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ABSTRACT 

  Arterial spin labeling (ASL) is an important tool in evaluating cerebral blood 

flow (CBF), with applications in clinical imaging for brain tumors and stroke, and as a 

research tool for brain injury and Alzheimers disease.  Multi-TI ASL makes it possible to 

measure CBF and arterial transit time (ATT). First, multi-TI ASL is optimized for a 

swine model. For human applications, limitations of current multi-TI ASL techniques 

include low SNR, inefficient acquisition, and requiring separate M0 and T1 images.  We 

introduce two new methods, Multi-TI Integrated ASL and ASL with added arterial 

cerebral blood volume estimation, which address these limitations. The first method 

acquires very short TIs with shortened bolus durations which allow estimation of T1 and 

M0 without a separate scan, and shortens TR when possible for a shortened scan time. 

The second method also uses multi-TI ASL acquisition with many shortened TIs for 

estimation of arterial cerebral blood flow (aCBV) along with CBF and ATT.  Both these 

methods improve scanning efficiency and allow for estimation of additional parameters. 

Both simulations and scanner experiments are described which validate these new 

methods and hold great promise in better assessment of CBF, aCBV, and ATT. 
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1.1 Motivation 

The brain and the spinal cord make up the central nervous system, which controls 

all major organ systems of the body, conducts critical thinking, stores memories, and 

controls movement. The brain makes up 2% of the mass of the human body, but receives 

15% of the blood flow from the heart (1). Maintenance of brain health is crucial for the 

survival of humans, which is partially achieved by a steady supply of blood to deliver 

oxygen and nutrients and to remove carbon dioxide and waste products.  

Cerebral blood flow (CBF) is a measurement of the volume of blood which 

perfuses a certain volume of tissue per time to the brain tissue and is an important 

indicator of brain health and function. Changes in CBF can indicate a wide range of 

pathologies, and can also be used to measure brain function (2). Arterial transit time 

(ATT) is defined as the time required for blood to travel from a defined location in the 

neck to every point in the brain. ATT is also an important indicator of cerebrovascular 

status (3) and function (2). Cerebral blood volume (CBV) is a measure of the blood in the 

cerebral vasculature, including arteries, capillaries, and veins and brain tissue. CBV and 

changes therein can be important indicators of brain status and function (4).   

Arterial spin labeling (ASL) has been established as a completely non-invasive 

method of CBF quantification using magnetic resonance imaging (MRI). Two brain 

images are acquired, with and without a prior magnetic inversion at the neck to label the 

inflowing arterial blood (5). The two images are subtracted to reveal a perfusion-

weighted image. CBF is quantified by accounting for signal decay, timing parameters, 

and equilibrium magnetization (6). To allow the labeled blood to travel from the labeling 

location to the exchange location, a post-labeling delay (PLD) is inserted between the 
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application of the label and the acquisition of the image (7). However, traditional single 

PLD ASL methods for CBF calculations are sensitive to ATT, despite efforts to minimize 

the sensitivity (7,8). Simultaneous estimation of ATT and CBF can provide more 

accurate CBF estimates without sensitivity to ATT (2). In addition, an ATT map may be 

helpful as a tool for diagnosis of cerebrovascular abnormality, such as identifying 

ischemic penumbra and infarction (3). CBV estimation is possible using variations on the 

basic ASL acquisition technique (9,10). The existing ASL methods for CBF, ATT, and 

CBV quantification have limitations (long scan times, limited brain coverage, low signal-

to-noise ratio (SNR), motion sensitivity) and inaccuracies in the assumptions made in 

quantification.  

In addition, ASL has been performed on animal in order to study CBF changes 

due to injury or disease in a controlled manner (11,12). These models have mostly 

included rodents which have limited translation to humans. Swine have a similar body 

mass to humans and more similar cerebral anatomy (13). In this body of work, ASL 

acquisition parameters will be optimized for a swine model which then can be used as a 

model to study cerebral injury and disease (Chapter 2). In addition, this work seeks new 

methods to overcome some of the limitations and remove assumptions leading to 

improved measurement CBF and ATT (Chapter 3) and additionally arterial CBV 

(Chapter 4).  

1.2 Anatomy and Physiology 

1.2.1 Brain Anatomy 

The brain is comprised of two major tissues types: gray matter and white matter. 

Gray matter is mostly made up of neuron cell bodies, while the white matter is made up 
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of bundles of the axons of the neurons. Gray matter in the brain controls muscles, 

perceives senses, and conducts higher level thinking.  Action potentials travel down 

axons in the white matter which allow communication between neurons. The fatty myelin 

acts as insulation for the electric potential. The high level of fatty tissue in the myelin is 

responsible for the white color of the tissue (14).  A protective fluid surrounds the brain 

inside the skull called cerebral spinal fluid (CSF). CSF also fills the ventricles deep in the 

brain (see figure 1-1). The brain is encased in the skull, a boney structure which protects 

the brain. The brain is the major component of the central nervous system (14).  

 
Figure 1-1 Axial slice of a T1-weighted MRI of a human brain to demonstrate the basic 

components of the brain and the surrounding skull. 

 

1.2.2 Cerebral Vasculature 

There are six major vessels which supplies blood to the head: the right and left 

external carotid arteries, which perfuses the face and scalp and the right and left vertebral 

arteries and the right and left internal carotid arteries, all four of which perfuse the brain 

(see figure 1-2).  
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Figure 1-2. Schematic of human cerebral vascular anatomy, highlighting relevant 

cerebral arteries. (15) 

 

Like all tissue types of the body, brain tissue needs a steady supply of blood to 

supply glucose and oxygen, transport hormones and nutrients, and carry away carbon 

dioxide and other waste. The brain plays such in an important role in the function of the 

entire body, that it is the first priority for blood supply. Blood enters the brain through the 

large arteries mentioned. Then the arteries split into smaller arterioles and finally lead 

into the capillary bed (see figure 1-3). The exchange of the nutrients, molecules, and 

waste, along with water molecules, takes place in the capillary bed. The waste and carbon 

dioxide are carried away from the tissue and out of the brain through the venules which 

merge into larger veins. Any dramatic change in the total blood supply to the brain, or the 

distribution of blood across the brain can be problematic. Hypoperfusion such as during a 

stroke can lead to immediate cell death. Hypoperfusion can indicate compensation for an 

underlying issue.   
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Figure 1-3 Diagram of blood vessels. (16) 

 
1.2.3 Cerebral Perfusion Parameters 

Cerebral blood flow (CBF) is a measurement of the volume of blood supplied to a 

mass of tissue per time in the brain tissue. Changes in CBF can indicate a wide range of 

pathologies, and can also be used to measure brain function (2). Arterial transit time 

(ATT) is defined as the time required for blood to travel from a defined location in the 

neck to every point in the brain. ATT too is an important indicator of brain status (3) and 

function (2). Cerebral blood volume (CBV) is a measure of the blood in the cerebral 

vasculature, including arteries, capillaries and veins, defined in terms of volume of blood 

per mass or volume of tissue. CBV can also be expressed as a volume fraction of the total 

volume of blood and other tissues combined. CBV and changes therein can be important 

indicators of brain status and function (4).  Mean transit time (MTT) is the time required 

for blood to travel through the vasculature from arteries to capillaries to veins (17). The 

central volume theorem dictates that CBF, CBV, and MTT are related as stated in the 

following equation: 
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𝐶𝐵𝐹 =  
𝐶𝐵𝑉

𝑀𝑇𝑇
              (1-1) 

Arterial cerebral blood volume (aCBV) is the precapillary cerebral blood volume, which 

is approximately 20% of the total CBV (18).  

1.2.4 Applications 

CBF, ATT, MTT, and CBV are measured for clinical diagnosis and for use in 

research studies. In both contexts they are used to assess disease and injury. In the 

research setting, the study of diseases and injury in humans is not possible in a controlled 

manner; each person’s condition is unique and often times the detailed study of their 

condition is not possible due to the time constraints on treatment. To gain insight into 

many conditions which would be better understood by measuring CBF, CBV, MTT, and 

ATT, animal models are used (19). The use of animals allows for controlled injuries and 

diseases to be applied to the animals while under anesthesia. It also allows for more 

invasive monitoring techniques than would be used on human subjects. Many of the 

studies which measure CBF, CBV, MTT, and ATT in animal models use small rodents. 

However, in the context of cerebral perfusion, the use of small rodents limits translation 

to humans due to their small size, their differences in cerebral and cerebrovascular 

anatomy.   

1.3 Magnetic Resonance Imaging 

1.3.1 Nuclear Magnetic Resonance 

All atomic particles have a property known as spin. An uneven number of protons 

and neutrons in a nucleus lead to a non-integer spin number of the atom which leads to a 

net magnetic moment. This net magnetic moment causes a distribution of energy states 

when many atoms of this element are in the presence of a static magnetic field. Table 1-1 
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lists the spin numbers and magnetic moments of biologically relevant elements with non-

integer spin numbers. Due to its relatively large abundance in water and fat, and due to its 

large magnetic moment, hydrogen is the nucleus of choice for biologic MRI.  

Table 1-1 Magnetic Resonance Properties of Medical Relevance (adapted from (20)) 

Nucleus Spin 

Quantum 

Number 

% Relative 

Abundance in 

human body 

Magnetic 

Moment 

(5.05x10
-27

 J/T) 

Gyromagnetic 

Ratio (γ/2π 

MHz/T) 
1
H 1/2 10 2.79 42.58 

13
C -1/2 18 0.70 10.7 

17
O 5/2 60 -1.89 5.8 

19
F 1/2 <0.01 2.63 40.0 

23
Na 3/2 0.1 2.22 11.3 

31
P 1/2 1.2 1.13 17.2 

 

When placed in a static magnetic field with field strength B0, hydrogen atoms will 

distribute into two energy states with the net magnetic moment parallel and antiparallel 

with the static field. There will be a bias towards the lower energy state, and therefore a 

net magnetic moment. The vector of the magnetic dipole for each nucleus (or “spin”) 

rotates around the axis of the static magnetic field with a frequency proportional to the 

field strength and dependent on the gyromagnetic constant, γ, particular to each nucleus 

(see table 1-1). This frequency is called the Larmor frequency and defined in the Larmor 

Equation: 

𝜔0 =  𝛾𝐵0      (1-2) 

where ω0 is the larmor frequency. When energy is deposited into the system in the form 

of a radiofrequency (RF) pulse at the Larmor frequency, also called the B1 field, it 

displaces the alignment of the magnetic dipoles from their equilibrium positions. Only 

those spins which are on resonance with the RF pulse are displaced.  Within the MRI 

machine, there are sensitive coils, or antennas which detect the magnetic flux induced by 
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the rotating spins, which decode the precession frequency, and obtain the spin 

magnetization.  

1.3.2 Magnetization 

The net magnetization created by the sum of all the hydrogen molecules in range 

of the coils is called the magnetization, M. The axis of the static magnetic field (through 

the bore of the MRI machine) is referred to as the z-axis. Therefore at equilibrium the 

magnetization aligned with the z-axis, Mz, (also called the longitudinal magnetization) is 

equal to the equilibrium magnetization, M0. With energy deposition from the B1 field 

perpendicular to the z-axis, the magnetization moves to be partially on the x and y axes 

(Mx and My), together also called the transverse magnetization (|Mxy|).  

The spins will process around the B1 field which is orthogonal to the axis of the 

static field. In order for the net magnetization to end on the y axis, for example, the RF 

pulse should only be long enough for the spins to make a 90° rotation. The angle between 

the resulting magnetization and the z-axis is called the flip angle and is dictated by the 

following equation: 

𝜃 =  ∫ 𝛾𝐵1𝑑𝑡
𝜏

0
    (1-3) 

where θ is the flip angle, τ is the duration of the RF pulse, γ is the gyromagnetic ratio, B1 

is the strength of the applied magnetic field  which varies with time, t. After the 

application of a 90° RF pulse, the spins will continue to rotate around the z-axis, but 

instead of being close to the z axis, they are in the transverse plane for their rotation. 

They will begin to return to their equilibrium along the z-axis, see figure 1-4.   
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Figure 1-4 Simple diagram of the net magnetization before the 90° RF pulse (a), after the 

RF pulse (b) and as the net magnetization returns to equilibrium along the z-axis (c). In 

figure c, the thin arrows are the x and z components of the net magnetization. The x 

component is decreasing as the magnetization returns to equilibrium while the z 

component is increasing (also see figure 1-6a) 

 

This return to the z-axis takes the form on a simple exponential equation: 

𝑀𝑧(𝑡) =  𝑀0(1 − 𝑒
−

𝑡

𝑇1)       (1-4) 

where Mz is the magnetization along the z-axis, M0 is the equilibrium magnetization, and 

T1 is the rate constant specific to the tissue. This equation can be visualized in figure 1-

6a.  

At the same time, there is another process going on. Immediately following the 

RF pulse, the spins are all aligned with the x-axis in this case and are thus in phase with 

each other. This creates a net magnetization in the transverse plane. Immediately, the 

individual spins begin to dephase as they rotate around the z-axis, see figure 1-5.  
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Figure 1-5 Simple diagram of the net magnetization before the 90° RF pulse (a), after the 

RF pulse (b) and as the net magnetization dephases (c). In figure c, the thin arrows 

represent the individual spins and the thicker arrow represents the net transverse 

magnetization. 

 

This magnetization follows the following equation: 

|𝑀𝑥𝑦|(𝑡) =  𝑀0𝑒−𝑡/𝑇2       (1-5) 

where |Mxy| is the net magnetization in the transverse plane, and T2 is the rate constant for 

the decay of the transverse magnetization, or the rate at which the spins dephase, which is 

specific to the tissue type. The equation can be visualized in figure 1-6b. Each tissue type 

has a different molecular structure; the random molecular interactions lead to the T2 

decay. In addition, due to the imperfections in the static magnetic field, there is additional 

dephasing of the spins within a single voxel. This process follows also follows equation 

1-5, except T2 is replaced with T2’. These two effects together lead to an observeableT2* 

decay. All the time constants are related in the following equation: 

1

𝑇2∗
=  

1

𝑇2
+  

1

𝑇2′
      (1-6) 

As the spins get further out of phase and the magnetization returns to the z-axis, the 

magnetization in the xy plane appears as in figure 1-6c, where the net magnetization is 
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first all on the x-axis after the 90° pulse, and ends on the z-axis. Again, note that these 

two processes are happening at the same time. T2 is generally much shorter than T1. 

 
Figure 1-6 (a) Longitudinal recovery of magnetization, (b) decay of transverse 

magnetization, (c) evolution of magnetization in the transverse plane, starting on the 

positive Mx axis 

 

1.3.3 Gradients 

Spatial information is needed to create an image out of the collected signal, or 

magnetization. This is done by applying gradients across the imaging field. A gradient is 

a linearly varying magnetic field which adds to or subtracts from the static field and thus 

also the frequency of the spin precession, see figure 1-7. 

 

Figure 1-7 Diagram showing how linear gradients affect frequency across the MRI bore. 
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This creates a linear change in the magnetic field and the resonance frequency, which 

encodes for spatial location along that axis. For example, if a gradient were applied 

across the x axis, the resonance frequency as a function of x would be expressed as: 

𝜔(𝑥) =  𝜔0 +  𝛾𝑥𝐺𝑥        (1-7) 

where ω is the resonance frequency, ω0 is the Larmor frequency, Gx is the gradient in the 

x direction in units of T/m, x is the distance from the center of the magnet bore, and  γ is 

the gyromagnetic constant.   

1.3.4 Image Acquisition and K-space 

In order to select a slice to image, a slice-select gradient is applied at the same 

time as the excitation RF pulse. For an axial image, the slices are along the z-direction 

(through the MRI bore). With the slice-select gradient applied, each slice has a different 

range of resonance frequency; the RF pulse is applied at the frequency of the slice of 

interest. In this way, only one slice is excited, therefore signal will only be collected from 

the one slice.  

The data which makes up each image slice is collected and stored in the frequency 

domain or what is referred to as “k-space.” K-space is a two dimensional matrix with the 

origin at the center. Each element of the k-space matrix is incrementally entered in; the 

row, or y-coordinate is determined by the magnitude of the Gy, or the phase encode 

gradient. Each row is filled in with data while the Gx, is on, also called the read-out 

gradient or the frequency encode gradient. The phase encode and frequency encode 

gradients are used to “move” around k-space and collect the MRI signal at each 

resonance frequency. As each row of k-space is collected, the time which the center of 

the row is collected is defined at the echo time (TE) and the MRI signal is the greatest at 



14 
 

this point. After the entire MRI signal in k-space has been collected, a two-dimensional 

inverse Fourier transform is performed to convert the frequency information into spatial 

information, and results in the MRI image. The time to collect each row of k-space is 

defined at the repetition time (TR). The entire k-space matrix is collected for each slice 

after the excitation of each slice individually.  

1.3.5 Echo Planar Imaging 

The above described method of image acquisition is very time inefficient. To only 

collect one row of k-space for each TR would take a long time. One method which has 

been developed to speed up the process is echo planar imaging (EPI) (21). With this 

method, the entire slice is collected with one excitation. The lines of k-space are collected 

in order, but each line is collected in the opposite direction as the phase encoding line 

above and below it. The phase encode and frequency encode gradients are played out to 

“zig-zag” through k-space. Instead of the time which the gradients pass through the 

center of k-space for each row defining TE, the time which the gradients pass through the 

center of k-space only on the center row (ky is equal to zero) defines TE.  

There are slight differences in the frequency data which is collected depending on 

the direction which the rows of k-space are collected. To correct for this difference, a 

phase correction is applied. The center row of k-space is collected several times in each 

direction, which should be identical without any errors. The difference between these two 

rows of data are then applied to all the rows collected in one direction or the other to 

correct for the effect of collecting data in different directions.  

In order to further decrease the time required for each image acquisition, parallel 

imaging is used with EPI imaging. Due to the symmetry of k-space, only half of k-space 
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is needed in order to fully reconstruct the image. The specific method used in this work is 

Generalized Auto calibrating Partial Parallel Acquisition (GRAPPA) (22). A few rows 

more than half of the k-space rows are collected in a specific pattern. This creates an 

aliased image which is reconstructed using known coil sensitivity profiles.   

1.3.6 MRI Concepts 

Signal to noise ratio (SNR) is defined as the signal magnitude divided by the 

standard deviation of the noise. This is not a concept unique to imaging, but is also used 

in general signal processing. To practically measure the SNR in an MRI image, a region 

of interest (ROI) is selected within the feature of the image (for brain imaging, from a 

region of the image containing the brain). The average signal intensity is found from all 

the voxels in that ROI. Another ROI is selected from the background, and the standard 

deviation is calculated across this ROI. Then the ratio of these two values is taken which 

is equal to the SNR. SNR is one method of assessing image quality.  

In order to increase the SNR of an image, averaging is often performed. Since the 

noise is random, it will decrease with averaging, but the non-random signal will not 

decrease with averaging, thus the SNR will increase. With x number of averages, the 

SNR will increase by a factor of √𝑥.  

One MRI safety concern is the specific energy absorption rate (SAR) of the 

patient. When excitation RF pulses are applies to the subject within the MRI machine, 

energy is deposited (23). The amount of energy per body mass of the volume of interest 

should be controlled so as to not exceed limits set by the Food and Drug Administration 

(FDA). The SAR is affected by many factors as explained in the following equation: 

𝑆𝐴𝑅 ∝  𝐵0
2 𝛼2𝐷 𝑟2        (1-8) 
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where B0 is the field strength of the static magnetic field, α is the flip angle of the RF 

pulse, D is the duty cycle of the RF pulse and r is the approximate radius of the supine 

patient. In order to decrease SAR for a given MRI sequence the TR can be lengthened, 

which would decrease the duty cycle, or the RF amplitude can de reduced which would 

decrease the flip angle or decrease the duty cycle.  

1.4 Invasive Perfusion Imaging  

Autoradiography, established by Kety and Sokoloff, is the gold standard for 

animal CBF quantification (24), while [15-O]H2O positron emission tomography (PET) 

is the gold standard for quantitative CBF imaging in humans and for longitudinal studies 

(25). PET uses a diffusible radio nucleotide as the tracer to quantify perfusion. Perfusion 

computed tomography (CT) with a diffusible tracer, such as xenon, is another method 

used to quantify cerebral perfusion (26,27). The use of CT and PET methods requires 

venous access for contrast injection and exposes subjects to radiation, which limits the 

repeatability of the exam. In addition, PET has a limited spatial resolution and time 

resolution, which limits its use for research.  

Dynamic susceptibility contrast (DSC) MRI is a popular qualitative perfusion 

imaging technique, which can be used to estimate CBF, CBV, and mean transit time 

(MTT) by analyzing first-pass contrast kinetics (17). It is commonly used as a qualitative 

clinical tool. Time-to-peak measurements are also possible with DSC (28); this parameter 

is analogous, though not equivalent with ATT. DSC requires injection of a contrast agent 

which limits which subjects and patients can have this type of exam and it limits the 

ability to immediately repeat the scan if needed. The quantification of CBF and CBV 
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with DSC remains challenging because the arterial input function (AIF) must be 

measured during the processing (17).  

1.5 Arterial Spin Labeling 

1.5.1 Introduction to Arterial Spin Labeling 

Arterial spin labeling was developed in 1992 (5) as the first perfusion imaging 

technique which does not require the use of a contrast agent. Two brain images are 

acquired, with and without a prior magnetic inversion at the neck to label the inflowing 

arterial blood (5). The two images are subtracted to reveal a perfusion-weighted image 

after several averages. Figure 1-8 shows the signal pattern of the label and control. The 

longer after the start of the label the image is acquired, the smaller the difference between 

the label and control images. CBF is quantified by accounting for signal decay, timing 

parameters, and equilibrium magnetization (6). To allow the labeled blood to travel from 

the labeling location to the exchange location, a post-labeling delay (PLD) is inserted 

between the application of the label and the acquisition of the image, see figure 1-9 (7).  

 
Figure 1-8 Magnetization of blood follows an inversion recovery signal curve when the 

label is applied. The magnetization blood magnetization is fully relaxed for the control 

image.  
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Figure 1-9 (a) demonstration of the imaging volume and labeling plane locations 

overlaid on a sagittal structural MRI. (b) Diagram of ASL acquisition 

 

ASL has been used primarily as a research tool. The completely noninvasive 

nature of ASL inherently lowers the risk of the MRI exam and thus increases the 

feasibility for a research application. The ASL method is used in a wide range of research 

applications including diabetes, Alzheimer’s disease, and mild traumatic brain injury. 

CBF is an appealing outcome measure because it directly measures brain function in 

contrast to a majority of other brain MRI contrasts which mostly measure structure.  

The first key advantage to ASL is that the use of injected gadolinium-based 

contrast agents is eliminated. Alternative MRI methods for cerebral perfusion estimation 

require the use of an injected contrast agent, such as DSC imaging (29). Due to the long 

wash-out time of the contrast, if the scan needs to be repeated due to poor quality or 

subject motion, this cannot be done immediately. In addition, any subject or patient with 

compromised kidney function and most children are contraindicated for contrast imaging. 
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ASL eliminates the need for contrast, so the scan can be easily repeated and there are no 

additional restrictions to who can be scanned with ASL beyond those for any MRI exam. 

Therefore, ASL has great potential to be an important clinical tool for diagnosis, but 

currently is not widely used yet while contrast-based MRI methods are the standard 

methods used. 

Another key advantage to ASL over other MRI perfusion methods is that the 

blood flow can be quantified in real physiological units much more easily than other 

methods (6). A linear model has been developed and is widely used for CBF 

quantification (more details to follow). This is of particular advantage for making 

longitudinal and cross-sectional comparisons of CBF. In order to quantify CBF from 

DSC imaging, the additional estimation of the arterial input function is necessary which 

is often difficult and inaccurate (17).  

However, due to the lack of contrast agent, ASL has an intrinsically low SNR. 

The perfusion weighted image is only approximately 1-2% of the equilibrium signal 

intensity. This is consistent with the fact that blood is approximately 1-2% of the brain’s 

volume. To compensate for the low SNR of a single ASL average, typically many 

averages are acquired, alternating between label and control images. DSC has a higher 

SNR, leading to no signal averaging and a finer spatial resolution (30).  

1.5.2 Label Methods 

In order to magnetically invert the arterial blood, RF pulses are used. There are 

two major methods of labeling: pulsed ASL (PASL) and continuous ASL (CASL). 

Pulsed ASL inverts a slab of blood in a well-defined spatial bolus (31), and the bolus is 

allowed to perfuse the brain. CASL continuously inverts the blood with one long RF 
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pulse as it flows through a labeling plane below the brain using flow-driven adiabatic 

inversion (32). Though CASL has better SNR than PASL (33), the long RF pulse proved 

difficult to implement on all MRI scanner due to hardware limitations and concerns of 

SAR. Pseudo-continuous ASL (PCASL) was later developed to improve upon CASL 

without the same limitations. PCASL uses a series of RF pulses which achieve the same 

effect as CASL, the blood is magnetically inverted as it flows through the labeling plane, 

but with an improved labeling efficiency (34). PCASL also uses flow driven adiabatic 

inversion to apply the magnetic label to the blood. Because the inversion relies on the 

flow of the blood in order to invert it, the inversion efficiency is dependent on the 

velocity of the blood in the arteries at the labeling plane. The RF labeling parameters are 

often optimized for the mean velocity of blood in the arteries passing through the labeling 

plane. The consensus among the field of researchers is that PCASL is the preferred 

labeling method due to its superior SNR (35). For this reason as well, PCASL is the 

method used in this work and will be discussed exclusively here forward.  

 Flow crusher gradients are applied between the application of the label and image 

acquisition in order to minimize the perfusion signal from the large arteries. These 

gradients dephase and re-phase the labeled spins as they travel through the arteries along 

the z-axis. If the spins are traveling with a velocity greater than a set threshold, then they 

are not re-phased and the signal is “crushed” or suppressed. The same gradients are 

applied before the label and control image in order to minimize any signal differences not 

due to perfusion. The crusher gradients allow the perfusion signal to come mostly from 

the small arteries and from the tissue perfusion rather than being flooded out by the large 

signal intensity from the large arteries. In order to see the perfusion from the smallest 
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arteries and from the tissue, there should be a smaller velocity threshold which is created 

by a larger magnitude crusher gradient. It is also possible to suppress the signal from 

labeled blood whose velocity is along another axis besides the z-axis as arteries are not 

perfectly parallel with the z-axis. Separate gradients can be applied along the x- and y-

axes.  

1.5.3 Image Acquisition 

There are various methods for whole brain acquisition following the labeling. 2D 

echo-planar imaging (EPI) is the simplest option and works well in the brain due to low 

sensitivity to the head motion, as described in the previous section. Axial slices are 

typically collected sequential in the inferior to superior direction. Therefore there is 

slightly different perfusion contrast at each slice as the labeled blood travels through the 

brain in the same direction as slice acquisition. This difference is accounted for in the 

quantification process by adding a slice delay to the inversion time (TI), or time from the 

beginning of the label to the start of the image acquisition. 3D acquisition (such as 3D 

GRASE) eliminates the slice delay issues by acquiring the whole brain after a single 

excitation, though due to the long TE, also creates blurring in the z-direction (36). Due to 

the low blood signal in ASL and sensitivity to the physiological noise, a series of 

background suppression pulses are applied before the whole brain imaging acquisition to 

suppress physiological noise.  3D acquisition is currently the recommended acquisition 

method of clinical ASL (35), although in the work, 2D EPI acquisition is used because 

the uninterrupted T1 recovery during the PLD is desired which is only possible without 

background suppression, the reasons for which are explained in Chapter 3.  
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1.5.4 Quantification 

As mentioned, CBF quantification is routinely performed after ASL acquisition. 

The quantitative model was first developed by Buxton et al. in 1998 (6), and is still used 

as the standard method today. The equation for CBF with a PCASL labeling method is 

shown here: 

 

where ΔM is the difference between control and label signal, α is the labeling efficiency 

assumed to be 0.9 for PCASL labeling (37), M0bl is the equilibrium magnetization of the 

blood, T1bl is the T1 of the blood, and T1tis is the T1 of tissue, TI is the inversion time, and 

τ is the labeling duration. T1bl cannot be measured from an ASL acquisition; the voxel 

size typically used for ASL is too large to measure a pure voxel of blood without partial 

volume effects. Therefore, T1bl in equation 1-9 is assumed a constant value, typically 

1664 ms, measured by other methods (38). For the same reasons, M0bl is not measured 

from the ASL acquisition. There are several methods of estimate M0bl. The method used 

throughout this work, unless otherwise noted, is to measure M0CSF, the equilibrium 

magnetization of cerebral spinal fluid (CSF), and convert this value to M0bl using the ratio 

of the measured proton densities of blood and CSF.  

 

𝐶𝐵𝐹 =  
∆𝑀

2𝑀0𝑏𝑙𝛼(𝑒−(𝑇𝐼−𝜏) 𝑇1𝑏𝑙⁄ −𝑒−𝑇𝐼 𝑇1𝑡𝑖𝑠⁄ )
                (1-9) 
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Figure 1-10 Perfusion signal over time for typical ASL experiment  

 

ΔM will follow the pattern shown in figure 1-10 over time. The upward portion of 

the curve represents the bolus arriving in the tissue. This is non-linear because the 

inverted magnetization signal in the blood is recovering as it travels away from the 

labeling plane and towards the tissue (see lower line in figure 1-8) and, therefore, follows 

a simple exponential decay pattern with decay constant T1 of arterial blood. The 

downward portion of the perfusion signal in figure 1-10 represents the time after the 

bolus has arrived in the tissue and the perfusion signal is no longer accumulating and is 

decaying away with the T1 of tissue because the labeled blood has crossed into the tissue. 

Equation 1-9 assumes that the image is acquired after the peak of the signal in figure 1-

10, that the bolus is completely arrived. So in order to achieve this, the PLD (or TI if the 

bolus duration is fixed) should be sufficiently longer than the arrival time. However, the 

longer the TI, the smaller the difference signal due to T1 recovery. As seen in figure 1-8, 

the difference between the label and control images decreases over time. Another 

assumption made by the equation for CBF quantification is that there is no outflow. It is 

assumed that all the labeled blood perfuses the tissue and that there is sufficient T1 
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recovery to eliminate detectable difference signal at the time that the labeled spins leave 

the tissue through the veins. 

1.5.5 Multi-TI ASL 

The time between the end of the label and the beginning of the whole brain image 

acquisition is called the post-labeling delay (PLD) (7) (see figure 1-9). This time, 

typically on the order of one second, allows the labeled blood to travel from the labeling 

plane to the brain tissue which it will ultimately perfuse. As referred to previously, there 

is no one ideal PLD as the ATT varies across people and regions of the brain and ATT 

can change depending on age and pathology. Therefore, choosing one PLD remains a 

challenge in quantifying CBF from single-TI ASL protocols. Multi-TI ASL has been 

developed to eliminate the errors caused by selecting a poor choice of PLD (39). This 

also allows for estimation of ATT in addition to improved accuracy of CBF estimation. 

The two parameters are estimated simultaneously with a non-linear fitting algorithm with 

the following equation:  

 

where all symbols are as in equation 1-9 and λ is the partition coefficient which accounts 

the difference between the densities of  spins in blood and tissue (40). Graphical 

representation of equation 1-10 is in figure 1-10. More details on various labeling and 

acquisition strategies for multi-TI ASL are covered in Chapter 3.  

 

 

𝐶𝐵𝐹 =  
∆𝑀 𝜆

2𝑀0𝑏𝑙𝑇1𝑡𝑖𝑠𝑠𝛼𝑒
−𝐴𝑇𝑇

𝑇1𝑏𝑙
⁄

(1−𝑒
−

(𝑡−𝐴𝑇𝑇)
𝑇1𝑡𝑖𝑠𝑠

⁄
)

              𝑓𝑜𝑟 𝐴𝑇𝑇 < 𝑡 < 𝐴𝑇𝑇 + 𝜏  (1-10) 

 

         =
∆𝑀 𝜆

2𝑀0𝑏𝑙𝑇1𝑡𝑖𝑠𝑠𝛼𝑒
−𝐴𝑇𝑇

𝑇1𝑏𝑙
⁄

(𝑒
−(𝑡−𝐴𝑇𝑇−𝜏)

𝑇1𝑡𝑖𝑠𝑠
⁄

)(1−𝑒
−𝜏

𝑇1𝑡𝑖𝑠𝑠
⁄

)

     𝑓𝑜𝑟 𝑡 > 𝐴𝑇𝑇 + 𝜏  
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1.6 Summary 

In this body of work, ASL acquisition and quantification parameters including 

M0bl, and RF labeling parameters will be optimized for a multi-TI PCASL acquisition in a 

swine model. This model can be used as a model to study cerebral injury and disease 

(Chapter 2). In addition, this work proposes a new method to optimize the acquisition of 

multi-TI ASL and to remove some of the assumptions leading to improved measurement 

CBF and ATT (Chapter 3). It will be compared to other multi-TI ASL acquisition 

methods by simulation and implementation on several subjects. Finally, this work will 

introduce a new multi-TI ASL method to estimate arterial CBV in addition to CBF and 

ATT. This method can be used to more effectively remove vascular signal from CBF 

maps. In addition, it can be used for brain tumor patients where changes in CBF and CBV 

are of importance for diagnosis and prognosis as a contrast agent free and quantitative 

alternative to DSC MRI (Chapter 4).  
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2.1 Abstract 

Purpose: To develop quantitative CBF imaging using PCASL in swine, accounting for 

their cerebrovascular anatomy and physiology. 

Materials and Methods: Five domestic pigs (2.5-3 months, 25 kg) were used in these 

studies. The orientation of the labeled arteries, T1bl, M0bl, and T1gm were measured in 

swine. Labeling parameters were tuned with respect to blood velocity in order to optimize 

labeling efficiency based on the data collected from three subjects. Finally, CBF and 

ATT maps for two subjects were created from PCASL data to determine global averages.  

Results: The average labeling efficiency over measured velocities of 5-18 cm/s was 

0.930. The average T1bl was 1546 ms, the average T1gm was 1224 ms, and the average 

blood-to-white matter ratio of M0 was 1.25, which was used to find M0bl. The global 

averages over the subjects were 54.05 mL/100g-tissue/min CBF and 1261 ms ATT. 

Conclusion: This study demonstrates the feasibility of PCASL for CBF quantification in 

swine.  Quantification of CBF using PCASL in swine can be further developed as an 

accessible and cost-effective model of human cerebral perfusion for investigating injuries 

that affect blood flow. 

Key Words: Animal model, Arterial transit time, Cerebral blood flow, Pseudo-

continuous arterial spin labeling, Perfusion  
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2.2 Introduction 

A suitable model of human brain perfusion is needed to study the effects of and 

recovery from cerebral injury. Non-human primates represent a well characterized 

anatomical and physiological model for humans, including cerebral perfusion.  The use of 

non-human primates for research is limited, however, by cost, availability, and ethical 

considerations.  Swine are more accessible and cost-effective to use compared to non-

human primates, and so have become a popular research animal model for a range of 

applications.  Swine and humans have similar brain structure and proportions of gray and 

white matter (1). For these reasons swine have been used as a model of human cerebral 

perfusion for investigating injuries that affect blood flow in the brain.   

Cerebral blood flow (CBF) is a metric of cerebral perfusion that is used clinically 

to evaluate and diagnose diseases and injury affecting the brain. Autoradiography, 

established by Kety and Sokoloff, is the gold standard for animal CBF quantification (2), 

while [15-O]H2O positron emission tomography (PET) has been the gold standard for 

quantitative CBF imaging in humans and for longitudinal studies (3). PET uses a 

diffusible radionucleotide as the tracer to quantify perfusion. Perfusion computed 

tomography (CT) and CT with a diffusible tracer, such as xenon, are other methods that 

are used to quantify cerebral perfusion (4,5). The application of CT and PET methods 

requires venous access and exposes subjects to radiation, which limits the repeatability of 

the exam. Dynamic susceptibility contrast (DSC) MRI, a popular qualitative perfusion 

imaging technique, can be used to quantify CBF by measuring first-pass contrast kinetics, 

though is more commonly used as a qualitative clinical tool.  
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Arterial spin labeling (ASL) with MRI is used to noninvasively measure CBF 

without the use of an exogenous contrast agent, and was first described by Detre et al. 

(6). Blood in the carotid arteries is magnetically labeled by inversion radiofrequency (RF) 

pulses and is used as an endogenous contrast agent. Images are acquired with and without 

the label, which are then subtracted from each other to remove static tissue signal, 

revealing the effect of the exchanged labeled blood on the tissue magnetization. Blood 

flow can be quantified by calculating the recovery of the blood signal while traveling 

from the labeling plane to the imaging volume.  Other factors that affect CBF are also 

used in this calculation, such as the fully relaxed magnetization of blood and the water 

exchange rate across vessels. Quantification remains technically challenging, primarily 

because of the variability of the arterial transit time (ATT), the time required for blood to 

travel from the labeling plane to the final location of exchange (7).  

The two major ASL labeling techniques are pulsed (PASL) and continuous 

(CASL). During PASL, a single RF pulse is applied to instantaneously invert a slab of 

spins proximal to the imaging volume, creating a bolus of labeled blood that flows into 

the imaging volume (8-10). PASL is easy to implement, but suffers from difficulty in 

determining the optimal saturation time necessary to convert the spatial bolus to a 

temporal bolus for quantification of CBF (11). In CASL, a long continuous RF pulse 

induces flow-driven adiabatic inversion of the blood as it flows through a plane proximal 

to the imaging volume (12). CASL provides greater sensitivity to perfusion signal than 

PASL, though it suffers from a lower labeling efficiency and encounters specific 

absorption rate limitations at field strengths greater than 1.5T (13). Pseudo-continuous 

ASL (PCASL) overcomes some of the limitation of both PASL and CASL. PCASL has 
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the temporally defined label of CASL without the hardware constraints (14) because the 

label is applied by a train of pulses. The temporally well-defined bolus simplifies and 

improves the accuracy of CBF quantification over PASL. Most ASL implementations 

include a single delay period between the end of the labeling period and the image 

acquisition to allow the labeled blood to flow from the labeling plane into the tissue for 

exchange, called the post labeling delay (PLD) (15). However, all ASL methods with a 

fixed PLD suffer from the variability of ATT.  

Few studies to date have reported procedures for conducting ASL in swine. In 

2008, Koziak et al. performed PASL on newborn piglets at 3T as a model for newborn 

humans (16). In addition to CBF quantification, the ATT was found by collecting ASL 

data with multiple PLDs. In 2010, Winter et al. used PASL as a validation tool for other 

imaging methods on piglets (17). Both these studies used the same PLD for the entire 

brain and each subject for CBF quantification.  

 The cerebrovasculature of swine is different from that of humans; it includes a 

unique structure, the rete mirabile, described by Daniel et al. in 1953 (18) and studied 

with magnetic resonance angiogram by Burbridge et al. in 2004 (19). The rete mirabile is 

a plexus of small vessels at the base of the brain that is fed by the pharyngeal artery and 

forms the internal carotid artery. Consideration of this unique anatomy is required when 

designing an ASL experiment using the swine model. In particular, the orientation of the 

rete mirabile with respect to the labeling slab of PASL is an important factor for accurate 

estimation of the ATT.  

 The purpose of this study is to develop a quantitative CBF imaging model using 

PCASL in swine, taking into account their unique cerebrovascular anatomy and 
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physiology. Quantification of CBF using PCASL in swine is important because it could 

be further developed as an accessible and cost-effective model of human cerebral 

perfusion for investigating brain injury that affect blood flow in the brain including stroke 

and traumatic brain injury. 

2.3 Materials and Methods 

2.3.1 Animal Preparation  

All experiments were performed in accordance with the Animal Care and Use 

Committee at Wake Forest Baptist Medical Center. Five domestic pigs (2.5-3 mos, 25 kg) 

were used in these studies. Before imaging, animals were sedated with an intramuscular 

injection of ketamine : acepromazine : xylazine (20:1:1 mg/kg).  Animals were intubated 

and anesthesia was maintained with 1.5-2.0 % isoflurane (ISO). After adequate induction 

of anesthesia, the subject was placed supine in the imaging bore of a 1.5T Excite HDx 

MRI scanner with an 8-channel neurovascular coil (GE Healthcare, Waukesha, WI). 

Heart rate, respiration rate, oxygen saturation, and ISO level were monitored. End tidal 

carbon-dioxide was maintained between 34-37 mmHg.  

2.3.2 Labeling Localization  

To determine the position of the common carotid artery, a 3D contrast-enhanced 

magnetic resonance angiogram (CE-MRA) was performed on one subject using 10 mL of 

intravenously administered Gd-DTPA contrast agent (Magnevist, Berlex, Wayne, NJ). 

CE-MRA parameters were as follows: fast gradient echo acquisition with 45° flip angle, 

8.98 ms TR, 2.96 ms TE, 0.4x0.4x1.8 mm
3
 voxel size, and 512x512x54 matrix size. The 

CE-MRA is shown in Figure 1 demonstrating the position of the common carotid arteries 

and the rete mirabile. To avoid labeling efficiency loss during PCASL experiments, the 
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PCASL labeling plane was oriented perpendicular to the long axis of flow through the 

carotid arteries, as identified via the previously acquired CE-MRA sequence, assuming 

similar anatomy across subjects.  

 

Figure 2-1 Anterior view of CE-MRA shows location of common carotid arteries (thick 

yellow arrows) and the rete mirabile (thin red arrows).  

 

2.3.3 T1 and M0 Measurements  

T1 of blood (T1bl) and gray matter (T1gm), as well as M0 of white matter (M0wm) 

and blood (M0bl) were measured in two subjects. A vial of arterial blood was drawn 

immediately prior to imaging. The anticoagulant agent Heparin was added to the vial to 

prevent clotting, after which it was placed in the scanner bore near the brain of the swine. 

A series of single slice saturation recovery fast spin echo acquisitions were employed, 

with 12 s TR, 9 ms TE,  [50 400 800 1200 1600 2000 3000 4000] ms TI, 0.78x0.78x5 

mm
3
 voxel size, 256x256 matrix size, and 16 phase encoding steps. Only 15 minutes 

elapsed from the time the blood was drawn to the completion of the T1 mapping scan to 
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avoid sedimentation of the blood. From this series of images, T1 and M0 maps of the 

single slice was calculated by nonlinear fitting of the exponential inversion recovery 

signal curve on a voxel-wise basis. T1bl and T1gm were determined by placing ROIs on the 

T1 map. M0wm and M0bl were measured from ROIs applied to the M0 image. In addition, 

two gradient echo images were acquired, one with uniform intensity of the body coil, and 

one with the head coil. These images were divided by one another to get a coil sensitivity 

correction factor map across the bore of the MRI scanner. The imaging parameters for 

these acquisitions were: 150 ms TR, 1.58 ms TE, 70° flip angle, 4.7x4.7x6.0 mm
3
 voxel 

size, and 64x64 matrix size. M0bl and M0wm were adjusted by the coil sensitivity factor 

from within their ROIs and then the M0bl/M0wm ratio was calculated (10).  

2.3.4 Arterial Velocity Measurement  

Optimization of the PCASL labeling parameters for the best labeling efficiency 

required measurement of the velocity of blood at the location of the labeling plane. 

Single-slice phase-contrast images were acquired using a gradient echo sequence at the 

same location and orientation as the PCASL labeling plane to measure the velocity of 

blood traveling through the common carotid arteries. Image acquisition was synchronized 

with the cardiac cycle via electrodes placed on the chest of the subject. Imaging 

parameters included 8 ms TR, 3.4 ms TE, 45° flip angle, 0.78x0.78x10 mm
3
 voxel size, 

and 256x256 matrix size, 20 images per heart cycle. Manual ROIs were placed over the 

common carotid arteries in every image to retrieve velocity values.  

2.3.5 Labeling Parameter Optimization  

In order to optimize labeling efficiency, PCASL parameters were tuned with 

respect to the velocity of the blood to be labeled. Bloch equation simulations were 
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performed to determine RF and gradient specifications yielding the optimum labeling 

efficiency. The adjustable parameters were excitation gradient strength, excitation pulse 

width, B1 field amplitude, and average gradient strength during labeling. The longitudinal 

magnetization of the label and control (no label applied) were subtracted and halved to 

find the labeling efficiency.  Optimization of the four parameters to maximize the 

labeling efficiency for the range of blood velocities specific to swine was performed. The 

constraints on the parameters included requiring an efficiency of at least 85% across the 

full range of relevant velocities and requiring that the peak efficiency occur at the average 

peak velocity across the heart cycle.  

2.3.6 PCASL Acquisition  

PCASL data was collected from two subjects. For each subject, the labeling plane 

was placed perpendicular to the direction of blood flow within the common carotid artery 

based on the anatomy determined by the CE-MRA of a different subject, as previously 

described. Figure 2 shows labeling plane and imaging volume placement. The labeling 

duration was 1600 ms; this value was used in order to minimize cardiac noise as this 

interval is the length of approximately 2 heart cycles. Selecting a labeling duration close 

to a multiple of the cardiac R-R interval has been shown to reduce physiological noise in 

ASL images (20). Eight PLDs equal to [100 500 900 1300 1700 2100 2500 2900] ms 

were used, each with an adjusted TR equal to [2.7 3.1 3.5 4.3 4.7 5.1 5.5] s, respectively 

(21). Diffusion gradients were used to crush blood signal with velocity greater than 2 

cm/s (22). A 3D interleaved spiral fast low angle shot (FLASH) acquisition was used to 

collect the PCASL data. The initial flip angle was 9.7° and was increased to reduce 

blurring in the slice encode direction, which results in less partial volume effects (23). 
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Other PCASL imaging parameters included: 1.4 ms TE, 3.1x3.1x3.2 mm
3
 voxel size, 

64x64x18 matrix size, 58 mm slab thickness, 4 interleaves, 40 control-label pairs per 

PLD, and 44 min total scan time. An M0 image was acquired on subjects with the same 

acquisition parameters as the PCASL scan when the magnetization was fully relaxed. M-

0wm was measured by ROI and used to find M0bl with the M0 ratio to be used in the 

calculation of CBF. 

 

Figure 2-2 The tagging plane (blue line) is perpendicular to the carotid artery and the 

imaging slices in the imaging volume (red rectangle) are parallel with the AC-PC line.  

(A = anterior, P = Posterior, S = Superior, I = inferior) 
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2.3.7 Anatomical Acquisition  

A T1-weighted gradient echo image was acquired for anatomical registration with 

PCASL data. Imaging parameters were: 12.35 ms TR, 5.1 ms TE, 12° flip angle, 

0.7x0.7x0.7 mm
3
 voxel size, and 256x256x92 matrix size. 

2.3.8 Post-processing and CBF Quantification  

Pairwise subtraction of label and control images resulted in perfusion-weighted 

images for each of the forty repetitions which were then averaged. This was repeated for 

each PLD. The perfusion-weighted image for each PLD was coregistered with the 

anatomical image. The anatomical image was used as a whole-brain mask for the 

perfusion-weighted images after manual segmentation of the brain tissue.  

The following hemodynamic model was used for CBF calculations: 

 

where ΔM is the difference between control and label signal, α is the labeling efficiency 

as estimated with the Bloch simulation, M0bl is the equilibrium magnetization of the 

blood, T1bl is the T1 of the blood, and T1tiss is the T1 of tissue, assumed to be 1200 ms, the 

approximate T1 of gray matter measured in the single slice T1 map. TI is the inversion 

time, and τ is the labeling duration, where TI = ATT + τ. We assumed that the partition 

coefficient, λ, is equal to 1. The data from multiple PLDs was put into a non-linear fitting 

routine using the hemodynamic model above to find ATT. This fitting routine was 

performed on each voxel, resulting in the estimates of ATT and M for each voxel. 

Based on equation 1, CBF per voxel was calculated for the subjects. A goodness of fit 
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calculation was performed on each voxel; voxels with a p-value greater than 0.05 were 

assigned a value of zero for ATT, as well as CBF. 

2.4 Results 

 The range of velocities measured by phase contrast in the common carotid arteries 

at the location of the labeling plane is lower than that of humans. As seen in Figure 3, a 

majority of the blood traveling though the artery over the course of one heart cycle is in 

the range of 5-18 cm/s. The solid line in Figure 4 shows the labeling efficiency of the 

PCASL routine with the original parameters (optimized for humans). The original set of 

parameters lead to high efficiency over a large range of velocities; however, the range of 

the blood velocity measured in swine is lower than the range of highest efficiency in 

humans. The range of velocities found in the swine had an average simulated efficiency 

of 0.902 with the original parameters. In contrast, optimization of PCASL parameters for 

swine using the Bloch equations simulation resulted in the following parameter values: 

0.991 G/cm gradient amplitude, 1033 µs excitation pulse width, 0.0356 G B1 amplitude, 

and 0.0667 G/cm average gradient amplitude over the 1600 ms labeling duration. The 

original human parameters were 0.8 G/cm, 800 µs, 0.05 G, and 0.06 G/cm respectively. 

The new swine-specific parameters lead to increased labeling efficiency for the range of 

relevant blood velocities (Figure 4, dotted line). The average labeling efficiency over 

velocities of 5-18 cm/s was 0.930, an improvement from 0.902.  
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Figure 2-3 Mean ± standard deviation of blood velocity in common carotid artery 

measured with phase contrast imaging 
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Figure 2-4 Bloch equation simulation results of the labeling efficiency over velocity 

 

 The average T1bl, as measured in two subjects, was 1546 ms. The average T1gm 

from the two subjects was 1224 ms, and the average blood-to-white matter ratio of M0 

was 1.25. Figure 5 shows CBF and ATT maps for the two subjects. There are holes in the 

ATT and CBF maps in the more distal slices in one subject. These holes represent voxels 

where the ATT non-linear fitting routine did not converge, or the goodness of fit test did 

not produce a significant p-value. This might be caused by insufficient signal in the voxel 

due to its increased distance from the labeling plane. These holes are surrounded by 

voxels with long ATT values and low CBF values. Deep white matter showed a shorter 

ATT compared to the rest of the brain, and overall, the swine showed less variation in 

ATT across the brain than do humans (24). The global averages over all subjects were 

54.05 mL/100g/min CBF and 1261 ms ATT.  



43 
 

 

Figure 2-5 CBF and ATT maps. Subject 1: rows 1 and 2. Subject 2:  rows 3 and 4. 

 

2.5 Discussion 

 Due to the unique cerebrovascular anatomy and different head/neck orientation of 

swine, a CE-MRA was warranted to examine the location and orientation of the common 

carotid arteries. With knowledge of the general location of these arteries determined from 

one subject, the labeling plane can be placed perpendicular to the direction of flow for all 

subjects on which PCASL will be performed. The flow-driven adiabatic inversion 

technique used in CASL and PCASL methods inverts the magnetic spins with respect to 

the labeling plane. If the labeling plane had been placed such that it was not 

approximately perpendicular to the flow of blood, the effective velocity of blood would 

have been lowered, which would lower signal. The SNR for ASL is already very low, 

therefore extra care in the placement of the labeling plane to maximize signal is 

warranted. The calculation of CBF compensates for imperfect labeling efficiency, α, as 

estimated according to the blood velocity. As mentioned, the imaging plane for the phase 

contrast image used to measure blood velocity was in the same location and orientation as 
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the PCASL labeling plane. Therefore, the velocity measured and then used to optimize 

the labeling parameters is the same as the effective velocity that is labeled.  

T1bl, T1gm, and M0bl are required for accurate quantification of CBF (25). Cerebral 

arterial vessels are smaller than the voxel size, thus obtaining a region of interest to 

determine T1bl that contains purely arterial blood in vivo is difficult.  One method to 

circumvent this issue is to use a region of interest of venous blood. The sagittal sinus, 

which runs down the posterior of the brain, is large enough to fill multiple voxels, and 

can be used for this purpose (26). Even with relaxation correction, the sagittal sinus is 

still subject to partial voluming effects with the cerebral spinal fluid (CSF). This effect 

can be suppressed with a method introduced by Varela et al., in which a series of 

saturation pulses are applied, effectively lowering the equilibrium signal of the static 

tissue compared to the blood which is refreshed between saturations (26). In addition, the 

movement of blood adds to the difficulty of an accurate T1 measurement (27). Another 

alternative is to use human values. However, due to the novelty of the swine model, the 

T1 of swine blood has not been established and may be different from that of humans. For 

these reasons, we chose to measure the T1 of swine blood in vitro in order to obtain a 

model-specific value. The addition of Heparin to the blood to prevent coagulation has 

been shown to have no effect on the relaxation rate of blood in vitro (28).We found an 

average T1bl value of 1546 ms in the swine, which is in the range of T1bl reported for 

human blood at 1.5T (1355 ms (29) – 1580 ms (30)). This is not surprising considering 

the similarities between swine and human anatomy and physiology. T1bl is a constant 

parameter, so this value was used for all quantifications.  
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It is assumed that the perfusion signal is dominated by signal from the gray matter 

(7), so T1gm was chosen as an estimation of T1tiss for CBF quantification the brain. T1tiss 

was assumed to be 1200 ms for CBF quantification, which is approximately the average 

T1gm taken from the single slice of the T1 map (1224 ms). Only one slice was collected 

for T1 mapping, which prevents an accurate average T1 across the brain due to different 

compositions of gray matter and white matter in each slice. This method is a reasonable 

estimate for most regions of the brain and gives a good estimate of the global average 

CBF, as the CBF signal is dominated by gray matter signal. However, if accurate regional 

CBF values are desired, more accurate regional T1 values are required. Assuming T1gm as 

the T1 for the entire brain results in less accurate CBF values for white matter regions due 

to the difference between T1gm and the T1 of white matter. The T1 used for CBF 

quantification has an appreciable effect on the CBF value due to the inverse relationship 

established by the hemodynamic model (25). The use of a T1 map of the brain tissue to be 

registered with the perfusion data would be the most accurate method of incorporation of 

T1 into the model in order that regional differences in T1 can be accounted for in the CBF 

calculation.  

The direct measurement of M0bl in vivo is also prevented by the small volumes of 

pure arterial blood in the brain. One method to estimate M0bl is to measure M0 of CSF, 

and correct for the differences in proton density and T2* between CSF and blood (31). 

This method has been successful in human perfusion imaging, though it is not practical 

for the swine model as the CSF-filled ventricles are proportionally smaller in a swine 

brain and do not allow for a sufficiently large ROI to contain pure CSF without risk of 

partial volume effects. We chose to measure the blood-to-white matter ratio of M0 from 
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an image including the blood vial near the brain in order to determine M0bl (10). White 

matter, rather than gray matter, was used because white matter is more homogeneous, so 

a less variable measurement could be made. M0bl is not constant for all subjects. To avoid 

drawing a vial of blood for every subject, the ratio of M0wm to M0bl was determined which 

is constant for all subjects. M0wm varied across subjects mostly due to variation in the 

receiver gain, which is automatically adjusted within the GE system on a per image basis. 

With a constant blood-to-white matter ratio of M0, M0wm variation lead to varying values 

for M0bl. M0bl is inversely proportional to CBF, thus inaccurate M0bl would lead to 

inaccurate CBF values. If the M0 ratio had been assumed from literature, the CBF values 

would not have reflected the species specific ratio. 

The arterial blood velocity measured by phase contrast imaging was used in an 

optimization of PCASL labeling parameters to maximize labeling efficiency. If the 

original human parameters had been used, the labeling efficiency would have been lower 

for velocities found in the swine, leading to less PCASL signal. One of the constraints on 

the labeling parameters was that the labeling efficiency be at least 85% across the range 

of relevant velocities measured. Though some velocities of less than 5 cm/s were 

measured during the slowest point in the heart cycle, it is unlikely that the blood with 

very low velocity would reach the imaging volume in the period of the PLD.  As such, 

the labeling efficiency on this blood is irrelevant and was not held to the optimization 

constraint. The Bloch equation simulation allowed for a more accurate estimate of the 

labeling efficiency, which is inversely proportional to the CBF, leading to a more 

accurate CBF value.  
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The diffusion crusher gradients applied in the PCASL acquisition were used to 

suppress intravascular signal from larger vessels excluding capillaries (32). Labeled 

blood that passes through a voxel but does not contribute to the blood supply of the tissue 

in the voxel can be detected. This signal is much stronger than the tissue perfusion signal; 

blood is only approximately 1% of the raw tissue signal. The intravascular signal should 

be suppressed so that the true perfusion signal can be detected.  If this correction is not 

made, there will be an overestimation of the total CBF and the ATT fitting will not work 

well. 

PCASL data was collected using a range of PLDs; this was done to allow for 

more accurate CBF quantification from the non-linear fitting routine. It also eliminated 

signal dependence on ATT. An alternate strategy to the latter issue would have been to 

select a single PLD longer than the longest ATT to eliminate dependence on ATT, but 

this method sacrifices signal. This is especially the case in those areas with short ATT, 

where a shorter PLD would produce a much greater SNR. The subjects showed slightly 

different patterns in the ATT map (Figure 5) therefore there would heterogenous SNR 

penalties across the brain if one PLD was used.   

The ATT maps themselves can offer insight into the cerebrovascular physiology 

of the swine. The ATT maps revealed that the ATT is not as varied across the brain in the 

swine as it is in humans (24). This information can be used in future experiments with 

this model. Knowledge of the uniformity of ATT across the brain allows for use of fewer 

PCASL sequences with differing PLDs which will shorten scan time. Koziak et al. found 

that contrast arrival time maps created with perfusion CT showed no significant 

difference between ROIs in the gray and white matter (16), which is consistent with our 
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findings. It should be noted that contrast arrival time is not equivalent to ATT. CT 

contrast arrival time is the time required for the contrast agent to travel from a reference 

artery to the brain, and the ATT is the time required for the magnetically labeled spins to 

travel from the labeling plane to the brain. The two metrics are different, but should be 

correlated. As mentioned, swine have a rete mirabile at the base of their brain (19); this 

vessel structure may account for the smaller range of ATT across the brain. The function 

of the rete mirabile has been studied in many animals including sheep and goats. These 

studies have suggested that the rete mirabile protects the brain against large or sudden 

changes in blood flow and blood pressure (33). This function may account for the small 

amounts of variation observed in ATT across the swine brain. Another feature observed 

from the ATT maps is that the white matter proximal to mid brain has a shorter ATT than 

peripheral gray and white matter (Figure 5). The opposite pattern has been observed in 

humans (7). Indeed, the CBF of white matter is difficult to measure in humans because 

the ATT is so long that the signal has decayed significantly before arriving to the 

capillaries (7).  

The average ATT of 1261 ms reported here is longer than the 630 ms found by 

Koziak (16). The subjects used by Koziak were 1-3 days old and average 1.6 kg, much 

smaller than the 25 kg subjects used in this study. Differences in subject size most likely 

explain the differences in ATT reported. The global CBF value reported here of 54.05 

mL/100g/min is less than that reported by Koziak et al., which was 73 mL/100g/min in 

gray matter and 60 mL/100g/min in white matter (16), but is the same as that reported by 

Winter et al., which was 54.1 mL/100g/min global average (17). The global average CBF 

value reported here also agrees well with published [15-O]H2O PET reports. Based on 
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data reported by Olsen et al. the global average for 3 month old swine was 50.7 

mL/100mL/min (34) using PET. Anderson et al. reported 49 mL/100mL/min global 

average (35) from PET in one year old swine. Although Winter et al. in a later study 

found no correlation of CBF with age in a piglet model measured with PASL (36), it is 

still possible that subject age plays a role in the differences between CBF reported in this 

study and those of other investigators. Differences in labeling method may also 

contribute to any differences observed. As mentioned by Winter, CBF is very dependent 

on the use of general anesthesia, including specific drugs used for anesthesia induction 

and maintenance, as well as dose and duration of exposure. Isoflurane has been shown to 

increase CBF in a dose-dependent manner (37). Anesthetics used need to be noted when 

comparing results of different studies.  

In conclusion, this study demonstrates the feasibility of a PCASL procedure for 

CBF quantification in a swine model. Agreement with the limited similar studies was 

found. This is the first report of PCASL in swine, which overcomes many of the 

limitations of PASL used in previous reports of swine ASL. Species specific values, such 

as T1bl, were not assumed to be the same as humans, and imaging parameters were 

optimized specifically for swine physiology. These procedures lead to an accurate 

understanding and greater utility of the model. With this model of quantitative cerebral 

perfusion imaging in swine, the changes in cerebral perfusion due to many cerebral 

injuries can be studied including stroke and traumatic brain injury. The methods used 

here for the development of a new perfusion imaging model can be applied to the 

development of other new imaging models in different animal species. 
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3.1 Abstract 

Arterial spin labeling (ASL) is an MRI perfusion imaging method from which 

quantitative cerebral blood flow (CBF) can be calculated. We present a multi-TI ASL 

method (multi-TI integrated ASL) in which variable post-labeling delays and variable 

TRs are used to improve the estimation of arterial transit time (ATT) and CBF while 

shortening the scan time by 41% compared to the conventional methods. Variable bolus 

widths allow for T1 and M0 estimation from raw ASL data. Multi-TI integrated pseudo-

continuous ASL images were collected at 7 TI times ranging 100-4300ms. Voxel-wise T1 

and M0 maps were estimated, then CBF and ATT maps were created using the estimated 

T1 tissue map. All maps were consistent with physiological values reported in the 

literature. Based on simulations and in vivo comparisons, this method demonstrates 

higher CBF and ATT estimation efficiency than other ATT acquisition methods and fits 

the perfusion model better. It produces CBF maps with reduced sensitivity to errors from 

ATT and tissue T1 variations. The estimated M0, T1, and ATT maps also have potential 

clinical utility. The method requires a single scan acquired within a clinically acceptable 

scan time (under 6 minutes) and with low sensitivity to motion. 

 

Keywords 

Magnetic resonance imaging (MRI), Perfusion imaging, Brain, Quantification and 

estimation 
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3.2 Introduction 

Arterial spin labeling (ASL) is a completely non-invasive MRI method for 

quantifying cerebral blood flow (CBF) (1). To perform ASL, two brain images are 

acquired, one with a magnetic inversion at the neck to label the inflowing arterial blood, 

and one without the inversion. The two images are subtracted to cancel out the static 

brain tissue signal and reveal a perfusion-weighted image. Repeated acquisitions are 

often averaged for increased SNR.  CBF can then be quantified by accounting for signal 

decay, timing parameters, and equilibrium magnetization. The arterial transit time (ATT) 

in ASL is defined as the time required for the blood to travel from the labeling location to 

its final location of exchange in the brain tissue. To allow the labeled blood to travel from 

the labeling location to the exchange location, a post-labeling delay (PLD) is inserted 

between the application of the label and the acquisition of the image (2).  

The selection of a single, optimum PLD is difficult because the ATT varies 

widely between patients, across the brain, and can change with pathology (3) and normal 

aging (4). Therefore traditional single inversion time (TI, defined from the beginning of 

the labeling bolus, ending at imaging excitation, therefore including the bolus width and 

the PLD). ASL CBF calculations are sensitive to ATT, despite efforts to minimize the 

sensitivity (2,5). Simultaneous estimation of ATT and CBF can provide more accurate 

CBF estimates without sensitivity to ATT (6). In addition, an ATT map may be helpful as 

a tool for diagnosis of cerebrovascular abnormality, such as identifying ischemic 

penumbra and infarction (3). ATT mapping during functional tasks has also proven to be 

a useful measure of brain activity (6).  
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The most basic method of mapping ATT is to collect many ASL image sets with 

different TIs with corresponding PLDs over a range of physiologically relevant values of 

ATT with a uniform repetition time (TR) (7,8). The longest TI determines the TR, 

resulting in a very time consuming and, therefore impractical scan time, especially in a 

clinical setting. In addition, sequential acquisition of TIs makes this method sensitive to 

head motion. Various time-efficient methods have been proposed for simultaneous ATT 

and CBF estimation including simply shortening TR when the TI is shorter as was 

implemented by Wang et al. (3). This method however, still suffers from motion 

sensitivity. Other methods include Hadamard encoding applied to the labeling (9,10), and 

a Look-Locker acquisition scheme (11). The Hadamard encoding method involves 

dividing the labeling bolus into several sub-boluses, which are then encoded as either 

label or control. The resulting images are added and subtracted to decode the perfusion-

weighted image from a particular sub-bolus, thus providing a particular effective PLD 

(10). Although this method is time efficient, it suffers from a reduced SNR since the 

effective bolus duration is only the duration of the sub-bolus, thereby reducing the signal 

magnitude. The Look-Locker method acquires multiple images at different PLDs after a 

single label application (11). Although less sensitive to motion, this method also suffers 

from a reduced SNR due to the small flip angle used for each image volume.  

In this work, a new, time-efficient method of ASL acquisition is proposed which 

allows for simultaneous CBF and ATT estimation as well as T1 and M0 mapping within 

the same scan. In order to maintain a high SNR, one image volume per label is acquired, 

avoiding the SNR penalties of the previous methods. By using a variable bolus width and 

variable TR, the total scan time is significantly decreased. By means of pre-saturation, T1 
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and M0 maps can be estimated. This new method is called multi-TI ASL with variable TR 

and bolus, refered to as multi-TI integrated ASL. This is not the first method to have 

shortened bolus duration (12), but this is the first, to the authors’ knowledge with varied 

bolus duration with pseudo-continuous labeling. Monte Carlo simulations are used to 

compare the proposed method with three existing methods of ASL acquisition in addition 

to in vivo image comparisons for CBF and ATT estimation: Multi-TI with long TR ASL, 

Hadamard Encoded ASL, and Look-Locker ASL.  

3.3 Theory 

In conventional ASL, a single TI is used for all images; the TR is fixed.  Pair-wise 

subtraction of label and control images is performed to create perfusion-weighted images. 

The label can be applied with a single excitation RF pulse inverting a large area as in 

pulsed ASL (PASL) or with a long tagging period inverting blood spins flowing through 

a thin plane as in the continuous ASL (CASL) or pseudo-continuous ASL (PCASL). A 

continous or pseudo-continuous labeling strategy is assumed here, although the method 

can be implemented with PASL as well (see Discussion). With multi-TI integrated ASL, 

images are collected at varying TI and TR. Pre-saturations are used to saturate the 

imaging slice immediately before the labeling pulse. The pre-saturation pulse causes the 

tissue signal to recover from zero at the beginning of each TR, thus removing the 

dependence of the signal on TR. As a result, TR can be varied according to the TI. Using 

a shorter TR with a shorter TI results in a 41% time savings compared to using a fixed 

TR for all TI times. In addition to varying the TR, this method also varies bolus width so 

that shorter TIs can be sampled (see Fig. 1). The multi-TI integrated method allows for a 

wider range of TI times to be sampled than other implementations of multi-TI PCASL. 
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The acquired tissue signal follows a saturation recovery signal curve, allowing estimation 

of tissue T1 and M0. With the traditional bolus width of approximately 1600 ms, the first 

TI (>1600 ms) is on the order of the T1 of the blood and brain tissue, which is not ideal 

for T1 and M0 estimation. The use of pre-saturation is crucial for enabling T1 and M0 

mapping in this method. Additionally, the effect of inflowing blood on the tissue T1 and 

M0 estimates can be minimized by averaging the label and control images. An estimate of 

the M0 of blood is required for all CBF quantification; this value is typically estimated 

from an image acquired after waiting several TRs to assure complete relaxation of 

magnetization. Multi-TI integrated ASL allows for an M0 map to be estimated without 

the acquisition of an additional image volume. Additionally, incorporating T1 mapping 

into an ASL acquisition eliminates the need for an additional scan for T1 mapping and 

avoids the assumption of a single T1 value for all brain tissue.  

ASL experiments require many averages for better SNR.  Conventional ATT 

mapping methods acquire all the averages at one TI before moving to the next TI.  Multi-

TI integrated ASL loops through all the TIs first then repeats (see Fig. 2) for additional 

averages. Such an acquisition scheme reduces the sensitivity to motion since head 

movement will be less likely to cause complete loss of one or more of the TI points. The 

application of the pre-saturation enables this interleaving of the TIs with variable TR as 

the signal magnitude is no longer dependent on the TR. 
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Figure 3-1 Multi-TI integrated ASL acquisition timing in milliseconds. Gray bars are the 

bolus width and the black tick marks are the TI times. The first volume does not have a 

labeling bolus and is only used for T1 and M0 mapping. The second and third volumes 

have shortened boluses, and all the later volumes have a 1600 ms bolus. 

 

 

 

Figure 3-2 Longitudinal magnetization resulting from interleaved variable-bolus 

acquisition scheme. L denotes label, C denotes control. The TIs are interleaved (one label 

and one control image are acquired for each TI, then this pattern is repeated). The raw 

signal (shown as magnetization on the y-axis) follows a saturation recovery curve. 

 

3.4 Methods 

3.4.1 Monte Carlo Simulations 

Simulations in Matlab (MathWorks Inc., Natick, MA) were performed in order to 

compare the efficiency of the Multi-TI integrated ASL method to the conventional multi-

TI with long TR ASL as well as Hadamard Encoded ASL (9) and Look-Locker ASL 



61 
 

(11). All methods were simulated with a pseudo-continuous labeling scheme. Signal from 

a single subtracted label/control pair was generated for each method according to the 

general hemodynamic model (see Fig. 3) (13). The T1 of blood was assumed to be 1660 

ms (14) and the T1 of gray matter was assumed to be 1500 ms (15). Zero-mean Gaussian 

noise was added to the simulated signal at all time points independently. Standard 

deviations of the noise were chosen such that the SNR of a single label/control difference 

image was 2 (at 1400 ms ATT with 1600 ms bolus duration). The signals were averaged 

according to the number of averages feasible in a given scan time (6 minutes) (see Table 

3-1). The whole brain imaging time (e.g., k-space acquisition time), was assumed to be 

700 ms for all methods. The TI for the multi-TI integrated ASL ranged from 100 ms to 

4300 ms as in Figure 3-1. In the Hadamard encoding method, there were eight 600 ms 

sub-boluses used. In the Look-Locker method, a train of 5 image volumes were collected 

per label with a flip angle of 45° (used based on Ernst angle with inter-image spacing of 

800 ms and T1 of 1500 ms)  at 800 ms intervals. 800 ms is the minimum image spacing 

possible while maintaining whole-brain coverage with 2D EPI acquisition. All other 

simulation parameters are summarized in Table 3-1. Monte Carlo simulations were 

performed with 5000 iterations. 
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Figure 3-3 Normalized perfusion signal over time with ATT=1000ms for the four 

simulated methods before addition of noise, error bars represent standard deviation of 

averaged signal after adding noise, averaged according to the number of averages 

allowed in the fixed scan time. Due to the shortened boluses used for the multi-TI 

integrated ASL, some images have a “negative PLD” relative to a PLD defined by the 

longest bolus duration of 1600 ms.  

 

Table 3-1. Summary of ASL parameters for simulation 

 Long TR Look 

Locker 

Hadamard 

Encoding 

Integrated ASL 

TR (ms) 5500 5700 5100 3000 (avg) 

Bolus Duration 

(ms) 

1600 1600 600 0/700/1400/1600 

Flip Angle (deg) 90 45 90 90 

TI increment (ms) 600 800 600 700 

Number of TIs 

(time points) 

6 5 8 7 for T1 mapping 

6 for Perfusion 

Total Scan Time 

(min) 

5:30 5:53 5:31 5:39 

Averages in 6 min 5 31 8 8 

 

3.4.2 Bloch Simulations 

Bloch simulations of the pre-saturation pulses were performed in Matlab to ensure 

their effectiveness at saturating the imaging volume. A range of 1-4 sinc pulses are used 

as the presaturation pulses, repeating after 25 ms. Each hanning-filtered 90° sinc pulse 
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has a time-bandwidth product of 7, lasting 5.12 ms; the phase for the sinc pulses is 50°, 

150° 300°, and 500°, respectively. The gradient during the sinc pulse is 0.157 mT/m for 

the 24 slices (5 mm thickness with 1 mm slice gap), followed by a spoiling gradient of 8 

mT/m lasting 5.5 ms. These conditions were simulated on 500 spins spaced equally in the 

z-direction over a 5 mm thick voxel at a 2 µs time increment assuming a range of B1 

fields 0.8 – 1.2. Longitudinal magnetization averaged over all simulated spins is recorded 

for each number of pre-saturation pulses.  

3.4.3 Image Acquisition 

Five healthy subjects were scanned (2M/3F, 28.6±3.2 years old). All images were 

collected on a 3T Siemens Skyra scanner with a 32-channel head coil (Siemens AG, 

Erlangen, Germany). Multi-TI integrated ASL images were collected at 7 TI times 

ranging 100 – 4300 ms in increments of 700 ms (see Fig. 1) with TR ranging 1000 – 

5200 ms with pseudo-continuous labeling. Saturation sinc pulses were played 

immediately before the labeling bolus. Parameters included: Two 90° sinc repeating after 

25 ms. hanning-filtered, time-bandwidth product of 7, duration 5.12 ms; the phase for the 

two sinc pulses is 50° and 150°, respectively. The gradient during the sinc pulse was 

0.157 mT/m for 24 slices, followed by a spoiling gradient of 8 mT/m lasting 5.5 ms. 

PCASL module parameters included 1ms PCASL RF interval, 0.5 ms pulse width, 

0.00326 mT B1 field, 10 mT/m peak gradient amplitude, and 0.6 mT/m mean gradient 

amplitude. Other parameters included: 2D echo planar imaging (EPI) acquisition, 

GRAPPA parallel imaging with acceleration factor of 2, 20 ms TE, 3.4 x 3.4 x 5.0 mm 

voxel size, 21.7 x 21.7 x 14.4 cm FOV, 1 mm slice gap, 24 slices (full brain coverage), 

and crusher gradient on all three orthogonal axes to crush blood velocities greater than 5 
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cm/s. All bolus widths were 1600 ms when the TI allowed, otherwise the bolus duration 

was 100 ms shorter than the TI. TR ranged from 900 ms to 5100 ms according to the TI, 

with 8 averages per TI, and a total scan time 5 minutes 39 seconds. All TI times were 

interleaved to reduce sensitivity to motion (see Fig. 2). For EPI phase correction, a two-

echo reference scan for all images was implemented, using the longest TR during the 

reference scan (16), see discussion for further details. For one subject, the multi-TI 

integrated ASL was acquired with sequential TIs in order to compare its motion 

sensitivity with the interleaved acquisition scheme. For one subject, multi-TI integrated 

ASL was acquired with the tagging plane superior to the head to examine the effect of 

imperfect pre-saturation pulses on the perfusion-weighted images.  

In order to validate the pre-saturation pulses, a single imaging slice was acquired 

immediately following the pre-saturation pulses with the same EPI readout scheme and 

resolution; TR was 20 seconds to allow for each image to begin with completely relaxed 

magnetization. The same slice was collected after different number of pre-saturation 

pulses ranging 0-4. The phase of the RF sinc pulses are the same as mentioned above for 

the first and second pulses. The third and fourth pulses had phases of 300° and 500°, 

respectively. The image with no presaturation pulses was used to find the percent residual 

signal remaining after each number of pre-saturation pulses.  

To enable processing and validation, a T1-weighted 1 mm isotropic MPRAGE 

with full head coverage was acquired for tissue segmentation. A single imaging slice was 

collected using Turbo FLASH acquisition with in plane resolution identical to the ASL 

EPI with 10 s TR, 2.06 ms TE, TI to match the TI of the multi-TI integrated ASL with the 

exception of the first TI which was minimized to 131 ms.  In order to validate the M0 
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map estimated from the proposed method, a separate volume was collected with EPI 

acquisition and identical parameters with the exception of a 22 s TR.  

Naive multi-TI-long-TR ASL was also acquired with the same parameters as 

multi-TI integrated ASL with the following changes: all boluses 1600 ms, TI range from 

1700 ms to 4900 ms in increments of 600 ms with 5700 ms TR for all, 5 averages per TI, 

total scan time 5 minutes 30 seconds.  

  Look-Locker readout ASL was collected with the same readout parameters as 

with the Variable-Bolus ASL, with the exception that the flip angle was 45° (chosen to 

closely match the Ernst Angle for an image spacing of 800 ms and T1 of 1500 ms). 5 TI 

times ranging from 1700 ms to 4900 ms in increments of 800 ms were collected. 800 ms 

was the minimum image spacing possible while maintaining full brain coverage. 31 

averages were collected, with a total of 310 volumes plus one M0 volume. The total scan 

time was 5 minutes and 53 seconds.  

 Hadamard Encoded ASL images were collected with the same readout as the 

Variable Bolus ASL. The bolus duration was 4300 ms, divided into 8 sub-boluses of 600 

ms as was done previously (9) with a shortened initial PLD of 100 ms. The effective 

PLDs ranged from 100 ms to 4300 ms in increments of 600 ms, the TR was 5700 ms. 

And 8 volumes per average, 8 averages, were collected in addition to a single M0
 
volume. 

Total scan time was 5 minutes 31 seconds. For all ASL methods but the multi-TI 

integrated ASL, a separate M0 volume was collected following two dummy TRs to allow 

for relaxed magnetization.   

 

 



66 
 

3.4.4 Image Analysis 

All analyses were performed in Matlab (MathWorks, Natick, MA). Raw PCASL 

data from all ASL methods was first realigned with the M0 volume for the Long-TR ASL, 

Hadamard Encoded ASL and Look-Locker ASL methods, and to the first control image 

with the longest TI for the multi-TI integrated ASL (which has the highest SNR of all 

repetitions) using SPM8 (Wellcome Trust Center for Neuroimaging, London, UK) (17).  

Volumes with greater than 1 mm movement from the previous volume were rejected. The 

raw images were smoothed in the slice plane with a 5 mm Gaussian kernel. Using the 

multi-TI integrated ASL data, all label images were averaged with all control images for 

each TI time, resulting in a 7 volume time series. T1 and M0 maps were estimated on a 

voxel-wise basis with a linear least-square fitting routine using the following saturation 

recovery equation: 

𝑀(𝑡) =  𝑀0(1 − 𝑚 𝑒−
𝑡

𝑇1)   (3-1) 

where M is the measured magnetization at each inversion time, M0 is the equilibrium 

magnetization, m is a factor to account for imperfect signal saturation, t is the saturation 

time (the time from the center of the last saturation pulse to the center of the slice 

excitation pulse) and T1 is the T1 of the tissue. The averaging of the label and control 

images minimizes the contribution of blood inflow to the estimated T1. 

Three parameters: T1, M0, and m were fit with all seven TI time points using 

Equation 3-1. T1, M0, and m maps were also estimated form the turbo FLASH 

acquisitions. The turbo FLASH T1 map was compared with the corresponding slice of the 

fitted T1 map to ensure the accuracy of the fitted T1 map. The mean percent error of the 

T1 map excluding the CSF was calculated. The M0 of blood was estimated from the M0 of 
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the cerebral spinal fluid (CSF) (18) taken from a region of interest (ROI) in the fitted M0 

map. The M0 of blood was also extracted from the separately acquired M0 map with long 

TR in the same way to ensure that accuracy of the fitted M0 map. For the other three ASL 

methods, the M0 value was extracted in the same way from the M0 volume collected in 

the separate acquisition.  

For all methods, in order to estimate CBF and ATT, the aligned and smoothed 

data was subtracted pair-wise for the multi-TI integrated ASL, long-TR ASL and Look-

Locker ASL; the Hadamard images were added and subtracted to according to encoding 

scheme creating 8 perfusion weighted volumes (9). Then an average perfusion-weighted 

image was calculated for each TI time. This resulted in a 6 volume time series for the 

multi-TI integrated ASL method (the shortest TI time was not used for perfusion 

calculations, only for T1 and M0 estimation), and a time series of 6 volumes for long-TR 

ASL, 5 volumes for Look-Locker ASL, and 8 volumes for Hadamard Encoded ASL (see 

Table 3-1). . For all methods, CBF and ATT maps were created using the standard model 

(13) (pictured in Fig. 3) and a nonlinear fitting routine (Matlab function ‘fminsearch’ 

between the data and the model) using the T1 map for multi-TI integrated ASL, 

accounting for slice delays in the 2D acquisition with the following equation: 

 

where ΔM is the difference between control and label signal, α is the labeling efficiency, 

M0bl is the equilibrium magnetization of the blood, T1bl is the T1 of the blood, and T1tiss is 

the T1 of tissue, taken from the T1 map for multi-TI ASL, and assumed to be 1500 ms for 

𝐶𝐵𝐹 =  
∆𝑀 𝜆

2𝑀0𝑏𝑙𝑇1𝑡𝑖𝑠𝑠𝛼𝑒
−𝐴𝑇𝑇

𝑇1𝑏𝑙
⁄

(1−𝑒
−

(𝑡−𝐴𝑇𝑇)
𝑇1𝑡𝑖𝑠𝑠

⁄
)

      𝑓𝑜𝑟 𝐴𝑇𝑇 < 𝑡 < 𝐴𝑇𝑇 + 𝜏  (3-2) 

 

         =
∆𝑀 𝜆

2𝑀0𝑏𝑙𝑇1𝑡𝑖𝑠𝑠𝛼𝑒
−𝐴𝑇𝑇

𝑇1𝑏𝑙
⁄

(𝑒
−(𝑡−𝐴𝑇𝑇−𝜏)

𝑇1𝑡𝑖𝑠𝑠
⁄

)(1−𝑒
−𝜏

𝑇1𝑡𝑖𝑠𝑠
⁄

)

     𝑓𝑜𝑟 𝑡 > 𝐴𝑇𝑇 + 𝜏  
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all other ASL methods. TI is the inversion time, and τ is the labeling duration, where TI = 

PLD + τ + slice delay. The partition coefficient is assumed equal to 1. This fitting routine 

was performed on each voxel, resulting in the estimates of ATT and CBF for each voxel. 

The correlation coefficient (rho) and corresponding p-value was calculated between the 

time series data and the model fit of the data on a voxel basis. Any voxels with a p-value 

greater than 0.05 were rejected and replaced with 0 in the CBF and ATT maps. The mean 

rho value was used to compare the four ASL methods.  

 The MPRAGE image was segmented into probability maps of gray matter (GM), 

white matter (WM), and cerebral spinal fluid (CSF) using SPM8. After downsampling to 

the ASL resolution, these probability maps were thresholded to 0.8 resulting in binary 

masks used for comparison of average values of CBF, ATT and rho.  

 To confirm the Bloch simulations, the image slices collected after varying the 

number of pre-saturation pulses were each divided by the image slice without any pre-

saturation to find the percent residual signal across the slice per number of pre-saturation 

pulses. From the mult-TI ASL image set with the tag plane superior to the head the 

perfusion-weighted signal from the 6 TIs used for perfusion estimation were calculated to 

confirm the minimal effect of imperfect pre-saturations.   

3.5 Results 

3.5.1 Monte Carlo Simulations 

Figure 3-4a shows the mean percent error in the CBF estimation from the four 

simulated methods: multi-TI with long TR, Look-Locker ASL, Hadamard Encoded ASL, 

and multi-TI integrated ASL. The error bars indicate standard deviations of the 

estimation. All four methods have simulated mean errors in CBF estimation below 10% 
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for ATT values ranging 500 ms to 2000 ms. Throughout this range of ATT, multi-TI 

integrated ASL has the least variability in CBF estimation. The mean error in ATT 

estimates is shown in Figure 3-4b. The multi-TI integrated ASL method has the least 

variability in ATT estimation over the entire range of simulated ATT values. It also has 

the lowest mean error in ATT estimation for ATT values 2000 ~ 2500 ms.  

 

 

Figure 3-4 Comparison of simulated mean percent error in CBF estimation (a) and mean 

error in ATT estimation (b) between Long TR ASL, Look-Locker ASL, Hadamard 

encoded ASL, and multi-TI integrated ASL, each method separately (left) and overlayed 

(right). Error bars indicate the standard deviations of multiple trials. 
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3.5.2 Pre-saturation Bloch Simulation and Imaging 

The results of the Bloch simulations of the pre-saturations are shown in Figure 3-

5a. After the initial pulse, the resulting longitudinal magnetization is spread according to 

the B1 field. After two pulses, the range of B1 field all resulted in 10% or less residual 

signal. However, after the third pulse, all levels of tested B1 field resulted in an increased 

residual magnetization. After four pulses, there was again a range of residual 

magnetization dependent on the B1 field. The percent residual magnetization was 

computed for a single in vivo slice collected immediately following the final pre-

saturation pulse, seen in Figure 3-5b. The in vivo results are consistent with the 

simulation results. After one pulse the residual magnetization is very dependent on the B1 

field, after two pulses the residual signal ranges between 0%-10%, and after three pulses, 

the residual magnetization does not seem to be dependent on B1 field, but is elevated 

from the signal level after two pulses. Figure 3-5c shows one slice from the percent 

perfusion-weighted signal relative to M0 with the tagging plane superior to the head and 

TI equal to 800 ms. This is the shortest TI used for perfusion estimation and the most 

susceptible to errors in perfusion estimation due to imperfect pre-saturations. The mean 

percent perfusion-weighted signal over the brain for this TI is 0.12%.  
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Figure 3-5 Bloch simulation results, residual magnetization relative to M0 (a): with 

varying B1 fields, two pre-saturations provided the smallest and most consistent residual 

magnetization following the pulses. Absolute percent residual magnetization compared 

for no pre-saturation pulses in a single slice of in-vivo EPI acquisition immediately 

following one to four pulses (b). Percentage perfusion weighted signal relative to M0 

with tagging plane superior to brain, TI = 800 ms (c).  

 

3.5.3 CBF and ATT Mapping 

Representative CBF and ATT maps of a 25 year old female (subject 3) are show 

in Figures 3-6a and 3-6b, respectively, both following voxel rejection based on the p-

value of the correlation. Figure 3-6c shows the correlation coefficient (rho) between the 

time series data and the model fit. Figure 3-6d shows the T1 map and Figure 3-6e shows 

the M0 map, both calculated from the variable-bolus ASL data. Figure 3-6f is a map of 

the m-factor in Eq. 1 to account for imperfect saturation fit from the T1 and M0 fitting 

process. The CBF map shows the expected pattern of higher flow in gray matter regions 

compared to white matter regions. The ATT is shorter in the temporal lobe and deep gray 

matter regions, and is longer in white matter and the occipital lobe. The T1 and M0 maps 

also show typical values for brain tissue. The m-factor is less than 0.1 for a large majority 

of the brain indicating that the pre-saturation pulses are effective and that where the 

pulses did not saturate sufficiently, this was accounted for in the T1 and M0 estimations.  
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Figure 3-6 Maps from subject 3 of (a) cerebral blood flow, (b) arterial transit time, (CBF 

and ATT have been masked such that only voxels with a p-value from the correlation less 

than 0.05 remain) (c) correlation coefficient between data and fitted model for CBF and 

ATT (rho). Maps of (d) T1, (e) M0, both produced from Integrated ASL data and (f) m-

factor to correct for imperfect pre-saturation. 

 

Figure 3-7 demonstrates the advantage of interleaved acquisition of multi-TI 

integrated ASL over sequential acquisition. Superior slices are more prone to motion 
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artifacts, therefore Figure 3-7a shows three superior slices of the rho map using 

sequential acquisition while Figure 3-7b shows the same slices using interleaved 

acquisition. The lower rho values around the edge of the brain from the sequential 

acquisition are evidence of subject motion. Evidence of such motion is minimized with 

the interleaved acquisition.  

 

Figure 3-7 Three slices from the correlation coefficient (rho) map from subject three 

from Multi-TI Integrated ASL with sequential TI acquisition (a) and interleaved TI 

acquisition (b). The lower rho values around the edge of the brain slice superior portion 

of the brain with sequential acquisition are indicative of sensitivity to motion. 

 

The T1 values fit from the multi-TI integrated ASL data compared well with the 

T1 values found using the turbo FLASH acquisition. The average error across the slice 

between the T1 map acquired with Turbo FLASH and the T1 map fit from the ASL data 

was 5% excluding voxels contained in the CSF.  

The CSF M0 values extracted from fitted M0 maps were very similar to those 

extracted from the measured M0 maps. On average the absolute error in the M0 values 

from the fitted map was 3.2% compared to the measured M0 maps ranging from 0.7% to 

9.4% across subjects. The same subject was scanned twice in order to compare the inter-
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subject variability in the accuracy of this method. This subject produced 3.6% and 2.3% 

absolute error in the M0 values from the fitted M0 map.  

A single slice from subjects of the CBF, ATT, and rho maps for all four methods 

is shown in Figure 3-8; these subjects show a range of percentage of significant voxels 

(subject 1 has the lowest average percentage of signficant voxels for all ASL methods, 

while subject 3 has the highest). The gray matter and white matter means and standard 

deviations of the CBF (after p-value masking), ATT (after p-value masking), and rho 

(before p-value masking) for each subject and each method are listed in Table 3-2. Of the 

four PCASL methods, multi-TI integrated ASL has the highest correlation coefficients 

and percentages of voxels with a significant fit in both white and gray matters as seen in 

Table 3-2.  
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Figure 3-8 Slices from the maps of cerebral blood flow (row 1), arterial transit time (row 

2), after p-value masking, and the correlation coefficient between the data and the model 

fit (rho) (row 3) from subject 1 (F, 31 yr) (a), subject 2 (M, 27 yr) (b), and subject 3 (F, 

25 yr) (c). Far left column is long TR (LTR) ASL, left center column Look-Locker ASL, 

right center column Hadamard Encoded ASL, and far right column Multi-TI Integrated 

ASL. 
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3.6 Discussion 

3.6.1 Comparison of CBF and ATT Mapping Methods  

Multi-TI integrated ASL had the lowest simulated mean error in CBF and ATT 

estimation when the ATT was less than 2500 ms, due primarily to the higher signal 

amplitude compared to the other two methods (see Fig. 3). For ATT values longer than 

2500 ms, which is often the case for white matter (19), none of the investigated methods 

demonstrated acceptable levels of error in ATT estimation (less than 200 ms mean error). 

Multi-TI with Long TR ASL has a similar average error in CBF and ATT estimation as 

multi-TI integrated ASL, though its error is more variable (larger standard deviation 

bars). From these simulation results, it can be seen multi-TI integrated ASL is the most 

reliable at estimating CBF and ATT with the least amount of mean error and most 

repeatability (lower standard deviations) over the range of physiologically relevant ATT 

times.  

Other factors that may contribute to CBF and ATT estimation accuracy and 

overall image quality were not included in the simulations such as sensitivity to subject 

motion. Multi-TI integrated ASL uses interleaved acquisition to minimize sensitivity to 

motion, though the Look-Locker method may be even less sensitive; image spacing is on 

the order of milliseconds rather than seconds as for multi-TI integrated ASL. Hadamard 

encoded ASL would be the most sensitive to motion as images collected several minutes 

apart from each other are directly added and subtracted. Another factor that was not 

included in the simulation is bolus dispersion, the effects of which are dependent on the 

bolus width. This is discussed below.  
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The imaging results confirm that multi-TI integrated ASL outperforms the other 

methods. It has the highest percentage of voxels with significant correlations (P<0.05) 

between the data and the model fit of the data. In addition, the proposed method has the 

highest average rho value across the brain for all five subjects. Although the long-TR 

ASL simulations demonstrated similar error rates to the multi-TI integrated, it also has 

the poorest percentage p-value masking survival and the lowest average rho value for the 

CBF and ATT fitting. The average CBF values produced by the different methods are 

consistent across methods for all subjects with the exception of subject 1. This is likely 

due to the poor voxel survival after masking for significant p-values for this subject as 

seen in Figure 3-8a.  

3.6.2 The Value of the T1 Map  

It is common practice to use a single T1 for all brain tissue in CBF and ATT 

quantification for an ASL experiment. Typically the T1 of gray matter is chosen to be 

1500 ms (15). The T1 of gray matter is used to approximate the T1 of the entire brain 

because gray matter is the major source of perfusion signal in any ASL experiment. 

However, the assumption of this T1 value leads to an underestimation of both CBF and 

ATT in regions of the brain where the actual T1 is shorter. Additional simulations were 

performed with multi-TI integrated ASL data using actual tissue T1s of 1200 ms 

(representing some portions of gray matter) and 900 ms (representing the white matter), 

but fit with an assumed  tissue T1 of  1500 ms. All other parameters were kept the same. 

Figure 3-9a shows the results of the simulation and demonstrates the underestimation of 

the CBF when the assumed T1 is longer, using the multi-TI Integrated ASL method (2
nd

 

and 3
rd

 columns). Underestimation of local CBF by 10-30% is possible by using the 
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average gray matter T1 for the entire brain. The simulation also demonstrated an 

underestimation of ATT when the assumed T1 is longer than the actual T1 (results not 

shown). The use of a T1 map leads to more accurate CBF and ATT estimation in the areas 

of the brain where the T1 of the tissue is not the assumed value, particularly in white 

matter. Figure 3-9b shows the results of the simulations if the correct T1 of tissue is 

assumed for the three different T1 values simulated. When the assumed T1 value is too 

high, the estimation of CBF is underestimated. The variability in the estimates (indicated 

by the standard deviation bars) remains constant independent of the assumed T1 value up 

to a simulated ATT of 2500 ms. Beyond this point the variability is dependent on the 

assumed T1 value. However, the mean error in the estimation is too large to be utilized 

(see Fig 9a, left column) for ATT greater than 2500 ms.  
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Figure 3-9 Comparison of percent error in CBF estimations using Multi-TI integrated 

ASL when (a) T1 of tissue = 1500ms is assumed when the actual T1 of tissue is equal to 

1500ms, 1200ms and 900ms and when (b) the correct T1 of tissue is assumed. Error bars 

indicate standard deviation. 

 

One contributing factor to this issue is the partial volume effect: each voxel can 

contain signal from multiple tissue types. This issue in ASL has been addressed with 

several different methods including making the assumption of limited spatial variation, 

using regression to estimate the signal proportion from each tissue type (20), using a 

spatially regularized parameter interference (21), both of which make use of a separately 

acquired T1-weighted structural scan. Recently, Petr et al. used a separate Look-Locker 

acquisition to estimate the partical volume effect (22), and Ahlgren et al. used the raw 

ASL data alone to quantify blood flow and account for partial volume effects (23), even 

though, these methods are limited in that full brain coverage is not feasible. Although 
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beyond the scope of this paper, partial volume correction using the inherent T1 map is a 

part of future development.  

3.6.3 Pre-saturation pulses 

Figure 3-5 demonstrates that after two pre-saturation pulses, the residual signal is 

between 0% and 10% of the equilibrium magnetization, depending on the B1 field. 

Imperfect saturation is accounted for in the T1 and M0 fitting process with the m-factor, 

therefore it is important to determine the effect the pre-saturations have on the CBF and 

ATT estimates. There is potential for the imperfect pre-saturations to contribute to the 

difference signal because the residual signal is dependent on the TR, which varies. The 

shortest TI used for perfusion estimation (800 ms) is the most sensitive to imperfect pre-

saturation; in this case the difference between successive TIs is a larger portion of the TI 

time itself.  Figure 3-5c shows the perfusion weighted signal as a percentage of M0 using 

the volume with TI equal to 800 ms from the multi-TI integrated ASL protocol with the 

tagging plane superior to the head. A signal difference greater than 1% would be on the 

same order of magnitude as the perfusion signal. The average percentage perfusion-

weighted signal averages 0.12% for TI equal to 800 ms. The averages for all other TIs are 

smaller than 0.1%. The poor signal supression offered by 3 and 4 sinc pulses may be 

improved by optimizing the flip angle of all the pre-saturation pulses. This is a topic of 

the future work on this method to further improve the signal saturation to remove signal 

dependence on TR.  

3.6.4 EPI Phase Correction Method 

EPI acquisition requires phase correction to minimize the ghosting artifacts 

resulting from phase differences between the even and odd echoes, collected in opposite 
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k-space directions (24). Ahn and Cho proposed the use of a reference scan to apply a 

phase correction between even and odd echoes (24). Wong later proposed that only two 

echoes were required in the reference scan in order to correct all volumes of an imaging 

sequence (16). Jesmanowicz et al. then proposed using two echoes collected with every 

acquisition, referred to as internal reference lines, to minimize issues related to scanner 

drift during the scan (25). The internal reference line method is not optimal in the 

proposed method since the reference lines with the shortest TI may not have enough 

phase information, leading to a poor phase correction. The poor phase correction leads to 

large artifacts in the perfusion weighted images resembling motion artifacts. Therefore 

the previously proposed method by Wong of a two-echo reference scan for all images 

was implemented, using the longest TR during the reference scan. This method of phase 

correction eliminated the artifact seen with the internal reference line phase correction 

method in the images with the shortest TI.  

3.6.5 Acquisition Method and Background Suppression 

3D acquisition schemes have been shown to produce higher spatial SNR than 2D 

acquisitions for ASL (26), and the application of background suppression in a 3D ASL 

acquisition can lead to increased temporal and spatial SNR (26). However, 2D EPI is an 

acceptable readout method for ASL images and is more widely available (27). Future 

work for this proposed method include implementation of single-shot 3D readout scheme 

and background supression. Application of background suppression however will 

complicate T1 and M0 mapping from the data.  

 

 



83 
 

3.6.6 The Effects of Blood Dispersion 

The standard model used to estimate CBF and ATT assumes plug flow of the 

labeling bolus (13). The effects of bolus dispersion on CBF and ATT estimation with 

ASL have been studied (28) and modeled (29); blood dispersion was not included in CBF 

and ATT in this work. Wu et al. (28) concluded that inter-voxel flow dispersion 

dominates intra-voxel flow dispersion, suggesting that modeling laminar flow may not 

have an appreciable effect on results. Gallichan et al. (29) proposed a model to account 

for laminar flow of the labeling bolus which leads to a smoother signal curve, free of 

discontinuities at the onset and the peak of the perfusion signal curve. This approach 

would be beneficial to our analysis, however, with only six time points (as was used here) 

the benefit would not be as great as for data with more time points. Experiments with an 

increased number of TIs and with increased times points in the dispersion models can be 

investigated to address this issue.  

The Hadamard-encoded ASL would in principle be more susceptible to the effects 

of dispersion due to its decreased effective bolus duration. Given a constant Gaussian 

kernel width for dispersion modeling, a smaller bolus would show greater relative 

dispersion than the standard sized bolus. Although dispersion was not included in the 

simulations performed here, this effect would further separate the estimation efficiencies 

of Hadamard Encoded ASL and ASL methods with stanard labeling durations. 

3.6.7 Arterial Transit Time and Dynamic Susceptibility Contrast Time-to-Peak  

ATT is an indicator of how long it takes for the blood to travel from the neck 

vessels to the brain tissue. In contrast, the time-to-peak (TTP) parameter estimated with 

dynamic susceptibility contrast (DSC) imaging is only indicative of the intracranial 
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cerebral arterial status and has been used to assess cerebral infarction (30). Although 

ATT and TTP cannot be quantitatively compared as the start time of the measurements 

are different, TTP, also called Tmax, has been used to validate ATT measurements in acute 

stroke patients (3). The standardized TTP maps of healthy subjects presented by Našel et 

al. (31) show a comparable pattern to the multi-TI integrated ASL ATT map presented 

here with short TTP in most gray matter areas and longer TTP in white matter and areas 

of the occipital lobe. In this regard, multi-T1 integrated ASL ATT mapping may be able 

to provide additional useful information in the evaluation of cerebrovascular disease. 

3.6.8 Implementation of Multi-TI Integrated ASL with Pulsed ASL 

As mentioned, the proposed method can also be implemented using pulsed ASL 

(PASL) methods, such as FAIR (32) and PICORE (8). In order to acquire the earlier time 

points on the T1 decay curve with PASL, the temporal bolus-defining saturation pulses 

used in the QUIPSS II (33) and Q2TIPS (34) methods may need to be eliminated. The 

shorter TI times would require imaging before the saturation pulse at time TI1. The 

timing of the labeling and imaging when implemented with PASL would be slightly 

different, but the data would be processed and analyzed in the same manner. PCASL was 

used in this study due to the superior SNR of PCASL (35), although this method could be 

implemented with either labeling technique. In this way, multi-TI integrated ASL has the 

potential to be widely used for many applications.  

3.7 Conclusion 

Multi-TI integrated ASL is a novel method of ASL acquisition for simultaneous 

CBF and ATT estimation. It is insensitive to the spatially varying ATT and brain tissue 

T1. The use of variable TRs allows for a 41% savings in scan time over the use of a fixed 
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TR. This method has lower sensitivity to motion, higher SNR, and better estimation 

accuracy in the clinically relevant range of ATT less than 2500 ms than the other 

methods simulated in this study. In addition, CBF, ATT, M0, and T1 maps can be 

generated from one single data set  within a clinically acceptable scan time (<6 minutes). 

The estimation of M0 and T1 from the PCASL data eliminates the need of additional 

acquisitions to measure T1 and M0. The use of the measured tissue T1 map eliminates the 

need of assuming a tissue T1 and leads to more accurate CBF and ATT estimates. In 

conclusion, multi-TI integrated ASL may be a very useful method for brain perfusion 

studies. 
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4.1 Abstract 

 

 A new multi-TI ASL method is proposed with fine sampling for the first one 

second and a variable bolus is which always maximized. These two changes to the 

acquisition along with a simplified model allow for the addition of arterial CBV maps to 

be estimated in addition to CBF and ATT maps. In addition, controlling the magnitude of 

the crusher gradients often used for suppression of the signal from the large vasculature 

allows the user to select the size of arterial vasculature to include in the arterial CBV 

maps. This proposed method with maximized bolus and with a limited bolus both at 

various crusher gradient magnitudes is shown for a healthy volunteer. In addition, this 

method was implemented on a brain tumor patient. The effects in the perfusion 

parameters due to the brain tumor are compared to the clinical standard dynamic 

susceptibility contrast, a contrast-based perfusion method. The two methods show similar 

enhancement. The proposed method shows potential for both research and clinical 

applications.    
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4.2 Introduction 

 

 Brain tumors, especially glioblastomas, are difficult to treat and typically have 

poor outcomes. One indicator of the malignance is degree of angiogenesis, or growth of 

blood vessels within the tumor along with the permeability of the tumor vasculature (1). 

The standard method for assessing tumor malignancy includes the cerebral blood volume 

(CBV), cerebral blood flow (CBF), mean transit time (MTT), and time to peak (TTP) 

using dynamic susceptibility contrast (DSC) MRI (2), a contrast-based MRI perfusion 

method. These parameters are measured inside and outside of the tumor to identify that 

the mass is cancerous, the type of tumor, and the grade of the tumor. These parameters 

are used for surgery guidance and assessing therapy response (3). These four perfusion 

parameters can be quantified, but the process is difficult and often inaccurate (4). 

Therefore, qualitative maps are typically used for diagnostic purposes.  

 Though DSC imaging  allows for a fast high resolution scan, there are risks and 

disadvantages associated with the use of contrast agents. If the scan does not work well 

due to patient motion for example, then the scan cannot be immediately repeated. In 

addition, those with kidney failure are not able to receive contrast agent because they are 

unable to clear it from their bodies.  

Arterial spin labeling (ASL) is a non-invasive MRI perfusion method which has 

been established as a clinical method to quantify CBF without the use of contrast agents 

(5,6). There have been some reports comparing the results of ASL and DSC perfusion 

methods for brain tumor diagnosis. The compared outcomes are visual enhancement on 

relative CBF maps (7), accuracy of diagnosis based on CBF maps (8), and tumor blood 

flow correlation between the two methods (7,9-11). In all these reports, CBF is the only 
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parameter estimated from ASL data, while DSC produces TTP, MTT, and CBV in 

addition to CBF. 

Multi-TI ASL has been developed in order to both remove the sensitivity of 

variable blood arrival time and to estimate the arterial transit time (ATT) (12,13). ATT 

has also been quantified simultaneously with CBF in research studies, but has not been 

made a clinical standard yet. ATT is similar, though not equivalent. to TTP, estimated 

with DSC. In ASL, because the labeled water freely diffuses into the tissue, it is not 

feasible to measure MTT or an analogous parameter with ASL.  

There is potential to measure arterial CBV (aCBV) with ASL. Model-free ASL 

known as QUASAR (14), has been proposed as an aquisition and analysis method to 

estimate aCBV in addition to CBF and ATT.  In the QUASAR method, two data sets are 

collected with and without crusher gradients, then aCBV is estimated from the difference 

of the two perfusion time series (14). The aCBV estimation is limited to the vasculature 

with blood velocity greater than the cut-off threshold of the crusher gradients. In addition, 

the collection of two perfusion-weighted time series is time-consuming and may not be 

feasible in all clinical setting.  

In addition, an analysis method to remove vascular signal from more traditionally 

acquired multi-TI ASL data and give an aCBV estimate in percent for selective voxels 

has been proposed in the BASIL method (15). The BASIL method uses Bayesian 

statistics to estimate CBF, ATT, and percent aCBV and requires the input of parameter 

priors. In the authors’ experience, the parameter estimates depend on the initial parameter 

estimates. In addition, only voxels with a sufficiently large vascular signal will have an 

aCBV estimate. An accurate estimate for perfusion parameters is especially not feasible 
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in the clinical setting where tumors or other pathologies can drastically change regional 

perfusion parameters. Also, an aCBV estimate for every voxel is desired.  

The purpose of this work is to present a new multi-TI ASL-based method for 

simultaneous estimation of CBF, ATT, and aCBV. This proposed method does not rely 

on crusher gradients to separate the vascular signal, but rather crusher gradients can be 

used to remove the undesired signals with a particular size of vessels in the estimation of 

aCBV. The proposed method uses the data itself for accurate initial estimates for the 

fitting routines. In addition, the first one second following the beginning of the ASL label 

is finely sampled to robustly estimate the aCBV for every voxel and to improve the 

quantification of aCBV. The method will be compared with the clinical standard DSC 

imaging in patients with brain tumors.  

4.3 Theory 

 

 In many multi-TI ASL acquisition protocols, crusher gradients are used to remove 

the large perfusion weighted signal originating from the large cerebral arteries. During 

the quantification of CBF, it is assumed that the entire perfusion signal is from the 

capillaries or tissue, when in actuality, there is some remaining perfusion signal in the 

middle or small sized arteries which contaminates the CBF and ATT maps. If the amount 

of aCBV contribution is estimated, the arterial signal in a voxel can be separated from the 

tissue perfusion signal, leaving CBF map without arterial contamination and produced a 

separate aCBV map.  

 The acquisition for this new method is similar to other multi-TI ASL methods, 

with the addition of several short TIs in a 100 ms interval. This will allow for better 

estimation of the arrival of the bolus to the vasculature. With this change alone, the 
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perfusion will be modeled similarly to traditional multi-TI ASL methods, and then 

volume will be modeled as a box car function (figure 4-1a).  Due to the complexity of 

this model, another model is proposed with the same fine sampling for the first one 

second, but also with the bolus of each TI set as long as possible. In other words, there is 

only a minimal, identical post labeling delay (PLD) for each different TI (see figure 4-2). 

The aCBV component of the signal is modeled as a step function (see figure 4-1b), and 

the finely sampled perfusion signal at the early TIs allow for accurate estimation of the 

timing of the step function, or the arrival of the labeled blood to the artery within a voxel. 

The long bolus duration and lack of PLD simplify the model allowing the aCBV 

component to be a step function rather than a box car function and allowing the CBF 

component to be an asymptotic exponential equation. This special acquisition scheme 

allows for a simplified model. To determine which of the bolus methods produces the 

better model fit, both these methods are implemented and compared while the fixed bolus 

model has a 1400ms bolus.  

 
Figure 4-1 Diagram of the proposed ASL models. (a) The fixed bolus model consists of 

the normal multi-TI ASL perfusion model (black) with the addition of a boxcar function 

(blue) to model the arterial CBV. (b) In the long bolus model, the aCBV is modeled as a 

step function (red line); the CBF component is monotonic exponential function (blue 

line).  
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Figure 4-2 Schematic of multi-TI ASL acquisition. The labeling boluses (blue) are as 

long as possible, followed by the image acquisition (red). 

 

4.4 Methods 

4.4.1 Imaging Experiments 

Imaging on a young healthy female volunteer subject was performed on a 3T 

Siemens Skyra MRI scanner with a 32-channel head coil (Siemens AG, Erlangen, 

Germany). PCASL labeling either set to 1400ms or was always 100ms shorter than the TI 

for the long bolus model. 15 TIs were used: [100 200 300 400 500 600 700 800 900 1000 

1500 2000 2500 3000 3500] ms, with four averages for each TI. The TR was also 

minimized for each TI. The sensitivity of the magnetization in the imaging volume to the 

TR was removed with the use of two pre-saturation sinc pulses described in our previous 

work (16). 2D EPI imaging with whole brain coverage was performed, matrix size: 

64x64x24, 3.4x3.4x5 mm voxels, with 1mm slice gap, GRAPPA parallel imaging with an 

acceleration factor of 2. Scan time was 4:45.  

In order to test the effects of the crusher gradients, crusher gradients with cut-off 

velocity  of none, 10 cm/s, 5 cm/s were used, applied in the x, y, and z directions, and 

corresponding echo times (TE) are  11ms, 17ms, and 19ms, respectively.  
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4.4.2 Image Analysis 

Image analysis of ASL images was performed in Matlab (MathWorks, Natick, 

MA). All volumes of PCASL images were aligned to the first volume using SPM8 

(Wellcome Trust Center of Neuroimaging, London, UK) (17).  The volumes were filtered 

to remove volumes with greater than 2mm translational movement from the adjacent 

volume. All volumes (label and control volumes) with the same TI were averaged, 

creating a 15 volume time series. The averaging of both label and control volumes 

reduces the effect of blood signal in T1 estimation (16). Due to the increasing TI, this data 

follows a T1 decay curve following a saturation recovery pattern. T1 and M0 maps were 

fit on a voxel-wise basis from this time series using the following equation: 

𝑀(𝑡) =  𝑀0(1 − 𝑚 𝑒−
𝑡

𝑇1)   (4-1) 

 

where M is the measured magnetization for each time point, M0 is the equilibrium 

magnetization, m is a factor to correct for imperfect saturation from the 90° pre-saturation 

sinc pulses, and T1 is the T1 of the tissue.  

 In order to estimate perfusion parameters on a voxel-wise basis, the ASL data was 

pair-wise subtracted, and then all perfusion-weighted volumes were averaged with those 

the same TI. This resulted in a 15 volume perfusion-weighted time series. An iterative 

process was applied to this data as follows:  

1. The first 10 TI data points (TI = 100 – 1000ms in increments of 100ms) are 

assumed to only contain the aCBV component. Each TI as the location of the step 

is fit to a step function. The step function which best correlated with the first 10 

TI data points was selected and the algorithm moved to the next process.  
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2. The last 6 TI points (1000 – 3500ms in increments of 500ms, note that the 

1000ms time point is included in both steps one and two) have the DC component 

or boxcar function (the magnitude of the step function from step 1), subtracted 

from the perfusion-weighted signal. As described in the theory section, it is 

assumed that the aCBV is constant beyond the initial arrival for the long bolus 

model. This leaves only the CBF component in these 6 TI points. The CBF and 

ATT are estimated from these 6 TIs using the following equation for the long 

bolus model: 

 

𝐶𝐵𝐹 =  
∆𝑀𝜆

2𝑀0𝑏𝑙𝑇1𝑡𝑖𝑠𝑠𝛼𝑒
−𝐴𝑇𝑇

𝑇1𝑏𝑙
⁄

(1−𝑒
−

(𝑇𝐼−𝐴𝑇𝑇)
𝑇1𝑡𝑖𝑠𝑠

⁄
)

   (4-2) 

 

where ΔM is the perfusion weighted signal, M0bl is the equilibrium magnetization 

of blood, T1tiss is the T1 of tissue, λ is the partition coefficient, α is the inversion 

efficient, assumed to be 0.9 (18), T1bl is the T1 of blood, assumed to be 1664ms 

(19), and TI is the inversion time, which accounts for slice delay in the EPI 

acquisition. The following equation is used to fit the perfusion portion of the fixed 

bolus model: 

where all symbols are the same as in equation 4-2, and τ is the labeling duration, 

here 1400ms. Because it is impractical to measure M0bl, the equilibrium 

magnetization of the cerebral spinal fluid (CSF) is measured from the M0 image 

calculated with equation 4-1. Then M0CSF is converted to M0bl using a separately 

𝐶𝐵𝐹 =  
∆𝑀 𝜆

2𝑀0𝑏𝑙𝑇1𝑡𝑖𝑠𝑠𝛼𝑒
−𝐴𝑇𝑇

𝑇1𝑏𝑙
⁄

(1−𝑒
−

(𝑡−𝐴𝑇𝑇)
𝑇1𝑡𝑖𝑠𝑠

⁄
)

    𝑓𝑜𝑟 𝐴𝑇𝑇 < 𝑡 < 𝐴𝑇𝑇 + 𝜏  (4-3) 

 

         =
∆𝑀 𝜆

2𝑀0𝑏𝑙𝑇1𝑡𝑖𝑠𝑠𝛼𝑒
−𝐴𝑇𝑇

𝑇1𝑏𝑙
⁄

(𝑒
−(𝑡−𝐴𝑇𝑇−𝜏)

𝑇1𝑡𝑖𝑠𝑠
⁄

)(1−𝑒
−𝜏

𝑇1𝑡𝑖𝑠𝑠
⁄

)

     𝑓𝑜𝑟 𝑡 > 𝐴𝑇𝑇 + 𝜏
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measured ratio of their proton densities (blood/CSF = 0.72) (20). T1tiss is also 

calculated from equation 4-1. This fitting is performed in Matlab with an 

optimization method for root-mean-squared (RMS) error minimization, 

‘patternsearch’, setting the lower bounds to zero, and the upper bound of the ATT 

to the second longest TI.  

3. The original 15 volume perfusion weighted time series has the CBF component 

subtracted from it (estimated in step 2). Then all 15 volumes are used for the same 

process as step 1. This updates the estimate for aCBV.  

4. The original 15 volumes of perfusion weighted time series have the updated 

aCBV step function or boxcar function subtracted, and the same process in step 2 

is applied to the entire 15 volumes. This creates an updated CBF and ATT values.  

Steps 3 and 4 are repeated until the changes between iterations are less than a tolerance of 

0.001 RMS error or up to the 10 iterations. Maps of the correlation coefficient (rho) of 

the correlation between the data and the voxel fit of the day were created. All parameter 

maps were thresholded at rho>0.5 for display.  

4.5 Results 

 

 Figure 4-3 shows three slices selected from the whole brain coverage maps of 

aCBV, CBF, and ATT maps with the three different magnitudes of crusher gradients 

using the long bolus acquisition and perfusion model. As the magnitude of the crusher 

gradients increases (as the velocity threshold decreases) the aCBV decreases (top row of 

figure 4-3). This is because the signal from the large vessels is crushed, and the only 

signal remaining originates in smaller arteries. The CBF and ATT maps look similar 

regardless of the crusher magnitude. This means that no matter how strong avascular 
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signal is, the algorithm is able to separate the tissue perfusion signal from the vascular 

signal.  

 

 
 

Figure 4-3 Select slices from a healthy volunteer showing the maps produced with 

varying level of crusher (no crusher: left, 10cm/s crusher: middle, 5cm/s crusher: right) 

for the long bolus. 

 

 Figure 4-4 shows the same maps as figure 4-3, with the exception that the bolus 

duration (or PCASL labeling duration) was limited to 1400ms. For this acquisition and 

model, the data did not fit as well. There is not a clear decrease in aCBV with the 

increase in crusher gradient. The CBF and ATT maps do not look the same for each 

crusher level. There is vascular signal contaminating the CBF map for the 10cm/s 

crusher, and the ATT seems to be longer for this crusher level as well, see table 4-1 for 

whole brain averages of each parameter.  
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Figure 4-4 Select slices from a healthy volunteer showing the maps produced with 

varying level of crusher (no crusher: left, 10cm/s crusher: middle, 5cm/s crusher: right) 

for the bolus limited to 1400ms.  

 

 Table 4-1 shows the whole brain average of aCBV, CBF, ATT, and correlation 

coefficients between the time series data for each voxel and the model fit in each voxel. 

The correlation coefficients are consistently higher for the long bolus method than the 

fixed bolus method regardless of the crusher gradient magnitude.  
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Table 4-1 whole brain mean aCBV, CBF and ATT for each of the six bolus and crusher 

combinations. Mean ± std correlation coefficient of voxel wise correlation between data 

and model fit for each combination of crusher level and bolus length.  

 aCBV (ml/100g) 

 Long Bolus Fixed Bolus 

No Crusher 0.39 0.69 

10cm/s Crusher 0.29 0.43 

5 cm/s Crusher 0.18 0.40 

 CBF (ml/100g/min) 

 Long Bolus Fixed Bolus 

No Crusher 55.4 40.5 

10cm/s Crusher 57.6 48.4 

5 cm/s Crusher 59.9 44.2 

 ATT (ms) 

 Long Bolus Fixed Bolus 

No Crusher 1523 1371 

10cm/s Crusher 1685 1730 

5 cm/s Crusher 1787 1717 

 Correlation Coefficient 

 Long Bolus Fixed Bolus 

No Crusher 0.8679 ± 0.1861 0.6691 ± 0.2189 

10cm/s Crusher 0.8473 ± 0.1762 0.6796 ± 0.2004 

5 cm/s Crusher 0.8153 ± 0.2006 0.5785 ± 0.2243 

 

4.6 Discussion 
 

We have shown that the proposed method can estimate full brain aCBV, CBF, 

and ATT maps from the proposed multi-TI ASL acquisition. The proposed method has 

the ability to adjust the size of vasculature visualized in the aCBV maps by controlling 

the magnitude of the flow crusher gradients. If the large vasculature is of interest for a 

certain pathology, then the crushers may be removed. If the smaller vasculature is of 

interest, then the crusher gradients may be used in order to suppress the signal from the 

large vessels in the aCBV map.  

The variation of the method which maximizes the bolus for each TI is preferred as 

it fits the model more consistently. The peak in the perfusion time curve with the 

conventional multi-TI ASL with a fixed bolus may help the algorithm to better estimate 
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ATT but, however, the complexity of the box car function detracts from the goodness of 

fit for the fixed bolus acquisition scheme. The long bolus allows the volume component 

to be modeled as a step function and for the perfusion portion to be modeled as a 

monotonic exponential function which simplifies the model and allows for a better fit.  

The 100ms incremented TIs for the first one second of the perfusion time series 

allow for more accurate estimation of the time of the arrival of the labeled blood to the 

vasculature. This enables an estimate of aCBV in every voxel. In addition, the algorithm 

which separates the blood volume from the tissue perfusion portion of the signal allows a 

single data set to estimate all three parameters.   

In order to test clinical feasibility, one 63 year old man with a brain tumor was 

imaged with the standard clinical MRI brain tumor protocol which includes DSC imaging 

and the novel proposed ASL method. Imaging on the patient was performed on a 3T 

Siemens Skyra MRI scanner with a 20-channel head/neck coil (Siemens AG, Erlangen, 

Germany). DSC imaging was performed with a 1/3 pre-load and 2/3 bolus for imaging. 

0.2mL/kg of Multihance gadolinium-based contrast was intravenously injected (Bracco 

Diagnostics Inc., Monroe Township, NJ). The parameters included: 2D EPI imaging with 

1600ms TR, 30ms TE, matrix size 128x128 voxels, 1.72x1.72x4 mm voxels, 20 slices 

with 1.2 mm slice gap, and 1,200 total volumes at 1.6s time resolution. Scan time was 

1:42.  

The PCASL protocol as described above was also collected on the same patient 

with the maximized bolus and crusher gradients set to cut-off velocity at 10 cm/s.  

Image analysis of DSC images was performed in Nordic ICE (Nordic Neuro Lab, 

Bergen, Norway). Within the Nordic ICE perfusion module, leakage corrected CBV, 
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CBF, MMT, and TTP maps were created after motion correction, without spatial or 

temporal smoothing. The pre-bolus range was manually adjusted to include all time 

points before the whole brain averaged peak signal. CBF, aCBV, and ATT maps were 

created from the PCASL data as described above.  

Figures 4-5 and 4-6 show the results of the DSC imaging (first rows) and the ASL 

images (second rows) and the structural image in the upper right corners. The DSC CBV 

map and the ASL aCBV images both show increased volume in the tumor, as indicated 

by the ovals. Similarly, the two methods show increased blood flow within the tumor. 

There is shortening of transit time in the tumor area, seen only in the ATT map in figure 

4-6. 

 
Figure 4-5 Elevated blood volume and blood flow in the tumor as seen in the DSC results 

(top row) and the ASL results (bottom row), structural image in upper right corner. 

 

 

 



104 
 

 
Figure 4-6 Elevated blood volume and blood flow in the tumor as seen in the DSC results 

(top row) and the ASL results (bottom row), structural image in upper right corner. 

 

We have shown that the proposed ASL based method can produce CBF, ATT, 

and aCBV maps which are of similar clinical utility as DSC images, but without the use 

of a contrast agent. The DSC method produces CBF and CBV maps with large vascular 

components. The proposed ASL method has the vascular signal removed from the CBF 

maps, showing pure tissue perfusion. DSC only produced relative CBV and CBF maps, 

while the ASL method is quantative. Quantitative blood flow and blood volume within 

the tumor mass may be useful to track over the course of treatment or during follow-up. 

This method has been shown here for a tumor case, but has potential clinical utilities for 

other indications which normally warrant for DSC imaging, including stroke and 

infarction.   
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Single-TI ASL is widely available, but has not replaced DSC imaging as the 

clinical standard. This may be due to the fact that DSC produces multiple perfusion 

parameter maps, while traditional ASL only produces CBF. The proposed method now 

allows aCBV, CBF, and ATT, and has been shown to be useful in a clinical setting. In 

addition, this method allows for selection of arterial vessel size to appear in the aCBV 

maps, which is not possible with other ASL methods.  

4.7 Conclusion 

 

 In conclusion, this work demonstrates a novel ASL-based method which is 

capable of producing quantitative CBF, ATT and aCBV maps. It has been shown that 

these maps have similar clinical utility as the qualitative maps produced by the contrast-

based DSC method.  This new method holds great potential for clinical utility for brain 

tumor diagnosis and treatment monitoring.  
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5.1 Summary and Conclusions 

In this body of work, improvements, optimization, and novel extensions of arterial 

spin labeling (ASL) were simulated, developed, and implemented. There is great 

potential for this work to have a large impact on both clinical practice and to be used as a 

research tool.  

ASL acquisition parameters were optimized for a swine model which now can be 

used as a model to study cerebral injury and disease. This is the first report of PCASL 

parameters optimized for the swine model, and the first report of T1 and M0 

measurements on swine blood outside the body. In addition, the post-processing 

procedure was created, using SPM and FSL tools. Due to the unique vascular structure of 

swine, the arterial transit time (ATT) was more uniform across the brain than what is seen 

in humans. This work has been published in the Journal of Magnetic Resonance Imaging 

(1).  

A new method, called Multi-TI Integrated ASL, was developed to overcome some 

of the limitations and remove assumptions of tissue T1, leading to improved measurement 

CBF and ATT. An assumption of a constant T1 of tissue is typically made. However, 

without partial volume correction, this is not a good assumption for all tissue types, as T1 

for gray matter (GM) is longer than that of white matter (WM) (2). In order to avoid this 

issue, the ASL acquisition was modified in order to estimate T1 and M0 maps from the 

ASL data itself. This eliminates any issues from the co-registration of a separately 

acquired T1 map. This also removed the need a separate M0 volume to be acquired as part 

of the ASL acquisition with a long TR. Multi-TI Integrated ASL was compared to Look-

Locked ASL, Hadamard Encoded ASL, and a naive multi-TI ASL with a fixed bolus and 
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long TR in both simulation and implementation on five test subjects. It was shown that 

within a fixed scan time of less than 6 minutes, Multi-TI Integrated ASL has less 

simulated errors in CBF and ATT estimation up to 2500ms ATT. ATTs longer than this 

are rare in healthy physiology, and cannot be reliably measured with any of the multi-TI 

ASL methods tested here. The implementation of all four multi-TI ASL methods revealed 

that Multi-TI Integrated ASL had the least amount of fitting error across the brain. Based 

on the largest percentage of survived voxels, the Integrated ASL showed highest 

goodness of fitting to the model. This modified ASL method is simple enough that it can 

be implemented on clinical and research MRI scanners. This work has been published in 

the journal IEEE Transactions on Medical Imaging (3).   

Finally, the multi-TI ASL method was extended to additionally estimate arterial 

cerebral blood volume (aCBV). Many short TIs were acquired for the first one second in 

increments of 100ms in order to accurately estimate the aCBV. Two different bolus 

methods were compared: the bolus scheme similar to that presented in Chapter 3, where 

the bolus is shortened when the TI is too short to allow the normal bolus length, and 

otherwise the bolus length is 1400ms. The new bolus scheme proposed and tested dictates 

that the bolus is always as long as possible, depending on the TI. Therefore, with this new 

scheme, there is a minimum post labeling delay (PLD). It was shown that the long bolus 

allows for a simplified model with the aCBV modeled as a step function, and the 

perfusion modeled as a simple monotonic exponential equation. This model better fits the 

data.  It was also demonstrated that various crusher gradient amplitudes can be used to 

select the size artery to be included in the aCBV estimation. Again, the long bolus 

acquisition with simplified model outperformed the more traditional bolus of 1400ms. 
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The simplified model allows for more consistent estimations of CBF and ATT no matter 

the crusher magnitude applied. A clinical case of a brain tumor was also acquired, the 

results of which were compared to contrast-based dynamic susceptibility contrast MRI. 

The ASL-based method is comparable and shows potential for future clinical and 

research uses. Never before has CBF, ATT, aCBV, tissue T1 and M0 estimates been 

possible with a single ASL acquisition. In addition, with adjustable crusher gradient 

magnitude, the blood velocity threshold can be selected, therefore determining the size of 

arteries to be included in the aCBV estimate.  

5.2 Future Directions 

There is potential for many future improvements and new applications of the 

work presented here. In the future, the same optimization methods used for the swine 

model could be used for other animal models, or for other specific populations. The 

procedure could be used to optimize the multi-TI ASL protocol for infants or the elderly. 

The non-human primate is a popular animal model for higher level experiments such as 

addiction and depression. Within our lab, single-TI ASL has been collected on non-

human primates, see an example in figure 5-1. The procedures set out in this work to 

optimize the multi-TI ASL acquisition and CBF and ATT quantification can be used to 

do the same for the non-human primate model.  
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Figure 5-1 Example of a CBF map of a cynomolgus monkey from a single-TI ASL 

acquisition overlaid on a T1-weighted structural MRI.  

 

In regards to the Multi-TI Integrated ASL method presented here, due to the low 

resolution of ASL imaging, the partial volume effect (PVE) is a concern. PVE occurs 

when more than one tissue type, gray matter, white matter, and cerebral spinal fluid 

contribute to the signal from a single voxel. In order to separate the two tissue signal 

components, several partial volume correction methods have been proposed (4,5). Most 

proposed methods can only correct the CBF maps from a single-TI ASL acquisition. The 

tissue segmentations from the T1 weighted structural scan are used as tissue fraction 

maps. Then a kernel is applied over the entire image which assumes that the tissue 

cerebral blood flow (CBF) is constant for each tissue type within the kernel. In the future, 

a kernel-based method to correct CBF and ATT maps for PVE on multi-TI data would be 

feasible. In that way, separate tissue maps could be produced for cerebral blood flow and 

arterial transit time. An example of a preliminary execution of this method is shown in 

figure 5-2.  
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Figure 5-2 CBF maps (first row) and ATT maps (second row) for gray matter (left) and 

white matter (right) estimated from a multi-TI ASL acquisition, using a kernel-based 

algorithm for estimation.  

 

 Finally, in the future, the aCBV estimation methods presented here will be further 

optimized to improve the method. As more clinical brain tumor cases are collected, we 

will discuss with neuroradiologists how to best optimize the method for the purpose of 

brain tumor diagnosis and monitoring. In addition, due to the non-linear optimization 

method used for parameter estimation, a fine time resolution is possible for the ATT 

estimates as compared to DSC imaging which has a much courser time resolution on the 

order to 1-2 seconds. In the case of a clinical brain tumor, the DSC timing parameters are 

not of much help for tumor diagnosis, but ATT maps from the proposed multi-TI ASL 
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method has the potential to serve as more useful tool to better assess tumor vasculature. 

This may become a new method to further distinguish and characterize different tumor 

types. As more tumor cases are collected with the new ASL method, the ATT maps for 

each tumor type will be assessed for novel clinical information.  
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