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General introduction and outline



Chapter 1 General introduction and outline

Cerebral perfusion

Blood flow is one of the most fundamental physiological parameters, being responsible for the delivery
of oxygen and nutrients to biological tissue. Maintenance of adequate cerebral blood flow (CBF) is of
vital importance for the health, growth and repair of brain tissue °. CBF is commonly expressed as the
volume of blood that flows through 100 grams of brain tissue each minute (mL/100g/min). CBF is
determined by the cerebral perfusion pressure (CPP) and cerebrovascular resistance (CVR), with the

following relationship >:

CBF = =~ 1]
CVR

CPP is the net pressure gradient, causing blood to flow from the proximal supplying vasculature to distal
vasculature in the brain. CVR is the resistance offered by the cerebral vasculature to the CPP. The vessel
walls of intra-cerebral arteries contain smooth muscle tissue that enable vasoconstriction upon
contraction and vasodilation upon relaxation *. By transitionally varying the tone of the smooth muscles,
the cerebral vasculature can regulate the CBF locally °. If CPP falls - within the autoregulatory CPP range
(CPP>60 mm Hg, Figure 1) - the cerebral arteries dilate, reducing CVR, increasing cerebral blood
volume (CBV) and bringing CBF back to its original level within seconds. These rapid vascular
adaptations to changes in CPP are known as the dynamic cerebral autoregulation . A second
compensatory mechanism is the variation of the oxygen extraction fraction (OEF), which is the fraction
of oxygen which is extracted from blood for metabolic use. If CBF decreases, the OEF will increase.
These two mechanisms simultaneously keep the cerebral metabolic rate of oxygen (CMRO2) at a

constant level, which is important to keep in mind when interpreting CBF values.
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Figure 1 shows the relationship between several perfusion parameters. CBF = cerebral blood flow, CBV
= cerebral blood volume, OEF = oxygen extraction fraction, CMRO, = cerebral metabolic rate of
oxygen, CVR = cerebrovascular resistance. 60 mmHg is the lower border of healthy cerebral perfusion
pressure (CPP) values. 30 mmHg is the border at which autoregulation and OEF have reached their

maximum and further CBF decline will cause disruption of normal cellular metabolism and function.



Chapter 1 General introduction and outline

Perfusion modifiers

A multitude of factors influence cerebral perfusion °. These are not only important to account for in the
interpretation of CBF values, but can also be employed as challenges to evoke changes in cerebral
perfusion ". One important class of perfusion modifiers is neuronal action secondary to cognitive
performance, which is the basis of task-based functional MRI (fMRI) ®. A variety of tasks exist that can
induce perfusion changes. One class of tasks that are easy to perform is motor activity, such as finger
tapping. When a subject performs a finger tapping task (Figure 2a), CBI will increase in the
sensorimotor cortex (Figure 2b), and return to its original value after the task has ended and the hand is

idle *. Task-based fMRI can be of particular interest to neurobiologically map the psychiatric brain """,

Figure 2. Sequential opposition finger-tapping task (a) inducing an increase in CBF in the sensorimotor

cortex, here projected on a T1 image (b)

Drugs form another important class of perfusion modifiers . The study of CBF changes induced by
medication or recreational drugs may not only serve to gain a better understanding of the effects of
drugs on perfusion, but also of the neurobiology of psychiatrical pathologies and the pathophysiology of
craving '*'% Caffeine is an example of a drug that can be considered a first choice pharmacological
challenge for explorative studies in healthy volunteers, as it is one of the most socially accepted and
widely consumed neuro-stimulants in the world '® . Caffeine has two paradoxical effects on
hemodynamics, as it is both a cognitive enhancer - potentially increasing CBF similar to finger-tapping as
described above - and a potent vaso-constrictive agent - decreasing CBF ' . Because the vaso-
constrictive effect of caffeine outweighs its cognition enhancing effect in terms of CBF changes, CBF
decreases with 20%-30% approximately 30 minutes after the intake of 200 mg caffeine (equivalent to 1-5
cups of coffee) . Consequentially, OEF will increase to sustain CMRO, levels (Figure 1). As this

example shows, the range over which CBF can fluctuate over the day while sustaining healthy neuronal

10
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function is large. Other main perfusion modifiers include patient characteristics such as age 20 gender 2

22 : : 23 : 24 25 :
and stress = as well as lifestyle factors such as food consumption =, exercise =, alcohol © and smoking

26

If the perfusion changes of interest are subtle, they can be easily dominated by perfusion fluctuations
arising from this multitude of perfusion modifiers. Therefore, only a handful of pathologies, including
cerebral infarction or tumors, may induce perfusion changes that are sufficiently large to be reliably
measured on the single subject level 70 Most of the perfusion changes of interest in clinical,
psychological or pharmacological studies are subtle, and can frequently only be reliably detected on a
group level > %, For this reason, most applications of arterial spin labeling (ASL) perfusion MRI are still

in the research setting 335,

Short history of ASL

In the first few years of the existence of ASL >’ investigators were exploring its possibilities in rodents

38

b

mainly focusing on fundamental improvements of its implementation . Around 1997 clinical
applications in humans began to appear, although these were limited to a few specialized research
centers . Main developments that helped to increase the clinical reliability of ASL include the
implementation of background suppression in 2000 *, the increasing availability of 3T MRI * and the
invention of pseudo-continuous ASL in 2005 *. Simultaneously, more and more clinical applications of
ASL were tested *>*. These developments promoted a broader applicability of ASL and from 2000 up
until now, ASI-related publications have been exponentially increasing from 19 PubMed® hits in 2000
to 252 in 2013 (US National Library of Medicine) (Figure 3).

11
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Figure 3 shows the exponential increase of peer reviewed arterial spin labeling studies, after its inception

in 1992.
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Chapter 1 General introduction and outline

Useful MRI terminology

Spin Elementary particles such as water protons carry a physical property which is called spin. Spin can be
represented by a vector and resembles a very small compass needle in many aspects. Under the influence
of the strong magnetic field of the MR scanner, spin vectors will tend to align with the main magnetic

field. Magnetization is the net effect of the magnetic vectors of all spins within an imaging voxel.

Sequence A single MRI scan or experiment. This name stems from the fact that a single MRI
measurement consists of a series of actions such as the application of radiofrequency (RF) pulses. Each

sequence consists of a preparation phase and a readout phase.

Magnetic resonance imaging During the preparation phase of an MRI sequence, the magnetization is

modulated by RF pulses. Subsequently, the magnetization will recover to its original value and emit RF

Point spread function Describes the spatial response of an imaging system to a point source. A large

point spread function translates to a large extent of spatial smoothing of the acquired image.
Readout The part of the sequence during which the emitted RFF waves are being measured.

Signal-to-noise ratio (SNR) Mean (signal) divided by its variation (noise). A ratio that describes to which
extent the values on an MR image are determined by actual signal of interest compared to random noise.

Provides an estimate of image quality.

Voxel Volume pixel, where pixel stands for picture element. An MR image is composed of a grid of
voxels, where each voxel is a cube with its own value or intensity. All voxels together form an image,
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Chapter 1 General introduction and outline

Arterial spin labeling

ASL is a relatively new MRI perfusion modality that changes the magnetization of blood water protons
to use them as an endogenous tracer . ASL is a completely non-invasive imaging modality, meaning
that it requires neither ionizing radiation nor the administration of an exogenous contrast agent. Non-
invasiveness has several advantages for clinical research: it is possible to repeat the CBF measurement as
frequently as desired and the measurement can be applied in vulnerable populations such as patients

with renal failure or children *’.

In ASL, a labeling plane is first positioned perpendicular to the cervical arteries . Throughout labeling,
the positive magnetization of blood water protons that flow through the labeling plane is inverted by a
radiofrequency (RF) pulse. The blood will then have a negative magnetization > **. During the
subsequent post-labeling delay (PLD), the labeled blood will travel downstream to the brain tissue
(Figure 4). After this PLD, an image of the brain is acquired during the readout. This image will contain
both the original positive magnetization of the stationary brain tissue as well as the negative
magnetization from the inflowing labeled blood . In a second image, an identical MRI experiment is
carried out without the labeling of blood. Hence, in this second image, the magnetization of both the
brain tissue and the blood will be positive. The subtraction of these two images provides an image that is
weighted by perfusion, because the magnetization of stationary brain tissue is the same in both images
but the signal of blood is different (Figure 5). Noteworthy, this subtractive nature of ASL cancels out
scanner signal drift (i.e. longitudinal changes in MRI signal related to MRI hardware), rendering ASL
preferable to blood-oxygen-level-dependent (BOLD)-contrast for the study of longitudinal changes of
cerebral physiology ".

14



Chapter 1

General introduction and outline

3D volume c
readout ~
o |
(=
a8}
. ’ )
fan}
Labelingplane == .. e y
3D volume
readout
a) Labeling _w
< PLD
Os 15s 3s 4:5

;’
% .
/ 4',-'
"")l'l"\ o NP T

= LIy ) - "*‘

FF ™

‘! A

Labeling plane === -'—.;

2D slices
readout

b) Labeling

Multiple
PLDs

y
12345678910

2D slices
readout

0 15s

Figure 4 illustrates the timeline and spatial setup of a single ASL experiment schematically, for a 3D (a)

and 2D (b) readout. The 3D readout module (a) occurs on a single time point for the whole brain, with a

single effective post-labeling delay (PLD). For a 2D readout module (b), multiple slices are imaged

consecutively, and the effective PLD increases with the slice readout duration for each slice in ascending

mode. s = second, PLD = post-labeling delay. For illustrative purposes, only 10 slices are depicted here.
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Figure 5 demonstrates how the subtraction of MR images with and without labeling yields perfusion-
weighted images. Both the control and label images contain the positive magnetization of static brain
tissue (blue arrows), whereas only the label image contains the negative magnetization of labeled blood
(red arrows). Since the majority of the brain volume is composed of brain tissue, the control and label
images themselves will appear as low resolution anatomical images, whereas the subtraction image (AM)

is weighted for the magnetization difference between the control and label images, hence for perfusion.

One major caveat of the use of blood as an endogenous perfusion tracer, is that blood only forms 0-2%
of brain volume within an imaging voxel, the other 98% being stationary brain tissue . In addition, the
lifetime of the endogenous tracer is short: the inverted magnetization of the blood protons will return to
its original positive magnetization with a T1 relaxation time (abbreviated as T1). In the context of ASL,
T1 is defined as the time after which the inverted magnetization recovers to approximately 63% of its
original value. At 3T MRI, the T1 of blood is 1.65 s ***, whereas the T1 of tissue is even shorter (1.2's
for gray matter (GM), 0.9 s for white matter (WM)) *. For these reasons, the signal-to-noise ratio (SNR)
of ASL can be regarded as 50-100 times as small as the SNR of conventional anatomical MRI *. In
order to account for this low SNR, ASL experiments - 8 seconds for a single control-label pair (in case
of a 2D EPI readout) - are typically repeated 20-40 times and the image resolution is kept low (in each

dimension, ASL voxels are typically 3-4 times as large as anatomical MRI voxels) *"*".
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Chapter 1 General introduction and outline

Reproducibility

Before any new measurement method can be applied clinically or in clinical research *>®, it is important

619 Accuracy states how close the mean of all

to assess its accuracy and precision (Figure 6)
measurements is to the "real" value. High accuracy is also referred to as low offset, bias or low
systematic error. Precision, on the other hand, states how close each individual measurement is to the
mean of all measurements. High precision is also referred to as low variation. In other words, the
accuracy concerns a comparison of the means of all measurements from two different ASL sequences,
preferably in comparison to a gold standard measurement, whereas the precision concerns a comparison

of the variation between the measurements within one ASL sequence and the variation between

measurements within another ASL sequence.

Likewise, if we perform repeated measurement sessions with different methods, we can compare
between methods either 1) the mean of the repeated measurements - analogous to accuracy - or 2) the
variation between the repeated measurements - analogous to precision. To this end, we can compare
multiple measurements of baseline resting CBF values, assuming that the effects of perfusion modifiers
are randomly divided across different the measurement sessions °“”. In addition, it is of interest to
compare the mean and variation of a perfusion change - which is the outcome variable of many clinical

and psychopharmacological perfusion studies ™ ™

. For the assessment of reproducibility in healthy
volunteers, finger tapping can be considered a first choice fMRI task because is it easily performed and
highly validated, whereas caffeine can be considered a convenient drug for reproducibility assessments

because of its large whole-brain effect, wide availability and socially and medical-ethically accepted status.

17



Chapter 1 General introduction and outline

Low accuracy Low accuracy
Low precision High precision

High accuracy High accuracy
Low precision High precision

Figure 6. Four situations with different combinations of high or low accuracy and/or precision.

Sources of variability

Two main components of variability of ASI-based CBF measurements can be distinguished:
measurement noise and perfusion fluctuations °. Measurement noise can be considered the first and
most important to deal with, especially since the temporal SNR of ASL is intrinsically low. Because the
temporal SNR of ASL is proportional to CBF, the reproducibility of ASL can vary significantly between
patients and between different brain regions. In patients with high CBF - such as children - SNR
optimizations may have low priority . On the other hand, in patients with low CBF - such as elderly
with cerebrovascular or neurodegenerative disease - it is important to focus on improving SNR of ASL.
Factors that can improve the SNR of ASL - and consequently its reproducibility - can be subdivided into
MRI scanner hardware (including field strength and head coil design) and sequence optimization

(including higher labeling efficiency or efficient readout strategies, as discussed below) .

The relative influence of the perfusion fluctuations component increases as ASL technology advances
and becomes increasingly robust - especially since averaging several voxels within a region of interest
(ROI) - which is referred to as spatial averaging - can decrease the measurement noise. This follows
from the assumption that the actual mean CBF within a ROI is constant but the variability between
different voxels within a ROI is high because of the low SNR of ASL. In this case, the contribution of
the measurement noise to the variability of CBF values can be greatly decreased by averaging CBF-

74,75

values of multiple voxels within an ROI. Since long-term perfusion fluctuations are relatively large ™ ,

these can easily dominate the variability for a large ROI such as the total GM ** ®> " 7", Hence, if the

18



Chapter 1 General introduction and outline

variability differs between different head coils or ASL readouts, this difference may be clearly apparent
on an individual voxel level but much less when multiple voxels within a large ROI are averaged for a

mean CBF value.

Confounding effect of transit time

"Conventional" ASL sequences that are commonly used in clinical research employ a single time point at
which the readout is performed, directly following the PLD (Figure 4) *’. With a single time point ASL
experiment, the validity of the measurement relies on the assumption that all the labeled blood has
reached the brain tissue or its capillaries within the imaging voxel after the PLD ** ™. If the label has not
arrived in the imaging voxel at the time of imaging, the CBF will be underestimated. Paradoxically, if the
label has already arrived in the imaging voxel but still resides within large blood vessels and has not
arrived in the tissue or its capillaries yet, CBF will be overestimated. This is the consequence of the
differences in T1 between blood and static tissue (GM or WM): when the label has not arrived in brain
tissue yet, it has decayed slower than label that has already been in brain tissue for a period of time
(Figure 7). Therefore, the time it takes for the labeled blood to travel to the tissue - which is called transit
time (T'T), also known as arrival time - can have a large effect on the quantification of ASL.-based CBF
values > it may introduce a bias (systematically under- or over-estimating CBF) or it may contribute to

the variability of the measurement */.

Since TTs are similar to the T1 of blood on 3T MRI and the label signal decays exponentially (Figure 7),
the selection of labeling duration and PLD can have a major effect on the accuracy and precision of the
ASL measurement ”. E.g., if TT is short, the labeled blood has resided longer in the tissue and more
signal will have decayed at the time of the readout, compared to if it had been residing in blood vessels
only in case of a long T'T (Figure 7). Although a-priori assumptions of T'T can be inferred from literature
% these may still vary within- and between populations ** *'. Therefore, the measurement of TT in
addition to CBF may improve the accuracy and precision of ASL-based CBF values. In addition, there
may be situations in which TT values carry information additional to - or even more important than -

CBF values alone **®.

Although this may not always be the case, a good rule of thumb is that TTs are inversely proportional to
CBF * %, In GM, TT is generally lower and CBF generally higher compared to TT and CBF in WM
tissue *> *. Children have shorter TT and higher CBF than adults ”, perhaps to compensate for their
increased brain metabolism during brain development. Moreover, in children with sickle cell disease

(SCD), TTs are even shorter and CBF even higher to compensate for their anemia. This can be visually
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Chapter 1 General introduction and outline

appreciated on the perfusion-weighted images in children, where label has already arrived in the sagittal
and transverse sinus at the readout time point . In contrast, elderly with neurodegenerative or
cerebrovascular disease, have longer TTs and lower CBF, which may be the consequence of the extra-
cranial and cerebral arteries becoming more tortuous (hence prolonging TT) *. In addition, perfusion

modifiers such as drugs (e.g. caffeine) ™ or neuronal activation (e.g. finger tapping) *°"”

also modify
TT. Therefore, it is important to take into account that TT differences may add to the bias and
variability of CBF values measured by a single time point ASL sequence ¢. For these reasons, several
methods have been developed to measure TT using ASL > and current efforts are focused on
developing a simultaneous measurement of CBF and TT without SNR penalty for the single time point

CBF measurement .

Parameter Value

GM CBF children with SCD 80-100 mI./100g/min
GM CBF children 60-80 mlL/100g/min
GM CBF adults 50-60 mlI./100g/min
GM CBF eldetly 40-50 ml./100g/min
GM CBF elderly with cognitive decline 30-40 mL/100g/min
WM CBF 15-20 mL./100g/min
T1 blood 1650 ms

T1 GM tissue 1240 ms

T1 WM tissue 900 ms

Table 1 provides an impression of the range of gray matter (GM) cerebral blood flow (CBF)-values that
can be expected in different populations. For the white matter (WM), a single range is shown, since this
value does not differ much between populations ", and is not reported as frequently as GM CBF-values.
These CBF-values are typical values and may vary strongly with the employed ASL and quantification

techniques.
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Figure 7. Schematic view of label signal evolution. Consider a typical ASL experiment with a 3D
readout, 1800 ms labeling duration and 1800 ms post-labeling delay **, in a healthy young volunteer with
a transit time of 1900 ms for a proximal voxel and 2700 ms for a distal voxel. The average blood water
proton is labeled at 900 ms (0.5 * labeling duration). This label will then have had 900 ms + 1800 = 2700
ms between labeling and readout. If the label would arrive in the distal voxel, its signal has decayed with
the T'1 of blood only (red line). If the label would arrive in the proximal voxel, the signal has decayed the
first 1900 ms with the T1 of blood and upon its arrival in tissue for another 800 ms with the T1 of GM

tissue (blue line).
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Pseudo-continuous labeling strategy

Since the inception of ASL in 1992, a plethora of labeling and readout strategies have been proposed 7,
Recently, a review has been published providing a consensus on the clinical application of single time
point ASL >, From all existing labeling strategies, pseudo-continuous ASL. (PCASL) has been selected as
the most robust and widely available labeling strategy for single time point ASL "> . This labeling
strategy relies upon continuous labeling - i.e. during a relatively long labeling duration - of blood flowing
through a relatively thin labeling plane (Figure 4). The prefix "pseudo” is added because in PCASL
labeling is not performed in a single continuous RF pulse but rather as a train of very short discrete RF
pulses (around 1000 Hz) ”. The effect and CBF quantification of PCASL can be regarded the same as
continuous labeling (CASL) but PCASL has several advantages compared to CASL, including higher
labeling efficiency and better compatibility with existing MRI hardware - as it requires no extra coil *>**
. An important disadvantage of PCASL - although this may also apply for ASL in general - is that the
1000 Hz labeling produces a sound that can be highly uncomfortable for patients. There have been
initiatives to adapt the PCASL sequence to produce more patient-friendly sounds, which can be
especially important for clinical research applications in which it is important that the subject lies still for

a prolonged period of time '”.

Readout strategies

Whereas most previous ASL expetiments have been performed with a 2D readout *" > such as 2D
gradient-echo echo-planar imaging (EPI), it has been agreed upon that a 3D readout - such as 3D fast-
spin echo stack-of-spirals - is preferable for clinical applications of ASL *. The main difference between
a 2D and 3D readout for whole-brain imaging, is that a 2D readout is composed of multiple sequential
single-slice readouts, whereas a 3D readout measures the magnetization in the whole brain at a single
time point (Figure 4a). One important difference between reading out the magnetization of the whole
brain at a single time point or ascendingly at sequential time points, is that the PLD is fixed for 3D
whereas it becomes longer for each slice that is being read out later in time in the case of a 2D readout
(Figure 4b). The main advantage of a 3D readout is its larger SNR compared to a 2D readout, translating
into higher reproducibility """, One of the main reasons why the SNR of a 3D readout is higher, is its

improved implementation of background suppression "',
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Background suppression

Ideally, the magnetization of stationary brain tissue is identical for the control and label experiments and
will not contribute to the perfusion-weighted values of the subtraction image. In practice this is not the
case, since the control and label experiments are performed at different time points and perfusion- and
MRI-related artifacts change in time '**. Differences in stationary brain tissue magnetization between
control and label images lead to subtraction errors that can be referred to as pseudo-perfusion '”’. One
of the largest subtraction errors is formed by head motion between the control and label scans, which
can be visually appreciated as a bright edge around the brain on the perfusion-weighted image ». Since
subtraction errors increase the noise of the mean perfusion-weighted image, the suppression of
background magnetization - i.e. the magnetization of stationary brain tissue - can greatly increase the

SNR of ASL *'*,

Background suppression minimizes the magnetization of stationary brain tissue during the readout. Since
the magnetization - and hence the signal - of stationary brain tissue does not have a stable value but
rather follows an exponential recovery curve ' (Figure 8), it is not feasible to alter the magnetization of
brain tissue in such a way that it is as low as possible at all time points in a multi-slice 2D readout '**. The
magnetization of brain tissue will be lowest in the caudal slices, but will recover to its original values as
more cranial slices are being readout later in time (Figure 8) '*’. Hence, background suppression is only
optimal for the first slice of a 2D readout, and suboptimal for the remaining superior slices. On the
other hand, for the single time point of a 3D whole-brain readout, the magnetization of stationary brain
tissue can be carefully altered by RF pulses to be as low as possible at the single readout time point '”.
Therefore, the efficiency of background suppression is optimal for the whole brain in 3D whereas a

standard 2D readout background suppression implementation is only optimal for a few caudal slices '™

"%, However, this suboptimal noise reduction is still considered preferable to no noise reduction *> %,
Since the accuracy and precision of ASL can suffer much from the intrinsically low SNR of ASL,
improvements of SNR are highly desirable. This is especially the case in clinical applications with long

TT and low CBF, such as in elderly with cerebrovascular or neurodegenerative disease '”'.
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Figure 8 demonstrates the effect of background suppression. a) shows its implementation for a pseudo-
continuous labeling module with a multi-slice 2D readout and the resulting evolution of tissue
magnetization over time for gray matter (GM), white matter (WM), blood and cerebrospinal fluid (CSF).
The second gray surface represents the readout phase during which all slices are consecutively readout,
during which the "background" tissue signal returns to its original positive magnetization, reducing the
background suppression level (b). This can be visually appreciated in (c), in which sagittal projections of
raw EPI images are shown with (BS, upper Figure) and without background suppression (NBS, lower

Figure). The bar below the picture indicates the signal intensity.

Spatial smoothing

An important disadvantage of a 3D readout module is its larger point spread function (PSF) *> ']

resulting in a higher degree of spatial smoothing compared to a 2D readout, as illustrated by Figure 9.
Other factors that can contribute to spatial smoothing include head motion and registration and

"% Furthermore, it is common practice to apply

interpolation errors in the post-processing stage
additional smoothing before statistical group analyses are carried out with ASL data '”. These origins of
spatial smoothing contribute to a lower effective spatial resolution. A degree of smoothing can be
desirable since it decreases random noise, similar to averaging multiple voxels ' Nevertheless,
considering the large perfusion differences between GM, WM and CSF tissue types, it is important to
restrict the amount of smoothing to retain information that is beneficial for post-processing (e.g. non-

%1% or for the detection of small focal CBF changes ', It should be noted that the

linear registration)
PSF of a 3D sequence can vary much between different implementations of 3D readouts "', Currently,

efforts are directed towards decreasing the PSF of 3D sequences 3,

Figure 9. Illustration of spatial smoothness differences in cerebral blood flow (CBF) data acquired in

the same subject with a 3D spiral (a) and 2D EPI (b) readout module, after post-processing and
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normalization to standard space. There is a clear difference in the visual differentiation between gray and
white matter CBF, which can be strongly reduced by smoothing the 2D EPI CBF map to the same
smoothness as the 3D spiral image (c). This illustrates how smoothing can be understood as a way of

"ironing out" differences between neighboring voxels. The color scale shows CBF-values between 0 and

100 mI./100g/min.

White matter perfusion

WM CBF may carry more information than GM CBF for certain pathologies ''*'"*. In the elderly, early
hemodynamic changes related to small vessel disease are frequently observed as white matter lesions
(WML) "> "', These lesions are thought to arise from a combination of focal and general perfusion
deficits, and it has been suggested that WM CBF can represent a micro-vascular biomarker to investigate
the interplay between aging and neurodegenerative and cerebrovascular pathology ''*. WML are
frequently observed on MRI scans in the elderly, and are regarded as clinically silent lesions, having no
direct neurological or cognitive consequence. Despite being clinically silent, WML are associated with
cognitive impairment and with an increased risk of neurodegenerative disease, stroke and even
mortality''"'*". Despite the vast interest in these lesions, the pathophysiology is still not well known '*"
' There may be similarities as well as differences in the pathophysiology of these lesions in various

diseases, including aging, cerebrovascular disease, neurodegeneration, multiple sclerosis (MS) or SCD '».

As most of the WM tissue lies at the end of the cerebrovascular tree, it has been postulated that transient
moments of low perfusion pressure may affect the WM perfusion more than the GM perfusion, which
lies more proximally in the vascular tree '**. Small vessel disease and WML are strongly correlated with
hypertension 2 The general hypothesis is that as hypertension becomes chronic, the cerebral auto-
regulation will adapt to chronically sustain higher perfusion pressures. This adapted autoregulation will
have a lower ability to respond to lower perfusion pressures, leaving patients more vulnerable to

transient moments of low perfusion pressure '**.

Despite the pathophysiological interest of WM CBF as an early micro-vascular marker of vascular
pathology """ the reliability of ASL in WM is relatively poor '*. Because of the long TT in the WM
(Figure 10), the majority of the signal will have decayed at the time of readout and the SNR of WM CBF
becomes very poor. However, with recent ASL advances it seems possible to measure WM CBF in the
majority of voxels with longer measurement times and preferably longer labeling duration and PLD ',
If CBF is averaged across the total WM ROI, SNR may even be sufficient for patient groups '**. Another
challenge for WM perfusion imaging is its close proximity to GM. Since the GM CBF is 3 to 4-fold as
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high and varies more than WM CBF, even minor contamination of WM signal by GM perfusion signal
can distort WM CBF measurements '*°. This is especially problematic considering the low spatial
resolution and various sources of smoothing in ASL . In a worst case scenatio, an apparent change in
WM CBF is nothing more than a change in GM CBF that has been detected in the WM because of

. . . 126
signal contamination .

Sickle cell disease

Children with SCD form a population in which WMLs occur at a low age "', Similar to WML in the
elderly, these WML have no direct clinical consequences and are referred to as silent cerebral infarcts
(SCIs), but are associated with progressive cognitive decline '** and increased stroke risk in the long-term
%14 SCD is a hereditary disorder in which hemoglobin is developed abnormally, leading to anemia due
to chronic hemolysis '*. In order to sustain brain metabolism - which is high in developing children ' -
CBF is elevated in these patients to compensate for their lower hemoglobin level. Because the higher
CBF of children with SCD translates to much higher SNR for ASL than in elderly patients 7, it is more
feasible to study WM CBF in patients with SCD than in elderly with low ASL SNR. Because not only
the WML but also the patterns of other cerebral lesions are similar in patients with SCD as in elderly

it has been suggested that the cerebrovascular pathophysiology in both

with small vessel disease
populations may have similarities as well. Therefore, the study of WM CBF in patients with SCD with
ASL may not only benefit the understanding of cerebrovascular pathology in SCD but may eventually

also improve the understanding of the pathophysiology of SVD '*.
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Figure 10. Schematic overview of the vasculature within one cerebral hemisphere, showing the route
blood travels to reach the white matter (WM), resulting in longer transit times for white matter than for

the gray matter (GM). Transit time is longest for regions prone to development of white matter lesion

(WML).
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Outline of this thesis

The overall aim of this thesis was to investigate the inter-vendor reproducibility of ASL sequences in
healthy volunteers at 3 Tesla (Part I) and to investigate its applicability for clinical research in several

patient populations (Part II).
Part I Inter-vendor reproducibility of ASL

Firstly, using the ASL product sequences of General Electric (GE) and Philips, the inter-vendor
reproducibility of ASL was investigated for baseline ASL measurements (Chapter 2), pharmacological
ASL (Chapter 3) and functional ASL (Chapter 4). Although it was known that the readout strategies of
these vendors were different, the question remained how different the results of these measurements
were in comparison to long-term physiological fluctuations of CBF. Secondly, the inter-vendor
reproducibility was assessed between GE, Philips and Siemens for nearly identical custom-made
sequences on three scanners from these major MRI vendors (Chapter 5). It was hypothesized that the
inter-vendor reproducibility was more comparable to the intra-vendor reproducibility for these near-

identical sequences in comparison to the abovementioned dissimilar ASL product sequences.
Part II Clinical research applications of ASL

The possibility to measure uncontaminated WM CBF in elderly patients with cognitive decline was
investigated in Chapter 6. It was hypothesized that a large part of WM voxels are contaminated by GM
CBF and that care is needed to isolate pure WM CBF signal. In Chapter 7, the feasibility of an
alternative ASL sequence was assessed in elderly patients with hypertension. This sequence acquires both
micro-vascular CBF and a mix of micro- and macro-vascular CBF, the ratio of which is inversely
proportional to micro-vascular TT. Although the SNR of this sequence may be too low on an individual
level, it was hypothesized that could be sufficient for group level analyses. In Chapter 8, the clinical
applicability of ASL to detect associations between CBF and WML was investigated in eldetly patients
with hypertension. It was hypothesized that WMLs were not only correlated to WM CBF but also to
GM CBF, reflecting widespread perfusion deficits rather than focally reduced perfusion within the
lesion. In Chapter 9, the clinical applicability of ASL to detect associations between CBF, WML and
hematological parameters was investigated in children with SCD. The aim was to investigate whether
ASL-based CBF measurements can help to estimate the contribution of endothelial dysfunction and

CBF insufficiency to the development of WML in children with SCD.
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Chapter 2 Inter-vendor reproducibility of PCASL at 3 T

Abstract

Purpose Prior to the implementation of arterial spin labeling (ASL) in clinical multi-center studies, it is
important to establish its status quo inter-vendor reproducibility. This study evaluates and compares the
intra- and inter-vendor reproducibility of pseudo-continuous ASL (pCASL) as clinically implemented by
GE and Philips.

Material and Methods 22 healthy volunteers were scanned twice on both a 3T GE and a 3T Philips
scanner. The main difference in implementation between the vendors was the readout module: spiral 3D
fast spin echo vs. 2D gradient-echo echo-planar imaging respectively. Mean and variation of cerebral
blood flow (CBF) were compared for the total gray matter (GM) and white matter (WM), and on a
voxel-level.

Results Whereas the mean GM CBF of both vendors was almost equal (p=1.0), the mean WM CBF was
significantly different (»p<0.01). The inter-vendor GM variation did not differ from the intra-vendor GM
variation (p=0.3 and p=0.5 for GE and Philips respectively). Spatial inter-vendor CBF and variation
differences were observed in several GM regions and in the WM.

Conclusion These results show that total GM CBF-values can be exchanged between vendors. For the
inter-vendor comparison of GM regions or WM, these results encourage further standardization of ASL

implementation among vendors.
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Introduction

Arterial spin labeling (ASL) is an emerging magnetic resonance imaging (MRI) perfusion modality that
enables non-invasive cerebral perfusion measurements. Since ASL is virtually harmless, not hampered by
the blood-brain barrier and enables absolute quantification of cerebral blood flow (CBF), it is an
attractive tool compared to other perfusion imaging modalities " °. Through several methodological
advances, ASL perfusion MRI has matured to the point where it can provide high quality whole-brain
perfusion images in only a few minutes of scanning . Its reproducibility has been established and its
CBF-maps are comparable with imaging methods based on exogenous tracers *'. ASL is commercially
available on all major MRI systems and clinical applications are under rapid development. ASL-based
CBF measurements are of clinical value in a number of cerebral pathologies, such as brain tumors,
cerebrovascular pathology, epilepsy and neurodegeneration ® °. Therefore, the initiation of large-scale
multi-center ASL studies is a next step to extend our understanding of the pathophysiology of many

common disorders.

However, it is essential to first establish the inter-vendor reproducibility of ASL ' "". One main obstacle
that impedes multi-center studies, is that fundamental differences exist between ASL implementations of
different vendors. Each MRI vendor has implemented a different labeling-readout combination, which
may seriously hamper the comparison of multi-vendor ASL.-data . Since each labeling and readout
strategy exhibits specific advantages and disadvantages, a substantial technical heterogeneity is
introduced . Therefore, it remains unclear to which degree ASIL-based CBF-maps from centers with
scanners of different vendors are comparable. The aim of the current study is to assess and compare the
intra- and inter-vendor reproducibility of pseudo-continuous ASL (pCASL) CBF measurements as

currently clinically implemented by two major vendors: i.e. GE and Philips.

Materials and Methods

Subject recruitment and study design

Twenty-two healthy volunteers (9 men, 13 women, mean age 22.6 *+ 2.1 (SD) years) were included. In
addition to standard MRI exclusion criteria, subjects with history of brain or psychiatric disease or use of
medication - except for oral contraceptives - were excluded. No consumption of vasomotor substances
such as alcohol, cigarettes, coffee, licorice and tea was allowed on the scan days. On the day prior to the

examination, alcohol and nicotine consumption was restricted to three units and cigarettes respectively.
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All subjects were scanned twice at two academic medical centers in the Netherlands: Erasmus MC -
University Medical Center Rotterdam (center 1) and Academic Medical Center Amsterdam (center 2).
The inter-session time interval was kept at 1-4 weeks. MRI experiments were performed on a 3T GE
scanner at center 1 (Discovery MR750, GE Healthcare, Milwaukee, W1, US) and on a 3T Philips scanner
at center 2 (Intera, Philips Healthcare, Best, the Netherlands), both equipped with an 8-channel head coil
(InVivo, Gainesville, FL, US). Foam padding inside the head coil was used to restrict head motion

during scanning ". Subjects were awake and had their eyes closed during all ASL. scans.

Ethics statement
All subjects provided written informed consent and the study was approved by the ethical review boards

of both centers.

Acquisition

Each scan session included a pCASL and 1 mm isotropic 3D T1-weighted scan for segmentation and
registration purposes. For the acquisition of a single time-point CBF-map, pCASL has become the
preferred labeling strategy because of its relatively high signal-to-noise ratio (SNR) and wide availability
across all platforms > . On both scanners we employed the clinically implemented pCASL protocols
that are currently used in clinical studies ' '°. Table 1 and Figure 1 summarize the protocol details and
show the timing diagrams for both sequences respectively. The main difference between the GE and
Philips implementations was the readout module: multi-shot spiral 3D fast spin-echo vs. single-shot 2D

gradient-echo echo-planar imaging respectively.

Post-processing: quantification

Matlab 7.12.0 (MathWorks, MA, USA) and Statistical Parametric Mapping (SPM) 8 (Wellcome Trust
Center for Neuroimaging, University College London, UK) were used for post-processing and statistical
analyses. For the Philips data, label and control pCASL images were pair-wise subtracted and averaged
to obtain perfusion-weighted images. For the GE data, the perfusion-weighted images as directly
provided by the scanner were used. Since the images as provided by GE did not incorporate motion
correction, this was not applied to the Philips data. The perfusion-weighted maps of both vendors were

quantified into CBF maps using a single compartment model >'":
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6000AMe" P T
2aainvMOaTia (1 - e_‘[/Tla )

CBF(mL/100g / min) = [1]

where AM represents the difference images between control and label and M, the equilibrium
magnetization of arterial blood. In Philips, AM was corrected for the transversal magnetization decay
time (T,*) of arterial blood (48 ms) during the 17 ms echo time (TE) by ¢™/™ ', PLD is the post-
labeling delay (1.525 s), T, is the longitudinal relaxation time of arterial blood (1.650 s), « is the labeling
efficiency (0.8), where «,, corrects for the decrease in labeling efficiency due to the 5 and 2 background
suppression pulses at GE (0.75) and Philips (0.83) respectively and 1 represents the labeling duration
(1.450 s and 1.650 s for GE and Philips respectively) """ The increase in label decay in the ascending
acquired 2D slices in Philips-data was accounted for. GE has, but Philips has not, implemented a
standard M -acquisition where proton density maps are obtained with a saturation recovery acquisition
using readout parameters identical to the ASL readout. These maps were converted to M, by the

tfollowing equation:

M, -—— 1P 2]

PR

1GM

where t, is the saturation recovery time (2 s), T, 1s the relaxation time of gray matter (GM) tissue (1.2

s) and Agy is the GM brain-blood water partition coefficient (0.9 mL/g) '>***. For the Philips data, a
single M,-value was used for all subjects. This value was obtained in a previous study with the same
center, scanner, head coil, pCASL protocol and a similar population (n=16, 56% M, age 20-24 years) **.
In short, cerebrospinal fluid T1 recovery curves were fitted on the control images of multiple time-point
pCASL measurements, with the same readout, without background suppression. The acquired M, was

converted to M, by multiplication with the blood water partition coefficient (0.76) and the density of

brain tissue (1.05 g/mlL) *>*. No difference was made between the quantification of GM and WM CBF.

Post-processing: spatial normalization

A single 3D T1-weighted anatomical scan from each scanner for each subject (n=44) was segmented
into GM and white matter (WM) tissue probability maps. All CBF maps were transformed into
anatomical space by a rigid-body registration on the GM tissue probability maps. The tissue probability
maps were spatially normalized using the Diffeomorphic Anatomical Registration analysis using

Exponentiated Lie algebra (DARTEL) algorithm, and the resulting normalization fields were applied to
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the CBF maps as well . Finally, all normalized images were spatially smoothed using an 8 x 8 x 8 mm

full-width-half-maximum Gaussian kernel, to minimize registration and interpolation errors.

Data analysis

All intra-vendor reproducibility analyses were based on a comparison of session 1 with session 2 within
each vendor (n=22). All inter-vendor reproducibility analyses were based on a comparison of GE
session 1 with Philips session 2, and GE session 2 with Philips session 1 (n=44). In this way, the
temporal physiological variation is expected to have an equal contribution to the intra- and inter-vendor
reproducibility. All reproducibility analyses were based on the mean CBF of the two sessions, and on the
mean and standard deviation of the paired inter-session CBF difference, denoted as ACBF and SD
respectively. The within-subject coefficient of variation (wsCV) - a normalized parameter of variation -

was defined as the ratio of SD 5p to the mean CBF of both sessions:

SD ACBF
meanCBF

wsCV =100%

Reproducibility was assessed on a total GM and WM level, and on a voxel-level.

Data analysis: total supratentorial GM and WM

Mean CBF-values of each session were obtained for the total supratentorial GM and WM. GM and WM
masks were obtained by thresholding GM and WM probability maps at 70% and 95% tissue
probabilities respectively. GM-WM CBF ratios were calculated individually. The significance of paired
inter-session CBF differences (ACBF) was tested with a paired two-tailed Student's t-test. The Levene's
test was used to test the significance of the difference between GE SD .y and Philips SD g, as well as
between the inter-vendor SD 5 and both intra-vendor SD . *. Limits of agreement - defining the

range in which 95% of future measurements is expected to lie - were defined as ACBF % 1.96 SD ;.

Data analysis: voxel-level comparison

To assess spatial inter-vendor differences, CBF- and wsCV-values were computed for each voxel. For
CBF, both sessions and all subjects were averaged. To test significant voxel-wise inter-vendor CBF
differences, a Bonferroni-corrected paired two-tailed Student's t-test was performed (using both
sessions, n=44). Individual histograms of CBF (25 bins, range 0-160 mL/100g/min) were averaged to

generate a group-level histogram. A wsCV histogram (25 bins, range 5-45%) was generated from the
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wsCV-maps. Both CBF and wsCV histograms were generated for the total supratentorial GM and WM

of each vendor. Statistical significance was set to p<<0.05 for all tests.
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GE Philips

Labeling module pseudo-continuous pseudo-continuous

Labeling pulse shape Hanning Hanning

Labeling pulse duration 0.5 ms 0.5 ms

Labeling pulse flip angle 23° 18°

Mean gradient strength 0.7 mT/m 0.6 mT/m

Maximal gradient strength 7 mT/m 6 mT/m

Labeling duration 1450 ms 1650 ms

Post-labeling delay (PLD) (initial) 1525 ms 1525 ms

PLD increase per slice n.a. 28.3 ms

PLD (average) 1525 ms 1770 ms

Labeling plane planning

Labeling plane distance*

Fixed 22 mm below lower edge

72 mm

89 mm below, parallel to AC-PC
line

89 mm

Readout module

Acquisition matrix

Field of view

Number of slices

Slice thickness

Acquisition voxel size (volume)
Reconstruction voxel size

Slice gap

Echo time/repetition time
Number of signal averages

Readout planning

Background suppression (n pulses)

Vascular crushing

Acquisition duration

3D fast spin-echo interleaved

stack-of-spirals

8 spirals x 512 sampling points
24 cm?

36

4 mm

3.8 x 3.8 x 4 mm (57.8 mm?)
1.9 x 1.9 x 4.0 mm

n.a.

10.5/4600 ms

3

True axial, lower edge fixed at
lower boundary pons

yes (5)

no

4:29 min

2D gradient-echo single-shot
echo-planar imaging
SENSE 2.5, CLEAR

80 x 80

24 cm?

17

7 mm

3.0 x 3.0 x 7.0 mm (63 mm?)
3.0x 3.0 x 7.0 mm

0 mm

17/4000 ms

33

Parallel to AC-PC line

yes (2)
no

4:33 min

Table 1 Acquisition protocols. *Labeling plane distance represents distance from the anterior commissure-posterior

commissute (ACPC) line in the head-feet direction 2. n.a. = not applicable
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a) GE sequence timing diagram
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b) Philips sequence timing diagram

Figure 1. Sequence timing diagrams of a) General Electric (GE) and b) Philips, shown at the same time

scale (ms). pCASL = pseudo-continuous arterial spin labeling, PLD = post-labeling delay.

Results

Session timing

The number of days between intra-vendor sessions did not differ between vendors: 18.3 + 6.5 and 19.7
+ 7.2 for GE and Philips respectively (independent sample Student's t-test, p=0.5). However, GE
session 1 and session 2 took place earlier in the day compared to the Philips sessions (15h26 + 4h00 and

15h55 * 3h34 compared to 20h16 = 2h06 and 19h47 * 2h38 respectively, p<0.01).

Total GM and WM

The intra- and inter-vendor statistics are summarized in Table 2 and visualized by the Bland-Altman
plots in Figure 2. GM CBF did not differ significantly between both vendors (p=1.0), but WM CBF did
(»<0.01). Likewise, the intra-vendor GM variances of the paired CBF differences did not differ between
the two vendors whereas the WM variances did (p=0.6 and p=0.02 respectively). The GM-WM CBF
ratios of both vendors differed significantly, the 2D readout (Philips) GM-WM ratio being
approximately twice as large as the ratio of the 3D readout (GE) (p<0.01). Both the GM and WM intra-

vendor wsCVs were similar to the inter-vendor wsCVs (Table 2), which is confirmed by the Levene's
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test. The variance of GM inter-vendor CBF differences did not differ significantly from the variance of

intra-vendor differences (p=0.3 and p=0.5 for GE and Philips respectively). For the WM, however, the

variance of inter-vendor CBF differences did differ significantly from the Philips variance but not from

the GE variance (p=0.02 and p=0.8 respectively).

GE CI CI inter- CI
(n=22) Philips (n=22) vendor (n=44)
GM mean CBF (mL./100g/min) 659 484 -+ 83.4 659 420 - 898 659 454 -- 864
GM ACBF -04 35 28 3.9 0.6 -~ 7.2 0.0 27 27
GM SD ¢ 7.1 48 -+ 94 7.5 51 98 8.9 7.0 -+ 10.9
GM lower LOA -143  -18.2 ---10.4 -10.7 -148 -+ -6.6 -17.5  -20.9 -+ -14.2
GM upper LOA 13.6 9.7 -~ 17.5 185 144 --226 175 14.2 -~ 209
GM wsCV (%) 10.8 6.2 --15.3 11.3 54172 136 9.8 -~ 173
WM mean CBF (mL/100g/min) 30.5  22.0 --39.0 15.4 91 --21.7 229 15.6 - 30.3
WM ACBF 0.6 22 - 1.0 1.0 0.1 - 20 150 14.0 -- 16.1
WM SD g 3.6 24 - 47 2.1 1.4 -+ 28 3.5 27 - 42
WM lower LOA 7.6 -9.6 -+ -5.7 -3.1 -43 -+ -2.0 8.3 7.0 =+ 9.6
WM upper LOA 6.4 44 -- 83 5.2 41 - 64 218 20.5 -+ 23.1
WM wsCV (%) 11.7 9.5 --13.9 13.8 122 --154 15.0 13.7 --16.4
GM-WM CBF ratio 2.2 1.9 -+ 25 4.3 34 - 52 29 24 -+ 34

Table 2 Inter-session statistics. Mean and ACBF represent the inter-session CBF mean and paired

difference respectively. The limits of agreement (LOA) represent ACBF * 1.96 standard deviation of the

paired difference (SD,.5r). CI = confidence interval, CBF = cerebral blood flow, GE = General

Electric, GM = gray matter, WM = white matter, wsCV = within-subject coefficient of variation.
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Figure 2. Bland-Altman plots. Intra-vendor a) GE (n=22) and b) Philips (n=22) and c) inter-vendor
(n=44) GM (red) and WM (blue) CBF differences are plotted against mean CBF. Continuous and
broken lines indicate mean difference and limits of agreement (mean difference = 1.96 standard
deviation of the paired difference) respectively. CBF= cerebral blood flow, GM=gray matter,

WM=white mattet.

Voxel-level comparison
Spatial CBF differences between GE and Philips are illustrated for a single subject and on group level in

Figure 3 and 4 respectively. The spatial wsCV distribution is shown in Figure 5. In addition, Figure 6
provides an overview of spatial CBF differences between subjects, sessions and vendors for a single
transversal slice. The main visual difference on all these maps was the homogeneity of GE compared to
the heterogeneity of Philips, especially in the WM and in the z-direction. More specifically, the contrast
between GM and WM was higher on the Philips CBF and wsCV-maps. Also within the GM, the CBF
was more heterogeneous on the Philips maps compared to the GE maps. A CBF decrease and wsCV
increase was observed in the posterior and superior regions on the GE maps and in the anterior-inferior
and superior regions on the Philips maps. The GM CBF histograms were comparable between vendors
(Figure 4d). The GE WM CBF histogram had a higher mean, but had the same shape as the Philips WM
CBF histogram. The wsCV histograms, on the other hand, were less comparable (Figure 5d). The spatial
GM wsCV distribution of Philips had a higher mean and was wider compared to GE. This difference in

mean and spread was even larger for the WM.
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Figure 3. Cerebral blood flow maps of a representative subject of GE (b) and Philips (c), as compared
to gray matter (GM) tissue probability map (a; for this example the GE 3D T1-weighted image was

used). Maps are registered, re-sliced, skull-stripped and shown in native space.
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Figure 4. Mean cerebral blood flow (CBF) maps of all subjects (n=22) are shown for GE (a) and Philips (b), averaged for both sessions. Voxel-wise
significant inter-vendor differences are visualized by a binary parametric map projected on the gray matter (GM) probability map (c). Red voxels

represent where GE < Philips, blue voxels represent where GE > Philips (Bonferroni corrected p<0.05). On the right, mean CBF histograms are

shown for the total GM and white matter (WM) (d).
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Figure 5. a) GE and b) Philips intra- and c) inter-vendor within-subject coefficient of variability (wsCV)-maps. d) wsCV histograms are shown on the

right for the total gray matter (GM) and white matter (WM).
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Figure 6. Single transversal cerebral blood flow slice of all subjects (n=22) for GE (upper quadrants)

Subject 1

and Philips (lower quadrants), session 1 (left quadrants) and session 2 (right quadrants), after spatial

normalization.

Discussion

The most important result of this study is that - despite several voxel-wise differences between vendors -
there were no inter-vendor differences in mean CBF or wsCV on a total GM level. This can be
explained by the fact that the variation between the sessions can for a large part be attributed to
physiological factors, as was previously noted in single-vendor reproducibility studies ' *'. For clinical
studies that focus on the GM in total, it may therefore be more important to minimize and account for

physiological variation than to account for inter-vendor differences in ASL implementation.
A different picture arises for smaller GM regions or for the total WM. We observed several spatial
differences between vendors which can mainly be explained by differences in the readout module. The

most visually striking inter-vendor difference on all CBF- and wsCV-maps was in the WM. The GM-
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WM CBEF ratio of the 2D readout (Philips) was twice as large as the ratio of the 3D readout (GE), which
is in agreement with a previous readout comparison on a single Siemens scanner “. This can be
explained by the larger extent of spatial smoothing of a spiral 3D readout (GE) compared to the 2D
readout (Philips), which leads to more contamination of the GM signal into the WM and vice versa.
Therefore, a 2D readout seems most suitable when the goal is to acquire uncontaminated GM or WM

CBF — although the ability of ASL to measure WM CBF is debatable due to the long transit time of WM

32

This difference in spatial smoothing may also explain the homogeneous GM appearance of the mean
CBF and wsCV maps acquired with GE as compared to the more heterogeneous appearance of those
acquired with Philips. In addition, it may explain the significant inter-vendor CBF difference within the
subcortical GM since this area is surrounded by WM and therefore suffers more from smoothing with
WM signal in GE (Figure 4c). Another explanation for the smaller spatial variation of GE, is its higher
SNR compared to Philips. The SNR at GE is most probably higher because of the intrinsically high
SNR of a 3D readout and because background suppression is more efficient for a single-volume readout
as compared to a multi-slice readout “. In addition, parallel imaging was not available in the GE
sequence, but was turned on in the Philips sequence. To what extent the heterogeneous appearance of
the Philips CBF maps has a physiological origin or is rather the result of a too low SNR, cannot be

differentiated with these data.

In regions with long arrival times - i.e. the posterior vascular territory and posterior watershed area -
lower CBF and higher wsCV was observed in GE but not in Philips (Figures 4 and 5) °. This inter-
vendor difference can be explained by differences in the effective post-labeling delay (PLD) between the
readouts, even though both acquisitions had the same initial PLD (1525 ms). Whereas the 3D readout
obtains all ASL signal for the total 3D volume at a single time-point - i.e. after 1525 ms PLD - the 2D
readout obtains signal from each slice sequentially. With this multi-slice acquisition, each slice exhibits a
longer effective PLD compared to its previous slice. This inferior-superior PLD increase of the 2D
readout (Philips) allows the labeled blood more time to reach the superior slices compared to the
homogeneous PLD of the 3D readout (GE). Therefore, the PLD may have been too short for the label
to reach the superior slices in 3D (GE), whereas the effective PLD for the superior slices in 2D (Philips)
was sufficient. These inter-vendor CBF differences and higher wsCV for GE in superior regions with

long transit times are probably resolved by selecting a longer PLD for the 3D readout, such as 2000 ms

3
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Other prominent spatial inter-vendor CBF (Figure 4) and wsCV (Figure 5) differences were observed on
the brain edges. We observed higher CBF and lower wsCV in anterior and inferior regions in Philips but
not in GE. The prominent inferior CBF and wsCV differences (Figure 4c and Figure 5¢) are partly due
to the fact that these slices were simply not acquired by the 2D readout (Philips). With a 2D sequence, it
is common practice to scan cerebral slices only as well as to optimize the PLD, T1 decay and
background suppression for the cerebral slices. These issues do not apply for a 3D sequence, whose 3D
slab usually has whole-brain coverage. The differences in the other areas can be explained by
susceptibility artifacts from bone-air transitions at the paranasal sinuses and mastoid air cells present in
the gradient-echo T2*-weighted readout implemented by Philips ». In addition, it is expected that the
echo-planar imaging readout (Philips) exhibits geometric distortion in these regions . The T2-weighted
spin-echo readout employed by GE is much less sensitive to these artifacts, in comparison to the
gradient-echo readout employed by Philips. For these reasons, a 3D readout is superior in regions such
as the orbito-frontal lobe and cerebellum compared to a 2D readout. This especially favors the use of a
3D readout for clinical applications of ASL, since pathologies in these regions could remain undetected

34-36
on a 2D readout .

A limitation of the current study is that we did not acquire spatial M,-maps with the same readout in
Philips. By employing a voxel-wise normalization of the ASL-signal, these maps would have opposed the
T, susceptibility effects, since these will be approximately equally large for the AM and M,-map.
Therefore, Philips spatial M,,-maps could have improved quantification in regions of air-tissue
transitions, which may have diminished the inter-vendor variation to a certain extent. However, the
added value of spatial M,-maps is limited since they cannot improve the lower SNR of the gradient-echo
readout (Philips) near the air-tissue transitions. Therefore, the inter-vendor reproducibility in these

regions is expected to remain low.

The current study may also be limited by the inter-vendor calibration of quantification parameters. These
may remain arbitrary, mostly because they have been derived from simulations rather than
measurements. One example is the inter-vendor differences in labeling efficiency due to a different
number of background suppression pulses (5 and 2 for GE and Philips respectively) *'. One way to deal

20 .
. However, this

with this is to scale to a phase-contrast MRI sequence of the main feeding arteries
would shift the inter-vendor CBF variation from the ASIL-sequence towards the phase-contrast MRI

measurements.
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Inter-vendor CBF and wsCV differences were observed on a voxel-level but not on the total GM level.
Apparently, the effects of the abovementioned readout differences do cancel out when sufficient GM
voxels are averaged. There are several explanations for this observation. First, the higher SNR of the 3D
module may be important on a voxel-level, but if sufficient GM voxels are averaged physiological
variation seems to outnumber the SNR differences between the readout modules. Second, the
smoothing of the GE 3D readout averages signal from multiple GM voxels which increases SNR and
subsequently decreases the wsCV within a single voxel. This effect is similar to averaging signal from
multiple GM voxels of the 2D readout in post-processing. Therefore, this difference of spatial signal
averaging between both readouts becomes apparent on a voxel-level but is negligible when all GM

voxels are averaged.

It should be acknowledged that this study evaluated healthy controls only. The abovementioned inter-
vendor readout differences could become more or less important in patients, considering the different
spatial CBF wvariation in patients compared to healthy controls. Furthermore, these inter-vendor
differences should not be generalized to all MRI vendors. Visual readout differences between GE and

Siemens, who both use a 3D approach, may be smaller than the readout differences in the current study

13

In conclusion, the current study shows that pCASL results do not differ between vendors on a total GM
level. Therefore, the reliability of averaged CBF-values for the total GM can be expected to be equal in
single- and multi-vendor studies. However, the reliability of measurements in GM regions or in the WM,
is impeded by differences between the readout modules of both vendors. Therefore, our results strongly
encourage the standardization of ASL implementations among vendors, which was also advocated by

the recent ASL consensus paper 3,
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Abstract

Object The current study assesses the multi-center feasibility of pharmacological arterial spin labeling
(ASL) by comparing a caffeine-induced relative cerebral blood flow decrease (%CBF|) measured with
two pseudo-continuous ASL sequences as provided by two major vendors.

Material and Methods Twenty-two healthy volunteers were scanned twice with both a 3D spiral (GE) and a
2D EPI (Philips) sequence. The inter-session reproducibility was evaluated by comparisons of the mean
and within-subject coefficient of variability (wsCV) of the %CBF|, both for the total cerebral gray
matter and on a voxel level.

Results The %CBF| was larger when measured with the 3D spiral sequence (23.9% % 5.9%) than when
measured with the 2D EPI sequence (19.2% * 5.6%) on a total gray matter level (p=0.02), and on a
voxel level in the posterior watershed area (p<<0.001). There was no difference between the gray matter
wsCV of the 3D spiral (57.3%) and 2D EPI sequence (66.7%, p=0.3), whereas on a voxel level the
wsCV was visibly different between the sequences.

Conclusion The observed differences between ASL sequences of both vendors can be explained by
differences in the employed readout modules. These differences may seriously hamper multi-center

pharmacological ASL, which strongly encourages standardization of ASL implementations.
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Introduction

Pharmacological magnetic resonance imaging (phMRI) is increasingly used as a tool to study
hemodynamic changes in response to a pharmaceutical substance '. Cerebral blood flow (CBF) as a
marker of drug effects has potential use at various stages of human drug research and may even enable

to monitor or predict therapeutic efficacy *°.

Arterial spin labeling (ASL) is an attractive MRI perfusion modality that exhibits several advantages
compared to modalities that have previously been used to study pharmacological effects on the brain *.
The use of blood as an endogenous perfusion tracer renders ASL non-invasive, making it preferable to
modalities based on exogenous tracers such as positron emission tomography (PET) °. Because ASL is
based on a subtraction method, scanner signal drift is cancelled out, which renders ASL preferable to
blood-oxygen-level-dependent (BOLD) pharmacological MRI for the study of longitudinal changes *.
Moreover, ASL enables absolute CBF quantification as compared to the complex contrast provided by
BOLD. This exact quantification is a key advantage of ASL for the assessment of drug effects on CBF

during both resting and task activation states *

Through several methodological advances, ASL perfusion MRI has matured to the point where it can
provide whole brain perfusion images in only a few minutes of scanning °. The reproducibility of
baseline measurements has been thoroughly assessed and initial pharmacological ASL. (phASL) results
are promising '’. Therefore, the initiation of large-scale multi-center pharmacological ASL (phASL)

trials is the next step to extend our understanding of the effects of drugs on cerebral hemodynamics *.

One main obstacle that may impede multi-center studies, is that fundamental differences exist between
ASL implementations of different vendors ', It is currently unknown to what extent these differences
limit the interpretation and/or power of phASL. Therefore, we petformed a multi-vendor
reproducibility study in which we employed caffeine as a pharmacological challenge, of which the

baseline results have been reported elsewhere 3

Caffeine is an adenosine antagonist that not only acts as a neuro-stimulant (adenosine Al) but is also a
strong vasoconstrictor (adenosine A2), reducing CBF by 13-30% '* "°. Furthermore, caffeine is one of

the most socially accepted and widely consumed neuro-stimulants in the world, which facilitates its use
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in explorative studies in healthy volunteers '*'". For these reasons, caffeine has been the research topic
in many pharmacological MRI studies and can be considered a first choice challenge to gain knowledge

and experience with phASL *,

The current study assesses the inter-session reproducibility of a caffeine-induced CBF decrease as
measured with pseudo-continuous ASL (pCASL) and compares this reproducibility between the
different pCASL sequences of two MRI vendors. The mean and variation of the CBF decrease are
compared on a total GM level and on a voxel level, to compare the reproducibility of phASL between
the sequences on a global and on a spatial level. In addition, the obtained reproducibility measures are

employed in a sample size calculation to illustrate their implications for future phASL studies.

Materials and Methods

Subject recruitment

Twenty-two healthy volunteers (9 men, 13 women, mean age 22.6 * 2.1 years standard deviation (SD))
were included. All subjects provided written informed consent and the study was approved by the
institutional review boards of both centers. In addition to standard MRI exclusion criteria, subjects with
a history of neurologic or psychiatric disease or the use of prescription medication (except for oral
contraceptives) were excluded. No consumption of vasoactive substances such as alcohol, cigarettes,
coffee, licorice and tea was allowed on the scan days. On the day prior to the examination, alcohol and

nicotine consumption was restricted to three units and cigarettes respectively.

Ethical standards
All subjects provided written informed consent and the study was approved by the institutional review
boards of both centers. The current study has been performed in accordance with the ethical standards

laid down in the 1964 Declaration of Helsinki and its later amendments.

Study design
Figure 1 provides a schematic overview of the study design. All subjects were scanned twice at two
academic medical centers in the Netherlands. MRI experiments were performed at center 1 on a 3T GE

scanner (Discovery MR750, GE Healthcare, Milwaukee, W1, US) and at center 2 on a 3T Philips scanner
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(Intera, Philips Healthcare, Best, the Netherlands), both equipped with an 8—channel head coil (InVivo,
Gainesville, Fl, US), in random order to avoid order effects. The inter-session time interval was kept at
1-4 weeks. pCASL scans were performed before and 30 minutes after the oral intake of four 50 mg
caffeine tablets , from a single preparation batch from a single supplier (Fagron, Capelle aan den IJssel,
The Netherlands). This resulted in an average administrated dose of 2.9 * 0.4 mg/kg at an average
subject weight of 69.2 £ 9.6 kg. For the intake of caffeine, subjects were removed from the scanner
gantry, remained seated on the scanner couch and were returned in the scanner gantry after which
localizer and reference scans were repeated. Care was taken to keep the head position in relation to the

coil as identical as possible. Foam padding was used to restrict head motion during scanning.

1< A< 4 weeks
Session 1 < > Session 2

A1 week A 1 week
GE <———> Philips GE <———> Philips
pre-caf ASL pre-caf ASL pre-caf ASL pre-caf ASL
Caffeine Caffeine Caffeine Caffeine
intake intake intake intake
30 min 30 min 30 min 30 min
post-caf ASL post-caf ASL post-caf ASL post-caf ASL

Figure 1. A schematic view of the study design. ASL = arterial spin labeling, caf = caffeine, A = inter-

session time difference.

Acquisition

Each scan session included a pCASL and a 1 mm’ isotropic 3D T1-weighted scan for segmentation,
registration and normalization purposes. On both scanners we employed the standard clinical pCASL
protocols as provided by the vendors, which are currently used in clinical research ' . Table 1

summarizes the similarities and differences between the two pCASL protocols. The main difference
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between the pCASL sequences implemented by GE and Philips is the readout module: multi-shot spiral

3D fast spin-echo versus single-shot 2D gradient-echo echo-planar imaging (EPI) respectively.

3D spiral sequence

2D EPI sequence

Labeling module

Labeling pulse shape
Labeling pulse duration
Labeling pulse flip angle
Mean gradient strength
Maximal gradient strength
Labeling duration
Post-labeling delay (PLD) (initial)
PLD increase per slice
PLD (average)

Labeling plane planning

Labeling plane distance*

pseudo-continuous
Hanning

0.5 ms

23°

0.7 mT/m

7 mT/m

1450 ms

1525 ms

n.a.

1525 ms

Fixed 22 mm below lower edge

72 mm

pseudo-continuous
Hanning

0.5 ms

18°

0.6 mT/m

6 mT/m

1650 ms

1525 ms

28.3 ms

1770 ms

89 mm below, parallel to AC-PC
line

89 mm

Readout module

Acquisition matrix

Field of view

Number of slices

Slice thickness

Acquisition voxel size (volume)
Reconstruction voxel size

Slice gap

Echo time/repetition time
Number of signal averages

Readout planning

Background suppression (n pulses)

Vascular crushing

Acquisition duration

3D fast spin-echo interleaved

stack-of-spirals

8 spirals x 512 sampling points
24 cm?

36

4 mm

3.8x3.8x4 mm (57.8 mm?)
1.9 x 1.9 x 4.0 mm

n.a.

10.5/4600 ms

3

True axial, lower edge fixed at lower

boundary pons
yes (5)
no

4:29 min

2D gradient-echo single-shot echo-

planar imaging
SENSE 2.5, CLEAR
80 x 80

24 cm?

17

7 mm

3.0x 3.0 x 7.0 mm (63 mm?)
3.0x3.0x 7.0 mm

0 mm

17/4000 ms

33

Parallel to AC-PC line

yes ()
no

4:33 min

Table 1 Acquisition protocols. *Labeling plane distance represents distance from the anterior commissure-posterior

commissure (ACPC) line in the head-feet direction 2!. n.a. = not applicable
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CBF quantification

Matlab 7.12.0 (MathWorks, MA, USA) and Statistical Parametric Mapping (SPM) 8 (Wellcome Trust
Center for Neuroimaging, University College London, UK) were used for post-processing and statistical
analyses. For the 2D EPI data, label and control pCASL images were pair-wise subtracted and averaged
to obtain perfusion-weighted images. For the 3D spiral data, the perfusion-weighted images as directly
provided by the scanner were used. Since the 3D spiral data did not incorporate motion correction, this
was also not applied to the 2D EPI data. The quantification of CBF from the acquired perfusion-

weighted scans was based on a single compartment model “:

6000AMe P/ Tia
M, T, (1-e""M)

CBF(mL/100g / min) =
200

where AM represents the difference images between control and label and M, the equilibrium
magnetization of arterial blood. PLD is the post-label delay (1.525 s), T, is the longitudinal relaxation
time of arterial blood (1.650 s), « is the labeling efficiency (0.8), where o, corrects for the decrease in
labeling efficiency due to the 5 and 2 background suppression pulses for the 3D spiral (0.75) and the 2D
EPI sequence (0.83) respectively and t represents the labeling duration (1.450 s and 1.650 s for 3D spiral
and 2D EPI respectively) ***. The inferior-superior increase in post-label delay in the 2D EPI multi-slice
data was accounted for. GE has, but Philips has not, implemented a standard M -acquisition where

proton density (PD) maps are obtained with a saturation recovery acquisition using readout parameters

identical to the ASL readout. These maps were converted to M, by the following equation:

My, =P 2

a “Lsar

ﬂGM (1 - eTlGM )

where t, is the saturation recovery time (2 s), T, is the relaxation time of gray matter (GM) tissue (1.2

s) and Agy, is the GM brain-blood water pattition coefficient (0.9 mL./g) ***'. For the 2D EPI data, a
single M,-value was used for all subjects. This value was obtained in a previous study within the same
center, with the same scanner, head coil, pCASL protocol and a similar population (n=16, 56% M, age
20-24 years), by fitting cerebrospinal fluid T1 recovery curves on the control images of multiple time-

point pCASL measurements . M, was converted to M, by multiplication with the blood water
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pattition coefficient (0.76), the density of brain tissue (1.05 g/mL) and by cotrection for the transversal

magnetization decay time (T',*) of arterial blood (48 ms) during the 17 ms echo time (TE) by ¢/ %

27

Spatial normalization

A single 3D T1-weighted anatomical scan from each scanner for each subject (n=44) was segmented
into GM and white matter tissue probability maps. All CBF maps were transformed into anatomical
space by a rigid-body registration to the GM tissue probability maps. The tissue probability maps were
spatially normalized using the Diffeomorphic Anatomical Registration analysis using Exponentiated Lie
algebra (DARTEL) algorithm *. The resulting normalization fields were then applied to the CBF maps

as well.

Statistics
Reproducibility parameters
The inter-session intra-vendor reproducibility was evaluated by a comparison of the relative CBF

decrease (%CBF|) of session 1 with %CBF| of session 2 (n=22). %CBF| was defined as:

CBF, —CBF,
%CBF 1=100%—2 z 3]
CBF

pre

where CBF  and CBF  represent the CBF maps acquired before and 30 minutes after caffeine intake

post
respectively. Reproducibility analyses were based on the mean %CBF| of the sessions (i.e. the measured
phASL effect), and on the standard deviation (SD) of the inter-session difference (A, cpr;) in %CBF]
(SDA, gy, i-e. the variation of the phASL effect). The within-subject coefficient of variability (wsCV), a

normalized parameter of variation, was defined as the ratio of SDA, g, to the mean %CBF| of both

sessions.

Total cerebral GM
To assess global differences in the phASL effect between both sequences, mean %CBF| was calculated
for the total cerebral GM (tissue probability thresholded >70%), for each single session separately and

for both sessions averaged. The %CBF| of each session and the differences between sessions (A, cgg)
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were tested for normality using the Shapiro-Wilk test. A paired two-tailed Student's t-test was used to
test whether the %CBF| (both sessions pooled, n=44) and whether the intra-session A, g (n=22)
differed between the sequences. The Levene's test was used to test whether there was an inter-sequence
difference in SDA,,cpr,. Limits of agreement were defined as A, cpr; £ 1.96 SDA, 5, ¥ To compare
results with previous ASL reproducibility studies, the absolute cerebral GM CBF decrease was calculated

as well.

Spatial comparison

To assess spatial phASL differences between both sequences, both %CBF|- and wsCV-values were
computed for each cerebral GM voxel. To test in which voxels the %0CBF| was different from 0, a two-
tailed t-test was performed on the %CBF| maps of each session. To test in which voxels the %CBF]
differed between the sequences, a two-tailed t-test was performed for both sessions pooled per vendor
(n=44). To be sensitive for subtle differences between sequences, statistical significance was not defined
strictly (»p<0.001, not corrected for multiple comparisons). Individual histograms of the %CBF| maps
(50 bins, range -30-60%) were averaged to generate a group-level histogram of each session. Histograms
were generated from the wsCV-maps (40 bins, range 0-150%). Both %CBF| and wsCV histograms
were generated for the total cerebral GM. To investigate the effect of differences in data smoothness
between the 3D spiral and 2D EPI sequences, the 2D EPI data were smoothed with an anisotropic
Gaussian kernel to achieve the same smoothness as the 3D spiral data. Data smoothness was estimated
with SPM according to a previously described method *. %CBF| and wsCV maps and histograms were

also generated from these smoothed 2D EPI data.

Sample size calculation for future studies

The cerebral GM SDA,, ., from the data of both vendors were used to calculate the required sample
size (n) for future phASL studies. Calculations were performed for a within-subject cross-over
experimental design with a desired effect size of 15%. This effect size was chosen in a previous study
that determined the sample size for ASL baseline studies *'. Two sample sizes were calculated, to detect
1) a 15% CBF decrease caused by caffeine and 2) a 15% change in the caffeine-induced %CBF|. A study
design example where the second calculation would be applicable, is to test whether a caffeine-induced

%CBF| changes if the measurement is repeated with a different condition (e.g. with a different drug
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dose). For a one-tailed t-test in which we have a hypothesis about the direction of the CBF change (CBF

is expected to decrease with caffeine) the following equation applies:

SDAv%csF
n=Z_,, +Zl—ﬂ)2( . )2 [4]
effect _size

where Z,,, is the Z-value related to the significance level (p<0.05), Z,, the Z-value corresponding to
the detection power (80%) and SDA,, 4 is used for the SD in the sample size calculation of a within-

subject design *'. 15% of the mean baseline CBF and 15% of the mean %CBF| from both vendors were

used as effect size for the first and second sample size calculation respectively.

Results

Total GM

The inter-session statistics are summarized in Table 2 and visualized in Bland-Altman plots in Figure 2.
For both vendors, the %CBF| of both sessions and the inter-session A, cyr were normally distributed
according to the Shapiro-Wilk test. The mean %CBF | measured with 3D spiral was larger than the mean
%CBF| measured with 2D EPI (p=0.02). The Ay (p=0.3) and SDA, g (p=0.3) did not differ
between both vendors, resulting in similar wsCVs (57.3% and 66.7% for 3D spiral and 2D EPI

respectively).

The mean absolute CBF decrease was 15.9 £ 5.1 and 13.1 £ 6.5 mL./100g/min for the 3D spiral and 2D
EPI data respectively. The SD of the inter-session difference of the absolute CBF decrease was 9.5 and

8.7 mI./100g/min for the 3D spiral and 2D EPI data respectively.
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3D spiral Cl 2D EPI CI
(n=22) (n=22)

%CBF| session 1 (%) * 214 -0.8 -+ 43.6 18.8 34-- 342
%CBF| session 2 (%) * 264 11.1-- 418 19.6 -1.0-- 40.2

Mean %CBF| (%) * 239 103+ 375 192 60 324
Auypr, (%) 5.0 11 111 0.8 49+ 64
SDA,, i, (%) 13.7 93+~ 181 128 87+ 169
Lower LOA (%) 218 293143 -244  314--173
Upper LOA (%) 319 244 394 259 189 329
wsCV (%) 573 519+ 627 667 617+ 718

Table 2. Inter-session statistics. Inter-session statistics for the total cerebral gray matter, as illustrated in
the Bland-Altman plots in Figure 2. Values represent mean and difference of mean %CBF| of both
sessions respectively. %CBF | = relative cerebral blood flow decrease, wsCV = within-subject coefficient
of variability. Asterisk (*) denotes significant (p<0.05) difference between sequences. The limits of
agreement (LOA) represent Ay,cpp; £1.96 standard deviation of the paired inter-session difference

(SDA%CBFl)'

40+ a) 3D spiral (n=22) 319 b) 2D EPI (n=22)
304"~ 16 ittt s 25.9
O ____________________________
= 20- P06 o . oV 4
S O | o
= 10 - O o O o e <%
< @) © O 00O O
E _10- O O O 7] O O
9924 - A O
_an 218 [TTTTTTTTTTTTTTTTTTTTTTTTT D44
30 o
-40 I I I I I I I I
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mean GM %CBF| (%) mean GM %CBF/| (%)

Figure 2. a=b Bland Altman plots of inter-session statistics, as summarized in Table 2. Total cerebral

gray matter (GM) inter-session differences in relative cerebral blood flow dectrease (A, are plotted

69



Chapter 3 Reproducibility of phASL using sequences from different vendors

against the mean GM %CBF| for the a) 3D spiral (n=22) and b) 2D EPI sequence (n=22). Dotted lines

indicate limits of agreement (mean difference = 1.96 standard deviation).

Spatial comparison

Figures 3 and 4 illustrate the spatial distribution of the caffeine-induced statistically significant %CBF|
and wsCV respectively. The significant caffeine-induced %CBF| was higher for the 3D spiral sequence
than for the 2D EPI sequence on visual comparison, especially in the posterior watershed region (Figure
3a and 3d). The wsCV-maps showed a homogeneous distribution for the 3D spiral data but
heterogeneous for the 2D EPI data, which approached the homogeneity of the 3D spiral data after
additional smoothing. The shapes of the %CBF| histograms of 3D spiral session 1 and both 2D EPI
sessions were similar, although 3D spiral session 1 had a higher peak location (Figure 3¢). The peak
location of the histogram of 3D spiral session 2 was comparable to 3D spiral session 1, but the
distribution was narrower. The wsCV histogram of 3D spiral had a lower peak location and a narrower
distribution compared to the 2D EPI wsCV histogram (Figure 4d). After additional smoothing, the 2D
EPI wsCV histogram approached the 3D spiral wsCV histogram.

70



Chapter 3 Reproducibility of phASL using sequences from different vendors
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Figure 3. Parametric maps showing voxels with significant cerebral blood flow (CBF) decrease
(%0CBF|, p<0.001 uncorrected) for the 3D spiral (a) and 2D EPI sequences (b), as well as for the
additionally smoothed 2D EPI data (c). There were no voxels showing a significant CBF increase. d)
Parametric maps depicting voxels with significant inter-sequence %CBF| differences (p<0.001
uncorrected). All maps are projected on gray matter probability maps. On the right (), mean individual

histograms of the %CBF| are shown for all sessions.
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Figure 4. Within-subject coefficient of variation (wsCV)-maps of a) 3D spiral and b) 2D EPI sequences.
c) Here, the same 2D EPI wsCV maps are shown after smoothing them to the smoothness of the 3D

spiral maps. d) wsCV histograms are shown on the right.
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Sample size calculation for future studies

To detect a caffeine-induced 15% GM decrease in CBF — equivalent to 9.9 mL/100g/min for both
vendors — the calculated sample sizes were n=7 and n=6 for 3D spiral and 2D EPI measurements
respectively . To detect a 15% change of caffeine-induced GM %CBF| (15% * 23.9% = 3.6% (3D
spiral) and 15% * 19.2% = 2.9% (2D EPI)) the calculated sample sizes were n=115 and n=155 for 3D
spiral and 2D EPI respectively.

Discussion

The main results of this study were threefold: 1) the mean but not the variation of the global %CBF|
differed between the pCASL sequences of both vendors, 2) both the mean and variation of %CBF|
spatially differed between the sequences, and 3) the sample size for future studies was much larger to

detect a change in the caffeine effect than to detect whether there zs a caffeine effect.

It has previously been suggested that the inter-session variation of ASL measurements is dominated by
the physiological variability of baseline CBF *. For the measurement of caffeine-induced %CBF|,
different or additional sources of physiological variability can be expected, including those related to the
absorption of caffeine from the gastrointestinal tract, as well as the pharmaco-kinetics and cardiovascular
effects of caffeine ' > . Nevertheless, the inter-session variation of the caffeine-induced CBF change
was not much larger than the previously reported baseline CBF variation of the current study, or than
baseline CBF variation from previous studies "> ** . This can be attributed to the presence of co-
variance between baseline and post-caffeine CBF measurements, which may have decreased the
influence of baseline CBF wvariability on the %CBF| variation. In addition, the normalization of the
absolute CBF difference by the baseline CBF (equation 3) may have reduced the contribution of baseline

CBF variability to the %CBF| variation even further.

Whereas the baseline reproducibility of ASL has been thoroughly investigated, only one previous study
has reported on the inter-session reproducibility of ASL for the measurement of a pharmaceutically
induced CBF change *. This study assessed the reproducibility of perfusion changes induced by an oral
16 mg citalopram administration as measured with pulsed ASL. Whereas the inter-session variation was

similar (SD 10.1 versus 9.5 [3D spiral] or 8.7 mL/100g/min [2D EPI]), the effect size of citalopram was
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roughly 3 times as small as caffeine (mean absolute CBF change 4.4 versus 15.9 [3D spiral] or 13.1
mL/100g/min [2D EPI]). As a result, the reproducibility of CBF changes induced by citalopram
(expressed by wsCV) can be expected to be roughly 3 times as low as the reproducibility of caffeine-
induced CBF changes. This comparison shows that pharmaceuticals with a specific affinity, such as
citalopram, have a lower effect size but not necessarily a lower inter-session variation than less specific
pharmaceuticals, such as caffeine. This again points to the fact that the variation of phASL is dominated
by physiological CBF fluctuations. The recently reported inter-session reproducibility of ASL for a CO,
inhalation challenge supports this point, since the baseline and hypercapnia wsCV were equal (12.8%

versus 12.7% respectively) ».

Surprisingly, we found a significant difference in total GM effect size between sequences, whereas our
previous baseline results showed perfect agreement . One explanation for this difference in the phASL
effect size could be the confounding effect of transit times on the measurement of CBF. A caffeine-
induced vaso-constriction is not only expected to result in a decrease in CBF, but also in an increase in
arterial transit time *. Therefore, the post-caffeine transit time can be expected to be longer than the
pre-caffeine transit time, which could have led to a post-caffeine CBF underestimation and subsequently
a %CBF| overestimation. This confounding effect will be larger for a shorter PLLD and will be most
pronounced in the brain region with the longest transit times, which is the posterior watershed area **.
Although the same initial PLD was applied for both sequences (1525 ms), the effective PLD is longer
for superior slices in the 2D EPI readout. The sequential multi-slice 2D EPI readout results in an infero-
superior increase of the effective PLD as compared to the homogeneous PLD of a single time-point 3D
spiral readout. Therefore, with the same initial PLD applied, the 2D EPI readout will be less sensitive to
the confounding effect of prolonged transit times on the measurement of %CBF|. This can explain the
inter-sequence difference in effect size, both globally as well as in the posterior watershed area. In
addition, the higher sensitivity of the 3D spiral readout for transit times may have increased the variation
of the 3D spiral data. This is not supported by the homogeneous 3D spiral wsCV-maps. However, any
larger variation in the superior regions could be masked by the high degree of smoothing in the Z-
direction of the 3D spiral readout. These sequence differences in CBF and in wsCV in superior regions
with long transit times are probably resolved by selecting a longer PLD for the 3D spiral readout, such
as 2000 ms °.
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There was a large difference between the calculated sample sizes to either 1) detect the effect of phASL
or to 2) detect a change in the effect of phASL. Whereas the first was comparable with baseline sample
size recommendations to detect 2 15% GM CBF change (n=4), the second was much larger *'. Tt is
worth noting that the sample size calculation is quadratically dependent on the ratio of the variation to
the effect size (equation 4). For the first sample size, the inter-session variation of caffeine-induced CBF
changes was not much larger than baseline, and the effect size is the same as for baseline sample size
calculations — i.e. 15% of the mean baseline CBF. For the second sample size, however, the inter-session
variation is the same but the effect size is one fifth of baseline sample size calculations — i.e. 15% of the
%CBF]. This shows that the number of subjects required to detect the effect of a pharmaceutical on
CBF, does not necessarily have to be large. However, to detect changes of the phASL effect size,
statistical power seems mainly limited by a relatively small effect size of phASL. One important example

in which changes of phASL effect size are of interest, is the investigation of a drug dose response *.

It should be acknowledged that our study design choice - comparing two different ASL product
sequences on two different vendors - is both a major strength and major weakness of this study. The
major strength is that it represents the current status of multi-center phASL: each center will most likely
use the ASL product sequence with its optimal settings as implemented on their MRI system. However,
this design choice limits the ability to differentiate to what extent the observed differences were caused
by differences in ASL readout and the corresponding sequence parameters, by MRI hardware or site
effects. Fortunately, we were able to compare our results with previous studies that isolated the effects

of different labeling or readout strategies on a single vendor 1,32

The observation that the variation of phASL was comparable between sequences on a total GM level
but not on a voxel level is in agreement with our baseline results °. However, when identical sequences
are implemented, the voxel level variation of ASL is comparable between vendors . This strongly
suggests that the spatial phASL variability differences between vendors can be mainly explained by
sequence differences and much less by hardware or site effects. A 3D spiral readout has a higher SNR
and a higher degree of spatial smoothing than a 2D EPI readout ''. Both are expected to have decreased
the spatial variation as observed in the 3D spiral data. This is supported by Figure 3 and 4, showing that
it is possible to approach the voxel level effect size and variability of 3D spiral by additionally smoothing
the 2D EPI data.

74



Chapter 3 Reproducibility of phASL using sequences from different vendors

One previous study compared voxel-wise group-level activation after a sensory-motor task between a
3D spiral and 2D EPI readout on a single scanner, with and without the addition of background
suppression to the 3D spiral sequence " With background suppression, the 3D spiral readout showed
much larger areas of activation compared to the 2D EPI readout, which is in agreement with our results.
Without background suppression, however, the performance of both readouts was not very different.
This suggests that the residual differences between the wsCV histograms of the 3D spiral and smoothed
2D EPI data can be mainly explained by differences in background suppression efficiency between the
3D and 2D readout *. Another factor that may have contributed to the smaller variation of the 3D spiral
data compared to the 2D EPI data is the higher SNR resulting from the shorter TE of the 3D spiral

sequence compared to the 2D EPI sequence.

The positioning of the label plane differed between both sequences (Table 1). Whereas it is common
practice for the Philips 2D EPI sequence to plan the labeling plane parallel to, and 9 cm lower than, the
anterior commissure-posterior commissure-line (ACPC), the GE 3D spiral sequence has a fixed labeling
plane, which is closer to the brain. This may have decreased the transit times for the 3D spiral sequence,
although it has been previously shown that signal intensity differences are small when the labeling plane
distance is varied between 74-94 mm *'. Another difference between the standard implementation of
both sequences was the labeling duration (1450 ms versus 1650 ms at 3D spiral and 2D EPI
respectively). This 13% longer bolus may have added SNR for the 2D EPI sequence, which may have
slightly counterbalanced the large SNR difference due to the intrinsic SNR difference between 2D and
3D and the higher efficiency of background suppression for the 3D spiral sequence.

The differences in M, acquisitions between the vendors could potentially have a effect on the
quantification of CBF. However, any M, quantification differences between sequences will most likely
be similar for the pre- and post-caffeine scans and will not contribute to the differences in %CBF|

between the 3D spiral and 2D EPI sequences.

Conclusion
Using the current clinical ASL product sequences, only the inter-session variation of the phASL total

GM effect size can be compared. The mean total GM effect size, as well as the spatial mean and
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variation of the phASL effect size differed between the sequences. This may seriously impede multi-

center phASL studies, especially in cases with locally restricted effects. These sequence differences

strongly encourage the standardization of ASL implementations.
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Abstract

Arterial spin labeling (ASL) magnetic resonance imaging is increasingly used to quantify task-related
brain activation. This study assessed functional ASL (fASL) using pseudo-continuous ASL (pCASL)
product sequences from two vendors. By scanning healthy participants twice with each sequence while
they performed a motor task, this study assessed functional ASL for 1) its sensitivity to detect task-
related cerebral blood flow (CBF) changes, and 2) its reproducibility of resting CBF and absolute CBF
changes (delta CBF) in the motor cortex. Whole-brain voxel-wise analyses showed that sensitivity for
motor activation was sufficient with each sequence, and comparable between sequences. Reproducibility
was assessed with within-subject coefficients of variation (wsCV) and intraclass correlation coefficients
(ICC). Reproducibility of resting CBF was reasonably good within (wsCV: 12.1-14.9%; ICC: 0.68-0.80)
and between sequences (wsCV: 14.0%; ICC: 0.71). Reproducibility of delta CBF was relatively low, both
within (wsCV: 209-259%; ICC: 0.29-0.35) and between sequences (wsCV: 214%; ICC: 0.39), while inter-
session vatiation was low. This may be due to delta CBF’s small mean effect (0.06-0.86 mL/100g gray
matter/min). In conclusion, fASL seems sufficiently sensitive to detect task-related changes on a group
level, with acceptable inter-sequence differences. Resting CBF may provide a consistent baseline to
compare task-related activation to, but absolute regional CBI changes are more variable, and should be

interpreted cautiously when acquired with two pCASL product sequences.
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Introduction

Arterial spin labeling (ASL) perfusion magnetic resonance imaging (MRI) is being increasingly used for
imaging of task-related brain activation. Such functional ASL (fASL) has been used to study the neural
correlates of a multitude of cognitive domains, including attention,' memory,” language,’ visual," and
sensorimotor processing,’” and is increasingly considered as an alternative to blood oxygen level-
dependent (BOLD) functional MRI (fMRI), which has been predominantly used as a marker for neural

activation during the last two decades.

ASL has several advantages over BOLD imaging with respect to acquisition and interpretation. First,
ASL has better sensitivity in low frequency paradigms. The BOLD signal has been shown to be
confounded by slow ‘drift’ effects in baseline signal, which are reduced in ASL imaging as a result of the
pair wise subtraction of labeled and unlabeled images’. Second, despite the intrinsically low signal-to-
noise ratio (SNR) of ASL, spatial localization of neuronal activity seems more accurate when measured
with ASL than with BOLD. The BOLD signal is affected by macrovascular venous effects’ whereas ASL
is more sensitive to the microvasculature’. The interpretation of the BOLD signal is more complex as it
reflects a combination of cerebral blood flow (CBF), cerebral blood volume (CBV) and cerebral
metabolic rate of oxygen consumption (CMRO?2),*” whereas ASL provides a measure of CBF that is
relatively less sensitive to other hemodynamic parameters. Furthermore, ASL provides an in principle
quantitative measure of CBF, whereas the BOLD signal is relative. These advantages favor the

application of fASL over fMRI BOLD for task-related brain imaging.

The quantitative aspect of ASL in particular could facilitate the comparison and exchange of CBF values
across multiple sites and enable multicenter studies, for instance, to pool data. However, before fASL
can be used as such, its variability needs to determined, not only within sessions and scanners, but also
between product sequences of different vendors, as each vendor provides its own particular ASL
implementation. Reproducibility of ASL in general is affected by intrinsic properties, such as low SNR
and relative sensitivity to hemodynamics such as arterial transit time (ATT) . In addition, although

within-sequence reproducibility is sufficient for the commonly available labeling schemes,'*

pseudo-
continuous arterial spin labeling (pCASL) has been shown to be best reproducible within session,
scanner, and vendor, being more stable and less variable than continuous ASL (CASL) and pulsed ASL
(PASL)**". Even if vendors do employ the same labeling scheme, variability is introduced by differences

between MR scanners, such as gradient design, radiofrequency transmit chain, receive-filters and

reconstruction algorithms.
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Nevertheless, not every user is aware of the potential impact of these factors and may assume that any
ASL implementation will provide the same information, as can be expected from a quantitative
technique. This may seem particularly appealing for the quantification of brain activation in functional
imaging studies. The extent to which different vendor implementations affect these data is not known.
We will therefore compare two pCASL product sequences of two different vendors, by limiting
adjustment of sequence parameters to within the constraints imposed by the vendor-specific

implementation.

Baseline or resting CBF values have been found to be well reproducible within sessions, within scanners,
and between scanners of the same vendor on a whole-brain level, whereas on a regional level
reproducibility was lower™ *. We previously assessed the reproducibility of whole-brain resting CBF
within and between pCASL product sequences at 3T scanners of two different vendors™. Mean global
CBF did not differ between vendors, i.e. between product sequences, but voxel-by-voxel assessment
revealed regional differences. Regional variability presents a challenge for fASL, where local effects are
of particular interest. In addition to the variability in regional CBF changes, the variability in the
detection of such CBF changes needs to be assessed. Sufficient and similar sensitivity to detect local
task-induced CBF changes is a prerequisite for multicenter fASL implementations, and essential to good

reproducibility.

As of yet, variability of quantitative fASL and variation of sensitivity for task-induced CBF changes
between product sequences of different vendors have not been studied. Not only is this information
essential for exchanging and comparing fASL data, but results generated by one product sequence can
only be generalized to another if variability between them is known. The aim of the present study was to
assess quantitative fASL by 1) assessing sensitivity to detect regional CBF changes in a voxel-wise whole-
brain analysis, and 2) by investigating regional reproducibility of both resting CBF and task-induced CBF
changes in the primary motor cortex, within and between pCASL product sequences from two major
vendors. We investigated this by means of paced finger tapping, a simple behavioral paradigm that is
known to elicit robust and consistent regional activation in the primary motor cortex in a multitude of
activation studies using BOLD as well as fASL . We employed this paradigm in healthy volunteers

using vendor-supplied ASL sequences.
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Methods

1.1 Participants

Twenty-two healthy volunteers, aged 18-40 years, were recruited as part of a larger study on ASL
reproducibility **. Participants were recruited through advertisement at the University of Amsterdam.
Only participants with no history of neurological or psychiatric disease were included. Participants that

used medication other than contraceptives, or had contraindications for MRI were excluded.

Participants were asked to limit their consumption of alcohol, nicotine and caffeine to a maximum of
three units 12-24 hours prior to scanning, and to refrain from consuming alcohol, nicotine and caffeine
12 hours prior to scanning. The study was approved by the local medical research ethics committees of
both sites: the Erasmus MC — University Medical Center Rotterdam and the Academic Medical Center,
Amsterdam and was conducted according to the Declaration of Helsinki. All participants gave written

informed consent and received financial compensation for participation.

1.2 Image acquisition

Imaging was performed on a 3T Intera (Philips Healthcare, Best, the Netherlands) and a 3T Discovery
MR750 (GE Healthcare, WI, USA) scanner, using an 8 channel receive head coil. Participants were
scanned twice on both scanners, i.e. four times in total, in no specific order. Scanning sessions were

separated by at least one week, but no more than four weeks.

A high resolution 3D T1-weighted (T1w) scan for anatomical reference was acquired during one of the
two sessions on each scanner. Perfusion data were acquired using pCASL product sequences that were
provided by the vendor of each scanner. As we aimed to assess the reproducibility of the currently
implemented (i.e. product) sequences, we chose to employ vendor-supplied sequences rather than to
reprogram the sequences to make them match completely. Hence, parameters were only adjusted within
the given limits of the clinical scanning sequences. Imaging data of the two sites were acquired by two
different researchers. Strict agreements were made about the complete process of instructing and
positioning participants in order to minimize differences between researchers and subsequently between
sequences. Details of both pCASL sequences are listed in Table 1. Note that on the GE scanner a
segmented 3D readout was employed, whereas on the Philips scanner single-shot multi-slice 2D imaging
was combined with averaging to obtain a temporal resolution similar to the GE-sequence. Another
difference between sequences was that on the GE scanner perfusion data are averaged during

acquisition, whereas for Philips data is averaged after acquisition, after pair-wise subtraction of label and
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control images during post-processing. As the GE sequence only provides three fixed post-labeling
delays (1 025, 1 525 and 2 025 ms for respectively children, adults, and older adults or adults with
cerebrovascular disease), a delay of 1 525 ms, considered most suitable for the current population, was

selected for all ASL imaging.

GE Philips

2D gradient-echo single-

Readout sequence 3D FSE stack-of-spirals
shot EPI
8 arms with 512
Acquisition matrix 80 * 80
sampling points

Parallel imaging No SENSE factor = 2.5
Voxel size 3.75*3.75* 4 mm 3*%3*7 mm
Field of view (FOV) 24 % 24 sz 24 * 24 sz
Number of slices 36 17
Echo time 10.5 ms 17 ms
Repetition time 4 600 ms 4 000 ms
Flip angle 111° 90°
Labeling duration 1450 ms 1 650 ms
Post-labeling delay 1525 ms 1525 ms
Labeling plane (distance from AC-PC line® in

89 mm 72 mm
head-feet direction)
Background suppression Yes Yes
Vascular crushers No No
Total scanning time 2:01 min 2:08 min
NEX; no. of excitations (GE) . i’

NSA; no. of repetitions (Philips)

Table 1. Vendor-specific parameters of the pCASL product sequences. * anterior commissure —

posterior commissure line
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1.3 Motor activation paradigm

Eight ASL scans were acquired, during which participants performed a blocked motor activation task.
Block length was equal to acquisition time of one scan, i.e. 2 minutes. Participants were instructed to tap
the fingers of both hands to the thumbs in random order (finger tapping, FT) during the odd scans and

to keep their hands still (rest) during even scans. FT was auditorily paced at a frequency of 1 Hz.

1.4 Data processing

The imaging data were processed according to the methods described in full in Bron ez a/.,, 2014 *.

1.4.1. Tissue segmentation

The unified tissue segmentation method (Ashburner and Friston, 2005) of SPM8 (Statistical Parametric
Mapping 8, Wellcome Trust Centre for Neuroimaging, University College London, UK) was used to
obtain gray matter (GM), white matter (WM) and cerebrospinal fluid (CSF) probability maps from the

T1w image.

1.4.2 ASL post-processing

For Philips data, label and control pCASL images were pair-wise subtracted (without motion correction)
and averaged to obtain perfusion weighted images. For GE data, the perfusion-weighted images, as
provided by the scanner, were used. For each participant, the perfusion-weighted image and the GM
probability map were rigidly registered (Elastix registration software™). The results of the registration

were visually inspected.

1.4.3 Quantification
To quantify the perfusion-weighted maps of both pCASL sequences as cerebral blood flow (CBF) maps,

a single-compartment model was used 10,

) 6000 A AM ePLD /T1a
CBE (100 miny = AL d

Parameters used in this model and their values are summarized in Table 2. Differences in effective post-
labeling delay for different slices resulting from the 2D multi-slice readout were accounted for in the

Philips data (Table 2).
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Symbol Variable Value

blood-brain partition
A coefficient for gray 0.9 mL/g

matter

Philips: corrected for transversal magnetization decay time (T,*)
AM perfusion-weighted image for arterial blood (50 ms) during the 17 ms echo time (TE) by
e/ (St Lawrence and Wang, 2005))

GE: obtained by individual proton density maps, adjusted for T'1

equilibrium decay time of gray matter tissue (17, 1.2 s) during saturation
M,, magnetization of arterial  recovery time (7, 2 s) by 1 — ¢™/"'“"
blood Philips: scanner average (3.7%10° a.u.) from previous study (Heijtel
et al., 2014)
PILD  post-labeling delay 1525 ms
longitudinal relaxation
T, 1 650 ms (Lu et al., 2004)
time of arterial blood
0.8 (Aslan et al., 2010). In order to correct for background
suppression pulses (Garcia et al., 2005):
a labeling efficiency PP P (
GE: a*0.75
Philips: a * 0.83
GE: 1450 ms
T labeling duration

Philips: 1 650 ms

Table 2. variables of the single-compartment model used for quantification (based Alsop et al., 2014)

1.5 Whole-brain voxel-wise preprocessing and activation sensitivity
Registered T1w images and CBF maps were transformed to a common template space based on the
T1w images of all participants;® CBF maps were smoothed using an isotropic 8 mm full width at half

maximum (FWHM) kernel.

Voxel-wise differences within and between sequences in relation to finger tapping were assessed using
SPMS8. Averaged CBF maps per block of finger tapping (FT) and rest were convolved with the
hemodynamic response function and modeled on an individual level using a General Linear Model

(GLM), yielding parameter estimates for the main effects of FT and rest and the contrast [FT > rest]
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which were subsequently used in group analyses. Task-induced changes were assessed per session per
sequence by pair-wise comparison of main effects of FT' and rest for each participant during each
session. As participants were scanned in a random order, we chose to assess inter-sequence differences
by means of a repeated measures ANOVA on the contrast [FT > rest] for GE (session) 1 compared to
Philips 2 and GE 2 to Philips 1 (n=44). By comparing sessions this way, we can assume that temporal
physiological variation affected intra-sequence and inter-sequence reproducibility to a similar extent. All
voxel-wise results were thresholded at p<0.001 without correction for multiple comparisons, to be

maximally sensitive to intra- and inter-sequence differences in the detection of CBF changes.

1.6 ROI preprocessing and regional reproducibility analysis

1.6.1 ROI labeling and selection

Individual CBF maps were transformed to individual T1w image space for region of interest (ROI)
analysis. ROIs for each participant were defined using a multi-atlas approach by registering thirty labeled

T1w images, each containing 83 ROIs,”*

to the participants’ T1w images, using a rigid, affine, and non-
rigid model consecutively. For the current study, we focused on the bilateral primary motor cortex

(precentral gyri). Analysis of CBF in the primary motor cortex was performed in GM only.

1.6.2 CBF post-processing in the primary motor cortex

For every pCASL scan, mean GM CBF values were obtained from the left and right precentral gyrus
(primary motor cortex). CBF values were averaged per session over the four FT blocks and over the
four rest blocks, and then over the primary motor cortex bilaterally, such that for every session we
obtained one mean GM CBF value in the bilateral primary motor cortex for the FT condition and one

for the rest condition.

1.6.3. Task-induced regional CBE changes within sessions
To assess task-induced CBF changes in the primary motor cortex, mean FT' CBF (CBF;) and resting
CBF (CBF,,) within sessions were compared with paired t-tests (p<.05). Absolute CBF changes as a

result of finger tapping are referred to as delta CBF: [CBF . — CBF _|. Delta CBF within sessions was

rest.

normalized by expressing it as a percentage of resting CBF: [CBF ., — CBF ] / CBF

rest*

87



Chapter 4 Sensitivity and reproducibility of regional CBF changes using PCASL product sequences

1.6.4. Reproducibility of regional resting CBF and regional task-induced CBE changes

Intra- and inter-sequence reproducibility were assessed by the following measures:

1.

Within-subject coefficients of variation (wsCV) were calculated as the ratio of the standard
deviation of the CBF difference (SDy;) between sessions to the mean CBF value of those
sessions: wsCV = 100% (SD /mean value). The SD  , rather than the SD of the mean, was
used to reflect the extent of variability in differences in relation to the mean.
Mean CBF values over sessions, mean CBF differences between sessions, SD 4, and wsCVs and

their 95% confidence intervals (Cls) are reported for CBF ,, CBF ., and delta CBF.

rest>

Intra-sequence measures were calculated between the two sessions per sequence. Inter-sequence
measures were calculated by comparing GE (session) 1 to Philips 2 and GE 2 to Philips 1
(n=44).

Intraclass correlation coefficients (ICC) and 95% Cls were calculated for CBF ., CBF, and

delta CBF. A two way-random model and absolute agreement were employed to allow for
generalization of the results and to take into account systematic variability between sequences,
respectively. ICCs were defined as function of ANOVA mean squares using the following

31
formula:

BMS—EMS )
BMS+(k—1)EMS +k /n(JMS —EMS) 12]

in which BMS refers to the between-targets mean square (i.e. variance between participants), JMS
refers to the between-judges mean square (i.e. variance between intra- or inter-sequence sessions)
and EMS to the residual mean square (i.e. residual sources of variance), in a two-way ANOVA
with n = 22 (intra-sequence) or 44 (inter-sequence) targets and k = 2 judges.

Intravendor ICCs were calculated between the two sessions per sequence by comparing GE
(session) 1 to Philips 2 and GE 2 to Philips 1 (n=44).

Bland-Altman plots and 95% limits of agreement (mean difference + 1.96 SD ;) were created

for CBF,,, and delta CBF to visualize agreement between sessions and between sequences

rest

respectively.

Statistical analyses were carried out in IBM SPSS Statistics, version 20.0 (New York, USA).
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Results

2.1 Participant characteristics

Nine male and 13 female volunteers with a mean age of 22.1 * 2.1 years (range: 19-27 years) participated
in the study. It should be noted that one participant had CBF values that were 2 — 3 standard deviations
higher than the group mean, but this participant was retained in the analysis as data were normally
distributed (Kolmogorov-Smirnov tests did not detect significant deviations from normality in any
session, p>.05). Scan sessions were separated by 2.8 = 1.0 weeks on the GE and 2.6 * 0.9 weeks on the
Philips scanner (not significant (n.s.)). Inter-sequence sessions were separated by 3.1 £ 1.1 weeks (GE 1
— Philips 2) and 2.6 * 1.9 weeks (GE 2 — Philips 1), n.s.. Sessions on the GE scanner took place at an
eatlier time of day than sessions on the Philips scanner: 3:26pm * 4h00Omin and 3:55pm * 3h34min

versus 8:16pm £ 2h06min and 7h47pm * 2h38min respectively, p<.05.

2.2 Whole-brain voxel-wise activation sensitivity of pCASL sequences

Voxel-wise CBF changes in relation to FT are illustrated with t-statistic maps in Figure 1. Both with GE
(tig. 1A) and Philips (tig. 1B) CBF increases were observed in the bilateral primary motor cortex in both
sessions. Additional activation was observed in the supplementary motor area and the left cerebellum in
GE session 2; and in the thalamus, and supplementary motor area in both Philips sessions. As can be
appreciated visually, Philips (fig. 1B) seems to be more sensitive to detect activation than GE (fig. 1A).
Upon formal assessment with repeated measures ANOVA (fig. 1C), differences between pCASL
sequences were found in the right primary motor cortex, left precuneus, right posterior cingulate, and in

the bilateral thalamus.
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Session 1

Session 2

Session 1

B) Philips

Session 2

C) Intersequence
differences

Figure 1. Whole-brain voxel-wise CBF differences associated with finger tapping compared to rest,
overlaid on a mean Tlw scan. Intra-sequence T-maps of A) GE and B) Philips are thresholded at
T=3.52, p<.001 (uncorrected). C) shows the F-map depicting differences in activation between pCASL
sequences, thresholded at F(2,63) = 7.7, p<.001 (uncorrected).

2.3 Task-induced regional CBF changes within sessions

Absolute CBF values differed systematically between pCASL sequences, with mean CBF , values being

3.1 mL/100g GM/min higher as measured with GE than with Philips. The increase in CBF in the motor
cortex as a result of FT was significant for both sequences and all sessions (Table 3). Normalized CBF
changes showed a larger increase in CBF for the two GE sessions (4.65 and 3.31%) than for the two

Philips sessions (2.46 and 2.65%).
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CBF (mL/100g GM/min) Normalized
p-value
Mean SD delta CBF (%)
FT 68.2 11.0
Session 1 .033 4.65
R 652 13.7
GE
FT 68.2 9.24
Session 2 .049 3.31
R 66.0 10.3
FT 71.9 12.1
Session 1 012 2.46
R 701 13.1
Philips
FT 69.0 11.4
Session 2 .027 2.65
R 672 14.1

Table 3. Mean CBF (mL/100g GM/min) and standard deviations (SD) in the motor cortex during
finger tapping and rest, and respective p-values and normalized delta CBF, per sequence per session.

CBF: cerebral blood flow, SD: standard deviation, FT: finger tapping, R: rest.

2.4 Reproducibility of regional resting CBF and regional task-induced CBF changes
WsCV, SD, mean CBF values and ICCs and 95% Cls are reported for CBF , CBF ., and delta CBF
and CBF,;.

in Table 4. WsCVs were comparable within and between pCASL sequences for CBF,,
WsCVs for delta CBF were much higher as the mean effect of delta CBF is much smaller than that of
CBF,, or CBF,;.

Reproducibility of CBF
ICCs of .68 and .66 for GE and .80 and .77 for Philips, respectively. Reproducibility of absolute delta
CBF was poor for both sequences with ICCs of .35 (GE) and .29 (Philips), and Cls being 1.5 — 2.4 times
larger than for CBF
and CBF; (.65) and poor for absolute delta CBF (ICC: .39). Inter-sequence Cls for delta CBF were

and CBF,.

and CBF; in terms of ICCs was moderate to good for both sequences, with

and CBF;. Between sequences, reproducibility was reasonable for CBF . (.71)

approximately 1.5 times larger than for CBF

rest
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Inter-
GE 95% CI Philips  95% CI 95% CI
sequence
Mean CBF 65.6 60.7 —70.5 68.7 62.9 —74.4 67.1 63.5-70.7
Mean CBF difference  -0.80 -5.14-354 294 -0.74 - 6.61  -3.11 -5.96 —-0.25
SD difference 9.79 6.65-12.9 8.28 5.63 -10.9 9.38 7.33 —11.42
U_‘« wsCV (%) 14.9 9.10 - 20.8 12.1 572-18.4 14.0 9.81-18.13
8 1CC 0.68 0.37 - 0.86 0.80 0.58 —0.91 0.71 0.53 - 0.84
Mean CBF 68.2 64.1-72.3 70.4 65.5-75.3 69.3 66.3 -72.3
Mean CBF difference  0.04 -3.72-3.81  2.88 -0.57-6.34  -2.25 -5.01 - 0.50
SD difference 8.48 576 -11.2 7.80 529 -10.3 9.04 7.07 —11.02
m‘; wsCV (%) 12.4 7.53-17.4 111 5.55-16.6 13.1 9.44 —16.7
8 1CC 0.66 0.34 - 0.85 0.77 0.52 -0.90 0.65 0.44 —0.79
Mean CBF 2.61 0.88 —4.33 1.75 0.42 - 3.09 2.18 1.10-3.26
Mean CBF 0.85 -1.57-3.26  -0.06 -2.06-195 0.86 -0.56 — 2.28
g SD difference 5.45 3.70 = 7.20 4.53 3.08 —5.98 4.67 3.65 - 5.68
Uﬁ wsCV (%) 209 207 - 212 259 257 - 261 214 213 - 216
g 1CC 0.35 -0.08 - 0.67  0.29 -0.16-0.63  0.39 0.12 - 0.62

Table 4. Mean CBF measurements and reproducibility estimates between sessions and sequences for

resting CBF (CBF

rest.

), finger tapping CBF (CBF};) and delta CBF in the primary motor cortex. CBF:

cerebral blood flow, SD: standard deviation, wsCV: within subject coefficient of variation, ICC:

intraclass correlation coefficient, CI: confidence interval.
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Figure 2-1 and II show the agreement between sessions and sequences for CBF, ., and absolute delta
CBF respectively. For both CBF

for measurements performed with GE (fig. 2A-1 and II) than with Philips (fig. 2B-1 and II). The low

rest

and delta CBF, differences between sessions were somewhat larger

intra-sequence reproducibility of delta CBF (fig. 2A-11, 3B-1II) is illustrated by the variability relative to
the mean effect being higher for delta CBF than for CBF
smaller than that of CBF , (fig. 2A-1, 2B-I). Both CBF

as the mean effect of delta CBF is much

rest>

and delta CBF show a comparable spread in

rest

differences within and between sequences. Figure 2C-I and II show the agreement between sequences
for CBF ,, and delta CBF respectively, and illustrate that although the spread in differences is higher for

CBF,, (2C-I), the variability relative to the mean effect is twice as large for delta CBF (fig. 2C-1I), as the

rest

mean effect is small.
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Discussion

Using pCASL product sequences as supplied by two MR vendors, we found that sensitivity to detect
primary motor cortex activation was sufficient and comparable for both sequences. Secondly, we found
intra- and inter-sequence reproducibility of resting CBF in the motor cortex to be reasonably good, as
was reproducibility of CBF during finger tapping. More important in the context of fASL however, we
found absolute CBF changes to be only moderately reproducible, both within and between sequences,

despite a consistent task-induced CBF increase within sessions at the group level.

This study adopted a pragmatic and clinically applicable approach in employing pCASL product
sequences as supplied by the vendors. Parameters were adjusted to match each other as much as
possible, but within the constraints of the provided sequence. This reflects the de facto situation of
commercially supplied sequences in which parameters can only be adjusted to a certain extent. As CBF
measured with ASL is claimed to be and promoted as a quantitative measure, one would assume that
measurements are independent of sequence parameters. Here we show to what extent standard
implementation of the sequences gives rise to substantial differences and thus limited reproducibility for

functional ASL..

The consistent increase in CBF in the motor cortex during finger tapping is in line with previous cross-
sectional fASL studies employing finger tapping paradigms > " *>*. Our results replicate these findings
between sessions for both sequences. Although we found the extent and spatial patterns of activation to
differ between sequences, they both detected activation in the primary motor cortex as a result of finger
tapping, and formal comparison of activation patterns between sequences demonstrated only minor
difference in motor areas. This supports the notion that on the group level, fASL is sufficiently sensitive
to detect activation in the primary motor cortex, and that differences in sensitivity between pCASL

product sequences are acceptable.

We found reproducibility of resting CBF in the motor cortex to be reasonably good within and good
between pCASL sequences. Our intra-sequence results are in line with previous whole-brain resting CBF
studies that have shown reasonable to good reproducibility within and between sessions on the same
scanner,” as well as between scanners of the same vendor'®*!, We recently compared resting gray matter
CBF between product sequences of two different vendors and also found it to be well reproducible on
the global level®. The current study focused on regional resting gray matter CBF and showed that, when

compared to global CBF, reproducibility was slightly lower. Previous studies found that smaller regions
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are subject to higher variability and thus may yield lower reproducibility estimates' *. In addition,
regional reproducibility has been found to be lower for CBF measured at an interval of 2-4 weeks than
for measurements within one day, implying that temporal physiological differences dominate between-
weeks reproducibility™ **. Other sources of physiological variation may also be present, such as the one

participant with CBF values that were consistently higher than the group mean.

Apart from temporal dynamics in physiology, regional variability could also be affected by the difference
in effective post-labeling delay (PLD) between pCASL sequences. Although the same initial PLLD (1 525
ms) was applied for both sequences in the current study, the 2D multi-slice acquisition employed by
Philips allows labeled blood more time to reach superior slices, including regions with longer arrival
times, than does the single time-point 3D acquisition employed by GE. This difference in effective PLD
between sequences may have contributed to decreased reproducibility between their respective
measurements. Moreover, the level of reproducibility of different regions seems to vary with PLD,'® with
a PLD of 2 500 ms yielding better reproducibility than a PLLD of 1 500 ms when using a 3D single time-
point sequence. Therefore, effective PLD differences may have affected our results, as the precentral
gyrus is located at the superior aspect of the brain, and therefore exhibits longer transit delays. This may
have led to an underestimation of CBF values due to incomplete inflow of label, and to higher variability

due to difference in arterial arrival times.

Differences between sequences may not only affect resting CBF measures, but also those of motor
activation. Studies that compared fASL data obtained with 2D and 3D sequences found that activated
clusters are generally larger when using 3D sequences, while 2D sequences yield larger effect sizes in
terms of relative CBF changes™ *. Our results on the other hand showed larger activated clusters with
the 2D sequence, and larger relative CBF changes with the 3D sequence. The larger effective PLD of
Philips may have allowed more labeled blood to reach the primary motor cortex during finger tapping
than GE, yielding larger activation clusters. In addition, the 3D sequence is more susceptible to spatial
blurring, which obscures the gray matter to white matter contrast,” and may attenuate signal from the
gray matter. The larger relative signal change measured with GE on the other hand may be explained by
decreasing arterial transit time (ATT) as a result of finger tapping’’. Shorter ATT after finger tapping
may have caused the relative signal change as measured by GE to be higher because of its shorter

effective PLD, particularly in the superior regions.

The reproducibility of delta CBF, i.e. the CBF difference observed between finger tapping and rest, is

less straightforward to interpret. Despite the smaller inter-session variation of delta CBF differences (as
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indicated by smaller standard deviations of differences) when compared to that of resting CBF and
finger tapping CBF, wsCVs are extremely high because of the modest mean effect size of delta CBF.
ICCs indicated poor intra-sequence reproducibility as well. Previous fASL studies reported wsCVs of 10-
11%,” » and ICCs up to 0.74," between sessions that were a week apart. However, these studies
assessed the reproducibility of relative CBF changes, instead of absolute CBF changes. It has been
suggested that relative CBF changes are more accurate and robust than absolute CBF changes, as they

¥, Relative

may reduce potential effects of basal perfusion variations on measures of neuronal activation
CBF changes may therefore generate higher ICCs than absolute CBF changes. Nevertheless, as absolute
quantification is a specific advantage of fASL, it seems more appropriate to investigate the

reproducibility of absolute CBF changes.

Slight variation in signal change as a result of finger tapping has been observed, but shown to be similar
between sessions that took place on the same day or on different days”. Raoult e o/ found similar
levels of variation using a finger flexion-extension paradigm. Moreover, they found task-induced CBF to
be higher, albeit not significantly, with shorter sequence lengths, and concluded that a sequence duration
of 4 minutes — i.e. a motor paradigm with 4 blocks of 30s on/off activation — is optimal for clinical
practice”™. Longer sequence durations are considered to induce habituation and thus decreased
activation. Our paradigm consisted of 2 minute blocks of on/off activation because of the limited
temporal resolution of the GE sequence. These relatively long blocks thus may have attenuated
activation, and thus the effect of finger tapping as compared to other studies, which may have reduced

reproducibility.

On the other hand, one of the major reasons to use ASL for functional imaging is its suitability for low
frequency designs, as it is much less sensitive to drift effects over time than BOLD fMRI". Wang e a/”
even demonstrated that fASL shows constant sensitivity across different task frequencies corresponding
to blocks lengths ranging from 0.5 — 5 minutes, with ASL outperforming BOLD contrast at a block
length of 4 minutes. Some higher cognitive functions, such as sustained attention,' depend on an
experimental design with even longer blocks to detect slow, low-frequency signal changes of interest, for
which fASL is particularly well suited. Despite ASL’s appropriateness for such cognitive paradigms, we
purposely chose a simple behavioral paradigm known to elicit robust and consistent regional activation,
before moving on to more complex processes and paradigms. We find that even this simple motor
activation paradigm gives rise to substantial variability, which warrants caution with respect to more

complex and less robust designs.
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To our knowledge, no studies exist on the reproducibility of task-induced CBF changes using pCASL
product sequences from two different vendors. In the current study, we found reproducibility of task-
induced CBF to be comparable within and between sequences, both in terms of wsCV and ICC.
Nevertheless, the findings indicate that absolute CBF changes in the motor cortex still vary considerably,
and this variation needs to be taken into account when comparing regional quantitative CBF changes,
particularly between sequences. Therefore, absolute fASL data should not be simply pooled between

vendors, i.e. between product sequences.

This study has some limitations. First, we did not collect information on motor behavior. Although
variations in frequency were avoided by externally pacing the finger tapping, we may have missed
individual variations in tapping, which may have added to the variability. Next, as time of acquisition
differed between sequences, with GE data collected earlier on the day, diurnal fluctuations in CBF may
have added to variability between sequences. This potentially affected reproducibility of resting CBF
more than that of delta CBF, as the latter is based on a subtractive measure. Still, inter-sequence
reproducibility of resting CBF was found to be reasonably good. Furthermore, subsequent analysis of
the Philips data was performed in a similar manner to maximize comparability with the GE data, i.e. by
averaging over rest and activation periods, whereas one would normally choose to exploit the higher
temporal resolution in a more formal manner within the design matrix. Finally, due to practical
constraints we studied the product sequences of only two out of the three major vendors on the market.
Although assessment of variability between the three vendors would have been more comprehensive,
the current study was conducted as a proof-of principle, and demonstrated as such that substantial
variability is already evident when product sequences of two vendors are compared. Future work should
be directed at optimizing ASL sequences for functional imaging, and at assessing sensitivity and
reproducibility of fASL in single-subject designs, as longitudinal studies and clinical application of fASL

will eventually need to be aimed at repeated measurements within individuals.

In conclusion, in a voxel-wise whole-brain analysis, fASL. shows sufficient sensitivity to detect regional
CBF changes on a group level, both within and between pCASL product sequences of two different
vendors. The between sequence reproducibility of fASL is comparable with within sequence
reproducibility, although inter-sequence differences in readout should be taken into account. Although
reproducibility of regional resting CBF is affected by differences in sequence implementation,
particularly in the readout, resting CBF in the motor cortex may provide a reasonably consistent baseline
to compare task-induced CBF to. The relatively low reproducibility of task-induced CBF changes in the

primary motor cortex, however, should be taken into consideration when comparing fASL data between
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sessions and particularly between pCASL product sequences as implemented by different vendors. Its
interpretation should be performed with caution in repeated measurements and multicenter designs, as

current vendor-specific implementations do not allow for simple pooling of functional ASL data.
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Figure 2. Agreement within and between pCASL sequences for resting CBF and delta CBF. Bland Altman plots of intra-sequencer (A, B) and inter-
sequence (C) agreement for resting CBF (I) and delta CBF (II) in the primary motor cortex. The solid line indicates the mean difference between

sessions, dotted lines the 95% limits of agreement.
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Abstract

Introduction A main obstacle that impedes standardized clinical and research applications of arterial spin
labeling (ASL), is the substantial differences between the commercial implementations of ASL from
major MRI vendors. In this study, we compare a single identical 2D gradient-echo EPI pseudo-
continuous ASL (PCASL) sequence implemented on 3T scanners from three vendors (General Electric
Healthcare, Philips Healthcare and Siemens Healthcare) within the same center and with the same
subjects.

Material and Methods Fourteen healthy volunteers (50% male, age 26.4 = 4.7 yrs) were scanned twice on
each scanner in an interleaved manner within three hours. Because of differences in gradient and coil
specifications, two separate studies were performed with slightly different sequence parameters, with one
scanner used across both studies for comparison. Reproducibility was evaluated by means of quantitative
cerebral blood flow (CBF) agreement and inter-session variation, both on a region-of-interest (ROI) and
voxel level. In addition, a qualitative similarity comparison of the CBF maps was performed by three
experienced neuro-radiologists.

Results There were no CBF differences between vendors in study 1 (»>0.1), but there were CBF
differences of 2-19% between vendors in study 2 (p<0.01 in most ROIs) and 10-22% difference in CBF
values obtained with the same vendor between studies (»<0.01 in most ROIs). The inter-vendor inter-
session variation was not significantly larger than the intra-vendor variation in all (p>0.1) but one of the
ROIs (p<0.01).

Conclusion This study demonstrates the possibility to acquire comparable cerebral CBF maps on scanners
of different vendors. Small differences in sequence parameters can have a larger effect on the
reproducibility of ASL than hardware or software differences between vendors. These results suggest
that researchers should strive to employ identical labeling and readout strategies in multi-center ASL

studies.
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Introduction

Through a number of methodological advances, arterial spin labeling (ASL) perfusion MRI has reached a
level that allows its application in multiple clinical and research applications for the visualization and
quantification of cerebral blood flow (CBF) " ? Since ASL is non-invasive and offers absolute CBF
quantification, it is an attractive tool compared to alternative perfusion modalities > *. Furthermore,
quantitative ASL. CBF maps are reproducible and comparable with perfusion measurements from the
"gold standard" H,O"-PET >’. Implementations of ASL are commercially available on all major MRI
systems and the number of clinical applications is continuously growing. Measurements of regional CBF
promise clinical value in a variety of common neurological disorders, such as cerebrovascular disease,
epilepsy, neurodegeneration and brain tumors, and ASL is recognized as a particularly valuable research

tool for cognitive and pharmacological neuroscience 89,

One obstacle that impedes standardized clinical and research applications of ASL, is the substantial

differences in the commercial implementations of ASL from the major MRI vendors 10

. A variety of
possible labeling and readout strategies exists, and each vendor has implemented a different combination
of labeling and readout strategies for their commercial ASL release ". General Electric (GE) Healthcare
offers pseudo-continuous ASL (PCASL) with a segmented 3D spiral fast spin-echo (FSE) readout,
Philips Healthcare has PCASL paired with a single-shot 2D echo-planar imaging (EPI) readout and
Siemens Healthcare provides pulsed ASL (PASL) combined with a segmented 3D gradient and spin-

echo (GRASE) readout '™,

These labeling and readout differences between product sequences produce qualitatively different
perfusion-weighted images, which can be visually appreciated on a single-subject level as shown in
Figure 1a "*"°. On a group level, it is currently not possible to compare CBF-values from a single region
of interest (ROI) in a multi-center study, mainly because of differences in readout between sequences
from different vendors '>"". Global CBF-values, however, show quantitative agreement between vendors
'S, Furthermore, the inter-vendor global CBF inter-session variation is comparable to the intra-vendor

15, 16

global CBF variation . These observations support the possibility of future multi-center ASL

research, if all vendors could implement an identical ASL sequence.

The current study aims to assess multi-vendor ASL CBF variations using a near-identical sequence
across vendors, with the same labeling and readout approach. PCASL was selected as a labeling strategy,

because of its wide compatibility with all platforms and superior labeling efficiency for single time-point
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CBF measurements "> ' '*. A multi-slice single-shot 2D EPI readout was selected because of its
availability on all systems and as it has been used in the majority of previous ASL studies "’. Because of
differences in gradient and RF coil specifications between two vendor systems available for our study,
two 2D echo-planar imaging (EPI) PCASL sequences were used with slightly different labeling and
readout parameters. These will be referred to as study 1 and 2. For one vendor system, both variants of
our sequence could be implemented, enabling an additional intra-vendor comparison of these slightly

different sequences.

STUDY 1 STUDY 2

GE Philips Siemens vendor A vendor B vendor A vendor C

mL/100g/min
0 20 40 60 80 100 120

Figure 1. a) Perfusion-weighted maps from a single subject scanned with product sequences from GE
(PCASL with a 3D spiral FSE readout), Philips (PCASL with a 2D EPI readout) and Siemens (PASL
with a 3D GRASE readout). Sequence parameters included PLD=1525 ms, 4 time points, true axial
(GE), PLD=1525 ms (Philips) and TI=2300 ms, TI1=80 ms, 4 time points (Siemens). b) Perfusion-
weighted maps from a single representative subject scanned with the sequence used in the current study
(parameters shown in Table 1 and 2). All perfusion weighted maps were scaled to have a mean gray

matter cerebral blood flow of 60 mL/100g/min, lineatly registered, re-sliced and skull-stripped.
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Labeling approach Balanced waveform PCASL
Labeling pulse shape Hanning

Mean labeling gradient 0.6 mT/m

Max labeling gradient 6 mT/m

Labeling flip angle 25°

Labeling duration 1771 ms

Initial post-label delay 1800 ms

Labeling position tixed, 9 cm below ACPC
Readout approach Single shot EPI

Slices 20

Slice thickness 6 mm

Matrix size 64x64

Field of view 224x224 mm

Fat suppression SPIR

Parallel imaging Off

B1-filtering Off

Partial Fourier Off

Background suppression Off

Vascular suppression Off

Label-control pairs 70

Table 1. Identical labeling and readout parameters. ACPC = anterior-posterior commissure; EPI =
echo-planar imaging; PCASL = pseudo-continuous arterial spin labeling; SPIR = spectral pre-saturation

by inversion recovery
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Study 1 Study 2

Vendor A Vendor B Vendor A Vendor C
Inter-pulse time 1.24 ms 1.24 ms 1.15 ms 1.15 ms
Shimming labeling  Yes No Yes Yes
plane
TE 28 ms 28 ms 21 ms 21 ms
TR 4800 ms 4800 ms 4700 ms 4700 ms
Slice readout time  60.9 ms 61.5 ms 50.2 ms 52 ms
Mean effective 2410 ms 2420 ms 2300 ms 2320 ms
PLD
Total scan 11:12 min 11:12 min 10:58 min 10:58 min
duration

Table 2. Different labeling and readout parameters. PLD = post-label delay; TE = echo time; TR =

readout time

Materials and Methods

MRI scanners

Three 3T MRI scanners were used in this single-center multi-vendor comparison: GE Signa HDxt
(2006, 60 cm bore opening, General Electric Healthcare, Milwaukee, W1, US), Philips Achieva (2007, 60
cm bore opening, Philips Healthcare, Best, the Netherlands) and Siemens Skyra (2011, 70 cm bore
opening, Siemens Healthcare, Erlangen, Germany). None of the vendors were involved in designing or
conducting this study, none had access to the data, and none were involved in data analysis or
preparation of this manuscript. Because the main purpose of the study was to compare the inter- and
intra-vendor reproducibility, without addressing the performance of each vendor system explicitly,
vendor and coil names were anonymized by pseudo-randomly reordering the vendor names into vendor
A, B and C. Vendor A was included in both studies because its gradient and RF coil specifications
allowed sequence implementation identical to both vendor B and C. The scanners of vendor A and B
were equipped with 8-channel head coils, whereas the scanner of vendor C was equipped with a 20-
channel head-neck coil. Vendor A and C were separated by a five-minute walk, whereas vendor B was

located at 20 minutes traveling distance by public transport from the location of the two other scanners.
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Study design

Fourteen healthy volunteers (50% male, mean age 26.4 = 4.7 (SD) years) were included, of which 11 (5
men, mean age 25.2 £ 4.5 years) were included in study 1 and all 14 subjects were included in study 2.
Both the local regional ethics committee and the local University Hospital internal ethical review board
approved the study and all subjects provided written informed consent. In addition to standard MRI
exclusion criteria, subjects with history of brain or psychiatric disease or use of medication - except for
oral contraceptives - were excluded. To minimize physiological perfusion fluctuation, physical exercise
and consumption of alcohol or recreational drugs was prohibited for 24 hours prior to scanning, except
for caffeine or nicotine, which were restricted for 6 hours before the scanning sessions . In both
studies, each participant was scanned twice on two different scanners (i.e. four MRI examinations per
participant per study) within three hours, to limit the effect of physiological perfusion fluctuations
(Figure 2). Order effects were avoided by randomly starting with either vendor A or B (study 1) or with
either vendor A or C (study 2). Foam padding inside the head coil was used to restrict head motion
during scanning. Subjects were awake and had their eyes closed during all ASL scans. In all sessions,
PCASL acquisitions were performed 10 minutes after the positioning of the subject in the scanner to

allow perfusion to stabilize.

vendor A vendorA
session 1 \ session 1 \
mean 2:09h +0:09 vendor B mean1:37h £0:18 vendor C
min 1:47h session 1 min 1:08h session 1
max 2:22h max 2:16h
vendor A mean 2:10ht0:12 vendor A mf-:‘anl:31hi0:20
. min 1:54h ) min 1:01h
session 2 session 2
max 2:30h max 2:16h
\ vendor B \ vendor C
a)study 1 (n=11) session 2 b) study 2 (n=14) session 2

Figure 2. Study design and inter-session time differences between vendors of both studies (large
transparent arrows). The small filled arrows correspond to the comparisons performed in this study:
intra-vendor vendor A (red), intra-vendor vendor B (green), intra-vendor vendor C (blue), inter-vendor
comparison (black). Note that the comparison between studies for vendor A is not indicated by an

arrow.
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Acquisition

Each scan session included a balanced PCASL sequence with a single-shot gradient-echo EPI readout
and a 1 mm isotropic 3D T1-weighted structural scan for segmentation and registration purposes.
Detailed similarities and differences between the PCASL protocols are summarized in Tables 1 and 2.
The field-of-view was positioned parallel to the anterior-posterior commissure (ACPC) line. Due to
restrictions imposed by two of the MR systems the labeling plane was fixed parallel to the stack of

imaging slices.

Post-processing: quantification

Matlab 7.12.0 (MathWorks, MA, USA) and Statistical Parametric Mapping 8 (SPM8, Wellcome Trust
Center for Neuroimaging, University College London, UK) were used for post-processing and statistical
analyses. Motion parameters were estimated and did not differ between vendors (p>0.1 for both studies,
paired t-test). To avoid confounding effects from motion correction due to possible signal-to-noise ratio
(SNR) differences between vendors or coils, no motion correction was applied. The first five control and
label pairs were discarded to avoid any non-steady state effects in the MRI signal. The remaining control
(M onuo) and label (M) images were pair-wise subtracted and averaged. The average control image was
used to derive MO, by assuming a fixed single T1 of tissue (equal to T1,, described below). These

perfusion-weighted images were quantified into CBF maps using a single compartment model 10,

—TR
6000 A (M controt —Miapel )ePLD/T1a (1_9T16M)

CBF [mL/100g/ min] = — (1]

2 a Tiq Mcontrol (1_9T1a)

where X is the brain-blood partition coefficient (0.9 mL/g) , PLD is the post-label delay of each slice
(Table 2); T, is the longitudinal relaxation time of arterial blood (1650 ms), « is the labeling efficiency
(85%) and t is the label duration (Table 2) '»**?. 1 — e CTR/TLaM) corrects for the incomplete signal
recovery of the control images; TR is the repetition time (Table 2) and Tl is the longitudinal

relaxation time of GM (1240 ms). The same quantification parameters were used for GM and white

matter (WM).

Post-processing: spatial normalization
A single 3D T1-weighted anatomical scan for each subject (n=14) was segmented into GM and WM
tissue probability maps. To avoid registration effects from differences in the T1-weighted reference

images, the T1l-weighted images from a single vendor (vendor A) were used. All CBF maps were
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transformed into anatomical space by a rigid-body registration of the average control image to the skull-
stripped T1-weighted scan. To spatially normalize both anatomical differences between subjects and
residual EPI geometric distortion differences between vendors, a three-stage normalization strategy was
applied, based on DARTEL (Diffeomorphic Anatomical Registration analysis using Exponentiated Lie
algebra) *. First, a T1-based DARTEL template was created using the GM and WM probability maps
from the T1-weighted scans. The resulting DARTEL flow fields were applied to the average control
images of all vendors, removing anatomical differences between subjects. Afterwards, the normalized
mean EPI control images were segmented into GM and WM probability maps from which vendor-
specific EPI-based DARTEL templates were created. The resulting flow fields were applied to the mean
control images, removing residual geometric differences between subjects . Finally, the vendor-specific
EPI-based DARTEL templates were warped to the T1-based DARTEL template, removing geometric
distortion differences between vendors. All transformations were applied to the corresponding CBF

maps.

Data analysis

Reproducibility was evaluated by means of quantitative CBF agreement and inter-session variation,
testing whether the mean CBF is equal for different vendors and whether the inter-vendor inter-session
variation is equal to the intra-vendor variation. These hypotheses were tested quantitatively on both a
region of interest (ROI) and on a voxel level. In addition, a qualitative similarity comparison of the major

features of the CBF maps was performed by three neuro-radiologists.

All intra-vendor reproducibility analyses were based on a comparison of session 1 with session 2 within
each vendor (n=11 and n=14 for study 1 and 2 respectively, colored arrows in Figure 2). All inter-
vendor reproducibility analyses were based on pooled comparisons of both the first sessions between
vendors and the second sessions between vendors (n=22 and n=28 for study 1 and 2 respectively, black
arrows in Figure 2). To compare both studies, the results from vendor A will be used because of its
participation in both studies (first 11 subjects only). All reproducibility analyses were based on the mean
CBF of the compared sessions and on the standard deviation of the paired inter-session CBF difference
(SDACBF). The within-subject coefficient of variation (wsCV) — a normalized parameter of inter-session

variation — was defined as the ratio of SDACBF to the mean CBF of both compared sessions **:

wsCV = 100% —2ABE 2]

mean CBF
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Data analysis: ROI definition

Subject-specific total cerebral GM and deep cerebral WM masks were obtained by thresholding GM and
WM probability maps at 80% and 99% tissue probabilities respectively. WM masks were threefold
eroded to avoid GM contamination *. ROIs of anterior, middle and posterior flow territories (supplied
by the anterior, middle and posterior cerebral artery respectively) were created from standard vascular

territory templates *°

and ROIs associated with age-related dementia (anterior and posterior cingulate,
precuneus) were created from the Wake Forest University Pick-atlas
(http:/ /fmri.wfubme.edu/cms/software). All standard ROIs were masked with the subject-specific GM
masks. Since almost all distributions deviated from normal - according to the Shapiro-Wilk test - the

median was used to summarize CBF within a ROI.

Data analysis: voxel-based comparison
To assess reproducibility differences spatially, CBF- and wsCV-values were computed for each voxel. In

order to visualize how much larger or smaller the inter-vendor SDACBF was than the intra-vendor

SDACBEF, a voxel-wise variation ratio map was created according to the following equation *':

SDACBF inter —vendor [3]
SDACBF intra —vendor

100%

This map was created for each study, including the two inter- and the two intra-vendor inter-session
comparisons (black and colored arrows respectively in Figure 2). If the inter-vendor covariance is equal
to the intra-vendor covariance, we expect a mean variation ratio of 100%. Individual GM CBF
histograms (80 bins, range -10-110 mI./100g/min) were averaged to generate a group-level histogram.

GM wsCV (80 bins, range 0—100%) and ratio (80 bins, range 20—180%) histograms were generated.

Both on an ROI and on a voxel level, mean CBF differences between vendors were tested for
significance using a paired two-tailed Student's t-test. The Levene's test was used to test whether the

inter-vendor inter-session SDACBF was significantly different from the intra-vendor inter-session

SDACBF.
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Data analysis: qualitative similarity index

In order to compare the inter- and intra-vendor reliability qualitatively, inter- and intra-vendor head-to-
head CBF maps were rated for their similarity by three neuroradiologists (FBP, SF and JH) with at least
five years of experience with ASL. The following comparisons were included: intra-vendor comparisons
(colored arrows Figure 2) for vendor A and B (n=2*11) and vendor A and C (n=2%14) as well as inter-
vendor comparisons (black arrows Figure 2) for vendor A vs. B sessions 1 and 2 (n=2*11) and vendor A
vs. C sessions 1 and 2 (n=2*14), adding up to 100 comparisons in total. The 100 comparisons were
pseudo-randomized and only the skull-stripped, spatially normalized cerebrum was included, to avoid
any recognizable vendor-specific geometric distortion or susceptibility artifacts. The spatially normalized
CBF maps were divided into 20 slices and rescaled slice-wise, such that the mean GM CBF of each slice
was equal for the compared sessions. All comparisons were converted into color-scaled DICOM images

containing the two compared sessions per image, horizontally side by side.

After giving a first general impression for the total GM, the raters provided an ordinal score from 1 to 5
for the anterior, middle and posterior flow territories and for the deep GM consecutively, based on
similarity of morphology and intensity. Similarity scores were defined as 1) poor, 2) fair, 3) moderate, 4)
good and 5) excellent. Krippendorff's alpha was used to quantify the inter-rater agreement. The mean
rating of all three neuroradiologists was used for analysis. Intra- and inter-vendor similarity scale
histograms (5 bins, range 1-5) were generated for the abovementioned ROIs. A two-sample t-test was
used to test whether the inter-vendor similarity was lower than the intra-vendor similarity. Significance

was thresholded at p=0.05 in all analyses.
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Results

Session timing

The intra-vendor inter-session time intervals did not differ between vendors in study 1 (»p=0.6, paired t-
test) or study 2 (p=0.3), but were 31 min longer for vendor A study 1 than for vendor A study 2 (»p<0.01,
Figure 2). The ASL scans of study 1 (18h50 £ 2h00) were performed 2h20 later on each day (p<0.01)
than those of study 2 (16h30 £ 3h20). Study 1 was performed 2.7 weeks after study 2 (p<0.01).

Region-based comparison

Both the ROI-based median CBF-values (Table 3) and paired inter-session differences (summarized by
wsCV in Table 4) were normally distributed. For all ROIs the mean CBF did not differ significantly
between vendor A and B in study 1 (p>0.1). The mean regional CBF of vendor A was 2-19% higher
(»<0.01 in most ROIs) than the mean regional CBF of vendor C in study 2, with the largest differences
in the posterior flow territory and in the posterior cingulate gyrus. In addition, CBF values of vendor A
in study 1 were 10-22% lower (»<0.01 in most ROIs) than those of the same vendor in study 2. Except
for the posterior cingulate cortex in study 1 (p<<0.01), there were no differences between the intra- and
inter-vendor SDACBF of study 1 (p>0.1) or of 2 (p>0.2). However, the SDACBF of vendor A was 1.5-2
times as large for the sequence in study 1 as compared to the sequence in study 2, which was significant

for the anterior (p=0.04) and posterior flow territory (p=0.04) and precuneus (p=0.03).

Voxel-based comparison

The CBF maps of a single representative subject show that visually the cortical and subcortical GM-WM
differentiation was more comparable between vendors with the near-identical sequences (Figure 1b) than
with product sequences (Figure 1a). The group mean CBF maps (Figure 3) of vendor A and B (study 1)
appeared very similar visually, with slight differences in the inferior part of the cerebellum and in the
orbito-frontal lobe. This was also reflected by the similarly appearing histograms. However, the mean
CBF maps of vendor A and C (study 2) showed significant intensity differences, most notably in the
posterior flow territory and in the cerebellum. The histograms of vendors A and C have an identical
appearance, except for a shift of the peak location for vendor A to higher CBF as compared to vendor
C. Interestingly, the largest difference was observed when the results of the same vendor (A) were
compared between the sequences of study 1 and 2 (Figure 5a). The mean CBF and CBF distributions on
histograms were lower and wider in study 1 compared to study 2 and for most voxels on the parametric

maps the CBF-values were larger for study 2 than for study 1.
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In both studies, the wsCV maps and histograms (Figure 4) appeared similar between vendors, with only
slightly larger variation for vendor A compared to vendor B (study 1) throughout the brain and for
vendor C compared to vendor A (study 2) in the posterior flow territory. Areas of largest variation were
the deep GM, posterior flow territory (including the cerebellum) and the orbito-frontal cortex. The inter-
vendor wsCV maps showed the same spatial distribution as the intra-vendor maps, but the overall wsCV
was somewhat higher. Likewise, the inter- and intra-vendor wsCV histograms appeared similar, but the
inter-vendor wsCV distribution was shifted towards higher values. Interestingly, the wsCV histograms of
vendor A in study 1 were higher and wider than the histograms of the same vendor in study 2. The
values on the wsCV maps of vendor A study 2 visually appeared lower and more homogeneous

compared to vendor A study 1, which was shown to be significant in the majority of the voxels (Figure

5b).

The inter- to intra-vendor variation ratio (Figure 6) was heterogeneously distributed and ranged from 75
- 125 % in the majority of voxels. Based on the histograms, the mean ratio was slightly higher than 100%
and the distribution was approximately Gaussian, with slightly more voxels having a higher inter- than
intra-vendor SDACBF. There were a few voxels with significantly higher inter- than intra-vendor
SDACBYF, which were mainly situated in the posterior flow territory for vendor A vs. B and spread

throughout the brain for vendor A vs. C.

transversal coronal sagittal

study 2 > study 1

&
mean CBF

VENDOR A STUDY 1 vs. STUDY 2

Figure 5. Binary parametric maps projected on mean gray matter (GM) probability maps: a) voxel-wise
significant CBF differences between study 1 and 2 (p<0.05). There were no voxels for which the mean
CBF of study 1 was significantly larger than the mean CBF of study 2. b) voxel-wise significant
differences in standard deviation of the paired inter-session CBF difference (SDACBF) (»p<0.05).
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Similarity scale

The inter-rater agreement of the visual similarity scale was moderate (Krippendorff's «=0.44-0.57) in
most ROIs, but only fair in the deep GM (x=0.28). There was no substantial inter-rater agreement
difference between the intra-vendor (Krippendorff's «=0.27-0.48) and inter-vendor (x=0.26-0.62)

comparisons.

For both the intra- and inter-vendor similarity, the average rate ranged from fair to good, and was
'moderate’ in most ROIs (Figure 7). In study 1, the inter-vendor similarity (2.7 £ 0.2) was on average
10.8 * 2.3% lower than the intra-vendor similarity (3.0 * 0.2). In study 2, the inter-vendor similarity (3.4
+ 0.3) was on average 8.8 = 4.8% lower than the intra-vendor similarity (3.8 * 0.2), which was
significant for the total GM, posterior flow territory and deep GM. Whereas the similarity scale
histograms of the total GM, anterior and middle flow territories had similar means, the deep GM
histogram was somewhat lower and the posterior flow territory histograms had the lowest mean. All
histograms of study 2 had a smaller distribution and higher mean than the histograms of study 1
(p<0.01).

Discussion

Using near-identical PCASL sequences, we were able to acquire similar CBF images on 3T systems from
the three major MRI vendors. The main results of this study are threefold. First, there were no
significant CBF differences between vendors within study 1, but there was a significant difference
between vendors within study 2 as well as a significant difference in CBF obtained with the sequence of
study 1 versus the sequence of study 2 within the same vendor. Second, the inter-vendor inter-session
variation was larger than the intra-vendor variation, although this did not reach significance in most
ROIs or voxels. Finally, for the qualitative expert ratings, the inter-vendor similarity was 9-11% lower
than the intra-vendor similarity, but the inter-vendor similarity was still 'moderate’. These results indicate
that it may be possible to pool multi-vendor ASL results obtained with near-identical sequences, but also

that minor residual sequence differences can have a large effect on the reliability of ASL.

The general appearance of the CBF and wsCV-maps obtained from the current work is in agreement
with what can be expected from PCASL with a 2D gradient-echo EPI readout: excellent GM-WM
contrast, heterogeneously appearing GM CBF and wsCV with vascular CBF peaks and lower CBF and
higher wsCV in regions sensitive to susceptibility induced artifacts such as the orbito-frontal and inferior

temporal cortices '**. The visual similarity of these CBF- and wsCV-maps is substantially higher than

115



Chapter 5 Multi-vendor reliability of ASL perfusion MRI using a near-identical sequence

that shown in previous multi-vendor ASL comparisons, in particular one in which a different readout
(2D EPI vs. 3D spiral) was employed '°. The largest difference between vendors in that study was the
difference in spatial blurring between the readouts and reconstruction as used by both vendors, which
was reflected in the GM-WM CBF contrast. Whereas the GM-WM CBF ratio differed by a factor 2
between 2D and 3D readouts, this ratio was very consistent in the present results, ranging from 3.5 - 3.9
for all vendors "' "7, This indicates that if a similar readout and reconstruction is used, ASL results are
comparable between vendors, despite residual hardware differences such as differences in gradient or
coil specifications. Since differences in spatial correlation can seriously affect the ability of ASL to detect
regional CBF differences, these results provide a strong argument for the importance of using the same

ASL readout in multi-center studies.

To our surprise the mean and inter-session variation of CBF differed more for the same vendor across
the two studies than between different vendors within the same study, both in the quantitative and
qualitative analysis. These results strongly suggest that even minor sequence changes can result in a
significant effect on the mean and inter-session variation of CBF. Moreover, this indicates that small
differences in sequence parameters have a larger effect on the reproducibility of ASL than hardware or
software differences between vendors, even when the same labeling and readout strategies are used.
Future multi-center perfusion studies should therefore not only focus on keeping ASL sequence
parameters as equal as possible between centers, but also within a center (i.e. no software updates or

upgrades resulting in small sequence changes).

One possible explanation for the mean CBF difference between studies could be the different slice
readout times, leading to a mean effective PLD that is 100 ms longer for study 1 than for study 2. A
longer PLD leads to more T1 decay, lower SNR and proportionally more spins in the tissue
compartment than blood compartment - hence proportionally more faster decay with the T1 of tissue.
This results in a relative underestimation of CBF for study 1 compared to study 2. These PLD effects
lead to an arrival time dependent relative CBF underestimation for study 1 compared to study 2, which
is in agreement with our results. Furthermore, the larger T2* decay with longer TE in study 1 reduces
SNR for both the AM and M, (control) image which can partly explain its larger variation compared to
study 2, both in the wsCV-maps as well as in the qualitative similarity rating. Another effect of the
differences in effective PLD is a different macro-vascular weighting between study 1 and study 2. The
shorter effective PLD in study 2 compared to study 1 may have provided more macro-vascular
weighting, which may overestimate CBF. Despite the variation differences between the studies, the inter-

to intra-vendor inter-session variation ratio was very similar. The histogram showed only slightly more
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voxels where inter-vendor inter-session variation was larger than intra-vendor variation in study 1
compared to study 2. Again, these voxels seemed to be mainly found in the posterior region and
cerebellum. This suggests that the abovementioned additional sources of variability for study 1 — such as
larger T2* decay and larger PLD for study 1 — have a relatively similar contribution to both the intra-
and inter-vendor variability. Another difference between the sequences in both studies, was the inter-
pulse time of the labeling RF train - a difference of approximately 150 ps. This is expected to have

affected the labeling efficiency, although we do not expect that this had a significant effect on the wsCV

29

Whereas we observed very good agreement between the mean CBF values of vendor A and vendor B in
study 1, there was a significant whole brain CBF difference between vendor A and vendor C in study 2.
The most likely cause of the larger CBF difference in study 2 is the different receiver coils used by the
two vendors in this study (8 versus 20 channels); contrary to study 1 where both vendors had identical 8-
channel head coils. A post-hoc quality assurance analysis (head phantom scanned with an IEC 2D spin
echo sequence, data not shown) showed that the SNR of the scanners of vendor B and C were 71% and
155% relative to vendor A **’'. However, the inter-session variation of vendor C was only lower than
vendor A in the anterior orbito-frontal region and not in other areas of the brain. Perhaps, physiological
variability already dominated most regions of the brain and additional SNR only helped in regions with
lowest sensitivity, such as areas prone to susceptibility induced artifacts. Additional explanations could
include differences in gradient specifications or shimming of the labeling plane. The fact that the CBF
disagreement between vendors in study 2 was largest in the posterior flow territory could be attributed to
the fact that vertebral arteries are more tortuous than carotid arteries, increasing the possibility for a less
perpendicular intersection of the vertebral arteries by the labeling plane . This could also explain the

higher wsCV and lower qualitative similarity rates in the posterior flow territory.

It should be acknowledged that the main strength of this study is at the same time also its main
weakness. The study design was optimized for an optimal similarity of pulse sequences between vendors
within the same study, and not for optimal ASLL SNR across all three scanners. This included the
disabling of imaging enhancement features such as background suppression, parallel acceleration, partial
Fourier and geometric distortion filters. These features were disabled to narrow down possible origins of
inter-vendor variability, to achieve a more valid basis for comparison. Although the SNR penalty by
disabling the image enhancement features were counterbalanced by longer scanning as well as scanning

healthy young volunteers, the results of the current study may deviate from normal clinical or research
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practice. These enhancement features may reduce the intra-scanner variability because of increased SNR,
but may increase the inter-vendor variability because they are implementations that may vary between
vendors ', Therefore, it remains unknown to what extent these features can affect the multi-center
reproducibility of ASL. Still, the sequence as validated in this study could serve as a benchmark to

compare other, more optimal, sequences between scanners from different vendors.

Another limitation of the current study is the use of 2D sequences, whereas 3D sequences have recently
been proposed as the recommended standard . The practical reason for choosing a 2D readout was
that the implementation and reconstruction of identical 3D sequences on all vendors was not deemed
feasible at the initiation of this study. When similar implementations of 3D sequences would be available
on all vendors, both the intra- and inter-vendor variability could be expected to be lower because of the
relatively higher SNR of 3D readouts. Especially because of the optimal performance of background
suppression for 3D readouts, which greatly improves the reproducibility of ASL '* . However, it
remains unclear whether spatial correlation and blurring differences are smaller or larger between

different 3D readouts than between 2D and 3D readouts .

Conclusion

Using near-identical ASL sequences, this multi-vendor study demonstrates the possibility to acquire
comparable cerebral CBF maps on scanners from different vendors. Small differences in sequence
parameters can have a larger effect on the reproducibility of ASL than hardware or software differences
between vendors. These results stress the importance of using identical labeling and readout strategies
when perfusion maps from multiple MRI scanners are pooled. Future efforts towards harmonization of
pulse sequence approaches between vendors should pave the way for multi-center clinical perfusion

studies.
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Chapter 5

Multi-vendor reliability of ASL perfusion MRI using a near-identical sequence

STUDY 1 STUDY 2 STUDY 1VS. 2
vendor A vendor B %ACBF vendor A vendor C  %ACBF %ACBF vendor A
Whole brain regions
Total gray matter 48.9 (1 9.8) 49.6 (14.4) 1.4 571 ( 7.6) 53.8( 6.7) 16.0 15.51
Total white matter 143 ( 3.1) 13.0( 3.7) 10.1 159 ( 3.3) 15.1( 2.9) 4.8 10.2
GM-WM ratio 3.5(0.7) 3.9 ( 1.0) 11.8 3.7 ( 0.6) 3.7( 0.8) 0.9 5.7
Flow territories
Anterior 50.3 (10.2)  50.2 (14.9) 0.2 58.6 ( 8.2) 54.8( 7.5) 16.6 15.2F
Middle 49.8 (1 9.6) 51.5(14.3) 3.5 58.0( 7.8) 559 ( 6.5) 3.7 15.4%
Posterior 445 (12.2)  42.7 (15.6) 4.2 52.8 ( 8.2) 44.7( 8.4) 116.7 17.01
Dementia regions
Anterior cingulate cortex 489 (12.7)  52.0 (15.4) 0.3 57.5( 83) 56.6( 7.7) 1.6 16.2*
Posterior cingulate
cortex 46.8 (14.7) 444 (19.3) 5.3 58.4 (11.5)  48.0 (12.4) T19.4 22.0t1
Precuneus 51.6 (12.6)  49.0 (17.0) 5.2 59.7 ( 9.6) 52.1( 9.3) T13.7 14.6*

Table 3. Cerebral blood flow (CBF) (SD), shown in mIL./100g/min. %ACBF represents the percentual CBF difference between vendors - except for

the GM-WM CBF ratio, where it represents the percentual CBF ratio difference - within study 1 or 2, and between studies for the same vendor

(vendor A) in the last column. CI = confidence interval. *»<0.05, 1p<0.001.
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STUDY 1 STUDY 2 STUDY 1
VS. 2
vendor A vendor B inter- ratio vendor A vendor C inter- ratio ratio
vendor vendor vendor A
Total gray matter 20.5( 6.4
159 ( 7.6)  15.4 (10.4) 13 9.1 (4.9) 8243 11334 1.3 1.8
Flow territories
Anterior 184 ( 83) 14.6(10.6) 219( 67 13 10.2 (5.4) 9949  11.6(3.6) 1.2 1.8
Middle 13.8( 7.3) 153 (104) 185(62) 1.3 8.1 (4.9) 8142  11.2(33) 14 1.7
Posterior 234 (9.7) 223(115) 324(77) 14 131(55  16.6(58) 173 (43) 12 1.8
Dementia regions
Anterior cingulate cortex 241 (104) 114 (10.7) 255(75) 14 121(.6)  103(.1) 11936 1.1 2.0
Posterior cingulate cortex 32(124) 197 (13.7) 461 (102) +1.8 212 (8.5  30.8 (9.5 22(6.0) 08 1.5
Precuncus 239 (105) 17.7(122) 29.4(82) 14 124 (64) 17967 14446 1.0 1.9%

Table 4. Inter-session within-subject coefficient of variation (wsCV) (confidence intervals), shown in percentages (%0). Ratio represents the inter- /
intra-vendor SDACBF-ratio. The study 1/study 2 SDACBF-ratio for vendor A is shown in the last column. CI = confidence interval. *»<0.05,
1£<0.001
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Figure 3. a-b,d-¢) mean cerebral blood flow (CBF) maps; c,f) voxel-wise significant CBF differences between vendors visualized by binary parametric

maps projected on the mean gray matter (GM) probability maps (»p<0.05 unc.); g GM CBF histograms.
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Figure 4. within-subject coefficient of variability (wsCV)-maps of study 1 (a-c) and study 2 (d-f) projected on mean gray matter (GM) probability
maps; g GM wsCV histograms
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Chapter 6 GM contamination in ASL. WM perfusion measurements in patients with dementia

Abstract

Introduction White matter (WM) perfusion measurements with arterial spin labeling can be severely
contaminated by gray matter (GM) perfusion signal, especially in the elderly. The current study
investigates the spatial extent of GM contamination by comparing perfusion signal measured in the WM
with signal measured outside the brain.

Material and Methods Four minute 3T pseudo-continuous arterial spin labeling scans were performed in 41
elderly subjects with cognitive impairment. Outward and inward geodesic distance maps were created,
based on dilations and erosions of GM and WM masks. For all outward and inward geodesic distances,
the mean CBF was calculated and compared.

Results GM contamination was mainly found in the first 3 subcortical WM voxels and had only minor
influence on the deep WM signal (distances 4 to 7 voxels). Perfusion signal in the WM was significantly
higher than perfusion signal outside the brain, indicating the presence of WM signal.

Conclusion These findings indicate that WM perfusion signal can be measured unaffected by GM
contamination in elderly patients with cognitive impairment. GM contamination can be avoided by the
erosion of WM masks, removing subcortical WM voxels from the analysis. These results should be taken

into account when exploring the use of WM perfusion as micro-vascular biomarker.
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Introduction

White matter (WM) perfusion measured with arterial spin labeling (ASL) is a potential iz vivo micro-
vascular parameter to investigate the interplay between normal aging and degenerative and vascular
pathology, such as small vessel disease "> Data on WM perfusion are relatively scarce, because ASL has
long been considered unsuitable to measure stable WM cerebral blood flow (CBF) °. Although recent
technical advances have enabled these measurements, still a relatively long scan time (10-20 min) is
required to capture single voxel WM CBF *,

Due to the often limited available scan time, clinical investigators either ignore WM perfusion or use it as
a reference value °. Fortunately, voxel-wise comparison of WM perfusion is not always required. It may
suffice to average the signal from all WM voxels to provide a single value for the hemodynamic status of
the total WM region of interest (ROI). Perfusion signal from such a ROI has recently been shown to be
reproducible in elderly patients with dementia .

However, contamination of GM signal into WM voxels may seriously affect WM perfusion
measurements., because the contrast between GM and WM CBF is large S, Furthermore, changes and
correlations are mainly found in GM CBF, while the WM CBF often remains relatively stable >
Therefore, even a fraction of GM contamination may distort WM CBF measurements and its possible
clinical correlations.

Main sources of GM contamination are the point spread function (PSF) of the ASL imaging readout
module and partial volume (PV) voxels > ®. Both have a large effect in ASL due to its low imaging
resolution, which is required to compensate for its low signal-to-noise ratio (SNR). Currently, PV voxels
are excluded based on the segmentation of a high resolution anatomical scan "*°. However, simulations
indicate that WM voxels without PV may still experience GM contamination due to the PSF °.
Therefore, to correctly interpret perfusion signal averaged from a WM RO, it is essential to investigate
the spatial extent of GM contamination. Can perfusion signal originating from the WM be distinguished
from signal blurred from the GM? With this knowledge a WM ROI could be constructed that
experiences minimal GM contamination without excluding too many WM voxels. Constructing a WM
ROI may be especially challenging in the elderly, because of the decreased T1 and ASL GM-WM
contrast and WMH associated with aging "> '’. The current study investigates the spatial extent of GM

contamination in elderly patients with dementia.
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Material and methods

Subject recruitment

41 patients (19 men/22 women, mean age 74.9 = 9.7 (SD) years) presenting to an outpatient memoty
clinic were included in this study. Main inclusion criteria were age higher than 18 years and score on the
mini-mental state examination equal to or higher than 20. Main exclusion criteria were history of
transient ischemic attack or stroke in the last two years or with cognitive decline within three months
after the event, major depressive disorder, psychosis or schizophrenia, alcohol abuse, brain tumor, and
epilepsy. All patients provided written informed consent and the study was approved by the VU
University Medical Center and Academic Medical Center ethical review boards. Of the 41 enrolled
participants, 18 fulfilled criteria for mild cognitive impairment and 23 fulfilled criteria for probable

Alzheimer's Disease or mixed dementia '

MRI protocol

All imaging was performed on a 3.0 T Intera with a SENSE-8-channel head coil and body coil
transmission (Philips Healthcare, Best, The Nethetlands). To restrict motion the subjects' head was
stabilized with foamed material inside the head coils. An isotropic 1 mm 3D T1 weighted scan and 2D
FLAIR scan with 3 mm slice thickness were collected using a routine clinical protocol. Added to this
protocol was a gradient echo single shot echo-planar imaging pseudo-continuous ASL sequence with the
following imaging parameters: resolution, 3x3x7 mm’; FOV, 240x240 mm? 17 continuous axial slices;
TE/TR, 14/4000 ms; flip angle, 90 degrees; SENSE, 2.5; labeling duration, 1650 ms; post-labeling delay,
1525 ms. Slices were acquired in sequential ascending order. 30 label and control pairs were acquired,
resulting in a total scan time of 4 min. Background suppression was implemented with two inversion
pulses 1680 and 2830 ms after a pre-labeling saturation pulse. The labeling plane was positioned parallel
and 9 cm caudal to the center of the imaging volume . For descriptive purposes of the presence of
small vessel disease, the Fazekas WM hyperintensity severity scale and four-point global cortical atrophy

score were assessed by a trained rater, blinded to the clinical information ">,

ASL post-processing

Matlab 7.12.0 (The MathWorks, Inc., Natick, MA USA) and the SPM8 toolbox (Statistical Parametric
Mapping, Wellcome Trust Centre for Neuroimaging, London, UK) were used for offline data processing
with custom-built software. The label and control pairs were pair-wise subtracted after 3D realignment

and subsequently averaged to generate perfusion weighted maps. These maps were converted to CBF
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based on a single compartment model, which assumes that the label remains in the wvascular

15
compartment

6000 AAMe ™)

CBF = M, 20a Tla[e—W/Tla _ o WO/ ] [mI./100g/min]

inv

where ) is the brain-blood water partition coefficient (0.9 mL/g) '°, AM is the average difference
between control and label for all 30 dynamics, TE is the echo time (14 ms), T,*, is the transverse
relaxation time of arterial blood (50 ms) '/, MO, is the equilibrium magnetization of arterial blood, of
which an average scanner value was calculated (4.12%10° according to previously described methods '*, «

is the assumed pseudo-continuous ASL labeling efficiency (0.85) %, «,, is the correction for label loss

20
>

due to background suppression pulses (0.83) "°, T,, is the T, relaxation time of arterial blood (1.650 s)
w is the post-labeling delay (1.525 s), 1 is the labeling duration (1.650 s). Post-labeling delay differences
between slices due to the 2D readout were accounted for. No distinction was made between the
quantification of GM and WM voxels. GM and WM probability maps were segmented from the 3D T1
weighted scan and transformed into ASL space by rigid registration of the GM probability map to the
perfusion map. Default SPM8 settings were used for segmentation and registration except for the
distance between sampling points, which was decreased to 1 mm for increased precision. All CBF maps
were scaled such that the mean GM CBF (tissue probabilities > 90%) of each patient matched the
population mean (36.8 mL/100 g/min) for the slice used in the distance analysis. Negative values were
not excluded. All data analyses were performed in native ASL space to avoid GM contamination due to

interpolation.

Distance analysis

Two distance maps were constructed to compare the extent of inward and outward GM contamination.
This method enables the comparison between perfusion signal measured in the WM to signal measured
outside the brain. Outside the brain, where air or tissue types such as cerebrospinal fluid (CSF),
meninges, bone and skin are located, no perfusion signal is expected except from outward GM
contamination. This analysis was carried out in 2D and restricted to a single transversal slice (Figure 1)
located 2 slices (14 mm) superior to the basal ganglia. This slice contains a relatively large area of WM,
has no central GM and does not experience much distortion or signal dropout as frequently observed
anterior in echo-planar imaging. The procedures of the distance analysis are stepwise listed here, and

visualized in Figure 1.
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1) The WM probability map (a) was converted into a WM mask (b), including tissue probabilities > 10%.
This low probability threshold avoids the exclusion of WM hyperintensity voxels, which are frequently
misclassified as GM voxels. Subsequently, the GM probability map (A) was converted into a GM mask
(B), including tissue probabilities > 90%, which is complementary to the WM mask at the GM/WM
boundary.

2) Any remaining regions inside the WM or GM masks (such as CSF) were masked as well (c and C),
such that erosions or dilations affected the outer borders of the masks only.

3) Erosions were applied to the WM mask (d) and dilations to the GM mask (D), using a cross structural
element with radius 1.

4) Inward (e) and outward (E) city-block geodesic distance maps were created by labeling each voxel for
number of erosions required to remove this voxel from the WM mask (e) or for the number of dilations

required to add this voxel to the GM mask (E).

voxels

-1 voxels

100
80

mL/100g/min

Figure 1. Single slice distance analysis pipeline visualized for a single patient: tissue probability maps (a,
A) converted into masks (b, B), gaps filled (c, C), erosion and dilation (d, D) and the resulting city-block
geodesic maps (e, E). Lower and upper case represent WM and GM respectively. In the right lower

corner the ASL slice is shown for reference.
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Consequently, the resulting distance maps show for each WM voxel its shortest distance (in voxels) to
the outer border of the WM mask (Figure 1e) and for each voxel outside the brain its shortest distance
to the outer border of the GM mask (Figure 1E). Since the in-plane voxel size is 3x3 mm, a distance of
1 voxel presents a distance of 3 mm. All voxels with the same distance were projected on the CBF maps,

to compute the mean CBF and voxel count for each distance.

Partial volume analysis

To investigate the influence of PV voxels, the same WM tissue probability map as used for the distance
analysis was converted to multiple binary masks with WM tissue probabilities ranging from 80% to
100% with a bin size of 1% (e.g. 80-81%, 81-82%, etc.). This range was selected, as it encloses
probability thresholds that have been previously selected in WM research > *. These WM masks were
projected on the ASL data and their mean WM CBF, GM-WM CBF ratio and voxel count were
calculated. For both the distance and PV analysis, the individual mean GM CBF (tissue probabilities >
90%) was defined as GM CBF. This GM CBF was also used to calculate the GM-WM ratio for the

inward distances 1 to 7 voxels.

Results

Patient characteristics are summarized in Table 1. The mean GM CBF was 36.8 + 8.5 mL./100 g/min.
Outward GM contamination was mainly observed in the first three voxels (distances -1 to -3 voxels),
whereas distances -4 to -7 voxels showed very low signal (Figure 2a). The inward decrease of WM signal
was smaller than the outward signal decrease (p<0.001 with paired sample Student's t-test, indicated with
asterisks in Table 2 and Figure 2a). In the PV analysis, the WM CBF and GM-WM ratio seemed to show

decreasing GM contamination with increasing tissue probabilities (Figure 2a).

A comparison of the left and right graphs of Figure 2a-b shows the relation of GM contamination with
the inclusion of voxels containing 80 - 100 % WM PV. Mean CBF and GM-WM CBF ratio of tissue
probabilities 80 to 99% can be compared with distances 1 to 3 voxels (p=0.728 independent sample t-
test). The WM CBF and GM-WM CBF ratio at 100% WM tissue probability (i.e. WM voxels without
PV) can be compared with distance 4 voxels (p=0.810). At higher inward distances (5-7) the mean CBF
decreased further and reached lower values than with the exclusion of all PV voxels (tissue probability
100%) (p<0.001). Similarly, at these higher distances the GM-WM CBF ratio reached higher values than
with the exclusion of all voxels containing < 100 % WM PV. Figure 3 shows the difference between a

WM mask without these voxels (tissue probability = 100% without erosions) and a WM mask with these
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voxels (tissue probabilities > 10%) but with three erosions applied. It illustrates that the exclusion of
voxels containing < 100% WM PV did not remove all subcortical WM voxels whereas it did remove

voxels within the deep WM.

Age (years) 74.9 9.7)
Gender (male/female) 19/ 22
Mini-mental state examination 24.9 (2.9)
Geriatric depression scale 2.6 (2.1)
Fazekas

0 4%

1 44%

2 15%

3 37%
Global cortical atrophy

1 19%

2 59%

3 22%

Table 1. Clinical and radiological characteristics (n=41). Of continuous vatiables the mean is shown.
Standard deviations are shown in parentheses. Findings of categorical variables are presented in
percentages. Mini-mental state examination ranges from 0 to 30 (higher score equates with better
cognitive function) and the geriatric depression scale ranges from 0 to 15 (higher score equates with

more symptoms of depression).
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Distance CBF Distance CBF GM-WM ratio
(voxels) (mL/100g/min) (voxels) (mL/100g/min)

-1 357174 +1 273+ 58* 14103

-2 152+93 +2 194 £ 6.4 * 20107

-3 6.0+ 4.3 +3 17.7 £ 7.0 * 23110

-4 457+ 41 +4 142+ 62* 41+28

-5 3.7%£39 +5 115X 6.7 % 41+£22

-6 21126 +6 93+ 6.8 * 50+ 3.4

-7 1.2+ 1.7 +7 84163 * 49 £3.0

Table 2. Outward and inward GM contamination (n=41). Mean * standard deviation of CBF are
shown for distances -1 to -7, representing outward GM contamination (left columns) and for distances 1
to 7, representing inward GM contamination (right columns). The GM-WM ratio for the inward
distances are shown as well. Significant differences (»<0.001) between negative and positive distances are

indicated by an asterisk (*).
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Distance analysis

Partial volume analysis
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Figure 2. a-c shows single slice distance analysis (left column) and partial volume analysis (right
column). a) mean CBF; b) mean GM-WM CBF ratio; c) mean number of voxels. The distance numbers
on the left x-axis correspond with distances in Figure 1. Distances -1 to -7 represent GM mask dilation
steps, distances 1 to 7 represent WM mask erosion steps. Distance 0 represents the mean GM CBF
(tissue probabilities > 90%). The numbers on the right x-axis represent bins of the WM tissue

probabilities (bin size 1%). Lines and planes represent mean values and £ 95% CI respectively.

Significant differences (p<0.001) between negative and positive distances are indicated by an asterisk (¥).
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Exclusion of PV voxels  Three erosions Inward distance map

N W O N

Q) voxels

Figure 3. a-c visualizes the difference between two masks obtained by either a) the exclusion of partial
volume (PV) voxels by thresholding the WM mask at a tissue probability of 100% or b) the application
of three erosions on a large WM mask (tissue probabilities > 10%). The same WM distance map color
scale (Figure 1c, reprinted here for reference (c)) is applied here to visualize the position of the voxels

included in both masks.

Discussion

The findings of this study are threefold. Firstly, the outward GM contamination suggests that GM
contamination mainly affects the first three subcortical WM voxels and has only minor influence on
deep WM signal, beyond three voxels distance from the GM. Secondly, the significant asymmetry
between the inward and outward signal indicates that the detected signal within the WM voxels reflects
WM perfusion signal. Finally, Figure 3 indicates that GM contamination is not restricted to voxels that
contain more than 0% GM PV. These results provide insight in the distinction of PSF from the effect of
PV voxels, and show that, within a WM ROI, WM signal can be separated from the contamination of

GM signal.

Using probabilistic tissue segmentation, generally two different methods can be applied to avoid GM
contamination > *. The tissue probability threshold can be set high to exclude all voxels containing less
than 100% WM PV. Alternatively, it can be set relatively low (e.g. only excluding < 10% WM PV) in
combination with a number of erosions applied on the outside of the mask. Here, we have compared the
two methods. With an increase in excluded voxels that contain GM or CSF PV, we observed decreasing
GM contamination, a trend that is in agreement with previous findings *. As the WM CBF and GM-WM
CBF ratio at 100% tissue probability (i.e. only voxels containing 100% WM PV) were comparable to
CBF and GM-WM CBEF ratio at a distance of 4 voxels, it appears that it would suffice to exclude all
voxels containing less than 100% WM PV. However, Figure 3a shows that 100% WM voxels also
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resided within the subcortical WM, where GM contamination was observed. In addition, the
segmentation algorithm removed voxels within the deep WM, where no GM contamination was
observed. The removal of deep WM voxels is probably the result of segmentation errors due to WM
hyperintensities or CSF PV voxels 2 Although CSF contamination decreases the measured WM CBF,
this effect includes only noise and does not bias clinical correlations -- as is the case for GM
contamination. Therefore, we conclude that the application of erosion on the outer boundary of a WM
mask is a more effective way to avoid GM contamination compared to the exclusion of voxels

containing less than 100% WM PV.

The GM-WM ratio has been frequently used to compare perfusion results independent from global
quantification differences. Nevertheless, discrepancies exist between literature values of this ratio, even
within modalities. Where some authors have reported ratios between 2 and 3, others reported ratios
between 4 and 6 *** *. Whereas studies with the highest values were focused on deep WM or used
methods that were less sensitive to GM contamination, studies with lower values seem to have employed
a larger ROI or lower imaging resolution *°. Our ratios in the deep WM (distances 4-7 voxels) are within
the range of the first whereas our ratios in subcortical WM (distances 1-3 voxels) are more comparable
to the latter. In addition, the ratios in subcortical WM are comparable to those obtained in the PV
analysis (80-99%). This adds to the point that the exclusion of voxels containing less than 100% WM PV

may not suffice to avoid GM contamination.

Our ratios in deep WM, on the other hand, are still slightly lower than previously reported values. This
may be attributable to aging or WMH " ' Alternatively, these ratios may depend on quantification
differences between GM and WM CBF, such as the T, relaxation time of tissue, blood-brain partition
coefficient or tissue arrival times. In the current study, we aimed to visualize the distance analysis in CBF
units without influencing our results by differences in CBF quantification. Therefore, an identical model
was applied for the quantification of GM and WM CBF and the label was assumed to remain in the
vascular compartment **. This assumption may especially be valid in the elderly, because of their
prolonged transit times '’. Moreover, such a simple model eliminates PV effects introduced by
quantification based on T1 segmentation, due to the possibility of registration mismatches. Alternatively,
tissue probability maps can be acquired using the same ASL readout module, which enables separate
GM- and WM-quantification that is not affected by registration mismatches °. In the current study, these
mismatches may be increased by echo-planar imaging distortions in regions that are close to air-tissue
transitions, which are predominantly GM areas . This highlights the importance of proper registration

between the T1 and the ASL scan.
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It should be acknowledged that the design of the current analysis is based on segmentations of an
anatomical 3D T1 scan, and assumes homogeneous perfusion values across all voxels with the same
distance from the GM-WM boundary. This assumption is required to average multiple voxels for
sufficient SNR. Whether or not perfusion is homogeneous across WM is currently unknown. On the
other hand, it is well known that transit times differ within the WM °. This heterogeneity has probably
contributed to the continuing CBF decrease from distances 4 to 7 voxels, where no GM contamination
is expected (as shown in Table 2 and Figure 2a). Alternatively, this may be caused by CBF decreasing
lesions, such as WM hyperintensities, or CSF contamination '. Outside the brain, the measured signal
may not entirely be dependent upon the PSF. Factors that may have contributed to the signal found

outside the GM include extra-cranial vessels, perfusion of the skin and motion artifacts.

The heterogeneity of acquisition details that determine the PSF, such as the ASL readout resolution,
readout time or T2* blurring, may limit the extrapolation of the present results to other studies. One
previous study simulated the effect of PSF in a single large central WM voxel on multiple spatial
resolutions, assuming a GM and WM CBF of 80 and 0 mL/100g/min, respectively. Whereas on a low
isotropic resolution such as 12.5 mm a contamination of 10 mI./100g/min could be measured in the
central WM, on an isotropic resolution of 3.1 mm (which is in-plane comparable to our acquisition) only
0.08 mI./100g/min GM contamination was left °. This simulation is in line with the present results,
which demonstrate that perfusion measured in deep WM contains only minor GM contamination.

Furthermore, the PSF differs between 2D and 3D readouts.

The current distance analysis was restricted to a single slice to compare the 2D in-plane PSF versus the
effect of PV voxels. This is a valid comparison for 2D readout modules, since they have no PSF in the
through-plane direction -- except for crosstalk from slice profile, which is negligible in slices as thick as 7
mm. Although 3D readouts exhibit increased SNR and improved background suppression allowing for
higher spatial resolution, they experience increased GM contamination due to their wider 3D PSF --
especially in the through-plane direction *. Even though methods exist that numerically correct this
GM-WM contamination, a 2D readout module can be preferred when uncontaminated WM CBF

measurements are more important than spatial or temporal SNR **?’,
To summarize, these data illustrate that, using pseudo-continuous ASL, WM perfusion signal can be

distinguished from GM contamination within clinically feasible scan time in patients with cognitive

impairment. Because of the PSF, GM contamination is not restricted to PV voxels and it seems
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necessary to apply erosion to remove subcortical WM voxels. It is expected that this method would only
work in some slices, as for the majority of slices too few or no WM voxels will be left after 3 erosions.
Whether this is sufficient for clinical studies should be clarified in further research. These results should

be taken into account when exploring the use of WM perfusion as micro-vascular biomarker.
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Abstract

Purpose The current study assesses the feasibility and value of crushed cerebral blood flow (CBF_ .4
and transit time (T'T) estimations for large clinical imaging studies in the elderly.

Material and Methods Two pseudo-continuous arterial spin labeling (ASL) scans with (CBF ) and

crushed

without flow crushers (CBF ) were performed in 186 elderly with hypertension, from which CBF

non-crushed
and TT maps were calculated. Standard flow territory maps were subdivided into proximal, intermediate
and distal flow territories, based on the measured TT. The coefficient of variation (CV) and
physiological correlations with age and gender were compared between the three perfusion parameters.
Results There was no difference in CV between CBF .4 and CBF .. (15-24%, p>0.4) but the CV
of TT (4-9%) was much smaller. The total gray matter correlations with age and gender were most
significant with TT (p=.016 and p<.001 respectively), in between for CBF .4 (p=.206 and p=.019) and
least significant for CBF | . ¢..q (0=.236 and p=.100).

Conclusion These data show the feasibility and added value of combined measurements of both crushed

CBF and TT for group analyses in the elderly. The obtained flow territories provide knowledge on

normal vascular anatomy and can be used in future studies to investigate regional vascular effects.
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Introduction

Perfusion as measured with arterial spin labeling (ASL) is a promising zz vivo hemodynamic parameter to
investigate the interplay between normal aging and neurodegenerative and cerebrovascular pathology .
Parallel to the optimization of conventional ASL-based cerebral blood flow (CBF) measurements for
clinical applications, advanced ASL methods have been developed that enable the acquisition of multiple

perfusion parameters simultaneously >,

One example is the acquisition of both CBF and the micro-vascular transit time (T'T) by the flow-
encoding arterial spin tagging (FEAST) method. FEAST is based upon the subdivision of an imaging
voxel into macro- and micro-vascular compartments based on differences in blood flow velocity °. By
performing ASL with and without the application of a vascular crusher, FEAST separately acquires CBF
of the micro-vascular compartment (CBF_..) and CBF of the macro- and micro-vascular

4 over

non-crushe

compartments together (CBF
CBF

(Figure 1). The ratio of the perfusion signal of CBF

non—crushed)

is then proportional to the TT, which is defined as the time it takes for the labeled blood to

crushed

travel from the labeling plane to the micro-vascular compartment of the imaging voxel.

Several advantages exist for the application of a vascular crusher and the estimation of TT using FEAST.

CBF . .a may be preferable to CBF since micro-vascular CBF changes are generally assumed to

non-crushed»
reflect (patho-)physiological changes in neuronal activity and energy demand whereas macro-vascular
CBF is believed to be dominated by cardiovascular fluctuation ". TT has been shown to be able to
provide additional diagnostic value to CBF measurements, especially in cerebrovascular pathology *°.
However, these possible advantages may come at the cost of a decrease of reliability. Considering the
often limited available scanning time, vascular crushing reduces the available SNR for the CBF
measurement °. Therefore, it has been recently agreed upon that crushing is currently not recommended
in the individual subject "". However, for group analyses, the feasibility and utility of crushed CBF or TT

is still under debate.

The primary purpose of this study was to assess the feasibility and value of the combined measurement
of CBF, 4. and TT for large clinical imaging studies in the elderly. To investigate the spatial distribution
of these parameters, we used the estimated TTs to divide standard flow territory maps into proximal,
intermediate and distal flow territories. We study the reliability of these perfusion parameters in terms of

their population variation and physiological correlations with age and gender.
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a) two-compartment perfusion model

Labeling  Proximal arteries Imaging voxel
plane Macro-vascular Micro-vascular
compartment compartment

| AM'(x CBF__ )

crushed
|

‘ AM (OC CBFEnon—r_rushed) )I

transit time I
- r o

b) raw perfusion-weighted maps

o

non-crushed

c) gray matter perfusion maps after quantification and registration
Figure 1. a) Schematic overview of the two-compartment perfusion model explains the FEAST
technique, adapted from Wang ez /. © b) shows raw perfusion-weighted maps and c) perfusion maps
after post-processing for a representative subject. Note that the signal intensity is lower after crushing
(AM") than before (AM) and that crushed CBF (CBF . .,) is weighted towatrd the micro-vascular CBF

whereas non-crushed CBF (CBF ) is weighted toward both micro- and macro-vascular CBF. &« =

non-crushed

proportional to
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Materials and methods

Subjects

195 community-dwelling elderly (46% male, mean age 77 years, range 72-80 years) with hypertension
(systolic blood pressure higher than 140 mmHg) participating in the Pre-DIVA study were eligible for
inclusion . Exclusion criteria were dementia and disorders or circumstances expected to interfere with
successful follow-up. Nine subjects were excluded from analysis because of severe labeling or motion

artifacts.

Ethics statement
All patients provided written informed consent and the study was approved by the institutional review

board of the Academic Medical Center, Amsterdam.

Imaging protocol

All imaging was performed on a 3T system (Intera, Philips Healthcare, Best, The Netherlands) equipped
with an 8-channel head coil. Foam padding was used to restrict head motion. A slightly adapted version
of the original FEAST acquisition, which enables the simultaneous acquisition and quantification of

CBF CBF 1 cushea a0d TT within clinical scanning time, was added to a routine clinical dementia

crushed>
protocol. Two ASL scans were performed with (CBF_ ,...) and without (CBF ) flow-crushing
gradients in three directions (velocity encoding 50 mm/s). Identical imaging parameters of the two
consecutive gradient-echo single-shot EPI pseudo-continuous ASL (pCASL) sequences were: matrix =
64x64, FOV = 240 x 240 mm, 17 axial slices, slice thickness 7 mm, no gap, echo time/repetition time =
17/4000 ms, flip angle = 90 degrees, SENSE = 2.5, initial post-label delay (PLD) = 1525 ms; slice
readout time = 34.9 ms; resulting PLD range for 17 slices = 1525-2080 ms, labeling duration = 1650 ms
and two background suppression pulses at 1710 and 2860 ms after a pre-labeling saturation pulse. 20
label-control pairs were acquired — resulting in a duration of 2:40 minutes for each scan. The labeling
plane was positioned parallel and 8.3 cm inferior to the center of the imaging volume . An isotropic 1

mm’ 3D T1-weighted scan was included in the imaging protocol for segmentation and registration

purposes.
Quantification

The raw EPI control and label images were 3D motion corrected using SPM8 (Statistical Parametric

Mapping, Wellcome Trust Centre for Neuroimaging, London, UK). After pair-wise subtraction, these
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raw maps were converted to CBF with a single compartment model, assuming that the label decays with

the T1 of blood ™'

M{eTE/T;,
-0/T, -0-1)/T;
oM, 2aa, T, (e —e 70N

my

CBF[mL/100g/min] =

where p is the density of brain tissue (1.05 g/ml) ", AM is the difference between control and label
intensities, TE is the echo time (17 ms), T,*, is the transverse relaxation time of arterial blood (50 ms)
MO, is the equilibrium magnetization of arterial blood, for which an average scanner value was used '°,
calculated according to previously described methods ', « is the labeling efficiency (0.85) *, «,, is the
cotrection for label loss due to background suppression pulses (0.83) '°, T, is the T, relaxation time of

arterial blood (1650 ms) ", @ = 1525 ms + 34.9 ms/slice, t is the labeling duration (1650 ms) and & is the

measured TT (averaged per subject for each flow territory, as described below) for CBF .4, Which is
replaced by the PLD for CBF . -
TT was calculated based on the following two FEAST equations *:
AM = A (e—W/Tla _ e(—w—r)/Tla) 2]
AM'=A (e—ﬁ/Tla _ e(—W—T)/Tla) [3]

where A is a constant and AM and AM' represent the scans acquired without and with vascular crushing,

respectively (Figure 1).

Registration

The 3D T1-weighted anatomical scans were segmented using SPM8 into gray matter tissue probability
maps, on which the CBF and TT maps were rigid-body registered. The tissue probability maps were
spatially normalized using the Diffeomorphic Anatomical Registration analysis using Exponentiated Lie
algebra (DARTEL) algorithm and the resulting normalization fields were applied to the CBF and TT

maps 2,
Flow territories

The total cerebral gray matter was defined as tissue probabilities >70%. Standard flow territory

templates (left and right combined) were used to investigate vascular territories supplied by the bilateral
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anterior, middle and posterior cerebral arteries (referred to as ACA, MCA and PCA respectively) *'.
Within each flow territory the TT's were ranked in tertiles, resulting in three proximal, three intermediate

and three distal flow territories.

Statistics

Prior to all analyses, the distributions of investigated values were tested for normality using the Shapiro-
Wilk test. Because most distributions of perfusion parameters deviated from normal, distributions were
summarized by the median and mean absolute deviation (instead of mean and standard deviation). To
compare variation between the perfusion parameters, the coefficient of variation (CV) was used,
calculated as mean absolute deviation divided by the median. To test whether respectively the median or

CV differed between CBF_ ., and CBF the sign test and Brown-Forsythe test were used

non-crushed>
(comparable to Student's t-test and Levene's test but more robust in distributions that deviate from
normality). To provide insight in the distribution of CBF and TT values in the ACA, MCA and PCA,
median group-level histograms were generated from the histograms of individual maps (100 bins,
smoothed with 2 bins full-width-half-maximum). To investigate physiological correlations, robust linear
regression analyses were performed to model cross-sectional correlations between the predictors age or

gender and the dependent variables CBF CBF yea Of TT, adjusted for total brain volume

non-crushed >

(defined as the combined volume of gray and white matter segmentations).

Results
Flow territories
The TT-based flow territories showed an almost entirely continuous sequence from anterior-inferior to
posterior-superior (ACA), inferior to superior (MCA) and anterior-inferior to posterior-superior (PCA)
(Figure 2).

Proximal ACA

Intermediate ACA
Distal

N N |
54}Q Ly £, 3 ';5.:.'.4: ) g

Figure 2. Flow territories. ACA (green), MCA (red) and PCA (blue) refer to the standard flow territories

perfused by the bilateral anterior, middle and posterior cerebral arteries respectively, whereas the
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shadings represent their subdivision into proximal, intermediate and distal flow territories, based on

transit times.

Comparison perfusion parameters

Figure 3 shows the median and CV maps of the perfusion parameters. The perfusion patterns in the
median CBF_ . and CBF . ... maps had a similar appearance. Whereas the median CBF_ 4
differed in nearly all flow territories from the median CBF .4, there was no CV difference between
CBF_, .4 and CBF (p>0.4 all flow territories), both ranging from 15% to 20% (Table 1). The CV

of TT was much smaller than the CV of CBF_ ., or CBF

non-crushed

noncrusheds TaNgING from 4% to 9%. For all
perfusion parameters, CV increased from proximal to distal flow territories (Table 1). All perfusion
histograms appeared to approximate a normal distribution, except for the TT histogram in the PCA

(Figure 3h).

Transversal Coronal Sagittal
< I g) Median CBF histograms
< 2.4+ non-crushed
g . ﬂ“:\ 4 3 3
a5 ‘ = s MCA
w £ {/ le!’ = BN - > 1.8
Qo < - < PCA
c 3
e} =
3 £ 121
£ 2 g
b) & T
= £ 061
e )
=
mL/1000/min [
24% 32% 24 crushed
° - = MCA
£ P, S 18 PCA
g 2 s g
v »
T L) - v
i 5 < Sl -
o € o 1.24
) =
o
G 3
- " -
o 4 \\\ £ 0.6
d) § s
5] 0.0

0 20 40 60 80 100 120
CBF (mL/100g/min)

h) Median transit time histogram
0.24+

oD
median
transit time

MCA
PCA

0.18+

Normalized frequency (a.u.)
(=] o
= .
q R

=]
v
transit time

=2
=}
S

16 18 20 22 24 26 28 30
transit time (s)

Figure 3. a-b) median and c-d) coefficient of variation (CV) maps of non-crushed CBF and crushed
CBF, ¢) median and f) CV maps of transit time (T'T). g,h) median histograms of (non-)crushed CBF and
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TT maps for the three vascular territories. ACA, MCA and PCA refer to the vascular territories perfused

by the anterior, middle and posterior cerebral arteries respectively, corresponding to Figure 2.

CBFnon-crushed (CV) CBF crushed (CV) Difference TT (CV)
[mL/100g/min] [mL/100g/min] median ~ CV [ms]

ACA proximal 48.4 + 8.5 (17%) 52.8 + 9.1 (17%) Y~ N 1990 = 90 (4%)
intermediate 53.8+ 9.0 (17%) 58.0 £ 9.1 (16%) Y~ N 2070 £ 100 (5%)
distal 46.8 + 9.0 (19%) 49.6 + 9.4 (19%) YN 2210 + 130 (6%)

MCA proximal 53.5+ 8.8 (17%) 57.8 = 8.7 (15%) Y~ N 1930 = 80 (4%)
intermediate 54.8 £ 9.3 (17%) 58,5+ 9.4 (16%) Y~ N 2040 £ 110 (5%)
distal 539+ 97 (18%) 557+ 10.0(18%) Y- N 2210 + 140 (6%)

PCA proximal 452+ 8.5 (19%) 46.8 + 8.9 (19%) YN 1930 £ 140 (7%)
intermediate 459 + 10.1 (22%) 46.7+ 104 (22%) Y -N 2030 £ 170 (9%)
distal 46.8 + 10.9 (23%) 46.3 = 10.9 (24%) NN 2290 £ 200 (9%)

Total gray matter 514+ 8.6 (17%) 54.6 = 8.9 (16%) YN 2080 = 110 (5%)

Table 1. Distributions of perfusion parameters (n=1806). Shown are the median * mean absolute deviation from
median (with the coefficient of variation (CV) between parentheses) of CBF and transit time (TT). ACA, MCA
and PCA refer to the flow territories perfused by the anterior, middle and posterior cerebral arteries respectively,
corresponding to Figure 2. Difference (4 column) shows whether the median or CV differed (Y) or not (N)
(»p<0.01) between CBF crushed and CBF non-crushed-

Physiological correlations

In all vascular territories, CBF .4 and CBF

non-crushed

decreased and the TT increased with age, although
the changes with age were significant in some flow territories only (Table 2). In almost all flow
territories, men had lower CBF and longer TTs compared to women. Generally, correlations were

strongest with TT and slightly stronger with CBF_ ., than with CBF The regression

non-crushed *
coefficients roughly suggested that both aging 10 years and being male decreases total gray matter CBF
with 8% and increases total gray matter TT with 5%. For all perfusion parameters, correlation

coefficients and p-values increased and decreased respectively from proximal to distal flow territories.
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CBF on-crushed CBF crushed TT
Age [mL/100g/min/decade] [mL/100g/min/decade] [ms/decade]
ACA proximal " 3.08 - p=334 T 411 - p=.226 70 - p=.033
intermediate - 3.43 - p=.316 - 292 - p=.389 80 - p=.015
distal - 521 ~p=.138 - 5.89 = p=.112 110 - p=.013
MCA proximal - 293 - p=.392 - 236 - p=.484 50 -+ p=.082
intermediate - 2.42 - p=.501 - 2.63 - p=.466 70 -+ p=.088
distal - 4.65 -~ p=.219 - 531 = p=.172 110 - p=.036
PCA proximal - 6.32 - p=.052 674 - p=042 130 - p=.008+
intermediate ~ -10.07 - p=.008t -10.68 - p=.006t 180 - p=.006F
distal - 9.58 - p=.025 - 8.81 = p=.038 170 - p=.020
Total gray matter - 3.96 - p=.236 - 431 - p=.206 100 - p=.016
Gender [mL/100g/min M>F] [mL/100g/min M>F] [ms M>F]
ACA proximal - 3.00 - p=.102 - 493 - p=.011 50 - p=.003t
intermediate - 4.67 -~ p=.017 - 5.56 - p=.004t 90 - p<.001t
distal - 420 - p=.036 512 - p=014 130 - p<.001+
MCA proximal 0.29 - p=.881 - 145 - p=.451 50 - p=.010t
intermediate - 1.82 - p=.379 - 3.90 - p=.061 100 - p<.001%
distal - 3.93 - p=.068 - 569 - p=010f 170 - p<.001+
PCA proximal - 343 - p=.068 - 490 - p=.010t 100 - p<.001F
intermediate - 5.99 - p=.006F - 7.64 - p=.0011 160 - p<.001%
distal - 8.52 - p<.001% - 9.40 - p<.001% 250 ~ p<.0014
Total gray matter - 3.15 - p=.100 - 4.57 - p=.019 110 - p<.001F

Table 2. Regression coefficients for age and gender (n=186). For each ROI, estimated cross-sectional regression
coefficients and p-values are shown. $p<0.01. ACA, MCA and PCA refer to the flow territories perfused by the

anterior, middle and posterior cerebral arteries respectively, corresponding to Figure 2.

Discussion

The results of this study prove the feasibility of ASIL-based CBF_. and FEAST-based TT
measurements within acceptable scanning time in an elderly population. These perfusion parameters
showed stronger correlations with age and gender compared to conventional CBF measurements,

demonstrating the potential value of CBF and TT for group analyses. The observation that the

crushed

variation of perfusion parameters within flow territories was comparable with the variation of the total

gray matter, suggests that the reliability of crushing and FEAST within flow territories is sufficient on a
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group level, and no further spatial averaging is required. For large clinical imaging studies in the elderly,

therefore, there appears to be potential to study more perfusion parameters than CBF alone.

The TT maps comply with the trajectory of the cerebral vessels, with shortest TTs where the vessels
enter the cerebrum and longest at the superior-posterior watershed area **. The resulting TT-based flow
territories can be used as ROIs in future studies if hypothesized perfusion effects are restricted to certain
flow territories only, or if spatial averaging is required when an anatomical structure is too small
considering ASL limitations in terms of SNR or spatial smoothing ". Potential applications include the
investigation of a vascular component to degeneration of the dementia-related regions precuneus and
hippocampus, which are supplied by the distal ACA and PCA *>*%. The fact that distal flow territories
demonstrated the largest variation and strongest correlations, could be due to the fact that these regions
are most vulnerable to inadequacy of arterial supply due to cerebrovascular pathology *. In addition,
whole-brain vascular effects across the population can be envisioned to accumulate in the distal flow
territories. This suggests that perfusion measurements in distal flow territories have the highest statistical
power to detect vascular effects, even if these effects are expected to be distributed across the total

brain.

The observed correlations of the perfusion parameters with age lie within the range of previously
reported values, whereas the differences with gender were relatively small compared to previous values

**® These correlation differences with previous studies may result from our specific population of high

age and hypertension, in which large and small vessel disease is expected to be highly prevalent *"°".

The observation that the population variation of TT was much smaller than the variation of CBF could
originate from the fact that the physiological perfusion fluctuations affect CBF more than TT.
Methodologically, the measured physiological variation can be expected to be similar for AM' (CBF ;.0
and AM (CBF . ..uhea)> and will thus not propagate into the FEAST-based TT measurement, which is
derived from the ratio of the two perfusion scans (Figure 1). The smaller extent of random variation of
TT could explain its stronger correlations with age and gender, indicating that TT measured by FEAST

can be a more sensitive parameter for physiological correlations in the elderly than CBF.

Our study includes the following limitations. The main drawback for the quantification of TT using the
FEAST method, is that the dichotomization of macro— and micro—vascular compartments is based on a
single pre-defined velocity cutoff (Figure 1). We have employed a conservative velocity cutoff of 50

mm/s, which is required to retain sufficient SNR in the ASL readout of the CBF_ ., measurement
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(Figure 1) ". The drawback of this high velocity cutoff is that CBF ., is more similar to CBF

crushe; non-crushed >

which is illustrated by the fact that the median images of both CBF parameters have a similar visual
appearance. Consequentially, the micro—vascular compartment is defined more proximal, resulting in
TT-values that are more weighted towards the macro-vascular TT than would be the case with lower
velocity cutoffs as implemented in the original FEAST method. Although it has been shown in young

healthy volunteers that this penalty is not severe, it is advisable to perform multi-TT measurements in a

small subset of subjects, for calibration of FEAST-based TT in the elderly “*.

Another drawback of the FEAST method, is that its T'T estimates depend on the selected PLD. A too
long PLD will overestimate the TT, since the FEAST method cannot measure TTs that are shorter than
the PLD °. On the other hand, a too short PLD leads to measurement errors if the labeled blood has not
yet arrived in the imaging voxel at the time of imaging, which may lead to severe underestimation . To
satisfy PLD criteria for both CBF and TT measurements, we applied a PLD that is a trade-off between
conventional CBF measurements and FEAST-based TT measurements. The penalty of this PLD trade-
off seems small for the ACA and MCA, since their TT distributions appear close to normal. For the
PCA, however, the distribution of TT values was more skewed to the left. This can be expected to result

mainly from a too short PLD, considering the fact that TT are known to be longest in this region *.

Therefore, the reliability of FEAST-based TT measurements in the elderly is limited for the PCA.

In conclusion, we have shown the feasibility and value of combined measurements of CBF and FEAST-
based TT for large imaging studies in the elderly. The obtained flow territories can be used in future
studies to identify regional vascular effects. On a group level, crushing can improve correlations with
physiological parameters such as age and gender. The high physiological correlations of TT suggest that
this perfusion parameter can be more relevant than conventional CBF measurements. However, the
PLD should be carefully selected and one should account for the possible under- and overestimation of
TT. These data encourage future clinical imaging studies in the elderly to investigate multiple MRI

perfusion parameters, instead of focusing at CBF only.
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Abstract

Objective To assess whether white matter hyperintensities (WMH) of presumed vascular origin in elderly
with hypertension are associated with reduced perfusion, not only in the WMH, but also in the
surrounding normal appearing white matter (NAWM) and grey matter (GM).

Methods We studied 185 participants of the Prevention of Dementia by Intensive Vascular care
(preDIVA) trial, with systolic hypertension, aged between 72 and 80 years old. WMH volume and
cerebral blood flow (CBF) were derived from 3D FLAIR and Arterial Spin Labelling (ASL) MRI
respectively. We compared WMH CBF, NAWM CBF and GM CBF across quartiles of WMH volume.
In addition, we assessed the continuous relation between these CBF estimates and WMH volume using
linear regression analyses.

Results From the lowest two quartiles of WMH volume upward, with each quartile increase in WMH
volume the mean WMH CBF markedly declined. There was a negative association between increasing
WMH volume and WMH CBF (beta: -.248, p=0.001). There was no difference in NAWM or GM CBF
across quartiles of WMH volume nor was there a relation between WMH volume and NAWM CBF
(beta: -.065, p=0.643) or GM CBF (beta: -.035, p=0.382). Results remained largely unchanged after
adjusting for confounders.

Interpretation WMH in community-dwelling elderly with hypertension is associated with lower perfusion
in the WMH not present in the surrounding NAWM and GM. This suggests that WMH in old age
hypertension relate to local microvascular alterations rather than a more general perfusion deficit. These
findings help elucidate the pathophysiology of WMH in elderly and may help developing prevention and

treatment strategies.

158



Chapter 8 Cerebral perfusion and white matter hyperintensities

Introduction

White matter hyperintensities of presumed vascular origin (WMH) are a common finding on brain
magnetic resonance imaging (MRI) in older individuals. Estimations of WMH prevalence range from
11% to over 90% of adults, depending on age and WMH severity '. Clinically, WMH are associated with
cognitive decline, neuropsychiatric symptoms, loss of functional independence and increased mortality

> 0ld age and hypertension are the strongest risk factors for WMH, especially for the confluent

subtype

1,4

The pathophysiology of WMH has not yet been fully elucidated. They often appear together with other
signs of cerebral small vessel disease (SVD), an umbrella term for radiological anomalies often found on
neuroimaging of asymptomatic elderly *°. Histologically, confluent WMH appear as a continuum of
increasing tissue damage resembling chronic low-grade ischemia . Thus, WMH may result from
chronic low-grade white matter (WM) hypoperfusion . In agreement with this hypothesis, cerebral
blood flow (CBF) within WMH is lower compared to normal appearing WM (NAWM) ",

Whether the lower perfusion within WMH is related to a more general perfusion deficit which also
involves the surrounding NAWM and GM is unclear. Some findings suggest that WMH may be related

ML and WMH have been associated with reduced

to lower whole brain or grey matter (GM) perfusion
blood flow velocity in the large intra-cranial arteries, outside of the WM '“'*. On a broader level, the
association between WMH and chronic cardiac disease, also hints at a relation with general perfusion
deficits "°. WMH primarily originate in areas which are physiologically poorly perfused, explaining how a
slight, general perfusion deficit could provoke chronic low-grade ischemia in specifically those regions

associated with WMH “**'. While these findings seem to suggest that WMH are related to a perfusion

deficit extending beyond the WMH, current evidence remains circumstantial.

In this study, we address the hypothesis that WMH are not only associated with reduced perfusion
within the WMH, but also with more widespread perfusion deficits in the surrounding NAWM and the
GM. We tested this hypothesis using non-invasive arterial spin labelling MRI in a large cohort of

community dwelling elderly with hypertension.
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Methods

Participants were derived from the Prevention of Dementia by Intensive Vascular care trial (preDIVA).
This is an ongoing randomised controlled trial in non-demented community-dwelling older people to
study the efficacy of a nurse-led intervention aimed at vascular risk factor modification to prevent
dementia . In the preDIVA-MRI (Prediva-M) sub-study, 195 participants with systolic hypertension
(>140 mmHg) and without dementia, underwent brain MRI. Clinical data from preDIVA assessment
prior to MRI included medical history and vascular risk factors (systolic and diastolic blood pressure,
smoking status (current, former, never), diabetes mellitus (DM) and body mass index (BMI)). The
preDIVA-M sub-study was approved by the Academic Medical Centre medical ethical review board. All

subjects provided written informed consent prior to MRI.

MRI acquisition

All imaging was performed on a 3T Intera with a SENSE-8-channel head coil and body coil
transmission (Philips Healthcare, Best, the Netherlands). Foam padding was used to restrict head
motion. An isotropic 1 mm® 3D T1-weighted and an isotropic 1 mm’ 3D FLAIR scan were collected
using a routine clinical protocol. Two ASL scans were obtained: one with flow-crushing diffusion
gradients in three directions (CBF crushed, b-value = 0.6 s/mm?’, velocity encoding 50 mm/s) and one
without (CBF non-crushed, b-value = 0 s/mm?). Identical imaging parameters of the two consecutive
gradient echo single shot echo planar imaging pseudocontinuous ASL (pCASL) sequences were: matrix:
64x64, FOV: 240x240 mm, 17 axial slices, no gap, echo time/repetition time: 17/4000 ms, flip angle: 90
degrees, SENSE: 2.5, post-label delay: 1525-2120 ms, labelling duration: 1650 ms. For each scan, 20
dynamics were acquired, resulting in a total scan duration of 2x180=360 seconds. Background
suppression was implemented with two inversion pulses respectively 1680 and 2830 ms after a pre-
labelling saturation pulse. The labelling plane was positioned parallel to the imaging volume, 9 cm

inferior to the centre of the imaging volume 3,
Image processing

An overview of image processing is provided in Figure 1. WMH segmentation was performed using a k

nearest neighbor algorithm with tissue type priors **. In total, 194 scans were automatically segmented.
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Reference Set
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Figure 1. Scan processing. WMH: white matter hyperintensity, pCASL: pseudo-continuous arterial spin
labeling, Reference Set: set of 20 scans with manually segmented WMH, FEAST = Flow Encoded

Arterial Spin Tagging transit time calculation equation, GM = grey matter, CBF = cerebral blood flow

MRI data was processed using the SPM 8 toolbox (Wellcome Trust Center for Neuroimaging, University
College London, UK) and custom scripts in Matlab 7.12.0 (MathWorks, MA, USA). T1-weighted images
were segmented into GM and WM probability maps. After motion correction, 2x20 pairs of pCASL
labelled and control images were pair-wise subtracted and subsequently averaged to generate perfusion-
weighted maps. These perfusion weighted maps were converted to ml./100g/min using a single

compartment model »% described in more detail in the supplement. No distinction was made between
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the quantification of GM and WM voxels. After quantification, the CBF crushed maps were registered

to the CBF non-crushed maps. For the main analyses, CBF was derived from the crushed CBF maps.

Outcome measures

WMH volume was calculated from the automatic segmentation maps and logarithmically transformed to
approach a normal distribution. CBF estimates were calculated for the segmented GM, the WM, the
WMH and the normal appearing white matter (NAWM), which was operationalized as the WM outside
of the WMH. To assess atrophy as a potential confounder, the brain parenchymal fraction (BPF) was
calculated as the ratio (GM+WM volume)/(intra cranial volume). As another potential confounder,
transit time (T'T), representing the mean transit time from the cervical arteries, at the plane where the
blood was labelled, to the GM tissue arterioles (Figure 4),was calculated from crushed and CBF non-
crushed values per subject using the Flow Encoding Arterial Spin Tagging (FEAST)-equation *.
Computations were performed using Matlab 7.12.0 (MathWorks, MA, USA), SPM8 (Wellcome Trust
Center for Neuroimaging, University College London, UK), the FMRIB Software Library v5.0 % and

IBM SPSS statistics version 20 and 21 (Armonk, NY: IBM Corp).

Statistical Analysis
Two- tailed paired samples t-tests were used to compare GM CBF to WM CBF, and NAWM CBF to
WMH CBF. Differences in mean CBF between quartiles of WMH volume were compared using one-

way analyses of variance followed by Turkey post hoc testing.

The relation between WMH volume and CBF in the WMH, NAWM, and GM was assessed in separate
linear regression analyses. In model 1, these analyses were adjusted for total brain volume. In model 2,
analyses were additionally adjusted for potential confounders. Age, gender, BPF, TT, smoking status
(current, former, never), a history of stroke (including TIA), a history of other cardiovascular disease
(peripheral arterial disease, angina pectoris, myocardial infarction), diabetes mellitus (DM),
antihypertensive drug use, systolic blood pressure, and diastolic blood pressure were considered as
potential confounders, as they could potentially affect both CBF and WMH volumes "*****. Separate
linear regression analyses were performed for each of these variables. Any variable associated with
WMH volume adjusted for total brain volume with a p-value <0.1 was included as potential confounder

in model 2.

Finally, two sensitivity analyses were performed. Firstly, since it is plausible that WMH, NAWM and GM

CBF estimates only decrease from a certain minimum threshold of WMH volume *, the
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abovementioned analyses were repeated with exclusion of the participants in the lowest quartile of
WMH volume. Secondly, to assess the influence of excluding participants with CBF values differing =3
standard deviations from the mean, we repeated the analyses without excluding these participants. For

the sensitivity analyses, the outcomes of the adjusted model (model 2) are shown in the results section.

Results

Participant characteristics are listed in Table 1. Data of 10 participants were discarded due to processing
errors in CBF (9) or WMH (1) assessment. Another 4 participants were excluded from the main analyses
due to CBF estimates differing >3 standard deviations from the mean. Excluded participants did not
significantly differ from the included participants regarding demographics and structural MRI parameters
(Table 2). The median WMH volume was 6.5 mL (IQR 3.6-11.2, range: 0.2-52.1 ml..) The mean
population CBF in the GM, WM, NAWM and WMH is depicted in Figure 2. The mean GM CBF was
significantly higher than the WM CBF (43.8 vs. 21.9 mI./100g/min, p<0.001), and the mean NAWM
CBF was significantly higher the mean WMH CBF (22.5 vs. 10.6 mL/100g/min, p<0.001).

Characteristic (n=185)

Age 77 (3)
Female, n (%) 100 (55)
MMSE 29 (28-30)*
BMI 25.6 (24-28)*
Diabetes Mellitus, n (%) 19 (10)
Smoking status

- never, n (%) 84 (45

- former, n (%) 87 (47)

- current, n (%) 14 (8)

RR systolic 148 (139-166)*
RR diastolic 80 (74-89)*
Brain parenchymal fraction .60 (.048)
WMH volume cm’ 6.5 (3.6-11.2)*

Table 1. General characteristics. Reported are means and standard deviations unless marked otherwise,
n (%): number and percentage, *: median and IQR, MMSE = mini mental state examination, BMI =
body mass index, RR = blood pressure, brain parenchymal fraction = (total cerebral volume) / total

intra cranial volume, WMH = white matter hyperintensity
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Included (n=181) Not Included (n=14)

Age 77 (2) 76 (3)
Female, n (%) 96 (53) 8 (57)
MMSE, m (IQR) 29 (28-30) 29 (29-30)
BMI, m (IQR) 26.3 (24.0-27.9) 259 (23.2-28.0)
History of stroke or TIA, n% 19 (11) 2 (15
History of CVD, n% 41 (23) 3 (23)
Diabetes Mellitus, n (%) 20 (11) 0 ©
Smoking status

- never, n (%) 82 (45) 8 (57)

- former, n (%) 88 (49) 5 (30)

- current, n (%) 11 (6) 1 7
Antihypertensive drug use, n % 108  (60) 7 (50)

RR systolic, m (IQR) 148 (138-165) 144 (122-171)
RR diastolic, m (IQR) 81 (74-90) 82 (76-80)
Brain parenchymal fraction 61 (02 .61 (02)
WMH volume cm’, m (IQR) 6.5 (3.6-11.2) 0,9 (2.5-12.8)

Table 2. Differences in general characteristics between included and not included participants. Means
and standard deviations unless noted otherwise, n (%) = number (percentage of total), m (IQR) =
median (inter quartile range), MMSE = mini mental state examination, BMI = body mass index, CVD =
cardiovascular disease (peripheral arterial disease, angina pectoris, myocardial infarction), RR = blood

pressure, WMH = white matter hyperintensity. Values did not differ significantly between groups.

Quartiles of white matter hyperintensity volume

Low Mild Moderate High

(£358ml) (3.59-6.50 mL) (6.51-11.56 mL) (11.57< mL)
CBFin WMH  17.9 (6.0) 17.6 (6.3) 15.9 (5.8) 15.0 (5.5)
CBF in NAWM  32.0 (6.8) 32.1 (7.7) 31.0 (8.2) 32.1 (8.9)
CBF in GM 50.6 (11.3) 53.5 (9.8) 51.2 (12.4) 50.3 (10.6)

Table 3. Cerebral blood flow in subgroups based on quartiles of WMH volume. CBF = cerebral blood
flow, GM = grey matter, NAWM = normal appearing white matter, WMH = white matter

hyperintensity.
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Predictor Model 1 Model 2

St. beta P R’ St. beta P R’
CBF in WMH -.248 .001 0.06  -.201 .029 0.06
CBF in NAWM -.035 .643 0.00  .175 .098 0.05
CBF in GM -.065 382 0.00  .175 133 0.05

Table 4. Association between white matter hyperintensity volume and cerebral perfusion. St. beta:
standardized beta, R* adjusted R” representing the proportion of variation in white matter hyperintensity
volume explained by all variables in the model correcting for the number of variables, all analyses were
adjusted for total brain volume, model 2: additionally corrected for age, antihypertensive drug use, brain
patenchymal fraction and transit time. CBF = cerebral blood flow in mL/100g/min, WMH = white

matter hyperintensities, NAWM = normal appearing white matter, GM = grey matter

Mean CBF
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Figure 2. Cerebral blood flow (CBF) in the grey matter (GM), white matter (WM), normal appearing
white matter unaffected by WMH (NAWM) and white matter hyperintensities (WMH). Denoted are

means (SD) and p-values of paired sample T-tests.

Mean WMH, NAWM and GM CBF values per quartile of WMH volume are depicted in Figure 3 and
Table 3. WMH load in the lowest quartile was = 3.58 mL (low WMH), in the second quartile 3.59-6.40
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mL (mild WMH), in the third quartile 6.41-11.18 mI. (moderate WMH), and in the highest quartile =
11.18 mL (high WMH). From the lower two quartiles upward, the mean WMH CBF per quartile
declined with increasing WMH volume (Figure 3, Table 3). The mean NAWM and GM CBF did not
show any clear relation with WMH volume (Figure 3, Table 3). One-way analysis of variance showed a
significant difference between quartiles of WMH volume in WMH CBF (F(3,177), p=0.002) but not in
NAWM CBF (F(3,177), p=0.244) or GM CBF (F(3,177), p=0.059). Turkey post-hoc testing revealed
that CBF in the quartile with the highest WMH load was significantly lower compared to the quartiles
with the lowest (mean difference (MD): -4.2 mL./100g/min, p=0.007) and the second lowest (MD: -4.41
mL/100g/min, p=0.007) WMH load.

WMH CBF NAWM CBF GM CBF

P <0.008

CBF (mL/100g/min)

Quartiles of white matter hyperintensity volume

Figure 3. Cerebral blood flow per quartile of WMH load. Cerebral blood flow (CBF) in the grey matter
(GM), normal appearing white matter unaffected by WMH (NAWM) and white matter hyperintensities
(WMH) in subgroups based on quartiles of WMH volume. Denoted are means (SD) and significant p-

values of one-way analysis of variance.

Results of the linear regression analyses are listed in Table 4. In model 1, adjusted for total brain volume,
a higher WMH volume was associated with a lower CBF in the WMH (beta -.248, p=0.001). No
association was found between WMH volume and CBF in the NAWM (beta -.035, p=0.643) or the GM
(beta: -.07, p=0.382).
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Age (beta .130, p=0.09), BPF (beta: -.13, p<0.10), GM TT (beta: .15, p=.05) and antihypertensive use
(beta .138, p=0.07) were univariately associated with WMH volume and were included as covariates in
model 2. There was no relation between WMH and female gender (beta: .07, p=.474) systolic blood
pressure (beta: -.04, p=0.63), diastolic blood pressure (beta: .01, p=0.88), smoking status (current vs.
never: beta: -0.06, p=0.45, former vs. never: beta: -.08, p=0.29), history of stroke (beta: 0.10, p=0.23),
history of other cardiovascular disease (beta: -.06, p=0.41), diabetes mellitus (beta: .01, p=0.89) or body
mass index (beta: -.10, p=0.19).

In model 2, adjusted for total brain volume, age, antthypertensive drug use, BPF and TT, WMH volume
remained significantly inversely associated with WMH CBF (beta: -.201, p=0.029). The relation between
WMH volume and GM or NAWM CBF was not significant (Table 4). There were no interactions
between the individual covariates and the CBF estimates in their relation with WMH volume. Sensitivity
analyses excluding participants in the lowest quartile of WMH volume (n=132) gave similar results for
the relation between WMH volume and WMH CBF (beta: -.253, p=0.02), NAWM CBF (beta: .05,
p=0.69) and GM CBF (beta: -.02, p=0.74). Sensitivity analyses including participants with mean CBF
values deviating >3 standard deviations from the mean somewhat inflated the results for the relation
between WMH volume and WMH CBF (beta: -.34, p=0.00), and gave similar results for the NAWM
CBF (beta: .18, p=0.09) and GM CBF (beta: .18, p=0.11).

Discussion

In a cohort of community dwelling elderly with hypertension, we found that CBF within WMH is lower
than CBF in NAWM and that WMH CBF decreases with increasing WMH volume. Contrary to our
hypothesis, we did not find any indications that CBF in the surrounding NAWM or GM is also lower in
patients with WMH. These results suggest that WMH in elderly with hypertension are not caused by a
general cerebral perfusion problem. As a serendipitous finding, higher GM TT was associated with

higher WMH volume.

A declining CBF within WMH with increasing WMH volume has been reported previously . Partial
volume effects may also play a role. Since ASL voxels are relatively large, each voxel will contain both
WMH and NAWM. As WMH get larger, less NAWM is erroneously included. This way, the WMH CBF
estimate in patients with WMH large enough to encompass entire ASL voxels approximate the WMH
CBF more accurately, resulting in a lower CBF estimate with increasing WMH volume. The absence of a

relation between WMH volume and NAWM or GM CBF is somewhat surprising since results of other
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studies have hinted at such a relation "'"". Conceivably, GM and NAWM CBF only diminish with
increasing WMH volume from a certain threshold of WMH volume . However, sensitivity analyses
evaluating this possibility did not alter our findings. Differences between study populations may play a
role. Studies linking WMH to lower overall cerebral or GM perfusion were performed in mixed
populations, including patients with mild cognitive impairment (MCI) and Alzheimer’s disease (AD)
P MCT and AD are associated with alterations in CBF *'. WMH formation in these conditions may be
incited by decreased perfusion in WM susceptible to developing WMH '*. Recent reports that a negative
correlation between GM CBF and WMH does exist in patients with AD but not in memory clinic

patients without MCI or dementia support this explanation .

Our results suggest that hypoperfusion in WMH in elderly with hypertension is predominantly related to
local hypoperfusion rather than to a global perfusion deficit. Hypoperfusion within WMH may be a

3

direct consequence of local extensive tissue damage and obliteration of capillaries . The capillary
obliteration in WMH may contribute to a maintained perfusion in the NAWM, explaining why NAWM
perfusion is left unaltered. However, the location of WMH primarily in regions where perfusion is
physiologically low does suggest that hypoperfusion plays a role in WMH conception ***'. The
microvascular alterations associated with aging and hypertension, which include narrowing of the lumen
and stiffening of the arteriolar vessel walls, may cause increased arteriolar resistance, reducing perfusion
pressure *°. This could incite low grade hypoperfusion distally in the WM, where perfusion pressure is
the lowest, evoking the chronic hypoxic tissue damage and capillary obliteration associated with WMH
(Figure 4) >, In patients with diseases that are associated with cerebral perfusion deficits, for example
heart failure or Alzheimer’s disease, WMH could originate via the same mechanism of reduced perfusion
pressure. Microvascular alterations associated with hypertension could still exacerbate WMH formation
in these patients. Correspondingly, hypertension has been associated with WMH in both heart failure

and Alzheimer’s disease '*'**,

Serendipitously, we found that higher GM TT is associated with higher WMH volume. Thus GM
perfusion does appear to be altered in patients with WMH. Interpretation of this finding is not
straightforward. TT depends on the length of the blood flow trajectory from the cervical arteries to the
cerebral capillaries and on the blood flow velocity along this trajectory *. WMH have been associated
with reduced blood flow velocity in the large intra-cranial arteries, of which longer TT could be a proxy
115 This velocity reduction could be caused by increased resistance in the large intracranial arteries due
to atherosclerosis, ot in the arterioles due to arteriolosclerosis, which are both associated with WMH and

other SVD **». The association between antihypertensive medication use and a higher WMH volume
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may be due to antihypertensive use being associated with more chronic and severe hypertension.
Alternatively, the use of antihypertensive drugs may lead to hypoperfusion, aggravating WMH, although

36,37

recent study findings make that possibility unlikely

This study has some limitations. We cannot exclude that WMH are associated with slight perfusion
deficits in the NAWM and GM. The physiological variability of CBF may be too great to reveal such
small perfusion differences between subjects. TT may be less subject to this variability and higher TT
could reflect slight reductions in GM perfusion. If so, these slight reductions could contribute to WMH
development. As another limitation, it is unsure whether the signal to noise ratio of WM perfusion using
ASL is sufficient to accurately estimate WM CBF within our short scanning time **”’. However, although
current ASL techniques may be unable to measure WM CBF with high accuracy on a voxel-level, on a
region of interest level it has been shown that WM CBF can be measured within a scanning time of 5
minutes ***. Our measurements were precise enough to measure significant differences in CBF between
the NAWM and WMH, and between the whole WM and the NAWM only. Moreover, the reliability of
our findings is supported by the ratios between the GM, WM, NAWM and WMH CBF found in our

. . . . . . . 9131
study, which are similar to those reported in studies in which exogenous contrast agents were used ',

To our knowledge, this study is the first to assess the relationship between GM and WM CBF and
WMH volume in a large sample of community dwelling elderly with hypertension. Our results suggest
that WMH formation in these patients is associated with hypoperfusion locally in the WMH, making it
unlikely that WMH in this population are the result of a general perfusion deficit. Our results may
contribute to the understanding of the pathophysiology of WMH in elderly without general perfusion

deficits and help to develop prevention and treatment strategies for WMH and their clinical correlates.
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Arrival at capillaries: Hypertension & aging:

* CBF:blood flow (ml/100g/min)
* Transittime:time of arrival

|
| Increased microvascularresistance:
* thickening ofthe vessel wall

* reduced luminaldiameter

* increased vessel stiffness

.4 * arteriolar tortuosity

WMH caused by hypoxia dueto
inadequate perfusion pressure:

Aging and hypertension: reduced
perfusion pressure dueto locally
Increased microvascular resistance

Figure 4. Perfusion parameters and CBF regions. CBF = cerebral blood flow, GM = grey matter,
NAWM = normal appearing white matter, WMH = white matter hyperintensity, CBF was measured in
the GM, NAWM and WMH, transit time was calculated in the GM only.
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Supplement — Full description of ASL quantification

After 3D motion correction of the raw EPI control and label images using SPM8 (Statistical Parametric
Mapping, Wellcome Trust Centre for Neuroimaging, London, UK), they were pair-wise subtracted and
converted to CBF with a single compartment model, assuming that the label decays with the T1 of blood

12,

AMeTE! T2
pM,,20a,,T,, (¢ 7T — =)

my

CBF[mL/100g / min] =

where o is the density of brain tissue (1.05 g/mlL) >, AM is the difference between control and label
intensities, TE is the echo time (17 ms), T,*, is the transverse relaxation time of arterial blood (50 ms) *,
MO, is the equilibrium magnetization of arterial blood, for which an average scanner value was calculated
according to previously described methods °, « is the labeling efficiency (0.85) °, ;. is the cotrection for
label loss due to background suppression pulses (0.83) 7, T, is the T, relaxation time of arterial blood
(1650 ms) °, PLD = 1525 ms + 34.9 ms/slice, 1 is the labeling duration (1650 ms) and § is the PLD for
CBF 1 e
below) for CBF

4 and the measured TT (averaged per subject for each ROI, as described in the ROI section

crushed *

TT was calculated based on the following two FEAST equations *:

AM = A (e—w/Tla _ e(—w—‘r)/Tla) [2]
AM' = A (8_6/7‘10— _ e(—W—‘L’)/Tla) [3]

where A is a constant and AM and AM' represent the scans acquired without and with vascular crushing,

respectively.
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Abstract

Sickle cell disease (SCD) is complicated by silent cerebral infarcts, visible as white matter hyperintensities
(WMHs) on magnetic resonance imaging (MRI). Both local vaso-occlusion, elicited by endothelial
dysfunction and insufficiency of cerebral blood flow (CBF) are possibly involved in the etiology. We
investigated the associations between markers of endothelial dysfunction, CBF and WMHs in 40
children with HbSS or HbSB" thalassemia with a mean age of 12.1 + 2.6 years by quantifying WMH
volume on 3.0 Tesla MRI. Boys demonstrated an increased risk for WMHs (odds ratio 4.5, 95% CI 1.2 -
17.4), unrelated to G6PD deficiency. In patients with WMHs, lower fetal hemoglobin (HbF) was
associated with a larger WMH volume (regression coefficient -0.62, R*=0.25, p=0.04). Lower
ADAMTS13 levels were associated with lower CBF in the white matter (WM) (regression coefficient
0.07, R* 0.15, p=0.03), suggesting that endothelial dysfunction could potentially hamper CBF. Our
findings suggest that a high level of fetal hemoglobin may be protective for WMHs and that endothelial
dysfunction may contribute to the development of WMHs by reducing CBF.
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Introduction

Approximately 40% of children with a severe form of sickle cell disease (SCD) will be affected by silent
cerebral infarction (SCIs) by the age of 14 . SCIs are defined as an area of abnormal hyperintensity on
magnetic resonance imaging (MRI) of the brain in a patient without a history or physical findings of a
focal neurological deficit >. Most SCIs are located in the white matter (WM) and visible as white matter
hyperintensities (WMHs) on MRI. SCIs are associated with diminished neurocognitive functioning,
potentially hampering social and academic achievement **. Affected patients are at risk for progression
of SCIs and overt stroke °. Studies on risk factors for SCls are scarce and therapeutic options are still

under investigation °.

Two possible disease mechanisms for the development of WMHs have been proposed. First, vaso-
occlusion could occur in the blood vessels of the brain, leading to infarcts in the white matter. Vaso-
occlusion occurs in the setting of endothelial and coagulation activation, increased expression of
adhesion molecules and impaired vasodilatation due to a decreased bioavailability of nitric oxide .
These are well recognized phenomena even in young patients, leading to systemic vascular endothelial
dysfunction. Intracerebral involvement is supported by the finding of diffuse thickening and sclerosis of
intracerebral arterioles as described in one of the few autopsy studies in sickle cell disease . Although in
other disease conditions white matter or lacunar infarcts in the brain are associated with local small
vessel pathology and are called ‘cerebral small vessel disease’, definite evidence for a vascular etiology of
SCIs in sickle cell disease is lacking ''. Some evidence for the role of endothelial dysfunction in the
etiology of WMHs was demonstrated in a small study which found lower concentrations of tissue
plasminogen activator (t-PA) and ADAMTS13 in 9 SCD patients with SCIs compared to 38 patients
without SCIs '°. The main risk factor for SCIs seems to be a low level of hemoglobin (Hb), as
demonstrated in a multivariate analysis in a large (n=132), prospective study by Bernaudin e a/, as well
as in the baseline results of the SITT (Silent Infarct Transfusion Trial) (n=814), and in a retrospective
study (n=65) in very young children (mean age 3.7+ 1.1 years) "*'*. These identified risk factors suggest
that hematological factors such as the level of hemoglobin and perhaps endothelial and/or coagulation

activation play a role in the etiology of SClIs.

A second, additional hypothesis for the development of SClIs is related to altered cerebral blood flow
(CBF). Previous studies using an arterial spin labeling (ASL) technique on MRI have demonstrated an
increased CBF in the gray matter (GM) of children with SCD compared to controls, probably as

compensatory mechanism for the chronic anemia "', Cerebral reactivity, i.e. vasodilatory capacity in

177



Chapter 9 Risk factor analysis of cerebral WMH in children with SCD

reaction to triggers such as hypercapnia, has been demonstrated to be significantly reduced in patients

with SCD compared to controls "/

. This may lead to compromised CBF during episodes of increased
metabolic demand such as fever or an acute drop in hemoglobin which could subsequently lead to
cerebral ischemia. Indeed, acute SCIs have been identified by diffusion weighted imaging in children
experiencing an acute decrease in hemoglobin " The association between baseline CBF, i.c. during
steady disease state, and the risk of SCIs is unclear. Patients with a high baseline CBF could be at risk for
the development of SCIs due to insufficient reserve capacity of CBF. On the other hand, SCIs could
potentially lead to a decrease in CBF in the white matter because blood flow to necrotic tissue is

decreased and subsequently CBF would become lower in the white matter. Therefore, it is of particular

interest to study CBF in GM and WM separately.

Probably both mechanisms — endothelial dysfunction leading to small vessel disease and insufficient
CBF — are important factors in the etiology of SCIs in sickle cell disease. Additionally, besides being
influenced directly by hemoglobin '’ and hematocrit ***' CBF could also be affected by endothelial and
coagulation activation due to altered hemorheology and viscosity. The interaction between SCls,
endothelial dysfunction and CBF is described in the proposed hypothetical model in Figure 1. To help
clucidate these interactions, our aim was to study the association between the presence and size of

WMHs and parameters of endothelial and coagulation activation and CBF in GM and WM.

I

! White Matter

. Hyperintensities
I

Cerebral

: i Endothelial
i Blood Flow '<&—

dysfunction i

Figure 1. Proposed interaction between endothelial dysfunction, cerebral blood flow and white matter

hyperintensities in sickle cell disease

SCI is a term used to describe the clinical picture of a patient without neurological deficits in which
white matter hyperintensities are visible on MRI. This term is effectively used in clinical practice, but is
more difficult to use in research on the etiology of these lesions. Using the term SCI in research would

mean excluding patients with WMHs who happen to have subtle neurological deficits due to extensive
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WMHs or WMHs in a critical location, even though the etiology of the WMHs is the same as in patients
without neurological deficits. Additionally, since the exact etiology of the lesions is not completely
understood, a descriptive term based on imaging findings such as WMHs seems reasonable to use.

Therefore, we chose to use the term WMHs and did not exclude patients with neurological deficits due

to WMHs.

Patients and Methods

Patients

We prospectively approached all eligible children in two Sickle cell comprehensive care centers (center 1:
Emma Children’s Hospital, Amsterdam and center 2: Sophia Children’s Hospital, Rotterdam). Inclusion
criteria were severe SCD, i.e. HbSS or HbSB' thalassaemia and age 8-16 years. Exclusion criteria were
ptior stroke, stenosis of intracranial arteries (as demonstrated by MRI/MRA prior to patticipation in this
study), abnormal or intermediate velocity on transcranial Doppler imaging (according to Adams ez a/*?),
chronic blood transfusion therapy, bone marrow transplantation, contra-indications for MRI and
concomitant major health problem. Because the present study was part of a larger study that included a
neuropsychological evaluation, we excluded patients with an inability to undergo neurocognitive testing
(e.g. insufficient knowledge of the Dutch language). Patients had to be in a steady disease state, i.e. the

absence of infection or crisis for >4 weeks prior to study visit.

All patients underwent a neurological examination performed by a trained pediatric neurologist (ME)
who was blinded for imaging results. Results were scored according to the Pediatric Stroke Outcome
Measure (PSOM). The PSOM yields a score ranging from O (no deficits) to 10 (severe deficits on all 5
subscales) (Supplemental Table 1) . Focal neurological deficits were described separately. Genotype was
tested using high performance liquid chromatography (HPLC) and confirmed by DNA analysis when
necessary. Alpha-thalassemia was tested by DNA analysis. The use of hydroxyurea was recorded. Results
of the most recent TCD measurement during a regular hospital visit were collected. The Institutional
Review Board of the Academic Medical Center in Amsterdam approved the study, written informed

consent was obtained from all parents or legal guardians and from children aged twelve years and older.
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Subscales Outcome
Right sensimotor 0 = no deficit

_ 0.5 = mild deficit, normal
Left sensimotor ‘
function

) 1 = moderate deficit,
Language production ‘
decreased function

. 2 = severe deficit, missing
Language comprehension )
function

Cognitive/behavioral

Supplemental Table 1. Pediatric Stroke Outcome Measure. Total score: 0-10

Laboratory parameters

Blood sampling was performed on the day of study visit. Basic hematologic and biochemical parameters
were assessed using standard in-house procedures. Percentage of fetal hemoglobin (HbF) was measured
using high-performance liquid chromatography (HPLC). Free hemoglobin (free Hb) was measured using
spectrophotometry on a Shimadzu UV-2401 PC. Von Willebrand factor (VWF) plasma concentration
was measured by enzyme-linked immunosorbent assay (ELISA) (Dakopatts) *. VWF activity was
determined on an automated coagulation analyzer (Behring Coagulation System, BCS) with reagents and
protocol from the manufacturer (Siemens Healthcare Diagnostics, Marburg, Germany). VWF
propeptide was assessed by ELISA using CLB-pro, an antibody against VWF propeptide *. The
activated conformation of VWF was measured by semi-automated ELISA on a TECAN Freedom EVO
robot (Tecan, Minnedorf, Switzerland) using an antibody against active VWF as described previously **.
Prothrombin fragment 1 and 2 (F1+2) was measured by ELISA using a2 mouse anti-human antibody .
Thrombin-antithrombin complex (TAT) was measured by ELISA using a rabbit anti-human antibody
(Enzygnost) **. ADAMTS-13 was determined as described previously using a semi-automated essay *.
Glucose-6-phosphate  dehydrogenase activity (GOPD) was measured in all boys using

spectrophotometry.
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Magnetic Resonance Imaging

Acquisition

Patients were imaged on a 3.0 Tesla (3T)Intera with a SENSE-8-channel head coil (n=32)or on a 3.0 T
Ingenia with a SENSE-15-channel head coil (n=8), both Philips Healthcare, Best, the Netherlands. The
MRI scan protocol included both a 2 dimensional (2D) T2-weighted and 2D fluid-attenuated inversion
recovery (FLAIR) scan (both 5 mm slice thickness) for the visualization of WMHs, and a time of flight
(TOF) MR angiography (MRA) of the intracranial arteries for the visualization of arterial stenosis.
Added to this protocol was an ASL sequence with pseudo-continuous ASL labeling strategy (PCASL)
and a gradient echo single shot echo-planar imaging (EPI) readout, with the following imaging
parameters: resolution = 3 X 3 X 7 mm’; field of view (FOV) = 240 X 240 mm? 17 continuous axial
slices; TE/TR = 17/4000 ms; flip angle = 90% SENSE = 2.5; labeling duration = 1650 ms; post-labeling
delay for the 17 sequentially acquired slices in ascending order = 1525-2014 ms. Seventy-five label and
control pairs were acquired, resulting in a scan duration of ten minutes. Background suppression was
implemented with two inversion pulses, 1680 ms and 2830 ms after a pre-labeling saturation pulse. The
labeling plane was positioned approximately 9 cm caudal to the anterior commissure-posterior
commissure line and perpendicular to the carotid and vertebral arteries, based on 2D coronal and sagittal

TOF angiograms *.

ASL post-processing: quantification

Matlab 7.12.0 (The MathWorks, Inc., Natick, MA USA) and the SPM8 toolbox (Statistical Parametric
Mapping, Wellcome Trust Centre for Neuroimaging, London, UK) were used for offline data processing
with custom-built software. After 3D rigid-body motion correction, the control-label pairs were pair-
wise subtracted and a robust perfusion-weighted map was created using linear robust regression with
Huber's M-estimator . These perfusion-weighted maps were converted into CBF maps using a single
compartment quantification model, assuming that the label decays with the T1 of blood ***. A single MO

value - obtained in a previous study - was used for all participants *.

ASL post-processing: spatial normalization

The 2D T2-weighted anatomical scan was segmented into GM and WM tissue probability maps. All
CBF maps were transformed into anatomical space by a rigid-body registration of the averaged control
image on the GM tissue probability maps. A two-stage approach was used to spatially normalize
anatomical differences and residual EPI geometric distortion differences between subjects. First, the T'1

tissue probability maps were spatially normalized using the Diffeomorphic Anatomical Registration
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analysis using Exponentiated Lie algebra (DARTEL) algorithm, with the resulting normalization fields
applied to the average control images . Secondly, the average control images were segmented into
probability maps that were also normalized using DARTEL. Finally, EPI geometric distortion was
corrected by warping the average control images to the average T2. All estimated transformations were
applied to the corresponding CBF maps. CBF was calculated for GM and WM separately, for the
whole brain and per hemisphere. In addition, we calculated CBF for the total normal appearing WM by
excluding the WMHs itself.

White matter hyperintensities

All scans were evaluated by two independent observers (CBLMM and VvdL or HIMMM); discrepancies
were resolved by mutual consent. The observers were blinded for all clinical information and study
results except for the diagnosis of SCD. We defined WMHs using the Standards for Reporting Vascular
changes on Neuroimaging (STRIVE) definition: a white matter hyperintensity of presumed vascular
origin being a hyperintensity of variable size in the white matter on the FLAIR scan, without cavitation.”

Incidental findings were described separately.

WMH volume was obtained semi-automatically by the procedure as illustrated in Figure 2. On all FLAIR
slices WMHs were visually identified and manually selected as regions of interest (ROIs) (Figure 2a) with
a wide margin using ITK-Snap *". These ROIs were used for an intensity-based segmentation. GM was
segmented on all FLAIR scans (Figure 2b), and the mean GM intensity of each patient was calculated.
All voxels with a signal intensity >1.02 times of the average GM intensity were selected (Figure 2c). All
selected voxels within the manually delineated ROIs were labeled as WMH (Figure 2d). Stenosis of
intracerebral arteries were rated on the TOF MRA by an experienced neuro-radiologist (CBLMM) as

follows: <25%; 25-50%; 50-75%; 75-99% or occlusion.
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Figure 2. Semi-automatic delineation of white matter hyperintensities. Fluid attenuated inversion
recovery (FLAIR) scan. a: Manual delineation of region of interest containing a white matter
hyperintensity. b: Automatic segmentation of gray matter. c: Segmentation of voxels with an intensity of
>1.02 times the intensity of gray matter. d: Semi-automatic delineation of white matter hyperintensity by

selecting voxels within the region of interest.

Statistical analysis

For comparison of continuous variables between groups, we used a Student’s t-test or a Mann-Whitney
U test when data was not normally distributed. For categorical variables, we performed a Fisher’s exact
test. In patients with WMHs, we investigated the association between potential laboratory risk factors
and CBF on one side, and WMH volume on the other side using linear regression analysis. Because the
distribution of WMH volume was skewed we used a rank score of WMH volume as the outcome in the
linear regression analyses. In addition, we investigated the association between potential laboratory risk

factors and CBF using linear regression.

Results

Patient population

We included 40 patients (for inclusion and exclusion, see Supplemental Figure 1).Mean age was 12.1 £
2.6 years, 58% was male and most patients had homozygous SCD (95%); the remaining patients HbSR'
thalassemia. A total of fifteen patients (7 with WMHs and 8 without) used hydroxyurea with a mean
duration of 3.5 years: 39% of boys and 35% of girls. GOPD deficiency was not present. TCD was

normal in all 40 patients.
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Children meeting inclusion Exclusion
n =100 n=38
Eligiblechildren Unwillingtoparticipate
=062 n=16
Inclusion Drop out
n=40 n==6

Supplemental Figure 1. Flow chart illustrating inclusion. Reasons for exclusion: exclusion criteria for
MRI. ie. dental braces (n = 10); patients judged not likely to be compliant by treating hematologist
and/or frequent missed appointments (n=9); abnormal or intermediate trans-cranial Doppler (n=4);
previous overt stroke and/or chronic blood transfusion therapy (n=10); mental retardation or severe
depression (n=3); other major health problem (n=2). Reasons for drop out: non-compliant with

appointments (n=3); unable to make appointment due to frequent crisis (n=2); child refused MRI (n=1).

Description of neurological damage

WMHs were present in half of the patients (Table 1); the WMH volume per patient displayed a wide
variety. Neurological examination was normal (PSOM score of 0) in 34 patients (85%). Three patients
had a focal neurological deficit: one boy had a pyramidal tract syndrome, one girl had a partial visual
field deficit and another girl experienced saccadic eye movements. These patients all had a high WMH
volume (863 mm’, 15.097 mm’ and 16.343 mm’, respectively).The above mentioned boy also had an
abnormal MRA: a 50-75% stenosis of the Al branch of the left anterior cerebral artery despite normal
TCD. One other boy had several intracranial stenosis, despite normal TCD: a 75-99% stenosis of the left
internal carotid artery, a 50-75% stenosis of the M1 branch of the left middle cerebral artery, a 25-50%
stenosis of the M1 branch of the right middle cerebral artery and a 25-50% stenosis of the Al branch of
the right anterior cerebral artery. This patient had extensive WMHs with a total volume of 1420 mm’,
neurological examination was normal. Gray matter involvement was seen in 2 other patients. In one boy
we discovered a small (<15 mm) cortical infarct in the occipital lobe with a normal neurological
evaluation; this patient had a WMH volume of 697 mm’, stenosis of intracranial arteries could not be
evaluated because of motion artifacts on the TOF scan but TCD was normal. One girl had two small
(<5mm) cortical infarcts in the frontal and temporal lobe, she did not have any WMHs and neurological

examination was normal.

184



Chapter 9 Risk factor analysis of cerebral WMH in children with SCD

Volume category median n %
WMH volume (mm?)

0 mm’ 0 mm’ 20 50%

1-100 mm’ 46 mm’ 7 17%

101-1000 mm’ 503 mm’ 10 25%

>1000 mm’  15.097 mm’ 3 8%

Table 1. Distribution of white matter hyperintensities. WMHs = white matter hyperintensities

Potential risk factors for WMHs including endothelial and coagulation activation
WMHs occurred more often in boys (75% vs. 40%, p=0.05, OR 4.5, 95% CI 1.2 - 17.4) (Table 2). This

effect was not mediated by age (12.6 yrs for boys vs. 11.5 yrs for girls, p=0.22), G6PD deficiency (not
present), HbF(11.3% in boys vs. 9.7% in girls, p=0.41) or other laboratory parameters with the
exception of LDH (546 U/l in boys vs. 463 U/l in gitls, p=0.02). We could not demonstrate significant
differences in other potential risk factors between patients with WMHSs and patients without WMHs. In
patients with WMHs, we studied the association between potential risk factors and WMH volume using
linear regression analysis (Table 3). A lower HbF was associated with a larger WMH volume (Figure 3)
(regression coefficient -0.62, R*=0.25, p=0.04). There was a trend towards a negative association

between VWF propeptide and WMH volume (regression coefficient -0.11, R*=-0.17, p=0.08).
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No WMHs (2=20) WMHs (n=20) p

Age (years) 122 £238 121 £25 0.98
Sex, male 8 (40%) 15 (75%) 0.05
Intracranial stenosis - 2 (10%) 0.49
a thalassemia oot/ ot 8 (40%) 10 (50%) 0.75

oo/ - 11 (55%) 8 (40%o) 0.75

a-/a- - 2 (10%) 0.49

missing 1 (5%) - 1.00
Hemoglobin (mmol/L) 5410.7 5210.7 0.41
Reticulocytes (%0) 94+ 44 10.1 £53 0.67
Leukocytes (10”/L) 99 £22 10.6 £ 4.1 0.51
HbF (%) 11.8 £ 6.0 931+ 438 0.18
Free Hb (umol/L) 11.8 £9.3 15.0 £ 11.6 0.41
LDH (U/L 37C) 491 £ 85 531 £ 128 0.26
VWF Antigen (%o) 178 £ 45 176 + 41 0.84
VWF Activity (%o) 155 £ 47 144 £ 43 0.45
VWF Propeptide (%) 120 + 37 112+ 23 0.43
VWF Active conformation (%) 154 + 36 163 + 66 0.64
TAT Complex (ug/L) 7.0 (5.3 -12.8) 8.0 (6.5—-14.7) 0.47

F1+F2 (pmol/L) 201 (122 - 371) 178 (98 — 303) 0.65
ADAMTS-13 (%) 99 £ 11 100 £ 32 0.89
Ratio VWF Propeptide/ VWF Antigen ~ 0.64 (0.57 - 0.79)  0.62 (0.54-0.73)  0.57
Ratio VWF Antigen/ ADAMTS-13 1.75 (1.52-2.15)  1.81(1.28-2.45)  0.80

Table 2. Potential risk factors for white matter hyperintensities in children with sickle cell disease. Data
is presented as count (percentage) for categorical data, mean * SD for continuous data, or median
(interquartile range) for continuous data not normally distributed. F1+42, prothrombin fragment 1+2;
LDH, lactate dehydrogenase; SD, standard deviation; TAT, thrombin-antithrombin; VWF, von

Willebrand Factor; WMHs, white matter hyperintensities.
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Hemoglobin (mmol/L)
Reticulocytes (%o)

Leukocytes (10°/L)

HbF (%)

Free Hb (umol/L)

LDH (U/L 37C)

VWF Antigen (%)

VWEF Activity (%)

VWF Propeptide (%)

VWEF Active conformation (%o)
TAT Complex (ug/L)

F1+F2 (pmol/L)

ADAMTS-13 (%)

Ratio VWF Propeptide/ VWF Antigen
Ratio VWF Antigen/ADAMTS-13

Patients with WMHs
(n=20)

pH R* b
-1.59 0.04 0.40
-0.09 0.01 0.72
-0.14 0.01 0.69
-0.62 0.25 0.04
30.43 <0.01 0.82
<0.01 <0.01 0.94
<0.01 <0.01 0.91
<-0.01  <0.01 0.85
<0.11 0.17 0.08
<0.01 <0.01 0.72
0.01 <0.01 0.92
<0.01 <0.01 0.78
-0.05 0.09 0.25
-12.45 0.14 0.10
1.37 0.05 0.43

Table 3. Association between potential risk factors and white matter hyperintensity volume. F1+2,

prothrombin fragment 1+2; LDH, lactate dehydrogenase; TAT, thrombin-antithrombin; VWF, von

Willebrand Factor; WMHs, white matter hyperintensities R%explained vatiance.
> yp p

regression coefficient. Bold denotes statistical significance (p<0.05).
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Figure 3. Association between HbI and white matter hyperintensity volume. Patients with white matter
hyperintensities were selected. X-axis denotes HbF (%), Y-axis denotes rank score of white matter

hyperintensity volume. HbF, fetal hemoglobin; WMHSs, white matter hyperintensities.

Cerebral blood flow and its association with WIMHs

Total GM and WM CBF did not differ between patients with WMHs or patients without WMHs. In

patients with WMHs, there was no association between WMH volume and CBF in any brain region
using linear regression analysis (p>0.10 for all associations). CBF did not differ between boys and girls.
In patients with WMHs, we calculated CBF in normal appearing WM by excluding the WMHs itself.
CBF in normal appearing WM was 35.9 mL/100g/min, compared to mean CBF in WM of 37.3
mL/100g/min in patients without WMHs (p=0.41).

Association between CBF and laboratory parameters including endothelial and coagulation activation
Higher CBF values in GM and WM were both significantly associated with lower Hb (regression

coefficient -7.60, R*0.23, p<0.01 and regression coefficient -2.68, R*0.22, p<0.01, respectively) and lower
HbF (regression coefficient -0.74, R? 0.12, p=0.03 and regression coefficient -0.24, R?0.11, p=0.04,
respectively). Lower CBF in WM was associated with lower ADAMTS13 (regression coefficient 0.07, R”
0.15, p=0.03)and the ratio VWF antigen to ADAMTS13 (regression coefficient -2.33, R* 0.13 , p=0.04)
(Table 4).

188



Chapter 9 Risk factor analysis of cerebral WMH in children with SCD

CBF in GM CBF in WM
po R » po R »

Hemoglobin (mmol/L) -7.60 0.23 <0.01 -2.68 0.22 <0.01
Reticulocytes (%) 0.65 0.07 0.09 0.20 0.05 0.16
Leukocytes (10”/L) -0.70 0.04 0.22 -0.20 0.03 0.33
HbF (%) -0.74 0.12 0.03 -0.24 0.11 0.04
Free Hb (umol/L) -195.88 0.03 0.32 -120.70 0.09 0.09
LDH (U/L 37C) 0.01 0.01 0.63 <0.01 <0.01 0.79
VWEF Antigen (%) -0.05 0.03 0.31 -0.01 0.02 0.37
VWE Activity (%) -0.02 0.01 0.67 -0.01 0.01 0.62
VWEF Propeptide (%) 0.05 0.01 0.50 0.02 0.01 0.53
VWE Active conformation (%) 0.07 0.08 0.11 0.02 0.04 0.26
TAT Complex (ug/L) <0.01 <0.01 1.00 0.09 0.08 0.08
F1+F2 (pmol/L) <0.01 <0.01 0.71 0.01 0.09 0.08
ADAMTS-13 (%) 0.09 0.03 0.36 0.07 0.15 0.03
Ratio VWF Propeptide/ VWF 15.60 0.07 0.12 4.50 0.05 0.21
Antigen

Ratio VWF Antigen/ADAMTS-13 -4.30 0.06 0.18 -2.33 0.13 0.04

Table 4. Association between laboratory markers and Cerebral Blood Flow. CBF, cerebral blood flow;
F1+2, prothrombin fragment 1+2; GM, gray matter; LDH, lactate dehydrogenase; TAT, thrombin-
antithrombin; VWF, von Willebrand Factor; WM, white matter. Bold denotes statistical significance

(p<0.05). R? explained variance. # Unstandardized regression coefficient.

Discussion

Our results show that male sex is a risk factor of WMHs and that a lower level of HbF is associated with
a higher WMH volume. We could not demonstrate an association between endothelial activation and
WMHs, but a low level of ADAMTS13 was associated with lower CBF in the WM. CBF was not
associated with WMHs. Boys displayed an increased risk for WMHs independent of age, anemia, HbF or
GO6PD deficiency, although boys did have a higher level of LDH. This is in agreement with previous
studies: in a multivariate analysis of 814 patients screened for the SITT, De Baun ¢ a/. have previously
demonstrated that male sex was a risk factor for SCls, however, their odds ratio of 1.37 is notably lower

P, Bernaudin ef a/. found a trend towards an increased risk for SCIs in boys (p=0.07) in univariate
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analysis in their newborn cohort (n=217), but in multivariate analysis, G6PD deficiency was the only
identified risk factor for SCIs '. Our results confirm that boys seem to be at increased risk for WMHs,

perhaps through (X-linked) genetic polymorphisms present in boys.

We demonstrated that a lower level of HbF is associated with a larger WMH volume. This association
was significant, even though patients using hydroxyurea were included in the analysis. Before the start of
hydroxyurea, the level of HbF would have been lower in these patients, associated with an increased risk
to develop WMHs. The fact that we still found an association between HbF and volume of WMHs
demonstrates its robustness. The association between the level of HbF and WMH volume has not been
reported previously. In the SIT trial, there was a trend towards a lower HbF in patients with SCIs
compared to patients without SCIs (11.1% vs. 12.5%, p=0.06) . HbF is one of the most important
known modifiers of disease severity in SCD, predicting mortality, pain rates, dactylitis and acute chest
syndrome ***. Because HbF does not polymerize and reduces the concentration of HbS, high levels can
inhibit polymerization and the subsequent detrimental effects such as hemolysis and vaso-
occlusion.*Increasing HbF by using hydroxyurea has been shown to decrease several complications and

decrease hemolysis, but it is unclear whether it can protect against the development of WMHs **.

We observed a trend towards a lower VWF propeptide in patients with a larger WMH volume. This is in
accordance with the results of Colombatti ¢ a/. who found some evidence for a higher level of
endothelial dysfunction in patients with SCIs."”Interestingly, recent insights suggest that endothelial
dysfunction plays a pivotal role in the occurrence of SCIs in other patient groups such as vascular

. 7
dementia “**.

In addition, we investigated the association between WMHs and CBF and did not find any differences in
CBF in GM or WM between patients with and without WMHs. CBF in normal appearing WM also did
not differ from CBF in the white matter of patients without any WMHs. This may be due to the fact that
we performed a cross-sectional study and only investigated patients during steady disease state. Perhaps
CBF could become insufficient in our patients during episodes of increased demand. Future studies
should therefore focus on the dynamics of CBF in order to elucidate its role in the etiology of WMHs.
Besides being associated with Hb and HbF, we observed a positive association between ADAMTS13
levels and CBF in the WM. ADAMTS13 is released from endothelial cells and cleaves large VWF
multimeres into smaller units. A (relative) insufficiency of ADAMTS13 may indicate endothelial

dysfunction, potentially hampering CBF; however very few studies have explored this. The interaction
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between HbF, endothelial dysfunction and CBF in the pathogenesis of WMHs (Figure 1) requires

further research but could result in new insights for novel therapeutic targets.

Strengths and Limitations

MRI scanning was performed using a 3T scanner which yields high resolution images, and additionally
we used a semi-automatic method to delineate WMHs, leading to a good estimation of the total volume
of the WMHs. Instead of only calculating CBF in the GM, we used a state of the art ASL. method and
were able to quantify CBF in the WM and GM separately. We used a broad panel of markers of
endothelial and coagulation activation to investigate the association with WMHs and CBF.

We specifically studied risk factors for WMHs in SCD, regardless of neurological status. We realize this
is not in line with most previous studies on SCls, that mostly defined SCIs as areas of abnormal
hyperintensity on MRI of the brain in a patient with no history or physical findings of a focal
neurological deficit. Extensive WMHs or a WMH located at a vital location could result in focal
neurological deficits and would lead to the exclusion of these patients when using this latter definition of
SCIs, while the etiology of the lesions is similar. Because our objective was to study risk factors for
WMHs, we did not exclude these patients. As this was an explorative study, we did not perform a

correction for multiple testing; this should be taken into account when interpreting the results.

Conclusion

Our study showed that boys have a higher risk of WMHs and that a high HbF concentration seems
protective for the development of WMHs. Lower ADAMTS13 levels were associated with lower CBF in
the WM, suggesting that endothelial activation could potentially hamper CBF. Our findings suggest that
fetal hemoglobin and endothelial dysfunction may be involved in the pathogenesis of WMHs in patients
with SCD, possibly mediated through altered CBF.
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Chapter 10 General discussion, conclusions and implications

Part I Inter-vendor reproducibility of arterial spin labeling

Throughout the lines of arterial spin labeling (ASL) developments, reliability assessments of ASL
remained a central theme " because of its intrinsically low signal-to-noise ratio (SNR) ". Part I of this
thesis can be viewed as a sequel of the previous work of dr. Gevers ¢ /. *and dr. Heijtel ez a/. °. The first
have established that the single-vendor intra- and inter-scanner reproducibility of ASL were sufficient
and comparable. The latter have established that the reproducibility of ASL is comparable with H,O"-
positron emission tomography (PET) when a two-compartment quantification model was used. These
findings suggested that the measurement reproducibility of the state-of-the-art ASL sequence is
sufficiently high, and that the variability of ASL may be dominated by physiological perfusion
fluctuations rather than technical limitations. Since different magnetic resonance imaging (MRI) centers
use scanners from different MRI vendors, the next logical step towards large clinical multi-center

perfusion studies was to investigate the inter-vendor reproducibility of ASL.

The incentive to study the inter-vendor reproducibility of ASL (Chapters 2-4) was the possibility to
pool ASIL-based cerebral blood flow (CBF) results from two scanners from different MRI
manufacturers. Although the labeling strategy implemented in the product sequence of both vendors
was the same (pseudo-continuous ASL (PCASL)), the readout was fundamentally different, 3D spiral
fast-spin echo (FSE) (General Electric (GE)) versus 2D gradient-echo echo-planar imaging (EPI)
(Philips). The first visually appreciable difference between these sequences on both the individual subject
level and on the group level was the difference in the spatial smoothing, leading to substantial mean CBF
and inter-session variation differences between vendors on a voxel level. However, on a total gray matter
(GM) level, there was excellent agreement between the mean CBF of both vendors. In addition, the
intra-vendor inter-session variation of both vendors as well as the inter-vendor inter-session variation
were comparable on a total GM level, and comparable with the between-weeks variation of several
previous reproducibility studies »* ', These findings led to the encouraging conclusion that baseline
CBF values can be compared between fundamentally different sequences from different vendors on a
total GM level (Chapter 2). This can be attributed to the fact that baseline long-term physiological
perfusion fluctuations dominate sequence and hardware differences between vendors. The large
differences on a voxel level were mainly attributed to the fundamental differences in readout modules
implemented by both vendors. This is a clear obstacle for the comparison of ASL-based data between
the different product sequences from the two vendors, which led to the initiation of the study in

Chapter 5.
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Similar to the baseline CBF comparison, the inter-session variation of a pharmacologically induced CBF
decrease was comparable between sequences on a total GM level but not on a voxel level (Chapter 3).
This again implies that on the total GM level, the inter-vendor variability is dominated by normal long-
term perfusion fluctuations, which is in agreement with previous studies " '". However, on a voxel level
the readout differences between the product sequences dominated the perfusion variability. We showed
that by additional smoothing of the 2D EPI data to achieve the same smoothness as the 3D spiral data,
we were able to approach the inter-session variation that was observed for the 3D spiral readout. This is
in agreement with the large difference in point spread function (PSF) between the sequences, as can be
easily appreciated by visually comparing the CBF maps of both sequences '°. In addition, it shows the
potential benefit of additional spatial smoothing for the analysis of 2D EPI pharmacological ASL
(phASL) data “. For the detection of small focal changes - such as in finger tapping functional ASL
(fASL) (Chapter 4) - however, it remains questionable whether or not additional smoothing removes
focal activation regions '*. The residual variability differences between the 3D spiral data and smoothed
2D EPI data may be explained by the differences in background suppression efficiency. This was
indicated in a previous study that studied differences in activation detectability between a 2D and two
3D readouts without background suppression, as well as the same two 3D readouts with background
suppression 2. This study showed that the detectability differences between 2D and 3D readouts
themselves were small, but also that the detectability of the 3D readout increased significantly by the use
of background suppression. Although we employed background suppression in both the 2D EPI and
3D spiral readouts in our studies, the efficiency of background suppression in a 2D readout steadily

. . . 1"
decreases with later acquired slices .

Both the mean phASL CBF decrease (Chapter 3) as well as the fASL CBF increase (Chapter 4) differed
between the product sequences, although this difference was not significant for the latter. Interestingly in
this respect, was that the main voxel-wise CBF differences between sequences in Chapter 2 and 3 were
found in the posterior watershed area. These regions are known for having the longest transit times
(TTs) *'°. Because the 3D sequence readout has a single post-labeling delay (PLD) whereas the PLD of
the 2D EPI sequence increases along an inferior-superior gradient, both sequences differ much in their
TT sensitivity. It is most likely that the abovementioned cases of CBF disagreement between the product
sequences can be explained by the differences in T'T sensitivity between both readout modules. This is in
agreement with a previous comparison between the performance of a 3D spiral readout with either a
PLD of 1500 or 2500 ms '". Regions with long TT showed hypoperfusion when the 1500 ms PLD was
used, but not with the 2500 ms PLD. In addition, reproducibility was higher for 2500 ms PLD,

suggesting that TT' contributes in variability when a short PLD is chosen. From these observations, we
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may conclude that TT can influence both the accuracy and the precision of ASL. measurements, and that
its influence depends upon the employed readout module. This strongly encourages the development of
sequences that simultaneously measure CBF and TT without significant penalties in SNR for the CBF

18,19
measurement = .

Using previously proposed methods *, we provided sample size calculations for future phASL studies in
Chapter 3. We underlined that sample size requirements for the detection of any effect may be small,
but that the requirements for detecting differences in an effect are quadratically larger. Although this
observation is easily deduced from sample size equations, we believe that it is important to acknowledge
this observation when planning future phASL or fASL studies. The same effect was observed for the
within-subject coefficient of variation (wsCV) in Chapters 3 and 4. Whereas the inter-session variation
of the absolute CBF decrease was not very different from baseline inter-session CBF variation in both
cases, the small effect size of phASL (~20%) and fASL (~4%) increased the wsCV fivefold and 25-fold
respectively. As a consequence, the finger tapping fASL activation (Chapter 4) was barely statistically
detectable. It should be noted, however, that this low detectability should not discourage the use of ASL
to detect task-based CBF changes '> *". Whereas the temporal resolution of ASL for the 2D EPI
sequence was reasonable (8 seconds), it was very low for the 3D spiral sequence (135 seconds). For a fair
comparison, the 2D EPI data was averaged to obtain the same temporal resolution. Although the SNR
of an individual 2D EPI ASL subtraction is very low, a higher temporal resolution may still benefit
statistical modeling. Moreover, current efforts are aimed at increasing the temporal resolution of 3D

ASL sequences while retaining its benefits in terms of higher SNR 2,

Chapter 5 concerned a triple vendor comparison. Whereas the previous chapters aimed to investigate
the penalty of using fundamentally dissimilar standard ASL implementations of different vendors, the
study in this chapter aimed to investigate the inter-vendor reproducibility when sequences are optimized
to be as identical as possible between the scanners. The first and most apparent result when the near-
identical sequences (Chapter 5) are compared with the dissimilar sequences (Chapter 2), is that both
the mean CBF and inter-session variation maps were visually much more comparable between scanners
from different vendors for near-identical sequences than for the dissimilar sequences. Likewise, the GM-
white matter (WM) CBF ratios were significantly different between dissimilar sequences whereas these
ratios were very comparable with near-identical sequences. This was in agreement with our hypothesis
that ASL results are much more comparable between vendors when the same readout and similar

sequence parameters are used 2
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A main limitation of this study was that scanner hardware differences were too large to create a single
identical sequence for the three scanners of the different vendors. The reason for these differences in
hardware specifications was that MRI hardware development is ongoing », and one scanner was older
than the two others. The solution was to split the triple vendor comparison into two dual vendor
comparison studies. For scanners with similar hardware specifications it would have been possible to
create the same near-identical sequence for the scanners from all three vendors. However, this main
limitation led to an important serendipitous finding. Because the hardware specifications of one scanner
were flexible, it participated in both comparisons. Consequently, the results of these slightly different
sequences could be compared on the same vendor. Whereas the total GM inter-session variation of
study 2 was comparable with the inter-session variation in Chapter 2, and with other previous between-
weeks reproducibility studies "*, the inter-session variation of study 1 was twice as high as in study 2. In
other words, the precision was more comparable between identical sequences employed on scanners
from different vendors than between slightly less identical sequences on the same scanner. The same was
true for the accuracy. The quantitative agreement seemed much less affected by vendor effects
(differences in scanner hardware and software) than by sequence effects, which were mainly differences
in echo time and inter-pulse time during labeling. These results demonstrate the importance of keeping
sequence parameters identical for future multi-center ASL studies. In addition, the same message is very
important for clinical single-site ASL studies. Scanner hardware and software are often updated halfway
in an ongoing clinical study, and these results provide strong evidence that it is very important to keep

sequence parameters as identical as possible within the limitations created by such scanner updates.

Part II Clinical applicability of arterial spin labeling

Despite its potential relevance as a micro-vascular biomarker 226 ASI-based WM CBF measurements
were previously not deemed feasible for two main reasons. Firstly, because of too low SNR due to
longer TT than in GM, and secondly because of too low spatial resolution to acquire pure WM signal,
i.e. which is not contaminated by signal from the GM *". Recently, SNR improvements rendered the
detection of WM perfusion signal possible in the majority of WM voxels **. However, WM voxels with
the highest and most reliably measured perfusion signal are situated in the juxtacortical peripheral WM,
whereas signal in deep central WM voxels are not measurable even after 10 minutes of scanning **.
These findings raise the question to what extent they are due to a real perfusion gradient from the

peripheral to central WM, or rather to the spatial extent of signal contamination of GM CBF 7 Signal

contamination can be expected to result from a combination of acquisition PSF, motion and
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interpolation in the post-processing stage 12142 Moreover, as the SNR of ASL within the WM remains
relatively poor *, it is important to balance between including as many voxels as possible into a WM
region of interest (ROI) to increase the statistical power of WM CBF on the one hand, and excluding as

many peripheral WM voxels to exclude GM signal contamination on the other hand *'.

In Chapter 6, perfusion signal of WM voxels medial to the cortical GM (inward contamination) were
compared with perfusion signal of voxels lateral to the cortical GM (outward contamination) within a
single slice. This analysis is based on the assumption that the extent of inward and outward GM signal
contamination is similar. Our analyses showed that significant outward GM signal contamination
stretched across 3 voxels. Therefore, the conclusion was that a typical WM mask should be eroded
three-fold to create a WM ROI that holds as many relatively uncontaminated WM voxels as possible.
However, it should be acknowledged that the spatial extent of signal contamination may differ much
between studies or even between subjects, because of differences in acquisition, subject motion and
post-processing methods 12 1% 2 Therefore, the proposed three-voxel erosion guideline should be
customized to the data under investigation. Nevertheless, after three-voxel erosion the WM signal was
still significantly larger than the signal outside the GM (i.e. cerebrospinal fluid (CSF), bone and air). This

. . 28, 30
observation confirms previous research

and shows the possibility to significantly detect
uncontaminated perfusion signal in the WM with ASL. However, this signal could still be too weak to be

able to make statistical inferences in group analyses.

There is accumulating evidence that TT measurements may both significantly improve the quantification
of CBF »? and provide additional information that could even be more valuable than CBF in some
clinical cases *?°. One way to estimate TT is to calculate the ratio of ASL sequences with and without
vascular crushing, which is known as flow encoding arterial spin tagging (FEAST) *'. In Chapters 7 and
8, FEAST was applied with slightly adapted parameters, to measure TT as well as both crushed and non-
crushed CBF. The application of vascular crushing removes some of the macro-vascular contribution to
CBF, which may be less of interest than the pure micro-vascular tissue perfusion signal **. On the other
hand, when macro-vascular signal is removed this will also reduce the available SNR *". On the individual
subject level it is important to retain as most SNR as possible, especially in elderly with
neurodegenerative or cerebrovascular disease. Therefore, crushing is not recommendable for clinical
applications of ASL on the single subject level ". For group analyses, it may be a different case, as we
showed in Chapter 7. In this study, correlations with age or gender were stronger for crushed CBF-
values than without crushing. It should be noted that the applied crushing was moderate (i.e. velocity

encoding cutoff 5 cm/s), removing only signal in the largest vessels with minor SNR penalty. When
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vascular crushing is applied to completely remove macro-vascular perfusion signal, a lower velocity
cutoff is used (e.g. velocity cutoff 1-3 cm/s) and the resulting SNR penalty may be too severe for
applications in elderly patients *". Therefore, if any crushing is applied, the consensus paper
recommended to apply moderate crushing (4 cm/s) ” which is close to the velocity cutoff that was used
in these chapters. The observation that slight crushing increased statistical power, suggests that it can be
advantageous to decrease the influence of macro-vascular perfusion fluctuations on the reproducibility

of the ASL measurement - even at the expense of some SNR.

It could be argued that with optimal sequence timing - i.e. labeling duration and PLD - macro-vascular
contribution is minimal and crushing may not be required. In this respect, the mean PLD applied in
these chapters was relatively low (1800 ms vs. 2000 ms as recommended in elderly patients) ". However,
TT can be expected to vary more in elderly patients than in healthy volunteers, because of differences in
vessel tortuosity, vascular resistance and cerebral autoregulation deficiency . Therefore, it may remain
difficult - if not impossible - to exactly confine ASL timing parameters to the subject that is being
scanned. The physiological correlations with the estimated TT were even stronger than with the crushed
or non-crushed CBF measurements - not only for the correlations with age and gender (Chapter 7) but
also with white matter lesion (WML) volume (Chapter 8). There could be good physiological reasons
for this observation, including the fact that the preferential location of WML is in regions with the
longest TT, such as watershed areas *. However, to which extent these stronger correlations with
crushed CBF and TT had physiological origins, or were merely due to a decrease in the effect of macro-
vascular perfusion fluctuations on the measurement variability, cannot be differentiated from our data.
Interestingly, a recent study found lower measurement variability for TT than for CBF, using a multi-
PLD PCASL sequence *. This suggests that the stronger correlations with TT are at least partly due to
higher stability of TT compared to CBF measurements. It is noteworthy that new ASL techniques are
currently under development that can simultaneously measure both CBF and TT - some even without
sacrificing SNR for the single time point CBF map *"*. Moreover, these techniques enable a more
absolute quantification of TT, whereas the quantification of FEAST-based TT depends much on PLD
and CBF velocity differences between subjects and brain regions *” **. These new ASL techniques are
probably preferable over FEAST for clinical research applications, and can be expected to enhance the

value of ASL even further .
Despite these limitations of FEAST in terms of absolute quantification, we were able to construct TT

maps that resemble the known anatomy of the cerebral vasculature *. Therefore, the spatial accuracy of

FEAST is at least sufficient to create a population-based TT gradient. These maps can be helpful in
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future ASL research for the definition of vascular ROls, if hypothesized perfusion effects are restricted
to certain flow territories only, or if spatial averaging is required when an anatomical structure is too
small considering ASL limitations in terms of SNR or spatial smoothing ". Potential applications include
the investigation of a vascular component to degeneration of the dementia-relevant regions precuneus
and hippocampus, which are supplied by the distal anterior and posterior cerebral arteries *> *.

Alternatively, if no TT measurements are available, our ROI-based TT values can be used to improve

CBF quantification for regional TT variation in the elderly.

In Chapters 8 and 9, we investigated correlations between CBF measured within GM, normal
appearing WM (NAWM) and WML ROIs and WML volume, as well as with other clinical and
hematological parameters. These measurements were performed in elderly with hypertension (Chapter
8) and children with sickle cell disease (SCD) (Chapter 9). It has been suggested that the WML in both
populations share a similar cerebrovascular etiology . In Chapter 8, GM CBF was higher than NAWM
CBF, which was higher than WML CBF. Interestingly, the ratios between GM, NAWM and WML CBF
were comparable to ratios that were previously reported with contrast-based perfusion MRI *> * ¥
Although SNR may be too low for sufficient precision of ASL-based WM CBF measurements in the
elderly, the accuracy of ASL as compared to contrast-based perfusion MRI appears sufficient within the
WM. The fact that WM CBF was correlated with hematological parameters in children with SCD
(Chapter 9) shows that WM CBF measurements can be sufficiently reliable for clinical correlations. This
can be explained by the shorter TT and higher CBF in children with SCD, leading to higher SNR for
ASL-based WM CBF measurements. Furthermore, physiological perfusion fluctuations are lower for
WM than for GM CBF, which may also increase statistical power ''. These findings show potential for

ASL-based perfusion measurements within the NAWM and WML ROIs in children with SCD.

The clinical question in Chapter 8 was whether WML volume is associated with either isolated focal or
also with more general perfusion deficits, using the methodologies that were introduced in Chapters 6
and 7. Both hypotheses are deemed plausible *>*>**°" but not yet fully elucidated. Hence, it is hitherto
unknown which of these two hypotheses should be given priority in terms of further research or
treatment development. In our study, WML volume was correlated with WML CBF but not with
NAWM CBF or GM CBF. As abovementioned, the fact that CBF was lower within WML regions than
in regions with NAWM is in agreement with previous literature based on MRI perfusion measurements
with exogenous contrast agents *****. The correlation between WML CBF and WML volume can - at
least partly - be attributed to various degrees of ASL signal contamination from the NAWM into the

WML, especially considering the large spatial extent of signal contamination as discussed in Chapter 6.
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To what extent the WML CBF is truly correlated to WML volume cannot be differentiated with these

data.

The absence of a correlation between GM CBF and WML volume in Chapter 8 disagrees with some
previous studies ** ", Possible explanations include that the strength of this correlation depends upon
the study population, techniques used for the detection of WML and measurement of CBF, the presence
of perfusion confounders and the type of statistical analysis. Future research should aim at disentangling
effects generated by the multitude of diseases that are associated with aging, such as cardiovascular
disease, large- and small vessel cerebrovascular disease and neurodegeneration. Although the studied
cohort was restricted to community dwelling elderly with hypertension without any serious medical
conditions, the abovementioned diseases can still be expected to be present in such a population.
Another question that is left to be answered is whether the correlation between GM CBF and WML
volume found in other populations is of a causal nature or that the two are simply synchronous

consequences of a worsening condition of the cerebral vasculature.

In Chapter 9, these WML are discussed in the context of children with SCD. Similar to WML in the
elderly, two hypotheses exist that could explain the development of WML. The first relates to
endothelial dysfunction ° . In SCD, sickled red blood cells and other inflammatory mediators induce
the activation of the endothelium, leading to impaired vasodilation and increased adhesiveness of the
endothelium ®. Markers of endothelial dysfunction, such as ADAMTS13, have been shown to be
correlated with WML in SCD *. Our findings show that this marker is also correlated to CBF. The
second pathophysiological hypothesis is related to the loss of cerebrovascular reactivity > the severe
chronic anemia in these children can apparently be mostly compensated by increased CBF due to
increased cardiac output and cerebral vasodilation ** *°. However, this means that CBF cannot be
increased much more in periods of increased demand for oxygen and nutrients to sustain cerebral
metabolism. In other words, the cerebrovascular reactivity is reduced in these children, and moments of
transient ischemia may lead to the development of WML ** *. Fetal hemoglobin (HbF) is a type of
hemoglobin that does not polymerize and reduces the concentration of pathological hemoglobin S
(HbS) ***. Our results showed that children with lower fetal hemoglobin (HbF) levels had both higher
CBF and higher WML volume. These findings could suggest that children with lower HbF levels require
a higher compensatory CBF increase to sustain their cerebral metabolism. In addition, they suggest that
low HbF levels and high CBF lead to more WMLs development, possibly as a result of a more impaired
cerebrovascular reactivity. Therefore, although we did not find a direct correlation between CBF and

WML volume, these findings are in agreement with the cerebrovascular reactivity hypothesis *’. It should
g g yP
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be noted that part of the investigated population was treated with hydroxyurea therapy. This therapy
increases the level of HbF, which is known to reduce several symptoms of this disease with less side
effects than chronic blood transfusion therapy . Our finding that CBF is inversely correlated with HbF
implicates that less compensatory CBF increase is required with higher HbF levels. Hence,
cerebrovascular reactivity can potentially be restored by increasing HbF levels. From these findings we
can hypothesize that patients with high baseline CBF benefit the most by increasing HbF levels with

hydroxyurea therapy. In this respect, ASL could potentially develop as a non-invasive biomarker.
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Conclusions

Part I Inter-vendor reproducibility of ASL
On a voxel level, CBF measurements from different vendors are only comparable when the same
readout modules are used (Chapters 2-5).
Differences between 2D and 3D ASL sequences can be mainly explained by differences in TT
sensitivity, PSF and efficiency of background suppression (Chapters 2-4).
Differences in ASL sequence parameters should be avoided, since even slight differences in ASL

sequence parameters can have a large effect upon the reproducibility (Chapter 5)

Part II Clinical applicability of ASL
Uncontaminated WM perfusion signal can be detected with ASL, if tissue masks are carefully eroded
to minimize GM contamination (Chapter 6).
The statistical power of ASL may be increased by moderate vascular crushing, suggesting that
removing macro-vascular perfusion variability can be more important than holding on to sufficient
SNR (Chapter 7).
Information from TT measurements may carry important diagnostic value and simultaneous
measurements of CBF and T'T should be carried out when possible (Chapters 7-8).
WML volume is correlated with WML CBF but not with normal appearing WM or GM CBF in
elderly with hypertension, suggesting that WML development is the result of local rather than
systemic perfusion disturbances (Chapter 8).
WM CBF is correlated with clinically relevant hematological parameters in children with SCD,
alluding to the possible development of ASL-based CBF measurements as a non-invasive biomarker

in this population (Chapter 9).
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Implications

The conclusions of the inter-vendor reproducibility studies (Part I) have the following implications for
the development of ASL for clinical studies. We have demonstrated the importance of keeping ASL
sequence parameters identical, in order to be able to pool ASL-based CBF data (Chapters 2-5). An
important practical single-center example is the update of scanner hardware or software in the middle of
a cross-sectional or longitudinal clinical trial, which may lead to or require small changes in ASL
sequence parameters. These results encourage investigators to carefully tweak sequence parameters to
keep them as identical as possible between the scans before and after the scanner update. The same
should be attempted when multi-center studies are being planned. When this is not possible - e.g. when
pooling data from existing multi-center ASL studies where product sequences have been used -
investigators are encouraged to acknowledge the effects of using different sequences. Main examples
that result from different readout modules are discussed in this thesis, including TT sensitivity
(Chapters 2-3), PSF (Chapter 2) and background suppression efficiency (Chapters 2-4). For clinical
practice, absolute quantitative agreement between ASL sequences may not be required. Therefore, slight
sequence differences may be less of an issue here and we recommend instead to only focus on using the
same readout when visually comparing CBF maps between different clinical centers. Alternatively, it may
be helpful to remove data smoothness differences (Chapter 3) that result from the differences in PSF
between product sequences. This could be easily implemented as post-processing option in medical

imaging software.

The conclusions of the clinical applicability studies (Part II) have the following implications for the
development of ASL for clinical studies. We have demonstrated the possibility to estimate the effective
spatial extent of GM signal contamination within acquired data (Chapter 6). We showed the possibility
to measure uncontaminated WM signal, but also highlighted the importance to acknowledge this spatial
extent of signal contamination. The findings of Part I imply that, as ASL technology advances, the
reliability of ASL will at some point be limited by physiological perfusion fluctuations rather than
measurement precision. These findings are reinforced by the findings in elderly with hypertension in
Chapter 7, implying that it can be more important to reduce physiological perfusion fluctuations than to
hold on to sufficient SNR in large clinical studies. Although it has been shown for individual clinical
cases, the results of Chapters 7 and 8 are the first to imply that TT measurements can be more
important than CBF measurements in large clinical studies. This finding encourages research physicians
to focus on more perfusion parameters than CBF only and stimulate the current development of

sequences that can simultaneously measure CBF and TT. Chapters 8 and 9 provide examples on how
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ASL perfusion measurements can bridge the research gap between clinical or hematological parameters

and accumulated cerebral pathology such as WML.

When the study subjects and findings of this thesis are compared with previous ASL theses, we can
conclude that ASL steadily advances towards a more stable position within clinical research. In this
respect, the limitations of ASL are shifting from fundamental sequence development limitations to
sequence choices by MRI vendors, physiological perfusion fluctuations and the confounding effect of
TT. Current developments aimed at WM perfusion measurements, the simultaneous measurement of
CBF and TT and the reduction of the influence of physiological perfusion fluctuations are expected to
increase the clinical value of ASL even further. Future efforts aimed at the creation of normal and
pathological perfusion templates may eventually enable the development of ASL as clinical and

psychopharmacological biomarker.
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Summary

This summary concerns the thesis Arterial spin labeling, inter-vendor reproducibility and clinical applicability.
Maintenance of adequate cerebral perfusion is of vital importance for the health, growth and repair of
brain tissue. Arterial spin labeling (ASL) is a perfusion magnetic resonance imaging (MRI) technique that
non-invasively measures cerebral blood flow (CBF). Its non-invasiveness has considerable research
advantages: it is possible to repeat CBFF measurements as frequently as desired and its measurements can
be applied in vulnerable populations. ASL relies on the use of blood water protons as its endogenous
label: blood is labeled in proximal arteries in the neck and after a post-labeling delay (PLD) - during
which blood travels to the brain parenchyma - the brain is imaged. After the subtraction with a brain
image without previous labeling, the resulting image is proportional to CBF. Since its inception, ASL has
matured to a whole-brain perfusion technique that is available on all major MRI systems. Its accuracy
and precision are comparable with existing invasive perfusion modalities and clinical and
psychopharmacological research applications of ASL are rapidly evolving. Large clinical multi-center
ASL studies may extend our understanding of the pathophysiology of many common neurological and
psychiatric disorders. The first aim of this thesis was to investigate the inter-vendor reproducibility of

ASL. The second aim of this thesis was to investigate several clinical applicabilities of ASL.

The first part of this thesis concerns the inter-vendor reproducibility of ASL. The ASL product
sequences of two major MRI vendors were compared in Chapters 2-4. Throughout these chapters, the
inter-session variation was comparable on a total gray matter (GM) level but not on a voxel level. In
addition, the mean of baseline CBFF measurements (Chapter 2) showed excellent agreement between the
sequences on a total GM level, but again not on a voxel level. This led to the conclusion that on a total
GM level, long-term physiological perfusion fluctuation dominates differences between sequences and
scanners. The fact that CBF data from smaller regions of interest (ROIs) were not comparable between
the different sequences could be explained by fundamental differences between the 2D EPI and 3D
spiral readout modules, including differences in effective PLD leading to differences in transit time (T'T)
sensitivity, the extent of point spread function and efficiency of background suppression. Measurements
of pharmacologically induced (Chapter 3) and task-based (Chapter 4) CBF changes were not in
agreement with the different sequences. This could be attributed to differences in effective PLD
between the 2D EPI and 3D spiral readouts leading to differences in TT sensitivity. In Chapter 5,
pseudo-continuous ASL sequences were implemented on three major MRI vendors with the same
readout module. Because of scanner hardware limitations, two dual vendor comparison studies were

performed with slightly different sequence parameters, with three vendors in total, one vendor joining
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both studies. Whereas the mean and inter-session variation of CBF were comparable on a voxel level
between different vendors with identical sequence parameters, this was not the case when the slightly
different sequences from the two studies were compared on the same vendor. Together with the results
in Chapters 2-4, these results show the importance to keep sequences in multi-center ASL studies as

identical as possible.

The second part of this thesis is focused on the clinical applicability of ASL. Despite their potential
relevance for clinical studies, white matter (WM) CBF measurements with ASL are cumbersome. The
definition of a WM ROI requires a delicate balance between including many voxels to counterbalance its
low signal-to-noise ratio, and excluding peripheral voxels to avoid signal contamination from the GM. In
Chapter 6, the spatial extent of GM contamination was investigated for a 2D EPI readout in elderly
with mild cognitive complaints. The results show that significant WM perfusion signal can be measured,
but also that the WM ROI should be carefully eroded to avoid GM contamination. In Chapter 7, the
statistical benefits in terms of correlations with age and gender are shown for modest vascular crushing
in a large population of elderly with hypertension, suggesting that the removal of macro-vascular
perfusion variability outweighs the signal-to-noise ratio (SNR) decrease on a group level. Within the
same population, correlations with age, gender (Chapter 7) and WM lesion (WML) volume (Chapter 8)
were much larger with TT than with CBF. These findings encourage simultaneous measurements of
CBF and TT in large clinical perfusion studies. Within the same population of elderly with hypertension,
WML volume was correlated with WML CBF but not with normal appearing WM or GM CBF. This
suggests that WML development is predominantly related to local rather than systemic perfusion
disturbances. In children with sickle cell disease (SCD) (Chapter 9), CBF disturbances are believed to
play a key role in the pathophysiology of WML. ASL-based CBF measurements were correlated with
hematological parameters that are both involved in the pathogenesis of WML and they key targets in
SCD treatment. This alludes to the possible development of ASL-based CBF measurements as a non-

invasive predictor or biomarker of treatment response.

The main implication of this thesis is that investigators should strive to keep sequence parameters as
identical as possible between different ASL datasets, whether this concerns a single-center scanner
hardware update or pooling different multi-center ASL datasets. Differences in TT sensitivity, point
spread function and background suppression between sequences should be acknowledged. For clinical
practice, slight sequence differences may be less of an issue and we recommend instead to focus on
sequence differences that are visually apparent when CBF maps are compared between different clinical

centers. It may be helpful to remove data smoothness differences that result from point spread function
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differences between product sequences. Furthermore, as ASL techniques advance, it becomes more
important to reduce the influence of physiological perfusion fluctuations than to hold on to sufficient
SNR in large clinical studies. TT measurements can provide information additional to CBF and
simultaneous CBF and TT measurements are encouraged in clinical studies. Finally, ASL perfusion
measurements can elucidate the relation between clinical or hematological parameters and accumulated

cerebral pathology such as WML.
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Samenvatting

Deze samenvatting betreft het proefschrift Arterial spin labeling, inter-vendor reproducibility and clinical
applicability. Behoud van cerebrale perfusie is van wezenlijk belang voor de gezondheid, groei en het
herstel van hersenweefsel. Arterial spin labeling (ASL) is een relatief nieuwe magnetic resonance imaging
(MRI) techniek die op non-invasieve wijze cerebrale doorbloeding (cerebral blood flow, CBF) meet.
Omdat ASL non-invasief is kan deze perfusiemeting zo vaak als gewenst herhaald worden en kan de
meting worden toegepast bij kwetsbare patiénten. ASL is gebaseerd op het gebruik van bloed-water
protonen als endogeen label. Het bloed wordt eerst gelabeld in proximale arterién in de hals. Na een
post-labeling delay (PLD) - waarin het gelabelde bloed naar het hersenweefsel stroomt - wordt een
afbeelding verkregen van de hersenen. Van deze afbeelding wordt een afbeelding van de hersenen
waarbij niet voorafgaand is gelabeld afgetrokken, resulterend in afbeelding gewogen voor CBF. In de
laatste twintig jaar is ASL geévolueerd tot een volwaardige perfusiemeting van de complete hersenen, die
beschikbaar is op de meest voorkomende MRI-systemen. De nauwkeurigheid en precisie van ASL zijn
vergelijkbaar met bestaande invasieve perfusiemetingen. Klinische en psychofarmacologische
onderzoekstoepassingen van ASL zijn volop in ontwikkeling. Grote klinische multicenter ASL studies
kunnen de pathofysiologische kennis van veelvoorkomende neurologische of psychiatrische
ziektebeelden doen vergroten. Het cerste doel van dit proefschrift was het bestuderen van de
reproduceerbaarheid van ASL tussen verschillende MRI merken (inter-vendor). Het tweede doel van dit

proefschrift was om de klinische toepasbaarheid van ASL te onderzoeken.

Het eerste deel van dit proefschrift behelst de inter-vendor reproduceerbaarheid van ASL. ASL-series
van twee veelgebruikte MRI merken werden vergeleken in hoofdstukken 2-4. In deze hoofdstukken
was de inter-sessie variatie vergelijkbaar op totaal grijze stof (GS) niveau maar niet op voxel niveau. Uit
hoofdstuk 2 blijkt een grote overeenkomst tussen het gemiddelde van baseline CBF-metingen tussen de
ASL-series op totaal GS niveau, maar wederom niet op voxel niveau. Dit leidt tot de conclusie dat - op
een totaal GS niveau - lange termijn perfusiefluctuaties groter zijn dan verschillen tussen ASL-series. Het
feit dat CBF-data in kleinere gebieden niet vergelijkbaar waren tussen de verschillende series kan worden
verklaard door fundamentele verschillen tussen 2D EPI en 3D spiral readout strategieén. Men denke aan
verschillen in effectieve PLD die leiden tot verschillen in transit time (T'T)-gevoeligheid, het bereik van
de puntspreidfunctie en efficiéntie van achtergrondruisonderdrukking. De gemiddeld gemeten
farmacologisch geinduceerde (hoofdstuk 3) en op taak gebaseerde (hoofdstuk 4) CBF-veranderingen
kwamen niet overeen tussen de verschillende ASL-series. Dit kan worden toegeschreven aan verschillen

in effectieve PLD tussen 2D EPI en 3D spiraal readout strategieén, die leiden tot verschillen in TT-
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gevoeligheid. In hoofdstuk 5 werden pseudo-continue ASL-series geimplementeerd met dezelfde 2D
EPI readout strategie op scanners van drie veelgebruikte MRI merken. Vanwege beperkingen van de
scanner-apparatuur werden twee aparte studies uitgevoerd waarin twee merken werden vergeleken, met
minimaal verschillende ASL-serie instellingen. Eén merk participeerde in beide studies. Terwijl het
gemiddelde en de inter-sessie variatie van CBF op voxel niveau tussen verschillende fabrikanten met
identicke ASL-serie instellingen vergelijkbaar waren, was dit niet het geval wanneer de minimaal
verschillende ASL-series van de twee aparte studies werden vergeleken op het merk dat aan beide studies
deelnam. In combinatie met de resultaten van hoofdstukken 2-4, tonen deze resultaten aan dat van

belang is de ASL-serie instellingen zo identiek mogelijk te houden bij multi-center ASL studies.

Het tweede deel van dit proefschrift is gericht op de klinische toepasbaarheid van ASL. Hoewel CBF-
metingen met ASL in de witte stof (WS) zeer relevant kunnen zijn voor klinisch onderzoek, is de
toepassing uitdagend. De definitie van een witte stof gebied vereist een subtiele balans tussen enerzijds
het insluiten van zo veel mogelijk voxels om te compenseren voor de lage signaal-ruisverhouding, terwijl
anderzijds perifere WS voxels zoveel mogelijk moeten worden uitgesloten om de inmenging van GS
signaal (GS contaminatie) te voorkomen. In hoofdstuk 6 werd het bereik van GS contaminatie
onderzocht voor een 2D EPI readout strategie in ouderen met milde cognitieve klachten. De resultaten
tonen aan dat significant perfusiesignaal kan worden gemeten in de WS, maar ook dat het WS gebied
behoedzaam moet worden geérodeerd om GS contaminatie te voorkomen. In hoofdstuk 7 werden de
statistische voordelen getoond van milde vaatsuppressie in een grote populatie van ouderen met
hypertensie, uitgedrukt in correlaties met leeftijd en geslacht. Deze voordelen van vaatsuppressie
suggereren dat het verminderen van macro-vasculaire perfusievariabiliteit opweegt tegen de verminderde
signaal-ruisverhouding op groepsniveau. Binnen dezelfde populatie waren correlaties met leeftijd en
geslacht (hoofdstuk 7) en WS laesie (WSL) volume (hoofdstuk 8) groter met TT dan met CBF. Deze
resultaten moedigen de gelijktijdige meting van CBF en TT aan voor grote klinische perfusiestudies. In
dezelfde populatie van ouderen met hypertensie was het WSL volume gecorreleerd met WSL CBF, maar
niet met CBF gemeten in normaal lijkende WS of GS (hoofdstuk 8). Dit suggereert dat de ontwikkeling
van WSL eerder het gevolg van lokale dan van systemische perfusiestoornissen is. Perfusiestoornissen
worden geacht een hoofdrol te spelen in de pathofysiologie van kinderen met sikkelcelziekte (hoofdstuk
9). CBF was gecorreleerd met hematologische parameters die betrokken zijn bij de pathogenese van
WSL en waarvan de modificatie een groot deel van de behandeling van deze ziekte beslaat. Dit doet
vermoeden dat CBF-metingen met ASL in de toeckomst mogelijk als non-invasieve biomarker kunnen

dienen voor patiénten met sikkelcelziekte.
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De voornaamste implicatie van dit proefschrift is dat ASL-serie instellingen zo identiek mogelijk moeten
worden gehouden tussen verschillende ASL datasets. Dit geldt zowel bij vernieuwingen van scanner
apparatuur halverwege ASL studies als voor het samenvoegen van multicenter ASL datasets. Verschillen
in TT-gevoeligheid, puntspreidfunctie en achtergrondruisonderdrukking tussen ASL-series dienen in
acht te worden genomen. Voor de klinische praktijk is het wellicht niet zo belangtijk om verschillen in
ASL-serie instellingen zo klein mogelijk te houden, maar het is des te belangrijker om de ASL-series
tussen klinische centra visueel zo goed mogelijk overeen te laten komen. Zo is het aan te bevelen om
visuele verschillen in smoothness te reduceren met post-processing software. Een andere implicatie van
dit proefschrift — voor grote klinische studies — is dat, bij voortschrijdende ontwikkeling van de ASL
meting, het steeds belangrijker wordt om fysiologische perfusievariatie te verminderen en minder
belangrijk om de signaal-ruisverhouding zo hoog mogelijk te houden. Vervolgens kunnen TT-metingen
toegevoegde waarde hebben bovenop CBF-metingen. Daarom is de ontwikkeling van ASIL-series die
gelijktijdig CBF en TT meten van groot belang voor klinische studies. Tenslotte kunnen ASL
perfusiemetingen ingezet worden om de pathofysiologische kennis omtrent het ontstaan van WSL te

vergroten.
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List of abbreviations

%CBE|
3CV

A

AC-PC line
ACA

AD

AMC
ANOVA
ASL

ATT

B

BMI

BPF

BOLD contrast

CASL
CBF
CBV
CI
CLEAR
CMRO,
CPP
CSF
cv
CVD
CVR

relative CBF decrease

triple Vendor Comparison

anterior commissure-posterior commissure line

anterior cerebral artery
Alzheimet's disease
academic medical center
analysis of variance
arterial spin labeling

arterial transit time

body mass index

brain parenchymal fraction

blood-oxygen-level dependent contrast

continuous ASL

cerebral blood flow

cerebral blood volume
confidence intetrval

constant level appearance
cerebral metabolic rate of oxygen
cerebral perfusion pressure
cerebrospinal fluid

coefficient of variation
cardiovascular disease

cerebrovascular resistance
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D

DARTEL diffeomorphic anatomical registration analysis using exponentiated lie algebra
DM diabetes mellitus

DTI diffusion tensor imaging

E

ELISA enzyme-linked immunosorbent assay
EPI echo-planar imaging

F

FA flip angle

fASL functional ASL

FEAST flow encoding arterial spin tagging
FHWM full width at half maximum

FLAIR fluid attenuated inversion recovery
tMRI functional MRI

FOV tield of view

FSE fast spin echo

FT finger tapping

G

GOPD glucose-6-phosphate dehydrogenase
GE General Electric

GLM general linear model

GM gray matter

H

Hb hemoglobin

HbF tetal hemoglobin

HbS hemoglobin S

HPLC high-performance liquid chromatography
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1CC
1cv

IQR

LDH
LOA

MC
MCA
MCI
MMSE
MRA
MRI

NAWM

OEF
OR

P

PASL
PCA
PCASL
PD

PET
phASL
PreDIVA
PLD

PSF

intraclass correlation coefficient
intracranial volume

inter quartile range

lactate dehydrogenase

limits of agreement

medical center

middle cerebral artery

mild cognitive impairment

mini mental state examination
magnetic resonance angiography

magnetic resonance imaging

normal appearing white matter

oxygen extraction fraction

odds ratio

pulsed ASL

posterior cerebral artery
pseudo-continuous ASL
proton density

positron emission tomography

pharmacological ASL

prevention of dementia by intensive vascular care

post-labeling delay

point spread function
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PV

RF
RR
ROI

SCD
SCI
SENSE
SD
SITT
SPIR
SPM
SPSS
STRIVE
SVD
SNR

T1
T2
Tlw
TAT
TCD
TE
TOF
t-PA
TR

partial volume

rest
radiofrequency
blood pressure

region of interest

sickle cell disease
silent cerebral infarct
sensitivity encoding
standard deviation

Silent Infarct Transfusion Ttrial

spectral pre-saturation by inversion recovery

statistical parametric mapping

statistical package for the social sciences

List of abbreviations

Standards for Reporting Vascular changing on Neuroimaging

small vessel disease

signal-to-noise ratio

Tesla

longitudinal relaxation time
transverse relaxation time
T1-weighted
thrombin-antithrombin complex
transcranial Doppler

echo time

time of flight

tissue plasminogen activator

repetition time
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A%
VESPA
\'AS)
VWF

WM

WMH
WML
wsCV

VEndor SPecific features of Asl
Vrije Universiteit

Von Willebrand factor

white matter
white matter hyperintensity
white matter lesion

within-subject coefficient of variation
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Op 4 november1983 ben ik geboren te 's-Hertogenbosch. Mijn middelbare schooltijd bracht ik door op
het Gymnasium Juvenaat H.H. te Bergen op Zoom. Na mijn eindexamen als eerste lichting van de

tweede fase studeerde ik Geneeskunde aan de Universiteit Leiden.

Tijdens mijn studie heb ik onder begeleiding van dr. FMA Box en prof. dr. ir. JHC Reiber onderzoek
gedaan op de afdeling radiologie van het Leids Universitair Medisch Centrum (LUMC). Dit onderzoek
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Nederveen. Door de deelname aan een Europese COoperation in Science and Technology (COST)-actie
heb ik onderzoekservaring in het buitenland mogen opdoen. Naast vele bijeenkomsten in binnen en
buitenland, heb ik in het Oslo University Hospital te Oslo gewerkt, het Institute of Social Sciences te
Oslo en in het Institute of Psychiatry van het King's College London. Hiernaast heb ik een zomercursus
in Dubrovnik en een brainstorm-sessie in Wenen mogen meemaken. Deze internationale ervaringen

hebben mijn promotietijd verrijkt.

Naast de medische wetenschap vormt muziek een rode draad in mijn leven.

231



Acknowledgments

Dankwoord

232



Appendix Acknowledgments

Dankwoord

Van 2011 tot 2015 ben ik met groot genoegen als arts-onderzoeker werkzaam geweest op de afdeling
Radiologie van het AMC, hetgeen resulteerde in dit proefschrift. Hierbij ben ik geholpen door een groot
aantal mensen. Een aantal hiervan benoem ik hieronder expliciet. Het is echter goed mogelijk dat ik
hierbij onbedoeld een aantal mensen passeer. Daarom wil ik allereerst graag iedereen bedanken die een

bijdrage heeft geleverd aan de totstandkoming van dit proefschrift, in welke hoedanigheid dan ook.

Graag betuig ik mijn dank aan alle gezonde vrijwilligers en patiénten die hebben deelgenomen aan de

studies die beschreven zijn in dit proefschrift.

Hooggeachte professor Majoie, beste Charles, dank dat je mij als promotor hebt begeleid. Je interesse en
uitgebreide kennis van de wvasculaire neuroradiologie hebben mij veel geholpen. Je goede

onderzoeksideeén hebben vaak uitkomst geboden en mij data vanaf een ander perspectief doen zien.

Zeer geachte heer Nederveen, beste Aart, zeer veel dank voor de grote reikwijdte aan mogelijkheden die
jij mij geboden hebt om mijzelf als zelfstandig wetenschapper én als mens te ontwikkelen. Onze
analytische, filosofische en ethische dialogen hebben mijn denkraam verruimd. De wijze waarop jij - met
schijnbaar grenzeloze energie - wetenschap, management, religie en gezinsleven combineert is

bewonderenswaardig.

Hooggeachte professor Van Bavel, hooggeachte professor Booij, zeer geachte mevrouw Reneman en
zeer geachte heer Hendrikse van het AMC Amsterdam en UMC Utrecht, dank voor Uw besluit in mijn
commissie plaats te nemen. Dear Professor Golay (University College London) and dear Professor
Bjornerud (Oslo University Hospital), I am very grateful for your decision to join my dissertation

committee.

233



Appendix Acknowledgments

Dear co-authors, many thanks for your help and our fruitful collaboration. Zeer geachte heer Van Osch,
beste Thijs, dank voor je onverzadigbare steun bij het herschrijven en bij rebuttals. Zeer geachte
mevrouw Smits, beste Marion, dank voor onze enerverende gesprekken. Jouw enthousiasme voor
onderzoek binnen de neuroradiologie is besmettelijk. Zeer geachte heer Richard, beste Edo, dank voor je
hulp om tijdig een overschot aan analytisch divergeren te signaleren en weer te convergeren naar een
praktisch klinisch doel. Zeer geachte mevrouw Fijnvandraat, beste Karin, zeer geachte mevrouw
Schouten - Van Meeteren, beste Netteke en zeer geachte heer Biemond, beste Bart, dank voor jullie

samenwerking en het mogelijk maken van klinisch onderzoek in het AMC.

Zeer geachte heer Groote, beste Inge, dank voor het mogelijk maken van mijn wetenschapsbezoeken
aan Oslo. Jouw humor en filosofie geeft kleur aan de wetenschap en is voor mij een bron van inspiratie.

Hopelijk lukt het ons in de toekomst de samenwerking tussen Amsterdam en Oslo verder te ontplooien.

Dear Mr. Zelaya, estimado Fernando, many thanks for organizing a wonderful research experience for

me in London. I am looking forward to future research discussions and cooperations.

The work presented in several chapters of this thesis was founded within the European COoperation in
Science and Technology (COST)- action Arterial spin labeling In Dementia BM1103. Dear international
collaborators of this COST action, I am grateful to the fruitful and educative discussions that we had on

our meetings, as well as for your contribution to a beautiful international ASL study.

Ik bedank graag de laboranten van de afdeling Radiologie van het AMC - in het bijzonder Sandra en

Raschel - voor alle hulp en samenwerking.

Beste paranymfen, dank voor jullie vriendschap en het mij bijstaan.

Beste collegae onderzoekers, dank voor alle gezelligheid, humor, goede sfeer en samenwerking. Goed

succes met jullie carrieres als arts, onderzoeker of beide.

Beste Joena, Matthan en Paul, dank voor jullie enorme hulp en logisticke steun. Jullie zijn één van de

belangrijkste redenenen dat Z0 zo succesvol is.

234



Appendix Acknowledgments

Beste Sanna, dank voor het mij op weg helpen met ASL. Beste Dennis, dank voor onze samenwerking
en het mij bijstaan op momenten dat ik wat minder handig was. Beste Rebecca, Veronica, Jan-Willem,
Tanja, Sophie, Anouk en Kerim, dank voor de gezellige samenwerking en kleine kopjes koffie. Beste
Folkert, dank dat jij de was wilt doen. Beste Lena, fijn om te zien dat het ASL onderzoek bij jou in goede

handen is.

Beste Steffie, dank voor je enorme hulp bij de PIANO-studie. Jouw glimlach, assertiviteit en

enthousiasme opent veel deuren.

Ik ben zeer erkentelijk voor de geweldige familie en vrienden die ik om mij heen heb. I am very grateful
for being surrounded by wonderful family and friends. Je suis trés reconnaissant pour avoir merveilleux
famille et amis. Lieve Pappie en Mammie, dank dat jullie altijd voor Joep, Marjolein en mij klaarstaan -
hier zijn geen woorden voor. Lieve Mammie, jij hebt je carriere in kunstgeschiedenis opgeofferd voor
onze opvoeding. Lieve Ninette en Thieu, George en Xandra, dank dat jullie er voor mij zijn. Lieve Joep
en Marjolein, dank voor de gezelligheid. Lieve Bonnemamman, dank voor alle keren dat ik bij jou in
Belgi¢ heb mogen logeren. Jouw huis en tuin hebben mij een oase van rust geboden om ongestoord op
mijn proefschrift te kunnen concentreren. Hoe jij jarenlang onophoudelijk voor Bonpapa hebt gezorgd

na zijn herseninfarct en vasculaire dementie heeft mij doen realiseren waar wij wetenschappers ons

onderzoek eigenlijk voor doen.

Beste Teun, ik zou eigenlijk willen zeggen dat onze roadtrips en gezamenlijke humor mij geleerd hebben

het leven niet zo serieus te nemen. Maar dat is wellicht niet gepast als dankwoord in een promotieboekje.

Beste Pieter, Patrick en Cyriaan, dank voor jullie hulp bij mijn beslissing het hart voor de muziek en het

brein voor de wetenschap te reserveren.

Dear Daphne and Richard, thank you for the music!

235



Statements pertaining to the thesis:

Stellingen behorende bij het proefschrift:

Arterial spin labeling perfusion MRI - Inter-vendor reproducibility & clinical applicability

On a voxel level, CBF measurements from different vendors are only comparable when the same
readout modules are used (Chapters 2-5).

Differences between 2D and 3D ASL sequences can be mainly explained by differences in transit
time sensitivity, point spread function and efficiency of background suppression (Chapters 2-4).
Differences in ASL sequence parameters should be avoided, since even slight differences in ASL
sequence parameters can have a large effect upon the reproducibility (Chapter 5).

Uncontaminated white matter perfusion signal can be detected with ASL, if tissue masks are
carefully eroded to minimize gray matter contamination (Chapter 6).

The statistical power of ASL may be increased by moderate vascular crushing, suggesting that
removing macro-vascular perfusion variability can be more important than holding on to sufficient
signal-to-noise ratio (Chapter 7).

Information from transit time measurements may carry important diagnostic value and simultaneous
measurements of CBF and transit time should be carried out when possible (Chapters 7-8).

White matter lesion volume is correlated with white matter lesion CBF but not with CBF within the
normal appearing white matter or gray matter in elderly with hypertension, suggesting that white
matter lesion development is the result of local rather than systemic perfusion disturbances (Chapter
8).

WM CBF is correlated with clinically relevant hematological parameters in children with sickle cell
disease, alluding to the possible development of ASL-based CBF measurements as a non-invasive
biomarker in this population (Chapter 9).

Good coffee decreases both perfusion and confusion (opinion).

Similarities between white matter lesion characteristics in sickle cell disease and small vessel disease
warrant combined research efforts between neuroradiologists, pediatric hematologists and
neurologists (opinion).

White matter lesions are simply a consequence of evolution: regions that are least important for

brain function survival are perfused last (but also least) (opinion).
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