4-1). This is a 

case example of a patient who appears to have even longer transit times than the healthy 

elderly volunteers (~ 63-years-old) imaged in our study, and may be an indication of how 

ASL images may appear in very old subjects. An increase in TL is definitely required, 

but it is unknown whether an optimized ASL sequence would be able to show more 

perfusion-weighted signal in this individual, given the limits set by Ti relaxation.
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Figure 4-1: ASL images of a 91-year-old stroke patient (time from onset = 20 hours)

The apparent diffusion coefficient (ADC) maps show the region of the stroke (dark area in 
right posterior brain region). The bright regions on the bolus tracking time-to-peak (TTP) 
maps represent areas where perfusion is delayed. Arterial spin labeling (ASL) images 
clearly display reduced perfusion in the area of the stroke. However, tissue perfusion is 
also reduced in the entire brain, shown by the lack of tissue signal and the presence of focal 
intravascular signal in the ASL images.

4.2.1 Future Directions

We are currently studying a group of teenagers and young adults (N = 51, age range 12- 

21 years), using PICORE-Q2TIPS with TI2 = 900, 1200, 1500, and 1800 ms. We plan to 

compare AM SNR, CBF, and transit time found in teenagers with the results of our young 

adult population from the previous aging study (N = 14, age range 21-27 years). We 

propose to (a) determine the variation in AM SNR, CBF, and transit time with brain 

development between 12 and 27 years of age, and (b) offer protocol improvements for 

ASL perfusion studies in teenagers.

CBF measurement is gaining importance in the diagnosis of several pathologies in 

childhood and adolescence, such as epilepsy, moyamoya disease, stroke, and metabolic
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abnormalities (Liu et al., 2001, Arroyo & Tamer, 2002, Heiniger et al., 2002, Khanna et 

al., 2004). ASL is a promising technique for perfusion assessment in these cases because 

of its noninvasive nature and unlimited repeatability. Concerning normal brain 

development, Wang et al. compared healthy children (N = 7) to young adults (N = 5) and 

demonstrated a linear decline in global CBF with age, although they did not find a 

significant difference in transit time between the two groups (Wang et al., 2003). It is 

well known that CBF in children is significantly higher than in young adults. It will be 

interesting to determine how much of this decline occurs during the teenage years.

4.3 High Field ASL Imaging

4.3.1 SNR Increase with Main Magnetic Field Strength

At the present time, ASL measurement of cerebral blood flow for clinical purposes is 

somewhat limited by poor spatial resolution, inadequate brain coverage, and long scan 

times. The raw ASL perfusion signal is less than 1% of the static tissue signal, therefore 

it is necessary to average many tag-control pairs to increase SNR (SNR is proportional to 

the square root of the number of averages). High field ASL is appealing, since SNR and 

contrast-to-noise ratio (CNR) in MR images increase direcdy with main magnetic field 

strength (B0). In addition to the intrinsic SNR increase, ASL has an added labeling 

advantage due to the approximate cubed root increase in Ti relaxation time with field 

strength (Wang et al., 2002). As the longitudinal relaxation time of blood (Tib) increases 

with field strength, the lifetime of the ASL tag is extended, and ASL sequences with 

longer inversion times can be implemented. At 1.5T, where Tib ~ 1200-1500 ms (Ye et 

al., 1997, Luh et al., 1999, Parkes et al., 2004), most ASL sequences use an inversion 

time of approximately 1200-1600 ms (Wong et al., 1997, Gunther et al., 2005). At high 

field it may be possible to increase TI substantially; Tib has been measured at 1490 ms 

(Wansapura et al., 1995) and 1664 ms (Lu et al., 2004) at 3T, and 1620 ms at 4T (Kim et 

a l, 1994). This is particularly important for ASL assessment of cerebrovascular disease,
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which often requires long inversion times in order to detect perfusion in regions with long 

transit delays.

A disadvantage of high field ASL imaging is the linear increase in strength of 

susceptibility gradients with Bo, resulting in T2* reduction and signal loss and distortion 

in areas with high static field inhomogeneities. The spatial resolution of single-shot EPI 

images is limited by T2 *, therefore an alternate pulse sequence may be better suited for 

ASL imaging at high field to capitalize on sensitivity gains. The gradient- and spin-echo 

(GRASE) imaging sequence (Oshio & Feinberg, 1991) is able to maintain signal 

amplitude in long echo trains. Images from GRASE readout schemes tend to have fewer 

distortions and higher SNR compared to EPI techniques (Gunther et al., 2005). If EPI is 

used, minimizing TE to reduce echo train length is beneficial (Fernandez-Seara et al., 

2005).

In a study by Wang et al. AM SNR and CBF values measured using FAIR-QUIPSS at 

1.5T were compared to measurements at 4T (Wang et al., 2002). Results demonstrated 

that high field ASL is feasible and beneficial, with AM SNR increasing by a factor of 2.3 

and 1.9 in GM and WM, respectively, as well as a 2.8-fold increase in contrast-to-noise 

ratio (CNR) between gray and white matter at 4T. 4T images show improved delineation 

of cortical and subcortical gray matter structures, including the caudate, putamen, and 

thalamus. Another study performing PASL imaging at high field compared FAIR AM 

SNR and CBF values at 1.5T and 3T (Yongbi et al., 2002). GM and WM perfusion SNR 

values at 3T were 23.7 ± 9.3 and 6.8 ± 2.3, respectively, compared to 8.3 ± 2.2 and 2.7 ± 

1.5 at 1.5T. Overall, the authors were able to demonstrate significant SNR gains and 

consistent CBF measurements at 3T, producing high quality images with excellent 

suppression of background signal. State-of-the-art 7T ASL imaging is demonstrated in a 

recent paper discussing methodological improvements for ASL (Duyn et al., 2005).
  o

FAIR images acquired in only 5 min with 1.5 x 1.5 x2 .0  mm resolution show excellent 

delineation of cortical gray matter structures and SNR between 20 and 40.
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4.3.2 ASL Pulse Sequence Development at 3T

Using the SMIS programming language we were able to write a flow sensitive sequence 

at 3T. A global inversion pulse is applied prior to the 90° slice-selective pulse in a 

single-shot GE-EPI sequence, creating a tagged bolus similar to the FAIR tagging 

scheme (Kim, 1995). The control image is generated with a slice-selective inversion 

pulse, and interleaved with the tagging pulse throughout the ASL sequence. An alternate 

sequence was also written that uses FAIR labeling and a QUIPSS-like extension, with an 

optional 90° saturation pulse between the labeling and imaging pulses (Wang et al., 

2002).

Postprocessing of the MRI signal was performed off-line using programs written in 

Matlab (The MathWorks, Inc., Natick, MA). These programs were also used to subtract 

tag-control pairs, add individual difference images, and output ASL signal maps and CBF 

images. Preliminary results show a good quality multi-slice data set from a normal 

volunteer (Fig. 4-2). The benefits of 3T ASL are readily apparent; good quality images 

with adequate SNR are produced by averaging only 10 tag-control pairs acquired in 1:33 

min (Fig. 4-3), compared to 50 averages in 3:52 min at 1.5T (see Fig. 1-11 for 

comparison).

Figure 4-2: FAIR difference images at 3T

FAIR difference images from a normal volunteer scanned at 3T. The multi-slice data set is 
the sum of 10 averages acquired in 1:33 min, with TI =1200 ms, and an inversion slab 
thickness 30 mm wider than the imaging slab.
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Figure 4-3: Summation of 10 ASL difference images at 3T

The sum of individual FAIR difference images at 3T demonstrates the significant increase 
in perfusion-weighted signal attained at high field. An ASL perfusion image with adequate 
SNR can be generated from only 10 averages in 1:33 min.

Overall, high field ASL is appealing because it provides not only an increase in the 

inherent SNR which is proportional to main magnetic field strength, but also an 

advantage in terms of labeling due to the increased longitudinal relaxation time of blood 

(Tib). Consequently, ASL perfusion imaging at high field can produce better quality 

images with increased SNR and resolution and/or decreased scans times as compared to 

1.5T ASL. As well, an increase in the lifetime of the tag implies that longer inversion 

times may be possible at high field, which is particularly important in the study of 

cerebrovascular disease where long transit delays often exist in areas supplied by 

collateral flow. Our preliminary results at 3T clearly demonstrate the significant increase 

in perfusion signal attained at higher field, reflected in the relatively short scan times 

required to generate perfusion images with sufficient SNR. Although these results are
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promising, echo-planar imaging on the 3T scanner was limited by hardware factors such 

as lower gradient strength and slew rates, as well as inadequate shimming techniques. 

Most importantly, however, was that we ultimately wanted to apply ASL to stroke, and 

the 3T scanner was not accessible to patients. Therefore, upon completion of the new 

NMR Research Facility in the emergency wing, we decided to concentrate our efforts on 

ASL development at 1.5T.

4.4 Imaging Evaluation of Stroke

4.4.1 Evaluation and Treatment of Acute Stroke

Stroke is the third leading cause of death and primary cause of adult disability in North 

America. Stroke occurs when blood flow to part of the brain is suddenly interrupted, and 

is classified by its cause into two groups: an ischemic stroke (thrombotic or embolic) 

occurs when a blood vessel becomes occluded, and a hemorrhagic stroke occurs when a 

blood vessel bursts (-20% of stroke cases) (Mohr et al., 1978). Ischemia reduces the 

delivery rate of metabolic substrates, causing neuronal ATP deficiency, cytotoxic edema, 

and eventual cell death (necrotic and apoptotic) (Macdonald & Stoodley, 1998).

The only approved drug for the treatment of acute ischemic stroke, recombinant tissue 

plasminogen activator (rt-PA), must be given within three hours of stroke onset. 

Therefore, patients who present with stroke symptoms, for example confusion, aphasia, 

numbness or weakness, require rapid evaluation. This treatment is potentially dangerous 

and often contraindicated, as it cannot be given in cases of brain hemorrhage and should 

not be given to patients without potentially salvageable tissue. At most institutions, 

including ours, the primary imaging modality used to assess stroke location, type, and 

severity is x-ray computed tomography (CT). Although CT is highly sensitive to 

hemorrhagic stroke, it is not an optimal technique for stroke imaging as it cannot 

differentiate ischemic from infarcted tissue at early time points after stroke onset.
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4.4.2 Diffusion- and Perfusion-Weighted MRI

The two emerging imaging techniques for assessment of acute stroke are diffusion- and 

perfusion-weighted magnetic resonance imaging. In combination with MR angiography, 

these methods may allow identification of the location, extent, mechanism, and tissue 

viability of the stroke lesion within the critical first 6 to 12 hours after onset when the 

greatest therapeutic opportunity exists. Diffusion-weighted MR imaging (DWI) is a 

technique that permits the measurement of the mobility of water in tissue, therefore 

providing the earliest known imaging marker of cellular injury in developing ischemic 

lesions (Baird & Warach, 1998). The degree of water mobility (i.e. diffusion) is 

quantified as the apparent diffusion coefficient (ADC), such that restricted diffusion is 

reflected in a low ADC value. In ischemic tissue, decreased blood flow causes energy 

deficits that result in intracellular ion accumulation, cytotoxic edema and a reduction in 

extracellular space, which restricts diffusion and leads to signal reduction on ADC maps 

(Baird & Warach, 1998).

In acute stroke, the presence of mismatch between DWI and PWI lesion volumes may be 

used to identify abnormally perfused tissue that is at risk for infarction but is salvageable 

with reperfusion, that is, the ischemic penumbra (Fig. 4-4) (Astrup et al., 1981, Schlaug 

et al., 1999). It has been postulated that MRI might be able to classify tissue according to 

reversibility of ischemic damage, predict the extent of infarction, and guide the direction 

of treatment (Neumann-Haefelin et al., 1999, Rohl et al., 2001). However, recent studies 

have indicated that stroke evolution is not necessarily predictable using the presence of 

DWI/PWI mismatch (Rivers et a l,  2006), possibly because the area of mismatch does not 

reliably correlate with the ischemic penumbra (Guadagno et al., 2004). Work is currently 

under way in a number of centers to define diffusion and perfusion thresholds in order to 

more accurately define the ischemic penumbra, rather than relying on DWI/PWI 

mismatch volumes alone (Rohl et al., 2001, Butcher et al., 2003, Moon et al., 2005).
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Figure 4-4: DWI and PWI images (DSC-MRI) of an acute stroke patient

The diffusion-weighted image (a) shows a hyperintense region in the left MCA territory 
that is thought to represent infarcted tissue. The area of perfusion abnormality (b) is 
significantly larger than the diffusion lesion, revealing an area of mismatch. This mismatch 
may represent the ischemic penumbra, and is thought to be salvageable if blood flow is 
restored.

DSC-MRI perfusion imaging with Gd-DTPA is an effective method to determine the 

physiological status of both healthy and diseased tissue. DSC is the technique most 

frequently used for the evaluation of cerebral perfusion in stroke, although extensive 

postprocessing somewhat limits its practical use for immediate perfusion assessment. 

The clinical application of ASL has been limited by long scan times, poor SNR, and 

inadequate brain coverage, although recent technical developments to improve ASL 

temporal and spatial resolution are promising (Duyn et a l, 2005). The goal of our 

research is to develop ASL perfusion imaging techniques that can be applied to acute 

stroke patients.

4.4.3 ASL Assessment of Perfusion in Stroke

ASL is a robust technique for perfusion quantification in healthy individuals with short 

(< ls) and consistent transit times (Wong et al., 1999). Perfusion quantification in stroke
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patients is considerably more difficult, because the arterial transit times to some brain 

regions can be extremely long (2-3s) when supplied by collateral flow. Even though the 

tissue may be adequately perfused, CBF may be underestimated (or not detected) if the 

transit time exceeds the lifetime of the ASL tag.

Several studies have investigated the potential for the application of ASL to stroke (Table 

4-1). In a CASL study of cerebrovascular disease, perfusion images disclosed regional 

(hemispheric and focal) abnormalities in all patients presenting with cerebral events 

(Detre et al., 1998). The authors asserted that CASL was a reliable technique for 

evaluating perfusion in cerebrovascular disease. In another study, CASL identified 

hypoperfused regions in 10/11 patients presenting with DWI abnormalities (Chalela et 

al., 2000). Hyperintensities, representing delayed flow and increased transit times, were 

evident in 7/15 patients, suggesting that an increased post labeling delay may be 

necessary, even at the expense of SNR. Finally, CASL perfusion images were compared 

to DSC perfusion maps (relative cerebral blood flow (rCBF), relative cerebral blood 

volume (rCBV), mean transit time (MTT), and time-to-peak (TTP)) for the assessment of 

patients with acute and/or chronic cerebrovascular disease (Wolf et al., 2003). CASL 

images correlated best with DSC TTP maps when all patients were considered, however 

if patients with a major transit delay were excluded, the correlation was highest between 

CASL and rCBF. The authors suggest there may be a complementary role for CASL and 

DSC perfusion MR for the evaluation of patients with cerebrovascular disease.

The remaining studies, using EPISTAR and FAIR, showed a high correlation between 

PASL hypointensities and DSC-MRI perfusion abnormalities (Siewert et al., 1997, 

Hunsche et al., 2002). FAIR images correlated best with lesions on rCBF maps 

compared to rCBV and MTT. EPISTAR hypointensities were consistent with DSC 

perfusion lesions, except in patients with a major transit delay; DSC maps showed that 

perfusion was normal (i.e. the area was adequately supplied by collateral flow), whereas 

EPISTAR images displayed an absence of blood flow. The authors suggest that an 

increase in EPISTAR inversion time may be necessary to detect regions supplied by
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collateral flow. However, TI is limited by Tibiood so the tag does not decay before 

imaging, therefore it may be necessary to image at higher field strength in order to 

increase the lifetime of the EPISTAR tag and the maximum allowable inversion time.

Overall, stroke patients often experience reduced and/or delayed flow, and it is likely that 

ASL techniques will need to be modified in order to assess flow in these cases. However, 

the results are promising for the implementation of PASL imaging in acute stroke, even 

though this must be confirmed by the extension of this technique to a larger cohort of 

patients.

Table 4-1: Assessment of cerebrovascular disease using ASL

Technique Patients Assessment Conclusions References

EPISTAR 21 Compared 1. 17/21 cases, agreement (Siewert et
(single-slice) (acute stroke) to DSC 

(qualitative)
2. 4/21 cases, disagreement 
(EPISTAR = no perfusion, DSC = 
delayed flow)

al., 1997)

CASL 14 (qualitative 1. able to show hemispheric and (Detre et
(multi-slice) (cerebral events, and focal reduced flow al., 1998)

>24 hrs) quantitative) 2. stenosis may lead to increased 
transit time

CASL 15 Compared 1. 10/11 cases, hypoperfusion (Chalela et
(multi-slice) (acute stroke, to DWI matched diffusion lesion al., 2000)

<24hrs) (qualitative,
quantitative)

2. 7/15 cases showed 
hyperintensities

LAIR 12 Compared 1. high correlation -  FAIR and (Hunsche et
(single slice) (acute stroke, to DSC DSC rCBF al., 2002)

<12hrs) (qualitative) 2. modest correlation - FAIR and 
rCBV, MTT

CASL 11 Compared 1. CASL and DSC TTP correlated (Wolf eta l.,
(multi-slice) (acute and/or to DSC best 2003)

chronic (qualitative) 2. high correlation -  CASL and
cerebrovascular DSC rCBF (when cases with

disease) delayed flow removed)
3. possible complementary role for 
CASL and DSC
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4.4.4 MRI Stroke Research Program

The MRI stroke research program is designed to follow the evolution of perfusion lesions 

by scanning stroke patients at four time points: <12 hours after symptom onset, and then 

24-36 hours, 5-7 days, and 30 days after the first scan. We predict that a patient with a 

persistent perfusion deficit may benefit from thrombolytic therapy past the stated 3 hour 

time limit for treatment. Overall, we anticipate that completion of this study will increase 

our understanding of stroke pathophysiology as well as our understanding of the role 

MRI will play in stroke management. The application of ASL with perfusion 

quantification may help in determining appropriate perfusion thresholds for identifying 

stroke patients likely to benefit from thrombolysis. Our goal is to improve the treatment 

of acute stroke patients through the introduction of MRI perfusion imaging as a routine 

diagnostic tool.

By comparing ASL perfusion lesions to DSC-MRI and DWI abnormalities we plan to: 

(a) assess the ability of ASL to identify areas of hypoperfusion, normal perfusion, and 

delayed perfusion, and (b) determine the feasibility of using current ASL techniques to 

quantify perfusion in acute stroke. To date, we have imaged 22 patients with DSC (6 

hyperacute, 9 acute, 7 subacute), 15 patients with ASL (6 acute, 9 subacute), and 10 of 

these patients have had both ASL and DSC. After qualitative assessment, ASL 

abnormalities correlate with ADC abnormalities in 5 patients (ASL lesion > ADC lesion), 

and in 3 patients ASL images showed combined hypo- and hyperintense regions, likely 

indicating delayed flow. Overall, preliminary results have illustrated various degrees of 

perfusion-diffusion mismatch and agreement between ASL and contrast-enhanced scans 

(Fig. 4-5).
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DSC - rCBF

Diffusion-
weighted

Figure 4-5: DWI, DSC-MRI, and ASL images of an acute stroke patient

This is a representative set of MR images obtained from an acute stroke patient (time from 
onset = 34 hours), and includes (a) anatomical T2 -weighted images, (b) DSC time-to-peak 
(TTP) maps, (c) DSC relative CBF (rCBF) maps, (d) CSF-suppressed apparent diffusion 
coefficient (ADC) maps, and (e) ASL difference images. The area of the perfusion lesion, 
shown in the TTP maps and ASL images, is larger than the diffusion lesion, indicating 
potentially salvageable tissue.
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4.5 Future Directions

4.5.1 Q2TIPS Sequence Development

The PASL sequence used in our research benefits from several modifications made to the 

PICORE prototype tagging scheme. Most significantly, the addition of saturation pulses 

changing the PICORE sequence to Q2TIPS increases the efficiency and accuracy of CBF 

quantification. Further modifications, in-plane presaturation for reducing static tissue 

signal, and bipolar crusher gradients for decreasing intravascular signal, were also used in 

some areas of our research. Presaturation is a widely accepted technique (Wong et al., 

1999), however the addition of diffusion gradients may reduce the ASL signal and 

complicate the quantification process (Ye et al., 1997, Wong, 2005). We did not alter our 

CBF quantification model to include the effects of diffusion-weighting, although this may 

be necessary to produce accurate perfusion values.

The location of the tagging region in an ASL experiment has a large effect on the signal 

that is generated. The ideal location would tag a large amount of blood to increase the 

signal, avoid venous blood, and tag blood close to the imaging slices to reduce transit 

times. The importance of tagging plane location was recognized in our research 

comparing single slice and multi-slice ASL experiments (Chapter 2). As we moved the 

tagging region further into the brain, possibly tagging the Circle of Willis, we observed a 

significant increase in ASL signal. There is a possibility that we may be able to improve 

SNR in our experiments by determining the optimal location of the tagging region in each 

subject.

4.5.2 Tagging Schemes

A newer form of pulsed ASL has been presented called velocity-selective ASL (VS- 

ASL), which is advantageous because it is inherently insensitive to transit delays 

(Duhamel et al., 2003). The tag pulse inverts or saturates blood spins based purely on 

velocity; blood water flowing faster than the cutoff velocity (Vc) is selected to the tag,
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regardless of spatial location. The image acquisition pulse is also velocity selective, 

consequently only blood that has decelerated through the cutoff velocity during the 

inversion time will be present in the final image. Good quality VS-ASL images can be 

produced with cerebral spinal fluid (CSF) suppression, although initial quantification 

attempts have yielded GM flow values approximately half of that expected (27 

mL/lOOmL/min) (Duhamel et a l, 2003). Overall, VS-ASL is a promising technique, 

especially for the clinical evaluation of acute stroke where transit times can be long due 

to collateral or slow flow.

Another recently implemented tagging scheme uses selective inversion pulses to create 

perfusion images of specific territories within the brain (Eastwood et al., 2002, Davies & 

Jezzard, 2003, Hendrikse et a l,  2004, Werner et a l, 2004, Golay et al., 2005, Werner et 

a l, 2005). Using either pulsed or continuous tagging schemes, arteries can be selectively 

tagged to produce multi-slice flow territory maps, i.e. maps of brain regions selectively 

perfused by the internal carotid artery (ICA), basilar artery (BA), middle cerebral artery 

(MCA), or anterior cerebral arteries (ACA). Visualization of the flow territories of major 

feeding arteries is potentially useful for a number of clinical applications, including the 

assessment of cerebrovascular disease and collateral flow. Additional applications may 

include the delineation of perfusion territories of smaller cerebral arteries, and selective 

angiography techniques.

4.5.3 3D Image Acquisition Techniques

Recently, several techniques have been proposed to replace the conventional 2D-EPI 

readout schemes frequently used in ASL, including PASL with 3D-GRASE at 1.5T 

(Gunther et a l, 2005), CASL with 3D-GRASE at 3T (Femandez-Seara et a l, 2005), and 

CASL with 3D-FSE and separate labeling coil at 3T (Talagala et a l, 2004). All three 

techniques have been successfully implemented, showing improved SNR, resolution, 

brain coverage, and scan times. Both GRASE (Feinberg & Oshio, 1991) and FSE (Melki 

et al., 1991) show better coverage in areas with high susceptibility gradients (e.g.
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orbitofrontal cortex) compared to GE-EPI, and marked increase in SNR; PASL with 3D- 

GRASE yields a 2.8-fold increase in SNR compared to 2D-EPI at the same nominal 

resolution (Gunther et al., 2005). The resolution of 3D-GRASE images can be improved 

by increasing the number of phase encoded steps in the slice-encoding direction, although 

this leads to an increase in echo train length. This is overcome with the addition of 

parallel imaging techniques to reduce the echo train length, thus decreasing signal loss 

due to T2 decay as well as reducing overall scan time (Femandez-Seara et al., 2005). 

Parallel techniques combined with 3D-GRASE also provide better separation of the gray- 

white matter in cerebral blood flow maps. In the end, it may be necessary to use 3D 

readout techniques to overcome the problem of slice interactions and signal loss that 

occurs with 2D multi-slice techniques (see Chapter 2).

The latest methodological improvements in ASL are discussed in a recent report by Duyn 

et al., specifically high field imaging, parallel imaging, and increased pulse sequence 

efficiency, resulting in increased image acquisition speed and improved SNR (Duyn et 

al., 2005). The authors present an example of CASL imaging at 7T using FAIR with 

single-shot SENSE-EPI readout (acceleration factor of 2), which produced high quality 

images differentiating sulci and giri in the cortex. The images were acquired in 

approximately 5 min, and had a voxel size of 1.5 mm x 1.5 mm x 2.0 mm (4.5 mm3), and 

SNR upwards of 20-40 in gray matter (compared to our resolution of 3.4 mm x 3.4 mm x 

8 mm (92 mm3) and SNR of 5.6 ± 0.7 acquired in 3:52 min at 1.5T).

4.6 Conclusions

Arterial spin labeling is an entirely noninvasive technique that uses endogenous blood 

water as a tracer to measure cerebral blood flow. Arterial water is magnetically labeled 

proximal to the tissue of interest, and the effects of this labeling are determined by 

comparison with images acquired using control labeling. ASL is appealing because it is a
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direct measure of blood flow and absolute quantitative values of CBF can be determined 

with relatively little postprocessing, although the small fractional perfusion signal in ASL 

(<1%) necessitates lengthy signal averaging of tag-control pairs, which can lead to long 

scans times. Nonetheless, this technique has been implemented in normal brain studies 

as well as various disease states, and has been able to provide reproducible and reliable 

quantitative CBF measurements.

Cerebral blood flow represents an important physiologic parameter for the assessment of 

normal brain development as well as the diagnosis and management of brain disorders. 

Using a PICORE-Q2TIPS sequence, we were able to assess CBF in the elderly and 

demonstrate that changes in the cerebrovasculature with age increase the arterial transit 

time of blood, requiring a change in PASL parameters, specifically an increase in 

inversion time, in order to accurately assess blood flow. These results are applicable to 

the measurement of CBF in stroke, which primarily occurs in the elderly. Current 

research on CBF in teenagers may provide important insight on brain development and 

perfusion changes in children, and results could potentially be applied to childhood 

diseases affecting CBF including stroke, epilepsy, and moyamoya disease.

Further development of quantification methods and technological advances in arterial 

spin labeling will be important for increasing the clinical utility of this technique. 

Although quantification of CBF using ASL is feasible at the present time, current models 

use a variety of assumptions that may not be accurate, such as immediate and complete 

exchange of labeled water with tissue and single-compartment relaxation of the tag. In 

addition, methodological problems with tagging schemes and image acquisition can also 

affect the accuracy of perfusion quantification. Our study comparing single slice to 

multi-slice image acquisition demonstrates that the perfusion signal in distal slices is 

reduced because of the acquisition of more proximal slices, resulting in CBF 

underestimation in multi-slice techniques. Current advancements in the field, specifically 

ASL with 3D image acquisition techniques, may overcome this problem and allow more 

accurate CBF quantification over a larger brain coverage.
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Overall, arterial spin labeling is appealing for the noninvasive measurement of cerebral 

blood flow, particularly in research areas where there is a lack of suitable techniques, 

such as longitudinal studies and the assessment of perfusion in children. Although DSC- 

MRI is routinely used to measure CBF in stroke patients, caution must be taken in the 

interpretation of perfusion maps (i.e. relative CBF and CBV, MTT, and TTP maps), due 

to the fact that several, possibly inaccurate, assumptions are required for their 

construction (Calamante et a l, 2002). This is especially true when absolute 

quantification is attempted; scaling factors acquired by cross calibration with separate 

perfusion techniques are likely to vary with pathology. ASL provides an attractive 

alternative to DSC especially for perfusion quantification, and although ASL is presendy 

limited by fundamental difficulties with long transit delays due to the short lifetime of the 

tag, it may become the imaging method of choice in the future when high field scanners 

are more widely distributed. Our contributions to the ASL field include PASL parameter 

optimization in the elderly and demonstration of signal loss in traditional multi-slice 

acquisition techniques which may cause perfusion underestimation. In the end, we hope 

our work will play a role in the development of arterial spin labeling as a routine 

diagnostic tool for the measurement of cerebral blood flow.
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