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Abstract

The body of work presented herein describes the development a new tech
nique for the quantification of cerebral perfusion, termed bolus-tracking ar
terial spin labeling (btASL). The technique uses a novel non-compartmental 
model of cerebral perfusion in combination with ASL magnetic resonance 
imaging (MRI) experiments to quantify the changes in the perfusion state 
of the rat brain under the following conditions: increased neural activity, 
normal ageing and methylenedioxymethamphetamine (MDMA) adminis
tration.

An ASL sequence was implem.ented on a 7 Tesla MRI system. The se
quence employs the principle of flow-induced adiabatic inversion to provide 
a bolus of labeled arterial water at the labeling plane in the neck, proximal 
to the imaging plane in the brain. The fast low-angle shot (FLASH) ima
ging sequence was used to acquire perfusion-weighted images. Region of 
interest (ROI) specific concentration-time curves, representing the passage 
of the bolus through a selected ROI, were generated from the perfusion- 
weighted images. The non-compartmental model of cerebral perfusion is 
based on a Fokker-Planck equation that incorporates three factors that af
fect the concentration of labeled water within the brain: bulk flow, diffusion 
and Ti longitudinal relaxation. A least squares fit of the non-compartmental 
model to the ASL concentration-time curves allows the following perfusion 
parameters to be quantified: mean transit time (MTT), capillary transit time 
(CTT), relative volume of labeled water (rVLW), relative flow of labeled wa
ter (rFLW) and relative perfusion coefficient of labeled water, rPLW. The 
latter describes the dispersion of the bolus due to diffusion effects and the 
exchange of water between vascular and extravascular spaces.

A validation study of the btASL technique was performed in which data 
was acquired from male Wistar rats (n=3) for three ROIs (cortex, hippocam
pus and whole brain) and three bolus durations (1.5 s, 2.0 s and 3.0 s). The 
MTT, CTT and rVLW were quantified for each animal for varying ROI and 
bolus length. No significant differences were found in the MTT, CTT, rVLW, 
rFLW and rPLW within each animal for varying bolus duration.

In the functional MRI (fMRI) study of the effects of increased neural 
activity on cerebral perfusion, electrical stimulation of the rat forepaw resul-



ted in increased neural activity in the somatosensory cortex forelimb (SIFL) 
region in two groups of female Wistar rats: a group under sedation by me- 
detomidine (n=5)and a group under anaesthesia by propofol (n=5). In both 
groups, the MTT and CTT were found to decrease significantly during neur
onal activation. The rVLW increased significantly and a corresponding in
crease in rFLW and rPLW was also calculated. The MTT and CTT were 
not significantly different for the two anaesthetic agents but the increases 
in rVLW, rFLW and rPLW were significantly higher in the propofol group. 
The results demonstrate the sensitivity of btASL to subtle changes in the 
haemodynamic response to neural activity.

The study of the effects of normal ageing on cerebral perfusion revealed 
a significant increase in MTT and CTT in aged rats (n=5) compared to young 
(n=9) and middle aged (n=5) rats, while no significant change in rVLW was 
found. This finding corresponds to a decrease in rFLW and rPLW in the 
aged group. In the study of the acute effects of MDMA usage on cerebral 
perfusion, the MTT and CTT were found to decrease significantly in a group 
of rats imaged 3 hours post MDMA administration (n=5) compared to a 
control group (n=4). In the absence of a significant change in rVLW, this 
corresponds to a transient increase in rFLW and rPLW due to the MDMA 
challenge. The perfusion parameters were found to trend towards a return 
to baseline values in a third group of rats imaged 24 hours post MDMA 
administration.

In summary, the btASL technique provides a quantitative assessment 
of the changes in cerebral perfusion under varying physiological condi
tions in terms of a unique set of perfusion parameters (MTT, CTT, rVLW, 
rFLW, rPLW). The findings presented demonstrate the potential of btASL to 
provide interesting results in future applications in the field of neuroscience.
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Chapter 1 

Cerebral Perfusion Quantification

1.1 Cerebral Perfusion

The term cerebral perfusion refers to the process involved in the delivery 
of nutritive blood to the brain tissues capillary bed [1, 2]. Accurate per
fusion measurement can provide an important insight into the perfusion 
state of the brain under various physiological and pathophysiological con
ditions. As a result, numerous imaging techniques have been developed 
specifically to evaluate cerebral perfusion and brain haemodynamics [3]. 
Optical techniques such as laser-Doppler flowmetry (LDF), two-photon mi
croscopy and laser speckle contrast analysis (LASCA) [4, 5, 6] are capable 
of imaging cerebral perfusion with very high spatial resolution. However, 
disadvantages such as low penetration depth, scattering effects, the need 
to inject fluorescent dyes and the need to create a cranial w indow limits 
the practicality of these techniques in the clinical setting. As a result, the 
main imaging techniques dedicated to assessing the global perfusion state 
of the brain are positron emission tomography (PET), single photon emis
sion computed tomography (SPECT), contrast-enhanced computed tomo
graphy (CeCT), dynamic perfusion-computed tomography (PCT), Doppler 
Ultrasound, dynamic susceptibility contrast magnetic resonance imaging 
(DSC-MRl), and arterial spin labeling (ASL) MRI (for a review of these tech
niques see [3]).

PET techniques use intravenously injected positron emitting radioiso
topes such as ^^oxygen water (H2^̂ 0 ) in combination with arterial blood 
sampling to provide quantitative cerebral perfusion maps [7], In SPECT
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imaging, radiopharmaceuticals such as ^^^Xenon (^^̂ Xe) are injected and 
subsequent tomographic images based on the tracer distribution are indic
ative of regional cerebral haemodynamics [8]. CeCT and dynamic PCT use 
computed tomography (CT) imaging in combination with Xenon tracers [9] 
and iodinated contrast agents [10] respectively to assess cerebral perfusion. 
Doppler ultrasound can measures the blood flow volume (BFV) in the in
ternal carotid arteries noninvasively and the BFV can be used as a correlate 
for cerebral perfusion [11]. DSC-MRl assesses cerebral perfusion by tracking 
the first pass of an exogenous contrast agent, typically chelated gadolinium, 
through the capillary bed [12]. ASL is a MRI technique that does not re
quire the use of an exogenous contrast agent but uses magnetically labeled 
water protons as an endogenous tracer for the measurement of cerebral per
fusion [13,14].

Each of these techniques relies on inherently different contrast mechan
isms and consequently the delivery of blood to the capillary bed is described 
by many different parameters. The results of perfusion imaging studies are 
commonly expressed in terms of cerebral blood flow (CBF), which has a 
typical unit of m l/ 100ml/min. This unit is a rate (per unit time) rather than 
a volume-flux (volume per unit time) measurement and therefore describes 
an average flow rate within a voxel of arbitrary volume [1]. For historical 
reasons, CBF is often stated as ml/lOOg/min. However, in practise no in
formation can be obtained about the tissue mass of individual voxels and 
a mean brain density of 1 g /m l is assigned to all voxels. Cerebral perfu
sion can also be expressed in terms of cerebral blood volume (CBV), which 
describes the fraction of a voxel that contains blood vessels. It is therefore 
dimensionless and is usually expressed either as a percentage or in m l/ lOOg. 
Finally, the mean transit time (MTT) is usually defined as the average time 
it takes a particle to traverse the vasculature and is measured in seconds. 
These are the m.ain parameters in general use in perfusion imaging studies.

Most of the techniques above rely upon the injection of contrast agents 
and or the use of ionizing radiation, with the exception of Doppler ultra
sound which can be regarded as entirely noninvasive but suffers from lim
ited spatial resolution [15]. The ASL technique (section 1.3) is noninvasive 
and can provide global, quantitative cerebral perfusion maps with accept
able spatial and temporal resolutions. The non-invasiveness of ASL makes
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it very suitable for perfusion measurements both in healthy volunteers and 
in patient groups requiring repetitive follow-ups.

As a result, the various ASL approaches (section 1.3.1 and Section 1.3.2) 
have been applied to many studies investigating healthy brain function, 
pathophysiologies and treatment outcomes. For example, visual stimula
tion ASL functional MRI (fMRl) studies have measured CBF changes in the 
occipital cortex [16] and motor studies have measured CBF changes in the 
primary motor cortex [17], ASL studies in stroke patients have helped to 
ascertain that the cessation of CBF to brain tissue can lead to permanent 
brain damage if the cessation persists for approximately 3 min [18]. CBF 
alterations in patients suffering from cardiovascular disease such as carotid 
stenosis [19], age related disease such as Alzheimer's disease (AD) [20] and 
psychiatric conditions such as depression [21] have been measured using 
ASL. The assessment of brain tumor types is also possible as ASL perfusion 
shows consistently higher CBF values in high-grade than low-grade glio
mas [22].

In each of these applications, perfusion-weighted images are acquired 
using one of the many ASL acquisition strategies (section 1.3.1 and sec
tion 1.3.2). In order to quantify cerebral perfusion, a theory that takes into 
account physiological mass transport of blood into and out of the brain and 
the exchange mechanisms within the brain tissue must be applied to the 
ASL data.

1.2 Seminal Approaches for the Quantification of 
Cerebral Perfusion

All present-day perfusion measurements, both MRI and non-MRI, are es
sentially based on the theory behind two seminal approaches; the freely- 
diffusible tracer theory of Kety and Schmidt [23] and the indicator-dilution 
theory of Meier and Zierler [24]. These two approaches will now be de
scribed in detail.
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Figure 1.1: Arterial (A) and venous (V) N 2 O concentrations { c j t )  and C y ( t ) )  during 
the inhalation of O2  and N 2 O mixture. Adapted from [23],

1.2.1 The Kety and Schmidt Method

The original Kety and Schmidt experiments used the inhalation of freely 
diffusible nitrous oxide (N 2 O) as a tracer to estimate CBF. Freely diffusible 
tracers can leave the intravascular space without restriction and be distrib
uted throughout the entire tissue volume. A theory based on Pick's prin
ciple was developed by Kety and Schmidt. Fick's principle for metabolic- 
ally inert tracers states that the change in the the mean tracer concentration 
in tissue, C t ( t ) ,  equals the flow rate multiplied by the arterio-venous concen
tration difference of the tracer. This can be expressed as follows:

dct{t) ^ d c  ^c{x  + Ax)  -  c{x)
~ ir  =  a ; --- ’

where F is the flow rate defined as the flow velocity multiplied by the flow 
cross-sectional area and c(x+Ax) and c(x) denote the contrast agent concen
trations at locations in space corresponding to the venous and arterial com
partments respectively. When c j t )  and C y ( t )  (the arterital and venous tracer 
concentrations) are substituted for these two terms, Fick's principle can be 
written in the form commonly used in tracer kinetic studies [1]:

^  =  CBF{ca{t) -  C , { t ) ) .  (1.2)

where CBF is expressed as flow per unit volume here. The Fick formula in
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equation 1.2 was written as follows in the theoretical formulation of Kety 
and Schmidt to describe the delivery of oxygen to the brain [23]:

C B F  = (1.3)

where CBF is in units of cc./lOO grams of tissue/m inute and dcjdt  repres
ents the quantity of tracer consumed by the tissue in the time interval t, in 
minutes and T is the time at which equilibrium is reached. The theoretical 
formulation needs to be modified for the case of an inhaled tracer where 
Ca(t) and Cy{t) both start at zero and increase over time, with c j t )  increas
ing more rapidly than Cy{t ) ,  as shown in figure 1.1^ Equation 1.2 can be 
rearranged as follows:

C B F  =  (1.4)
Ca{t )  -  Cy[t )

In the case of two curves such as A  and V, the quantity of tracer removed 
from the blood by the brain cannot be calculated from c j t )  - Cy(t) but is 
calculated from the total area between the curves A  and V. As a result the 
denominator in equation 1.4 must be integrated from t=0 to t-T .  Finally, 
introducing a factor of 100 to ensure consistency of the units, equation 1.4 
becomes:

C B F  = \ _ (1.5)
I00{dct{t) /  dt)

l o i c a i t )  -  C y { t ) ) d t

A  solution to the integral in equation 1.5 was found. Following the assump
tion that the quantity of N 2 O taken up by the brain in the time interval t is 
equal to the venous concentration, Cy, multiplied by a partition coefficient 
for N 2 O between brain tissue and blood (i.e. the ratio of the concentration 
of N 2 O in brain tissue to that in the blood), the CBF was obtained from 
a set of curves such as those in figure 1.1. This assumption implies that 
the N 2 O tracer is freely diffusible (i.e. N 2 O is exchanged freely across the 
capillary walls) and that equilibrium has been reached between the brain 
and blood N 2 O concentrations after the time interval, t. The theory of Kety 
and Schmidt forms the basis for the first quantitative arterial spin labeling

În the original experiments, the curves A and V were measured by sampling blood 
from the femoral artery and right internal jugular vein over time respectively
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methods that used Pick's principle to describe the dynamics of in-flowing 
magnetically labeled water molecules (section 1.4.1).

1.2.2 The Meier and Zierler Indicator-Dilution Method

When a freely diffusible tracer is used, the blood volume cannot be as
sessed and an intravascular tracer would be needed in order to quantify 
CBV, whereas the distribution volume of purely intravascular tracer is equal 
to the CBV. The Meier and Zierler approach considers the basic relationship 
of the central volume theorem [25]:

C B V  =  M T T  X CBF.  (1.6)

The internal structure of the vascular system is assumed to consist of many 
branchings and interlacings of blood vessels and consequently, particles of 
an indicator entering the vascular system at point P in figure 1.2(a) will re
quire varying amounts of time to reach Q and a distribution of traversal 
times is considered instead of a single traversal time. A closed flow system, 
that is, one w ith a single in-flow orifice, P, and a single outflow orifice, Q, 
is assumed. For an instantaneous injection of indicator (Evan's blue dye) 
injected into the systemic venous circulation and sampled from a systemic 
artery, all of the indicator injected at P m ust eventually leave the system at 
Q, if non-leaky capillaries are assumed. As a result, a concentration versus 
time curve such as the curve shown in figure 1.2(b) can be sampled at Q.

The system contains a volume, V, of fluid which enters and exits at a 
constant rate of flow, F (where F is in units of volume per unit time). If F 
is high, the injected indicator is mixed with a large am ount of blood and 
the concentration at Q in figure 1.2(a) will be low. This inverse relationship 
between flow and sampled indicator concentration forms the basis of the 
quantification of flow by the Meier and Zierler method. If q units of indic
ator are injected at P at t=0 and c(t) is the measured concentration at Q in 
figure 1.2(b), then the am ount of indicator that leaves the system in a small 
time interval, t to t+dt is equal to c(t)xFdt. Since all the indicator injected 
at P leaves the system at Q, the total amount injected is given by the integ
ral [24]:
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Figure 1.2: (a) Schematic diagram of vascular bed with injection site at P and as- 
mpling site at Q. (b) Concentration of indicator as a function of time for an instant
aneous, time-domain impulse function injection of indicator (recirculation of the 
indicator is neglected for simplicity) [24],

It follows that the area under the concentration-tim e curve is equal to q/F 
and solving for f  w e get:

The product Fc(t) is the rate at which indicator is leaving the system  at time 
t. In order to establish the fundam ental relationship of the central volum e 
theorem , CBV = MTTxCBF, the following function w as introduced:

This is the fraction of the injected indicator that leaves the system  per unit 
time. The assum ption is m ade that the distribution of transit times for the in
dicator particles is indicative of the distribution for all fluid particles. There
fore, for all particles entering the system  at t -0 ,  h(t) is the fraction of those 
particles leaving per unit time. Com bining equation 1.8 and equation 1.9 
gives the following:

(1.7)

(1.9)
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/  h{t)dt =  1, (1.10)
J o

where h(t) is now the frequency function of the traversal times (i.e. the fre
quency with which each transit time occurs or the distribution of transit 
times). All particles within the fluid can be distinguished by the time it 
takes the particles to travel from P to Q. The volum e of the system can be 
found by establishing the volume of particles with traversal times in the 
time interval t to t+dt  and summing these volume elements for all traversal 
time intervals as follows [24];

poo roo
V =  tFh{t )dt  or V =  F  th{t)dt.  (1.11)

Jo  Jo
The function h(t) has been defined in equation 1.10 as the frequency of tra
versal times, so the integral in equation 1.11 is simply the mean of the tra
versal times or the MTT, which is conventionally denoted by, t:

roo
th{t)dt  (1-12)

J o
If we recall the definition of h(t) in equation 1.9 and substitute the equa
tion for F in equation 1.8, the following formulation for t in terms of the 
concentration-time curve, c(t), measured at Q:

r„°° tc{t)dt
t =  • (1-13)Jo c{t)dt

Equation 1.13 states that the MTT for a purely intravascular tracer can be 
calculated from the first statistical moment of the concentration-time curve, 
c(t). Finally, the central volume theorem can be written as:

y  =  iF, (1.14)

where V  is the total intravascular volume from P to Q in figure 1.2, F is 
the constant rate of flow at which fluid enters and exits the system and i  is 
the mean traversal time of fluid particles in the system, or MTT. It should 
be noted that this model is based on the fundamental assumption that the 
system has no stagnant pools (i.e. fluid anywhere in the system must be 
eventually eliminated). This assumption limits the application of the theory
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to purely intravascular tracers. As a result, the Meier and Zierler method 
forms the basis of quantitative DSC-MRI bolus tracking experiments, in 
which the first pass of a bolus of intravascular contrast agent is monitored 
and a model-independent perfusion estimation is obtained [26].

1.3 Arterial Spin Labeling: Sequences

In ASL, the water molecules of flowing blood are used as an endogenous 
freely diffusible tracer and the injection of an exogenous contrast agent is 
not necessary. As arterial water flows into the capillary bed, water ex
change between blood and tissue occurs through the blood brain barrier 
(BBB). When the magnetization of the flowing water molecules is labeled 
(or tagged), a MRI signal change arises as the arterial blood perfuses into 
the tissue and both the apparent tissue Ti and the tissue magnetization are 
altered. These changes can be used to quantify cerebral perfusion.

Labeling is achieved by introducing a radiofrequency (RF) saturation [13, 
14] or inversion pulse [27] proximal (upstream) to the tissue of interest. The 
location of the labeling plane is determined by the carrier frequency of the 
pulse. Following a time delay that allows the magnetically labeled water 
molecules to reach the tissue capillary bed and exchange with water mo
lecules in the tissue, an imaging sequence is acquired in the brain, distal 
(upstream) to the tagging location. It should be noted that the water ex
change involves both physical molecular exchange and magnetization ex
change and the consequences of the latter will be discussed in section 1.3.1 
(magnetization transfer effects).

There exist two main classes of ASL techniques: continuous ASL (CASL) 
and pulsed ASL (PASL). Both classes contain many variations of the basic 
ASL approach described above and have been thoroughly review in the lit
erature [1,28,29]. A summary of the main ASL sequences and the principles 
behind them will follow in sections 1.3.1 and 1.3.2. A third and more recent 
ASL technique known as velocity selective ASL (VSASL) will be briefly dis
cussed in section 1.3.3.
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1.3.1 Continuous Arterial Spin Labeling

CASL, also known as steady-state ASL was the first ASL technique to be de
veloped [14,13]. The inversion of inflowing spins is achieved by applying 
a 2 - 4 s RF pulse while applying a magnetic field gradient in the direction 
of arterial flow. Moving arterial spins experience a slow variation in the res
onance frequency, which ultimately results in their inversion, while static 
spins located in the tissue are saturated. The inversion slice, or labeling 
plane must be located proximal to the imaging plane and is generally at the 
common carotid artery. Spins flowing through this plane are inverted by 
the principle of flow-driven adiabatic inversion, a method previously used 
in angiography [30], where the theory of adiabatic fast passage (AFP) [31] is 
applied to the specific case of the inversion of flowing spins. The degree 
of the inversion achieved by the flow-driven adiabatic inversion scheme 
depends on the velocity of the blood, the orientation of the vessels to rel
ative to the labeling plane and the RF power and gradient strength and is 
typically in the range of 80 - 95% [32, 33, 34]. The degree of inversion, cvq, 
describes the labeling efficiency at the inversion plane and is given by the 
following [28, 35]:

where is the equilibrium longitudinal magnetization of arterial spins 
and Ma*"" is the longitudinal magnetization of arterial spins after they move 
through the inversion plane. Due to the longitudinal relaxation that occurs 
during the transit time from the labeling plane to the ROI, the inversion state 
of labeled spins at the perfusion site should be corrected for Ti relaxation 
time of the arterial water, Tia as follows [36]:

At least two images, a labeled and control image (figure 1.3), are ac
quired by a CASL sequence. The pulse sequence to acquire the labeled im
age begins with a flow-driven adiabatic inversion pulse and an accompany
ing magnetic field gradient, G along the direction of arterial flow. RF pulse 
durations of several seconds are needed to achieve CASL, which can results

a{t) = Qioexp (1.16)
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Figure 1.3: Schematic representation of the formation of a qualitative perfusion 
weighted image from the subtraction of a labeled image from a control image. The 
horizontal white bars on the control and label images represent the RF inversion 
pulse in a CASL experiment (section 1.3.1). Adapted from [1].

in the regulatory limits on specific absorption rate (SAR) being reached and 

or the capability of the RF amplifier being exceeded. A s a result, a rectangu
lar pulse of several second duration is typically approximated by a series of 

shorter pulses separated by an interpulse interval, w îth a duty cycle in the 

range of 70-90%.
The carrier frequency of the labeling pulse is offset to provide a labeling 

location a few  centimeters from the im aging plane. For a given labeling 

frequency// the gradient strength, G determines the position of the labeling 

plane, Ar  as follow s [37]:

fi =  ^ G A r ,  (1.17)
27T

w here// is the frequency offset w ith respect to the Larmor frequency, Ar  is 

the separation betw een the labeling plane and the im aging plane and 7 is 

the gyrom agnetic ratio. Follow ing the long labeling pulse, a spoiler gradi

ent is often introduced to remove any transverse m agnetization formed by  

imperfections in the inversion pulse. After a tim e delay, a host im aging se

quence is played at the im age location. A number of pulse sequences can be 

used as the im aging sequence, including SE [13], GE [38], echo-planar ima

ging (EPI) [39] and fast low -angle shot (FLASH) [40]. In order to remove
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B e f f ( t ) = B , ( t )  + B, ( t )

>y

Figure 1.4: The effective magnetic field Bgf /, is the resultant vector of the z com
ponent of the magnetic field in the rotating frame that arises due to modu
lations and the x component of the magnetic field in the rotating frame that arises 
due to the application of a B\ field with amplitude A{t) [37].

the static tissue signal and provide a purely perfusion-weighted map at the 
ROI, a control image is acquired. For the control image, the offset frequency 
of the labeling p u lse ,// in Eqn. 1.17 is generally reversed to -// to place the 
inversion or saturation plane distal to the imaging plane and an identical 
host imaging sequence is played at the imaging plane. Alternatively, the 
gradient G in equation 1.17 is reversed and the frequency offset remains un
changed. W hen the labeled image M/, is subtracted from the control image 
Me, the difference image AM = \Mc-Mi\ can be viewed directly as a qualit
ative perfusion-weighted image, as illustrated in figure 1.3.

Adiabatic Inversion Radiofrequency Pulses

In order to understand the application of the principle of AFP to the inver
sion of flowing spins to the CASL approach, a brief introduction to adiabatic 
inversion pulses is required. A transverse RF magnetic field with a time- 
dependent am plitude A(t) and carrier frequency ujrf{t) can be described as 
follows [37]:

Bi{t) = (1.18)

In the frame of reference rotating with a frequency of u>rj the effective mag-
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netic field will have two orthogonal components, one in the transverse plane 
and one along the z axis (Bq) direction, as shown in figure 1.4. The compon
ent in the transverse plane is equal to the amplitude of the RF magnetic field 
and is given by:

B,{t)  = A{t), (1.19)

where, w ithout loss of generality, it is assumed that the Bi field is applied 
along the x axis of the rotating frame of reference. The component of the ef
fective magnetic field along the z axis is defined by the frequency difference 
between the Larmor frequency (uj- ^ B q):

B,(t)  = - [ u j -  Urfit)] = B o -  (1.20)
7 7

The effective magnetic field is the vector sum of these two orthogonal com
ponents and is given by:

Beff{t) = B^x + B^z,  (1-21)

where x  and z  are unit vectors along the x and z axes of the rotating frame of 
reference, respectively. The magnitude and direction of Bgf j  are given by:

]B .„ | =  +  B |(t) (1.22)

'>•= (ti)
The magnetization vector M, shown in figure 1.4, processes around Bejj  in 
the rotating frame of reference. In general, B^f  j  is tilted towards the z axis 
except exactly at resonance, when ujr/=uj and the z component of Be/ /  is 
zero.

The principle of AFP states that for an adiabatic pulse M  follows the 
direction of B^j j  for a given spin system, provided that the direction of the 
effective magnetic field does not vary too much during one precession of 
M about Bef f  [41]. This condition is known as the adiabatic condition and is 
described by [37]:
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(1.24)

where 'tp, in radians, is defined by equation 1.23. When the adiabatic condi
tion is satisfied, a magnetization vector that is initially collinear with B^jf  
will remain collinear with Be/ j  during an inversion. The condition is im
portant when applying the theory of adiabatic inversion to the specific case 
of flow-driven adiabatic inversion, where the magnetization of moving spins 
is inverted adiabatically.

Flow-Driven Adiabatic Inversion

An arbitrary RF pulse that has neither amplitude nor frequency modulation 
can be defined by the following equation [42]:

Bi{t) = (1.25)

where the amplitude A  and frequency ujrf of the pulse are constants and Bi 
is the transverse magnetic field from the RF pulse. Consideration of the 
principles involved in adiabatic inversion outlined above, leads to the con
clusion that this pulse will not behave as an adiabatic inversion pulse for 
stationary (tissue) spins as neither the amplitude or frequency are modu
lated in time. However, for moving spins, when a magnetic field gradient G 
is applied along the direction of motion, the pulse described in equation 1.25 
can produce an adiabatic inversion. While the RF is held constant, the B q 
field is swept due to G and spins moving with a constant velocity will con
sequently experience a sweep of the resonant frequency.

Figure 1.5(a) defines a co-ordinate system in terms of the location of the 
inversion plane {r-ro), where ro=ujrfl('yG) and 7  is the gyromagnetic ratio. 
Spins located at Vq are on resonance. A group of spins m oving towards the 
labeling plane from a remote location r(f)3>ro towards the labeling plane at 
To, passing through the labeling plane and flowing away from the labeling 
plane experience a time-varying frequency offset defined by the following 
equation [37];

Auj{t) = -yGr{t) -  Urj = lG[r{t) -  ro]. (1-26)
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Figure 1.5: Flow-induced adiabatic inversion, (a) Arterial blood flowing from a 
location remote from the tagging plane (r < < r o ) ,  passing through the tagging plane 
(r = To) and eventually moving away from the tagging plane toward the imaging 
location (r >>ro). (b)-(f) Change in direction of the effective magnetic field -Be// 
together w ith the magnetization vector M t a g  during the course of the arterial blood 
flow in (a). Under the adiabatic condition, the magnetization of arterial spins M t a g  
follows B g f f  [37].
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This offset in the precession frequency of the moving spins due to their po
sition relative to the labeling plane leads to a z component of the effective 
magnetic field. Be//  defined as [37]:

= ^ ^ z  + A x .  (1.27)
7

From equation 1.27 it can be deduced that the RF pulse is in this case ap
plied along the x axis with a frequency of ujr/- When the m oving spins are a 
relatively large distance from the labeling plane (i.e. the effective
magnetic field, -Be// is approximately parallel to the z axis of the rotating 
frame of reference because |A o;(t)»7 yll, as shown in figure 1.5(b). As the 
spins approach the tagging plane at Tq, B^j/  rotates to the transverse plane. 
Equation 1.24 gives the condition that must be satisfied for adiabatic inver
sion to occur. As long as this condition is satisfied for the moving spins, the 
magnetization Mtag of these spins will follow B^f j  and nutate towards the 
X axis, as shown in figure 1.5(c). At the labeling plane { r ( t ) = r o ) ,  the m ov
ing spins are on resonance and Bgjj and Mtag lie in the transverse plane, as 
shown in figure 1.5(d). As the spins move away from the labeling plane, the 
frequency offset |At<;(t)| begins to increase, causing B^/j and Mtag to nutate 
towards the longitudinal axis, as shown in Fig. 1.5(e) until ultimately, Bejj 
is antiparallel to the z. As long as the adiabatic condition in equation 1.24 is 
satisfied, Mtag follows B^j/  and is inverted from the +z axis to the —z axis, 
as shown in figurel.5(f).

The adiabatic condition in equation 1.24 needs to be modified for the 
specific case of m oving spins where the success of the inversion scheme 
depends also on the strength of G, the velocity of the moving spins, v  and 
the T2 relaxation time of the arterial blood, T26 . For spins m oving with a 
velocity component v  parallel to G, the velocity-dependent frequency offset 
that forms the z component of Be//  is given by [41]:

Auj =  ^Gvt. (1.28)

When the definition of in equation 1.23 is taken into account, equation 1.24 
can be rewritten as:



The inversion must also be faster than T 2b, the T 2 relaxation time of the 
blood. When this dependency is combined with equation 1.29 we arrive at 
the adiabatic condition for flow-driven adiabatic inversion [13, 41, 37]:

(1.30)

Equation 1.30 forms the basis for all CASL experiments. Contravention 
of this condition can occur for slow moving spins if relaxation occurs during 
the transition of the spins through the labeling plane (left hand inequality) 
or if the velocity of the moving spins is so great that the fundamental adia
batic condition of equation 1.24 is contravened.

Quantum M echanical Description of Adiabatic Inversion

A quantum mechanical description of the change in the orientation of the 
net magnetization vector following an adiabatic version is given by Zhemo- 
voy [43]. In this description, the z axis component of Mtag following an 
inversion is given by:

where P is the probability of keeping the orientation of a spin constant with

where 5 = ^ 1 7 6 1  and r = ^ d B i/d t . This leads to the following expression for 
Mz  in terms of the Bi  field [43]:

M , =  M o P  -  M o ( l  - P )  =  M o ( 2 P  -  1) (1.31)

respect to the applied external magnetic field, Bi  and is given by [43]:

(1.32)

(1.33)

If we consider that the term dBidt can be described as follows:

dBi dBi dx
(1.34)

dt dx dt 
then equation 1.33 can be rewritten as [44]:

(1.35)
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Equation 1.35 describes in terms of the amplitude of the S i field, the 
gradient strength G used to achieve the inversion and the velocity v of the 
flowing spins.

M agnetization Transfer Effects

In magnetization transfer contrast (MTC) imaging, magnetization transfer 
(MT) effects are used as the basis of a positive contrast mechanism that can 
be used to assess tissue and specifically tumor type [45,46]. However, in the 
case of CASL, MT effects are problematic as they cause reduced inversion ef
ficiency at the inversion plane and faster relaxation of the arterial label [35]. 
These effects cause signal loss in the perfusion-weighted images that leads 
to errors in the subsequent quantification step (section 1.4). This confound
ing factor is particularly evident in one-coil CASL, where the volume RF 
transmit coil is used to provide the ASL inversion.

The MT effects arise due to the application of long lasting RF inversion 
pulses, which acts as a powerful MT pulse in a way similar to an MT- 
weighted technique. Water molecules (protons) in the arterial blood (free 
water protons) have long T2 relaxation times and therefore satisfy the adia
batic condition for flow-driven adiabatic inversion (equation 1.30). As a 
result, the MT effect on water molecules in blood is small. However, Pro
tons that are bound to macromolecules in static tissue have much sorter T2 

relaxation times and therefore do not meet the adiabatic condition. These 
protons are saturated over the entire duration of the ASL pulse due to their 
broad RF absorption spectrum, while free water protons are largely unaf
fected at the imaging plane due to their narrow RF absorption spectrum 
(figure 1.6). Subsequent chemical exchange between the two proton pools 
results in magnetization transfer. The resultant reduction in signal from the 
free water pool at the imaging plane leads to an overestimation of perfu
sion [47].

The basic CASL approach discussed so far attempts to compensate for 
these MT effects by acquiring distal labeling during the acquisition of the 
control image (i.e. the offset frequency of the labeling pulse, / /  in equa
tion 1.17 is reversed to -// for the control image). This approach assumes 
that the MT effect is symmetrical about the Larmor frequency. However, 
it has been shown that different MT effects are observed for corresponding
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Figure 1.6: Schematic representation of the free water (arterial) and immobile (tis
sue) proton pools. The tightly bound immobile protons at the imaging plane are 
selectively saturated or inverted by an off-resonance ASL pulse, while the free wa
ter protons are unaffected due to their narrow RF absorption spectrum. Asymmet
ries in the immobile proton spectrum are thought to contribute to MT effects (u = 
Larmor frequency). Adapted from [46].

f i  and -fi values {5u>2 and -5u>2 iri figure 1.7). The asym m etry is thought to 
arise from a num ber of contributing factors such as intrinsic asym m etry in 
the MT spectrum , asym m etry of the RF coil response or im perfections in the 
gradient used during  off-resonance RF irradiation [48].

Several schemes that com pensate for the MT asym m etry have been pro
posed.For example, a four-step acquisition strategy w as proposed by Pekar 
et al [48]. This approach requires 4N averages, w here N  is a positive integer. 
The frequency offset of the inversion pulse toggles betw een / ;  and -// as 
usual bu t at each offset frequency, the labeling gradient alternates betw een 
-i-G and - G, resulting in a total of four acquisitions. A difference image 
betw een (fi, G) and (fi, -G) com pensates for the asym m etry of the MT ef
fects. Also, eddy  current effects that arise due to gradient sw itching are 
com pensated in a difference image betw een (-//, G) and (f/, G). By combin
ing m ultiple difference images acquired in this manner, both the asymm etric 
MT effect and eddy current effect are limited.

Alsop and Detre [49] proposed a novel labeling scheme to compensate 
for the asym m etric MT effects, particularly w hen m ultislice im aging is re
quired. In this approach, a typical proxim al inversion plane is used to pro-
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Figure 1.7: Variation in AM/Mq for various offset frequencies, 6 uj2 , as measured 
in [48]. AM/Mo is the fractional difference in signal Intensity between an image 
acquired with a frequency offset of 6u>2 and an image acquired with a frequency 
offset of - 6 u>2

duce the labeled image. For the control image, two closely spaced inversion 
planes are created by applying a sinusoidal modulation to the RF waveform. 
This creates two closely spaced inversion planes, which is also referred to as 
double adiabatic inversion (DAI). Flowing arterial spins are inverted while 
traversing the first inversion plane and then theoretically returned to the 
original equilibrium state on traversing the second inversion plane. There 
is therefore no net effect on the arterial labeling, while the spatially depend
ent off-resonance effects of the labeling pulse are precisely reproduced.

Two-Coil CASL

The use of a small dedicated labeling coil, which is actively decoupled from 
the receive coil, provides a hardware-based solution to the MT problem in 
ASL [50, 51]. In this approach, the small labeling coil is t3̂ ically placed 
over either the left or right carotid artery, which facilitates selective labeling 
and mapping of the respective perfusion territories of the carotid arter
ies [52, 53, 54]. Due to the small sensitive region of the labeling coil, al
most no saturation of macromolecules at the imaging plane occurs and this 
proves particularly useful when multislice perfusion imaging is required. A 
distal RF inversion pulse is not required for the control image, as shown in 
figure 1.8. This reduces the RF power deposition and SAR, which is import-
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Post-labeling delay

Figure 1.8: Two-coil CASL pulse sequence. The labeling pulse is applied at the 
neck and can be followed by a multislice image set at the ROI without the need to 
correct for MT effects. A RF inversion pulse is not required for the control image. 
Adapted from [52].

ant for human studies [52].
The main disadvantage of the two-coil CASL approach is the need for 

non-standard hardware, such as a second transmit channel and a detun- 
able RF coil, which typically need to be built in-house as they are not read
ily available with commercial clinical scanners. Furthermore, as the la
beling coil needs to be sufficiently close to the carotid artery to provide 
adequate signal-to-noise ratio (SNR), the labeling generally takes place fur
ther from the imaging plane than with the conventional one-coil approach. 
This leads to increased relaxation of the label before it enters the imaging 
slices and leads to longer post-labeling delays between the labeling and ima
ging phases (figure 1.8). As a result, the two-coil approach does not always 
provide superior SNR to the one-coil approach [28].

Pseudo CASL

The CASL sequences described so far require a post-labeling delay to allow 
labeled spins to travel into the ROI and exchange with tissue spins, thereby 
providing true perfusion contrast. In addition, two images are acquired, 
usually in an interleaved manner: one with spin labeling and another as a 
control. As a result, the method suffers from poor time resolution, typically 
on the order of a few seconds, which can be prohibitively long for applic
ations where superior time resolution is required, such as the functional 
mapping of brain activation [27, 55].

These limitations have been largely addressed by a form of CASL, known 
as pseudo-CASL [56, 57]. This approach uses repeated RF pulses to acquire 
labeled and control images instead of the continuous RF wave used by tra-
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ditional CASL approaches and is based on the principle that the repeated 
application of RF pulses creates a steady state in the absebce of Ti and T 2 

decay [58]. This principle implies that magnetization oriented along the 
steady state direction at the midpoint between two pulses will return to the 
same direction following subsequent RF pulses. The angle of the steady 
state orientation is determ ined by two factors: the phase shift accumulated 
between subsequent RF pulses, 0, and the flip angle of the RF pulses, a .  The 
longitudinal magnetization, of the steady state magnetization is determ
ined by these two parameters as follows [59]:

From this equation it can be seen that magnetization with near zero phase 
shift will be in the transverse plane (M^—>0), whereas magnetization with 
180° will be approximately aligned along the z axis. Therefore, by gradu
ally changing the phase shift from -180° to 180°, the magnetization will 
be inverted in a m anner similar to the flow-driven adiabatic inversion of 
CASL. The psuedo-CASL approach uses this principle to perform two ex
periments: one with spin labeling and the other as a control. The temporal 
resolution of the perfusion measurements is enhanced by using short RF 
pulses in conjunction with an ultra-fast imaging sequence.

This approach has been used to measure the haemodynamic response 
to neuronal activity in the rat brain with a temporal resolution of approx
imately 100 ms [56]. This temporal resolution enabled the onset of the per
fusion response to be measured approximately half a second after the on
set of stimulation, which would not be possible with traditional CASL ap
proaches. The technique has also been shown to perm it the acquisition of a 
multislice subtraction pair (label and control) of perfusion weighted images 
in less than three seconds [57].

CASL Perfusion Territory Imaging

As discussed above, CASL with a separate labeling coil can be used to image 
the perfusion territories of the major cerebral arteries. However, perfusion 
territory CASL has also been demonstrated w ithout the use of a separate coil

±Mq sin a sin |
(1.36)
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Figure 1.9: CASL perfusion territory imaging, (a) Schematic representation of 
oblique labeling plane that allows individual carotid arteries to be labeled, (b) Per
fusion territory image for left carotid artery, (c) Perfusion territory image for right 
carotid artery. Adapted from [60].

by Werner et al [60]. A multisclice CASL labeling strategy first presented 
by Alsop and Detre [49] that uses amplitude-modulated RF irradiation to 
perform a double inversion on inflowing spins for the control experiment 
was combined with a method that provides an oblique labeling plane at the 
carotid arteries [61]. This combination allows a send/receive head coil to be 
used for the selective labeling of either the left or right carotid artery, and the 
use of a separate labeling coil is not necessary. A schematic representation of 
the oblique labeling plane and sample perfusion territory images are shown 
in figure 1.9

1.3.2 Pulsed Arterial Spin Labeling

The PASL technique relies on the labeling of a large volume of blood with a 
short RF pulse, instead of labeling blood as it flows through a thin inversion 
plane (CASL). Adiabatic RF pulses are normally used to obtain thick inver
sion slabs with sharp edges. The labeled volume (or bolus) then flows from 
the arterial bed to the capillary bed and exchanges the labeled magnetiza
tion in the blood with the unlabeled magnetization of the tissue water. The 
labeled magnetization in the tissue experiences Ti relaxation and eventually 
becomes indistinguishable. As a result, the PASL signal is transient.

PASL sequences can be broadly grouped into two categories: those based 
on the echo-planar imaging and signal targeting with alternating radiofre
quency (EPISTAR) approach and those based on the flow-sensitive alternat
ing inversion recovery approach (FAIR). These two categories will be de
scribed in detail. A further sequence known as quantitative imaging of
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perfusion using a single subtraction (QUIPSS) [62] aimed at reducing the 
transit time sensitivity of the EPISTAR and FAIR approaches (section 1.4.4) 
will also be described.

EPISTAR-based PASL Sequences

The original EPISTAR sequence was introduced by Edleman et al [55] and 
is illustrated in figure 1.10. The labeling sequence (figure 1.10(a)) begins 
with a 90° saturation pulse that, due to the presence of the slice-selective 
gradient, saturates the spins at the ROI. A spoiler gradient is then played to 
dephase any transverse magnetization before the labeling phase. A spatially 
selective inversion pulse, typically a hyperbolic secant adiabatic inversion 
pulse(see above), inverts spins within a thick slab proximal to the imaging 
slice (figure 1.10(c)). To reduce the effect of the nonideal labeling profile, a 
spatial gap is placed between the inversion slab and the imaging slice. Con
sequently, a long time delay of the order of 1 s is introduced to allow the 
inverted spins to travel from the labeling slab to the imaging plane and ex
change with the uninverted tissue spins. The inverted magnetization causes 
a signal reduction when the host sequence is played. The host sequence for 
EIPSTAR is either spin-echo EPI (SE-EPI) or gradient-echo EPI (GRE-EPI).

In the original implementation of EPISTAR, the control image was ac
quired by simply repeating the sequence with the labeling pulse switched 
off [55]. This approach fails to take into account the MT effects of an in
version pulse, described in section 1.3.1. To allow for this source of error, 
an inversion pulse identical to that in the labeling image is played prior to 
the acquisition of the control image (figure 1.10(b)), except that its carrier 
frequency is chosen to place the labeling slab distal to the imaging plane 
(figure 1.10(d)). The spatial location of the labeling slab is determined by 
the frequency of the labeling pulse,/epistar, and the labeling gradient, G, in a 
similar manner to the CASL case in equation 1.17.

However, as discussed above, the MT effects are not symmetrical about 
the resonance frequency. To counteract this, Edelman et al developed an im
provement of the EPISTAR method, in which the 180° inversion pulse in the 
labeling phase is replaced by a 360° adiabatic RF pulse and the control pulse 
is replaced by two 180° adiabatic pulses at the same location as the labeling 
pulse [63]. The bandwidth of the labeling pulse determines the width of the
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Figure 1.10: EPISTAR pulse sequence. The 90° spatially selective saturation pulses 
at the beginning of the sequences in (a) and (b) saturate spins at the imaging loc
ation (light blue shaded area in (c) and (d)) and the spoiler gradient dephases any 
residual transverse magnetization. The frequency offset, labeling gradient and off
set frequency determine the location and width of the inversion slabs (grey shaded 
areas) for the label and control image in (c) and (d). Adapted from [37].

inversion slab. The RF irradiation, frequency shift and bandwidth of the la
beling and control pulses are identical and consequently the magnetization 
transfer effects are exactly cancelled by image subtraction.This improved 
EPISTAR sequence is often simply referred to as signal targeting with al
ternating radiofrequency (STAR). In both cases, the subtracted signal for 
EPISTAR is AMgpistar=Mc-Mi and is a positive quantity.

A number of variations of the EPISTAR sequence for PASL have been 
developed. Due to the sensitivity of the EPI acquisition to susceptibility ef
fects [64], Chen et al replaced the EPI host sequence by a single-shot rapid 
acquisition with relaxation enhancement (RARE) sequence (sections 3.5 and 
3.6.1), and developed the signal targeting with alternating RF and half- 
Fourier single shot turbo spin-echo (STAR-HASTE) method [65]. This se
quence permitted perfusion imaging to be performed without many of the 
artifacts encountered when using EPI acquisition.

The transfer insensitive labeling technique (TILT), also based on EPI
STAR, replaces the inversion pulse by two consecutive 90° RF Pulses of the 
same phase for the label image and by two 90° RF Pulses of opposite phase 
for the control image [66, 67]. The RF pulses with opposite phase have no
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net effect on the magnetization and thereby provide the control image, while 
the net RF effect on the macromolecular spins is the same for both the label 
and control image and the MT-related signal in the static tissue is canceled 
out by the subtraction procedure.

Another variation of the EPISTAR approach, proximal inversion with 
a control for off-resonance effects (PICORE) was introduced by Wong et 
al [68]. The labeling scheme is identical to EPISTAR, with the inversion 
pulse providing a labeled slab proximal to the imaging slice (figure 1.10(a)). 
However, the control image is acquired using the same RF inversion pulse 
offset as the labeling scheme, with the omission of the labeling gradient to 
prevent the inversion of inflowing spins. Typically, an offset frequency of 
approximately 5 kHz is chosen to leave the magnetization at the imaging 
slice unperturbed. The MT effects, present in the EPISTAR sequence, are al
leviated by the PICORE sequence. Furthermore, the use of a distal inversion 
slab in the EPISTAR sequence causes a reduction in the perfusion weighted 
signal due to inflow from the distal slab into the imaging slice. The PICORE 
sequence is not sensitive to inflow as a distal inversion slab is not needed. 
However, the use of different gradient waveforms in the acquisition of the 
labeled and control images make the PICORE sequence more sensitive to 
eddy-current effects than the EPISTAR sequence [37],

The pulsed STAR labeling of arterial regions (PULSAR) technique de
veloped by Golay et al [69] consists of a multi-slice EPISTAR sequence that 
is preceded by a four-pulse saturation preparation, known as water sup
pression enhanced through Ti effects (WET) [70]. The WET saturation tech
nique saturates the entire volume of interest with superior uniformity to tra
ditional 90° spatially selective saturation pulses. The STAR labeling phase 
of the PULSAR sequence is followed by an additional 90° saturation pulse 
at the labeling plane, to provide sharp definition of the start of the labeled 
bolus in a manner similar to the QUIPPS I sequence [62] (see QUIPSS se
quences section below).

FAIR-based PASL Sequences

The original FAIR sequence was proposed by Kwong et al [71] and inde
pendently by Kim [72] and is illustrated in figure 1.11. This sequence uses a 
frequency-selective pulse with and without an accompanying slice-selction
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gradient to produce the labeled and control images respectively as shown 
in figure 1.11(a) and (b). For the labeled image, the slice selective pulse in
verts spins at the imaging slice while leaving spins elsewhere unperturbed, 
as illustrated in figure 1.11(c)). As with the EPISTAR sequence, a time delay 
follows this inversion pulse to allow uninverted arterial spins to move into 
the imaging slice and exchange with tissue water. For the control image, 
spins within the entire sensitive region are inverted (figure 1.11(d)), due to 
the absence of the slice-selective gradient. Thus, the perfusion contrast in 
FAIR is a positive quantity for the following subtraction:

The inversion pulse in figure 1.11(a) and (b) is typically adiabatic with a 
bandwidth of approximately 1-5 kHz [37]. The spatial profile of the inver
sion pulse for the labeled image is generally made wider than the imaging 
slice thickness to allow for imperfect RF pulse profile and therefore ensure 
uniform inversion of the entire imaging slice. A spoiler gradient is often 
applied after the inversion pulse as in EPISTAR. In the original implement
ations of FAIR, the EPI sequence was used to acquire the label and control 
images [71, 72] but a variety of host sequences such as FLASH and RARE 
can also be used.

FAIR is less sensitive to MT effects than EPISTAR as it does not require 
the use of off-resonance RF pulses with respect to the imaging slice. This fa
cilitates multisclice perfusion weighted imaging. Furthermore, because the 
tissue and arterial blood experience the same inversion and recover at sim
ilar rates due to the fact that the Ti of blood is only slightly longer than that 
of grey matter, arterial inflow in the control image is less of a problem with 
FAIR than EPISTAR [73]. An additional advantage of the FAIR sequence 
is its sensitivity to both proximal and distal inflowing blood since uninver
ted spins from either side of the imaging slice are effectively tagged. This 
reduces the underestimation of perfusion that arises in EPISTAR-based ex
periments. However, if the control image is acquired with the slice-selective 
gradient set to zero, the FAIR sequence is sensitive to eddy-current errors. 
This error can be alleviated by playing the same slice-selective gradient as 
the label sequence at a different time, away from the inversion pulse [71].

A variation of the FAIR sequence known as uninverted flow-sensitive 
alternating inversion recovery (UNFAIR) was developed to reduce the sens
itivity of FAIR to differences in Ti between blood and tissue. This sequence
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Figure 1.11: FAIR pulse sequence. The selective 180° inversion pulse in (a) is ap
plied to the imaging slice (light blue shaded area in (c)). The non-selective inversion 
pulse in (b) inverts all spins within the sensitive region (grey shaded area in (d)). 
Adapted from [37].

uses two inversion pulses for both the labeled and control images. For the 
labeled image, one of the inversion pulses is played w^ith a slice selective 
gradient w^hile the other inversion pulse is nonselective. Therefore the mag
netization at the imaging slice experiences a 360° rotation while elsewhere, 
spins are inverted. For the control image, both inversion pulses are non- 
selective, resulting in an uninverted image. In this case, the following sub
traction ensures the perfusion weighted magnetization difference is a posit
ive quantity: Munjair=M.c-Mi.

A  further variation of FAIR, known as BASE, uses basis (BA) image 
with no spin preparation as the control image and a selective (SE) inver
sion pulse at the imaging slice for the labeled image [74]. This sequence 
compensates for errors in FAIR perfusion quantification arising from the 
imaging slice profile, as the control image does not employ a non-selective 
inversion pulse. When using the FAIR or UNFAIR sequences, if the selective 
inversion pulse does not invert the entire image slice, uninverted spins at 
the extremes of the imaging slice will contribute to the perfusion-weighted 
signal. Tliis problem is alleviated with the BASE sequence.

Mai et al [75] developed the flow-sensitive alternating inversion recov
ery with an extra RF pulse (FAIRER) sequence to reduce the inversion time
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Figure 1.12: Diagram of PASL time course for two voxels having the same CBF and 
relaxation characteristics but different arrival times of the labeled magnetization. 
Measurement at one inversion time (1.5 s) would lead to a lower AM signal in a 
voxel with an arrival time of 500 ms (open square) compared with a voxel with an 
arrival time of 200 ms (closed square) [1].

sensitivity of the subtracted image from FAIR. FAIRER uses an additional 
slice-selective 90° saturation pulse immediately after the preparatory FAIR 
inversion pulse. Image acquisition is performed after an inversion time, 
TI. The control image is acquired using a nonselective inversion pulse, as 
in FAIR. The technique was used to track the pulm onary perfusion time- 
course by varying the TI and demonstrated sensitivity to the perfusion- 
weighted signal, even at TI's between the null points of different tissue 
types [76].

QUIPSS Sequences

A major source of error in perfusion quantification with PASL techniques 
is the variation in the arterial transit time across the imaging slice, as il
lustrated in figure 1.12. In most PASL approaches, perfusion is quantified 
by assessing the perfusion-weighted signal at a single inversion time point, 
and therefore variation in the arterial transit time is not taken into account. 
Also, when perfusion quantification is based on PASL images for one inver
sion time, CBF quantification is not possible and relative perfusion values 
between regions are not valid [1].
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Figure 1.13: ASL preparation for the QUIPSS/QUIPSS II sequence.RF pulses from 
left to right are: An inplane presaturation pulse, followed by the inversion pulse. 
A saturation pulse is then applied at the imaging location for QUIPSS or at the 
labeling location for QUIPSS II. The 90° pulse for the subsequent image acquisition 
is also shown. Adapted from [68].

Wong et al introduced two quantitative ASL methods, quantitative ima
ging of perfusion using a single subtraction (QUIPSS) and QUIPSS II, to re
duce the sensitivity of FAIR and EPISTAR techniques to transit time [62]. In 
QUIPSS, a saturation pvilse is applied to the imaging slice at a time TIi after 
the both the labeling and control inversion pulses (figure 1.13). This has the 
effect of removing the contribution to the final difference signal of blood 
that arrives at the imaging location before TIi. The image is then acquired 
at time TI2 (figure 1.13) and only labeled blood that enters the imaging slice 
between TIi and TI2 contributes to the perfusion-weighted image.

In QUIPSS II , the saturation pulse is applied to the labeling location 
rather than the imaging location. In this regime, only labeled blood that 
leaves the labeling region in the time TIi contributes to the difference signal. 
This produces a well-defined bolus of labeled blood, which facilitates CBF 
quantification [62, 77]. Luh et al developed the QUIPSS II sequence further 
by using a train of thin-slice saturation pulses, applied periodically, instead 
of the single, thick slice saturation pulse used in QUIPSS [77]. Since thin- 
slice sine saturation pulses provide superior Bi homogeneity over than slice 
and sharper edges than a single thick-slice saturation pulse, the new method 
(QUIPPS II with thin-slice TI periodic saturation or Q2TIPS) is capable of 
more accurate CBF quantification than the original QUIPSS methods.

i - -
1 • ______________i
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Figure 1.14: Schematic representation of the VS-ASL technique. Left: VS-ASL 
with ideal velocity cutoff. Right: VS-ASL with imperfect velocity cutoff. The label 
before and after flowing into the capillary bed is represented below in each case. 
In both cases, the total amount of labeled blood appearing in the VS-ASL image is 
TI CBF [78].

1.3.3 Velocity Selective Arterial Spin Labeling

The CASL and PASL techniques label spins based on their location (i.e. 
with spatial selectivity). The VS-ASL technique [78] uses a velocity select
ive (VS) labeling scheme that modulates the longitudinal magnetization of 
blood traveling vv̂ ith a velocity V greater than a sharp cutoff velocity, Vc (fig
ure 1.14). The image acquisition is restricted to include only spins with V 
< Vc and consequently, only spins that have decelerated during from above 
to below Vc during the inversion time, TI, are included in the labeled im
age. This setup ensures that venous blood, which in general accelerates, is 
excluded from the labeled image.

As with conventional ASL approaches, static tissue is also labeled by 
the VS-ASL labeling scheme and control images are required to remove this 
static tissue component. Control images in VS-ASL are again setup to only 
include spins with V < Vc- The difference image between the labeled and 
control images removes the static tissue component and the final VS-ASL 
image is sensitive only to magnetization that was above Vc at the time of 
labeling and below Vc at the time of imaging.

The use of velocity encoding gradient pulses in combination with RF
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Figure 1.15: Basic elements of a VS sequence. Two elements of the RF pulse train, 
with an arbitrary flip angle a are shown, with a 180° refocusing pulse midway 
between them. The gradient pulses of strength G, duration (5 and separation A, 
provide the velocity encoding [79].

pulse trains to provide velocity selectivity ŵ as initially proposed by Norris 
and Schwarzbauer [79]. The key components of a VS sequence are show^n in 
figure 1.15. The two RF pulses of flip angle a  are part of the RF pulse train. 
The 180° pulse in combination with the two gradient pulses provides the 
velocity encoding. Tlie gradient pulses induce a velocity-dependent phase 
shift between each pair of pulse train elements given by [79]:

(j) =  ^Gv5A, (1.37)

where 7 is the gyromagnetic ratio, G is the gradient strength, v is the velocity 
of the flowing spins, 5 is the duration of the gradient pulses and A is the time 
delay separating the gradient pulses. These gradient parameters determine 
the cutoff velocity, Vc, in VS-ASL and the RF pulse train saturates spins with 
velocities above Vc (RF pulse trains capable of inverting spins across a range 
of velocities have not yet been developed).

Ideally, only inflowing blood spins contribute to the VS-ASL signal. H ow
ever, in reality both diffusion and motion unrelated to blood flow contrib
utes to the signal. The sequence in figure 1.15 is sensitive to diffusing spins 
due to the b-value of the velocity encoding gradients. Furthermore, CSF 
motion in the brain can produce large subtraction errors as the velocity of 
CSF motion can often be above Vc- The importance of carefully selecting 
both the inflow time and the Vc has also been highlighted [80], where a large 
and undesirable contribution to the VS-ASL signal was measured from large
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vessels in humans if Vc is greater than 4 cm/s. However, the ability of the 
VSASL technique to accurately quantify CBF in diseased subjects with slow 
and or collateral flow conditions [78] and its potential to separate the in- 
tra vascular signal from the extra vascular signal in fMRl experiments [81] 
hold much promise for future developments of the VSASL technique.

1.4 Arterial Spin Labeling: Perfusion Quantifica
tion

Data acquired using any of the ASL techniques outlined in section 1.3 will be 
perfusion weighted. The relationship between the AM signal and the CBF 
depends mainly on many factors such as proton density, the T i relaxation 
rates of the brain tissue and inflowing blood and the transit time from the 
labeling plane to the imaging plane. Traditionally, CBF is quantified using 
the Kety and Schmidt approach, described in section 1.2.1, where the time 
for a freely diffusible tracer to reach equilibrium is directly related to Fick's 
principle [82]:

= CBF{ca{t) -  c,(0), (1.38)at
where Ct(t ) ,Ca(t )  and Cy(t)  are the concentrations of tracer in the tissue, arter
ial and venous blood respectively (it should be noted that equation 1.38 can 
be obtained directly from equation 1.3). The first quantitative ASL measure
ments used a model that adapted this theoretical approach to ASL experi
ments [13, 14]. This model and other single compartment kinetics models 
(i.e. models based on Fick's principle) will now be described in detail.

1.4.1 Single-Compartment IModels 

Modified Bloch Equation Model

The modified Bloch equation of Detre and Williams assums that labelled 
arterial blood water is a freely diffusible tracer. This implies that the ex
change of blood water with tissue water happens instantaneously on its ar
rival to the parenchyma. With this assumption, a mono-exponential decay
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is used to describe the tissue response function. The modified Bloch equa
tion, which includes the flow dependent exchange term for labeled blood 
spins is as follows [13]:

^  = + (1.39,

where /  is defined as the brain blood flow (m l/g/s), A is the brain/blood 
partition coefficient for water (the ratio of the quantity of w ater/g of brain 
to the quantity of w ater/g of blood), Ti is the spin-lattice relaxation time 
of blood water, Mb  is the longitudinal magnetization per gram of brain tis
sue, is Mb  under fully relaxed conditions and M a  is the longitudinal 
magnetization per ml of arterial blood.

In order to derive equation 1.39 it was assumed that the brain behaves 
as a well-mixed compartment such that the magnetization of labeled spins 
in the venous outflow is equal to that in the brain tissue ( fMy = fMb/X) .  It is 
also assumed that in a steady state (i.e. when spins are continuously inver
ted using the CASL approach) the inflowing magnetization is equal to the 
outflowing magnetization and M J t )  = -Mq° at all times. Based on these as
sumptions, a solution fo r/ in terms of measurable quantities was found [13]:

,  A ‘ -  Mr
’ T u „  ' 2 M ^ ‘ ' '  '

where Tlapp is the relaxation time that describes the exponential decrease in 
Mb  due to the Ti  relaxation time of brain water and a flow and exchange 
term (2/Tiapp=I/Ti+//A), M b‘̂*'̂  ̂ is the image intensity in the control image 
and M b^'’ is the image intensity in the labeled image. Using this theoret
ical formulation, an average brain flow of approximately 1.4 m l/g /m in  was 
measured in normocarbic rats. This finding was comparable to CBF values 
measured by existing tracer techniques [83] and demonstrated that quantit
ative ASL could become a useful, non-invasive tool for the quantification of 
cerebral perfusion. Many subsequent derivatives and improvements of this 
seminal quantitative ASL approach have been developed.
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Modified Bloch Equation Model Accounting For Relaxation Time Differ
ences

Calamante et al developed the original modified Bloch equation theory to 
incorporate the difference in the Ti relaxation time for tissue and arterial 
blood [84], The Tiapp term in the original model does not take into account 
the relaxation of labeled spins while in the arterial blood and since the spins 
initially relax with this relaxation time, Tiq, the mono-exponential model 
leads to 2/Ti related errors in perfusion quantification (CBF is overestim
ated, particularly in white matter, which has the shortest Ti value).

It is assumed that Tia is constant throughout the inverted slice and there
fore, equation 1.39 is solved with the following initial conditions [84]:

MctwW = M ^ ( l a n d  M(i = 0) = 0, (1.41)

where «o is the degree of inversion at the labeling planed defined by equa
tion 1.15. Under these conditions, the difference between the magnetization 
for the control and inversion image as a function of time is [84]:

AM{t) = M c t r i  -  M{t) = (1.42)

The bi-exponential function in equation 1.42 was fitted to experimental data 
acquired using the EPISTAR PASL technique (section 1.3.2) and CBF was 
quantified from the fitting parameters. Sample curves obtained in this way 
using various values for Tia are shown in figure. 1.16. This approach is 
also capable of taking the trailing edge, r^, of the bolus into account. This 
is necessary as a bolus of a defined duration will cease to supply inverted 
blood to the imaging location after a time and if this time is less than TI, 
the model must take into account the fact that univerted or fresh blood will 
be supplied to the imaging location.

A similar approach was taken by Kwong et al [71], where data acquired 
using the FAIR PASL technique (section 1.3.2) was fitted to a bi-exponential 
model. In this model, the arterial transit time, Tq, is also taken into account. 
However, this model assumes that in the selective inversion phase of the 
FAIR acquisition the thickness of the inversion slice is the same as the ima
ging slice. In practice this is not the case and the inverted slab is generally
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Figure 1.16: Magnetization difference in grey matter as a function of the inversion 
time, TI, for different Tla values. The curves were obtained using the single com
partment model that allows for differences in the Ti of tissue and blood. Adapted 
from [84].

wider to reduce the effects of an imperfect inversion pulse profile. This as
sumption leads to an overestimation of ao and a consequent error in the 
perfusion quantification.

General Kinetic M odel

The general kinetic model, where the magnetization difference between the 
labeled and control images is described using a convolution integral, was 
proposed by Buxton et al [85]. The magnetization difference between the 
control and the labeled image, AM(t)  is constructed as a sum over time of 
the delivery of magnetization to the tissue, weighted by the fraction of that 
magnetization that remains in the tissue voxel. The various physical pro
cesses involved are described in terms of three time-dependent functions; 
(i) the delivery function (or fractional (AIF)) c(t), which is the normalized 
concentration of labeled water arriving at the ROl at time t, (ii) the residue 
function r(t,t'), which is the fraction of labeled water that arrives at the ROl 
at a time t' and is still present at time t and (iii) the magnetization relaxation 
function which is the fraction of the original longitudinal magnetiz-
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ation associated with labeled water molecules that arrived at time t' and is 
still present at time t.

The arterial magnetization at the labeling plane after an inversion pulse 
is 2q;Mo,6, where Mq,6 is the equilibrium magnetization of arterial blood and 
a  is the degree of inversion achieved by the inversion pulse. The amount 
of the labeled magnetization delivered to the imaging slice between r  and 
T + d r  is 2aMofifc(t’), where /  is again the CBF. The fraction of that labeled 
magnetization that remains at the ROI at time t is r(t-t')m(t-t'). It follows 
that the change in the magnetization over time due to the inflowing labeled 
water is given by [85]:

A M  =  2 • Mo,6 • CBF  ■ f  c { t )  ■ r{t — r) • m(t — T ) d . T  (1-43)
Jo

=  2Mo,bf{c{t)-k[r{t)m{t)]},

where * denotes convolution. This model allows greater flexibility than the 
modified Bloch equation approaches for the analysis of ASL experiments 
(both CASL and PASL). The choice of delivery function, c(t), residue func
tion, r(t) and magnetization relaxation function, m(t), allows transit delays 
from the labeling plane to the imaging plane, magnetization decay, exchange 
of water between blood and tissue, clearance by venous flow and the differ
ent forms of ASL to be modeled.

The general kinetic model is based on a number of assumptions. Firstly, 
it is assumed that the labeled blood arrives at the imaging plane via uni
form plug glow (i.e. before Ta no labeled blood arrives and after Ta +Td, 
unlabeled blood is once again delivered to the imaging slice). Secondly, 
single-compartment kinetics are assumed, whereby the exchange of water 
between any existing compartments within the tissue is assumed to be rapid 
enough to ensure that the concentration ratio between these compartments 
is constant, even though the total concentration is a function of time. With 
this assumption, the residue function is of the form, r(t) = e xp [ - f t /A].

Summary of Single-Compartment Models

The modified Bloch equation models and the general kinetic model have 
been shown to be equivalent [86]. Consequently, the assumption of the gen-
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eral kinetic model that r(t) = exp[-/f/A] is equivalent to the assumption of 
the modified Bloch model that nty = M (t ) /X ,  i.e. the fundamental assump
tion of single-compartment models that water undergoes rapid exchange 
across the capillary walls. In reality, labeled blood water remains in the 
vessel for a given time before exchanging across the capillary wall into the 
extravascular water and thus relaxes with Tia before the exchange. Single
compartment models that only account for Tlapp will therefore overestimate 
perfusion as Tia is longer than Tiapp [86]. Ewing et al [87] demonstrated this 
overestimation by the single-compartment model by varying the effective 
Ti of single-coil ASL experiments.

Furthermore, the assumption that = M ( t ) / \  also leads to inaccuracies 
in perfusion quantification as the exchange of water between the capillary 
bed and the brain tissue will not necessarily have reached equilibrium at 
the time of measurement and some labeled spins may pass through the vas
culature w ithout undergoing exchange. This potential underestimation of 
the venous outflow magnetization can lead to an underestimation of perfu
sion [86].

Petersen et al explains the equivalence of all single-compartment mod
els by defining a "standard model" that summarizes the individual single
compartment approaches. In this standard model, the delivery function, or 
arterial input function, c(t), is given by [1] :

c{t)

r{t)

m{t)

0

a - e - ^ ‘“ S(PASL) 

a-e-^ i“'̂ “,(CASL) 

0
C B F t

e

t  <  Ta 

T a < t  < T d  

T a < t  < T d  

t  >  Td

(1.44)

where Ria and R u  are the relaxation rates for arterial blood abd tissue re
spectively. Again, the assumptions of equation 1.44 are uniform plug flow 
and the repaid exchange of single-cpmartment kinetics. As can be seen, 
various param eters such as the transit times Tq and Td, the brain /blood par
tition coefficient. A, and Ria and need to be estimated or measured
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in order to quantify CBF.

1.4.2 Two-Compartment Models

The errors arising from single-comparment models lead many investigators 
to develop alternative models that do not assume a well-mixed blood com
partment. The model of Alsop and Detre [88] included an additional arter
ial blood compartment in addition to the well-mixed tissue compartment. 
Separate Ti relaxation times were used for each compartment and labeled 
water was assumed to cross from the blood to the tissue compartment after 
a predefined exchange time, T̂ x- While the signal curves obtained using 
this model were in better agreement with ASL data than those from single
compartment models, the time Tgx was difficult to measure or define.

Restricted Capillary Permeability Models

A subsequent model developed by St. Lawrence et al [89] introduced the 
concept of the capillary permeability surface-area (PS) product, that had 
previously been measured in both injected tracer [90] and PET studies [91], 
to the ASL modeling problem. PS is interpreted as a measure of the per
meability of the capillary wall to water. The capillary-tissue system is de
scribed by the one-barrier distributed parameter (IBDP) model, where two 
concentric cylinders are separated by an infinitely thin barrier (figure 1.17). 
The inner cylinder represents the capillary space and the outer cylinder 
represents the tissue space. The barrier represents the blood-brain barrier 
(BBB). A set of differential equations describing this model were obtained 
by including separate terms in the residue function of the general kinetic 
model [85] (secion 1.4.1) for the capillary and tissue compartments [89]:

 ̂ dCc(x,t) r.dCc{x,t) P S ^ ,  , P S ^ ,  , , r. ^  ^
A c — —  =  - F — —  — C c ( x , t ) + — C h ( x , t ) - A c B i c C c ( x , t ) ,  (1.45)

=  ^ a ( x ,  t )  -  A , R i k C t { x ,  t ) .  (1.46)

Each of the parameters in equations 1.45 and 1.46 are defined in figure 1.17. 
When solved for a bolus input function, the model predicts an overestima-
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Figure 1.17: The one-barrier distributed parameter (IBDP) model for the capillary- 
tissue system. The inner and outer cylinders represent the capillary and tissue 
spaces respectively. The barrier represents the blood brain barrier. The variables 
in the figure are defined as follows; A c -  capillary space cross-sectional area, Vc -  
capillary space volume, Cc(x,t) is the time and spatially dependent capillary tracer 
concentration (the subscript b refers to these parameters for the brain tissue), Ca(t) 
and Cy(t) are the arterial and venous blood concentrations of the tracer, F is the 
rate of blood flow into the capillary space, L is the length of the capillary tissue 
unit, R ic  and R^h are the capillary and blood relaxation rates respectively and PS  
is the capillary permeability surface area product. A is the blood/brain partition 
coefficient [89].

tion of perfusion at low perfusion rates and an underestim ation of at high 
perfusion rates if the single-com partm ent m odel is used.

A nother tw o-com partm ent m odel that allows for restricted w ater ex
change betw een the capillary bed and the surrounding  tissue space w as in
troduced by Zhou et al [92]. As well as dealing w ith vascular and extra vas
cular com partm ents, the vascular system  itself is d iv ided  into two sections: 
a m acrovascular section that includes arteries and veins and  a microvascu- 
lar section that includes arterioles, capillaries and venules (figure 1.18). The 
m odel is an extension of the m odified Bloch equation m odel (secion 1.4.1). 
The following Bloch equations are used to describe the m icrovascular m ag
netization, M m ,  and  the extravascular m agnetization. Mg [92]:

d[XMm{t)]
dt -  Rim[\Mm{t) -  \Mmo] ~ kinXMm{t) 

+ koutMe{t) +  f[Ma{t) — My{t)],

(1.47)
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Figure 1.18: Schematic diagram of the two-compartment model of Zhou et al [92], 
Two exchange rates, k m  and k a u t  are used to describe restricted water exchange. The 
subscripts (m), (e), (a) and (v) represent the microvascular, extravascular, arterial 
and venous compartments respectively, M refers to the magnetization and R  to the 
relaxation rate. A is the blood/brain partition coefficient.

= -i?ie[Me(i) -  M e o ]  +  (1.48)

Each of the parameters in equations 1.47 and 1.48 are defined in figure 1.18. 

The exchange rates k i n  arid k o u t  describe the exchange of water from the 

microvasculature to the extravascular space and vise versa. Both rates d e
pendent on PS: k i n - P S / C B V  and k c m t= P 5 / ( \ - C B V ) .  The m odel assum es that 
the blood compartment is well-m ixed, i.e. labeled water in the blood com 
partment equilibrates throughout the compartment instantaneously. An un

derestimation of perfusion at high flow rates is predicted.

The restricted capillary m odels of Lawrence et al [89] and Zhou et al [92] 

consider tw o separate compartments and restricted water exchange betw een  

these compartments. However, due to the theoretical com plexities of these 

m odels and the number of free parameters that m ust be m easured or estim 

ated, there has been lim ited experimental validation of these approaches.

A two-com partm ent m odel w ith fewer free parameters w as introduced 

and validated w ith in vivo data by Parkes and Tofts [93]. A s w ith pre

vious m odels, the blood-brain system  is described in terms of a vascular 

and an extravascular compartment, separated by a sem iperm eable m em 

brane, as show n in figure 1.19. The follow ing m odified Bloch equations 

w ith an inflow, outflow, relaxation and exchange term are used to describe 

the volum e-w eighted m agnetization in each com partm ent [93]:
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Figure 1.19: Schematic diagram of two-compartment model of Parkes and 
Tofts [93]. The magnetization m, longitudinal relaxation time, Ti and water volume 
Vui are given the subscripts b and e for the blood and extravascular compartments 
respectively. and rriy represent the arterial and venous magnetization respect
ively.

d { V h u i T n h )  V b w '^ b  , f f  \  D C  f ' l  /1Q\ + J [ m a  -  m ^) -  PSm* (1.49)

d{Ven,m^) Vewrrie ,

A num ber of possible strategies are suggested for solving equations. 1.49 
and 1.50, based on the assumptions taken about m y .  The "slow solution" 
assumes labeled spins do not leave the tissue voxel during the measurement 
time, i.e. m y = 0 .  It is suggested that this strategy is suitable in the normal 
hum an brain as the MTT is generally longer than the ASL measurement 
time. The "fast solution" assumes the tissue voxel and the venous blood 
have equal magnetization, i.e. m y = m b V b y j and is thought to be more suited to 
small animal imaging where the MTT can be shorter than the measurement 
time. A third strategy , referred to as the "distributed solution", combines 
the other two strategies by setting my=0 for t < MTT and m^= ntbVbw for f > 
MTT. Solutions for equations 1.49 and 1.50 are provided for both the CASL 
and FAIR techniques. The solutions are fitted to data from the hum an brain 
to quantify grey and white matter perfusion.

The model was applied to a primate ASL study by Zappe et al [94]. In 
this study, the "fast solution" was chosen because significant venous out-
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flow was observed in the anesthetized primate. The CBF values measured 
were noted to be higher than CBF values obtained using PET imaging. Carr 
et al [95] assessed the experimental limitations PS places on this model and 
concluded that acceptable levels of precision in PS quantification, which 
are required prior to interpreting measured differences between patient and 
healthy groups for example, are at present unattainable.

1.4.3 Model-Free Arterial Spin Labeling Quantification

The model-based approaches described in sections 1.4.1 and 1.4.2 each re
quire assumptions on parameters such as bolus duration, spatial variability 
of the blood-brain partition-coefficient A or the permeability surface-area 
product PS, or the num ber of compartments necessary to fully explain the 
measured perfusion-weighted signal. Petersen et al [96] proposed a model- 
free ASL quantification approach that quantifies CBF by deconvolving the 
tissue response curve by the AIR The model-free ASL quantification ap
proach proposes that if the exact form of the fractional AIF, c(t), is known, 
equation 1.43 of the general kinetic model can be deconvolved to provide a 
measure for CBF that does not require any assumptions about the underly
ing mechanisms of perfusion. The AIF for voxel filled with arterial blood is 
obtained by multiplying c(t) by the magetization difference 2-Mq,6 [96]:

AIF{t) = 2 • Mo,6 • c{t). (1.51)

where Mo,  ̂ is the equilibrium magnetization of a blood filled voxel. When 
the magnetization difference between labeled and control ASL measure
ments, AM(t), is deconvolved by this AIF, the result is the residue function, 
r(t-r), multiplied by the relaxation function, m(t-r) and the CBF [96]:

C B F  ■ r{t — t ) ■ m{t — t )  — C B F  ■ R{t — r). (1-52)

, where r(t-r) describes the fraction of labeled spins arriving at a voxel at 
time T  that still remains within the voxel at time t  and m ( t - T )  quantifies the 
longitudinal magnetization fraction of labeled spins arriving at the voxel at 
time r  that remains at time t. The total residue function, R(t-r), is obtained 
by combining m(t-T)  and r(t-r) and is a positive, decreasing function with 
R(0)-1 by definition. As a result, the CBF can estimated from the maximum
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of R. Therefore, the only remaining unknown that m ust be determined in 
order to obtain R and thereby obtain a model-free assessment of perfusion 
is the AIF.

The method proposed by Ye et al [97] in which velocity encoding bi
polar crusher gradients (section 1.14) are used to dephase moving spins 
with a mean velocity above a specified cut-off, was used by Petersen et al to 
measure the AIF locally. ASL images at multiple time-points post-labeling 
were acquired in a single slice of the hum an brain with and without crusher 
gradients. The ASL sequence, named quantitative STAR labeling of arterial 
regions (QUASAR) combines the PULSAR sequence (section 1.3.2) with a 
technique for sampling rapidly at multiple time points known as the Look- 
Locker method [98].

The signal from the large arteries, which is representative of the shape of 
the AIF, is obtained by subtracting the crushed signal curve from the non
crushed curve. This signal must be weighted by the local arterial blood 
volume (aBV) to correct for partial volume effects that are always present at 
the spatial resolutions employed in ASL. The aBV is estimated by dividing 
the area under the AIF curve at each voxel by the area of the labeled bolus 
with duration and also taking into account the longitudinal relaxation of 
the bolus that occurs during its transit time, Tq, from the labeling plane to 
the imaging plane [96, 99]:

r°° (AMncrit) — AMcr(t))e^^^^^dt
aBV =  . (1.53)

2 • Mo,6 -n-a
where AM„cr and AMcr are the noncrushed and crushed data, respectively, 
a  is the degree of inversion and Tib is the longitudinal relaxation time of 
arterial blood. Once the measured AIF has been corrected, the CBF can be 
quantified by deconvolution. The average CBF in 13 normal subjects was 
found to be approximately 10% smaller than the values obtained using the 
single-compartment general kinetic model (section 1.4.1). The authors sug
gest that this difference may be indicative of the underestimation of the true 
CBF by the deconvolution process [26]. A recent validation study compared 
the CBF measured in both tumors and normal grey m atter by the model- 
free ASL approach and DSC-MRI [100]. The CBF estimates from both tech
niques were found to be in good agreement. The model-free ASL technique
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was also recently applied to an fMRI study [101], with a description of this 
study given below in section 1.5.1.

1.4.4 Arterial Spin Labeling Quantification Errors

The main source of error in the quantification of perfusion with ASL is vari
ation in the arterial transit time, across the imaging slice. Ta  is typically 
longer in distal tortuous regions of the capillary bed. The potential for un
derestimating perfusion in such regions, particularly when perfusion is as
sessed at a single inversion time point, is illustrated in figure 1.12. While 
ASL sequences such as QUIPSS and QUIPSS II [62, 77] (section 1.3.2) have 
been developed to decrease the sensitivity of ASL to transit time effects, the 
error can still be significant in vascularly compromised patients with con
ditions such as atherosclerosis [102], Transit time errors are more preval
ent when using PASL techniques as the steady-state nature of CASL tech
niques. The use of a pre-delay of approximately 1 s between the continuous 
labeling and the image acquisition renders CASL methods almost insensit
ive to transit time errors [103].

Another error source in ASL arises due to the presence of large arteries 
in the AM signal used for perfusion quantification. The inflow of labeled 
blood into these arteries during the measurement can lead to an overestim
ation of perfusion. The use of crusher gradients to remove the contribution 
of large, high blood velocity vessels from the signal was introduced by Ye 
et al [97] and discussed above in section 1.4.3. These gradients can effect
ively eliminate the inflow error from CASL measurements and has also been 
adapted for PASL sequences. An alternative approach is to choose a long in
version time that ensures no labeled blood is present in the large arteries at 
the time of measurement [97].

When a spatially defined bolus is labeled, ideally the profile of the RF 
inversion pulse should be perfectly rectangular. However, this is not realiz
able in practice due to the finite duration of the RF pulse and hardware lim
itations. The resultant non-rectangular bolus can contaminate the imaging 
slice, as illustrated in figure 1.14. This source of error is particularly relevant 
in PASL sequences and consequently techniques such as TILT (section 1.3.2) 
have been developed to improve the profile of the labeled bolus [66]. Again, 
due to the steady-state nature of the CASL technique, imperfect bolus shape
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is less of an issue. However, the efficiency of the labeling achievable when 
applying the principle of flow-driven adiabatic inversion (section 1.3.1) is 
problematic when CASL techniques are used [49].

The AM signal change in ASL at normal perfusion rates is typically in 
the range 0.5-1.5% of the full signal [1]. This necessitates signal averaging 
to ensure adequate SNR is achieved. As a result, scanning times can run 
to 3 to 4 minutes and issues such as patient motion, scanner stability and 
SAR become relevant. As a result, there is a constant trade-off between 
resolution, scan time and SNR, particularly when applying ASL to patient 
groups.

When a bolus is labeled in ASL, the bolus shape is initially close to rect
angular. By the time it reaches the imaging plane, the bolus will have dis
persed due to the tortuosity of the microvasculature, friction with the vessel 
walls, resistance and pulsatile flow. This results in a parabolic bolus shape 
at the imaging plane, as opposed to the ideal plug flow profile. Hrabe et al 
proposed a physiological PASL model with analytical solutions that allows 
for a distribution of arrival times at the imaging slice [104]. The distribution 
of velocities and path lengths taken by individual water molecules is con
sidered. Such approaches may be sensitive to varying dispersion effects in 
patients with vascular disease or in aged patients [1].

Many of the quantitative models described above (section 1.4.1) rely on 
the definition of the blood-brain partition coefficient. A, first defined by 
Kety [105]. Values of A = 0.9 m l/g, 0.98 m l/g  and 0.82 m l/g  are assumed for 
whole brain, grey and white matter respectively. It has been demonstrated 
that this parameter varies not only for different tissues but is also ROI de
pendent [106] and quantification errors due to inaccurate A values are likely.

Despite these potential sources of quantification errors, it should be noted 
that similar issues arise when using other imaging techniques and modal
ities such as DSC-MRI, CT and PET to quantify cerebral perfusion. Due to 
its noninvasive nature and high potential for further development, ASL is 
currently used in numerous research and clinical applications [1].
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1.5 Mechanisms that Alter Cerebral Perfusion

As discussed above in section 1.1, the various ASL techniques and quantit
ative models have been used to quantify the changes in cerebral perfusion 
arising from a wide range of physiological and pathophsyiological condi
tions. For the purpose of the results presented in chapter 5 and sections 6.1 
and 6.2, the variations in cerebral perfusion due to three specific condi
tions will now be introduced: localized neural activity, normal ageing and 
methylenedioxymethamphetamine (MDMA, "ecstacy") administration. The 
focus of these introductions will be the existing knowledge on the changes 
in the cerebral perfusion parameters under these three conditions.

1.5.1 Neural Activity

Neurovascular Coupling

The principle of neurovascular coupling, defined as the close spatial and 
temporal relationship between neural activity and CBF, was first proposed 
by Roy and Sherrington [107], The regulation of CBF during brain activity 
involves the coordinated interaction of neurons, glia (astrocytes, microglia, 
oligodendrocytes) and vascular cells (endothelium, smooth muscle cells and 
adventitial cells) [108, 109]. The signals generated by the neurons and glia 
during a period of activation are interpreted by the vascular cells and trans
duced into vascular changes that lead to CBF increases at the activated re
gion (figure 1.20). Energy, in the form of adenosine triphosphate (ATP), is 
required for various cellular processes of neurons, such as the restoration 
of ionic gradients following depolarization and the recycling of neurotrans
mitters. ATP is formed by either glycolysis (anaerobic) or oxidative gluc
ose metabolism (aerobic). A continuous supply of glucose and oxygen is 
provided by CBF to maintain cerebral metabolism.

It has been suggested that the increased requirement for oxygen and 
glucose at the activated region causes the subsequent increase in CBF [110]. 
However, the prevailing view is that the CBF increase is in fact mediated by 
neurotransmitter release and not by the local energy needs of the brain [111]. 
For example, Mathiesen et al [112] demonstrated that AMPA receptor^ block-

^AMPA receptors are glutamate receptors that mediate fast synaptic transmission in the

47



Neuronal activation

I  Cerebral 
blood flow

I  ATP 
consumption

Neurotransmitter
release

Oxygen and glucose 
consumption

Vasoactive chemical agents 
and metabolites

Figure 1.20: Summary of neurovascular coupling physiological mechanism. Ad
apted from [115].

ade resulted in attenuated CBF increases during activation. This suggests 
that CBF responses are of neuronal origin. Furthermore, Logothetis et al [113] 
simultaneously measured cortical local field potenetials (LFPs) and BOLD 
fMRI (see below) responses and demonstrated that only LFPs were signi
ficantly correlated with the haemodynamic response to activation. The role 
of astrocytes in neurovascular coupling has only recently been established. 
Xu et al [114] discovered that astrocytes play an active role in transferring 
signals from the neurons to that vasculature that result in upstream vas
odilation during physiological increases in neuronal activity.

The haemodynamic changes that accompany increased neural activity, 
such as CBF, CBV and CMRO2 changes, are linked spatially and temporally 
to the location and duration of the activation. As a result, these transient 
changes form the basis of neuroimaging techniques that use the haemody
namic response to neural activity to map regional changes in function in the 
brain.

Blood Oxygenation Level Dependent fMRI

The most commonly used fMRI technique is the blood oxygenation level 
dependent (BOLD) technique. The seminal work of Ogawa et al [116,117]

central nervous system
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on the use of the BOLD technique in the rat brain established that the BOLD 
contrast was altered by changes in blood oxygen demand or flow due to in
creased neural activity. This work was followed by a series of BOLD fMRI 
studies in humans [27,118,119] and since then, BOLD fMRI has emerged as 
the foremost method for visualizing the vascular correlates of brain activa
tion.

The BOLD contrast is produced by magnetic field inhomogeneities in
duced by deoxyhemoglobin (dHb), which is contained within red blood 
cells that are in turn restricted to blood vessels [120]. The paramagnetism of 
dHb causes a reduction predominantly in the T2* relaxation time due to the 
magnetic susceptibility differences that arise between the dHb-containing 
blood vessels and the surrounding space. The effects of dHb on the T2* 
relaxation time can be imaged by a suitable MRI protocol [116, 27].

An increase in dHb following neural activity would be expected to cause 
a decrease in the BOLD signal. However, due to overcompensation by CBF, 
oxygen is oversupplied and the BOLD signal actually increases during ac
tivation [121], as shown in figure 1.21. Figure 1.21 also shows the initial 
dip and poststimulus undershoot in the BOLD signal. The initial dip has 
been attributed to the early increase in oxygen consumption that precedes 
the CBF response [122]. The poststimulus undershoot has been linked to 
the mismatch between changes in CBF and CBV [123]. At these late time 
points in the response, the CBF and metabolic rate of oxygen consumption 
(CMRO2 ) are predicted to have returned to baseline while the CBV is still 
elevated. More recently, an alternative explanation for the post-stimulus 
undershoot was proposed following a multimodality fMRI study of visual 
activation in the human brain [124]. A post-activation period of approx
imately 30 s was observed, during which CMRO2 remained elevated while 
CBF and CBV had returned to baseline levels. This finding also demon
strates that increased metabolic demand does not necessarily result in in
creased blood flow.

Due to the complexities of the physiological basis of the BOLD contrast 
mechanism, the quantification of changes in parameters such as CBF, CBV 
and the CMRO2 during increased neural activity has proven difficult. How
ever, a number of quantitative approaches for the BOLD technique have 
been proposed. Buxton and Frank proposed a mathematical model for the
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Figure 1.21; The BOLD signal time course (experimental pixel time course fit
ted to theoretical model [122]). The initial dip occurs during the stimulus (black 
rectangle). The maximum in the positive BOLD signal occurs approximately 5 s 
poststimulus. This is followed by the poststimulus undershoot before returning to 
equilibrium.

delivery of oxygen to the brairi [125]. The model is based on two assump
tions: (a) there is no capillary recruitment during activation (i.e. all capillar
ies are continuously perfused, even in the resting state [126]) and (b) oxy
gen metabolism is perfectly efficient (i.e. all of the oxygen made available 
to the tissue is metabolized). An expression is derived for a flow-dependent 
oxygen extraction fraction, E(f), that describes the fraction of oxygen in 
the blood extracted by the tissue. The required change in CBF to increase 
CMRO2 is characterized in terms of E(f). The relationship between fMRI 
signal changes and changes in CBF and CMRO2 is examined with the con
clusion being that flow and oxygen consumption are tightly coupled and 
fMRI signal changes can provide a robust quantitative measure of the flow 
change. However, the assumptions that the tissue concentration of oxygen 
follows a simple exponential decay and that all capillaries have the same 
transit time may not be accurate [127].

A similar approach to modeling cerebral oxygen delivery was taken by 
Hyder et al [128]. In this case, the model describes the link between CMRO2  

and CBF in terms of an effective diffusivity, D, for oxygen in the capillary 
bed. The parameter D is assumed to be CBF-dependent as changes in the
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capillary concentration of oxygen, hematocrit (proportion of blood volume 
occupied by red blood cells), an d /o r blood volume can effect D. As a res
ult of the CBF-dependency of D, this model predicts a linear relationship 
between CBF and CMRO2 for certain physiological ranges. This prediction 
is in conflict with the non-lrnear relationship predicted by the Buxton and 
Frank model [125],

A calibrated BOLD technique has also been proposed to quantify the 
CMRO2 from the BOLD signal [129,130]. This approach estimates the max
imum possible change in the BOLD signal by inducing hypercapnia (the 
state of excess carbon dioxide concentration in the blood). This state causes 
an increase in CBF without increasing CMRO2 and thereby allows the BOLD 
signal to be normalized by a calibration factor related purely to CBF het
erogeneity. The resultant normalized BOLD signal is only dependent on 
CMRO2 and can therefore by used for CMRO2 quantification. A recent re
view of calibrated BOLD techniques [131] suggests that the inspiration of 
a carbon dioxide/oxygen mixture should not be used for calibration as the 
stimuli can produce BOLD signal changes that cannot be accounted for by 
a model based purely on CMRO2 consumption. This coupled with the in
vasiveness of the technique, particularly in aged or diseased subjects, is a 
significant disadvantage of the calibrated BOLD technique.

Alterations in the mechanisms behind neurovascular coupling due to 
ageing a n d /o r disease progression pose another problem for the interpreta
tion of BOLD fMRI studies. For example, it is well known that Alzheimer's 
disease (AD) is associated with a decrease in microvessel density, flatten
ing of endothelial cells and smooth muscle cell degradation [132]. Each of 
these effects plays a role in reducing both the resting CBF and the increase in 
CBF following neural activity [133]. Furthermore, stm ctural changes in the 
vasculature such as decreased vascular reactivity, atherosclerosis, increased 
tortuosity of cerebral vessels, reduced resting CBF and CMRO2 , that are 
known to occur with ageing, may result in a reduced CBF response that is 
not indicative of an actual reduction in neural activity [132]. It follows that 
if the BOLD fMRI technique is insensitive to altered vascular structure, it 
may not be the optimum method to assess neural activity in cohorts of aged 
an d /o r diseased subjects.
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Arterial Spin Labeling fMRI

ASL fMRI approaches can provide an alternative to the BOLD technique. 
ASL was first applied to a human fMRI study by Edelman et al [55]. The 
EPISTAR sequence (section 1.3.2) was used to provide qualitative perfusion- 
weighted maps of sensorimotor activation. Kerskens et al carried out the 
first ASL fMRI study in rats, where the CASL adiabatic inversion prepara
tion (section 1.3.1) was used in combination with snapshot FLASH imaging 
(section 3.4) to measure perfusion increases in the somatosensory cortex of 
anaesthetized rats during forepaw stimulation [40].

Activation imaging using ASL has several potential advantages over the 
BOLD fMRI technique. ASL is insensitive to magnetic susceptibility effects 
that can degrade the BOLD signal. By interleaving labeled images with 
control images, long-term instabilities in the image intensity can be alle
viated [134]. This long-term stability of ASL fMRI was tested by Aguirre et 
al [16] with the conclusion being that ASL fMRI is more sensitive to slow 
changes in neural activity that evolve over long periods of time (>24 hours) 
than BOLD fMRI. This makes ASL more suitable for longitudinal studies 
where changes in the perfusion response to neural activity are tracked over 
time. There have also been indications that the ASL signal is better local
ized at the site of neural activity than the BOLD signal [135, 136], as the 
BOLD signal is affected by additional signal from deoxygenated blood in 
the draining venous vessels, downstream from the activation site. How
ever, the primary advantage of ASL fMRI over BOLD fMRI is the fact that 
the signal is directly related to blood flow, not blood oxygenation and there
fore contains information that can be extracted to quantify the perfusion 
parameters of active brain regions. Changes in physiological parameters 
such as CBF and CBV during neural activity can be accurately quantified 
and tracked over time.

The quantification of CBF during activation is commonly achieved with 
ASL by applying the modified Bloch equation approach (section 1.4.1). The 
first such quantitative ASL study was carried out by Kwong et al [27]. A 
spin-echo inversion recovery (IR) sequence provided Tj sensitive perfusion- 
weighted images during stimulation of the visual and primary motor cortex 
of humans. The change in CBF during activation was then estimated from 
the measured Ti difference, by applying the theory of Detre et al [14]:
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^  f  +  { ,  (1-54)
lapp  - 1̂ ^

where Tiapp is the observed (apparent) longitudinal relaxation time with
flow effects included, Ti is the true longitudinal relaxation time in the ab
sence of flow ,/ is the flow in milliliters per gram of brain tissue per unit time 
and A is the blood-brain partition coefficient. As stated before (section 1.4.1), 
this theory assumes that the exchange of water molecules between the ca
pillaries and the extravascular water is rapid. This assumption of near per
fect capillary permeability to water is considered acceptable at normal flow 
rates in healthy subjects but fails at higher flow rates [137], which are typic
ally found during neuronal activation. Additionally, a constant value for A 
is chosen for the quantification of CBF but it is possible that this parameter 
varies w ith age or under disease conditions.

A quantitative fMRl method, based on the QUIPSS II sequence (sec
tion 1.3.2), was described by Wong et al [68]. A single-compartment kinetic 
model that describes the inflow of labeled blood in a similar manner to the 
subsequent general kinetic model [85] (section 1.4.1) was used to quantify 
CBF. A finger-tapping fMRI paradigm resulted in increase neural activity in 
the motor cortex. The typical fractional change in CBF with activation was 
in the order of 50%. The authors also describe the capability of ASL fMRI to 
simultaneously acquire BOLD contrast data. A gradient echo (GE) EPI se
quence was used for image acquisition and when an in-plane presaturation 
pulse is applied, the BOLD signal can be extracted. A comparison of the res
ults from both contrast mechanisms revealed that the BOLD signal changes 
occur both in the brain parenchyma (capillary bed) and in large veins, while 
the ASL signal is more closely localized to the parenchyma. The possibility 
of extracting the BOLD signal from ASL fMRI data has also been reported by 
Kim et al through the use of a quantitative multi-slice FAIR technique [138].

Another quantitative ASL fMRI method that simultaneously acquires 
BOLD contrast through the use of a GE-EPI acquisition is described by 
Wang et al [139]. The modified Bloch equation single-compartment model 
in equation 1.42 (section 1.4.1) was applied to PASL data from a modified 
FAIR sequence [140] to quantify changes in CBF in the motor cortex due to 
a finger-tapping fMRI paradigm and a mean CBF increase of approximately 
25% during activation was reported.
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The model-free ASL approach described in section 1.4.3 was recently ap
plied to an fMRI study [101]. Stimulation of the visual cortex was achieved 
through the use of an 8 Hz checkerboard pattern with three levels of visual 
contrast (25%,50% and 100%). Using both the model free approach and the 
general kinetic model described in section 1.4.1, significant changes in CBF 
were detected in the visual cortex. The percentage increase in CBF for the 
three visual contrast levels were found to be in good agreement for both 
quantitative approaches. The arrival time of the ASL bolus at the microvas
culature (small arterioles and capillaries), referred to as was also quan
tified by both approaches and was found to decrease during visual stimu
lation. The m agnitude of the decrease in T m  was larger for the 50% visual 
contrast level than for the 25% level. This decrease was attributed to flow 
velocity increases during stimulation. There was a slight tendency for the 
arterial blood volume (aBV), calculated by equation 1.53, to increase dur
ing visual stimulation. The authors conclude that the microvasculature, as 
opposed the larger arteries on which the aBV depends, plays an import
ant role in regulating changes in flow and volume in response to neuronal 
activation.

The CBF changes measured by ASL fMRI were recently validated by PET 
data in a comparitive fMRI study [141]. The H2^^0 PET tracer technique 
is regarded as the current gold standard for in vivo imaging of CBF and 
has previously been used to validate DSC-MRI CBF measurements [142]. 
An interleaved FAIR-BOLD sequence, previously implemented by Hoge et 
al [130] was used in combination with visual stimulation with a checker
board, with contrast levels varying from 25% to 100%. The change in CBF 
in the visual cortex was between 11.4% and 22.5% for the various stimula
tion intensities, while the BOLD signal changes ranged from 1.0% to 1.9%. 
The changes in CBF measured by CBF and PET were not significantly dif
ferent. Furthermore, the CBF measurements made using PET had a much 
lower SNR than those made using ASL-fMRI. When coupled with the non- 
invasiveness of the ASL fMRI technique, it was concluded that ASL-fMRI is 
a viable alternative to the gold standard PET technique.
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1.5.2 Normal Ageing

The Cerebrovascular Correlates of Ageing

Disruption of the cerebrovasculature is found in many neurological and 
psychiatric disorders. However, extensive research has shown that normal, 
physiological ageing also causes both structural and functional changes in 
the cerebrovascular system throughout the human lifespan that can begin 
as early as the fourth decade [143]. These vascular changes are the basis 
for alterations in both resting cerebral perfusion and neurovascular coup
ling [132].

The alteration of the structure of the cerebral vasculature in ageing is 
largely attributed to atherosclerosis, which involves thickening of vessel 
walls, necrosis (cell death) of the smooth muscle and endothelial cells that 
line the vessels and thickening of the sub-endothelial membrane. These age- 
realted vascular changes have been well characterized in both humans [144, 
145] and rats [146] and are known to cause reductions in cerebral perfusion 
and vessel reactivity, redistribution of blood flow and in some cases can 
lead to thrombotic occlusion. The density of microvessels (number of ves
sels per unit tissue volume) is also known to decrease with ageing in certain 
cerebral regions, with deficits reported in the hypothalamus [147], hippo
campus [148] and frontal and visual cortices [149]. There is also an increase 
in the tortuosity of some vessels with ageing, which is thought to be due to 
loss of longitudinal stiffness in the aged vessel wall [150].

Cerebral vessels react to various chemical modulators, particularly car
bon dioxide (CO2 ) concentration. Normally, increased CO2 concentrations 
result in dilation of the cerebral vessels. However, an age-associated de
crease in the reactivity of cerebral vessels has been established by studies 
investigating the cerebral perfusion response to hypercapnia (the state of 
elevated CO2 in the blood) in the rat brain. As well as regional deficits in 
cerebral perfusion due to ageing, a significant and homogenous reduction 
in the ability of cerebral vessels to dilate has been reported [151,152,153].

Vasodilation is the main mechanism of the haemodynamic response to 
neural activity (neurovascular coupling, section 1.5.1). As a result, decreases 
in cerebral vessel reactivity with ageing limit the responsiveness of vessels 
to increased neural activity [109]. Other mechanisms such as a reduction
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in the number of neurotransmitter receptors on astrocytes also affect neur
ovascular coupling in aged subjects [132].

The M easurement of Age-Related Alterations in Cerebral Perfusion

Each of the cerebrovascular correlates of ageing outlined above are thought 
to contribute to the decline of cerebral perfusion with age. A large number 
of MRI and non-MRI quantitative perfusion studies have measured these 
age-related cerebral perfusion deficits.

Pantano et al [154] applied ^^©2 PET to a study of young and aged hu
mans and measured an 18% average decrease in CBF in grey matter (GM) 
cortical regions. Leenders et al [155] used the same PET technique to meas
ure CBF and CBV decreases with age and concluded that both decreased by 
approximately 0.50% per year. Subsequent PET studies have reported sim
ilar deficits in cerebral perfusion due to ageing in cortical and cerebellar re
gions [156,152]. Grey matter perfusion deficits have also been measured by 
SPECT imaging [157,158]. Transcranial Doppler has produced similar find
ings for compromised flow and reduced blood flow velocities in the larger 
cerebral arteries with advancing age [159]. However, the limited spatial res
olution of these non-MRI techniques renders them less capable of resolving 
CBF differences in smaller sub-regions, particularly in rodent studies [153].

For imaging studies involving aged subjects and/or repeat scanning of 
either humans or rodents, ASL offers the advantage of longitudinal signal 
stability [134] without the use of tracer compounds. In a study aimed at 
establishing the reproducibility and stability of ASL as well as the effects 
of gender and ageing, Parkes et al [160] applied a multislice CASL tech
nique [49] (section 1.3.1) to 34 human subjects with an age range of 20 - 
67 years. A significant decrease in the ratio of GM to WM perfusion was 
detected. This finding suggested that cerebral perfusion deficits were most 
profound in GM regions. GM perfusion was found to decrease by 0.45% per 
year with regional analysis suggesting that the decrease was mainly due to 
changes in the frontal cortex.

The age dependence of cerebral perfusion was also investigated by Biagi 
et al [161], using the same multislice CASL sequence [49], in 44 subjects with 
an age range of 4 - 78 years. A similar decrease in CBF was reported, this 
time both in GM and WM, with the decrease being greater in GM. The use of
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very young subjects in this study facilitated the quantification of CBF over a 
broader age range than previous ageing studies. The results suggest a non
linear decline in CBF from childhood to adulthood, rather than a constant 
rate of decline.

More recently, a study by Mitschelen et al [153] applied the FAIR tech
nique [72] (section 1.3.2) to an ageing study in rats. A decrease in baseline 
perfusion in an aged group (26 months) compared to an adult group (9.5 
months) was reported for the dorsal hippocampus. The study also included 
a hypercapnia challenge in which cerebral perfusion was measured during 
administration of CO2 tn the inspired gas mixture to establish if the reactiv
ity of the vasculature decreases in the aged group. An attenuated response 
to hypercapnia was detected in several ROls. The aged rats were also clas
sified, using a water maze, as memory impaired or memory intact. An in
crease in perfusion in the hippocampus of the memory impaired aged rats 
compared to the adult rats was detected, indicating that a hippocampal in
crease in CBF may be an early indicator for cognitive diseases such as mild 
cognitive impairment (MCI).

1.5.3 MDIVIA Intake

The Cerebrovascular Consequences of MDMA Intake

The recreational drug 3,4-methylenedioxymethamphetamine (MDMA, or 
"ecstasy") is known to produce both short term (acute) and long term (chronic) 
changes in brain function. Acute MDMA effects in both rats and humans 
include hyperthermia, tachycardia and hypertension (elevated temperat
ure, heart rate and blood pressure respectively) [162,163,164], which gives 
rise to increases in the incidence of cerebrovascular accidents and morbid
ity [165, 166]. These acute effects of MDMA are mediated by enhanced re
lease and reduced uptake of monoamine neurotransmitters such as norad
renaline and serotonin with the net effect being an increase in the synaptic 
availability of these neurotransmitters. Monoamine oxidase activity, which 
is responsible for metabolism within brain cells, is reduced [167]. These 
acute effects are short-lived, lasting for approximately 24 hours [168].

In the longer-term, the effect of MDMA on serotonin (5-HT) levels in the 
brain is thought to play a major adverse role, resulting in impaired brain
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function and cerebrovascular disease [165, 169]. The involvement of 5-HT 
in the regulation of brain microcirculation is well established [170,171]. In- 
tracerebrally released 5-HT causes vasoconstriction and a resultant reduc
tion in CBF in many brain regions. Vasodilation and variations in blood 
brain barrier (BBB) permeability due to 5-HT have also been observed [171]. 
Furthermore, a number of studies have shown that changes in CBF and local 
cerebral glucose utilization (LCMRp/„), a measure of metabolism, do not ex
hibit the expected correlation when 5-HT levels are varied [162, 172, 168]. 
This indicates that 5-HT plays a direct and not a secondary role in con
trolling the microvasculature. MDMA initially causes an increase in 5-HT 
release and 5-HT-induced effects in the brain but repeated use over time 
leads to a loss of serotonergic neurons, a reduction in 5-HT levels and a con
sequent upregulation of 5 -HT2 receptors [165, 173]. A number of studies 
have aimed to establish the short and long-term effects of these variations 
in 5-HT on cerebral perfusion.

The measurement of Acute MDMA-Related Alterations in Cerebral Per
fusion

Ferrington et al [168] performed a MDMA study to establish the relation
ship between local CBF (LCBF) and LCMRg^u in three groups of rats. The 
[^^C]-iodoantipyrine autoradiographic technique was used for CBF quanti
fication [174]. Group one were administered a single dose of MDMA or sa
line (controls) 25 minutes prior to LCBF and LCMRg/„ measurement, group 
two were given the same treatments three weeks prior to measurements 
and group three were given both the three week and 25 minutes prior treat
ments. LCBF was found to be uncoupled from LCMR(,/„ in the MDMA- 
treated rats. The group one rats showed regions of focal hyperaemia (in
creased blood flow) that indicated a loss of autoregulatory capacity in re
sponse to hypertension. Autoregulation is the process by which the brain 
maintains constant CBF over a wide range of blood pressures [175]. H ow 
ever, if hypertension is pronounced, cerebral blood vessels can suffer last
ing physical disruption and CBF can remain elevated [162]. The authors 
suggest this mechanism as a possible explanation for the measured focal 
hyperaemia. The findings from groups two and three suggest that prior ex
posure to MDMA, which causes a significant depletion in 5-HT, does not
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alter the cerebrovascular regulatory dysfunction associated with acute ex
posure to MDMA.

A previous study by Quate et al [172] using the same quantitative auto
radiographic CBF technique and a similar animal model to Ferrington et 
al, measured significant decreases in LCBF in the superior colliculus and 
anterior thalamus of rats studied 25 minutes post-MDMA administration. 
The LCBF was again found to be uncoupled from LCMRg/„, suggesting a 
direct relationship between 5-HT and changes in LCBF. The vasoconstrictor 
action of 5-HT was suggested as a possible explanation for focal decreases 
in CBF.

The M easurement of Chronic MDMA-Related Alterations in Cerebral Per
fusion

Reneman et al [165] used ^^^lodine SPECT (section 1.1) to measure 5 -HT2 

receptor densities in three groups; abstinent recent MDMA users, former 
MDMA users and healthy control subjects. Bolus-tracking DSC-MRI with 
intravenous injection of Gd was used to generate CBV maps in two groups: 
chronic MDMA users and control subjects. A down-regulation of 5 -HT2 re
ceptors due to MDMA-induced 5-HT release was observed. Furthermore, 
local 5 -HT2 receptor levels and CBV were found to be correlated in MDMA 
users. In regions with reduced 5 -HT2 receptor levels, an associated decrease 
in CBV thought to be linked to the vasoconstriction effects of 5-HT was 
measured. Conversely, an increase in 5 -HT2 receptor levels was found in 
abstinent users and was associated with an increase in CBV, implicating 
vasodilation in specific brain regions. These results indicate that the 5 -HT2 

receptor levels are involved in acute and long-term cerebrovascular changes 
in MDMA users.

Another combined SPECT-MRI study investigating the long-term effects 
of MDMA on CBF was carried out by Chang et al [176]. Abstinent MDMA 
users were compared to an age and gender-matched control group. A sub
group of the abstinent MDMA users had MDMA doses administered prior 
to scanning. High resolution ®^"*Technetium SPECT scans were calibrated 
by ^^^Xenon SPECT images that provided a measure of absolute regional 
CBF (rCBF). The calibrated SPECT images were then overlaid on inversion 
recovery (IR) EPI images, for optimal ROl selection. No significant long-
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term change in rCBF was measured in the abstinent MDMA group com
pared to the control group, although a trend towards reduced rCBF was 
detected in most ROIs. An acute decrease in rCBF in the globus pallidus 
and caudate was detected in the subjects that were administered MDMA 
prior to scanning. Two subjects from this group were scanned two months 
later and an increased global CBF was measured. These findings were not 
consistent with similar MDMA-cerebral perfusion studies (e.g.Reneman et 
al [165]) and the authors suggest that 5 -HT2 receptor densities do not have 
a significant long-term effect on CBF.

DeWrn et al [177] used DSC-MRI to measure differences in relative re
gional CBV (rrCBV) between novel low-dose MDMA users and MDMA- 
naive controls. The MDMA group showed significant rrCBV decreases in 
the putam en and globus pallidus. The authors suggest that decreased rrCBV 
may reflect long-term vasoconstriction following MDMA use due to changes 
in the 5-HT regulation of the microvasculature. As the mean period of ab
stinence before imaging in the study was over four months, this rrCBV effect 
is classed as a long-term rather than acute effect of MDMA usage.
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Chapter 2

Theoeretical Results: A 
Non-Compartmental Model of 
Cerebral Perfusion

2.1 Introduction

A new model of cerebral perfusion for ASL will be derived in this section. 
The model is non-compartmental in nature and considers the ASL signal re
sponse to be the result of individual water molecules taking a range of times 
to traverse the system. The distribution of traversal times is hypothesized 
to be due to three processes:

1. pseudo-diffusion within the microvasculature [178,179],

2. exchange of labeled spins between the capillary bed and extravascular 
water and surrounding cells (osmosis) [180],

3. random diffusion of the labeled spins within both the vascular and 
extravascular space [181].

The net effect of these processes on an approximately rectangular bolus of 
labeled spins at the labeling plane in an ASL experiment is the dispersion of 
that bolus during its transit from the labeling plane to the imaging plane, as 
depicted in figure 2.1.

A general Langevin equation was chosen as the starting point for the de
rivation of the non-compartmental model of cerebral perfusion. This type
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of equation was first used to describe the trajectory of a small particle im
mersed in a fluid, undergoing Brownian (or random) motion. In this ex
ample the Langevin equation for the particle is comprised of a frictional 
force term and a random  or fluctuating force [182]:

, ( 2 .1)

Frictional Force Random Force

where m is and v are the mass and velocity of the particle and is the coef
ficient of friction. The fluctuating force (or noise) term in this case prevents 
the total force on the particle from decaying to zero and in the case of a 
particle immersed in a fluid is presumed to come from occasional impacts 
of the particle with molecules of the surrounding medium. The effects of 
the fluctuating force can be summarized by its first and second moments as 
follows [182]:

{6F{t)) = 0, and {5F{t)SF{t')) =  2B5{t -  t'), (2.2)

where B is a measure of the strength of the fluctuating force and the delta 
function, 6, indicates that there is no correlation between impacts in any 
distinct time intervals, dt and dt'. The fluctuating force is considered to 
have a Gaussian distribution determined by the moments in equation 2.2. A 
Fokker-Planck equation for the noise-averaged distribution of all particles 
in a given system can be derived from a Langevin equation for a single 
particle such as equation 2.1 [182],

The Langevin equation chosen as the starting point for the derivation of 
the non-compartmental model of cerebral perfusion describes the motion of 
a single particle (or labeled spin) within the vasculature in terms of a dir
ectional flow term and a random noise term that takes the three processes 
above into account. By averaging over all particles in the entire space we 
arrive at a Fokker-Planck equation that describes the noise-averaged distri
bution of labeled spins. However, in the case of an ASL experiment, longit
udinal relaxation of the labeled spins m ust also be incorporated into the the
oretical formulation. To this end, the derivation of the final Fokker-Planck 
equation for the non-compartmental model of cerebral perfusion begins 
with a standard Bloch equation for the magnetization difference between 
the control and labeled ASL images.
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Figure 2.1: Schematic representation of branching of cerebral vasculature between 
the labeling and imaging plane. The dispersion of an approximately rectangular 
bolus on traveling from the labeling plane to the imaging plane is depicted.

2.2 Derivation of Fokker-Planck Equation

2.2.1 The Bloch Equation for Longitudinal Relaxation

The T I  relaxation time of brain w ater in the absence of flow or exchange 
betw een vascular and extravascular w ater is initially assum ed to be a con
stant th roughout the m easuring time. With this assum ption, the m agnetiza
tion difference betw een the control and the labeled image can be expressed 
using the Bloch equation:

(2.3)
dt Ti

where M c , i { t )  is the concentration of longitudinal m agnetization in arbitrary 
units of an im aging voxel for the control and labeled image respectively 
and Mc,;(0) are these concentrations at equilibrium . Since M c(0) =  Mi{0), 

equation 2.3 can be simplified to become:

(2.4)
dt Ti

If we consider Mc{t)-Mi{t)  as the concentration of labeled spins, c( t ) ,  the
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equation defining the total change in the am ount of labeled spins between 
a control image and a labeled image due to Ti relaxation is:

dc{i) c{t)
~ d T  = ■ tT' <

2.2.2 The Langevin Equation

If flow is defined in units of volume per time, then bulk flow, F, can be 
described by the mean rate of change of the volume, V, as follows:

( f )  =  F, (2.6)

where V is the volume of distributed water or any space into which labeled 
water can flow between the labeling plane and the imaging plane (depicted 
in figure 2.1). V consists of both a vascular and extravascular component 
due to the exchange of water from vessels to the surrounding extravascular
space [180]^ From this definition of the bulk flow, the following general
Langevin equation can be assumed:

dV
—  = F{V) + T{V), (2.7)

where P is a Gaussian noise term with zero mean [178] and f  is independent 
of time, t. The delta correlated second moment of the noise term P is given 
by [182]:

{T{t)T{t')) =  2 P 5 { t - t %  (2.8)

where P is a function of the volume V and takes into account the m agnitude 
of the random  forces acting on a particle as it traverses the vasculature. The 
first term on the right-hand side of equation 2.7 represents the change in the 
volume of labeled spins due to bulk flow. The second term represents the 
random pseudo-diffusion of labeled spins within the microvasculature [178, 
179], the exchange of labeled spins from the vascular to the extravascular 
space [180] and the diffusion of labeled spins within the entire volume.

 ̂Refer to sections 2.5 and 2.7 for discussion of the implications of this definition of V
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2.2.3 Combining the Langevin and Bloch Equations

Rather than looking for a general solution to equations 2.7 and 2.8, one can 
look for the probability distribution of the concentration of excited spins, 
c(V,t), and more specifically the average of this probability distribution over 
the noise. To solve this problem we start by recognizing that if Ti relaxation 
is temporarily neglected, c(V,t) is a conserved quantity and the following 
conservation law can be defined:

When a conservation law such as equation 2.9 is encountered, we expect 
that the time derivative of the conserved quantity is balanced by the diver
gence of a flux [182], or a velocity times a density in this case. This leads to 
the following equation:

However, in ASL the relaxation of excited spins, represented by equation 2.5, 
m ust be incorporated into the conservationlaw as follows:

If the time derivative of the volume in equation 2.11 is replaced by the gen
eral Langevin equation in equation 2.7, we get:

The stochastic differential in equation 2.12 will now be used to derive the 
Fokker-Planck equation for the noise averaged distribution of labeled spins 
in an ASL experiment.

2.2.4 Transfer to the Fokker-Planck Equation

The stochastic differential equation in equation 2.12 can be simplified by the 
introduction of an operator defined as:

(2.9)

(2 .10)

(2 .11)

(2 .12)

(2.13)
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This allows the noise free component of equation 2.12 to be written as:

(2.14)
dt  ̂  ̂ Ti V Ti

A  symbolic solution to equation 2.14 as an initial value problem is:

c{V,t) = ei^^~^yc{V,0). (2.15)

If we reincorporate the noise term in equation 2.12, the time derivative of 
the concentration of labeled spins is given by:

ac{v.t) ^  i  _  1 ') -  ^ r ( i ) c ( v , t ) .  (2.16)
dt V T j ^ ’ ^ d V  

Equation 2.15 gives the form of the solution for the first two terms on the 
right-hand side of equation 2.16. Integration over time leads to the follow
ing solution [182]:

c{V,t) = e("^“ ^)'c(V ,0) -  f (2.17)
J o

where it should be noted that c(V,t) depends on the noise F only for times 
t' that are earlier that t. By substituting equation 2.17 into equation 2.16, a 
series expansion for c in powers of the noise can be developed:

=  ( - L - Y ^ c { V , t ) - - ^ r ( t ) c { V , 0 )  (2.18)

The final step in the derivation of the Fokker-Planck equation is to take the 
average of equation 2.18 over the noise. If we recall the assumptions made 
about the noise, the term with the single F averages to zero. The final term 
contains two noise factors F(f) and F(f). When these two noise factors are 
paired and equation 2.8 is considered, it can be concluded that the aver
aging process introduces a factor P and a delta function. The delta function 
removes the term in equation 2.18 and if the operator L is expan
ded as per its definition in equation 2.13, we arrive at the Fokker-Planck
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equation for the noise-averaged distribution of labeled spins:

=  - ^ F ( V ) ( c ( l / , ( ) )  + ± P { V ) ^ { c { V , t ) )  -  (2.19)

In this formulation, we assume that the flow F and the perfusion coefficient 
P are constant with respect to the volume. This allows equation 2.19 to be 
written in simplified form as the Fokker-Planck equation,

dc dc d^c c

This equation incorporates the three factors that affect the concentration of 
labeled spins within the volume. The first term on the right-hand side of the 
equation represents transport due to bulk flow, the second term represents 
pseudo-diffusion, osmosis and free diffusion effects within the microvascu
lature (discussed above) and the third term represents Ti relaxation of the 
labeled spins. The perfusion coefficient P takes the dilution of the labeled 
magnetization due to the random effects into account and has units similar 
to a diffusion coefficient {volume^ / time). Equation 2.20 will now be solved 
for specific ASL experiment in which a bolus of a defined duration is labeled 
at the labeling plane, referred to herein as bolus-tracking ASL (btASL). An 
additional solution is provided for the saturation CASL experiment in sec
tion 2.6 below.

2.3 Bolus-Tracking Arterial Spin Labeling Solu
tion

In order to find a solution to equation 2.20 for the specific case of an ASL ex
perim ent w ith a bolus of defined duration, a boundary-value problem must 
be solved^. The magnetization labeled at the labeling plane, V=0 (where V 
is being used here as a three dimensional coordinate to denote location in 
relation to the labeling plane, as depicted in figure 2.1), enters the brain as 
time progresses. However, at f=0, the concentration of excited spins in the

^The solution presented in this section was adapted from the PhD thesis of Dr. Christian 
Kerskens [44],
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brain is zero. This leads to the following set of boundary conditions:

c{V, t) = co{t) for V = 0 (2.21)

c{V, t) = 0 for t = 0 ,V  > 0 ,

where V  is been used as a coordinate in this instance to denote position in re
lation to the labeling plane and Co(t)  is the input function. These conditions 
enable the equation of motion to be solved. Initially we solve the auxiliary 
problem in which Co(t) is represented by the delta function 5{t). The solu
tion to this problem can be found using Laplace's formula [183]. Using this 
formula, we find a function that satisfies equation 2.20 and also approaches 
5{t) for V-^0:

This function represents a relaxation function, m(t), multiplied by the tissue 
response function, r(V,t) where m(t) and r(V,t) are defined as follows;

m (0 =  e x p ( ^ )  and r(l/,<) = - ^ e x p  . (2.23)

Since the equations are linear, the effects of labeled spins entering the brain 
at different moments in time are simply additive and therefore the required 
solution to the Fokker-Planck equation, equation 2.20, with the boundary 
conditions defined above is:

c(y,0= ^  e x p f - ( ^ - f
 ̂ ^  J o  . /4 7 r P { t - 1') { t  - t ' )  ^ V 4P(^ -  V) )

(2.24)
The derivation of equation 2.24 from equation 2.20 is described in detail in 
the appendix, section 2.8, below. The solution for a boundary-value prob
lem as described above allows us to solve for the special case of a rectangu
lar input function or bolus, Co(t) ,  defined by:

Co{t)  = Co{ Q{ t ) - e { t - r ) ) ,  (2.25)
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where Q  is the initial concentration of inflowing magnetization at the la
beling plane, r is the inversion pulse duration and Q{t) is a rectangular in
put function defined as 0 (0  = 1 for f > 0 and 0 (0  = 0 for t < 0. Inserting 
this input function into equation 2.24 gives the following solution to the 
Fokker-Planck equation for a bolus of labeled spins:

=  C, r e x p ( - (^ -r ) /r .)  V-
J t - r  y/47rP{t -  t ) ( t - r )  V 4P(t -  r) J

(2.26)
By defining the mean transit time, MTT, and a capillary transit time, CTT, 
as:

MTT = ^ ,  C T T = ^ ,  (2.27)

the dependent variables of equation 2.24 and equation 2.26 can be reduced 
by one. Equation 2.26 becomes:

c(V,,) =  Co f  e x p ( -U - .) /T ,)M T T  (MTT -  -  r ) n
Jo ^4nC T T {t -  t ) ( t - r )  4CTT{t -  r) J

(2.28)

2.4 Physical Interpretation of Transit Times

If we let oo, we find that the MTT defined in equation 2.27 is calcu
lated from the first moment of the tissue response function, r(V,t), defined 
in equation 2.23:

r~ t ■ r(V, t)dt V  
MTT = / ■ \  =  t;. (2.29)

f ^ r { V , t ) d t  F

The MTT represents the average time taken for labeled water to traverse
the entire volume (i.e. the time from when spins are labeled at the labeling
plane to when they flow out of the imaging plane). The volume, V, in equa
tion 2.29 was defined previously as the volume of distributed water or any 
space into which labeled water can flow. Due to the exchange of water into 
and out of the microvasculature, V  consists of both and intra- and extravas-
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cular component. Previous studies have established that the exchange of 
water depends on the rate of blood flow [180, 184]. Small animal studies 
have shown that at high flow rates, the extraction fraction of water is ap
proximately 0.3-0.5, while at lower flow rates this value is closer to 1. There
fore, when the labeled water is imaged at the imaging plane, the measured 
signal is comprised of contributions from both the intra- and extravascular 
spaces with the relative proportions of these contributions depending on the 
flow rate of arterial water. As a result, the MTT defined in equation 2.29 is 
not purely intravascular in nature as labeled water that has been extracted 
from the microvasculature also contributes to the concentration-time curves 
used to quantify MTT.
The CTT defined in equation 2.27 is calculated from the second moment of 
r(V,t):

Ct t  l S , " { t - M T T r - r ( V , t ) d t  P
2 -rlV, t)dt F^'  '  '

The CTT is not defined in terms of a specific transit distance but describes 
the extent to which an initially rectangular bolus of labeled water at the 
labeling plane has become dispersed when it is measured at the imaging 
plane. From equation 2.30 it can be seen that the CTT is directly propor
tional to the perfusion coefficient, P, which was hypothesized in section 2.7 
to incorporate the random  effects that result in the dispersion of a bolus 
of labeled spins (such as pseudo-diffusion within the microvasculature and 
the exchange of water across the capillary walls). For example, if the pro
portion of water being exchanged across the capillary walls is high (i.e. the 
water extraction fraction is close to 1), the CTT will be long. The CTT is also 
inversely proportion to the bulk flow squared (F^). This inverse relation
ship is in agreement with the finding of previous studies that the extraction 
fraction of water decreases with increasing flow rates [180,184].
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2.5 Comparison of the Bolus-Tracking ASL Solu
tion to Existing Theories

Conventional Residue Detection Experiments

The solution to the Fokker-Planck equation for the boundary conditions that 
describe the btASL solution, equation 2.24, reveals the conventional struc
ture of a residue detection experiment with bolus dispersion [85,185]. Equa
tion 2.24 can be rewritten as follows:

I ^4nP(t ^  r)!> 4 F ( ( - t )  '
AIF

m ( t - T )  r ( V , t - r )

(2.31)
From this it can be seen that the solution is equivalent to a convolution de
scribed by:

c(V, t) = AIF ® r{V, t) ® m{t), (2.32)

where the arterial input function, AIF, is defined in equation 2.25, m(t) is 
the relaxation function and r(V,t) is the residue function, as shown in equa
tion 2.23.

Meier-Zierler Indicator Dilution Theory

The indicator-dilution approach described in section 1.2.2 quantifies the MTT 
of purely intravascular tracer in terms of the cerebral blood flow and volume 
(CBF and CBV) [24, 186]. The MTT in this case is calculated from the first 
moment of the intravascular concentration-time curve (equation 1.13) and 
is given by;

CBV
MTTmz = (2.33)

and is defined as the mean traversal time of the indicator particles (from P 
to Q in figure 1.2), where CBV is the intravascular fluid volume and CBF is 
the constant rate of flow at which fluid enters and exits the system. This re
lationship is dependent on the following assumptions: (a) the distribution
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of traversal times for entering tracer particles does not change with time 
(i.e. the stationarity of flow), (b) the flow of tracer particles represents the 
flow of the total fluid, (c) the system has no stagnant pools (i.e. all fluid that 
enters the system is eventually eliminated). Both (b) and (c) are violated 
by ASL methods as water is known to be exchanged across the capillary 
walls [180]. As a result, CBV cannot be measured when water is used as the 
tracer. Therefore, even though the MTT defined by the btASL solution is cal
culated from the first moment of the residue function, r,(V,t) (equation 2.29) 
in a manner similar to how the MTT is calculated in the indicator-dilution 
theory (first moment of the intravascular concentration-time curve, equa
tion 1.13), the theories are not strictly equivalent.

2.6 Additional Solution for a Saturation Experi
ment

A solution to equation 2.20 may also be found for a CASL experiment where 
the region of interest (ROI) is saturated with labeled inflowing magnetiza
tion^. In this case the concentration of labeled spins becomes constant with 
respect to time and consequently equation 2.20 can be simplified as follows:

d^c F dc c ^
~  p W   ̂ ^

The general solution of this equation is of the form:

c{V) =  , (2.35)

where the coefficients Ai^2 in equation 2.35 are given as:

The constants A  and B are given by the boundary conditions for saturation 
CASL. First, w e expect a minimum concentration for oo. Secondly, at

^The solution presented in this section was adapted from the PhD thesis of Dr. Christian 
Kerskens [44].
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V=Q, a constant n:\agnetization Co is delivered. With these conditions, we 
arrive at the solution to equation 2.20 for saturation CASL:

<V) = Coexp (̂ 1 -  j  j  , (2.37)

When equation 2.37 is rewritten in terms of the MTT and CTT defined in 
equation 2.27, the number of dependent variables can be reduced by one:

C( V) =  Coexp ( l  -  f ^ )  )  . (2.38)

2.7 Discussion of Theoretical Results

A novel non-compartmental model of cerebral perfusion, based on a Fokker- 
Planck equation for the distribution of inflowing arterial water in the brain, 
has been described. Solutions are provided for two types of ASL experi
ments: btASL and saturation CASL. The model is capable of quantifying 
two transit times, the MTT and the CTT.

The MTT represents the average time taken for labeled water to tra
verse the entire volume, V (i.e. the time from when spins are labeled at 
the labeling plane to when they flow ovit of the imaging plane), and is cal
culated from the first moment of the residue function, r(V,t) described by 
equation 2.23. A novel perfusion parameter, the CTT, is defined in equa
tion 2.27. The CTT is shown in equation 2.30 to result from the calculation 
of the second moment of r(V,t). It has been previously hypothesized that the 
second moment of tracer concentration-time curve can be used to describe 
the time taken for a bolus of tracer to be distributed at a ROl [187, 188]. 
The second moment of concentration-time curves has been used as a quant
itative measure of the heterogeneity of the flow pattern of contrast agents 
within the capillary bed [189]. Also, in pharmacokinetics, the distribution 
of residence times of boluses of pharmaceutical agents can be assessed by 
the second moment of concentration-time data [190]. In the case of btASL, 
the second moment (or CTT) can be used as a quantitative measure of the 
random processes that result in dispersion of the labeled bolus.

The non-compartmental model considers average parameter values over
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the entire volume from the labeling plane to the imaging plane (figure 2.1). 
The averaging of the parameters becomes apparent in the derivation of 
the Fokker-Planck equation, equation 2.20. The Langevin equation, equa
tion 2.7, chosen as the starting point for the derivation considers the effects 
of the system on a single particle. Following the averaging process (section 
2.2.4), we arrive at the general Fokker-Planck equation, equation 2.20 for the 
noise-averaged distribution of labeled spins. With this non-compartmental 
approach, a complete assessment of the exact mechanisms by which labeled 
spins are dispersed in the system is not necessary. Instead, the brain is 
treated as a 'black box' for which an average flow, volume and perfusion 
coefficient is assumed. As a result, it is not necessary to measure locally 
defined param eters such as the permeability-surface area product on which 
compartmental models depend [88, 93]. In addition, it is not necessary to 
measure the AIF locally as is required when the model-free ASL approach 
for perfusion quantification is used [96]. The Fokker-Planck equation, equa
tion 2.20, is also one-dimensional in nature and therefore it provides a m ath
ematically simpler solution than would be obtained using an adapted Bloch- 
Torrey approach, which m ust be defined in three dimensions.

However, while an average flow rate, volume and perfusion coefficient 
are considered, it is well established that the Tj relaxation time varies as a 
function of tissue and ROI and is also known to decrease following transfer 
from the capillaries to brain tissue. This change in Ti has been incorporated 
into both single [84] and two-compartmental models [89, 92, 93]. The non- 
compartmental model in its present form only allows for a single, average Ti 
value for a given ROI. This T i value needs to be measured and ROI-specific 
values are used when the model is applied to experimental data. In future 
developments of the theory, it may be possible to incorporate separate Ti 
values for the vascular and extravascular compartments.

The theoretical model of cerebral perfusion introduced in this chapter, 
coupled with the experimental validation of the model (to be described in 
chapters 3 and 4), has been accepted for publication in the journal of Physics 

in M edicine and Biology [191].
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2.8 Appendix: Solution to the Fokker-Planck Equa
tion for the Bolus-Tracking Arterial Spin La
beling Boundary Conditions

Applying the Laplace transformation to the equation of motion, equation 2.20, 
with respect to t gives:

=  (A-.)

where Co(s) is the Laplace transform of Coff), C(0,s)-Co(s) and C(oo,s)=0. The 
solution to equation A-1 has been found using a similar process to that used 
in section 2.6:

f  F V  V I 4P \
C(y,5) =  Co(5)exp f +  —  +  4F5 j  . (A-2)

The inverse formula of the Laplace transformation can be written as:

, ' F V \  (  V  I 4P \
c{V,s) = e x p [ — j  J  Co{s)e\p i s t - + — +4:Psj ds.

(A-3)
Using the substitution s=s'-f^/4P-2/Ti, Eqn. A-3 simifies to;

/  F V  1 \  (  V \ / ^ \
c(V,.) =  exp C .(.)exp ^ J d.'. (A-4)

The integral in equation A-4 solves as follows [192]:

[  V \ / ^ \  V  f  V ^ \
C„{.)exp ^  j * '  =  ^ j ^ e x p  ( - — ) , (A-5)

combining equation A-4 and equation A-5 and using the convolution the
orem leads to the following solution:
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Jo  ̂ ’ V'47rP(i-r) { t - r )  4P(i -  r) J
(A-6)

This solution to the boundary value problem, equation 2.24, allows the spe
cial case of a rectangular input function or bolus to be solved, thereby provid
ing the btASL solution that will be used to quantify both the MTT and CTT.
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Chapter 3

Materials and Methods

3.1 Magnetic Resonance Imaging Hardware

All imaging experiments were carried out on the 7 Tesla pre-clinical MRI 
system (Biospec 70/30 Ultra Shield Refrigerated (USR), Bruker Biospin, Et- 
tlingen, Germany) at the Trinity College Institute of Neuroscience (depicted 
in figure 3.1). A bird-cage linear resonator, optimally tuned to 300.3 MHz, 
was used for transmission of the ASL inversion pulse and for the excita
tion pulse in the subsequent image acquisition protocol (section 3.4). The 
inner diameter and length of the linear resonator were 7.2 cm and 18.6 cm 
respectively. An actively decoupled, circularly polarized, 20 mm diameter 
surface coil, designed specifically for rat brain imaging, was used for signal 
detection. The scanner was equipped with three actively shielded gradient 
sets (Quasar Dual High Performance Gradient System); a small, medium 
and large set with maximum gradient strengths of 1000 mT /  m, 400 mT /  m 
and 200 m T/m  respectively and internal radii of 3.5 cm, 7.2 cm and 15.2 cm 
respectively.

3.2 Animal Preparation

All experiments were carried out in accordance with the protocols approved 
by the Trinity College Dublin ethics committee and the Irish Department 
of Health and Children. Rats were loaded onto a perspex cradle that was 
custom-built for use with the MRI scanner. Two distinct setups were used:
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Figure 3.1: Bruker Biospec 7T 70/30 USR scanner. Image courtesy of Bruker 
Biospin website.

(a) A setup for non-functional MRI experiments and (b) a setup for func
tional MRI experiments. Figure 3.2 illustrates the components necessary 
for both setups, with elements necessary specifically for fMRI experiments 
shown in red.

3.2.1 Animal Setup for Non-Functional Studies

Results from a validation study and ageing study are presented in chapter 4 
and section 6.1 respectively. In both of these studies, rats were anesthetized 
using isoflurane gas administered via a facemask (1.5 - 2.0% in oxygen, at 1 
L/min). A mechanical ventilator (Ugo Basile, Comerio, VA, Italy) was used 
to deliver adequate inflowing gas to the facemask. Temperature was mon
itored using a rectal thermometer and maintained using a warming surface 
controlled by a water pump-driven temperature regulator (SA Instruments 
Inc., Stony Brook, NY, USA). Respiration and electrocardiograph (ECG) sig
nals were monitored throughout the experiments using custom hardware 
and software (SA Instruments Inc., Stony Brook, NY, USA).

Results from a MDMA (or "ecstasy") study are presented in section 6.2. 
In this study, rats were administered either MDMA (20 m g/kg) or 0.89% 
saline (control) by intraperitoneal injection before imaging. The rats were 
anesthetized with 0.1 - 0.2 ml of ketamine in combination with 0.1 - 0.2 ml
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F igu re 3.2: Experim ental setup for sm all anim al MRI experim ents. Elem ents 
show n in red are specific to fMRI experim ents that require electrical stim ulation, 
close m onitoring of pC0 2  and tail vein  m edetom idine or propofol infusion.

of xylazine. Temperature, ECG and respiration rates were monitored during 
scanning as described above for the validation and ageing studies.

3.2.2 Animal Setup for Functional Studies

Results from a fMRI study are presented in chapter 5. Each of the elements 
used for the non-fMRI animal setup (described above in section 3.2.1) were 
also used during fMRI experiments. However, a number of additional com.- 
ponents were also necessary. Firstly, while the rats were initially anaes
thetized using isoflurane gas via the facemask, isoflurane was discontinued 
after 15 - 30 minutes and the rats were switched to one of two anaesthetic 
agents suitable for fMRI experiments. The results presented in figures 5.1 
and 5.2 were acquired in rats that were switched to sedation by continuous 
infusion of medetomidine (Domitor®, Pfizer) via a cannulated tail vein. A 
loading dose bolus of 0.035 m g /k g  was followed by continuous infusion at 
0.1 m g /k g /h r. The results presented in figures 5.5 and 5.6 were acquired in 
rats that were switched to anaesthesia by propofol (Rapinovert®, Schering- 
Plough), which was also administered via a cannulated tail vein. A loading 
bolus of 7.5 m g /kg  was followed by continuous infusion at 45 m g /k g /h r.

A square pulse nerve and muscle stim.ulator (Grass Technologies Inc.,
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Figure 3.3: Bolus-tracking ASL sequence: Preparation interval containing inver
sion pulse of duration r and variable delays Di and D2, followed by Snapshot 
FLASH acquisition. The inversion pulse was approximated by a series of shorter 
pulses with durations determined by a user-defined duty cycle.

West Warwick, RI, USA) w as used to electrically stim ulate the forepaw. The 
stim ulator pulse settings w ere 3 V, 5 Hz and 5 m s for the m edetom idine 
sedated rats and  10 V, 5Hz and 5 m s for the propofol anaesthetised rats. 
Stainless steel electrodes w ere placed betw een the second and fifth digit of 
the forepaw. Stim ulation resulted in neuronal activation in the SIFL region, 
a t approxim ately -t-0.2 m m  Bregma, as illustrated in figure 3.4. S tim ulation 
w as m aintained throughout the labeling phase of the ASL m easurem ents 
described below in section 3.4. A rest period of 5 m inutes followed each 
stim ulation experim ent.

Tem perature, ECG and respiration rates w ere m onitored as described 
above for the non-fMRI setup (section 3.2.1). Electrical stim ulation of the 
forepaw  resulted in m easurable neuronal activation w hen  the respiration 
rate w as in the range of 60 - 80 breaths per m inute. The partial pressure of 
carbon dioxide (pC0 2 ) w as m easured at regular intervals du ring  scanning 
of the propofol anaesthetised anim als by taking arterial blood sam ples of 
200 /iL from  a cannulated artery. The m ean ±  standard  deviation pC 02 for 
the 60 - 80 breaths per m inute respiration rate range w as 49 ±  6.7 m m Hg. 
This m ethod of pC 02 m onitoring w as not possible in the m edetom idine 
sedated  anim als due to the vasopressor effects of m edetom idine. In these 
anim als, the pC 0 2  w as m easured using a transcutaneous blood gas analyzer 
(TCM4, Radiom eter Copenhagen, Willich, G erm any) prior to com m encing 
scanning. Once the pC 02 and respiration rates w ere in the suitable range 
(see above), the rats w ere transferred to the MRI scanner.
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Figure 3.4: High resolution RARE image and corresponding slice from the Rat 
Brain Atlas [193]. ASL data was acquired following matching of the high resolution 
image with the Rat Brain Atlas slice containing maximal SIFL coverage.

3.3 Imaging Slice Location

The imaging slice for the ASL and Ti measurements was chosen by compar
ing high resolution rapid acquisition with relaxation enhancement (RARE) 
images [194] with the desired slice in the rat brain atlas [193] (the RARE se
quence is described in detail below in sections 3.5 and 3.6.1). For the valida
tion and aging study measurements (chapter 4 and section 6.1 respectively) 
the imaging slice with optimal hippocampal and cortical coverage was loc
ated (-4.0 mm bregma). A slice containing both cortex and striatum (-0.5 
mm bregma) was located for the MDMA measurements presented in sec
tion 6.2). The slice with optimal somatosensory cortex coverage was located 
for all fMRl measurements (+0.2 mm bregma) in chapter 5. Figure 3.4 shows 
a sample RARE image and the corresponding slice in the rat brain atlas for 
the fMRI experiment.

3.4 Bolus-Tracking Arterial Spin Labeling

A btASL sequence was developed using the Bruker Biospin pulse program
ming environment (Bruker Biospin, Ettlingen, Germany) to provide perfu
sion weighted concentration-time curves that allow cerebral perfusion to 
be quantified by the non-compartmental model for cerebral perfusion de
scribed in chapter 2. The sequence consists of a CASL preparation interval 
followed by a snapshot FLASH image acquisition protocol.
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Table 3.1: Variation of Di, D2 and r for a 1.5 s, 2.0 s and 3.0 s bolus.

Time-point

1.5 s bolus

D i T  D 2

2.0 s bolus 

Di r D 2

3.0 s bolus 

Dl T D 2

1 4.9 0.1 0.0 4.9 0.1 0.0 4.9 0.1 0.0

2 4.5 0.5 0.0 4.5 0.5 0.0 4.5 0.5 0.0

3 4.0 1.0 0.0 4.0 1.0 0.0 4.0 1.0 0.0

4 3.5 1.5 0.0 3.5 1.5 0.0 3.5 1.5 0.0

5 3.0 1.5 0.5 3.0 2.0 0.0 3.0 2.0 0.0

6 2.5 1.5 1.0 2.5 2.0 0.5 2.5 2.5 0.0

7 2.0 1.5 1.5 2.0 2.0 1.0 2.0 3.0 0.0

8 1.5 1.5 2.0 1.5 2.0 1.5 1.5 3.0 0.5

9 1.0 1.5 2.5 1.0 2.0 2.0 1.0 3.0 1.0

10 0.5 1.5 3.0 0.5 2.0 2.5 0.5 3.0 1.5

11 0.0 1.5 3.5 0.0 2.0 3.0 0.0 3.0 2.0

3.4.1 Arterial Spin Labeling Preparation

The 5 s ASL preparation interval contained an adiabatic inversion RF pulse 
(section 1.3.1) and two variable time delays, D \ and D 2 , as depicted in fig
ure 3.3. The delays Di and D 2 and the inversion pulse duration, r were 
varied as shown in table 3.1 for bolus durations of 1.5 s, 2.0 s and 3.0 s. The 
duration of the bolus of labeled inflowing spins is defined by the duration 
of the inversion pulse, r. On inspection of table 3.1 it can be seen that r is 
less than the ultimate bolus length for the initial time points. This allows 
the full concentration-time curve to be measured at the ROI in the imaging 
plane.

For each of the time points in table 3.1, it was necessary to acquire a 
labeled and control image in order to create perfusion-weighted difference 
images. Sample labeled, control and perfusion-weighted images are shown  
in figure 3.5. During acquisition of the labeled image, the principle of flow- 
driven adiabatic inversion [30] was used to supply inverted inflowing spins 
to the imaging location. A rectangular pulse with a maximum Bi amplitude 
of 120 mG and duration r was approximated by a ten shorter pulses with 
durations defined by a duty cycle of 80 % (as illustrated in figure 3.3) in or
der to reduce demands on the RF amplifier. The RF power of the inversion
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Figure 3.5: Sample ASL images acquired using btASL protocol, (a) Control image 
(b) Labeled image (c) Difference image.

pulse was set to achieve inversion at the desired location. The pulse had 
a bandwidth of 2.8 kHz and the gradient strength was set to 14 m T/m  to 
provide an inversion slab thickness of 4.7 rnm. The pulse frequency was 
offset by -12 kHz , resulting in a tagging location 2cm proximal to the ima
ging slice. A control image with the offset reversed (+12 kHz) was also 
acquired, in which the inflowing spins were left undisturbed. The labeling 
and control phases were separated by a 10 s delay to allow the magnetiz
ation to return to equilibrium. Corresponding pairs of labeled and control 
images for each time point in table 3.1 were subtracted to provide time- 
series perfusion-weighted images, as shown in figures 4.1, 4.2 and 4.3 for 
bolus lengths of 1.5 s, 2.0 s and 3.0 s respectively.

3.4.2 Fast Low Angle Shot Image Acquisition

The FLASH gradient echo sequence was used to acquire the labeled and 
control images at the imaging plane. This sequence is based on the prin
ciple that small flip angles can be used to provide adequate signal mag
nitudes that allow the entire k-space evolution to be swept in a short period 
of time [195]. The contrast provided by FLASH is sensitive to changes in 
signal amplitude when both the echo time (TE) and repetition time (TR) are 
short. This property makes the FLASH sequence suitable for the acquisition 
of perfusion-weighted ASL images.

A diagram of the FLASH sequence and a description of the sequence 
elements involved is given in figure 3.6. Images were acquired with cent
ric phase encoding, starting at zero phase gradient, maximize the signal
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Figure 3.6: Single slice FLASH sequence. Elements: A = slice spoiler gradient, B 
= slice rephase gradient, C = read dephase and rephase gradients, D = read spoiler 
gradient. The approximate locations of the RF excitation pulse and the echo are 
also shown [197].

provided by inflowing labeled spins [196]. The following parameters were 
used: slice thickness = 2cm, TR = 8.56 ms, TE = 3.04 MS, flip angle = 30°, 
field of view = 3.0 x 3.0 cm, image matrix = 128 x 64, receiver bandwidth 
= 50 kHz. The total measurement time for one signal average of the 11 
time-points in table 3.1 was 1 minute and 50 seconds. Signal averaging was 
provided by repeating the measurement NA (number of averages) times 
(NA=8 for the validation and MDMA studies in chapters 4 and section 6.2 
respectively, NA=6 for the fMRI study in chapter 5 and NA=1 for the ageing 
study in section 6.1).

3.5 T1 Measurement

The rapid acquisition with relaxation enhancement (RARE) sequence [194] 
with variable repetition time (VTR) was used to generate Ti maps at the 
same imaging location as the ASL images for the validation, fMRI, ageing 
and MDMA studies. The following sequence parameters were used: slice 
thickness = 2 cm, VTR = 0.3 s, 0.59 s, 0.94 s, 1.40 s, 2.03 s, 3.10 s and 8.00 s, 
TE = 25.27 ms, field of view = 3.0 x 3.0, image matrix = 128 x 64. Multiple
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acquisitions with varying TR were acquired to generate saturation recov
ery series and a standard Ti saturation fit function (Paravision 4.0, Bruker 
Biospin, Ettlingen, Germany) was fitted to the saturation recovery series to 
generate the T i maps.

Average ROI-specific Ti values were calculated for the subsequent curve- 
fitting procedure (section 3.6.2). For the validation study (chapter 4), the 
ROI-specific Tj values were obtained from a subsequent relaxometry study 
in nine rats of the same type (male Wistar), weight range (350 - 450 g) and 
age range (4-5 monts) as those used in the validation experiments. Average 
Ti values of 1.70 s, 1.73 s and 1.63 s were obtained for the cerebral cortex, 
hippocampus and whole brain ROIs shown in figure 3.7. These values were 
also applied to the ageing study (section 6.1), as the same ROIs were selec
ted in this study (the implications of the use of these Ti values for in ageing 
study are discussed in section 6.1.3). An average Ti value of 1.74 s was 
measured for the primary somatosensory cortex forelimb (SIFL) region in 
the fMRI study (chapter 4). For the MDMA study (section 6.2), average Ti 
values of 1.73 s and 1.68 s were measured for the cortical and striatal ROIs 
respectively.

3.6 Data Analysis

3.6,1 Regions of Interest and Concentration-Time Curves

For the validation, aging and MDMA studies (sections 4.2,6.1.2 and 6.2.2 re
spectively), a high resolution image was acquired at the ASL imaging slice 
using the RARE sequence described in section 3.5, without varying the TR. 
The following parameters were used for the RARE acquisition: slice thick
ness - 2 mm, TE =12 ms, TR = 3.134 s, FOV = 3.0 x 3.0 cm, image mat
rix = 256 X 256. The Image] ROI tool (Rasband W.S., Bethesda, MD, USA) 
was used to select ROIs on the resultant image (figure 3.7). The ROIs were 
then transferred to ASL time-series datasets acquired by the btASL sequence 
(section 3.4) and the mean signal intensity within a given ROI for each of the 
time-points in table 3.1 was calculated and used to form the concentration
time curve for that ROI. Sample concentration-time curves generated in this 
manner for a whole brain ROI and three bolus durations are shown in fig-
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Figure 3.7: High resolution RARE image used for ROI selection. Selected cerebral 
cortex, hippocampus and whole brain ROIs are applied to ASL images to generate 
ROI specific concentration-time curves.

For the fMRI sudy, ROI selection w as carried out directly on the ASL 

perfusion m aps (figures 5.1 and 5.2), as the activated SIFL can be clearly 

identified on these im ages. The m ean signal intensity w ithin the activated  

regions during neuronal activation and in the resting state w as used to form  

the concentration-tim e curves (figures 5.2 and 5.6).

3.6.2 Curve Fitting

Final Fitting Equation

The btASL solution, equation 2.26) to the Fokker-Planck equation (equa

tion 2.20) of the non-com partm ental m odel of cerebral perfusion w as re
written as fo llow s to facilitate the curve-fitting procedure:

where erfc is the com plem entary error function and t  is the bolus duration. 
Equation 3.1 w as param eterized in terms of three fitting parameters, Aq, Aj 

and A 2 defined as follows:

ure 3.8.

(3.1)

86



0.10

0.08

0.06

0.04

0.02

0.00 21 3 54
Time (sec)

Figure 3.8: Concentration-time curves for a whole brain ROI and 1.5 s, 2.0 s and 
3.0 s bolus lengths.
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In ternis of these param eters, equation 3.3 becomes:

(3.2)

c{V,t) = Aoexp{Ai)  X erfc

exp

— \ /  ( .4 2  + Ri)t
2Vt V A-2

\ /  A 2 +
t = t

t = t  — T

(3.3)

w here Ri  is the longitudinal relaxation rate. From the description of the 
tim e-points used to generate the concentration-tim e curves given in table 3.1, 
it can be seen that for the initial time points, r  is less than the ultim ate bolus 
length. Consequently, for 0 < t < r ,  c(V,t), equation 3.3 becom es im aginary 
due to the presence of t in the square root term s w ithin the error function. 
As a result, for the subsequent curve fitting procedure, equation 3.3 m ust be 
defined in a piecewise continuous manner, w here c(V,t) is evaluated from t 
= 0 to t for values of t less than r ,  and then from t = t-r to t for values of t 
greater than r.

87



Levenberg-Marquardt Curve Fitting Routine

The FindFit curve fitting program provided by Mathematica (Wolfram Re
search Inc., Version 5.1, Champaign, IL, USA) was used to fit equation 3.3 
to the ASL concentration-time curves (section 3.6.1). This program employs 
the iterative Levenberg-Marquardt method [198, 199] to minimize the sum 
of the squares of the residuals (or chi-squared, x^) between the model and 
the data. The Levenberg-Marquardt method is commonly applied to the 
problem of finding the mimimum of a function F(x) that is a sum of squares 
of nonlinear functions [200]:

The minimum of F(x) is found by calculating the Jacobian matrix o( fi(x)  

and searching along the direction of steepest descent. However, unlike the 
steepest descent and Gauss-Newton methods, the Levenberg-Marquardt 
m ethod varies the step size of the search as it approaches the minimum 
and is therefore considered more robust at guarding against returning local 
rather than global minima, once a good initial estimate of the fitting para
meters is provided [201].

Initial Estimates of Fitting Parameters

The param eter A q is close to the maximum signal amplitude of the ASL 

concentration-time curves (Ao~Cq/2 )  and consequently, the am plitude of 
the experimental concentration-time curves was taken as the initial estim
ate for this parameter. In order to estimate remaining parameters, Ai and 
A 2 , a curve description of an experimental concentration-time curve for a 3 
s bolus (figure 3.8) was carried out. The error function term in equation 3.3 
is equal to zero at the point at half the maximum amplitude [200]. There
fore we can find the following equation for Ai and A2 by setting the error 
function term in equation 3.3 equal to zero:

where t can be m easured directly from the curve as the time corresponding

(3.4)
t = i

(3.5)



to the half maximum point and R i  is measured as described in section 3.5. 
Equation 3.5 has two unknowns, Ai and A 2 , and consequently a second 
equation is required to solve for Ai and A2 . The second equation for Ai 
and A2 was obtained by calculating the first derivative of equation 3.3 in 
Mathematica (Wolfram Research Inc., Version 5.1, Champaign, IL, USA) at 
the same time point as equation 3.5. The following equation for the slope at 
this point was obtained:

where the slope can be estimated directly from the curve. Equations 3.5 
and 3.6 form a set of two simultaneous equations with two unknowns, Ai 
and A2 . When these equations were solved, the values obtained for Ai and 
A2  were 0.64 and 0.18 respectively. Taking the definition of the MTT and 
CTT in terms of these parameters into account (equation 3.7 below), these 
values correspond to an MTT of 1.8 s and a CTT of 1.4 s. It can be seen 
from figure 3.8 that the concentration-time curves for the three bolus lengths 
follow the same course for the portion of the curve used to find the initial 
estimate. As a result, the initial estimates were assumed to be the same for 
all bolus lengths.

Robustness of Curve Fitting Routine

The MTT depends on both Ai and A2 (equation 3.7). The initial estimates 
for the fitting parameters Ai and A2 were systematically varied in order to 
investigate the robustness of the curve fitting routine to variations in the ini
tial estimates. Figure 3.9 shows the variations in the fitted MTT value when 
the initial estimate for MTT is varied. The fit was performed on a typical 
3 s bolus dataset and the initial estimate calculated for the MTT was 1.8 s. 
It can be seen from this graph that the fitting routine locates approximately 
the same fitted value of the MTT, MTTj u ,  when the initial estimate is var
ied about this initial estimate (mean MTTj u  ±  standard deviation = 1.87 ± 
0.05). This suggests that the fit provided by these initial estimates is a global 
rather than a local minimum. The CTT depends only on A 2 (equation 3.7). 
The fitted CTT value, CTTf n ,  demonstrates similar robustness to variations 
its initial estimate of 1.4 s (mean CTTf u  ±  standard deviation = 1.54 ±  0.08).

(3.6)

89



Variation in fitted MTT value for 
varying initial estimate

2.1-1

2.0-

S - 1.9-
Li.
H1- 1.8-
s

1.7-

♦  ♦ ♦  ♦

♦  A ♦

♦  ♦  ♦  
♦

1.0
—I—
1.5

—I—
2.0

— I
2.5

MTT Estimate (s)

Figure 3.9: Variation in the MTT value calculated by the least squares fit when the 
initial estimate of the MTT was systematically varied.

3.6.3 Quantification of Perfusion Parameters from Curve Fit
ting Parameters

From the definition of the MTT and CTT in equation 2.27, it can be seen that 
these transit times can be calculated directly from the fitting parameters Ai 
and A 2 as follows:

M T T  =
A -i V

F
and C T T  = (3.7)

2{A2) F 4 (^ 2)

The fitting parameter, A q , can be used to estimate the relative volume of 
labeled w^ater at a ROI. The zeroth moment of the tissue response function 
defined in equation 2.23 is equal to 1:

fJ o
r(y, t)dt = 1. (3.8)

Therefore, the zeroth moment of the solution for c(V,t) given in equation 2.26 
is equal to Q , when Ti relaxation is neglected. This zeroth moment is a 
measure of the area under the curve defined by c(V,t), which is assumed in 
this case to be proportional to the volume of labeled water contributing to 
c(V,t) at the imaging voxel. The fitting parameter Aq is the value for Co es
timated by the curve fitting routine. This leads to the following expression:
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^ 0  ^voxel (3 .9)

where Vyoxei is the volume of labeled water at the imaging voxel. Therefore, 
Ao is a measure for the relative volume of labeled water at the imaging voxel 
(in arbitrary units). As stated earlier in section 2.4, although labeled water 
is delivered to the capillary bed via inflowing blood, water is not restricted 
to the blood. At the measurement time a proportion of the labeled water 
will have been exchanged across the capillary walls [180]. As a result, the 
parameter Aq is not a measure of relative cerebral blood volume (rCBV) and 
will be referred to herein as the relative volume of labeled water (rVLW) at 
the ROI. Furthermore, it is also possible that for long measurement times 
and under certain physiological conditions, the total volume of water at the 
imaging voxel, Vyoxei, will in fact be equal to the volume of the voxel (this is 
most likely at low flow rates when the extraction fraction of water is close 
to 1 and almost all labeled water delivered to the imaging voxel undergoes 
exchange [180, 184]). When the relationship in equation 3.9 is considered, 
this limits the usefulness of the rVLW parameter under such conditions.

The signal amplitude obtained at the ROI depends also on the degree of 
inversion, (equation 1.15), achieved by the labeling phase of the ASL ex
periment. As a result, a true representation of rVLW is only obtained when 
the parameter Aq is normalized for the degree of inversion. The degree of 
inversion, ao, was estimated from the signal magnitude obtained in the left 
and right middle cerebral arteries (LMCA and RMCA) during the label and 
control phase of the btASL sequence (location of the MCAs is shown in fig
ure 3.10) as follows:

RMCAi^^A
= (2} (iM cC "

where the superscripts I and c refer to the labeled and control images re
spectively. The final measure of rVLW is then given by:

rVLW  = — . (3.11)
ao

Results for the rVLW calculated using this approach are given below in sec
tions 5.2, 6.1.2 and 6.2.2. Once the MTT, CTT and rVLW have been quan-
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Figure 3.10: ASL perfusion weighted image showing location of middle cerebral 
arteries (white arrows) used for estimation of the degree of inversion

tified from the curve fitting parameters, the relative change in the average 
flow rate of labeled water, rFLW, and the perfusion coefficient of labeled 
water, rPLW, between two groups or two experimental conditions can be 
calculated from the definitions of the transit times. For example, if MTT, 
CTT and rVLW are measured in subjects undergoing neuronal activation 
and then subsequently in the same subjects at rest (as in section 5.2), the 
change in rFLW can be estimated from the definition of the MTT in sec
tion 2.4 as follows:

where the subscript act refers to the subjects while undergoing neuronal ac
tivation and the subscript Ctrl refers to the same subjects in the resting state. 
An increase in rFLW during neuronal activation for example (i.e. rFLWaci /  
rFLWcfw > 1) would correspond to an increase in the average rate at which 
labeled water is transported through the system (i.e. from the labeling plane 
to the imaging voxel). Again, as water is not restricted to the vasculature, 
the rFLW parameter has contributions from both the vascular and extravas- 
cular compartments.

Following calculation of the change in rFLW by equation 3.12, the change 
in the regional perfusion coefficient of labeled water, rPLW, can be calcu
lated from the definition of the CTT in section 2.4 as follows:

The perfusion coefficient, P, was defined in section 2.7 as representing the

rFLWga _  MTTgri rVLWga 
rFLWari MTTact ' rVLWan

(3.12)

rPLWg t̂ _ CTTaat 
rP LW ctrl C T T ctrl

rFLW,
rFLW, (3.13)
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magnitude of the random  effects (such as pseudo diffusion within the mi
crovasculature and the exchange of water across the capillary walls) that 
result in the dispersion of a rectangular bolus of labeled water. As a result, 
an increase in rPLW during neuronal activation for example (i.e. rPLWacj /  
rPLWctr/ > 1) would correspond to an increase in some or all of these ran
dom effects.

Equations 3.12 and 3.13 are given here in the context of the neuronal 
activation study (chapter 5). The same approach to calculating the change 
in rFLW and rPLW was used in the validation study for comparing results 
for varying bolus length (section 4.2.3), in the ageing study when compar
ing young, middle aged and aged groups (section 6.1.2) and in the MDMA 
study when comparing the effects of MDMA at varying times post adm in
istration (section 6.2.2).

3.6.4 Calculation of Error in Perfusion parameters

The results for MTT, CTT, rVLW, rFLW and rPLW in the results sections of 
chapters 4,5 and 6 are quoted in terms of the value calculated from the curve 
fitting parameters ±  the error in these values. The error was calculated in 
each case from the standard error (SE) of the fit of equation 3.3 to the ex
perimental data. The SE was calculated from the sum of squared residuals 
(SSR) and the num ber of degrees of freedom (DOF) as follows [201]:

where y  is the experimental value for each of the eleven points on the curve 
and y is the corresponding value predicted by the curve fitting routine. The 
number of DOF was equal to 8 (the number of points on the curve, 11, minus 
the num ber of fitting parameters, 3). The error in the individual fitting para
meters was calculated as the 95% confidence interval of these parameters 
(1.96xSE). For example, from equation 3.7 it can be seen that the individual 
error in the parameters Ai  and A 2 contribute to the error in the MTT as fol
lows;

(3.14)

A M TT 
M T T fi I Mj S E )

^1

1.96 ( 5 £ :)
(3.15)
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The error in the CTT and rVLW, which depend on the error in the paramet
ers A2 and Ao respectively, were calculated in a similar manner. The error 
in the rFLW and rPLW were then calculated by applying the principles of 
Gaussian error propagation.
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Chapter 4

Experimental Validation of 
Non-Compartmental Model of 
Cerebral Perfusion

4.1 Introduction

The btASL protocol described in section 3.4 was used to acquire time-series 
perfusion-weighted images from three male Wistar rats (350 - 450 g body 
weight, 4 - 4.5 months of age). The animals were scanned according to 
the setup for non-functional studies, described in section 3.2.1. The bolus- 
tracking solution to the non-compartmental model, eqixation 3.3, in the form 
given in equation 3.1, was fitted to experimental data obtained using the 
methods described in chapter 3. The MTT, CTT and rVLW were quantified 
from the resultant fitting parameters, as decribed in section 3.6.3. The ef
fect of varying the ROI, bolus length and animal on the these values was in
vestigated by selecting three ROIs (cerebral cortex, hippocampus and whole 
brain) and three bolus lengths (1.5 s, 2.0 s and 3.0 s) for each animal. The 
variation in rFLW and rPLW for varying bolus length was also assessed, as 
described in section 3.6.3.

The experiment in which the variations in the perfusion parameters (MTT, 
CTT, rVLW, rFLW and rPLW) were assessed for varying bolus length was a 
used to test the ability of the btASL technique to provide a consistent assess
ment of cerebral perfusion for constant physiological conditions but varying 
experimental conditions. Variation of the bolus length has no effect on the
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perfusion dynamics of the anaesthetized animals. However, the time-series 
data obtained using the btASL sequence (figures 4 .1, 4.2 and 4.3) as well 
as the solution used in the curve fitting (equation 3.3) are altered when the 
bolus duration, r , is varied. Should the perfusion parameters be found not 
to vary significantly for varying bolus length, this experiment will demon
strate the ability of the btASL technique to consistently quantify cerebral 
perfusion when the experimental conditions are varied.

The ROI-specific Ti values used in the curve fitting were obtained from 
a subsequent relaxometry study in nine rats of the same tj^pe (male Wistar), 
weight range (350 - 450 g) and age range (4 - 4.5 months) as those used 
in the btASL validation study. The imaging location was matched to the 
location used in the btASL measurements and average Ti values for the 
cerebral cortex, hippocampus and whole brain ROIs w^ere obtained using 
the method described in section 3.5.

The aims of this study were: to provide experimental validation for the 
non-compartmental model of cerebral perfusion, to assess the advantages 
and shortcomings of the btASL approach in the context of existing tech
niques and to compare, where possible the results obtained with previously 
quoted values in the literature.

4.2 Results

4.2.1 Bolus-Tracking Arterial Spin Labeling Datasets

The time-series perfusion-weighted images for animal 1, for bolus-lengths 
of 1.5 s, 2.0 s and 3.0 s can are shown in figures 4.1, 4.2 and 4.3 respectively. 
On inspection of these images, the variation in the image num ber in which 
the maximum perfusion weighted is obtained for these three bolus lengths 
can be observed. The maximum perfusion-weigh ted signal is achieved in 
figure 4.1 (d) for the 1.5 s bolus, figure 4.2 (e) for the 2.0 s bolus and figure 4.3 
(g) for the 3.0 s bolus. These images correspond to time-points 4,5  and 7 (in 
table 3.1) for the 1.5 s, 2.0 s and 3.0 s bolus lengths. The corresponding shift 
in the time at which the concentration time-curves from these image sets 
reaches a maximum is illustrated in figure 3.8 (for a whole-brarn ROI).
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4.2.2 Transit Time Results

The least squares fit of equation 3.1 to the concentration-time curves from 
each of the three animals for three bolus lengths (1.5 s, 2.0 s and 3.0 s) and 
three ROIs (cerebral cortex, hippocampus and whole-brarn) are shown in 
figures 4.4, 4.5 and 4.6.

The values obtained for the MTT and the CTT for each animal, for each 
ROI and bolus length are shown in table A.I. The ROI-specific Ti values 
calculated using the method described in section 3.5 were 1.7 s, 1.74 s and 
1.63 s for the cerebral cortex, hippocampus and whole brain ROIs respect
ively. The errors in the individual transit times were calculated from the 
standard error of the curve fitting parameters by applying Guassian error 
propagation. The average MTT and CTT were 1.83 ± 0.06 s (mean ± one 
standard deviation) and 1.54 ± 0.08 s respectively for animal 1; 1.76 ± 0.04 s 
and 1.43 ± 0.04 s respectively for animal 2; and 1.68 ± 0.04 s and 1.32 ± 0.04 
s respectively for animal 3.

The variations in MTT and CTT for varying animal, ROI and bolus length 
are shown in figure 4.7(a), (b) and (c) respectively. Significant differences in 
both transit times were found between animal 1 and animal 3 and between 
animal 2 and animal 3, as shown in figure 4.7(a) (one-way ANOVA with 
the Bonferroni post hoc test for multiple comparison and the level of signi
ficance set to p<0.05). A ROI-dependent statistically significant difference 
was also found for the MTT of the hippocampus compared to the whole 
brain, as shown in figure 4.7(b). No statistically significant differences in 
MTT or CTT were found for varying bolus length, as shown in figure 4.7(c).

4.2.3 rVLW, rFLW and rPLW Results

The values obtained for the rVLW for each animal, for each ROI and bolus 
length are shown in table A.2. The errors in the individual rVLW values 
were calculated from the standard error of the curve fitting parameters by 
applying Gaussian error propagation. The average rVLW was 0.13 ± 0.01 
(mean ± one standard deviation) for animal 1, 0.11 ± 0.01 for animal 2 and 
0.11 ± 0.01 for animal 3. The variations in the rVLW of each animal for 
varying ROI and bolus length are shown in figures 4.8 (a) and (b). A ROI- 
dependent statistically significant difference was found for the rVLW of the
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hippocampus compared to the whole brain in animal 3, as shown in fig
ure 4.8(a). No statistically significant differences in rVLW were found for 
varying bolus length, as shown in figure 4.8(b).

Tables 4.1, 4.2 and 4.3 show the factor by which the rFLW and regional 
perfusion coefficient, rPLW, change in each ROI when the comparing the 
average results for the three bolus lengths. Table 4.1 compares the 2.0 s 
bolus results with the 1.5 s bolus results, table 4.2 compares the 3.0 s bolus 
results w ith the 1.5 s results and table 4.3 compares the 3.0 s bolus results 
with the 2.0 s bolus results. No significant variation in rFLW and rPLW was 
found for varying bolus length, with a value of 1 (signifying no change in 
rFLW and rPLW) being within the error in all cases.

Table 4.1; Calculation of the average variation in rFLW and rPLW in the cerebral 
cortex, hippocampus and whole brain ROIs due to varying bolus length (2.0 s bolus 
compared to 1.5 s bolus).

ROI
M T T 2 . 0

C T T m
C TTi . s

t V L W i  0 
r V LWi . s

rFLW-i  n 
r F L W i . s

r P L W 2  0  

r P L W i . s

Cerebral Cortex 
Hippocampus 
Whole Brain

0.99 ±  0.05 
0.98 ±  0.05 
0.98 ±  0.06

0.99 ±0.11
1.01 ±0.09
1.01 ±  0.13

1.01 ±  0.21 
1.02 ±0.19  
0.99 ±  0.14

1.01 ±  0.24
1.01 ±0.19  
0.97 ±  0.15

1.01 ±  0.26 
1.03 ±0.21  
0.95 ±  0.21

Table 4.2: Calculation of the average variation in rFLW and rPLW in the cerebral 
cortex, hippocampus and whole brain ROIs due to varying bolus length (3.0 s bolus 
compared to L5 s bolus).

ROI M T T t , .
M T T 3 . 0

C T n n
CTTi . s

r V L W ^  n 
r V L W i . s

r F L W ^  n 
r F L W i . s

r P L W ^  n 
r P L W i , s

Cerebral Cortex 
Hippocampus 
Whole Brain

1.01 ±  0.06 
0.98 ±  0.05 
0.97 ±  0.05

0.98 ±  0.12 
1.02 ±  0.08 
1.04 ±  0.13

0.94 ±  0.16 
0.98 ±  0.14 
0.96 ±  0.13

0.95 ±  0.18 
0.96 ±  0.15 
0.94 ±  0.14

0.88 ±  0.23 
0.94 ±0 .17  
0.91 ±  0.19

Table 4.3: Calculation of the average variation in rFLW and rPLW in the cerebral 
cortex, hippocampus and whole brain ROIs due to varying bolus length (3.0 s bolus 
compared to 2.0 s bolus).

ROI M TT2 n C T n „ r VLW^n rFLW^  0 rPLW:,  n
M T T 3 . 0 C T T 2 . 0 rVLWi .o rFLWi .o rPLWi .o

Cerebral Cortex 1 .0 1  ±  0 .0 7 0 .9 8  ±  0 .1 3 0 .9 3  ±  0 .1 9 0 .9 4  ±  0 .2 1 0 .8 7  ±  0 .2 6

Hippocampus 0 .9 9  ±  0 .0 5 1 .0 1  ±  0 .0 9 0 .9 6  ±  0 .1 8 0 .9 5  ±  0 .1 8 0 .9 1  ± 0 . 1 3

Whole Brain 0 .9 8  ±  0 .0 7 1 .0 3  ±  0 .1 3 0 .9 8  ±  0 .1 0 0 .9 6  ±  0 .1 2 0 .9 5  ±  0 .1 8
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4.3 Discussion

The btASL technique was developed by combining the theoretical model of 
chapter 2 with the experimental methods of chapter 3. In this chapter, the 
technique was applied to a rat imaging experiment in order to validate the 
technique and also to assess the variations in the perfusion parameters for 
varying animal, ROI and bolus length. The least-squares fit results in fig
ures 4.4, 4.5 and 4.4 demonstrate the good agreement between the model 
and the experimental data. The technique is capable of providing reprodu
cible perfusion parameters that can be of interest in the research and clinical 
settings.

A number of conclusions can be drawn from the representation of the 
the data in figure 4.7. Firstly, from figure 4.7 (a) it can be seen that the MTT 
and CTT can vary for varying animal. This is to be expected as even though 
animals of the same type, age, gender and body mass were anaesthetised 
in the same manner for each experiment, physiological variations arising 
from differing depths of anaesthesia for example, will lead to changes in 
the quantified parameters. Figure 4.7(b) and (c) illustrates the variation in 
the transit times for varying ROI and and bolus length respectively. While 
some ROI-dependent differences in MTT were found, no statistically signi
ficant differences in either the MTT or the CTT were found for varying bolus 
length.

From figures 4.8(a) and (b), it can be concluded that while some ROI- 
dependent variation in rVLW is possible, the rVLW does not vary signific
antly for varying bolus length. The changes in rFLW and rPLW for varying 
bolus length were calculated from the mean MTT, CTT and rVLW for each 
bolus length, as shown in tables 4.1,4.2 and 4.3. Neither the rFLW nor rPLW 
were found to vary significantly for varying bolus length. The finding that 
the perfusion parameters (MTT, CTT, rVLW, rFLW and rPLW) are not varied 
significantly when the bolus duration is varied demonstrates that the tech
nique can provide a consistent assessment of cerebral perfusion for constant 
physiological conditions but varying experimental conditions. It should be 
noted that this characteristic is not necessarily unique to the btASL tech
nique. Alternative ASL models such as the general kinetic model [85] de
scribed in section L4.1 can also provide bolus duration-invariant CBF and
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transit time measures.
Comparisons between the MTT obtained using the btASL technique and 

rat brain transit times in the literature are not easily made as the MTT presen
ted herein is unique to the btASL technique and differs fundamentally from 
previously quoted transit time values. For example, the MTT values quoted 
by Schockley and LaManna [202] were calculated from analysis of indicator 
dilution curves generated from bolus injections of an intravascular contrast 
agent into the right atrium of anaesthetized rats. The curves were measured 
through a region of the parietal cerebral cortical surface and an MTT of ap
proximately 1.4 seconds was measured under normoxic and normocapnic 
conditions. The MTT measured by the btASL technique is of the same order 
of magnitude as these values but a direct comparison is not possible due the 
differing natures of the measurements. A CASL study aimed at minimizing 
the transit time sensitivity of ASL measurements of CBF was carried out 
by Thomas et al [203]. Arterial transit times (defined as the time between 
the inversion of arterial blood water and its arrival at the imaging slice) in 
the range of approximately 500 ms were measured in the normal rat brain. 
This arterial transit time is a component of the MTT measured by the btASL 
technique but the MTT also includes the time to traverse the imaging voxel.

The error bars in figures 4.7 and 4.8 indicate one standard deviation from 
the mean. The magnitude of the error in each experiment could be reduced 
by improving the signal-to-noise ratio (SNR) of the ASL experiment. This 
can be achieved either through the use of a separate labeling coil, which 
would remove the contribution to the perfusion-weighted signal by mag
netization transfer and provides more efficient labeling, or by employing a 
more sophisticated preparation method such as the the pseudo CASL se
quence (both described in section 1.3.1). The number of signal averages 
(NSA) can also be increased (NSA = 8 for this study) to improve the SNR, 
but at the expense of increased scanning time.

The total measurement time for each experiment was approximately 15 
minutes. While this scanning time may seem prohibitively long, the pro
tocol duration can be significantly reduced to improve the practicality of 
the method. The eleven time points in 3.1 were used to measure the entire 
concentration-time curve, as the aim of this study was to provide proof of 
concept and validate the theoretical formulation. However, as only three
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fitting parameters are necessary to perform the least-squares fit, conceiv
ably four time points would be sufficient to quantify the transit times. This 
coupled with the use of a separate labeling coil, or the use of the pseudo 
CASL preparation would greatly reduce the measurement time.

The experimental results presented in this chapter, coupled with the the
oretical development of the non-compartmental model of cerebral perfusion 
described in 2, were published in the journal of Physics in Medicine in Bio
logy [191].
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Figure 4.1: ASL perfusion weighted maps with 1.5 s bolus duration, (a-k) corres
pond to time points (1-11) in table 3.1.

Figure 4.2: ASL perfusion weighted maps with 2 s bolus duration, (a-k) corres
pond to time points (1-11) in table 3.1.

Figure 4.3; ASL perfusion weighted maps with 3 s bolus duration, (a-k) corres
pond to time points (1-11) in table 3.1.
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Figure 4.4: Least-squares fit of the model (blue solid line) to the data (red asterisks) 
for animal 1. (a,b,c) 1.5 s, 2.0 s and 3.0 s bolus length for cerebral cortex ROI. (d,e,f) 
1.5 s, 2.0 s and 3.0 s bolus length for hippocam pus ROI. (g,h,i) 1.5 s, 2.0 s and 3.0 s 
bolus length for whole-brain ROI.
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Figure 4.5: Least-squares fit of the model (blue solid line) to the data (red asterisks) 
for animal 2. (a,b,c) 1.5 s, 2.0 s and 3.0 s bolus length for cerebral cortex ROI. (d,e,f) 
1.5 s, 2.0 s and 3.0 s bolus length for hippocam pus KOI. (g,h,i) 1.5 s, 2.0 s and 3.0 s 
bolus length for whole-brain ROI.
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Figure 4.6: Least-squares fit of the model (blue solid line) to the data (red asterisks) 
for animal 3. (a,b,c) 1.5 s, 2.0 s and 3.0 s bolus length for cerebral cortex ROI. (d,e,f) 
1.5 s, 2.0 s and 3.0 s bolus length for hippocampus ROI. (g,h,i) 1.5 s, 2.0 s and 3.0 s 
bolus length for whole-brain ROI.
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F igure  4.7: Variation in MTT and CTT for varying (a) animal, (b) region of interest 
and (c) bolus length. Error bars indicate one standard deviation from the mean. 
A one-way ANOVA was performed to test for statistical significance (*=p<0.05,
**=p<0.01,’̂ **=p<0.001).
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ANOVA was performed to test for statistical significance (**=p<0.01).
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Chapter 5

Functional MRI with 
Bolus-Tracking Arterial Spin 
Labeling

5.1 Introduction

The potential advantages of using ASL fMRI techniques to investigate the 
haemodynamic response to focal increases in neural activity were described 
in section 1.5.1. In short, ASL fMRI offers superior long term stability, bet
ter spatial localisation of neural activity and most importantly, can provide 
a quantitative assessment of neural activity in terms of the haemodynamic 
response. However, the BOLD fMRI technique is still the most widely used 
fMRI technique in both human and animal fMRI studies. The development 
of new ASL methods and quantitative models specifically for fMRI applic
ations can enhance the applicability of ASL fMRI to a wide range of fMRI 
applications.

The aim of this study was to use the btASL technique to measure the 
changes in the perfusion parameters quantifiable by this technique (MTT, 
CTT, rVLW, rFLW and rPLW) during increased neural activity in the rat 
brain. Results are presented from two groups of female Wistar rats (250 - 350 
g body weight, 3 -5  months of age). The first group (n=5) were maintain ted 
under sedation with medetomidine during the fMRI experiments, while the 
second group (n=5) were under propofol anaesthesia. Electrical stimulation 
of right forepaw of the medetomidine sedated animals and the left fore-
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paw of the propofol sedated animals resulted in increased neural activity* 
in the right and left primary somatosensory cortex forelimb regions (SIFL) 
respectively (refer to section 3.2.2 for a complete description of the anaes
thetics and electrical stimulus). The haemodynamic response to this neural 
activity was detectable by the btASL technique. The variations in the btASL 
parameters in the activated SIFL compared to the same region in the resting 
state were of interest as these variations can provide a novel assessment of 
the transient haemodynamic changes in an activated brain region.

A comparison of the perfusion parameters (MTT, CTT, rVLW, rPLW and 
rPLW) obtained in the two groups (medetomidine and propofol) was car
ried out. The aims of this comparison were: (a) to investigate if the btASL 
technique was sensitive to any significant differences in the perfusion para
meters of the two groups in the resting state and (b) to investigate if any 
differences measured in the resting state parameters resulted in measurable 
variations in the haemodynamic response to neuronal activation in the ac
tivated region.

5.2 Results

The fMRl results obtained form rats under sedation with medetomidine and 
under propofol anaesthesia will be presented in sections 5.2.1 and 5.2.2 re
spectively^. A comparison of these results will be given in section 5.2.3.

5.2.1 Medetomidine Results

Variation in Transit Times During Neuronal Activation

The individual MTT and CTT values obtained for the control and activated 
SIFL regions (figure 5.1) from the fitting parameters of the least-squares fits 
(figure 5.2) are given in table A.3. Both transit times were found to decrease 
in all animals during neuronal activation. The MTT decreased on average

^The increase in neural activity was confirmed by multi-electrode array data in a parallel 
study; data courtesy of Karen Griffin.

^The medetomidine results in section 5.2.1 were presented via oral presentation at the 
International Symposium on Cerebral Blood Flow and Metabolism [204] and have 

been submitted as a full paper to the Journal of Cerebral Blood Flow and Metabolism.
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from 1.94 ±  0.18 s (control) to 1.62 ±0.21 s (activation) and the CTT de
creased on average from 1.61 ± 0.11 s (control) to 1.31 ± 0.20 s (activation) 
(errors represent one standard deviation from the mean). These results are 
illustrated in figure 5.3. A two-tailed paired t test was used to test for stat
istical significance of the magnitude of the decrease in both transit times. 
The criterion for statistical significance (p-value) was p<0.05. A significant 
decrease in both transit times during neuronal activation was discovered, 
with p=0.0012 for the MTT and p=0.0082 for the CTT.

Variation in rVLW, rFLW and rPLW During Neuronal Activation

The individual values obtained for the rVLW for the control and activated 
SIFL regions are given in table A.4. The rVLW, calculated as per equa
tion 3.11, was found to increase on average from 0.09 ± 0.01 arbitrary units 
(a.u.) to 0.10 ±  0.01 a.u. This result is illustrated in figure 5.4. A two-tailed 
paired t test was used to test for statistical significance in the magnitude 
of the increase in the rVLW. A significant increase in the rVLW in the SIFL 
region during neuronal activation was discovered, with p=0.0026. The in
crease in rFLW and rPLW resulting from the measured changes in MTT, CTT 
and rVLW in the activated SIFL region were calculated using equations 3.12 
and 3.13, with the results for each animal presented in table 5.1. The rFLW 
was found to increase by a factor of 1.35 ±  0.08 on average and the regional 
perfusion coeffient, rPLW, was found to increase by a factor of 1.48 ± 0.15 
during neuronal activation on average.

Table 5.1: Calculation of the increase in rFLW and rPLW in the SIFL region during 
increased neural activity in animals under sedation by medetomidine

Animal M T T c h CTT^ct rFLW^ct rPLW^ct
MTT^ct CTT t̂rt rFLWcri rPLWctri

1 1.20 ± 0 .0 7 0.69 ±  0.07 1.35 ±  0.17 1.25 ± 0 .1 9

2 L 2 8 ± 0 .1 0 0.79 ±  0.10 1.44 ± 0 .2 4 1.63 ± 0 .2 6

3 L 1 2 ± 0 .0 8 0.91 ±  0.08 1.25 ±  0.19 1.43 ± 0 .2 0

4 L 1 5 ± 0 .1 3 0.89 ±  0.12 1.31 ±  0.29 1.51 ± 0 .31

5 L 2 6 ± 0 .1 1 0.77 ±0 .11 1.43 ±  0.23 1.57 ± 0 .2 6
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5.2.2 Propofol Results

Variation in Transit Times During Neuronal Activation

The individual MTT and CTT values obtained for the control and activated 
SIFL regions (figure 5.5) from the fitting parameters of the least-squares fits 
(figure 5.6) are given in table A.5. Both transit times were found to decrease 
in all subjects during neuronal activation. The MTT decreased on average 
from 1.97 ±  0.13 s (control) to 1.44 ±0.08 s (activation) and the CTT de
creased on average from 1.61 ± 0.11 s (control) to 1.31 ±  0.20 s (activation) 
(errors represent one standard deviation from the mean). These results are 
illustrated in figure 5.7. A two-tailed paired t test was used to test for stat
istical significance in the magnitude of the decrease in both transit times. 
The level for statistical significance (p-value) was set to 0.05. A significant 
decrease in both transit times during neuronal activation was discovered, 
with p=0.013 for the MTT and p=0.0096 for the CTT.

Variation in rVLW, rFLW and rPLW During Neuronal Activation

The individual values obtained for the rVLW for the control and activated 
SIFL regions are given in table A.6. The rVLW, calculated as per equa
tion 3.11, was found to increase on average from 0.11 ±  0.01 arbitrary units 
(a.u.) to 0.13 ±  0.01 a.u. This result is illustrated in figure 5.8. A two-tailed 
paired t test was used to test for statistical significance in the magnitude 
of the increase in the rVLW. A significant increase in the rVLW in the SIFL 
region during neuronal activation was discovered, with p=0.0038. The in
crease in rFLW and rPLW resulting from the measured changes in MTT, CTT 
and rVLW in the activated SIFL region were calculated using equations 3.12 
and 3.13, with the results for each animal presented in table 5.2. The rFLW 
was found to increase by a factor of 1.70 ±  0.16 on average and the regional 
perfusion coeffient, rPLW, was found to increase by a factor of 2.29 ±  0.41 
on average during neuronal activation.

5.2.3 Comparison of Medetmoidine and Propofol Results

The results in sections 5.2.1 and 5.2.2 for MTT, CTT, rVLW, rFLW and rPLW 
were compared in order to investigate variations in the haemodynamic re-
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Table 5.2: Calculation of the increase in rFLW and rPLW in the SIFL region during 
increased neural activity in animals under propofol anaesthesia

Animal M TTc h CTToc. r F L W ^ _ r P L W ^ ^ ,
M TTact CTT^tr-i r F L W C t r l r P L W C t r l

1 1 .3 9 ± 0 .1 2 0 .8 3 ± 0 .1 2 1 .5 9 ± 0 .2 1 2 .0 9 ± 0 .2 4

2 1 .4 6 ± 0 .1 4 0 .7 3 ± 0 .1 3 1 .6 7 ± 0 .2 6 2 .0 4 ± 0 .2 9

3 1 .1 8 ± 0 .1 3 0 .9 8 ± 0 .1 3 1 .5 9 ± 0 .2 4 2 .4 8 ± 0 .2 7

4 1 .4 2 ± 0 .2 0 0 .7 4 ± 0 .2 0 1 .9 8 ± 0 .3 6 2 .9 1 ± 0 .4 1

5 1 .4 0 ± 0 .2 0 0 .6 9 ± 0 .1 9 1 .6 7 ± 0 .3 3 1 .9 2 ± 0 .3 8

sponse to neuronal activation due to the two different anaesthetic agents 
(medetomidine and propofol). No significant difference was found when 
the MTT and CTT in both the control and activated state were compared 
for varying anaesthetic agent, as illustrated in figure 5.9 and 5.10 (MTTrfr;: 
p=0.7413, MTT„ct: p=0.1187, CTIctri- p-0.0947, CTTact: p=0.4752). A stat
istically significant difference was discovered when the rVLW in both the 
control and activated state under propofol anaesthesia and medetomidine 
sedation were compared (rVLWctr;: p=0.0019, rVLWact: p<0.0001), as illus
trated in 5.2.1. The magnitude of the increase in rVLW during neuronal 
activation was greater in the animals under anaesthetia by propofol than 
those under sedation by medetomidine, as illustrated in figure 5.12. The 
difference in this increase in rVLW was statistically significant (p=0.0099). 
The greater increase in rVLW under propofol anaesthesia is accompanied 
by a greater increase in both the rFLW and regional perfusion coefficient, 
rPLW (table 5.1 compared to table 5.2). The rFLW and rPLW increased on 
average by a factor of 1.35 ± 0.08 and 1.48 ± 0.15 respectively in the me
detomidine sedated animals and by a factor of 1.67 ± 0.16 and 2.29 ±  0.41 
respectively in the propofol anaesthetized animals.

5.3 Discussion

The advent of optical techniques has facilitated the imaging of changes in 
blood flow dynamics at the cellular scale. For example, through the use 
of intravenous injections of fluorescent dyes, the vascular topology can be 
tracked, allowing blood flow velocities in individual vessels to be determ-
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ined. These techniques have been applied to to neuronal stimulation stud
ies [205] and can provide information of the cortical haemodynamic re
sponse w îth superior spatio-temporal resolution to fMRI techniques. How
ever, disadvantages such as low penetration depth, scattering and the need 
to inject fluorescent dyes limits the practicality of these approaches for stud
ies of brain function in large cohorts of healthy or neurologically impaired 
subjects. As a result, fMRI techniques and in particular BOLD fMRI, are still 
the foremost tool for the investigation of human sensory, motor and cog
nitive functions. The potential advantages of ASL fMRI over BOLD fMRI 
were described in section L5.1. The results presented in this chapter de
scribe the application of the btASL technique to two animal models (female 
Wistar rats under sedation and anaesthesia by medetomidine and propofol 
respectively). The development of new quantitative ASL fMRI techniques, 
such as the btASL technique, can enhance the quantitative information from 
fMRI studies and complement information from existing quantitative ap
proaches.

The functional btASL technique is capable of quantifying the haemody
namic response to neuronal activation in terms of a unique set of perfu
sion parameters (MTT, CTT, rVLW, rFLW, rPLW). The decrease in the MTT 
and CTT in all cases coupled with the increase in rVLW corresponds to an 
increase in both the rFLW and rPLW in the somatosensory cortex of the 
rat brain during electrical stimulation of the forepaw. Increases in cereb
ral blood volume (CBV) and cerebral blood flow (CBF) during neuronal ac
tivation were reported in section L5.1 and have been measured by a vari
ety of MRI [127] and non-MRI techniques such as laser-Doppler flowmetry 
(LDF) [206,207], laser speckle contrast imaging (LSCI) [208] and two-photon 
microscopy [205]. As discussed previously in section 3.6.3, the parameters 
rVLW and rFLW are not direct measures of CBV and CBF respectively as 
water is not restricted to the vasculature. However, an increase in CBV can 
be reasonably expected to result in a greater volume of labeled water both 
in the vascular space and the surrounding extravascular space (due to ex
change), leading to an increase in rVLW. Similarly, an increase in CBF would 
result in an increase in the average rate at which labeled water is transpor
ted through the system (i.e. from the labeling plane to the imaging plane) 
and lead to an increase in rFLW parameter.
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The increase in rVLW during neuronal activation may be due to astrocyte- 
mediated vasodilatation at the activated region [109], resulting in an in
crease rn the CBV and a concomitant increase in the volume of labeled 
v^ater (both vascular and extravascular) within the activated region. The 
increase in rFLW is in agreement with the findings of optical studies that 
measure an increase in blood velocity during activation [206]. The increase 
in the regional perfusion coefficient of labeled water, rPLW, during neur
onal activation can provide some novel information about the haemody- 
namic response to neuronal activation. One mechanism that may explain an 
increase in the parameter rPLW is the so-called capillary recruitment hypo
thesis [202]. The recruitment of additional capillaries during neuronal activ
ation would lead to increased pseudo diffusion of the bolus of labeled water 
within the vascular compartment and result in an increase in the parameter 
rPLW. However, a series of studies have suggested that under resting con
ditions all cerebral capillaries are continuously perfused with plasma and 
consequently the recruitment of latent capillaries is not possible [126, 209]. 
Alternatively, if we consider that rPLW describes the diffusion of the labeled 
bolus at the ROI, we can hypothesize that an increase in this parameter is 
due to an increase in the exchange of water from the capillary bed to the 
surrounding tissue in the activated region.

Both medetomidine and propofol have been previously shown to provide 
suitable conditions for BOLD fMRI studies in rats [210,211] and were shown 
in this study to be also suitable for ASL fMRI studies. The perfusion para- 
maters of the btASL technique were found to change in a similar manner 
for both anaesthetics (i.e. MTT and CTT decreased while rVLW, rFLW and 
rPLW increased). The comparison of the results obtained from the two 
anaesthetic agents revealed no significant differences in the MTT or the 
CTT in either the resting state or during neuronal activation. However, 
the rVLW was significantly higher in the propofol group than in the me
detomidine group in both the resting state and during neuronal activation 
(section 5.2.3). Furthermore, the magnitude of the increase in rVLW dur
ing activation was significantly higher in the propofol group than in the 
medetomidine group. This greater increase in rVLW in the absence of sig
nificant differences in MTT and CTT corresponded to a greater increase in 
rFLW and rPLW in the propofol group. Medetomidine is known to cause
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vasoconstriction and result in an overall suppression of global cererbral per
fusion [212]. Conversely, propofol is know n to stim ulate constitutive nitroic 
oxide (NO) production and therefore causes a global increase in cerebral 
vasodilatation [213]. This m ay explain the dam pened rVLW, rFLW and 
rPLW response in the som atosensory cortex of the m edetom idine sedated 
anim als com pared to the propofol anaesthetized animals. The findings of 
the com parative study  dem onstrate that (a) the btASL technique is sensit
ive to changes in perfusion in the resting state due to the use of different 
anaesthetic agents and  (b) the technique is also sensitive to variations in the 
m agnitude of the haem odynam ic response to neuronal activation that m ay 
arise due to variations in the resting state perfusion.

The btASL technique has also been applied to an ageing study  in the rat 
brain. The findings of this study  dem onstrate the sensitivity of the btASL 
technique to changes in resting state cerebral perfusion w ith  age 6.1.2. W hen 
coupled w ith  the neuronal activation results presented here, it can be con
cluded that the technique holds potential for quantifying changes in the 
haem odynam ic response to neuronal activation in aged and or diseased 
cohorts. Furtherm ore, this w ork represents the first use of m edetom idine 
and propofol in com bination w ith ASL for fMRI of the rat brain. These an
aesthetic protocols allow for anim al recovery following the following the 
fMRI experim ent. By com bining the quantitative btASL fMRI technique 
w ith  these anaesthetic protocols, the technique is ideal for longitudinal an
im al fMRI studies of both  norm al ageing and anim al m odels of age-related 
diseases.

The application of the btASL technique to the m edetom idine fMRI study  
has been accepted for publication in the Journal o f Cerebral Blood Flora and 

Metabolism [214]. A paper on the advantages of using propofol for ASL fMRI 
of the rat brain is currently in preparation^.

^Griffin K.M. et al, paper in preparation
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Figure 5.1: ASL difference images resulting from the subtraction of labeled images 
from control images (arbitrary units of signal intensity). Electrical stimulation of 
the right forepaw of animals under m edetom idine sedation resulted in a detectable 
increase in perfusion in the left SIFL region. (a,c,e,g,i). ASL difference images 
for animals 1 - 5  during neuronal activation. (b,d,f,h,j) ASL difference images for 
animal 1 - 5 in the resting state.
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Variation in MTT and CTT 
during activation
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F igure 5.3: Change in MTT and CTT during neuronal activation under me
detom idine sedation. A two-tailed paired t test revealed a significant difference 
in both transit times (MTT: p=0.0012, CTT: p=0.0082).
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Figure 5.4: Change in rVLW during neuronal activation under medetomidine 
sedation. A two-tailed paired t test revealed a significant difference in the rVLW 
(p=0.009).
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F ig u re  5.5: ASL difference im ages resulting from the subtraction of labeled im 
ages from control im ages (arbitrary units of signal intensity). Electrical stim ulation 
of the left forepaw  of anim als u nder propofol anaesthesia resulted  in a detectable 
increase in perfusion in the right SIFL region. (a,c,e,g,i) ASL perfusion m aps ac
quired  for anim als 1 -5  during  neuronal activation. (b,d,f,h,j) ASL perfusion m aps 
acquired for anim als 1 - 5 in the resting state.
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Variation in MTT and CTT 
during activation
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Figure 5.7; Change in MTT and CTT during neuronal activation under propo
fol anaesthesia. A two-tailed paired t test revealed a significant difference in both 
transit times (MTT: p=0.0013, CTT: p=0.0214).
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Figure 5.8: Change in rVLW during neuronal activation under propofol anaes
thesia. A two-tailed paired t test revealed a significant difference in the rVLW 
(p=0.0038).
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MTT in control and activation for 
varying anaesthetic agent
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Figure 5.9: Comparison of MTT in resting state (control) and during electrical 
stimulation of the forepaw (activation) under sedation with medetomidine and 
anaesthetic by propofol. A two-tailed unpaired t test revealed no significant dif
ferences between the MTT in either the control or activation conditions (level of 
significance: p=0.05).
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Figure 5.10: Comparison of CTT in resting state (control) and during electrical 
stimulation of the forepaw (activation) under sedation by medetomidine and an
aesthetic by propofol. A two-tailed unpaired t test revealed no significanc differ
ences between the CTT in either the control or activation conditions (level of signi
ficance: p=0.05).
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rVLW in control and activation states 
for varying anaesthetic agent
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Figure 5.11: Comparison of rVLW in resting state (control) and during elec
trical stimulation of the forepaw (activation) in animals under sedation with me
detomidine and under propofol anaesthesia. A two-tailed unpaired t test revealed 
that the rVLW under medetomidine sedation was significantly lower than the 
rVLW under propofol anaesthesia in both the control (p=0.0019) and activation 
(p<0.0001) conditions.
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Figure 5.12: Comparison of change in rVLW during neuronal activation under 
propofol anaesthesia and medetomidine sedation. A two-tailed unpaired t test 
revealed that the change in rVLW under propofol anaesthesia was significantly 
higher than the change in rVLW under propofol anaesthesia (p=0.0099).
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Chapter 6

Additional Bolus-Tracking Arterial 
Spin Labeling Results

6.1 Ageing Study

6.1.1 Introduction

The structural and functional changes that occur in the cerebrovasculature 
due to ageing were introduced in section 1.5.2. Age-related effects such 
as atherosclerosis, decreased microvessel density, increased vessel tortuos
ity and reduced vessel reactivity have all been attributed to the decline in 
cerebral perfusion that occurs with normal ageing. Studies using a variety 
of MRI and non-MRI techniques have reported decreased cerebral perfusion 
in the sub-cortical, cerebellar and hippocampal regions of both humans and 
rodents.

The aim of this study was to investigate whether or not the btASL tech
nique is sensitive to age-related changes in cerebral perfusion. Results are 
presented from three groups of male Wistar rats: young, middle aged and 
aged (the animal setup for this ageing study is described in section 3.2.1). 
The young group (n=9) were 3 - 5  months of aged, the middle aged group 
(n=5) were 12 -14  months of age and the aged group (n=5) were 22 - 24 
months of age. The btASL perfusion parameters (MTT, CTT, rVLW, rFLW 
and rPLW) were quantified for the cerebral cortex, hippocampus and whole 
brain ROIs of each animal and the variations in these parameters for varying
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age group were examined^

6.1.2 Results

Variation in transit times and rVLW with age

The individual MTT, CTT and rVLW values for the cerebral cortex, hippo
campus and whole brain ROIs of each subject are given in tables A.7, A.8 
and A.9 respectively. A one-way ANOVA test with the Bonferroni post hoc 
test for multiple comparisons was performed on the MTT, CTT and rVLW 
values from each ROI to establish if statistically significant differences were 
present between the young, middle aged and aged groups.

Both the MTT and CTT were found to be significantly higher in the 
cerebral cortex and hippocampus of the aged group compared to the young 
and middle aged groups (p<0.05). In the cerebral cortex ROI, the average 
MTTs in the young and middle aged groups were not significantly different 
at 1.94 ± 0.07 s (all results are presented as the mean ± one standard de
viation) and 1.97 ± 0.05 s respectively, while the average MTT in the aged 
cerebral cortex was significantly higher at 2.25 ± 0.26 s (young v middle 
aged: p>0.05, young v aged: p<0.01, middle aged v aged: p<0.05). In the 
hippocampus ROI, the average MTTs in the young and middle aged groups 
were not significantly different at 1.95 ± 0.11 s and 1.77 ±  0.16 s respectively, 
while the average MTT in the aged hippocampus was significantly higher at 
2.23 ±  0.20 s (young v middle aged: p>0.05, young v aged: p<0.01, middle 
aged V aged: p<0.001). The MTT results are presented in figure 6.1.

The average CTTs in the cerebral cortex ROI of the young and middle 
aged groups were not significantly different at 1.58 ±  0.12 s and 1.56 ±  0.13 
s respectively, while the average CTT in the aged hippocampus was signi
ficantly higher at 1.94 ± 0.28 s (young v middle aged: p>0.05, young v aged: 
p<0.01, middle aged v aged: p<0.05). In the hippocampus ROI, the average 
CTTs in the young and middle aged groups were not significantly different 
at 1.57 ±  0.17 s and 1.52 ± 0.16 s respectively, while the average CTT in 
the aged hippocampus was significantly higher at 1.89 ±  0.11 s (young v 
middle aged: p>0.05, young v aged: p<0.01, middle aged v aged: p<0.01).

’The ageing results in section 6.1.2 were presented via oral presentation at both the 17*̂  
Annual Meeting of the International Society for Magnetic Resonance in Medicine [215] and 
the 24*  ̂International Symposium on Cerebral Blood Flow and Metabolism [216]
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For the whole brain ROI, no significant differences in the transit times was 
found. The CTT results are presented in figure 6.2. The rVLW did not vary 
significantly between the groups, as illustrated in figure 6.3.

Variation in rFLW and rPLW with age

The variation in rPLW and rPLW with age was established for the ROls in 
which a statistically significant increase in the transit times with age was 
measured (i.e. young v aged and middle aged v aged, cerebral cortex and 
hippocampus ROls). Table 6.1 shows the values obtained for the change in 
rPLW and rPLW when the aged group was compared to the young group 
(calculated using equations 3.12 and 3.13) and table 6.2 shows the values 
obtained when the aged group was compared to the middle aged group. 
The standard deviation in these values was calculated by from the indi
vidual standard deviations of the contributing parameters in equations 3.12 
and 3.13.

The factor by which the rFLW decreased with age was calculated as 0.76 
± 0.21 (all results are presented as the mean ± one standard deviation) and 
0.84 ±  0.24 for the cerebral cortex and hippocampus ROls respectively, when 
the aged group was compared with the young group (table 6.1). When the 
aged group was compared to the middle aged group, this factor was calcu
lated as 0.89 ± 0.21 and 0.88 ± 0.22 for the cerebral cortex and hippocampus 
ROls respectively (table 6.2).

The regional perfusion coefficient, rPLW, decreased by a factor of 0.72 ± 
0.31 and 0.85 ±  0.31 for the cerebral cortex and hippocampus ROls respect
ively, in the aged group compared to the young group (table 6.1). When the 
aged group was compared to the middle aged group, the factor by which 
rPLW decreased with age was calculated as 0.97 ±  0.29 and 0.95 ±  0.28 for 
the cerebral cortex and hippocampus ROls respectively (table 6.2).

6.1.3 Discussion

The findings of this ageing study demonstrate the sensitivity of the btASL 
technique to age-related changes in cerebral perfusion. The significant in
crease in both the MTT and CTT in the cortex and hippocampes of the aged 
group compared to the young and middle aged groups, in the absence of a
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Figure 6.1: Variation in MTT with age within (a) the cerebral cortex, (b) the hip
pocampus and (c) the whole brain. A one-way ANOVA was performed to test for 
statistical significance between the young (n=9), middle aged (n=5) and aged (n-5) 
groups C^=p<0.05, ’̂ *=p<0.01, ***=p<0.001).
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Figure 6.2: Variation in CTT with age within (a) the cerebral cortex, (b) the hip
pocampus and (c) the whole brain. A one-way ANOVA was performed to test for 
statistical significance between the young (n=9), middle aged (n=5) and aged (n=5) 
groups (’̂ =p<0.05, **=p<0.01).

128



(a) Cortex rVLW

0.150-

0.125-

r 0.100-

0.075-5
>  0.050- 

0.025- 

0 .000-

W .*.W .*^AViSV^

W ^ .V .S W M '.W

w«x»sx-;-xw:
Young Middle Aged Aged

(b) Hippocampus rVLW

0.150

0.125

%5S¥:w?5ft¥?
; 0.100

KWS

>  0.050

0.025
V^AVX■^VV.S■.^'

0.000
Young Middle Aged Aged

(c)
0.150-

0.125-

0 .100-

0.075-g
>  0,050- 

0.025- 

0 .000-

Whole Brain rVLW

m m m iB5SS>S

*?SAW SSS:?S®.*AV\.SVin^wSVWWa

»»XS»K05«

X
Young Middle Aged Aged

Figure 6.3: Variation in rVLW with age within (a) the cerebral cortex, (b) the hip
pocampus and (c) the whole brain. A one-way ANOVA was performed to test for 
statistical significance between the young (n=9), middle aged (n=5) and aged (n=5) 
groups. There were no significant differences between any of the groups.
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Table 6.1: Calculation of the change in rFLW and rPLW in the cerebral cortex and 
hippocampus due to ageing. The mean MTT, CTT and rVLW of the aged (A) and 
young (Y) groups are used to calculate the change in rFLW and rPLW in this case.

ROI M T T y
M T T a

C T T a
C T T y

t V L W a
r V L W y

r F L W  A 
t F L W y

t P L W a
r P L W y

Cerebral Cortex 0.86 ±  0.12 1.23 ±  0.16 0.89 ±  0.19 0.76 ±  0.21 0.72 ±  0.31
Hippocampus 0.87 ±  0.11 1.20 ±0.12 0.97 ±  0.23 0.84 ±  0.24 0.85 ±  0.31

Table 6.2: Calculation of the change in rFLW and rPLW in the cerebral cortex and 
hippocampus due to ageing. The mean MTT, CTT and rVLW of the aged (A) and 
middle aged (MA) groups are used to calculate the change in rFLW and rPLW in 
this case.________________________________________________________

ROI M T T m a C T T a t V L W a r F L W  A t P L W a
M T T a C T T m a r V L W M A r F L W u A r P L W M A

Cerebral Cortex 0.88 ±  0.12 1.24 ±  0.16 1.01 ±  0.22 0.89 ±  0.21 0.97 ±  0.29
Hippocampus 0.79 ±0.13 1.24 ±0.12 1.11 ±0.23 0.88 ±  0.22 0.95 ±  0.28

significant difference in the rVLW, corresponds to a decrease in both rFLW 
and rPLW within these regions. The absence of significant differences in 
the MTT, CTT and rVLW for the whole brain ROI indicate that the age- 
related decline in cerebral perfusion is region-specific as opposed to global 
in nature.

Regional decreases in CBF have been reported previously in studies us
ing PET [154,155], SPECT [157,158] and ASL [153,161,160] techniques. As 
discussed previously (section 3.6.3), this rFLW parameter is not equivalent 
to CBF as it also consists of an extravascular component (due to water ex
change). However, a decrease in the CBF would be expected to result in a 
decrease in the average rate at which labeled water is transported through 
the system (i.e. from the labeling plane to the imaging plane) and this in turn 
would be expected to lead to a decrease in rFLW. The age-related decrease 
in rFLW measured by the btASL technique may therefore be indicative of a 
decrease in CBF in the affected regions.

The perfusion parameter, P, is unique to the btASL technique and can 
provide a novel insight into changes in the microvasculature due to age
ing. In the derivation of the non-compartmental model of cerebral perfu
sion (chapter 2), it was hypothesized that P takes into account the dilution 
of the bolus of labeled spins due to three random effects: pseudo diffusion 
within the microvasculature, the exchange of water between the capillary
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bed and the surrounding tissue (osmosis) and random  diffusion of labeled 
spins w ithin both of these compartments. If we assume that the random 
diffusion component is unlikely to change due to ageing (as core body tem
perature was maintained at physiological levels in all experiments), the de
crease in rPLW measured in the aged group can be presum ed to be due 
to either a decrease in the exchange of water (functional change) or a de
crease in pseudo diffusion due to reduced microvessel density in the cor
tex and hippocampus (structural change) [148, 150]. The rVLW parameter 
measured by the btASL technique is not equivalent to a purely intravascu- 
lar measure of CBV (as discussed previously in section 3.6.3). However, a 
regional change in CBV would be expected to lead to a resultant change in 
the rVLW at that region. No significant differences in rVLW were measured 
in this study and consequently, variations in CBV are unlikely. This in turn 
implies that a structural vascular change is unlikely and therefore, the most 
likely reason for a region-specific decrease in P due to ageing is a reduction 
in the exchange of water from the capillary bed to the surrounding tissue.

The results also indicate that the variations in the perfusion parameters 
over time are non-linear, i.e. no significant differences in the transit times 
were found between the young and aged group but both transit times were 
significantly lower in these two groups compared to the aged group. The 
findings of Biagi et al [161] support the idea that the decline in cerebral per
fusion with ageing is non-linear. However, in this study it was found that 
CBF decline in both grey and white matter of hum ans occurred primarily up 
to the age of approximately 30 years, while the results presented here sug
gest that cerebral perfusion decline in the rat brain occurs primarily from 
middle age onwards.

While the results presented are in agreement with previous findings in 
the literature, a num ber of improvements need to be made to this ageing 
study before it can be concluded that the measured differences are purely 
due to age-related changes in cerebral perfusion. While the animals were 
both age- and gender-matched, the reproducibility of the technique should 
be established by performing repeat measurements in selected animals from 
each group [160]. In addition, neither partial pressure of carbon dioxide 
(PCO2) nor blood pressure (BP) measurements were possible at the time of 
the experiment. A cross-group comparison of these physiological paramet-
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ers would allow the effects of the anaesthetic agent on the different groups 
and possible changes in BP with age to be ruled in or out as possible sources 
of the measured differences. Furthermore, the ASL data in this study was 
acquired without signal averaging (NA=1) and as a result, large regions of 
interest encompassing the entire cerebral cortex and hippocampus were ne
cessary to compensate for the low SNR. In future experiments, signal aver
age would allow sub-cortical and hippocampal regions to be selected.

The changes in rat brain Ti relaxation times with age are not well known. 
In human relaxometry studies, an increase in Ti with age is generally repor
ted [217], although a decrease in Ti up to early adulthood has also been 
suggested [218]. The region-specific Ti values used in this ageing study 
were obtained from a parallel relaxometry study using young male Wistar 
rats that were matched in age, weight and gender to the young group in 
this ageing study. Therefore, in the context of the ageing study results it is 
important to establish what effect an increase in Ti in the middle aged or 
aged groups would have on the transit time results. This consequences of 
this potential source of error is discussed in detail in chapter 7.

Notwithstanding the shortcomings of the presented ageing results, the 
sensitivity of the btASL teclmique to age-related changes in cerebral per
fusion has potential for future applications. For example, cerebral hypop
erfusion has been reported in animal models of Alzheimer's disease (AD) 
compared to age-matched controls [219]. Longitudinal tracking of the rate 
of cerebral perfusion decline in AD models and normally aged animals with 
the btASL technique may provide insight into when deviations between 
these groups occur. Also, by combining the fMRI techniques in chapter 5 
with an ageing study, variations in the haemodynamic response to neural 
activity due to healthy or diseased ageing may be elucidated.

6.2 MDMA Study

6.2.1 Introduction

A description of the acute and long-term cerebrovascular effects of MDMA 
usage was given in section 1.5.3. The mechanism by which MDMA might 
effect these changes is not clear and the longer-term effects of MDMA on
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the cerebrovasculature are yet to be fully elucidated [168]. Animal studies 
suggesting that MDMA administration may produce long-lasting or even 
permanent brain changes have led researchers to better understand the con
sequences for MDMA use for humans (for a review, see [220]). None of the 
perfusion studies outlined in section 1.5.3 use ASL techniques to measure 
the short and long-term variations in cerebral perfusion that arise as a dir
ect result of MDMA usage. The non-invasive nature of ASL coupled with 
its suitability for longitudinal rodent studies, make it an ideal tool for track
ing these cerebral perfusion changes in the same animals from the time of 
MDMA injection onwards.

The results from a btASL study of the short term effects of MDMA on 
cerebral perfusion in the rat brain are presented. Results are presented from 
three groups of male Wistar rats. Group 1 (n=4) and group 2 (n=5) were 
injected with boluses of saline (0.89%) and MDMA (20 mg/kg) respectively 
and scanned 3 hours post-injection. Group 3 (n=5) were injected with a 
bolus of MDMA (20 mg/kg) and scanned 24 hours post-injection. The an
imal setup for this experiment is described in section 3.2.1. The btASL per
fusion parameters (MTT, CTT, rVLW, rFLW and rPLW) were quantified for 
the cerebral cortex, striatum and whole brain ROIs of each animal and the 
variations in these parameters across the three groups were examined^.

6.2.2 Results

Variation in transit times and rVLW following MDMA administration

The individual MTT, CTT and rVLW values for the right and left cortex and 
striatum ROIs are given in tables A.10, A.11, A.12 and A.13 respectively. A 
one-way ANOVA test with the Bonferroni post hoc test for multiple com
parisons was performed on the MTT, CTT and rVLW values from each ROl 
to establish if statistically significant differences were present between the 
control group and the MDMA treatment groups imaged 3 and 24 hours fol
lowing drug administration. The results of the ANOVA analyses revealed a 
trend towards significant differences between the control and 3 hour group

^This study was part of a collaboration with fellow PhD candidate Jennifer Rouine. The 
surgical preparation and MDMA administration was performed by Jennifer and the btASL 
technique was applied as part of the MRI protocol. As a result, the MDMA results presen
ted herein may be presented in the future as part of the Jennifer's PhD thesis
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for the MTT and CTT of the cortical ROIs, with a significant difference re
ported for the right cortex MTT (p<0.05). As a result, a two-tailed unpaired 
t-test was performed on the MTT, CTT and rVLW results of the control, 3 
hour and 24 hour groups for all ROIs.

The two-tailed unpaired t-test revealed that the MTT and CTT were sig
nificantly decreased in both the right and left cortex ROIs in the 3 hour 
group compared to the control group (the level of significance was set to 
p<0.05). In the right cortex ROI, the average MTT decreased significantly 
from 1.93 ±  0.04 s (mean ± one standard deviation) in the control group to 
1.58 ±  0.18 s in the 3 hour group (p=0.0072). The CTT decreased signific
antly from 1.56 ±  0.08 s to 1.29 ± 0.09 s (p=0.0025). In the left cortex ROI, 
the average MTT decreased significantly from 1.89 ±  0.10 s in the control 
group to 1.56 ±  0.16 s in the 3 hour group (p=0.0102). The CTT decreased 
significantly from 1.56 ±  0.14 s to 1.28 ±  0.07 s (p=0.0045). These results are 
illustrated in figures 6.4(a) and 6.5(a). It can also be seen from these histo
grams there was a return to control transit times 24 hours following MDMA 
administration, although this effect was not at the level of statistical signi
ficance.

No statistically significant differences were found when the transit times 
from the right and left striatum ROIs of each group were compared (p>0.05 
for all comparisons), as illustrated in figures 6.4(b) and 6.5(b). Figure 6.6 il
lustrates the rVLW for each ROI for the control, 3 hour and 24 hour groups. 
It can be seen from these histograms that the rVLW trends towards an in
crease in the 3 hour group compared to the control and 24 hour groups, 
although this effect was not at the level of statistical significance.

Variation in rFLW and rPLW following MDMA intake

The variation in rFLW and the regional perfusion coefficient, rPLW, was cal
culated (using equations 3.12 and 3.13) for the ROIs that yielded a statistic
ally significant decrease in the transit times when the 3 hour group was com
pared to the control group (i.e. left and right cerebral cortex). As discussed 
above, the statistically significant differences were only present when the 3 
hour group was compared to the control group using a two-tailed paired 
t-test. However, the variation in rFLW and rPLW between the 3 hour group 
and the 24 hour group was also calculated, due to the tendency of the transit

134



(a) Variation in IVITT in left and right cortical ROIs

2.5i

2.0

2  1.5- 
0)
I  1.0

0.5-

0.0

W'̂ ‘
Wm

«:W:

'■Mi
:¥x«

T
Right Cortex

RW.'-.
.  .VViV 

« « «  

i’X vA

w .y  ■

Control 
E=3 3hr
W a  24 hr

T
Left Cortex

(b) Variation in MTT in left and right striatal ROIs

2.5n

2 .0-

«. 1.5- 
0)
I  1.0H

0.5-1

0.0

4
SS¥;

W

i

Right Striatum

SSSfS

m .

Control
c = i3 h r
W 3 24 hr

T
Left Striatum

Figure 6.4: Variation in MTT 3 and 24 hours following MDMA administration in 
(a) right and left cortical ROIs and (b) right and left striatal ROIs. A two-tailed un
paired t-test revealed significant differences between the control and 3 hour groups 
for the MTT of the right and left cortex (p=0.0072 for right cortex and p=0.0102 for 
right cortex). No significant differences were found for the striatal ROIs.
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(a) Variation in CTT in left and right cortical ROIs
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Figure 6.5: Variation in CTT 3 and 24 hours following MDMA administration in 
(a) right and left cortical ROIs and (b) right and left striatal ROIs. A two-tailed un
paired t-test revealed significant differences between the control and 3 hour groups 
for the CTT of the left and right cortex (p=0.0025 for right cortex and p=0.0045 for 
left cortex). No significant differences were found for the striatal ROIs.
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(a) Variation in rVLW in left and right cortical ROIs
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Figure 6.6: Variation in rVLW 3 and 24 hours following MDMA administration 
in (a) right and left cortical ROIs and (b) right and left striatal ROIs. A two-tailed 
unpaired t-test failed to reveal statistically significant differences in the rVLW.
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times to return to the control values at the 24 hour time point (figures 6.4(a) 
and 6.5(b)). The results are presented in tables 6.3 and 6.4.

The rFLW increased by a factor of 1.27 ± 0.15 in the right cortex ROI of 
the 3 hour group compared to the same ROI of the control group and by a 
factor of 1.25 ± 0.14 in the left cortex ROI. The regional perfusion coefficient, 
rPLW, increased by a factor of 1.33 ± 0.15 in the right cortex ROI of the 3 
hour group compared to the control group and by a factor of 1.29 ± 0.15 in 
the left cortex ROI (table 6.3). When the 3 hour group was compared to the 
24 hour group, the rFLW was found to be a factor of 1.24 ±  0.21 higher in 
the right cortex ROI and a factor of 1.24 ± 0.19 higher in the left cortex ROI. 
The perfusion coefficient, rPLW, was a factor of 1.35 ±  0.12 times higher in 
the right cortex ROI of the 3 hour group compared to the 24 hour group and 
1.34 ±  0.24 time higher in the left cortex ROI (table 6.4).

Table 6.3: Calculation of the change in rFLW and rPLW in the right and left cerebral 
cortex ROIs due to MDMA administration by comparing the 3 hour group to the 
control group.

ROI M T T ^h r
CTT^>,.
CTTctrl rV L W e .n

rF LW :,^r
rFLVVcri

rPLW^Hr
rP L W ^ tr i

Right Cortex 1.22 ± 0 .1 2 0.82 ±  0.09 1.04 ± 0 .0 9 1.27 ± 0 .1 5 1.33 ±  0.15
Left Cortex 1.21 ± 0 .1 2 0.83 ±  0.10 1.03 ± 0 .0 7 1.25 ±  0.14 1.29 ±  0.15

Table 6.4: Calculation of the change in rFLW and rPLW in the right and left cerebral 
cortex ROIs due to MDMA administration by comparing the 3 hour group to the 
24 hour group.

ROI MTT^ihr rV L W ih r rFLWsHr rPLW^hr
MTT3hr C T Tiih r rVLW24Hr vFLW2iHr r P L W iih r

Right Cortex 1.13 ± 0 .1 8 0.88 ±  0.19 1.09 ± 0 .11 1.24 ±  0.21 1.35 ±0 .21
Left Cortex 1.15 ± 0 .1 7 0.87 ±  0.18 1.08 ± 0 .0 9 1.24 ± 0 .2 0 1.34 ± 0 .2 4

Variation in temperature following MDMA intake

The temperatures of the animals in the control, 3 hour and 24 hour groups 
were monitored at half-hour intervals in the three hours following injec
tion of the saline and MDMA boluses respectively. The 3 hour and 24 hour 
groups received identical treatments, the only difference between these two 
groups being the time post-injection at which they were scanned. As a res
ult, temperature readings from these two groups were combined to form an
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MDMA group for comparison with the control group. Figure 6.7 shows the 
difference in the temperatures of these groups over this time period. The 
temperature of the MDMA group was significantly elevated from the 0.5 
hour time-point onwards (p<0.01) when compared to the control group.

45.0 - o -  Control 

-o-M DM A
42.5

* * * *
* *

40.0

37.5

35.0
0 0.5 1.0 1.5 2.0 2.5 3.0

Time (hours)

Figure 6.7: Variation in body temperature of control and MDMA animals in the 
first 3 hours following saline and MDMA administration respectively (**=p<0.01).

6.2.3 D iscussion

The findings of the MDMA study demonstrate the sensitivity of the btASL 
technique to transient changes in perfusion of the rat brain due to the MDMA 
administration. The significant decrease in cortical MTT and CTT in the 3 
hour group compared to the control group, in the absence of a significant 
difference in the rVLW, corresponds to an increase in both rFLW and rPLW 
in the 3 hour group compared to the controls. The absence of significant 
differences in the MTT and CTT in the striatum indicate that the perfusion 
response to MDMA is region-specific.

The trend towards a return to the baseline MTT and CTT values of the 
control group in the group that were scanned 24 hours post MDMA admin
istration (evident in figures 6.4(a) and 6.5(a)) indicates that the decreases 
measured in the cortical transit times and the corresponding increase rFLW 
and rPLW are transient in nature and arise due to acute exposure to MDMA. 
This result is in agreement with previous findings in the literature [162,168], 
where transient increases in CBF in cortical regions of the rat brain have 
been linked to a loss of autoregulatory capacity following MDMA-induced
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hypertension. This mechanism is a possible explanation for the transient in
crease in rFLW presented here but blood pressure monitoring was not pos
sible during the MRI experiments. A parallel MDMA-blood pressure study 
would be necessary to verify compromised autoregulation. As discussed 
previously in section 3.6.3, the rFLW parameter measured by the btASL 
technique is not equivalent to purely intravascular CBF as it also consists 
of an extra vascular component (due to water exchange). However, a tran
sient increase in CBF would be expected to lead to an increase in the rate at 
which labeled water is transported through the vasculature and a concom
itant increase in the rFLW parameter.

The temperature measurements presented in figure 6.7 verified that the 
MDMA was active in both groups that were administered the drug. The 
mean temperature in these groups was significantly elevated in the three 
hours following the MDMA challenge, indicating a hyperthermic response 
to MDMA that correlates to the increase in rFLW measured at the 3 hour 
time point. A correlation between MDMA-induced hyperthermia and focal 
increases in CBF was previously reported by Rosa-Neto et al [221] in a PET 
study of MDMA-evoked changes in the pig brain.

The increase in the regional perfusion coefficient, rPLW, at the 3 hour 
time point can provide some additional information on MDMA-induced 
changes in the microvasculature. As previously described in section 6.1.3, 
this coefficient has been hypothesized to account for effects such as pseudo 
diffusion due to the tortuosity of the microvasculature, osmosis and wa
ter diffusion in the vascular and extravascular compartments. As discussed 
previously (section 3.6.3), the rVLW parameter measured by the btASL tech
nique is not equivalent to a purely intravascular measure of CBV. However, 
a regional change in CBV would be expected to lead to a resultant change 
in the the volume of labeled water at that region (rVLW). No significant dif
ferences in rVLW were measured in this study and consequently, variations 
in CBV are unlikely. This in turn implies that a structural vascular change 
is unlikely and therefore the pseudo-diffusion component of P is unlikely 
to have changed. The increase in rPLW can therefore be hypothesized to 
be either due to increased water diffusion or an increase in the exchange 
of water from the capillary bed to the surrounding tissue. The former is a 
possible consequence of the elevated temperature in the MDMA group at

140



the 3 hour time point, as an increase in temperature results in an increase in 
the diffusion coefficient of fluids [182]. The latter is also possible as it has 
been established, through measurements of local cerebral glucose utiliza
tion (LCMRgju), that MDMA administration correlates with acute increases 
in metabolic demand [168]. A transient increase in water exchange may be 
an indicator for this increase in metabolic demand.

The findings presented demonstrate the potential of the btASL technique 
for future studies investigating the cerebrovascular effects of MDMA. Close 
monitoring of BP during the acute phase can establish if autoregulation is 
in fact transiently altered. Furthermore, cerebral perfusion was only mon
itored twice following MDMA administration (after 3 and 24 hours). More 
frequent sampling within this phase may establish the complete pattern of 
cerebral perfusion changes. Also, a longitudinal btASL study may be used 
to investigate if short term increases in cerebral perfusion become deficits 
in the long term as predicted by the chronic MDMA studies described in 
section 1.5.3.
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Chapter 7

Discussion

7.1 Summary

A new technique for the quantification of cerebral perfusion, termed bolus- 
tracking arterial spin labeling (btASL), has been developed by combining 
the non-compartmental model of cerebral perfusion (chapter 2) with an ASL 
imaging technique (section 3.4). The technique provides an assessment of 
cerebral perfusion in terms of the following set of parameters: MTT, CTT, 
rVLW, rFLW and rPLW and is sensitive to changes in these parameters un
der varying physiological conditions. The MTT and CTT parameters were 
described in section 2.4 and the rVLW, rFLW and rPLW parameters were de
scribed in section 3.6.3. However, at this point, a summary of the parameter 
definitions is necessary.

The mean transit time (MTT) is calculated from the first moment of the 
tissue response function. It is defined as the average time taken for labeled 
water to traverse the entire volume of distributed water, V (i.e. the time 
from when spins are labeled at the labeling plane to when they flow out 
of the imaging plane). From equation 2.29 (MTT=V/F) it can be seen that 
the MTT will increase with increasing V and decrease with increasing av
erage flow rate, F (i.e. if the volume, V, into which labeled water can flow 
increases, the average time taken to traverse V will increase whereas if the 
average flow rate increases, the time taken to traverse the volume, V, de
creases).

The capillary transit time (CTT) parameter is calculated from the second 
moment of the tissue response function. This transit time is not defined in
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terms of a specific transit distance but describes the extent to which an ini
tially rectangular bolus of labeled water at the labeling plane has become 
dispersed when it is measured at the imaging plane. From equation 2.30 
(CTT=P/F^) it can be seen that the CTT is directly proportional to the perfu
sion coefficient, P, where P is thought to incorporate the random  processes 
that act on a particle as it traverses the vasculature. The inverse relation
ship between CTT and the square of the average flow, F, indicates that as 
F increases, the dispersive effects of the P term are lessened and the CTT is 
decreased.

The relative volume of labeled water (rVLW) is an estimate for the volume 
of labeled water at the imaging voxel (equation 3.9). Water is known to un
dergo exchange between the vascular and extravascular spaces in the capil
lary bed with the degree of exchange [180] and as a result, the rVLW is not 
a measure of cerebral blood volume (CBV). However, if the CBV in a region 
increases, the am ount of labeled water at that region would be expected to 
increase and lead to a concomitant increase in rVLW.

Once the MTT, CTT and rVLW have been quantified from the curve fit
ting parameters, the relative change in the average flow rate of labeled wa
ter, rPLW, and the perfusion coefficient of labeled water, rPLW, between two 
groups (e.g. aged v young) or two physiological conditions (e.g. resting 
state V neuronal activation) can be calculated from the definitions of the 
transit times (equations 3.12 and 3.13). The rPLW param eter represents a 
relative change in the average rate at which labeled water is transported 
through the volume, V. Again, as water is not restricted to the vasculature, 
the rPLW param eter has contributions from both the vascular and extravas
cular compartments and is therefore not a direct measure of cerebral blood 
flow (CBP). However, if the CBP in a region increases, the average rate at 
which labeled water is transported through that region would increase and 
an increase in the rPLW would be expected. Pinally, the rPLW parameter 
represents a relative change in the random effects (such as pseudo diffusion 
within the microvasculature and the exchange of water across the capillary 
walls) that result in the dispersion of a rectangular bolus of labeled water as 
it flows through the volume, V.

In chapter 4, significant differences in the MTT, CTT and rVLW and 
consequent changes in rPLW and rPLW were detected for varying animal
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and ROI. The absence of significant differences in the perfusion param et
ers for varying bolus length indicate that the btASL technique is capable 
of providing consistent perfusion parameters when the physiological con
ditions remain constant but the experimental conditions are varied. In the 
fMRI study, the MTT and CTT were found to decrease significantly dur
ing neuronal activation while the rVLW increased significantly. A corres
ponding increase in rFLW and rPLW was calculated. The greater increase in 
rVLW in the propofol anaesthetised animals compared to the medetomidine 
sedated animals indicate the sensitivity of the btASL technique to variations 
in the m agnitude of the haemodynamic response to neuronal activation. 
The ageing study revealed an age-related significant increase in the MTT 
and CTT in the absence of a change in rVLW. A corresponding decrease 
in rFLW and rPLW with age were calculated. The MDMA study demon
strates the sensitivity of the btASL technique to pharmacologically induced 
changes in cerebral perfusion. A significant decrease in the MTT and CTT 
was recorded in animals scanned 3 hours post MDMA administration com
pared to vehicle treated controls, while the rVLW did not change signific
antly. In this case, a corresponding increase in rFLW and rPlw was calcu
lated for the MDMA group.

The non-compartmental model is fundamentally different from com- 
partmental models of cerebral perfusion. The Fokker-Planck equation of 
the non-compartmental model describes the rate of change of the concentra
tion of labeled water within the entire volume, V, when a bolus of labeled 
water flows from the labeling plane (carotid artery) to the imaging plane 
(capillary bed /b ra in  tissue). Global or average parameters for the flow rate, 
F, and the perfusion coefficient, P are used to describe the motion of the 
labeled water. As a result, a complete assessment of the exact mechanisms 
by which labeled water is distributed within the volume is not required 
and it is therefore not necessary to measure locally defined parameters such 
as the permeability surface-area (PS) product on which two-compartmental 
models depend [89, 93]. In addition, the measurement of the local arterial 
input function, which is required for techniques such as the model-free ASL 
approach [1] and DSC-MRI [26], is not necessary for a quantitative assess
ment of cerebral perfusion.

However, due to the global nature of the param eters in the theoretical
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formulation of the btASL technique, the technique is only capable of quan
tifying absolute transit times (MTT and CTT), while the remaining para
meters (rVLW, rFLW and rPLW) are estimates for relative changes between 
groups or physiological conditions. As a result, the quantification of abso
lute CBF values is not possible. This is a considerable disadvantage of the 
btASL technique as the CBF is generally quantified in units of m l/gram  of 
tissue/min (or m l/100 ml of tissue/min) by alternative ASL models such as 
the general kinetic model [85], the two-compartmental model [93] and the 
model-free approach [96].

Furthermore, as labeled water is not restricted to the vasculature, the 
parameters of the btASL techi\ique are each composed of intra- and extra- 
vascular contributions. The degree to which extravascular water contrib
utes to these parameters is not characterized by the btASL technique in its 
current form. Alternative ASL models are more sensitive to the effects of ca
pillary/ tissue water exchange parameters quantified by these models. For 
example, the general kinetic model [85] analyzes the effect of the exchange 
of water on the relaxation time of a labeled bolus and the resultant errors 
in CBF quantification. The two-compartmental model [93] describes the 
blood-brain system in terms of a vascular and extravascular compartment 
and uses the permeability surface-area product (PS) to model the exchange 
of water between the compartments. In future developments of the btASL 
technique, the intra- and extravascular components of the signal used to 
generate the ASL concentration-time curves may be separated through the 
use of diffusion-sensitized measurements [180] and the relative contribu
tions of intra- and extravascular labeled water on the btASL parameters may 
be evaluated.

In the two-compartmental approach, separate Ti values are used for the 
vascular and extravascular compartments, to account for the time spent by 
labeled water in blood before exchange to the tissue occurs [93]. The non- 
compartmental model in its present form only allows for a single, average 
Ti, measured for each ROI. Signal from both blood and tissue (grey and 
white matter) contribute to this average Ti value. However, in future devel
opments of the non-compartmental model, it may be possible to introduce 
separate Ti values for blood and tissue.

The effect of an inaccurate Ti value on the MTT and CTT quantified by
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the btASL technique can been assessed by the introduction of an error term, 
Ari, into equation 2.26, the solution to the non-compartmental model for the 
boundary conditions of the btASL experiment. Ari represents the difference 
between the measured ROI-specific relaxation rate used in the least squares 
fit, Ri, and the optim um  or true relaxation rate, Ri' :̂

The resultant change in the MTT and CTT due to this error term can be 
calculated as:

where MTTo/d and CTTqw are the original MTT and CTT values and MTT„etu 
and CTTnew are these values corrected for the Ari term. It can be seen from 
equations 7.2 and 7.3 that if the measured Ti is less than the optimum value, 
then both the MTT and CTT are underestimated and conversely, if the meas
ured Ti is greater than the optimum value, both the MTT and CTT are over
estimated. An inaccurate Ti value can therefore have an effect on the results 
obtained by the btASL technique. For example, the results of the ageing 
study presented in section 6.1 were obtained using the same ROI-specific Ti 
values for the young, middle aged and aged groups. While the variation 
in Ti in the rat brain with age is not well known, it has been suggested 
from hum an studies that Ti increases with age [217]. If Ti increases with 
age, the measured increase in MTT and CTT in the aged group, reported in 
section 6.1.2, w ould in fact be greater, if corrected for the error in Ti.

The bolus-tracking ASL sequence used for all experiments and described 
in detail in section 3.4 uses continuous RF pulses of 1.5 s, 2.0 s and 3.0 s dur
ation in combination with a gradient in the direction of flow to invert arter
ial spins by the principle of flow-driven adiabatic inversion. By varying the 
delays and the duration of the labeling pulse within the ASL preparation in
terval (figure 3.3), the entire concentration-time curve at the imaging plane 
was measured. The use of a single coil to provide these long lasting inver-

Ri = R^i±An. (7.1)

MTT, M TTm M TTm (7.2)new

CTTr CTTm CTTm (7.3)new
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sion pulses is known to produce magnetization transfer (MT) effects that 
cause saturation of the macromolecular pool at the imaging plane and res
ult in a reduced signal from the free water pool in the tissue of interest (sec
tion 1.3.1). Due to the antisymmetrical nature of the MT/frequency curve, 
the use of distal labeling during the control experiment of the btASL se
quence does not fully compensate for MT and a systematic error in the per
fusion parameters of the btASL technique results. The development of a 
dedicated labeling coil [50, 51] for the btASL technique would remove the 
contribution of MT to the btASL signal. However, due to technical diffi
culties and budgetary limitations, a dedicated labeling coil has not yet been 
implemented. Alternatively, a more sophisticated labeling scheme such as 
the double adiabatic inversion (DAI) scheme [49] or the pseudo CASL ap
proach [56, 57] could be used to minimize the MT effects. These approaches 
would also facilitate multi-slice ASL imaging.

The snapshot FLASH sequence used to acquire the labeled and control 
images at the imaging plane was described in section 3.4.2. The echo time 
(TE) and repetition time (TR) were minimized to provide optimum sens
itivity to the signal amplitude changes resulting from inflowing inverted 
magnetization. The use of an EPI acquisition [222] instead of the FLASH 
approach may provide a number of advantages. Firstly, as the EPI sequence 
is a single excitation sequence, the amplitude change due to inflowing in
verted magnetization may be larger. Furthermore, the use of single-shot 
double-echo EPI sequence [223] would facilitate the simultaneous measure
ment of the ASL and BOLD signal [68, 139], as discussed in section 1.5.1. 
However, while an implementation of the btASL technique with EPI image 
acquisition was attempted, the EPI artefacts at 7 Tesla were a major disad
vantage of this approach and consequently, the FLASH sequence was used 
for all experiments.

7.1.1 Further Validation and Testing

As described above, the MTT and CTT were unaltered when the bolus length 
was varied in the validation study, while changes in both the MTT and 
CTT were recorded in the fMRI, ageing and MDMA studies. The frac
tional change in both the MTT and CTT was calculated for each of these 
experiments and the change in CTT was plotted against the change in MTT

147



Change in CTT v Change in MTT 
for varying physiological conditions ■ fMRi Act v Ctrl (Domitor)

0.7-

0. 6- j --------- 1--------- 1----------1--------- 1----------1--------- 1--------- r
0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.:

C hange in MTT

A fMRI Act V Ctrl (Propofol)
▼ Aged V Young (Cortex)
♦ Aged v Young (Hippocampus)
•  Aged v Mid Aged (Cortex)
n Aged v Mid Aged (Hippocampus)
A MDMA 3hr v Ctrl (Cortex)
V MDMA 3hr v 24hr (Cortex)
o Validation (2.0 s V 1.5 s)
o Validation (3.0 s V 1.5 s)

“ » X Validation (3.0 s v 2.0 s)
1.4

Figure 7.1: Fractional change in CTT plotted against fractional change in MTT for 
all experimental conditions. The data points represent the mean change in the MTT 
and CTT for each experiment (error bars have been omitted for clarity). A linear 
correlation was found, with r^=0.9562, slope=1.059 ±  0.076 and y-intercept=-0.031 
±  0.076 respectively.

for all experiments. The fractional change in MTT and CTT were found to 
be highly correlated (r^=0.96), as illustrated in figure 7.1. Furthermore, the 
slope of the linear regression in figure 7.1 is approximately equal to 1. When 
the definitions of MTT and CTT from equations 2.29 and 2.30 are considered, 
the following relationship can be proposed:

ACTT AP  AF
 = ---- .-----~  1. (7.4)
A M TT AF  AV   ̂ ^

Equation 7.4 may describe a constant relationship between the parameters 
of the btASL technique. However, this cannot be verified without further 
testing of the fit of the model to the data. Such a highly correlated linear 
relationship between the MTT and CTT leads to misgivings that the model 
may be in fact be over-fitting the data and is therefore unable to independ
ently quantify the two parameters. The final fitting equation used in the 
curve fitting routine can be rewritten in terms of the MTT and CTT as fol
lows:
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, Co f  M T T \  \ , (  M T T

/  M T T
^  \  V C f f ^  4CTT  ̂tTJ Ji=4_̂

This equation demonstrates the dependence of the solution on both transit 
times and m ight be used to simulate the effect varying one of the transit 
times has on the other transit time. For example, the MTT could be system
atically incremented and the resultant effect on the CTT established. If the 
model can fit these parameters independently, variations in the MTT will 
not necessarily impact on the CTT. This simulation m ust be carried out be
fore any conclusions (such as equation 7.4) can be reached about the linear 
relationship between the fractional change in MTT and CTT.

While the solution to the non-compartment model given by equation 7.5 
appears to fit the btASL data reliably and provided consistent transit time 
values for varying bolus length (chapter 4), this experiment alone does not 
provide complete validation of the btASL technique and further validation 
is required. For example, the goodness of model fit should be compared 
to an accepted ASL model such as the general kinetic model [85] that may 
also provide arrival time measured that are invariant to bolus duration (sec
tion 1.4.1).

A num ber of additional experiments are also necessary to provide fur
ther validation and a clearer understanding of the perfusion parameters of 
the btASL technique. For example, in the first quantitative ASL experiments 
by Williams et al [13], the partial pressure of carbon dioxide (pC02) was 
altered by adding various amounts of CO2 to the gas mixture of anaesthet
ized rats. A linear relationship between CBF and pC02 was established. An 
experiment investigating the changes in the parameters of the btASL tech
nique with varying pC 0 2  levels would improve the understanding of the 
parameters. A comparison with changes in CBF measured by a standard 
ASL model w ould also be beneficial.

The fMRI results presented in chapter 5 appear to demonstrate reprodu
cible variations in the btASL parameters during neuronal activation. How
ever, the actual relationship between the perfusion parameters and neural
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activity has not yet been established and additional experiments are re
quired. For example, a micro-electrode array experiment can be used to 
measure the electrophysiological response to systematic variations in the 
parameters of the electrical stimulus used for forepaw stimulation (voltage, 
frequency and /o r duration). A subsequent btASL study in which the stim
ulus is varied in the same manner would allow the variations of the perfu
sion parameters for varying stimuli to be compared to the electrophysiolo
gical response. Furthermore, a comparison between a standard BOLD fMRI 
protocol and the btASL technique under these conditions may be used to 
investigate if the potential advantages of ASL fMRI over BOLD fMRI (sec
tion 1.5.1) are valid for btASL.

7.2 Conclusions and perspectives

The findings of the btASL technique presented herein demonstrate the po
tential the technique holds for future developments and applications in the 
field of neuroscience. Imaging techniques that are capable of quantifying 
changes in cerebral persuion that occur due to both normal and diseased 
ageing are of great interest to the neuroscience community as they can provide 
a useful insight into changes in the functional cerebrovascular system with 
age [224]. The sensitivity of the btASL technique to differences in the hae- 
modynamic response to neuronal activation under varying conditions was 
demonstrated in section 5.2.3. These results hold potential for future fMRI 
applications, particularly when the age related changes in resting cerebral 
perfusion presented in section 6.1 are also taken into account. A btASL 
fMRI study comparing the haemodynamic response to neuronal activation 
in young and healthy aged animals may provide a novel quantitative as
sessment of the variations in this response with age. The development of 
reliable experimental methods for animal fMRI (described in section 3.2.2) 
facilitates future longitudinal btASL fMRI studies. For example, through 
the use of transgenic mouse [225] or rat [226] models of Alzheimer's disease 
(AD), changes in the haemodynamic response to neuronal activation due 
to the progression of the disease can be tracked over time in the same an
imal and the variations in the parameters quantified by the btASL technique 
would be of interest.
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The results of the MDMA study demonstrate the suitability of the btASL 
technique for studying perfusion-altering pharmaceutical agents. The find
ing of this study was that the increase in the rFLW and rPLW in the acute 
phase following administration of the drug was most likely due to a tran
sient increase in both temperature (hyperthermia) and blood pressure (hy
pertension). Therefore, future btASL studies on the effects of recreational 
drugs such as cocaine, which is also known to alter brain haemodynam- 
ics [227], may be of interest. Furthermore, the measured differences in the 
medetomidine and propofol results of the fMRI study were concluded to 
be due in part to the vasopressor and vasodilatation effects of the respect
ive drugs. This finding demonstrates the potential usefulness of btASL for 
the assessment of the vasodilatation and vasoconstriction effects of various 
anaesthetic agents on the microvasculature.

In summary, a novel approach to quantifying cerebral perfusion, btASL, 
has been developed and used to quantify changes in cerebral perfusion un
der varying physiological conditions. While further validation and testing 
of the technique (section 7.1.1) as well as future developments of both the 
non-compartmental model and the ASL method (section 7.1) are required, 
the findings presented demonstrate the potential of btASL to provide inter
esting results in future applications in the field of neuroscience.
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Table A .l: Validation study transit times. MTT and CTT obtained from least- 
squares fit of the theoretical model to data from the cerebral cortex (CC), hippo
campus (HC) and whole brain (WB) of three male Wistar rats.

Animal ROI Bolus (s) MTT(s) CTT (s)

1 CC 1.5 1.78 ± 0.26 1.48 ± 0.21
1 CC 2.0 1.78 ±0.17 1.45 ± 0.13
1 CC 3.0 1.72 ±0.28 1.40 ± 0.22
1 HC 1.5 1.69 ±0.17 1.36 ± 0.13
1 HC 2.0 1.74 ±0.22 1.40 ±0.17
1 HC 3.0 1.73 ±0.23 1.38 ± 0.21
1 WB 1.5 1.79 ±0.21 1.45 ±0.17
1 WB 2.0 1.78 ±0.19 1.45 ±0.15
1 WB 3.0 1.81 ±0.15 1.48 ± 0.12

2 CC 1.5 1.81 ±0.20 1.51 ±  0.16
2 CC 2.0 1.83 ± 0.25 1.55 ±0.21
2 CC 3.0 1.86 ±0.17 1.57 ± 0.14
2 HC 1.5 1.73 ±0.26 1.43 ± 0.21
2 HC 2.0 1.74 ±0.23 1.45 ± 0.18
2 HC 3.0 1.77 ±0.22 1.49 ± 0.17
2 WB 1.5 1.80 ± 0.33 1.58 ± 0.28
2 WB 2.0 1.89 ±0.32 1.61 ± 0.27
2 WB 3.0 1.91 ±  0.33 1.66 ± 0.28

3 CC 1.5 1.70 ±0.24 1.34 ±0.18
3 CC 2.0 1.69 ±0.13 1.32 ±0.10
3 CC 3.0 1.67 ±0.17 1.27 ±0.13
3 HC 1.5 1.63 ±0.21 1.29 ± 0.16
3 HC 2.0 1.63 ±0.24 1.28 ±0.18
3 HC 3.0 1.65 ±0.16 1.31 ±0.12
3 WB 1.5 1.71 ±0.07 1.32 ± 0.15
3 WB 2.0 1.70 ±0.26 1.33 ± 0.19
3 WB 3.0 1.74 ± 0.21 1.40 ± 0.17
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Table A.2: Validation study rVLW. Calculation of rVLW from Aq fitting para
meter (normalised by degree of inversion, a)  from least-squares fit of the theoret
ical model to data for the cerebral cortex (CC), hippocampus (HC) and whole brain 
(WB) of three male Wistar rats.______________________________________

Animal ROI Bolus (s) Aq a rVLW (a.u.)

1 CC 1.5 0.12 ±  0.02 0.85 ±  0.02 0.14 ± 0.04
1 CC 2.0 0.13 ±  0.02 0.88 ±  0.01 0.15 ± 0.03
1 CC 3.0 0.11 ±0.01 0.92 ±  0.01 0.12 ± 0.02
1 HC 1.5 0.10 ± 0.03 0.85 ±  0.02 0.12 ± 0.05
1 HC 2.0 0.12 ± 0.02 0.88 ± 0.01 0.14 ± 0.03
1 HC 3.0 0.11 ± 0.02 0.92 ±  0.01 0.12 ±  0.03
1 WB 1.5 0.12 ± 0.03 0.85 ± 0.02 0.14 ±  0.05
1 WB 2.0 0.12 ± 0.03 0.88 ± 0.01 0.13 ±0.04
1 WB 3.0 0.12 ± 0.03 0.92 ± 0.01 0.13 ±0.04

2 CC 1.5 0.10 ± 0.02 0.86 ± 0.02 0.11 ±0.04
2 CC 2.0 0.10 ± 0.02 0.91 ± 0.04 0.10 ± 0.05
2 CC 3.0 0.09 ± 0.03 0.87 ±  0.02 0.10 ± 0.05
2 HC 1.5 0.10 ± 0.02 0.86 ±  0.02 0.12 ± 0.04
2 HC 2.0 0.10 ± 0.02 0.91 ±  0.04 0.11 ± 0.03
2 HC 3.0 0.09 ± 0.03 0.87 ±  0.02 0.11 ± 0.04
2 WB 1.5 0.10 ± 0.02 0.86 ±  0.02 0.12 ± 0.04
2 WB 2.0 0.10 ± 0.02 0.91 ± 0.04 0.12 ± 0.05
2 WB 3.0 0.10 ± 0.01 0.87 ±  0.02 0.12 ± 0.03

3 CC 1.5 0.10 ± 0.03 0.92 ±  0.02 0.10 ± 0.05
3 CC 2.0 0.09 ±  0.01 0.87 ±  0.03 0.11 ± 0.04
3 CC 3.0 0.10 ±0.02 0.88 ±  0.01 0.12 ± 0.03
3 HC 1.5 0.09 ±  0.02 0.92 ±  0.02 0.10 ±  0.04
3 HC 2.0 0.09 ±  0.03 0.87 ± 0.03 0.10 ± 0.05
3 HC 3.0 0.09 ± 0.02 0.88 ± 0.01 0.10 ± 0.03
3 WB 1.5 0.11 ± 0.01 0.92 ± 0.02 0.12 ±0.03
3 WB 2.0 0.11 ± 0.03 0.87 ± 0.03 0.12 ± 0.05
3 WB 3.0 0.10 ± 0.02 0.88 ± 0.01 0.12 ±  0.03

154



Table A.3: fMRI study medetomidine transit times. MTT and CTT in the SIFL 
region measured during resting state (ctrl) and electrical stimulation of the fore- 
paw(act) under medetomidine sedation.

Animal MTTctri (s) C T I c t r l  (s) MTIact (s) CTToct (s)

1 L 98±0 .12 1.53 ±0.09 1.64 ±  0.06 1.05 ±  0.04

2 1.95 ±  0.14 1.48 ±0.10 1.52 ±  0.10 1.17 ±0.08

3 2.20 ±  0.12 1.71 ±  0.09 1.97 ±0.13 1.56 ±  0.10

4 1.74 ±0.18 1.61 ±0.16 1.51 ±0.11 1.43 ±0.10

5 1.83 ±  0.13 1.71 ±0.12 1.45 ±  0.13 1.32 ±0.17

Table A.4: fMRI study medetomidine rVLW. Calculation of the increase in 
rVLW in the SIFL region during neuronal activation of the SIFL region under me- 
detomidine sedation. ____________________________________________

Animal Ampctr; Amp act OCctrl ^ a c t t- V L W c h

1 0.08 ± 0.01 0.09 ± 0.01 0.87 ± 0.05 0.91 ± 0.04 1.12 ± 0.16

2 0.08 ± 0.01 0.09 ± 0.01 0.91 ± 0.02 0.92 ± 0.05 1.12 ± 0.22

3 0.07 ± 0.01 0.08 ± 0.01 0.85 ± 0.03 0.85 ± 0.04 0.12 ± 0.17

4 0.07 ± 0.02 0.09 ± 0.01 0.84 ± 0.09 0.87 ± 0.06 0.13 ± 0.26

5 0.09 ± 0.01 0.09 ± 0.02 0.96 ± 0.04 0.94 ± 0.07 0.13 ± 0.20
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Table A.5: fMRI study propofol transit times. MTT and CTT in the SIFL region 
measured during resting state (ctrl) and electrical stimulation of the forepaw(act) 
under propofol anaesthesia.

Animal MTTctri (s) CTTctri (s) MTT„et (s) CTTact (s)

1 1.88 ± 0.15 1.68 ± 0.13 1.35 ± 0.13 1.40 ± 0.12

2 1.98 ± 0.19 1.65 ± 0.15 1.36 ± 0.14 1.21 ± 0.12

3 1.81 ± 0.19 1.63 ± 0.17 1.53 ± 0.12 1.60 ± 0.12

4 2.10 ± 0.37 1.90 ± 0.33 1.48 ± 0.16 1.41 ± 0.14

5 2.09 ± 0.29 1.92 ± 0.26 1.49 ± 0.21 1.32 ± 0.18

Table A.6: fMRI study propofol rVLW.Calculation of the increase in rVLW in the 
SIFL region during neuronal activation under propofol anaesthesia

Animal A m p c t r i Amp act ^ c t r l ^ a c t
r V L W^ ^ t

1 0.10 ± 0.01 0.12 ± 0.02 0.94 ± 0.04 0.93 ± 0.05 1.14 ± 0.17

2 0.10 ± 0.01 0.12 ± 0.02 0.93 ± 0.03 0.94 ± 0.03 1.15 ± 0.22

3 0.09 ± 0.02 0.12 ± 0.01 0.93 ± 0.05 0.92 ± 0.05 1.34 ± 0.20

4 0.09 ± 0.02 0.12 ± 0.02 0.91 ± 0.06 0.91 ± 0.04 1.39 ± 0.29

5 0.10 ± 0.02 0.13 ± 0.03 0.93 ± 0.06 0.90 ± 0.04 1.19 ± 0.27
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Table A .7; A ging study transit times and rVLW for the cerebral cortex ROI. MTT, 
CTT, amplitude, degree of inversion (a) and rVLW for the cerebral cortex ROI of 
young (Y), middle aged (MA) and aged (A) groups.

Animal MTT (s) CTT (s) Amplitude a rVLW

Y1 1.99 ± 0.31 1.63 ± 0.25 0.09 ± 0.02 0.94 ±  0.06 0.10 ±  0.02
Y2 2.05 ± 0.22 1.50 ± 0.16 0.09 ± 0.02 0.88 ±  0.04 0.11 ± 0.05
Y3 2.01 ± 0.38 1.68 ±0.31 0.10 ± 0.03 0.92 ±  0.01 0.11 ±0.03
Y4 1.97 ±0.28 1.74 ±0.24 0.09 ± 0.02 0.76 ±  0.04 0.12 ±  0.06
Y5 1.81 ±0.17 1.40 ±0.12 0.12 ± 0.02 0.95 ±  0.02 0.12 ± 0.04
Y6 1.91 ±0.38 1.44 ±0.27 0.10 ± 0.03 0.92 ± 0.03 0.10 ±  0.04
Y7 1.93 ±0.19 1.70 ±0.16 0.09 ±  0.01 0.94 ±  0.06 0.10 ±  0.04
Y8 1.93 ± 0.38 1.64 ±0.32 0.12 ± 0.03 0.93 ±  0.02 0.13 ±  0.03
Y9 1.88 ± 0.25 1.48 ± 0.19 0.12 ± 0.02 0.87 ± 0.04 0.14 ±  0.05

MAI 1.98 ±0.31 1.77 ±0.27 0.08 ± 0.02 0.93 ± 0.02 0.09 ±  0.04
MA2 1.94 ± 0.34 1.56 ±0.27 0.07 ± 0.02 0.92 ± 0.04 0.08 ±  0.05
MAS 1.95 ±  0.31 1.53 ± 0.24 0.09 ± 0.03 0.78 ± 0.02 0.11 ±0.03
MA4 1.92 ±0.22 1.44 ±0.16 0.10 ± 0.02 0.87 ± 0.02 0.12 ±  0.03
MAS 2.06 ±  0.20 1.49 ±0.14 0.10 ±  0.01 0.95 ± 0.03 0.10 ±  0.04

A1 2.67 ±  0.40 2.37 ±  0.26 0.08 ± 0.01 0.97 ± 0.01 0.08 ± 0.02
A2 2.16 ±  0.26 1.68 ±0.20 0.09 ±  0.02 0.94 ± 0.02 0.10 ± 0.03
A3 2.09 ±  0.24 1.80 ± 0.20 0.11 ±0.02 0.90 ± 0.04 0.12 ±  0.05
A4 2.02 ±  0.35 1.79 ±0.25 0.10 ± 0.02 0.89 ± 0.02 0.11 ± 0.03
A5 2.32 ± 0.35 2.06 ±  0.23 0.09 ±  0.01 0.95 ± 0.02 0.09 ± 0.03
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Table A.8: Aging study transit times and rVLW for the hippocam pus ROI. MTT, 
CTT, amplitude, degree of inversion (a) and rVLW for the hippocampus ROI of 
young (Y), middle aged (MA) and aged (A) groups.

Animal MTT (s) CTT (s) Amplitude a rVLW

Y1 1.92 ±0.21 1.69 ± 0.18 0.09 ± 0.02 0.94 ± 0.06 0.10 ± 0.05
Y2 2.00 ± 0.21 1.46 ± 0.15 0.10 ±0.02 0.88 ± 0.04 0.11 ±0.04
Y3 1.75 ±0.26 1.40 ±0.20 0.10 ± 0.03 0.92 ± 0.01 0.11 ±0.04
Y4 2.07 ± 0.24 1.76 ±0.20 0.08 ± 0.02 0.76 ± 0.04 0.11 ±0.05
Y5 2.09 ± 0.32 1.88 ±0.28 0.13 ± 0.02 0.95 ± 0.02 0.13 ± 0.04
Y6 1.94 ±0.34 1.46 ± 0.25 0.10 ± 0.03 0.92 ± 0.03 0.11 ± 0.05
Y7 1.83 ±0,19 1.44 ±0.15 0.10 ±0.02 0.94 ± 0.06 0.10 ±0.04
Y8 1.90 ±0.29 1.43 ±0.21 0.11 ± 0.03 0.93 ± 0.02 0.12 ± 0.03
Y9 2.00 ± 0.34 1.60 ±0.26 0.12 ± 0.03 0.87 ± 0.04 0.13 ± 0.04

MAI 1.54 ± 0.14 1.36 ± 0.13 0.09 ± 0.02 0.93 ± 0.02 0.10 ± 0.04
MA2 1.81 ± 0.33 1.40 ± 0.25 0.08 ± 0.03 0.92 ± 0.04 0.09 ± 0.05
MA3 1.88 ±0.36 1.69 ±0.32 0.09 ± 0.03 0.78 ± 0.02 0.12 ± 0.04
MA4 1.68 ±0.20 1.45 ±0.17 0.09 ± 0.02 0.87 ± 0.02 0.10 ± 0.03
MAS 1.92 ±0.19 1.70 ±0.16 0.09 ± 0.01 0.95 ± 0.03 0.09 ± 0.03

A1 2.19 ±0.34 1.75 ±0.26 0.08 ± 0.02 0.97 ± 0.01 0.09 ± 0.02
A2 2.03 ± 0.28 1.89 ±0.25 0.10 ± 0.02 0.94 ± 0.02 0.11 ±0.03
A3 2.53 ± 0.33 2.01 ± 0.25 0.13 ± 0.02 0.90 ± 0.04 0.14 ± 0.04
A4 2.09 ± 0.37 1.80 ±0.31 0.10 ± 0.02 0.89 ± 0.02 0.11 ±0.03
A5 2.30 ± 0.29 1.98 ±0.25 0.09 ± 0.02 0.95 ± 0.02 0.10 ± 0.03
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Table A.9: Aging study transit times and rVLW for the whole brain ROI. MTT, 
CTT, amplitude, degree of inversion (a) and rVLW for the whole brain ROI of 
young (Y), middle aged (MA) and aged (A) groups.

Animal MTT (s) CTT (s) Amplitude a rVLW

Y1 1.92 ±0.25 1.58 ±  0.20 0.09 ±  0.02 0.10 ±  0.06 0.10 ±  0.03
Y2 1.95 ±  0.18 1.46 ±0.13 0.11 ±  0.02 0.13 ±  0.04 0.13 ±  0.04
Y3 2.09 ±  0.32 1.73 ±0.26 0.10 ±  0.02 0.11 ±  0.01 0.11 ±0.03
Y4 1.93 ±0.18 1.68 ±0.15 0.09 ±  0.01 0.12 ±  0.04 0.12 ±0.03
Y5 1.81 ±0.14 1.55 ±0.11 0.13 ±  0.01 0.13 ±  0.02 0.13 ±0.04
Y6 1.86 ±  0.31 1.56 ±0.25 0.11 ±  0.03 0.12 ±  0.03 0.12 ±  0.05
Y7 1.69 ±0.15 1.50 ±0.12 0.09 ±  0.01 0.10 ±  0.06 0.10 ±  0.03
Y8 1.76 ±0.25 1.56 ±0.21 0.12 ±0.02 0.13 ±  0.02 0.13 ±  0.03
Y9 1.93 ±0.24 1.68 ±0.20 0.12 ±  0.02 0.14 ±  0.04 0.14 ±  0.04

MAI 1.73 ±0.21 1.46 ±  0.17 0.09 ±  0.02 0.10 ±  0.02 0.10 ±  0.03
MA2 2.06 ±  0.26 1.71 ±0.21 0.09 ±  0.02 0.10 ±  0.04 0.10 ±  0.04
MA3 1.83 ±0.27 1.63 ±0.23 0.11 ±  0.02 0.14 ±  0.02 0.14 ±  0.03
MA4 1.82 ±0.17 1.40 ±0.12 0.09 ±  0.02 0.11 ±  0.02 0.11 ±0.03
MAS 1.84 ±0.19 1.62 ±  0.17 0.10 ±  0.02 0.10 ±  0.03 0.10 ±0.04

A1 2.03 ±  0.32 1.75 ±  0.27 0.09 ±  0.02 0.09 ±  0.01 0.09 ±  0.02
A2 1.89 ±0.18 1.70 ±  0.16 0.11 ±0.01 0.11 ±0.02 0.11 ±0.02
A3 1.93 ±0.16 1.67 ±0.13 0.11 ±0.01 0.12 ±  0.04 0.12 ±  0.04
A4 1.92 ±0.20 1.58 ±0.16 0.11 ±  0.02 0.12 ±  0.02 0.12 ±  0.03
A5 2.11 ±0.32 1.72 ±0.25 0.09 ±  0.02 0.01 ±  0.02 0.10 ±  0.02
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Table A. 10: M DM A study transit times and rVLW for the right cerebral cortex 
ROI. MTT, CTT, amplitude, degree of inversion ( a )  and rVLW for the right cerebral 
cortex ROI of each animal in the control (ctrl), 3 hour post MDMA administration 
(3hr) and 24 hr post MDMA administration (24hr) groups.

Animal MTT (s) CTT (s) Amplitude a  rVLW

Ctrll 1.09 ± 0.16 1.48 ± 0.12 0.10 ± 0.01 0.94 ± 0.02 0.10 ± 0.02
Ctrl 2 1.97 ± 0.29 1.67 ± 0.24 0.10 ± 0.02 0.95 ± 0.03 0.11 ± 0.04
Ctrl 3 1.96 ± 0.32 1.54 ± 0.24 0.10 ± 0.03 0.94 ± 0.01 0.11 ± 0.03
Ctrl 4 1.88 ± 0.21 1.56 ± 0.17 0.09 ± 0.02 0.93 ± 0.01 0.10 ± 0.02

3hr 1 1.80 ± 0.25 1.42 ± 0.19 0.12 ± 0.02 0.94 ± 0.01 0.12 ± 0.02
3hr2 1.43 ± 0.09 1.23 ± 0.07 0.09 ± 0.01 0.93 ± 0.02 0.10 ± 0.03
3hr3 1.75 ± 0.19 1.36 ± 0.15 0.10 ± 0.02 0.95 ± 0.03 0.10 ± 0.04
3hr 4 1.43 ± 0.17 1.22 ± 0.14 0.10 ± 0.02 0.92 ± 0.04 0.11 ± 0.05
3hr 5 1.49 ± 0.08 1.24 ± 0.06 0.10 ± 0.01 0.93 ± 0.03 0.11 ± 0.02

24hr 1 1.55 ± 0.13 1.28 ± 0.10 0.09 ± 0.02 0.92 ± 0.02 0.10 ± 0.03
24hr2 1.84 ± 0.31 1.47 ± 0.24 0.09 ± 0.03 0.94 ± 0.01 0.10 ± 0.03
24hr3 1.61 ± 0.17 1.31 ± 0.14 0.10 ± 0.02 0.95 ± 0.03 0.10 ± 0.04
24hr4 2.16 ± 0.23 1.90 ± 0.20 0.08 ± 0.01 0.92 ± 0.04 0.09 ± 0.03
24hr5 1.78 ± 0.19 1.40 ± 0.14 0.10 ± 0.02 0.92 ± 0.03 0.11 ± 0.05

Table A .11: M DM A study transit times and rVLW for the left cerebral cortex
ROI. MTT, CTT, amplitude, degree of inversion (a) and rVLW for the left cerebral 
cortex ROI of each animal in the control (ctrl), 3 hour post MDMA administration 
(3hr) and 24 hr post MDMA administration (24hr) groups.

Animal MTT (s) CTT (s) Amplitude a  rVLW

Ctrll 2.03 ± 0.28 1.69 ± 0.22 0.10 ± 0.02 0.94 ± 0.02 0.10 ±  0.03
Ctrl 2 1.80 ± 0.17 1.43 ± 0.13 0.10 ± 0.02 0.95 ± 0.03 0.11 ±0.04
Ctrl 3 1.83 ± 0.15 1.47 ± 0.12 0.10 ± 0.02 0.94 ± 0.01 0.11 ±0.02
Ctrl 4 1.88 ± 0.31 1.67 ± 0.26 0.10 ± 0.03 0.93 ± 0.01 0.10 ±0.03

3hr 1 1.82 ± 0.19 1.39 ± 0.14 0.11 ± 0.02 0.94 ± 0.01 0.12 ±0.02
3hr2 1.45 ± 0.07 1.23 ± 0.06 0.09 ± 0.01 0.93 ± 0.02 0.10 ±0.03
3hr 3 1.59 ± 0.10 1.29 ± 0.08 0.10 ± 0.01 0.95 ± 0.03 0.10 ±0.03
3hr4 1.42 ± 0.14 1.21 ± 0.12 0.10 ± 0.02 0.92 ± 0.04 0.11 ±0.04
3hr 5 1.54 ± 0.21 1.26 ± 0.16 0.11 ± 0.03 0.93 ± 0.03 0.12 ±0.05

24hr 1 1.75 ± 0.24 1.38 ± 0.18 0.10 ± 0.03 0.92 ± 0.02 0.11 ±0.04
24hr2 1.55 ± 0.23 1.28 ± 0.18 0.09 ± 0.03 0.94 ± 0.01 0.10 ±0.03
24hr3 1.81 ± 0.17 1.45 ± 0.13 0.10 ± 0.02 0.95 ± 0.03 0.10 ±0.04
24hr4 2.21 ± 0.30 1.89 ± 0.25 0.08 ± 0.02 0.92 ± 0.04 0.09 ±0.04
24hr5 1.67 ± 0.20 1.34 ± 0.15 0.09 ± 0.02 0.92 ± 0.03 0.10 ± 0.04
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Table A .12; M DM A study transit tim es and rVLW for the right striatum ROI.
MTT, CTT, amplitude, degree of inversion (a) and rVLW for the right striatum ROI 
of each animal in the control (ctrl), 3 hour post MDMA administration (3hr) and 24 
hr post MDMA administration (24hr) groups.

Animal MTT (s) CTT (s) Amplitude q rVLW

C trll 1.71 ± 0.15 1.34 ± 0.11 0.10 ± 0.02 0.94 ± 0.02 0.11 ± 0.03
Ctrl 2 2.02 ± 0.26 1.77 ± 0.22 0.09 ± 0.02 0.95 ± 0.03 0.10 ± 0.04
Ctrl 3 1.75 ± 0.12 1.43 ± 0.01 0.10 ± 0.01 0.94 ± 0.01 0.10 ± 0.02
Ctrl 4 1.73 ± 0.19 1.50 ± 0.16 0.09 ± 0.02 0.93 ± 0.01 0.10 ± 0.02

3hr 1 1.76 ± 0.11 1.50 ± 0.09 0.10 ± 0.01 0.94 ± 0.01 0.10 ± 0.02
3hr 2 1.75 ± 0.18 1.43 ± 0.14 0.10 ± 0.02 0.93 ± 0.02 0.10 ± 0.03
3hr3 1.73 ± 0.26 1.51 ± 0.22 0.10 ± 0.03 0.95 ± 0.03 0.10 ± 0.05
3hr4 1.49 ± 0.16 1.26 ± 0.12 0.10 ± 0.02 0.92 ± 0.04 0.11 ± 0.05
3hr5 2.07 ± 0.19 1.62 ± 0.14 0.10 ± 0.02 0.93 ± 0.03 0.11 ± 0.04

24hr 1 1.70 ± 0.13 1.31 ± 0.09 0.09 ± 0.02 0.92 ± 0.02 0.11 ± 0.03
24hr2 1.73 ± 0.17 1.50 ± 0.14 0.09 ± 0.02 0.94 ± 0.01 0.10 ± 0.02
24hr3 1.55 ± 0.21 1.39 ± 0.18 0.10 ± 0.03 0.95 ± 0.03 0.10 ± 0.04
24hr4 1.73 ± 0.27 1.50 ± 0.23 0.09 ± 0.03 0.92 ± 0.04 0.10 ± 0.05
24hr5 1.70 ± 0.22 1.44 ± 0.18 0.10 ± 0.02 0.92 ± 0.03 0.10 ± 0.04

Table A .13: M DM A study transit times and rVLW for the left striatum ROI.
MTT, CTT, amplitude, degree of inversion (/alpha)  and rVLW for the left striatum 
ROI of each animal in the control (ctrl), 3 hour post MDMA administration (3hr) 
and 24 hr post MDMA administration (24hr) groups.

Animal MTT (s) CTT (s) Amplitude a  rVLW

Ctrl 1 1.92 ± 0.18 1.46 ± 0.13 0.10 ± 0.02 0.94 ± 0.02 0.11 ± 0.03
Ctrl 2 1.94 ± 0.13 1.59 ± 0.10 0.10 ± 0.01 0.95 ± 0.03 0.10 ± 0.03
Ctrl 3 1.75 ± 0.21 1.50 ± 0.18 0.09 ± 0.02 0.94 ± 0.01 0.10 ± 0.02
Ctrl 4 2.10 ± 0.26 1.73 ± 0.21 0.10 ± 0.02 0.93 ± 0.01 0.10 ± 0.02

3hr 1 1.84 ± 0.15 1.43 ± 0.11 0.11 ± 0.02 0.94 ± 0.01 0.12 ± 0.02
3hr2 2.11 ± 0.35 1.58 ± 0.26 0.10 ± 0.03 0.93 ± 0.02 0.11 ± 0.04
3hr 3 2.29 ± 0.37 1.84 ± 0.29 0.10 ± 0.02 0.95 ± 0.03 0.10 ± 0.04
3hr4 1.88 ± 0.28 1.52 ± 0.22 0.10 ± 0.03 0.92 ± 0.04 0.11 ± 0.05
3hr 5 1.90 ± 0.21 1.54 ± 0.17 0.10 ± 0.02 0.93 ± 0.03 0.11 ± 0.04

24hr 1 1.37 ± 0.10 1.19 ± 0.08 0.10 ± 0.02 0.92 ± 0.02 0.11 ± 0.03
24hr2 1.84 ± 0.25 1.69 ± 0.22 0.09 ± 0.02 0.94 ± 0.01 0.10 ± 0.02
24hr3 1.77 ± 0.29 1,53 ± 0.24 0.09 ± 0.03 0.95 ± 0.03 0.10 ± 0.04
24hr4 2.09 ± 0.38 1.86 ± 0.33 0.07 ± 0.03 0.92 ± 0.04 0.08 ± 0.03
24hr5 1.81 ± 0.26 1.59 ± 0.22 0.09 ± 0.02 0.92 ± 0.03 0.10 ± 0.04
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