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This dissertation describes the development, implementation, validation, optimization,
and application, of a noninvasive and quantitative method for measuring cerebral blood
volume changes with functional magnetic resonance imaging (fMRI) for mapping of neu-
ral activity changes.

Since its inception over twenty years ago, the field of fMRI has grown in usage, sophis-
tication, range of applications, and impact. Nevertheless it has yet to exploit its full
potential regarding, spatiotemporal resolution, signal specificity, and quantifiability of
hemodynamic changes. By utilization of a new MR pulse sequence, new concepts of
radio frequency pulses, and high magnetic fields (7 T), a novel fMRI method named
SS-SI VASO is presented here that overcomes sensitivity limitations of other noninvasive
quantitative imaging methods.

In order to validate that its signal represents changes in cerebral blood volume without
other contaminations, SS-SI VASO is implemented in animal models for a close com-
parison with established, but invasive methods. A good agreement of blood volume
sensitivity has been found with the new method compared to the established ones.
After its validation, the SS-SI VASO method and its unprecedented sensitivity was used
to localize and quantify hemodynamic changes in applications where conventional oxy-
genation based fMRI methods are limited. (A) SS-SI VASO was used to investigate
biophysical aspects of actively controlled arteries and passive balloon-like veins during
activity induced hemodynamic changes. (B) SS-SI VASO was used to provide insights
whether the interplay of neural activity and resultant vascular response are the same
for tasks that increase neural activity compared to tasks that suppress neural activity.
(C) SS-SI VASO was used to calibrate conventional oxygenation based fMRI to quantify
local changes in oxygen metabolism. (D) The high sensitivity of SS-SI VASO was further
used to obtain sub-millimeter resolutions and estimate activity changes between cortical
layers. This enables to address questions not only where the brain is activated but also
how and whereby this activity is evoked.

The implementation and application of this new SS-SI VASO fMRI method is a major
step forward for the field of imaging neuroscience; it demonstrates that the current lim-
itations of fMRI can be even overcome with respect to quantifiability, spatial specificity
and distinguishing between vascular and neuronal phenomena.
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1 Introduction

1.1 Background

The human brain is the physical structure most associated with mind or consciousness.
It processes highly complex sensory impressions and provides coherent control over all
actions of the body. A popular imaging method of brain structure is magnetic resonance
imaging (MRI), which is based on the physical principle of nuclear magnetic resonance
[Laurterbur, 1973|. The discovery of the blood oxygen level dependent (BOLD) effect in
1990 |Ogawa et al., 1990] introduced an imaging method to map not only brain struc-
ture, but also its function and activity. Hence, BOLD functional magnetic resonance
imaging (fMRI) could be used to investigate brain activity noninvasively in the human
brain [Bandettini et al., 1992|[Turner et al., 1993|. Ever since, it has grown in usage,
sophistication, impact, and range of applications. The functional principle of the BOLD
imaging method is based on the fact that increased neural activity of a certain brain area
is accompanied with increased energy metabolism and thus with a corresponding change
in oxygenation of blood in local veins. Despite its popularity and robustness, BOLD
fMRI is limited by two crucial physiological features. (A) The BOLD signal and the
underlying blood oxygenation are not uniquely determined by changes in neural activity.
It is also dependent on the physiological environment and therefore influenced by param-
eters such as the level of cerebral blood flow (CBF), cerebral blood volume (CBV'), and
many others. Consequently, the BOLD method is not quantitative and interpretations of
its signal remain problematic. (B) The activity induced changes in blood oxygenation are
not confined to the tissue region of increased activity. In fact, the biggest BOLD signal
changes are usually located at large draining veins adjacent to the activated brain tissue.
The interpretable spatial resolution is limited to approximately 3 mm [Turner, 2002]|.
Because of these limitations, it is desirable to directly measure additional physiological
parameters such as CBF or C' BV that may map neural activity more specifically and
more quantitatively than the BOLD signal. However, when invasive methods should be
avoided, measures of these parameters are usually dominated from high inherent noise
level and thus limited by a low sensitivity compared to the BOLD signal.

1.2 Purpose of this thesis

The purpose of this thesis is to develop a new fMRI method that can overcome at
least some of the above mentioned limitations of conventional BOLD fMRI and that
can map correlates of neural activity more specifically and quantitatively such as CBF
or CBV. In this thesis the focus lies on measuring C'BV over measuring C'BF for two

17



Chapter: 1. Introduction

major reasons. (A) Pilot experiments showed that with the available experimental setup,
C BV -techniques have the potential to be considerably improved [Huber, 2011| compared
to C'BF-techniques [Ivanov, 2012|. (B) Invasive experiments in animals have shown that
CBYV changes are more specific to changes in neural activity compared to CBF' [Kim
et al., 2013].

The most-applied non-invasive fMRI method to measure changes in CBV has been de-
veloped by Lu et al. in 2003 and is referred to as Vascular Space Occupancy (VASO)
[Lu et al., 2003]. The VASO contrast is based on the difference between longitudinal
relaxation times (77) of tissue and blood. It is generated by applying an inversion pulse
before signal acquisition, so as to effectively null the contribution of blood water mag-
netization at the time of signal excitation (so-called ‘blood-nulling time’), while keeping
substantial tissue signal for detection. Relative changes of this residual tissue signal are
then associated with changes in CBV'.

In this thesis, the VASO method is intended to be implemented for improved mapping
of neural activity in human brain. In order to do so, the physical limitations are inves-
tigated and physical principles are applied to improve the sensitivity of VASO. The first
approach to improve the sensitivity involves signal magnitude enhancement provided by
applying high magnetic field strength such as 7 Tesla. However, the convergence of tis-
sue and blood 77 values at high fields results in disappointingly small VASO contrast
making it difficult to take full advantage of the high signal-to-noise ratio (SNR) available
at high fields. Furthermore at high fields, it is challenging to be in control of the sample
magnetization arising from severe interferences of radio frequency (RF) fields. Here, a
novel approach needs to be developed that can account for such challenges by means of a
sophisticated order of slice-saturation and slab-inversion (SS-SI) gradient and RF pulses.
The next goal of this thesis is to qualitatively investigate the new SS-SI VASO approach
experimentally with respect to potential confounds. This needs to be done in order to en-
sure that its contrast reflects activity induced C'BV changes as expected. For testing and
debugging of new fMRI imaging methods, visual stimulation tasks with known activation
signature have been helpful in the past [Belliveau et al., 1991] and should be thus used
in this thesis as well. Additional quantitative validations by detailed comparisons with
established invasive methods in animal models can further confirm its contrast origin.
After validation of its C'BV sensitivity, the new SS-SI VASO method can be applied to
address the final goal of this thesis; namely, to understand and overcome limitations of
conventional BOLD fMRI with respect to its interpretability of vascular versus neuronal
contributions and with respect to its coarse localization specificity of mapping neural
activity.

1.3 Structure and overview of this thesis

This thesis deals with a novel method called SS-SI VASO designed to noninvasively mea-
sure changes in CBV in human brain at 7 T and it contains nine sub-studies applying it
in different contexts. These sub-studies can be categorized into three chapters: Method:
Studies that describe and investigate how SS-SI VASO works. Applications: Studies

18



Chapter: 1. Introduction

that investigate the advantageous and disadvantageous of SS-SI VASO with respect to
other methods and assess whether SS-SI VASO can help to understand and overcome
limitations of conventional BOLD fMRI. Limitations: Studies that investigate the range
of experimental parameters for most accurate estimations of C BV changes with SS-SI
VASO. These studies on limitations focus in particular on the robustness, the repro-
ducibility, and the error estimation in the developed techniques.

19



2 Background!

In this chapter the physical concepts underlying MRI are introduced. Later sections
of this chapter review the hemodynamic and metabolic changes accompanying neural
activity and fMRI techniques to measure them.

2.1 Physical background

2.1.1 Magnetic resonance
Spin in magnetic field

Quantum mechanical spin is a basic property of elementary particles such as protons.
Zeeman coupling describes the energy states of a spin in an external magnetic field in
dependence of its orientation:

H=—fi-By. (2.1)

Here H denotes the Hamiltonian corresponding to Zeeman coupling. (i stands for the
magnetic moment of the spin and By denotes the external static magnetic field. By
solving the Schrédinger equation, the difference of energy states of a single proton can
be obtained:

AFE = vhBy, (2.2)

where v denotes the gyromagnetic ratio. The energy states correspond to the orientation
of the spin in the external magnetic field. Due to the low value of the reduced Planck
constant h, this energy difference is far below the thermal energy at room temperature.
The distribution of energy states for a given temperature 7" is given by the Boltzmann
distribution.

U _ T Ep (2.3)

Pdown
Pup, Pdown are the probabilities of the spins to be oriented parallel or anti-parallel to the
external magnetic field. With respect to energy, the spin state along the external field
is preferred. This results in a macroscopic net magnetization parallel to the external
magnetic field. Equation 2.3 suggests that the magnetization induced by the external
magnetic field of 7T at room temperature is only ~ 207% of the maximum magnetization.
This magnetization induced by the alignment of nuclear spins in the external magnetic
field is the source of signal in magnetic resonance imaging.

!Parts of this chapter are based on more technical descriptions in [Huber, 2011].
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Chapter: 2. Background: Physical basics

Macroscopic magnetization in an RF field

In MRI, proton spins are not detected individually. The signal relies on the net magneti-
zation of multiple water spins within a tissue volume in the order of ul. Hence individual
spins do not experience a wave function collapse into their eigenstates [Hanson, 2008|.
In fact, for the special case of a set of multiple spin-up/spin-down system, the expecta-
tion value of any measurement parameter of the resulting magnetization vector can be
described by classical mechanics [Feynman et al., 1957].

According to Larmor precession, an external magnetic field B exerts a torque on any
magnetic moment, such as the sample magnetization M.

e M x B (2.4)
In MRI, the magnetic fields consist of a time-constant strong field éo and a perpendicular
oscillating field B, that is induced by an RF coil. B, is mostly adjusted to oscillate
just with the Larmor frequency of a spin system within the main magnetic field éo.
Conventionally, the main magnetic field’s direction By is designated by the z-direction.
During an magnetic resonance (MR) experiment, él is usually applied for very short
periods only. Without loss of generality, this polarized RF field B; (t) can be described
with Eq. 2.5.
Bi(t) = By [cos (W't) & — sin (w't) &,] (2.5)

Where «’ is the frequency of the oscillating RF field with respect to the frame of reference.
Considering that the magnetic field is a superposition of By and Bj, Eq. 2.4 can be

expressed as:

dM L

with éef F= By + B, (t) denoting the effective magnetic field. The magnetization pre-
cesses around this field with the effective Larmor frequency:

Weff = YBesyt- (2.7)

The mathematical description of the behavior of the magnetization M can be simpli-
fied by transforming Eq. 2.6 into a rotating frame of reference. A useful relation for
transforming a vector into a rotating frame of reference is Eq. 2.8 [Slichter, 1989].

(dﬁ(t)) _ (dﬁ(”>m + G x ), (2.8)

dt )\ dt

where 0 = —wé,. The equation of motion in the rotating frame is given by employing
Eq. 2.8 in Eq. 2.6.

Sitel

dM dM () x M 7 x B 1
<A§t(t)> t:(ﬂgt(t))lab_QXM:vMXBeﬁﬂMx

— ’YM x (Eeff>rot

21



Chapter: 2. Background: Physical basics

Bicos ((wrp — w)t)
. —Bysin ((wgp — w)t)
with By in the rotating frame B.jp = By — w . (2.9)
~———

= 0 on resonance

Where w' = wrp - w, with wrr being the frequency of the oscillating RF field in the
rotating frame of reference, and w being the frequency of the rotating frame of reference
with respect to the laboratory frame of reference. On resonance, the magnetization in the
rotating frame of reference is not affected by the magnetic field in z-direction, but only
by a time constant B; field (see Eq. 2.9). In this picture, it is apparent that the influence
of the RF field results in magnetization precession around an axis in the transverse plane.
This precession can be used in MR experiments to flip the magnetization by an arbitrary

angle 0, called flip angle:
D

0=~ / Bi(t) dt, (2.10)
0

where By (t) is the amplitude of the RF magnetic field and D denotes the pulse duration.
RF pulses that flip the magnetization into the transverse plane for subsequent data
sampling are often called excitation pulses. RF pulses that invert the magnetization to
evoke certain relaxation behavior are called inversion pulses.

Relaxation

A local magnetization cannot be assumed to be isolated. If the magnetization is not in
thermodynamic equilibrium, interactions with its surrounding bring it back into equi-
librium. The mechanism by which magnetization interacts with its surrounding can be
described by two different relaxation components. (A) Longitudinal relaxation, asso-
ciated with magnetization change parallel to the external magnetic field éo and (B)
transversal relaxation associated with magnetization change within the plane of preces-
sion and perpendicular to Bo. Longitudinal and transversal relaxations are characterized
by their corresponding time constants 77 and 75. These relaxation constants are highly
dependent on the tissue properties and are the basis of most image contrasts used in
MRI. T7 relaxation can be described by energy transfer between single nuclei and the
lattice they are embedded in. 75 relaxation can be considered as dephasing of initially
coherently precessing magnetizations. This dephasing can be caused by magnetic inter-
action between adjacent nuclei. Additional dephasing can be caused by inhomogeneities
in the external magnetic field, e.g. caused by susceptibility variations and corresponding
variations in Larmor frequency. The combined transversal relaxation of both extrinsic
field variations and intrinsic dephasing caused by so called spin-spin interactions is re-
ferred to T35 relaxation.

The total behavior of magnetization including precession (Eq. 2.4) and relaxation is
described with the Bloch equations:

W) — (M (1) x Bepy(t))e — 22
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BHL = (M (1) x Beps(1)y — 42
WEL = (M (1) x Bogs(t): — =9, (2.11)

2.1.2 Magnetic resonance imaging

The precessing sample magnetization in an external static field is associated with an
alternating magnetic field that can induce electrical current and voltage in an RF coil.
This current can be sampled and used for reconstruction of MR images.

Magnetic field gradients cause magnetization at different locations to precess at different
frequencies. By means of these locally specific precession frequencies, three perpendicular
magnetic field gradients can be used for spatial encoding of the magnetization distribution
in space.

Data acquisition and imaging
Transverse magnetization can be considered as:

w=yB
My y(t) = e @ Mt =0),, = e "BIM(t =0),,, (2.12)

which is a solution of the transversal components of Eq. 2.11. M (t = 0),,, denotes here
the magnetization components in the transverse plain at the time of image acquisition.
The magnetic field B in Eq. 2.12 can be considered as a linear combination of a constant
magnetic field By and (presumably homogeneous) magnetic field gradients in all three
spatial directions B(z,y, 2,t) = Bo + 2G.(t) + yGy(t) + 2G.(t). Including this in Eq.
2.12 gives:

‘ —iy [(@Ga(t)+yGy(t')+2G=(t)))d’
M, (t,x,y,2) = e "Bl e o M, y(t=0,2,y,2). (2.13)

The measured MR signal S(t) is given as a spatial summation of MR signal from every
point in space.

t

, —iy [(@Ga(t)+yGy(t')+2G=(t'))dt’
S(t) = ///eiWBOt e 0 M, ,(t=0,2,y,2) dv dy dz
T Yy z

(2.14)
The aim in MRI is to convert the signal S(t) into the spatial distribution of transversal
magnetization M, ,(t,x,y, z). Comparing the relationship between the signal in the time
domain and the magnetization in the spatial domain in Eq. 2.14, the similarity to Fourier
transformation becomes apparent. Based on this similarity, Eq. 2.14 can be written as
a Fourier transformation:

S(t) — fffM(t — O,x,y,z) e—i27rkmx e—i27rkyy e—i27rkzz dr dy dz

Ty z
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t
kry,. = o= [ Goy o (t')dt/ (2.15)
0
and
M(t=0,z,y,2)= [ [ [ S(ky, ky, k) e 2mhaw o—i2mhyy o—i2mkzz g dky dk..

kg Koy ks

When transversal magnetization is localized in one slice only, Eq. 2.15 can be simplified
to a two dimensional Fourier transformation. To get an intuitive picture of the conversion
of the temporally changing signal to the spatial magnetization distribution, the concept
of k-space can be helpful. In this picture, during signal acquisition, the k-vector is
navigated throughout the k-space along a sampling path by altering the different gradient
parameters in time. In most imaging methods, k-space is sampled line by line with
constant velocity. This means that during data sampling, the gradient fields stay constant
and the k-vector passes through the k-space with increasing time. Conventionally, the
direction along acquired lines in k-space is referred to read direction and the direction
across those lines is referred to phase direction. In practice, the k-space is sampled in
discrete steps. Hence, MR signal generates a matrix of signal intensities for a discrete
mesh of data points in k-space. To understand the conversion of the raw data from k-
space, some features of Fourier transformation can be adopted: For example, the larger
the k-space is, the higher the spatial resolution of the converted image becomes. And
vice versa, the field of view (FOV) in the imaging space is defined with the sampling
density in the k-space.

1 for G,= const o 1

FOV, = -~ Az =
OVe = X1 NGoAL T ST Fov,

(2.16)

When M (z,y,z) in Eq. 2.15 is completely real (without imaginary components), sym-
metry properties of the Fourier transformation can be applied, e.g. in so-called Partial
Fourier imaging.

Pulse sequence

A pulse sequence is a set of defined RF and gradient pulses, usually repeated many times
during a scan session. A pulse sequence controls the magnetization manipulation before
and during data acquisition. In a pulse sequence with periodically repeating RF pulses,
the magnetization is approaching to a dynamic steady-state. This steady-state depends
on the timing of RF pulses and relaxation.

Inversion recovery

In this thesis, an inversion recovery sequence will be of major importance. An inver-
sion recovery sequence is based on an RF pulse that inverts the z-magnetization before
the magnetization is excited (flipped into the transverse plain) for subsequent image ac-
quisition. The magnetization can be sampled throughout its recovery to equilibrium.
Inversion recovery sequences are suitable to obtain a 17 based contrast. The time be-
tween inversion and data acquisition is called inversion time (7'7). The time between two
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subsequent inversions is called repetition time (T'R).
According to the z-component of the Bloch equations (Eq. 2.11), the z-magnetization
during an inversion recovery experiment can be described as:

TI

M(TI) = My — e Tt (Mo + M.(t = 0)), (2.17)

where My is the equilibrium z-magnetization and M, (¢ = 0) is the initial condition of the
z-magnetization. Typical T} values of human brain compartments at 7 T are summarized
in Tab. 2.1.

reference cortical GM | WM CSF blood
[Dobre et al., 2006] - - - 2212 £ 53
[Rooney et al., 2007] 2132 £ 103 | 1220 £ 26 4425 + 137 | 2587 £ 283
[Wright et al., 2008| 1940 £ 150 | 1130 4+ 100 | - -

[Francis et al., 2008| - - - 1950
[Abbas, 2009] 1900 £ 150 | 1075 4+ 50 3700 + 150 | -

|Grgac et al., 2012] - - - 2100 + 90
[Wyss et al., 2013] 1954 + 47 1285 £+ 104 | 3867 4+ 838 | -

[Zhang et al., 2013] - - - 2087 + 131
|[Rane and Gore, 2013] | - - - 2150 £ 200
approximate consensus | 1950 1100 4000 2100

Table 2.1: Summary of literature values of 77 at 7 T in ms: An approximate consensus
often referred to as in this thesis is given in the last row.

EPI

Imaging data acquisition is always subsequent an excitation pulse and accompanied by
switching gradients. The excitation is often accompanied by a gradient in z-direction.
This so-called slice-selective gradient results in the fact that only a thin slice of the sample
is in resonance with the RF field. Therefore, only the magnetization of that slice is getting
excited. The gradients in read and phase encoding direction control dephasing and
rephasing of the precessing magnetizations, dependent on their location within the excited
slice. In a classical line-by-line k-space acquisition scheme, an excitation pulse is followed
by gradients, in both, read and phase encoding direction, respectively. After that, a
gradient in read direction rephases the magnetization associated with the sampling of a
k-space line. This rephasing by means of switching gradients induces so-called gradient-
echoes (GE). In echo planar imaging (EPI), k-space data are sampled throughout the
k-space as long as the precessing magnetization in the transverse plane has not decayed
away |Mansfield and Grannell, 1973]. In this way, the whole k-space of one slice can be
acquired after a single excitation.

A so-called sequence diagram depicting the temporal interplay of RF field, gradient
fields and, data sampling for the example of an EPI acquisition in shown in Fig. 2.1.
The time it takes from the excitation pulse until the center of the k-space is reached is
called echo time (T'E).
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Figure 2.1: Sequence diagram and k-space data sampling in EPI: A) depicts the RF pulse
and gradients during the readout in an EPI sequence. B) depicts the corre-
sponding trajectory in k-space. It can be seen that k-space data are sampled
along lines in read direction. Small blips in Gppase drive the trajectory in
phase encoding direction.

2.1.3 High magnetic field strengths
Increased sensitivity at high field strengths

The magnetic field strength has a significant impact on the signal quality of the acquired
data. According to the Boltzmann distribution (Eq. 2.3), the amount of magnetiza-
tion pointing along the external field is approximately proportional to the main field
strength. According to Faraday’s law of induction, the voltage in the RF coil induced
by the precessing magnetization is proportional to the frequency. Hence, signal increases
with the square of the magnetic field. On the other hand, thermal noise generally in-
creases linearly with frequency [Edelstein et al., 1986]. Consequently, the SNR, which is
defined as the ratio of the mean signal over the standard deviation (STD) of the noise,
increases proportional with increasing magnetic field strengths. Very recent experimental
and numerical studies across field strength suggest that with novel coil designs, taking
advantages of magnetic dipole modes, can achieve higher than linear increase of SNR
with increasing field strength [Pohmann and Scheffler, 2014|[Chen et al., 2014b]. Due
to this SNR increase, the insatiable hunger for higher and higher sensitivities has driven
the quest for higher magnetic field strengths in recent decades.

In fMRI studies, there are two primary sources of noise: thermal noise and physiologi-
cal noise. Thermal noise comes about primarily from fluctuating stray currents in the
sample, which can create random currents in the detector coils [Edelstein et al., 1986].
Thermal noise is completely caused by the experimental setup. The additional signal
fluctuation, which can be detected in the living brain, is called physiological noise. Phys-
iological noise is primarily caused by the movement of the body due to respiration or
heartbeat. In addition, susceptibility variations resulting from neural activity in the
resting brain can result in physiological noise. At high field strengths, the physiological
noise is dominated by changes of the magnetic field due to respiratory motion.

In addition to SNR, temporal signal-to-noise ratio (tSNR) is a useful measure of image
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time course stability [Murphy et al., 2007]. It can be determined by dividing the mean
signal of a time series by its standard deviation. To take full advantage of increased SNR
at high field strengths, it is beneficial to adjust the acquisition parameters (e.g. reso-
lution) such that the signal is thermal noise dominated rather than physiological noise
dominated |Triantafyllou et al., 2011].

A more important quality attribute of MR images might be the contrast-to-noise ratio
(CNR). In fMRI, CNR is usually defined as signal intensity differences between two ac-
tivity states, scaled to image noise. This depends on SNR and on the relative functional
signal changes accompanied by changes in neural activity.

Challenges of high fields

A severe limitation for in vivo imaging at high fields is the energy deposition and conse-
quent tissue heating induced by transmission of RF pulses. The rate of energy deposition
is quantifiable by the specific absorption rate (SAR). The energy of an RF pulse depends
on the square of the pulse amplitude and the electrical conductivity of the imaged sam-
ple. Since the induced electric field in the tissue is proportional to w? (Faraday’s law of
induction) [Vaughan and Griffiths, 2012|, SAR increases quadratically with higher field
strengths.

Another challenge of high field imaging are the increased inhomogeneities of By and By
fields. B; inhomogeneities can result in inhomogeneous signal distribution in an MR im-
age. The most critical challenge with respect to this thesis, however, is to achieve proper
magnetization preparation despite these inhomogeneities. By field inhomogeneities can
result in image distortions and regional signal dropouts.

The reduced longitudinal relaxation rates at higher field strengths can result in less effi-
cient temporal signal sampling.

Finally, the increased transversal relaxation rate at high field strengths can be a chal-
lenge. The correspondingly faster magnetization decay is directly associated with reduced
SNR. This faster signal decay during k-space sampling can additionally result in image
blurring, especially in EPI.

2.1.4 Adiabatic inversion

With the advent of ultrahigh magnetic fields, RF interactions with the human body be-
come a critical challenge. When the RF wavelength approaches the size of the target
object, diffraction and interference effects of RF far fields emerge. For example, human
head images acquired at 7 T with a volume coil display a stronger signal intensity at the
center compared to the periphery [Vaughan et al., 2001]. For conventional RF pulses,
the flip angle is directly proportional to the B; magnitude ( 0 = v fOD B (t) dt (see Eq.
2.10)). Hence, the local distribution of the flip angle can result in an inhomogeneous
signal intensity.

In this thesis it is essential to obtain full magnetization inversion independent of B; inho-
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mogeneities. To achieve this, Bi-independent adiabatic inversion pulses can be applied?.
Adiabatic inversion [Abraham, 1961] is a method of inverting magnetization by means
of specific RF pulses. Adiabatic pulses are fundamentally different from conventional
RF pulses used in MRI. Once the RF amplitude exceeds a certain threshold, the flip
angle of an adiabatic pulse is independent of B;. In contrast to conventional RF pulses,
adiabatic pulses do not obey the relationship between the flip angle and the B field
amplitude, described in Eq. 2.10. Instead, the flip angle of an adiabatic pulse depends
on how the Bj field varies its amplitude and frequency (the phase respectively) during
the pulse. One disadvantage of adiabatic inversion compared to conventional inversion
is that it is usually accompanied with higher SAR values, partly due to usually longer
pulse durations of adiabatic pulses compared to conventional pulses.

Adiabatic inversion is achieved by simultaneously modulating the amplitude and fre-
quency of an RF pulse so that the orientation of the effective magnetic field Bs; changes
its direction from the orientation along the z-axis to the orientation opposite to the z-axis,
or vice versa. In an effective external magnetic field B.fs, the magnetization precesses
along the surface of a cone around the field direction (see Eq. 2.6). Due to an additional
RF field, the direction of Beyr and hence the axis of the ‘cone of precession’ can be
altered. The ‘cone of precession’ orients rather parallel to By, if the irradiated RF field
is below resonance, and rather anti-parallel, if RF field is above resonance. Hence, in
the rotating frame of reference, the frequency of an adiabatic inversion RF pulse starts
with a large negative value (below resonance), gradually increases to 0 (on-resonance)
and ends at a large positive value (above resonance), or vice versa.

One of the most important quality attributes of adiabatic inversion pulses is the inversion
efficiency €. It is defined as the ratio of the accomplished change of the z-magnetization
to the largest possible change of the z-magnetization.

€= Mz, before inversion — Mz, after inversion 1+¢

(2.18)
2 Mz, before inversion 2

In this thesis, ¢ is another additionally used definition of inversion efficiency. Defined as
the part of z-magnetization that is perfectly inverted.

¢ = Mz, after inversion

(2.19)

Mz, before inversion

2A detailed description of the general physical principles of adiabatic inversion pulses and optimization
of amplitude, phase and gradient shapes for use at high field strengths can be found in [Huber, 2011].
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2.2 Biophysical background

2.2.1 fMRI relevant subdivisions of the brain

The brain can be subdivided into three main tissue types; GM, WM, and CSF (see Fig.
2.2A). In the context of fMRI, GM is of particular interest, as it contains the neuronal cell
bodies and synapses participating in brain function. GM can be subdivided into cortical
GM and noncortical GM (e.g. sub cortical GM, cerebellar GM, etc.). The cortical
GM can be further subdivided into the Brodmann areas [Brodmann, 1909]. They are
historically defined on their neuroanatomical cytoarchitectonic structure and have been
correlated closely to diverse cortical functions ever since. For example, Brodmann areas
1, 2 and 3 are the primary somatosensory cortex (S1); area 4 is the primary motor
cortex (M1); area 17 is the primary visual cortex (V1) (for approximate placement see
Fig. 2.2A). GM is perfused from Os- and glucose-enriched blood via large arteries at the
cortical surface branching via diving arterioles into GM tissue, further branching into
capillaries (Fig. 2.2B), where exchange of nutrients, byproducts, and water occurs. GM
is drained in the opposite direction; blood leaves cortical tissue via diving venules into
larger pial veins at the cortical surface. Microvascular vessels are fairly homogeneously
distributed within GM [Weber et al., 2008|, while macrovascular C BV is highest at the
cortical surface, and decreasing with cortical depth [Duvernoy et al., 1981][Zhao et al.,
2006]. The depicted schematic vessel geometry in Fig. 2.2B is drawn based on optical
studies about brain vascularization [Duvernoy et al., 1981]|Weber et al., 2008].

The next units of subdivision within cortical areas are cortical layers and cortical columns.
There are up to 6 different cortical layers each containing a characteristic distribution of
neuronal cell types and connections with other cortical and subcortical regions. The size
and cytoarchitectonic structure of these layers is substantially different between cortical
areas. Figs. 2.2C and 2.2D depict examples of primary motor cortex M1 and primary
sensory cortices such as S1 or V1. In M1, layer V plays an important role. It contains
the relatively large Betz cells (neurons) building the origin of the corticospinal tract.
Inputs from other cortical regions terminate mainly in layer V and II/III. There is also
a thalamocortical input mostly into layer V, but also into layer III and VI [Porter and
Lemon, 2012|. Note that in adult humans, M1 is lacking layer IV. In S1 and V1, the most
fMRI-relevant thalamocortical input terminates in layer IV [Logothetis, 2008|. Feed-back
projections from other cortical areas have their synapses in upper and lower layers [Preuss
et al., 1999] (Fig. 2.2D).

2.2.2 Neurophysiological correlates relevant for hemodynamic based fMRI

Neurons are active permanently. At any given time in the human brain, neurons are
actively discharging by opening and closing multiple ion channels in their membranes.
The corresponding fluctuations on electric field can be measured invasively with micro-
electrodes on and inside the brain [Logothetis et al., 2001]. This neuroelectrical activity
can be broadly classified by local field potentials and spiking activity. Local field po-
tential is generally believed to represent synaptic activity corresponding to neural input,
while spiking activity represents neural output. The relationship of changes in local field
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Figure 2.2: Schematic illustration of brain compartments on different spatial scales: A)
depicts a T1 map showing CSF in white, WM in dark gray, and GM surface
bands in bright gray. Cortical areas M1, S1, and V1 are labeled. B) depicts
the vasculature within GM. Large arteries (red) and veins (blue) are above
the cortical surface. C) and D) depict the cytoarchitectonic anatomy across
cortical layers. The main input pathways are schematically indicated by many
of solid lines (axons) and diamonds (neurons). The background images refer
to historical SMI and CTRL-1 staining, respectively.
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potential and spiking activity to hemodynamic based fMRI has been examined directly
and concurrently in animal studies, concluding that fMRI responses reflect neural input
rather than neural output activity |Goense and Logothetis, 2008].

The human brain contributes only approximately 2% of the body mass, but it consumes
approximately 20% of the bodies energy [Shulman and Rothman, 2005]. During an awake
resting condition 80% of the brains energy is used for synaptic activity in contrast to
spiking activity [Shulman and Rothman, 2005]. This energy demand comes mostly from
restoring ion potentials and neurotransmitter cycling by converting ATP to ADP [Bux-
ton, 2009|. It is consistent that the hemodynamics providing important nutrients such
as O9 and glucose meets the demand of activity induced increase of energy consumption
[Roy and Sherrington, 1890|, mostly dominated from synaptic activity.

2.2.3 Neurovascular coupling

Neural activity changes induce astrocyte and neuronal cells to send vasoactive signals
into nearby arterioles and capillaries, consequently dilating. The exact neurovascular
signal mechanisms remain an intense area of highly debated research, surveyed in cur-
rent review articles [Howarth, 2014||Hall et al., 2014|[Devor and Boas, 2012|[Petzold and
Murthy, 2011][Hamilton et al., 2010]. There are several partly independent signaling
pathways and vascular control mechanisms.

Arteries and arterioles are surrounded with a coat of smooth muscle cells that can cause
the vasculature to constrict and dilate, altering the flow resistance of blood accordingly.
Astrocytes are involved in neurotransmitter recycling. They are in physical contact
with both, synapses and blood vessels and have also been claimed to play a central
role in cerebral vascular control. According to the immediate metabolic demand in-
dicated, for example, by synaptic neurotransmitter releases or oxygen partial pressure
changes, astrocytes control arteriole smooth muscles and thereby blood flow |Gordon
et al., 2011|[Tadecola and Nedergaard, 2007]. However, they are only involved in the late
hemodynamic response |Nizar et al., 2013|.

Capillaries are also believed to play an important role in active blood flow control mecha-
nisms. Pericytes, which are apposed to capillaries and contain contractile proteins, dilate
and contract the capillary vessel in response to different stimuli in the brain [Peppiatt
and Attwell, 2004|[Harrison et al., 2002][Hall et al., 2014|. Additionally, endothelial cells
constituting the capillary walls plays an important role in blood volume increase [Krieger
et al., 2012] and dilation propagation [Chen et al., 2014a][Anderson et al., 2006].
Independently, direct signaling pathways between neurons and blood vessels have been
discussed as well [Peppiatt and Attwell, 2004].

Manipulating the vasculature with hypercapnia

Carbon dioxide (CO3) is one of the first chemical agents found to have a strong vasodila-
tory effect that can nearly double the global C BF' [Grubb et al., 1974]. The vasodilating
effect is caused by the pH change at the arteriolar smooth muscles [Kuschinsky and
Wahl, 1979 and is usually believed to have minimal effect on brain metabolism. Hy-
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percapnia induced by breathing gas mixtures containing high fractions of CO2 has been
used in calibration of fMRI for estimation of neural activation-induced changes in oxygen
metabolism |Davis et al., 1998].
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2.3 Imaging physiological variables

Neural activity cannot only be located with placing electrodes directly in the brain.
Hemodynamic correlates of neural activity can be visualized with functional magnetic
resonance imaging. Under the assumption that local metabolic activity and the local
vasculature are tightly coupled with brain function, these variables are widely used to
map neural activity. There are several of these hemodynamic variables accessible with
fMRI techniques used for indirect measured of neural activity. Most widely used are
BOLD signal, CBF, CBV, and cerebral metabolic rate of oxygen (CM RO3).

2.3.1 Imaging cerebral blood flow

In the adult resting brain, approximately 60 - 90 ml blood flows through 100 ml of GM
tissue per min [Calamante et al., 1999]. CBF can be understood as a result of the
interplay between pressure difference (AP) between the arterial and the venous blood
compartments and the cerebral vascular resistance (CV R) of the vessels. Changes in
CBF are modulated by diameter increase of arterioles and capillaries and corresponding
reduction of CV R. CBF can be considered as:

AP
CBF = ——. 2.20
CVR (2:20)
Autoregulation of CV R leads to a remarkably constant level of C'BF'; even if the pressure
AP varies between 75 - 175 mmHg [Buxton, 2009].

According to Hagen-Poiseuille’s Law, CBF can be written as:

Volume per second

—~~ 4
1% _cpr="2F 4 (2.21)

Where 7 is the dynamic blood viscosity, r is the vessel radius, and [ denotes the length
of the blood vessel.

Arterial spin labeling based C BF imaging

In the clinical context, CBF is routinely imaged, e.g. with radioactive labeled water
in positron emission tomography (PET) or T; shortening contrast agent bolus tracking
with MRI [Ewing et al., 2013]. For noninvasive functional C BF' imaging at high field
strengths (> 7 T'), flow-sensitive alternating inversion recovery (FAIR) [Kim, 1995| pulsed
arterial spin labeling (PASL) has been the most popular method of choice [Pfeuffer et al.,
2002]|Bause et al., 2014]|Gardener et al., 2009].

In PASL, arterial water is noninvasively tagged with magnetization inversion before it
arrives at the tissue of the imaging slice. The labeling blood bolus is tagged outside
the imaging slice with a short RF pulse 1 - 2 s before the image is acquired. Control
images are acquired interleaved without such tagging. The signal difference between
the two images is used to quantify the tagged blood that has flown into the imaging
slice during that 1 - 2 s perfusion period. In order to account for functional changes
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in the arterial arrival time, so called ‘quantitative imaging of perfusion using a single
subtraction” (QUIPSS II) pulses [Wong et al., 1998] can be used to obtain a properly
defined bolus end, even in fMRI. In FAIR, the label is applied using a nonselective
inversion pulse, while the control employs a concomitant slice-selective gradient, such
that blood outside the imaging region is not inverted. Figure 2.3 depicts an example for
perfusion mapping in the visual cortex with FAIR. Because of inhomogeneities in the By
field at 7 T [Van de Moortele et al., 2005], the blood magnetization tagging is insufficient
in the lower parts of the head, visible also in the lack of contrast in the background T}
map in Fig. 2.3. The difference of signal intensities between label and control condition
arises from all the blood in the blue region outside the red region. High tilting of the
imaging slices and the labeling slab can increase the bolus and thereby CNR.

Figure 2.3: Schematic illustration of the geometrical aspects of obtaining perfusion maps
with FAIR PASL: The slice and slab orientation is optimized for applications
in visual cortex at high fields. The blue region outlines appropriate blood
tagging for the control condition. The red region outlines the blood tagging
for the label condition. In order to obtain maximum blood bolus (blood in
blue region without red region), the labeling slab is highly tilted.

2.3.2 Imaging cerebral blood volume

CBYV of the healthy adult brain is about 4% - 6% of the whole volume inside the skull
[Grubb et al., 1974]. Considering blood vessels as cylindrical pipes, C BV of one vessel

can be estimated as:
CBV o 1. (2.22)
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Increase of neural activity correlates to a moderate increase in CBV [Buxton, 2010].
Since activity induced C'BV increase is dominated from the capillaries close to the site
of neural activation, C' BV imaging is believed to map cerebral activity with high localized
specificity |[Kim and Ogawa, 2012|. In the healthy brain CBV and CBF are believed
to be well correlated |Grubb et al., 1974]. In principle, however, CBF' can be enhanced
by increasing the velocity or the number of capillaries perfused, without an increase in
CBYV. To deduce an analytical connection between CBF and CBV, Eqgs. 2.21 and 2.22
can be combined:

Eq. 2.21 Eq. 2.22
CBF x r*,CBV  r?

4 2\ 2 2
= CBFyct — ( Tact ) — ( Tact ) — ( CBVgct )
CBFrest Trest Trest CBVyest

1
CBVact — CBFaCt 2
= CBVyest (CBFrest) : (223)

Grubb et al. found an empirical correlation for the quantitative relationship of C BF
and C'BV changes in rhesus monkeys to be:

CBV,. CBF,. \°38
t :o.8.< t)

—_— —_— 2.24
CB‘/rest CBFrest ( )

This correlation is likely different in arteries, capillaries and venules [Lee et al., 2001|[Chen
and Pike, 2010b]. The blood flow regulation mechanism of capillaries via pericytes con-
trols C BF by increasing vascular resistance at few sites along the capillaries by throttling
[Peppiatt and Attwell, 2004|[Harrison et al., 2002]. This regulation of C' BF' is consistent
with the observation that C'BF increases substantially, while C'BV increases moderately.
A number of transient features in measurements on oxygenation response, e.g. a post-
stimulus undershot has been suggested to result from differences in the temporal dy-
namics of CBV and CBF [Mandeville et al., 1999|[Buxton et al., 1998]| (see also section
2.3.3).

Iron-oxide contrast agent based C BV imaging

Exogenous contrast agents have long been used to enhance MRI and fMRI signals. The
first fMRI study of human task-induced cerebral activity utilized a injection of a gadolin-
ium chelate inducing susceptibility changes proportional to CBV [Belliveau et al., 1991].
Since gadolinium based methods have limited temporal resolution, iron oxide nanopar-
ticles contrast agents, also traceable by their susceptibility properties have become the
contrast agent of choice for high sensitivity fMRI in animals |[Kim et al., 2013]|Mandev-
ille, 2012|, and recently in the clinical context also in humans [Qiu et al., 2012|. Signal
changes due to susceptibility arising from intravascular contrast agents can be described
with the formalism given in |Tropres et al., 2001][Kim et al., 2013]:

S(d) S, oure” 3TYBOAX()CBY TE
S(d=0) ~ S,ue” 3™BOAX(d=0)CBY TE (2.25)
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Here, Syest(p, T5, etc.) contains signal parameters that are independent of iron oxide
contrast agent injected, d is the relative dose of contrast agent in randomly oriented
cylindrical vessels [Yablonskiy and Haacke, 1994|, and assuming that CBV < 1, and
TE > ;- [Tropres et al., 2001]. Note that CBV refers to the relative blood volume
in units of ml per ml of tissue. Contrast agent induced susceptibility change Ax(d’) ~
0.571ppm x d' can be taken from the literature |Tropres et al., 2001|[Kennerley et al.,
2005]. Equation 2.25 can be rewritten as:

!
W) ~AR@ITE ghere ARS(d) ~ gmBOAX(d’)CBV. (2.26)

!
_SU) _  am@rE g AR;(d)TE, (2.27)
~—

AR3<TE

where the slope of the contrast agent induced signal decay is directly proportional to
CBYV. In most applications AR5 < T'E and the relative signal change is linear dependent
on the susceptibility. At high magnetic fields or in voxels with very short 73, this is not
completely valid anymore and the decay must be considered to be exponential. Based
on the measured change in R3, Egs. 2.26 and 2.27 can be used to estimate CBV:

AR3(d)

CBYV = —%~ |
3myBoAx(d)

(2.28)

Contrast doses are usually in the range of 7 - 9 mg/kg to have a maximum contrast
with minimum intravascular signal, but to still have enough extravascular signal left for
acquisition. In order to minimize contaminations of susceptibility changes arising from
the blood oxygenation level, measured signal intensities S(d') and S(d = 0) should refer
to the same activation state. This means that for one measurement of activity induced
CBYV, two experiments must be conducted, one before contrast agent injection and one
after contrast agent injection.

The most important limitation factor of iron oxide contrast agent based fMRI applications
in humans is the invasiveness of the contrast agent injection.

Vascular space occupancy based C BV imaging

VASO is an fMRI method that measures C BV changes noninvasively through selective
detection of signal changes in the extravascular compartment associated with changes in
the nulled blood compartment [Lu et al., 2003]. The VASO contrast is based on difference
between longitudinal relaxation times (77) of tissue and blood apparent in an inversion
recovery sequence. The corresponding stead-state z-magnetization can be derived from
Egs. 2.17 and 2.19:

M,(TT) = My (1 (14 Q)e T4 <e?f) . (2.29)
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Figure 2.4: General functioning principle of VASO: (A) VASO is based on an inversion
recovery sequence with T chosen such that blood z-magnetization is nulled
(black arrow). At this inversion time, GM z-magnetization is not nulled and
contributing to MR signal. (B) For activity induced vasodilation, GM z-

magnetization is displaced, resulting in MR signal decrease proportional to
CBYV increase.

37



Chapter: 2. Background: Hemodynamic imaging

The tissue-blood contrast is generated by applying an inversion pulse prior to signal
acquisition, so as to effectively null the contribution of blood water magnetization at the
time of signal excitation (so-called ‘blood-nulling time’), while keeping substantial tissue
signal for detection. This blood-nulling time can be derived by setting Eq. 2.29 to zero
and solving the equation for T'I:

TI =Ty, (ln (1+¢) —In <1 + ce_TTli%)) , (2.30)

where T it the blood longitudinal relaxation time. The expected z-magnetization of
blood, GM and CSF is depicted in Fig. 2.4A. Relative changes of residual tissue signal are
then associated with changes in CBV (Fig. 2.4B). VASO fMRI is the most widely used
method for noninvasive mapping of C BV changes, particularly in humans and 3 T [Lu
et al., 2013]. In dissociation of a large number of further developed VASO variants, the
firstly proposed VASO approach is referred in this theses as ‘original’ VASO, following
the terminology in [Lu et al., 2013|.

Optical imaging spectroscopy based C BV measuring

Optical imaging spectroscopy (OIS), also known as optical intrinsic signal imaging is
well established modality to measure changes in the concentration of total, deoxy-, and
oxyhemoglobin, particularly in animal models and has been described in detail [Devor
et al., 2012|. In short, it relies on the fact that oxy- and deoxyhemoglobin have different
specific absorption coefficients as a function of wavelength. Due to light scattering and
absorption, OIS is limited to the upper 1 - 1.5 mm of the cortex, generally requiring a
cranial window or thinned skull to illuminate the cortex and image the reflected light
with a camera. The amount of light reflected from the cortical surface is modulated by
changes in the absorption coefficient of the tissue. These changes can then be related
to changes in the concentrations of oxyhemoglobin (Hb0), deoxyhemoglobin (Hbr) and
the total hemoglobin (Hbt).

Classically with scattering, the attenuation and absorbance A of light intensity from I
to I can be described with the Beer-Lambert law as:

A=lIn (?) = ( Z conc; €; (/\)) L(N), (2.31)

ic{HbO,Hbr}

where A is the absorption or attenuation coefficient, I and Iy are the light intensities
with and without sample measured with a camera. conc; is the concentration of the
compartment ¢ € {HbO, Hbr} in the sample, and ¢;(\) its absorption coefficient as
a function of wavelength A. L stands for the path length of photons through tissue.
Measuring absorption A, taking the absorption coefficients ¢; from the literature and
knowing L from Monte-Carlo-simulations of scattering photons, the concentrations c;
can be estimated. The change in attenuation of a specific wavelength of light is then
given by:

AA = L(A) (egpo(AN)A[HO] + €mpr (M) A[Hbr)) . (2.32)
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The blood volume changes or A[Hbt] is simply the summation of the changes in oxy-
and deoxyhemoglobin:

A[Hbt] = A[HbO] + A[Hbr]. (2.33)

Even though, two wavelengths would be enough to determine the two concentrations
A[HDO] and A[Hbr], usually three or four different wavelengths are used. The basic
measuring principle of OIS is very similar to the working principle of near-infrared spec-
troscopy (NIRS) [Boas et al., 2014]. In contrast to OIS, NIRS is a non-invasive method
and it has a much more limited spatial resolution.

2.3.3 Blood oxygen level dependent (BOLD) signal

The BOLD contrast is the MRI contrast caused by changes in blood deoxyhemoglobin.
The functional effect of oxygenation of blood on the MR signal was first discovered in
1990 by Ogawa and colleagues [Ogawa et al., 1990]. Due to its noninvasiveness and
its applicability for investigating working brains of human volunteers, BOLD fMRI has
become the favored method in imaging neuroscience. The BOLD effect arises from two
mechanisms, one biophysical and one physiological. (A) The paramagnetic deoxyhe-
moglobin produces magnetic field gradients around and through the blood vessels that
decrease the MR signal due to induced magnetic field inhomogeneities and a correspond-
ing dephasing of precessing magnetizations. (B) Although the increase of local C'M RO+
is accompanied by an increase of deoxyhemoglobin, the local C BF increase is by far the
dominant contribution. This leads to an enhanced deoxyhemoglobin washout compared
to resting state. Thus, brain activation is characterized by a drop in the local concen-
tration of deoxyhemoglobin associated with an MR signal increase. The BOLD effect is
not a direct measure of neural activity but rather depends on the blood flow and energy
metabolism changes that arise from neural activity changes. Quantitative models, which
describe the relative BOLD signal change ABOLD as a result of the interplay between
CBF, venous CBV and CM RO3, have been developed in the so-called deoxyhemoglobin
dilution model [Davis et al., 1998|[Hoge et al., 1999]. This model can be summarized as
follows:

ABOLD =M _1 — ( CM RO, )/B ( CBVy ) (CBFrest)’B

CMRO2,rest CBVU,T‘ﬁst CBF = (234)

- M 1_( CMRO, )5( CBF )arﬁ

[ —

CMRO2,rest CBFrest o

i ,B ayv—B

_ M 1 _ CMROQ CBV Aot
- CMROQ,Test CBVrest '

Here, M is a calibration factor that is different between individuals and brain areas. It
represents the maximum BOLD signal change that can be attained by achieving a the-
oretical 100% oxygen saturation in the venous vessels. It summarizes multiple physical
and physiological parameters including TE, By, vessel geometry, susceptibility difference
between blood and tissue, C'BV,,, and venous baseline oxygenation. Note that the term
ABOLD is a dimensionless quantity and refers to the relative MR signal change normal-
ized to the baseline signal, e.g. in percent, while the terms ‘BOLD contrast’ or ‘BOLD
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signal’ are usually considered with respect to the qualitative contrast generation mech-
anism and do not denote physical variables. The 8 exponent in Eq. 2.34 describes the
oxygenation and field strength dependence of the BOLD effect. At high field strengths,
when intravascular signal is very small, it can be assumed to be g = 1 [Kida et al.,
2000||[Martindale et al., 2008]. The CBV or CBF terms in Eq. 2.34 can be substituted
by each other by means of the Grubb relation [Grubb et al., 1974]. o, = 0.38 is the
Grubb value that describes the relationship between total CBF and total CBV. «a, =
0.18 £ 0.02 [Chen and Pike, 2010b] (o, = 0.23 £ 0.05 [Chen and Pike, 2009]) is the
Grubb value that describes the relationship between total C BF' and venous CBV. The
deoxyhemoglobin dilution model as given in Eq. 2.34 is based on few physical approxi-
mations and assumptions like TE < T*l — T*l , the Fick principle?, CBV,.y < 1,

2,act 2,rest

the Grubb relation, equal vessel sizes, and the homogeneous distribution of arteries, cap-
illaries, and veins. Since these simplifications might not be valid across a wide range of
voxel sizes, tissue types and vascular compartments, they could limit the applicability
of the model in some cases. The deoxyhemoglobin dilution model is in the focus of cur-
rent research, it has been widely applied [Hoge, 2012]|Blockley et al., 2013|[Buxton et al.,
2014][Pike, 2012] and is continuously extended |Chiarelli et al., 2007]|Gauthier and Hoge,
2012]|Germuska and Bulte, 2014].

Since the BOLD contrast arises from a susceptibility effect, it depends on the field
strengths and thus, it can fully benefit from the use of high fields, such as 7 T.
One of the most severe constraints on the spatial resolution of BOLD contrast fMRI
is that blood oxygenation changes are not locally confined to the site of oxygen con-
sumption, but also propagate downstream the vasculature tree. Hence, locally confined
changes in oxygen consumption can give rise to spurious activation in veins at sites re-
mote to the neuronal activity [Turner, 2002]. The BOLD effect is most pronounced on
GE-images, indicating that the effect is primarily an increase of the local value of T%'.
Aside of the GE-BOLD images, there is also another mechanism to measure the BOLD
contrast. With the application of a 180° RF pulse right between the time of the exci-
tation pulse and the time of signal acquisition, susceptibility induced dephasing around
larger vessels can be refocused, resulting in a purely T» weighted so-called spin-echo (SE)
contrast. The BOLD effect in SE images is theoretically less susceptible to large draining
veins |Uludag et al., 2009] but suffers from much smaller sensitivity [Norris, 2012]. If not
stated differently, the term ‘BOLD’ in this thesis is regarded with respect to GE images
and not SE images.

Time course of the BOLD response

During neural activation, the BOLD signal follows a unique evolution with an approx-
imate shape as shown in Fig. 2.5. The precise shape of this hemodynamic response
function is dependent on the activated brain area, the stimulation paradigm [Chen and

3The Fick principle is based on the continuity equation and states that all oxygen supplied by the
arteries but not drained by veins must have been consumed in the tissue.
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Pike, 2009][van Zijl et al., 2012], cortical depth [Yacoub et al., 2006|, and the vascular
compartment (arteries, capillaries or veins) [Kim and Kim, 2011|. During the first few

typical BOLD signal time course
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Figure 2.5: Schematic evolution of BOLD signal during neural activity: The response
function is modeled for a stimulus of 30 s. Note the relatively late peak ~
6 s after the stimulus inception and the post-stimulus undershoot after the
cessation of the stimulus.

seconds of the stimulus, the BOLD signal does not increase substantially. Some studies
even report a small initial dip [Buxton, 2010][Uludag, 2010]. The maximum is typically
reached after about 5 - 8 seconds [Chen and Pike, 2009]. After stimulus cessation, the
main response is followed by a pronounced post-stimulus undershoot. The post-stimulus
undershot (and tentatively the initial dip as well) have been suggested to result from
different evolutions of CBF, CBV and CM ROs changes [Chen and Pike, 2010b][van
Zijl et al., 2012]. According to Eq. 2.34, negative BOLD signal change could be a results
from increases in CBV or C M RO, without increases in CBF', or it could be a results
of reduced C'BF without reductions in CBV or CM RO.

Some studies suggest that the post-stimulus BOLD signal undershoot results from the
fast recurrence to baseline in C'BF', while venous C BV remains elevated after cessation
of the stimulus [Mandeville et al., 1999|[Buxton et al., 1998]. Other studies suggest
that the undershoot is due to sustained elevation in oxygen consumption |[Poser et al.,
2011][Schroeter et al., 2006|[Dechent et al., 2011]. There is currently no consensus on
whether the post-stimulus BOLD signal undershoot is a neural, vascular or metabolic
effect. More recent review articles conclude that all of the mentioned effects are partly
responsible for the post-stimulus undershoot and shift the discussion on the weighting
factors between those effects [Hua et al., 2011b||van Zijl et al., 2012].

2.3.4 Imaging oxygen metabolism with BOLD calibration

The most widely applied method of measuring changes of CM ROs with MRI is based
on the deoxyhemoglobin dilution model (Eq. 2.34). Combining a BOLD signal mea-
surement with an additional measurement of C BF (e.g. with ASL) or CBV (e.g. with
VASO) provides a more quantitative insight into the underlying physiological changes.
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However, this still does not provide sufficient information to estimate C'M RO, because of
unknown baseline state variables. The BOLD calibration approach seeks to measure this
baseline condition summarized in M through a calibration experiment involving a hy-
percapnia of hyperoxia gas breathing manipulation. By means of the measured M-value,
the change in C'M RO- during a stimulation task can then be estimated. The functioning
and application of BOLD calibration experiments is summarized in a number of recent
review articles [Blockley et al., 2013|[Pike, 2012|[Hoge, 2012]: During the calibration ex-
periment with hypercapnia but without a stimulation task, CM ROs can be assumed to
be approximately conserved [Chen and Pike, 2010a] and Eq. 2.34 simplifies to:

av—0

CBF \*# CBV \ oo

] , (2.35)

such that M can be calculated:

ABOLD _ ABOLD . (2.36)

)] - () 5|

Rearranging Eq. 2.34 and knowing M from the calibration experiment, C M RO5 during
a stimulation experiment can be estimated.

1 B—ay

CMROsy  __ _ ABOLD\ B CBV Batot
CMROQ,rest - (1 M ) (CBV'rest> (237)
1 1—%u
CMROy  __ 1— ABOLD \ B CBF B
CMROQ,rest - M CBFrest

Values of ACM ROs for a visual stimulation task are reviewed to be in the range of 15%
- 32% [Ivanov, 2012|.
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3 Method

3.1 SS-SI VASO: A method for measuring changes in
cerebral blood volume with high contrast-to-noise ratio
in human brain at 7 T!

This section describes a study to develop and examine a new method for measuring
changes in blood volume. First, the necessity and challenges of such a new method at
high field strengths is elucidated. After that, it is explained how the new method works.
The applicability of this method is examined in vivo for a standard visual task and its
results are discussed with respect to potential contaminations.

3.1.1 Motivation and challenges of developing SS-SI VASO

As noted in earlier sections, local change in C'BV provides a quantitative physiological
variable to detect neuronal activation and may localize changes of neural activity better
than other variables accessible by fMRI, such as CBF and blood oxygenation level. In
particular, C BV weighted fMRI has shown higher local specificity for the distribution of
neural activity across cortical layers [Kim and Kim, 2010][Lu et al., 2004b| and location
on the cortical surface [Kennerley et al., 2010] than the commonly used BOLD fMRI.
However, the widespread use of CBV weighted fMRI in humans is hampered due to
the invasiveness of exogenous contrast-based C'BV measurements and the low SNR of
noninvasive C BV weighted methods, such as VASO.

The implementation of VASO at high magnetic field strengths and the corresponding sig-
nal increase can potentially account for such CNR limitations. However, four confounding
effects have hampered the implementation of VASO at high magnetic field strengths so
far [Hua et al., 2012|[Jin and Kim, 2008b|. First, the tissue signal at the blood-nulling
time is significantly reduced due to convergence of tissue and blood 77 values at high
fields |[Rooney et al., 2007|. This results in a CNR for VASO that is disappointingly
small. Second, the positive BOLD signal change during neural activation increasingly
counteracts the negative VASO signal change [Lu and van Zijl, 2005] with increasing
magnetic field strength. Third, inhomogeneities in the RF fields and safety limits con-
cerning SAR of emitted energy hamper efficient magnetization inversion, which is vital
for blood-nulling in VASO. The fourth issue of using VASO at high fields is the higher
susceptibility to blood inflow effects, resulting from the conjunction of two characteris-
tics of high field MRI. On one hand, the inversion volume is reduced when a head coil is

!This section is summarized in the paper [Huber et al., 2014b] and it is further extended in the paper
[Krieger et al., 2014b].
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used for RF transmission (which is common at 7 T). The correspondingly smaller local
extent of the inversion region increases the likelihood of inflow of fresh blood during the
blood-nulling time. On the other hand, blood-nulling time is increased at high-fields due
to longer blood 77, which further increases the possibility of inflow effects.

Confounding BOLD signal contributions can be avoided by using a very short T'E' [Hetzer
et al., 2011][Lu et al., 2003] or estimating the signal at TE = 0, while acquiring images
at multiple echo times [Lu and van Zijl, 2005]. Here, a new BOLD correction mechanism
is presented. To assess and eliminate BOLD contributions, data without blood-nulling
(i.e. with signal changes entirely based on the BOLD effect) are acquired, interleaved
with BOLD contaminated VASO data. The almost simultaneously detected BOLD sig-
nal thus permits straightforward correction of the VASO signal.

Potential methods to increase tissue z-magnetization at the time when blood water mag-
netization is nulled have been proposed in several studies. Tissue signal can be increased
by up to a factor of 1.5 using an off-resonant magnetization transfer pulse [Hua et al.,
2009|[Hua et al., 2012]. The signal can also be increased by manipulating the steady-
state z-magnetization with adaptations in the repetition time and inversion time of the
inversion recovery sequence [Jin and Kim, 2008b|[Shen et al., 2009][Wu et al., 2008][Wu
et al., 2007].

Jin and Kim showed that blood z-magnetization cannot approach steady-state during
TR at high fields, where the blood-nulling time is long and no body-coil is typically
available [Jin and Kim, 2008b|. They suggested that the blood magnetization should be
considered not to be in steady-state, and to adjust the blood-nulling time accordingly.
The blood z-magnetization can be maintained in this non-steady-state by inverting the
blood only in a slab within the volume included by the coil coverage. Simulations of this
slab inversion VASO (SI VASO) showed that the resulting tissue signal can be signifi-
cantly increased [Jin and Kim, 2008b]. Corresponding measurements in anesthetized cats
at 9.4 T showed improved cortical-layer specificity compared to spin-echo BOLD signal
[Jin and Kim, 2008b]. To avoid inflow of fresh blood in cat SI VASO, however, blood
signal is not nulled, so that the ST VASO sequence becomes like a FAIR sequence [Kim,
1995] without a control condition and with a T'I few hundred ms before blood nulling.
Thus, quantitative estimation of CBV changes and distinguishing between blood flow
and volume changes become difficult.

Following the method by Jin and Kim [Jin and Kim, 2008b|, a slab-selective inversion
pulse was implemented with potentially higher SNR compared to original VASO. In hu-
man brain at 7 T, the time for blood to flow from the lower bound of the inversion slab
into the microvessels of the imaging slice (‘arterial arrival time’) is similar to the blood-
nulling time. This enables T'I, the inversion efficiency, and the inversion slab thickness to
be mutually adjusted, so that all blood in the microvasculature is nulled, thus reducing
potential inflow contamination of the VASO contrast. In order to further increase GM
magnetization at the blood-nulling time, the steady-state of stationary tissue magnetiza-
tion was arranged to be maximal at the nulling time of non-steady-state flowing blood.
This could be achieved by applying additional 90° RF pulses in the imaging slice shortly
before slab-selective inversion. The low tissue z-magnetization at the time of inversion
results in a large z-magnetization at the subsequent blood-nulling time T'I. These 90°
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RF saturation pulses are also used to flip the tissue magnetization into the transverse
plane within the BOLD signal acquisition module. This technique is described as slice-
saturation slab-inversion VASO or SS-SI VASO.
The anticipated increase in functional CNR SS-SI VASO, despite the aforementioned
obstacles of high-field VASO, may be used to improve the spatial resolution of CBV
change measurements in healthy human brains.

3.1.2 Theory of SS-SI VASO

The pulse sequence diagram and the associated relative z-magnetization of once inverted
blood, GM, and CSF are depicted in Fig. 3.1. Tissue signal increase in SS-SI VASO is
achieved by manipulating the z-magnetization of flowing blood differently from that of
stationary GM. As detailed below, inversion slab thickness, inversion efficiency, inversion
times T'I1 and T'I2, and T'R are adjusted such that two conditions are fulfilled. These are
(A) no uninverted blood should enter the microvasculature of the imaging region during
TI1, and (B) microvasculature of the imaging slice should be completely refreshed by
magnetization outside the violet slice of Fig. 3.1B between T2 of the previous TR and
T11 of the present TR.

Difference to other VASO methods

Even though the sequence diagrams of original VASO, SI VASO and the new SS-SI VASO
seem to be very similar, the underlying signal generation is fundamentally different. For
best comparison of the three methods, the expected z-magnetizations are shown in Fig.
3.2. There are three distinct aspects in which SS-SI VASO is fundamentally different
from previous VASO approaches:

e In the SS-ST VASO method, the signal increase comes from the fact that stationary
tissue in the imaging slice has very small z-magnetization just before the inversion
pulse is played out. This is different in the original VASO or in the SI VASO
method. This is the major reason for the signal increase in SS-SI VASO approach.

e The different mechanism of tissue magnetization saturation before inversion results
in SI VASO and SS-SI VASO result in different inflow-outflow constraints. For
example, the slice dependent refilling condition of the vasculature is a unique feature
of the SS-SI VASO method compared to the original VASO or the SI VASO.

e The blood flow component of the signal change is substantially different for SI
VASO and SS-SI VASO. In order to avoid inflow effects in SI VASO [Jin and Kim,
2008a], the T'I has to be kept to a value shorter than the blood-nulling time. In
the new SS-SI method on the other hand, these inflow effects can be avoided by
applying other methods, e.g. partial inversion (see section 4.3.1). The incomplete
blood nulling in ST VASO [Jin and Kim, 2008b| introduces flow weighting on top
of the pure VASO contrast.
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Figure 3.1: A) depicts the sequence diagram and the corresponding steady-state z-
magnetization of GM, CSF and blood in SS-SI VASO. The depicted blood
component refers to once inverted blood z-magnetization. Therefore, blood
z-magnetization is - My after inversion, independent of the magnetization be-
fore inversion. B) depicts schematically the geometry of inversion slab and
imaging slice. The nulling condition requires that the (violet) imaging slice
is refilled with unsaturated blood during period I. Furthermore, it is required
that no blood outside of the (red) inversion slab flows into the microvascula-
ture of the (violet) imaging slice during period II. Additionally to the refilling
condition of the imaging slice during period I, the inversion slab (red) should
be refilled with fresh blood during period III. C) illustrates how the vascu-
lature of the imaging slice is refilled during consecutive 90° pulses. Even
though, it contains arterial, capillary and venous compartments, the refilling
time can be much shorter that the refilling time of the total vascular tree.
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Figure 3.2: Comparison of z-magnetization evolution in original VASO, SI VASO and SS-
SI VASO: (A) In the original VASO approach, available GM z-magnetization
at the blood-nulling time is orders of magnitudes smaller than the equilibrium
magnetization. (B) In SI VASO, GM z-magnetization at the blood-nulling
time is significantly increased. (C) In SS-SI VASO, the GM z-magnetization
at the blood-nulling time is further increased. Depicted z-magnetizations are
based on assumed relaxation times of blood and GM: T} /T1 v = 2.1/1.9

s (Tab. 2.1).
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Inflow of uninverted blood magnetization:

The nulling time of once inverted blood magnetization is given by
TI1=1In(2) Tiy (3.1)

(according to Eq. 2.17), which yields approximately 1450 ms at 7 T (77 5 is the T7 of blood
water), assuming 77, = 2100 ms (according to review of literature values in Tab. 2.1).
The inversion slab must be thick enough that no uninverted (‘fresh’) blood magnetization
reaches the imaging slice during that time. In humans, it takes approximately 1000 -
1400 ms until blood from the upper neck region reaches the larger vessels of the occipital
lobe [Chen et al., 2012|[Mildner et al., 2014|. Furthermore, it takes another 400 - 500
ms until fresh blood reaches the small arterioles that dynamically change their diameter
during activation [Chen et al., 2012]. These numbers suggest that the blood-nulling time
is shorter than the arterial arrival time of fresh blood, and it takes longer than T'I1 for
uninverted blood magnetization to arrive in the microvasculature of the imaging slice. A
more detailed and quantitative description of such inflow effects is given in section 5.1.
SS-ST VASO can also be applied in brain regions or in physiological conditions such as
hypercapnia with significantly shorter arterial arrival times. A method to address and
avoid corresponding inflow effects of fresh, not inverted blood is described in section
4.3.1.

Outflow of blood that has not been inverted once:

SS-SI VASO captures blood that has been inverted only once, and that has not experi-
enced the previous excitation pulse. Therefore, two refilling conditions must be fulfilled.
First, the period between blood-not-nulled and blood-nulled image acquisitions must be
longer than the refilling time of the vasculature of the imaging slice (period I in Fig.
3.1). Otherwise, blood magnetization, which had experienced the previous excitation
pulse, would not be completely nulled. The macro-vessels with high blood flow velocities
penetrating the imaging slice are believed to be more quickly refilled than the microvascu-
lature. Therefore, the refilling time of the microvasculature is considered in more detail.
Blood velocity measurements suggest that the microvasculature is refilled in 1 - 1.5 s
[Hillman et al., 2007|[Kleinfeld et al., 1998||Pawlik et al., 1981|. Results of Nakagawa et
al. suggest that both plasma and red cell transit times through the microvasculature are
shorter than 0.5 s [Nakagawa et al., 1995]. Reviewing seven studies, the microvascular
transit time was estimated to be 1.16 s [Jespersen and Ostergaard, 2012]. In the review
article [Kim and Bandettini, 2010], it is concluded that the typical lifetime of water in
capillaries is 0.5 ms. Considering these numbers, it can be assumes that it takes less than
1 - 1.5 s until the microvasculature is refilled with fresh blood, which has not experienced
the previous excitation pulse.

The second refilling condition refers to the inversion slab (red area in Fig. 3.1B) during
period III. It states that there should be no twice-inverted blood magnetization in the
imaging slice during VASO image acquisition. Note that period III is longer than TR.
This fact can be explained with the different timing between generation of the VASO
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contrast by means of inversion and VASO image acquisition. Even if not all inverted
blood magnetization has left the imaging slice during the next inversion pulse, it will not
contribute to the MR signal as long as no image is acquired. Only if the blood magne-
tization still has not left the imaging slice when the following image is acquired (after
period III), it is captured and contaminates the contrast.

BOLD correction

Additional to the acquisition of BOLD contaminated VASO signal change, BOLD signal
change without VASO contamination is acquired by implementing the inversion pulse
only prior every second EPI readout (see Fig. 3.1A). When the BOLD contrast contri-
bution is known, the BOLD contamination in the VASO image can be factored out.
Here a simple model is considered to explain the effect of the proposed BOLD cor-
rection. The gradient-echo signal of a voxel can be considered as the z-magnetization
in the voxel at the time of excitation multiplied with an exponential dephasing term:
S & Mye TE/T5  where M, depends on the proton density, the inversion time 771, and
the relative volume distribution of the compartments in the voxel. 75 denotes the trans-
verse relaxation time in gradient-echo acquisitions. If a voxel contains only blood and
GM (no WM or CSF), the signal arising only from GM during the nulling condition (nc)
can be expressed as:

__TE
T*
SG’M,nc X MZ,GMmc e 2GM, (32)

VASO is based on the idea that M, garne changes during activity and that this change
is proportional to 1 - CBV. For more details about this proportionality see [Lu et al.,
2003| Eq. 4. Note that CBV refers to the relative blood volume in units of ml per ml
of tissue. In order to obtain M, garne without BOLD contamination of the T5-term,
this dephasing term must be factored out. In order to do so, the signal at the nulling
condition is normalized to the signal that is acquired while blood is not nulled (nn). This
signal can be expressed analogously as:

TE
S M. T par 3.3
par,nn X Mz parmnn € par, ( : )

where the z-magnetization of the parenchyma M., ;4 nn contains both water z-magnetiza-
tion within GM and water z-magnetization in blood. At the time the blood-not-nulled
image is acquired, the relative z-magnetizations of blood and GM, and the proton densi-
ties of blood and tissue are very similar (proton densities are 0.87 ml/ml and 0.89 ml/ml
for blood and tissue, respectively [Donahue et al., 2006]). Hence, the M, pqr nn-term can
be considered to be independent of brain activation. In other words, blood volume sensi-
tivity is obtained only when a VASO inversion preparation is applied, and signal change
in the BOLD image comes only from changes in 75 and not from redistribution of water
magnetization between intravascular and extravascular space. Thus it can be assumed

49



Chapter: 3. Method: SS-SI VASO

that M parnn = const. Hence, after normalizing S, with S, it can be written as:

__TE
S. M e T2*,G1w M

bn _ MzGMne = z,GMnc 1— CRBYV. (3.4)
Sonn - const

T*
Mz,par,nn e ~2Zpar
constant

Here, it is assumed that at high field strengths the 735 of the parenchyma, which includes
blood and tissue, is equal to the T35 of extravascular tissue. With this assumption,
the T35 weighting cancels out upon division of the signals from both acquisitions, and
the resulting signal is independent of BOLD changes. Hence, it is assumed that the
transverse relaxation is independent of the inversion time. It must also be stressed that
the BOLD correction scheme can only correct for extravascular BOLD signal change,
which at 7 T accounts for approximately 90% of the total BOLD signal change at TFE
used in this study [Martindale et al., 2008]||Donahue et al., 2010]. A complete model
containing intravascular and extravascular BOLD effect is used in section 5.3 to validate
that the simplifications in Eq. 3.4 are valid and to quantify that the corresponding error
in VASO signal estimation is smaller than 7%.

Equation 3.4 claims only proportionality between the BOLD corrected VASO signal
and CBV. According to discussions in [Lu et al., 2013|, this proportionality factor
depends strongly on partial voluming of CSF or WM and their 7T} contrast. Since this
proportionality factor is not measured, the proposed method can be used only to estimate
CBYV changes, not to estimate absolute C'BV. Quantitative estimations of effects of
partial voluming in SS-SI VASO are carried out in section 5.4.

3.1.3 Methods
Image acquisition

The SS-SI pulse sequence was implemented in the IDEA programming environment on
a Siemens MAGNETOM 7T scanner (Siemens Medical Solutions, Erlangen, Germany).
For RF transmission and reception, a 24-channel receive and circularly polarized single-
channel transmit head coil (Nova Medical, Wilmington MA, USA) was used. Data were
acquired in five slighly tilted (Fig. 3.1) axial slices (thickness 1.5 mm, no slice gaps) with
a two-dimensional single-shot GE EPI readout. The imaging parameters were: TE /TR
= 19/3000 ms, nominal voxel size of 1.5 x 1.5 x 1.5 mm?, partial Fourier factor 5/8. A
time resampled frequency offset corrected inversion (TR-FOCI) pulse [Hurley et al., 2010]
was implemented to achieve efficient slab-selective inversion despite Bj-inhomogeneities
and SAR constraints at high field. The inversion pulse duration was relatively short (5
ms), which minimized the BOLD T, relaxation of venous blood, which might reduce
inversion efficiency. The slab-selective gradient strength was adjusted to achieve an in-
version slab thickness of 14.3 cm. Since the inversion pulse is only applied prior to every
second image, the inversion-pulse repetition time was 3 s.

Considering an inversion efficiency of 95%, as measured in pilot scans, leads to TI1 =
1330 ms for the blood-nulling time (Eq. 2.17). The timing of the sequence was adjusted
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such that the BOLD image acquisition was always right between two consecutive VASO
images. Therefore TI2 = T'I1 + TR/2 (see Fig. 3.1A).

Further inversion recovery measurements with multiple T'I1s of 36,/200/300/900/1100 ms
were performed with acquisition parameters otherwise identical to the functional scans.
Following the methods of Shin et al. [Shin et al., 2010], these data were used to generate
Ty estimates and GM maps with distortions identical to the functional data.

Ten healthy human volunteers (5 female, 23 to 33 years old) were scanned with the scan
parameters described. A 6-minute duration high-contrast moving star-field paradigm
(block design: 30 s rest followed by 30 s stimulation) [Huk et al., 2002] was used to in-
duce neural activation throughout the visual cortex. This kind of basic visual stimulation
paradigm was chosen as a toy example here. Because of the strong activity increase in
visual cortex for this task, it is a good candidate for debugging and examining of the
proposed imaging method.

To validate the BOLD correction method, seven additional volunteers (4 female, 22 to
30 years old) were scanned with a multi-echo EPI readout. Acquisition parameters were
TE = 12/32/52 ms, partial Fourier factor = 5/8 and a nominal voxel size of 1.5 x 1.5 x
1.5 mm?3. All other sequence parameters remained unchanged.

To investigate the potential advantage of SS-SI VASO at 3 T, the sequence was also
implemented on a MedSpec 30/100 whole-body scanner (Bruker Biospin, Ettlingen, Ger-
many). A commercial birdcage head coil (Bruker Biospin) was used for RF transmission
and reception. Two participants were scanned with SS-SI VASO parameters of TR/T11
= 4000/1015 ms, TE = 14/30 ms, nominal voxel size = 3 x 3 x 4 mm®. The TR-FOCI
inversion pulse duration was increased to 10 ms.

All procedures of this study had been approved by the ethics committee of the University
of Leipzig. Informed written consent was given by all participants.

Data analysis

The image-evaluation procedure is illustrated in Fig. 3.3. MR images were corrected for
motion with SPM8 (Welcome Department, University College London, UK). Statistical
analysis was done using FSL Feat (Version 5.98)|Worsley, 2001]. Activation areas were
defined with the VASO data as a cluster of voxels having z-values above 2.3 and a
significance level of p < 0.05 (corrected for multiple comparisons). BOLD correction,
Ti-fits and the extrapolation of signal change were processed with in-house algorithms
written in C+-+ using ODIN-libraries [Jochimsen and von Mengershausen, 2004]. In
order to scale the relative VASO signal change to relative change in C BV, blood volume
at rest was estimated. Therefore, the individual GM volume of every voxel was estimated
based on the T;-fit. As in previous VASO studies, blood volume at rest (C'BV,.s) within
this GM fraction was assumed to be 5.5% |Giovacchini et al., 2002|[Lu and van Zijl, 2005].
CBV,¢s was assumed to be evenly distributed within GM. The T;-maps were also used
to generate maps of CSF. Since the nominal resolution of 1.5 mm is on the order of the
cortical thickness, voxels that contain the surface layers of the cortex could be identified
by the partial volume fraction of CSF.
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Figure 3.3: Evaluation procedure for calculating AC BV from the measured MR time se-
ries: In order to factor out the 7% dependence of activation, motion-corrected
time series of blood-nulled images are normalized to motion corrected time
series of images with not nulled blood. General linear model (GLM) statis-
tics is applied to these T35 corrected time series to define regions of interest
(ROIs). Signal changes within these ROIs are normalized with blood volume
fraction at rest to relative C'BV change, which is estimated from relative GM
volume within each voxel.
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3.1.4 Results

SS-SI VASO provides a larger GM signal than original VASO at 7 T (Fig. 3.4) and
at 3 T (Fig. 3.5A). This increase results from the longer blood-nulling time (7°71)
for once inverted blood water z-magnetization, compared to steady-state blood wa-
ter z-magnetization. From calculations based on the Bloch equations (Eq. 2.11), the
z-magnetization is expected to increase in GM by a factor of 8.7 at 7 T (assuming
TR/Typ/Thgm = 3/2.1/1.9 s of Tab. 2.1) and 3.6 for 3 T (assuming TR/T; /T am
= 4/1.6/1.2 s [Donahue et al., 2006]). This agrees well with signal increases by factors
of approximately 4 and 8 observed experimentally within GM-regions at 3 T and 7 T,
respectively.

Figure 3.4: Single-shot EPI images obtained at 7 T with nominal voxel size of 1.5 x 1.5 x
1.5 mm?, TR = 35, TI1 is 560 ms and 1330 ms for original and slab-selective
VASO, respectively. Images are scaled identically. Gray values represent
signal intensities in arbitrary units.

Three slices of AC BV maps obtained during visual stimulation of all 10 participants are
shown in Fig. 3.6. Widespread AC' BV increases can be seen in gray matter in the visual
cortex corresponding to the central visual field. The measured relative C' BV changes
upon visual stimulation of the depicted regions are summarized in Tab. 1. Fig. 3.5B
depicts results from two participants at 3 T. Similar to the 7 T results, CBV increases
confined to gray matter in the visual cortex can be seen.

Signal time courses of BOLD and VASO signal of the ROIs depicted in Fig. 3.6 are
shown in Fig. 3.7. Both time courses are very similar in their dynamics. The return to
baseline after stimulus cessation is on a similar timescale in BOLD and in VASO data.
The inter-subject stability is slightly greater in VASO compared with BOLD signal, as
indicated by the smaller error bars. This finding holds true independent of whether the
ROIs were defined from the BOLD or VASO time courses.

The echo time dependence of BOLD and VASO signal from the multi-echo experiments
is depicted in Fig. 3.8. VASO signal time courses are shown for the two different BOLD
correction methods: BOLD correction with dynamic division for two echo times and the
BOLD correction from exponential extrapolation to TE = 0 ms. The latter correction
method results in a larger inter-trial variation associated with larger error bars, presum-
ably due to the low SNR of the images during the later echoes. There is no significant
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Figure 3.5: Results from two participants at 3 T: A) depicts tSNR maps of original VASO
with TR/TI1 = 4000/625 ms and SS-SI VASO with TR/TI1 = 4000/1015
ms of one participant. tSNR in GM regions is 9 and 32 for original VASO and
SS-SI VASO, respectively. B) depicts maps of relative CBV change in both
participants within ROIs of significant signal change. C) depicts VASO signal
time courses of the two participants for different BOLD correction schemes.
Error bars refer to the standard deviation between consecutive activation-rest
periods.
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Figure 3.6: Three slices of every participant scanned at 7 T: The change in CBV is

located in the visual cortex as expected. The mean change in CBV is (28 +

5)%.
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Figure 3.7: BOLD and VASO signal time courses: A) depicts normalized signal changes.
B) depicts scaled BOLD and VASO signal time courses. In this and all
following graphs of this thesis, error bars refer to the standard deviation
across subjects, if not stated differently. Note also the smaller inter-subject
variability in VASO compared to BOLD.

difference in amplitude and temporal dynamics between the two BOLD correction meth-
ods. The amplitude of the BOLD signal change on the other hand is highly dependent
on TE, as expected.

BOLD corrected VASO signal time courses acquired at 3 T (Fig. 3.5C) are indistinguish-
able from 7 T results regarding both, the amplitude and temporal characteristics. VASO
time courses without BOLD correction significantly underestimate C BV changes, even
at 3 T. For TE = 30 ms, the VASO signal decrease is completely canceled out by the
BOLD signal increase. VASO signal time courses are independent of whether the BOLD
correction was performed with dynamic division (for TE = 14 and 30 ms) or whether
BOLD correction was based on exponential T3 extrapolation. Inter-trial variability (er-
ror bars in Fig. 3.5C) are highest for a BOLD correction assuming a mono-exponential
T5-decay. VASO signal time course with 7E' = 14 ms and corrected for BOLD contam-
inations with dynamic division shows smallest inter-trial variability.

In GM voxels containing more than 10% partial volume of CSF, the BOLD signal change
is larger compared to GM voxels that do not have partial volume of CSF (p < 0.001)
(Fig. 3.9). On the other hand, VASO signal change is significantly (p < 0.05) smaller in
such voxels.

3.1.5 Discussion

CBYV changes: The measured average change in CBV of (28 + 5)% for visual stimulation
is in good agreement with values reported in the literature of human studies using differ-
ent C' BV -sensitive modalities, such as paramagnetic contrast agents, a multi-exponential
T5 model, or positron-emission tomography summarized in Tab. 3.1.
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Figure 3.8: VASO and BOLD signal responses for different T'Fs: VASO signal time
courses are depicted for different BOLD correction methods. The green line
corresponds to BOLD correction with a multi-echo readout. The black/yellow
lines correspond to the BOLD correction mechanism that is based on dynamic
division of blood-nulled and blood-not-nulled images at TE = 12/32 ms. Er-
ror bars refer to standard deviation across participants. Signal time courses
refer to the same stimulation paradigms, but different T Es.
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Figure 3.9: VASO and BOLD signal changes in gray matter surface voxels compared
to signal change in voxels representing deeper cortical layers of the visual
cortex: The BOLD signal change is dominated from surface voxels and VASO
signal change is smaller in surface voxels compared to the rest of the voxels.
Error bars refer to the standard error of mean across 10 participants. This
discrepancy might reflect the different vascular origin of BOLD and VASO
contrast. A representative map of such surface voxels across a slice through
the brain is depicted on the right. The surface voxels are defined based on
their partial volume signature with CSF, as described earlier (page 51).

Inter-subject stability

Despite the fact that VASO CNR is approximately only 60% of BOLD CNR, inter-
subject variability appears to be smaller in VASO time courses as compared to BOLD
time courses, which results in smaller inter-subject variability in average VASO signal
as shown in Fig. 3.7. The measured coefficients of variation (mean standard deviation
of signal at one time point during activity divided by the signal change) are 26.9%
and 33.3% for VASO and BOLD signal, respectively. The greater inter-subject stability
might be explained by considering that BOLD contrast depends on multiple physiological
variables, while VASO depends on C'BV change alone. For example, variations in venous
baseline oxygenation level affect BOLD signal stability, but do not affect CBV changes
[Leontiev and Buxton, 2007]|Lu et al., 2008|[Tjandra et al., 2005]. It must be pointed out
that the echo time of 19 ms used here is close to the tissue 75, which provides optimal
sensitivity to BOLD signal change at 7 T. The mean 75 from the gray matter in the
occipital lobe measured in the multi-echo data is 22 ms 4+ 5 ms. Therefore, it seems
unlikely that inferior inter-subject stability in the BOLD results is due to sub-optimal
choice of the acquisition parameters.
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reference ACBV reference | comment
CBV;"est

[Piechnik et al., 2009] | (30 £ 7)% 4% multi-exponential 75 fit with
checkerboard

[Cohalan et al., 2009 (24 £ 12)% 5.5% VASO with checkerboard

[Lu et al., 2003] 46% 4.6% VASO with checkerboard

[Wu et al., 2007] (40 £ 5)% 6% variant of VASO with checker-
board

[Hua et al., 2011a) (68 £ % 1.1% change in CBV that enters
the imaging slice during 2 s
with checkerboard

[Lin et al., 2008] (37.7£29)% | 5.5% VASO with checkerboard

[Donahue et al., 2009a| | (17 £ 7)% 5.5% VASO with checkerboard

[Tian et al., 2010] 23% - two photon microscopy in rats
with electrical stimulation

[Hillman et al., 2007] 37% - estimated from  diameter
change of 17% (microscopy in
rats with electrical stimula-
tion)

[Gu et al., 2006] (33 £ 12)% 4.5% TI-fit with checkerboard

[Ito et al., 2001] (21 £ 5% 3% PET study with checkerboard

[Belliveau et al., 1991] | (32 £ 10)% - contrast agent with checker-
board

[Frank et al., 1994] (23 £ 14)% - contrast agent with checker-
board

[Pears et al., 2003] (28 £ % 4% contrast agent with checker-
board

[Ciris et al., 2013] 44% 7.4% multi-TT VASO

[Lu and van Zijl, 2005] | (56 + 1)% 4.7% VASO at 3 T with checker-
board

[Lu and van Zijl, 2005] | (43 £ 3)% 4.7% VASO at 1.5 T with checker-
board

[Glielmi et al., 2009] (31 £ 3)% 5.6% biophysical ~ model  with
checkerboard

Table 3.1: Literature values of the relative change in cerebral blood volume.
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Activation time courses

Both VASO and BOLD signals return to baseline after a similar time (Fig. 3.7), con-
trasting with [Mandeville et al., 1999|, but in agreement with [Dechent et al., 2011],
[Poser and Norris, 2007|, and the results reviewed in [van Zijl et al., 2012]. VASO signal
change reflects AC BV mostly of arteriolar, capillary blood compartments as long as
they are nulled, independent of their oxygenation level. The BOLD effect, on the other
hand, is dominated by the most deoxygenated part of the vasculature. Therefore, the
fast return to baseline of VASO data does not necessarily contradict predictions made by
the balloon or windkessel model [Buxton et al., 1998|[Mandeville et al., 1999], with the
corresponding explanation of BOLD signal post-stimulus undershoot. The fast timescale
of CBV change might result from the smallness or indeed absence of changes in venous
CBV with short stimulus durations [Hillman et al., 2007].

Dynamic changes of CSF volume

Assuming the skull as a container of a fixed volume, increase of one compartment, e.g.
CBYV, must be compensated by volume decrease in another compartment, e.g. GM or
CSF |Mokri, 2001]. VASO signal change is based on the idea that CBV increase is
compensated by GM volume decrease only. However, dependent on the brain region
stimulated, a small dynamic change in CSF volume in the range of 0.5% to 10% has been
experimentally observed [Jin and Kim, 2010]|Piechnik et al., 2001][Scouten and Consta-
ble, 2008|. Such stimulus dependent variations in CSF volume could cause an incorrect
calculation of ACBV from the VASO signal change [Donahue et al., 2006]|Piechnik et al.,
2001][Scouten and Constable, 2008|[Scouten and Constable, 2007].

In SS-SI VASO, manipulations of the stationary CSF z-magnetization can be used to
minimize sensitivity to such dynamic changes in CSF volume. In SS-SI VASO, blood z-
magnetization is not considered to be in steady-state, and hence the blood-nulling time is
independent of T R. Therefore, T'R can be adjusted as a free parameter to manipulate the
relative signal weighting of GM and CSF. For T'R in the order of 3 s, the MRI signal in-
tensities of GM and CSF are similar, and the VASO signal change corresponds to changes
in both of these compartments that is, a CBV increase compensated by a GM volume
decrease as well as a C BV increase that is compensated with a decrease in CSF volume.
If TR is approximately 5 s, both compartments - once inverted blood and steady-state
CSF magnetization - are nulled simultaneously. In this case, VASO signal change reflects
only CBV increase that is compensated by GM decrease, and it is insensitive to C BV
increase that is compensated by CSF decrease. Thus, the sensitivity of VASO to dynamic
changes in CSF can be modulated in SS-SI VASO simply by adapting T'R, whereas in the
original VASO [Lu et al., 2003], implementations based on more time-inefficient methods
like VASO FLAIR (fluid-attenuated inversion recovery) [Donahue et al., 2006] or ACDC
(accounting for dynamic CSF) VASO [Scouten and Constable, 2008] need to be applied.
Such effects are discussed and quantitatively estimated in section 5.4 of this thesis.
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Signal change at the cortical surface

The observation that VASO is smaller in GM voxels with significant partial-volume con-
tributions from CSF (see Fig. 3.9) is consistent with results showing that ACBV is
smaller in voxels closer to the pial surface, in contrast to BOLD signal [Jin and Kim,
2008b]|Jin and Kim, 2008a|[Kim and Kim, 2010]. It suggests that changes in CBV are
independent of pial veins, which are known often to dominate the GE BOLD effect. Note
that surface voxels can have different partial-volume characteristics from more typical
voxels. This means, independent of the underlying layer-dependency of VASO and BOLD
contrast, surface voxels are expected to show smaller signal changes corresponding to the
smaller GM volume they contain. However, since BOLD signal changes are investigated
in the same subset of voxels, partial-volume biases are identical in BOLD and VASO
signal change. Therefore, differences between BOLD and VASO responses can be consid-
ered independent of such biases. The BOLD and VASO specificity across cortical depth
is discussed in more detail in section 4.2 of this thesis.

Magnetization exchange between intra- and extravascular spaces

Similar to the original VASO, SS-SI VASO is based on a model of two separate com-
partments without magnetization exchange. However, magnetization exchange between
intra- and extravascular spaces due to finite permeability of the capillary wall can result
in CBF-dependent reduction of the GM signal [Lu et al., 2003|[Wu et al., 2010]. In
SS-SI VASO, the magnetization within the slice is kept at a low value during inversion.
Hence, during the entire period III (Fig. 3.1) inverted blood magnetization will enter
the slice and exchange with tissue magnetization that is close to zero. And vice versa,
not nulled tissue magnetization permeates from intravascular into extravascular space,
which can result in incomplete blood nulling in post arterial blood compartments. These
effects can introduce permeability induced flow contamination in VASO. Quantitative
estimations of such effects can be obtained from simulations with a multi compartment
perfusion model [Wu et al., 2010] and are carried out in more detail in section 5.1.

3.1.6 Conclusions

In this study, it has been shown that the proposed SS-SI VASO yields reliable and
consistent detection of CBV changes in humans at 7 T. Here, blood arrival and transit
times of healthy participants are comparable to the blood-nulling time after inversion,
which is used in a slab-selective approach to increase the functional CNR. With these
improvements, SS-SI VASO may be a useful tool for high-resolution functional brain
mapping in humans at high fields. Furthermore, the high sensitivity of the proposed
method can play an important role in neuro-scientific research, where experiments are
limited by low SNR, e.g. investigating neurovascular coupling in negative BOLD regions
(section 4.1), in layer-dependent fMRI (section 4.2), or in calibrated BOLD fMRI (section
4.3).
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3.2 Validation of SS-SI VASO with OIS 2

In the previous section, the applicability of the new SS-SI VASO method has been shown
and the results are in a physiological reasonable range. In order to ensure its sensitivity
to CBV changes, it should be qualitatively compared and validated with established
methods. Because the only methods with comparable resolutions that can be used for
such validations rely on invasive procedures, SS-SI VASO must be implemented in an
animal model. This section describes the study of implementing SS-ST VASO in rats for
its validation with optical imaging spectroscopy. First, the background and challenges of
such a study are described. And then, experimental results of concomitant VASO and
optical measurements are shown for thorough spatiotemporal validation of blood volume
weighting in VASO.

3.2.1 Introduction to the comparison between SS-SI VASO and OIS

Local changes of C BV has been suggested to provide a qualitative physiological variable
that localizes neural activity better than other variables accessible by fMRI, e.g. BOLD
fMRI. The most frequently applied contrast to measure dynamics of C'BV in applica-
tions of human neuroscience is VASO. However, there are two major unresolved issues
regarding its quantitative credibility. Firstly, VASO fMRI has not been validated with
a gold standard method at high resolutions to investigate its tissue and macrovascular
CBYV components. Secondly, quantitative values of C BV changes of VASO in humans
are usually one order of magnitude larger than values suggested from invasive modalities
applied in animals.

Validation of VASO contrast

Despite the proven sensitivity of VASO fMRI for CBV changes, the signal mechanism is
not completely understood and is in focus of research since ten years to date. Most critical
to validate the C' BV weighting in VASO is to investigate it with respect to features that
are uniquely visible in C'BV imaging. Otherwise it could not be disproven that the
underlying contras mechanisms might actually contain CBF or BOLD weighting. For
example, both, CBV and BOLD signal changes are expected to are amplified for stronger
stimuli used and they are expected to stem from GM and not WM. When low resolutions
(e.g. 3 x 3 x 3 mm?®) are used, the two contrasts are expected to have very similar
qualitative activation patterns despite the fact that they map different physiological
parameters. Hence, for thorough validation, C BV weighting of VASO must be considered
on a level, where CBV can be distinguished from other physiological parameters. The
literature suggests three possible approaches for validation of C BV sensitivity. A) In
order to address contaminations of C BF that can mimic VASO signal change but have
similar features as C BV, validation must be quantitative in physical units. B) Draining
veins have been reported to show considerable flow increase and BOLD signal increase,

2The study described in this section has been summarized in the conference talks [Kennerley et al.,
2013] and [Huber et al., 2014c]|.
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but not CBV changes. Hence, high resolution validations enabling spatial distinction
of draining veins should help in validation of C'BV sensitivity. C) CBV time courses
with slow return to baseline have been reported to be uniquely different from C BF and
BOLD signal. Therefore, post-stimulus signal change can be taken as a CBV sensitive
feature for validation of C'BV sensitivity. Such validations could help evaluating CBV
sensitivity of VASO, but have not been reported so far.

Differences between human C BV changes in VASO and C BV changes in invasive
methodologies in animals

Features of C'BV dynamics in animals have not been confirmed in human so far. The two
major discrepancies concern the temporal dynamics and the magnitude of C BV changes.
Human CBYV sensitive fMRI studies found blood volume changes in the order of 30% -
60% |Lu et al., 2003|[Belliveau et al., 1991]|Lin et al., 2011|[Hua et al., 2011a]|Ito et al.,
2001][Piechnik et al., 2009]|Tuunanen et al., 2006, while animal studies with invasive
methodologies report much smaller values of 10% - 20% [Mandeville et al., 1998, ~ 15%
|[Kennerley et al., 2010|, 5% |Kennerley et al., 2012a|, and 4% - 7% |Lu et al., 2004b].
Independent of the absolute C' BV change, the time courses CBV change seem to be
qualitatively different in human VASO studies compared to animal literature. Human
VASO studies suggest a fast recurrence to baseline of C BV after stimulus cessation in the
range of 10 - 15 s [Lu et al., 2004a|[Poser and Norris, 2007][Hua et al., 2011b|[Tuunanen
et al., 2006], while rat literature suggests a delayed compliance with a post-stimulus
signal return to baseline in the order of 30 - 60 s [Mandeville et al., 1999|[Kida et al.,
2007][Kennerley et al., 2005].

Since different modalities are used to investigate functional change in C BV in rats and
in humans, it is not clear whether these discrepancies of different amplitude and tem-
poral features arise from inter-species differences, methodical differences, or anesthesia-
dependent influences. Studies investigating the influence of anesthesia have suggested
that anesthesia can slightly reduce the overall response amplitude, but it cannot ex-
plain the temporal C BV dynamic differences between animals and humans [Zong et al.,
2012][Sicard et al., 2003|[Berwick et al., 2002|[Martin et al., 2006].

In order to resolve whether these differences result from the different contrast mechanisms
of the invasive and non-invasive modalities used, a direct inter-species comparison be-
tween humans and animals is needed. This comparison should involve the same imaging
modality and the same cortical area or stimulation task. Since VASO is a non-invasive
contrast, it can be applied both in rats and in humans and is the method of choice for
such comparisons. Primary somatosensory cortex is routinely stimulated in rats and
humans and can provide a model to investigate brain activity across species. Similarly,
hypercapnia challenge is expected to reflect similar hemodynamic control pathways in
humans and rats and can be used for quantitative comparisons.
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Purpose of this study

In this study, it is tried to address both of the above mentioned VASO related issues,
the high resolution validation of the underlying C'BV sensitivity, and the differences of
quantitative C BV changes in humans and animals.

The first purpose of the present study was to adapt the VASO pulse sequence such that
it can be applied in a rodent model at high fields (> 7 T) with advanced CNR and
without contaminations of flow and blood oxygenation changes. With that method, it is
sought to compare the VASO contrast with concurrent 2D OIS to evaluate the underlying
CBYV weighting. The high spatial and temporal resolution of OIS allows using it as a
gold standard technique to validate the VASO signal mechanism and sensitivity to CBF
artifacts. The final goal of this study is to obtain results of C BV changes in rodents
and humans that are acquired with the same non-invasive modality and therefore can be
directly compared.

3.2.2 Methods

VASO was originally designed for use in human brain at low magnetic fields (1.5 T)
[Lu and van Zijl, 2012]. For an application in an animal model at high fields, distinct
features in physiology and magnetization dynamics must be considered. First, due to
the convergence of tissue and blood longitudinal relaxation times at high magnetic field
strengths and the inflow of non-inverted blood magnetization during the blood nulling
time, the VASO signal can become unreliable [Hua et al., 2012| (see also section 3.1).
Second, another issue of using VASO in animals at high fields is to avoid inflow effects
of blood into the imaging slice that does not have the magnetization state as assumed
[Jin and Kim, 2008b|. This is particularly challenging in rats, because there, the arterial
arrival time is significantly shorter compared to humans [Calamante et al., 1999].

To make the VASO viable at higher field strengths (7 = T) the SS-SI VASO pulse se-
quence was used in the current study. In order to account for the different physiology in
rats compared to humans, the SS-SI VASO sequence was further advanced. Additional
slice-selective and global saturation pulses were implemented to account for the different
z-magnetization relaxation histories (steady-state) of stationary tissue and blood flowing
into the imaging slice. This is used to increase functional contrast and avoid contamina-
tion of changes in CBF. One T'R of the adapted SS-SI VASO sequence is depicted in Fig.
3.10A. Before every TR, a global adiabatic 90° spin-reset pulse is played out to be in
control of the steady-state of entire magnetization within the transmit coil, independent
of blood flow inside the coil from the animal hindquarter (Fig. 3.10B), in analogy to
[Lu, 2008]. The amplitude and phase shape functions of that radio-frequency pulse were
adapted from TR-FOCI pulse class, designed for use at 7 T [Hurley et al., 2010]. In
order to convert it from an inversion pulse to a 90° saturation pulse, a 90° phase skip
of the pulse amplitude was introduced half way through out the pulse, resulting in an
inversion efficiency of 50%, despite B; inhomogeneities of the transmit coil [Mispelter
et al., 2006]. A more detailed description on the operation principle of this RF pulse
can be found in section 4.3. The slice-selective 90° excitation pulse prior BOLD image
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Figure 3.10: Acquisition procedure of SS-SI VASO in rats: A) depicts a sequence dia-
gram of an adapted version of SS-SI VASO for application in rodent brain
at high fields. In order to be in control of the magnetization steady-state,
before every TR, a global adiabatic saturation pulse is applied. In-plane
magnetization is saturated by a slice-selective 90° excitation pulse prior the
acquiring of a BOLD signal image without blood nulling. After that, the
global inversion is applied to introduce the VASO weighting with subsequent
VASO signal acquisition at the blood-nulling time 7'I3. B) depicts the ap-
proximate position of slice-selective saturation and ‘global’ inversion pulses.
C) depicts a schematic illustration of MR signal and optical signal acquisi-
tion. For concurrent imaging of VASO fMRI and OIS, the OIS apparatus in
positioned inside the bore. Large venous vessels are visible in T35 weighted
MR images as well as in optical images, which helps in spatial orientation
for comparisons of the two contrasts.
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acquisition saturates tissue magnetization in the imaging slice, but does not affect blood
magnetization refilling the vasculature until the next VASO image is acquired.

All blood in the imaging slice is expected to be nulled to provide a pure VASO contrast,
when two assumptions are fulfilled: First, the microvasculature of the imaging slice is
refilled during the period I (Fig. 3.10A). Blood velocity and transit time measurements
suggest that the microvasculature of a 2 mm imaging slice is refilled faster than 1.5
s [Ivanov et al., 1981|[Kim and Bandettini, 2010|[Pawlik et al., 1981]|Kleinfeld et al.,
1998||Kennerley et al., 2010][Hutchinson et al., 2006]. Second, no fresh (uninverted)
blood from the hindquarter of the animal flows into the imaging slice during period II
(Fig. 3.10A).

MR imaging parameters

All aspects of these methods and their development were performed with UK Home
Office approval under the Animals (Scientific Procedures) Act of 1986. SS-SI VASO
as described above was implemented in Paravision V on a 7 T rodent scanner (Bruker
BioSpecAvance, 70/30, Bruker Biospin GmbH, Ettlingen, Germany). Sequence param-
eters were: TR/TI1/T12/T13/TE = 3200/1100/1500/2530/10 ms. Field of view was
30 x 30 mm? and matrix size was 64 x 64. Since the above discussed refill condition
is only fulfilled using coronal slices with the sequence parameters used, all functional
experiments were performed with coronal imaging slices.

OIS

2D-0OIS experiments were conducted concurrently to fMRI inside the bore as described
in [Kennerley et al., 2005|. In short, a nonmagnetic endoscope was placed over a window
of previously thinned skull to acquire images of the right barrel cortex with four wave
lengths (575/559/495/587 nm) at an overall rate of 8Hz and special resolution of 0.2
x 0.2 mm?. Based on the known absorption coefficients of deoxy- and oxyhemoglobin
and using a heterogeneous tissue model accounting for the penetration depth of the
respective wavelengths, changes in total hemoglobin concentration and its saturation
could be calculated [Kennerley et al., 2012a|. Positioning and cross-validation of geometry
in OIS and MRI was based on large veins, clearly visible both modalities (Fig. 3.10C).

Physiological conditions

The animal surgery and the monitoring of physiological conditions during the experiments
was done as in previous studies [Kennerley et al., 2005]. In short, the right sides of the
skull of four urethane-anesthetized female Hooded-Lister rats were thinned with a dental
drill. Femoral veins and arteries were cannulated for drug infusion, and continuous
measurements of blood pressure and blood gases. Phenylephrine (0.13 - 0.26 mg/hr) was
infused to maintain blood pressure within physiological range (MABP, 100 - 110 mmHg).
Animals where artificially ventilated with room air or customized gas compositions.

66



Chapter: 3. Method: Validation of SS-SI VASO

Stimulation design

Experiments using electrical stimulation of the whisker pad (5 Hz) consisted of 15 trials
of 16 s electrical stimulation alternating with 86 s inter stimulus interval. Additional
hypercapnia experiments consisted of 2 min breathing air, 5 min breathing 5% COo,
20% Oz, 75% Ng and 2 min breathing air again (12 trials per animal).

Data evaluation

All images acquired in rats were motion corrected (spatial drift corrected) using SPM8
(Wellcome Department, University College London, UK). Statistical analysis was done
using FSL FEAT (Version 5.98)(z-score > 1.0 and p < 0.9) without spatial smoothing.
Evaluation was restricted to clusters of significant voxels in the brain region S1. BOLD
correction of VASO images was done with a dynamic division of interleaved acquired
BOLD weighted images as described in section 3.1. Since VASO signal change corre-
sponds to changes in extravascular space, it is a direct measure of absolute C'BV change.
However, assuming a baseline blood volume fraction, relative CBV can be calculated as
CAJE?XEL A Srestégvmt [Lu et al., 2003|. In previous studies C' BV, s was usually assumed

to be 5.5% |Lu et al., 2013].

Human experiments

For the sake of inter-species comparisons between rodents and humans, VASO was ap-
plied in human volunteers at 7 T (MAGNETOM, Siemens Healthcare, Erlangen, Ger-
many) during the same 5% hypercapnia condition as done in rats and during a finger
touching task to evoke hemodynamic changes in somatosensory cortex. Hypercapnia
experiments were conducted with the experimental parameters described in section 3.1.
In short, to account for short arterial arrival time during hypercapnia, the inversion ef-
ficiency was reduced to be 75%. Further sequence parameters were TR/TI1/T12/TE
= 3000/765/2265/19 ms, nominal resolution 1.5 x 1.5 x 1.5 mm?®. For laminar compar-
isons of C'BV change in S1, high-resolution VASO experiments were performed in five
additional participants during a finger touching task, as described in section 4.2 of this
thesis. Nominal in plane resolution of those experiments was 0.8 x 0.8 mm? and slice
thickness of 1.5 - 2 mm. All procedures in this study applied in humans were approved
by the ethics committee of the University of Leipzig. Informed written consent was given
by all participants.

3.2.3 Results

Maps

Fig. 3.11 depicts activation maps acquired with OIS and SS-SI VASO. OIS maps of
changes in blood oxygenation level (second column in Fig. 3.11) clearly depict large drain-
ing veins (black arrows). Corresponding maps of C' BV change do not show macrovascular
contributions distant from the main activation region. Vascular patterns on top of the
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Figure 3.11: OIS and VASO activation maps of four animals: The first column depicts
the total field of view of the endoscope. Changes of relative oxygenation
and C'BV taken from OIS measurements are depicted in the second and
third columns. They are overplayed on CBV-based vascular reactivity maps
with bright arteries and dark veins. It can be seen that draining veins
show significant changes in oxygenation distant from activated tissue (black
arrows). Maps of C BV changes seem to be more confined to activated tissue,
while pial arteries contributing to C BV change can be distinguished on top
of CBV change in tissue (white arrows). The third and fourth columns
refer to BOLD and VASO signal change in coronal slices. The position of
the coronal slice with respect to the OIS data is indicated with blue boxes.
In subjects, when large pial veins are within the acquired slice, significant
BOLD signal change distant of the site of highest C BV change can be seen
(black arrows). Highest BOLD signal change is close to the cortical surface.
Due to the lower CNR in VASO, laminar signatures of C BV change cannot
be seen with the naked eye.
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activated regions (white arrows) suggest that pial arteries also contribute to CBV in-
crease. Coronal slices of BOLD signal change, show significant activation in the region
of rat barrel cortex. When the imaging slice contains large draining veins (two upper
rows), they can be seen in BOLD signal maps (black arrows). The BOLD signal change
in those voxels might reflect intravascular BOLD effects, visible at the short TE (10 ms)
used here. It can be seen that relative BOLD signal change is higher in upper cortical
laminae compared to deeper cortical laminae. Maps of VASO-C' BV change are depicted
in the right column of Fig. 3.11. It can be seen that SS-SI VASO has enough sensitivity
to map C'BV changes in rats at 7 T. Even though the signal is noise dominated, voxels
of significant VASO signal change can be found. Due to the high noise level, intracortical
signal distribution revealing layer-dependent activation profiles cannot be seen with the
naked eye on a single-subject basis. Mean C'BV change in VASO data is 0.48 4+ 0.18
ml/100ml. Mean tSNR in the corresponding ROIs is 5.8 + 1.6 for VASO and 19.7 + 6.3
for BOLD signal.

Time courses

Comparison of temporal signal evaluation of VASO-CBV and OIS-C'BV is depicted in
Fig. 3.12. The upper row corresponds to stimulation induced C'BV increase in ROIs
shown in Fig. 3.11. OIS-CBV of 7.1 & 2.8 % is in good agreement with VASO-CBV
8.7 £33 % (ACBV = 0.48 £+ 0.18 ml/100ml and assuming CBV,.s = 5.5%). Time
courses are very similar for VASO-C BV and OIS-C'BV. Both modalities show a slow
return to baseline after stimulus cessation. The high noise level in VASO makes further
comparisons difficult. The bottom row in Fig. 3.12 depicts CBV time courses during
hypercapnia. Again, VASO-CBV and OIS-C'BV are very similar in amplitude and
temporal response. OIS-CBV is 6.9 £ 4.8 % and VASO-CBV is 94 + 6.2 % (ACBV
= 0.52 + 0.34 ml/100ml and assuming CBV,.ss = 5.5%). The depicted data refer to
right hemisphere GM in the 2 mm imaging slice. Scatter plots of VASO-C' BV versus
OIS-CBV (Figs. 3.12B and 3.12D) suggest that the scale parameter of CBV,..st = 5.5%
might underestimate the baseline blood volume by 10%-20%. Having data of both, BOLD
response and CBV or CBF response during hypercapnia, the calibration factor M can
be calculated (see section 2.3.4). Assuming f = 1 and a = 0.38, M values are 9.1 +
0.8 % (TE = 19 ms) in humans and 12.9 £+ 6.0 % in rats (scaled to TE = 19 ms). A
detailed description of the corresponding calculation is given in section 4.3.

Comparison with humans

Since VASO is a non-invasive imaging method, it can be compared between humans
and rats. Fig. 3.12C depicts VASO response time courses in human GM and rat GM
for 5 minutes COg2 breathing challenges. VASO signal change in humans shows a CBV
increase of 1.6 £+ 0.4 ml/100ml. This suggests that the vascular reactivity of C BV is 3.1
4 1.2 times higher in humans compared to rats. Corresponding BOLD signal changes
are 1.2 + 0.1 % (TE = 10 ms) in rats and 3.4 £ 0.7 % (TE = 19 ms) in humans,
respectively. In order to compare spatial features of VASO signal change across species,
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Figure 3.12: Comparison of OIS and VASO-CBV measurements in time: A) and C)
depict CBV time courses during stimulation and hypercapnia, respectively.
It can be seen that VASO time courses in rats are noise dominated. Point-to-
point scattering is in the same range as the inter-subject standard deviation
(error bars). Shapes of time courses are very similar for both modalities
VASO and OIS, and all differences are within error. B) and D) show the
same data in a scatter plot. For the sake of clarity, individual points refer
to the averaged signal of multiple adjacent time points. Data in A) and B)
refer to ROIs in S1 only, while data in C) and D) refer to the total GM of
the right hemisphere within one acquired slice.
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Figure 3.13: Cortical profiles of BOLD and VASO signal change in rat S1 (A) and human
S1 (B): Data shown refer to averages across four rats and five human par-
ticipants, respectively. Even though, voxel-wise signal changes are too noisy
to show laminar-dependent signatures in signal maps of Fig. 3.11, averag-
ing across laminae reveals different cortical profiles for VASO and BOLD
fMRI. BOLD signal change is highly dominated from surface laminae, while
VASO peaks in middle cortical laminae, presumably reflecting thalamocor-
tical input. Signal changes depicted in A) refer to the ROIs given in Fig.
3.11. Signal changes depicted in B) refer to ROIs manually drawn on the
posterior side of the central sulcus. An ROI of a representative subject is
shown in C).

cortical profiles of stimulation induced activity in S1 is depicted in Fig. 3.13 both humans
and rats, respectively. Cortical profiles of CBV change in rats and humans are very
similar across species. Note, however that the absolute C' BV change is approximately
double in humans compared rats (different y-axis in Fig. 3.13). Depicted data refer to
averages across species in S1. Corresponding S1 ROIs in rats are shown in Fig. 3.11.
An S1 ROI from the human experiments of one representative subject is shown in Fig.
3.13C.

3.2.4 Discussion

When physiological characteristics of rats are accounted for in sequence design used,
VASO can provide measures of C'BV change in rats. Even though, VASO results are
limited by high noise contributions, the CNR is sufficient to reveal activation maps of
significant C BV change and corresponding time courses.

Validation of C BV weighting in VASO

Baseline C' BV sensitivity at rest of non-functional VASO contrast has been validated with
Gd DTPA [Uh et al., 2009] and PET [Uh et al., 2011]| in large regions of interest (ROIs).
Lin et al. compared the functional CBV weighting of VASO with C'BV sensitive Gd
DTPA method [Lin et al., 2011|. After averaging across total visual cortex, VASO signal
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was found to be comparable to C BV change measured with Gd DTPA across different
stimulation frequencies. Jin and Kim firstly implemented a VASO version in non-human
environment with ultrahigh resolution [Jin and Kim, 2008b|. This method could provide
CBYV weighting in deep cortical layers, where C'BF effects of macrovasculature and
BOLD contaminations were minimized. When excluding upper cortical layers, VASO
activation patters were found to be similar compared to results from iron oxide contrast
agent based fMRI acquired in previous studies.

Results presented in this section of the thesis are acquired with a method accounting
for flow effects in upper cortical layers and BOLD contaminations. Hence, the presented
results in this study enable first quantitative spatio-temporal validation of VASO. Data
shown in Figs. 3.11 and 3.12 validate the C BV weighting of VASO in reference to the
spatial sensitivity of large draining veins and with respect to temporal features such as
a slow post-stimulus recurrence to baseline. VASO-CBV and OIS-CBV are the same
within error with their respective quantitative C BV changes.

Differences between rats and humans

Since VASO is a non-invasive method for C'BV mapping, it can provide for the first time
direct high-resolution comparisons of human and animal C'BV responses in GM without
considerable partial volume effects. Data presented in this study suggest qualitative and
quantitative differences between humans and anesthetized animals. For example, data
suggest significantly stronger C BV changes in humans compared to rats and slow post-
stimulus return to baseline in contrast to any earlier VASO results reported in humans.
Such differences are known in the literature [Kim and Ogawa, 2012]. Due to lack of
further data, it was suggested that such discrepancies are a result of different imaging
modalities, rather than inter-species differences or anesthesia effects [van Zijl et al., 2012].
Since both, rat CBV and human C'BV are captured with the same imaging modality
here, it can be ruled out that these differences result from different imaging modalities.
CBYV reactivity was found to be three times larger in humans compared to rats, which
might come from pre-dilated arterioles and arteries in the anesthesia protocol (including
phenylephrine injection). The fact that the M-values are very similar and within error
for humans and rats might reflect the lower venous baseline oxygen saturation in rats
compared to humans.

Hematocrit

VASO signal changes refer to changes in total blood volume containing blood plasma vol-
ume and volume of hemoglobin. OIS on the other hand refers to changes in hemoglobin
concentration. This means that the two modalities might capture different components
of blood volume, when the ratio of hemoglobin volume to plasma volume (hematocrit)
is not constant. For example, this is the case, when thin capillaries with small diameters
were too narrow during rest for red blood cells to flow through. Since a vast body of
studies report negligible hematocrit changes (< 10%) during activity and hypercapnia
[Kuschinsky, 1996|[Pawlik et al., 1981][Keyeux et al., 1995][Villringer et al., 1994][Klein-
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feld et al., 1998][Herman et al., 2009][Bereczki et al., 1993], hemoglobin volume changes
and total blood volume changes are believed to be identical here.

Normalization in VASO and OIS

It must be noted that CBV weighting in VASO and OIS are normalized differently.
VASO signal change refers to the total signal change, while OIS is directly proportional to
relative C' BV change, in units of CBV,..s. For direct quantitative comparisons between
the two contrasts, a calibration factor C BV, must be assumed. In analogy to earlier
VASO studies, a value of CBV,¢st = 5.5% is assumed here [Lu et al., 2013]. Even though,
the corresponding VASO-AC BV results are within error to OIS-ACBYV results, when
a value of CBV,est — 6.5% would be assumed, quantitative estimates of VASO-AC BV
and OIS-ACBYV results would be identical.

3.2.5 Conclusions

This study used concurrent 2D-OIS and high field fMRI to quantify the signal source of
a VASO pulse sequence for non-invasive assessment of C' BV signal changes. Here, direct
evidence is shown that the CBV derived from VASO is equivalent to CBV changes
measured concurrently with 2D-OIS in rat somatosensory cortex. This is true for both,
electrical stimulation and hypercapnia, respectively. The preclinical in vivo multimodal
imaging data presented here can greatly increase the understanding of signal source of
the VASO contrast. Comparisons between VASO results in humans and VASO results
in rats confirm reported inter-species differences of C BV results. These comparisons
suggest that features like smaller AC BV amplitude and slower return to baseline in rats
compared to humans are not arising from different imaging modalities used, but must
come from differences in physiology.
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4 Applications of functional CBV
measurements

4.1 Investigation of the neurovascular coupling in positive
and negative BOLD responses!

Results in previous sections showed that SS-SI VASO has high sensitivity and can in-
deed quantitatively measure changes in blood volume. Hence, it can then be applied
in neuroscientific studies, where conventional oxygenation based fMRI reaches its limits.
Two examples are the detection of negative BOLD response in regions close to positive
BOLD response or transitory negative BOLD response in the period after stimulus ces-
sation. Regarding these phenomena, there is no consensus whether they directly reflect
features of neural activity, or whether they are results from hydrodynamic effects of the
vasculature. This section describes a study investigating the hemodynamic response in
cases of negative BOLD signal. First, the corresponding literature is reviewed. A new
multi compartment signal model is introduced to extend the SS-SI VASO method for
measuring arterial and venous volume changes. Experimental results from humans and
monkeys are shown and discussed with respect to the underlying neurovascular coupling.

4.1.1 Introduction to hemodynamics of negative BOLD responses

Negative BOLD responses (NBR) have been observed both in animals and humans. NBR
can be caused by several independent mechanisms [Kim and Ogawa, 2012| including in-
hibitory neurogenically driven decreases in C BF' [Shmuel et al., 2002|, vasoconstriction
in the absence of decreases in neural activity [Shih et al., 2009|, or increases in C' M RO»
with no or insufficient C BF increases [Schridde et al., 2008]|Zappe et al., 2008|. Under
which circumstances the NBR has a vascular or metabolic origin has remained con-
troversial. For this reason, and due to the potential of the negative signal to shed
further light on neurovascular coupling, NBR is in the focus of current research [Hutchi-
son et al., 2013|[Mullinger et al., 2014][Schéfer et al., 2012]|[Smith et al., 2004|[Tajima
et al., 2010][Vafaee and Gjedde, 2004]. Early work suggested that the NBR was a result
of non-neurally driven hemodynamic mechanisms, such as vascular steal [Harel et al.,
2002][Woolsey et al., 1996]. However, recent work obtaining electrophysiological record-
ings simultaneously with BOLD-based fMRI, in anesthetized macaque monkeys, suggests
that decreases in the CM RO and neural activity are the major contributors (>60%) to
NBR [Shmuel et al., 2006|. Further studies [Kennerley et al., 2012b||Pasley et al., 2007]

IThis section is summarized in the paper [Huber et al., 2014a].
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leave no room for non-neurally driven C'BF' contributions to NBR, and suggest that
neurovascular coupling is conserved for both the positive and negative BOLD responses.
There is now a general consensus that the NBR is accompanied by decreases in CBF
and CM RO3, as shown with fMRI in human visual and motor cortex [Pasley et al.,
2007|[Shmuel et al., 2002||Stefanovic et al., 2004|, with fMRI in monkey visual cortex
[Shmuel et al., 2006], and with fMRI and OIS in rat somatosensory cortex [Boorman
et al., 2010][Kennerley et al., 2012b]. However, regardless of whether NBR is caused by
neurogenic or vascular mechanisms, interpretation of energy consumption can be am-
biguous. For example, it has been observed that decreases in neural activation due to
increased inhibition can also be accompanied with metabolic increases [Devor et al.,
2008|[Logothetis, 2008]| - in lay terms to turn something off requires work to be done and
thus energy.

More refined layer-dependent studies of NBR in sensory motor cortex of rats and visual
cortex of monkeys suggest that the NBR peaks in deeper cortical layers, while the positive
GE BOLD response (PBR) peaks at the cortical surface [Boorman et al., 2010]|Goense
et al., 2012]. The role of CBV in NBR has remained elusive. Measurements with OIS
and monocrystalline iron oxide nanoparticles (MION) reveal vasoconstriction in regions
of NBR in rat somatosensory cortex [Boorman et al., 2010|[Kennerley et al., 2012b] and
cat extrastriate cortex [Harel et al., 2002]. In monkey striate cortex [Goense et al., 2012],
CBYV changes are investigated in regions of NBR with VASO [Lu et al., 2003][Yang et al.,
2004] and MION. They reported a significant and surprising increase of C BV in deeper
layers of the cortex during inhibitory tasks [Smirnakis et al., 2007|. Follow-up studies
suggest that this increase of CBV in ROIs showing NBR is specific to stimulus and
brain area |[Bohraus et al., 2013]. These and earlier studies [Smirnakis et al., 2007] sug-
gest that BOLD signal and CBV do not necessarily represent equivalent fMRI processes
and mechanisms. In contrast to animal research, the role of CBV with regard to PBR
and NBR has not yet been investigated in the human brain.

In this study, the earlier described multi-echo C'BV -sensitive SS-SI VASO variant with
BOLD correction (see section 3.1) was used to investigate the spatiotemporal characteris-
tics of the hemodynamic response during stimuli that elicit positive and negative BOLD
signal changes in human brain at 7 T. The goal of this study is to understand the un-
derlying hemodynamic mechanisms of both PBR and NBR. This is achieved by breaking
down the vascular response from BOLD signal changes, distinguishing larger pial (macro)
vessels from microvasculature, and by separately investigating C'BV components with
arterial and venous-like oxygenation levels.

4.1.2 Theory of arterial and venous blood volume contributions in SS-SI
VASO
Theory of BOLD-dependent T3 in SS-SI VASO

The signal intensity, S, of a parenchyma voxel acquired with blood nulling (bn) and
in a control condition, where blood is not nulled (nn) can be considered as a sum of
magnetizations from GM tissue and arterially oxygenated (a) and venously oxygenated
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(v) blood:

TE

i€{GM,a,v}

where V;, p;, and M; denote the volume, proton density, and the z-magnetization of GM
and blood within a voxel, respectively. T'I is the inversion time and T'F is the echo time.
As introduced in section 3.1.2, in SS-SI VASO, the BOLD contaminated VASO images
with blood nulling are acquired interleaved with purely BOLD weighted control images
(without blood nulling).

Extravascular BOLD contaminations are assessed and eliminated by dynamic division of
images obtained with and without blood nulling. By means of the division, the transverse
relaxation term cancels out, and the resulting signal is dependent on M, only (see section
3.1).

__TE __TE
TF T
, MGMe 2,GM MGMe 2,GM
S TE _TE TE TE (4-2)

T TF T TF
Maye "26M 4 Mge 20 + Mye “2v Mpar e “2par
N——
const.

However, this formulation does not consider the fact that there are different blood com-
partments with different baseline 7% values. Thus, it is extended here to a model that can
distinguish blood components with long and short 75 values corresponding to arterial
and venous vascular compartments.

Ty model to estimate ‘arterial’ and ‘venous’ CBV

In the present study, a model is developed to estimate whether blood volume changes
occur in the portion of blood volume with longer baseline 7%, which is denoted here by
‘arterial’ oxygenation values, or in the portion blood volume with shorter 75, which is
denoted here as ‘venous’ oxygenation. Since ‘arterial’ and ‘venous’ blood portions are
here considered based on their oxygenation level and not on anatomical structure, the
terms ‘arterial’ and 'venous’ are denoted in quotes. The separate consideration of ‘ar-
terial’ and ’venous’ CBV change based on their 75 can be regarded as distinguishing
between BOLD-specific and BOLD-nonspecific C BV changes [Chen and Pike, 2010b].

A comprehensive quantitative model of the algorithm to separate the ‘arterial’ and ’ve-
nous’ compartment of blood volume change is provided in the next section. Estimation
of venously oxygenated C'BV change can be intuitively understood as follows; with the
procedure of dynamic division, SS-SI VASO is sensitive to volume changes of the blood
component that is nulled in one condition (bn) and not nulled in the other condition
(nn). Hence, for very short TE, both ‘arterial’ and 'venous’ blood compartments are
nulled for the bn condition, but in the control condition, they both contribute to the
signal. Using a longer TE (e.g. TE > 30 ms), there is a difference in signal arising from
‘arterial’ and ’venous’ blood. For long TEs, ‘arterial’ blood will be nulled for the bn
condition, but not for the control condition - while ’venous’ blood will be nulled in both
conditions. In the blood nulled condition, 'venous’ CBV is nulled due to T3 selective
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nulling of the VASO contrast. In the control condition 'venous’ blood contributions will
be highly suppressed due to fast 75 relaxation and dephasing of signal from deoxygenated
blood ('venous’ T3 ~ 12 ms [Ivanov et al., 2013]). When the signal intensities of these
two images are divided, 'venous’ C'BV change does not result in functional VASO signal
change. ‘Arterial’ blood volume change, on the other hand, which is suppressed in the
bn condition only, can contribute to the functional contrast. Hence, SS-SI VASO reflects
the total C BV change at short T'E and arterial weighted C'BV changes at longer TE. A
comparison of these, almost simultaneously acquired contrasts can be used to estimate
'venous’ C'BV change.

Mathematical description of estimation of ACBYV,, in SS-SI VASO

As given above in Eq. 4.2, the SS-SI VASO signal incorporating ‘arterial’ and ‘venous’
CBYV can be expressed as:

_ TE
T*
Maye 26M
S~ — _TE ~ TE _TE (4-3)
T* T T*
Maye "26M 4 Mge 29 + Mye 20
1
B M, ,—TE (RS it GI\/I) M, —TE (RS B3 GM) .
1+ MG]\/Ie + MGMe

For simplicity, all magnetizations refer to z-magnetizations and are written in units of
My;ssue; therefore Moy = 1—CBYV. It can be assumed that the proton densities of tissue
and blood are very similar (0.89 vs. 0.87 ml water/ml tissue [Donahue et al., 2010]). Only
zeroth and first order terms are considered on all Taylor expansions. Equation 4.1 can
be simplified to:

M, _ x M, _ x
§— Ma TEAR; | MMv  TEAR; (4.4)
Moy Mgy
Hence,
AS = Sact — Srest = (45)
_ Maget 15 ARy, , Moo -7 AR;,,
MGM,act MGM,act
_MeiTE ARZ,Test . MeiTE AR:,rest
MGM,rest MGM,rest
with AR? ) = get— and AR} ey = 7e— — :
ajv 2,a/v ajv,actfres 2,a/v,act/rest 2,GM,act/rest

Even in veins during hypercapnia, the change in T between activation and rest (12 - 16
ms) is much smaller compared to T3 differences between ‘arterial” and ‘venous’ blood T
of 12 - 37 ms [Ivanov et al., 2013]. Therefore:

e TEAR aer=8rea) 1 = TE (AR} yoy — AR} yest) - (4.6)

v,act v,rest
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Since ‘arterial’ CBV is defined here by its T value to be fully oxygenated, there is no
BOLD effect in arteries (AR}, ,.s — AR} .t = 0) and Eq. 4.5 can be simplified to:

a,act

AS _ Ma,act _ Ma,rest €_TE AR: rest + Mv,act _ Mv,rest e_TE ART) rest (4 7)
MGM,act MG]M,?"est MGM,act MGM,rest

+ Mv,rest TE (AR*

— AR?
v,act
MGM,rest

v,rest) .

C1

C1 can be considered as a higher order term that comprises the intravascular BOLD

effect. According to the definition of AR:/v actrest above, it can be rewritten as:

Mv,rest

C) =
MGM,rest

TE :,act - jLk),rest - (R*G’M,act - REM,rest)} . (48)
Since ‘arterial’ blood has a longer 75 than GM, the first term of Eq. 4.7 is amplified
for longer T'E’s and the ‘arterial’ C' BV change is overestimated. Since ‘venous’ blood
has a significantly shorter 75 than GM, the second term of Eq. 4.7 is suppressed at
longer T'E's and the ‘venous’ C'BV change is underestimated. Using literature values for
‘arterial’, ‘venous’ and GM 7%, the T'E-dependence can be used to estimate the ‘arterial’
and ‘venous’ contributions to blood volume change according to:

AS(TE =0) — AS(TE') = (4.9)
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Assuming that the relative CBV is small compared to the relative GM volume (1 —
CBV =~ 1 ) and considering that any C'BV change is either ‘arterial’ or ‘venous’
(ACBV, + ACBV, = ACBV), Eq. 4.9 can be further simplified to:

AS(TE =0) - AS(TE') =  (4.10)
ACBV — {ACBVe—TE’AR;TeM =+ ACBVU [e_TE/AR:,rest _ e_TE/AR:;.’V‘Ea‘t} }_Cl —_
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Solved for ACBV,, Eq. 4.10 becomes:

ACBV, =

AS(TE =0) — AS(TE") — ACBV [1 _ o~ TE'AR

Ca

a,rest

_ / *
e TE'AR

v,rest —

— 7
eTE

AR}

a,rest

Cs

|+

(4.11)

By means of Eq. 4.11 and the literature values given in Tab. 4.1, the multi-exponential

154 Ty, 2.GM AR, AR; Cy Cs
[Ivanov [Ivanov [Donahue Eq. 4.5 Eq. 4.5 | Eq. 4.11 | Eq. 4.11
et al., 2013| | et al., 2013] | et al., 2010]

37.5 ms 12.2 ms 25.1 ms 131571 [ 421 571 | 017 -0.57

Table 4.1: Literature relaxation values of single components for separation of ‘arterial’
and ‘venous’ C BV change.

VASO data can be used to separate ‘venous’ and ‘arterial’ C BV changes. According to
Eq. 4.11, signal changes at two different T'Es are needed to calculate the ‘venous’ C BV
change. C is one order of magnitude smaller than Cy and C3, which is consistent with

CBV, Rz,v,act — R;,v,rest R;,GM act R;,GM rest i
|Kim and Ogawa, 2012| | |[Ivanov et al., 2013] [Donahue et al., 2010] | Eq. 4.7
70% of 5.5% (CBViot) = | —22.4s7! —0.77s7 1 -0.0098
3.85%

Table 4.2: Literature values for estimation of the intra-vascular BOLD C term.

the fact that at 7 T the intravascular BOLD effect is negligibly small (10% of the total
BOLD signal [Donahue et al., 2010][Martindale et al., 2008]). Here, C is used as a linear
parameter. Neglecting it can lead to an underestimation of the ‘venous’ C'BV change
by approximately 16% (e.g. resulting in ACBYV, = 6.1% instead of the true value of
ACBV, = 7.08%).

4.1.3 Methods
Image acquisition

SS-SI VASO was implemented on a Siemens MAGNETOM 7T scanner (Siemens Health-
care, Erlangen, Germany). For RF transmission and reception, a 24-channel receive
and circularly polarized single-channel transmit head coil (Nova Medical, Wilmington
MA, USA) was used. To circumvent the effects of inflow of fresh (uninverted) blood
magnetization into the microvasculature of the imaging slice, the inversion efficiency of
the VASO preparation pulse was reduced, so that the blood-nulling time of the VASO
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sequence was shorter than the arterial arrival time. More technical details and the per-
formance of this partial inversion pulse are discussed in section 4.3. Data were acquired
in five axial slices aligned along the calcarine sulcus with a two-dimensional single-shot
multi-GE EPI readout. Sequence parameters were: adjusted inversion efficiency & =
85%, partial Fourier factor = 5/8, Grappa factor 3, TE1/TE2/TE3/TI1/TI2/TR =
12/32/52/1000/2500/3000 ms. Depending on the participants’ brain size, the nominal
resolution was between 1.3 x 1.3 x 1.5 mm? and 1.5 x 1.5 x 1.5 mm?3. Maps of B; and
the static field amplitude By were acquired with a modified actual flip angle imaging
(MAFTI) [Boulant et al., 2009] method for each participant to ensure proper performance
of the inversion pulse used (data not shown).

For the purpose of estimating voxel-wise tissue composition independent of distortions,
further inversion recovery measurements with multiple 7'Is of 36,/200,/300,/1200/1500 ms
were performed with acquisition parameters otherwise identical to the functional scans.
Four additional experiments were conducted to measure C'BF' changes in ROIs of PBR
and NBR. To account for SAR- and Bj-constraints of PASL using a head coil at 7 T,
a TR-FOCI [Hurley et al., 2010| pulse was implemented in a FAIR-QUIPSSII [Kim,
1995|[Wong et al., 1998] sequence. Single-shot double-echo EPI readout was used for
image acquisition. Further sequence parameters were: nominal resolution = 3 x 3 x 3
mm?, TE1/TE2/TI1/TI2/TR = 8.2/19.4/700/1700/3000 ms. All procedures of this
study were approved by the ethics committee of the University of Leipzig. Informed
written consent was given by all volunteers.

In order to compare VASO results acquired in humans with results from monkeys at
higher resolutions, the same SS-SI VASO sequence used in the human experiments was
implemented on a monkey model. These comparisons help in distinguishing between
influences of methodology or experimental setup, and can provide additional insights
in the interpretation of the human results in the light of previous studies. Hence,
SS-SI VASO, as described above, was implemented on a 7 T vertical primate scanner
(Bruker Biospec 70/60v, Bruker Biospin GmbH, Ettlingen, Germany) and used in four
experiments (imaging the same monkey) employing the experimental setup described in
[Goense et al., 2010]. For further details of experimental hardware (e.g. magnet and
RF coils) and animal preparation (e.g. anesthesia and rotating ring stimulus presenta-
tion) please refer to [Goense et al., 2012|[Logothetis et al., 1999][Pfeuffer et al., 2004].
The adapted SS-SI VASO parameters were 0.63 x 0.75 x 3 mm?® nominal voxel size and
TE/TI1/TI2/TR = 7.8/785/2285/3000 ms. Experiments were approved by the local
authorities (Regierungsprasidium Baden-Wiirttemberg, Germany) and were in full com-
pliance with the guidelines of the European Community (EUVD 86/609/EEC) for the
care and use of laboratory animals.

Experimental setup

Three different 12 min visual stimulation paradigms (alternating 30 s rest vs. 30 s stim-
ulation) were used to investigate BOLD signal and C'BV changes in regions of PBR and
NBR in 17 healthy human volunteers (8 female, 21 to 32 years old). Two of the paradigms
consisted of a full-field flickering checkerboard (8 Hz) and a small circle flickering checker-

80



Chapter: 4. Applications: Negative BOLD response

board (8 Hz). The small flickering checkerboard paradigm [Wade and Rowland, 2010] was
chosen in this study because it induced stronger NBR in pilot experiments compared to
small ring stimulation paradigms [Pasley et al., 2007|[Shmuel et al., 2002][Shmuel et al.,
2006]. The full field stimulation paradigm was used for comparison of the same cortical
regions during different stimulations. For the sake of comparison with recently published
results in monkeys, a rotating ring checkerboard (rotation 27 /3 rad/s, switching rotation
direction every 1.5 - 6 s) was also presented [Goense et al., 2012|[Shmuel et al., 2006] (Fig.
4.1). Based on electrophysiology experiments in monkeys with similar stimuli [Shmuel
et al., 2006, it can be assumed that the stimuli used here induce a neural response that is
either predominantly excitatory or inhibitory, in regions of PBR and NBR, respectively.
However, at the level of individual neurons, both excitation and inhibition are taking
place in both NBR and PBR. The terms ‘excitatory’ and ‘inhibitory’ are thus used here
to describe the stimulation paradigms and their response with regard to their net re-
sponse within the considered brain regions analogous to earlier studies [Stefanovic et al.,
2004]. To control attention and visual fixation, participants performed a concurrent task
in which they responded to subtle color changes of a barely visible fixation point for the
duration of the experiments.

Data analysis

The data analysis procedure is graphically summarized in Fig. 4.1. Magnetic resonance
images were motion corrected using SPM8 (Welcome Department, University College
London, UK). Statistical analysis was done using FSL Feat (Version 5.98) [Worsley,
2001]. In order to estimate voxel-wise tissue composition independent of slice orienta-
tion and image distortions, data from multiple T'I experiments were used to generate
fractional volume maps of GM, WM and CSF [Shin et al., 2010|. Assumed 7} values
were Ty war /Ti.am/Ti,csp = 1.1/1.9/4.0 s (Tab. 2.1). Functional ROIs were defined
based on the BOLD data as a cluster of voxels having z-values above 2.0 and a signifi-
cance level of p < 0.05 (automatically corrected for multiple comparisons in FSL based
upon GRF theory), after smoothing with a kernel size of 1 mm. All further analysis was
done in these ROIs defined from BOLD data meaning that the same ROIs were used for
analyzing BOLD and VASO data. Analysis was done on unsmoothed data with C++
algorithms using libraries of GSL [Galassi et al., 2009] and ODIN [Jochimsen and von
Mengershausen, 2004].

Surface detection

Variations of GM voxels T7 resulting from partial voluming of CSF and WM was used to
distinguish voxels containing GM and CSF (11 > T} ga) from voxels containing GM and
WM (T} < T1,gum) according to descriptions in section 3.1. This separation algorithm is
based on the assumption that at the resolution used, simultaneous partial voluming of
any voxel with both WM and CSF does not occur.

Because voxels with more CSF partial voluming also have a higher probability of con-
taining superficial cortical layers and pial vessels, these voxels are hereafter referred to
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Figure 4.1: Evaluation procedure for estimating BOLD and C' BV -related signal changes:
Multi-echo images with and without blood nulling are acquired during three
different stimulation paradigms. Time series of BOLD and BOLD corrected
VASO were used to define ROIs of PBR and NBR (using FSL). Signal changes
within these ROIs are considered with respect to PBR and NBR, with re-
spect to ‘arterial’ and ‘venous’ C'BV | and with respect to surface and deeper
cortical laminae.
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as surface GM voxels, in contrast to deeper GM voxels. The threshold of CSF partial
voluming to separate the two subsets within the functional ROIs is adjusted such that
the numbers of surface and deeper GM voxels are equal. This is done to avoid biases
across participants with different curvature. Considering a nominal voxel size of 1.3 - 1.5
mm, the voxel size is 70% - 80% of the cortical thickness of V1 of 1.8 + 0.2 mm [Jiang
et al., 2009]. This resolution is thus insufficient to resolve laminar features, but adequate
to estimate the influence of surface vasculature. Considering the laminar dependence of
total C BV at rest, surface voxels are assumed to have 12% higher baseline C BV than
deeper layers [Kennerley et al., 2005||Zhao et al., 2006] (see also discussion and Fig.
4.3D). Average baseline C BV within GM was assumed to be 5.5% [Lu et al., 2013].

4.1.4 Results of SS-SI VASO in negative BOLD regions
Stimulus setup

Using an eye tracker inside the MRI bore, small (1° — 1.5° of visual field) saccadic eye
movements were observed during each 12 min experiment. These saccadic movements
were slightly smaller than the central circles of the stimulation paradigms. When asked,
participants reported an after-image detectible for 2 - 10 s with the small flickering
stimulation paradigm and 20 - 30 s with the rotation ring stimulation paradigm.

Spatial activity maps

Significant positive BOLD and corresponding negative VASO signal changes were de-
tected for the rotating ring and small flickering stimulation paradigms in all participants.
For the rotating ring stimulation paradigm, in three of the 17 participants, significant
negative BOLD signal and positive VASO signal changes were detected in one hemisphere
only, most probably due to suboptimal positioning of the imaging slices. The ROIs of
activation and deactivation are remarkably similar in maps of BOLD and VASO signal
change; the retinotopic organization of visual cortex can clearly be identified in the sta-
tistical activation maps (Fig. 4.2). The GM voxels identified as significantly modulated
by the three tasks contained average volume distributions of 19% WM, 68% GM and
12% CSF.

The number of voxels in ROIs of NBR was significantly (p < 0.0001) smaller for
the rotating rings stimulation paradigm (average number of voxels 81) compared to the
small flickering checkerboard paradigm (average number of voxels 960) with resultantly

decreased SNR.

Surface and deeper laminae

Differences in cortical curvature within ROIs of PBR and NBR and differences in hemody-
namic response in different cortical areas can result in systematic errors when comparing
signal changes across activated and deactivated regions. To avoid such bias, positive
and negative responses were considered in the same ROIs, but for different stimulation
paradigms. Positive (excitatory) and negative (inhibitory) responses refer to full-field
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Figure 4.2: Statistical z-score activation maps of the VASO and BOLD responses to three
different stimulation paradigms in four participants: ROIs of positive and
negative signal changes were consistent across participants. ROIs suggesting
activation and deactivation were almost identical in VASO and BOLD signal,
across participants.
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and small flickering checkerboard stimulation, respectively. Positive GE BOLD signal
change was largely dominated by surface GM voxels. C'BV on the other hand did not
show this pattern and was not significantly different between surface and deeper GM
voxels (Fig. 4.3A). During inhibitory tasks, NBR amplitude was larger (p < 0.05) in
deeper laminae (Fig. 4.3B), as observed previously [Boorman et al., 2010|[Goense et al.,
2012]. Vasoconstriction during inhibitory tasks is highly dominated by surface GM voxels
(p < 0.001) (CBV change in Fig. 4.3B). Regarding the sensitivity to surface vessels and
deeper laminae, the change of CBV,, has a clear signature. The relative ‘venous’ con-
tribution is significantly (p < 0.001) higher in deeper GM voxels without larger vessels
(40%) compared to the surface GM voxels containing such vessels (19%) (Fig. 4.3C).

Time course analysis

VASO-CBV and BOLD signal time courses during the small flickering checkerboard
stimulation paradigm are shown for ROIs with PBR and NBR in Figs. 4.4A and 4.4B,
respectively. The time at which the BOLD signal crosses the baseline after stimulus
cessation in ROIs of NBR (2.9 s &+ 1.7 s) is significantly (p < 0.001) earlier compared to
that of PBR ROIs (7.6 s & 2.8 s) - consistent with previous observations [Goense et al.,
2012|[Kennerley et al., 2012b][Shmuel et al., 2006]. When the mean signal is averaged
across each respective ROI, both BOLD signal and C BV changes have the same sign in
ROIs with NBR as compared to ROIs with PBR. The mean amplitude of both C BV
change and BOLD response in ROIs of NBR is (35 & 5)% of the amplitude of the ROIs
of PBR, suggesting a conserved neurovascular coupling for both cases.

‘Arterial’ and ‘venous’ CBV

To avoid any bias of unexpected and potentially different vascularization in different parts
of the visual cortex [Weber et al., 2008|, ‘arterial” and ‘venous’ blood volume changes
(ACBYV,,) are considered in one part of the cortex only, namely in ROIs that show
NBR in response to the small circle flickering checkerboard visual stimulation. These
GM voxels are considered during excitatory tasks (full-field stimulation) and inhibitory
tasks (small circle stimulation). During the excitatory task, the total CBV change,
ACBViot, of (23.7 £ 2.2)% is composed of (16.6 £ 1.6)% ‘arterial’ ACBV, and (7.1 £
2.4)% ‘venous’ AC BV,,. Therefore, the relative composition of AC BV, is 71% ‘arterial’
ACBYV, and 29% ‘venous’ ACBYV,,. ‘Arterial’ C BV, has a faster response and a faster
post-stimulus baseline crossing, compared to the ‘venous’ C BV, response (Fig. 4.5B), as
observed previously in animals [Kennerley et al., 2012b||Kim and Kim, 2011]|Zong et al.,
2012]. ‘Venous’ ACBYV,, contribution appears negligibly small compared to ACBV,
(Fig. 4.5C) during the inhibitory task, as AC' BV, is not significantly different from zero.

CBF

ASL-FAIR experiments provide a sufficiently high SNR to estimate C'BF changes in
ROIs of PBR and NBR at 7 T (Fig. 4.6B). CBF time courses show similar dynamics
compared to BOLD signal or ‘arterial’ C'BV,. There is a significant C BF' increase in
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Figure 4.3: Laminar-dependence of BOLD and VASO signals: Negative responses re-
fer to ROIs with NBR during the small flickering checkerboard stimulation
paradigm. (A) For the excitatory task, GE BOLD signal was significantly
dominated by signal from the cortical surface, compared to deeper gray mat-
ter. The VASO signal, on the other hand, did not exhibit this surface dom-
inance. (B) The BOLD signal lost its surface dominance for the inhibitory
task and its signal change was significantly smaller at the surface compared
to deeper layers. The VASO signal change was significantly dominated by
signal from the surface vessels. (C) In voxels without surface vessels, the
amount of ‘arterial’ ACBV is only 63%. (D) Discussion of the effect, when
CBV,¢s distribution is assumed to be different in surface and deeper voxels.
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Figure 4.4: CBV and BOLD time courses in ROIs of PBR and NBR for the stimula-
tion paradigm using the small flickering checkerboard: Post-stimulus baseline
crossing was significantly faster in ROIs of NBR compared to ROIs of PBR
for both C'BV and BOLD signal changes.

ROIs with PBR and a significant C BF' decrease in ROIs with NBR, as observed earlier
in humans |Pasley et al., 2007|[Shmuel et al., 2002||Stefanovic et al., 2004].

Rotating ring stimulation

The time courses in Fig. 4.7 refer to the ROIs with NBR during the rotating ring stim-
ulation paradigm. Activation and deactivation refer to full-field flickering checkerboard
and ring stimulation within these ROIs. Despite the smaller functional CNR in the ring
paradigm, the same temporal features of positive and negative responses can be seen, i.e.
faster post-stimulus baseline crossing as well as the laminar-dependent characteristics in
CBYV and BOLD signal changes. Aside from the different amplitudes of the time courses,
there is no significant difference between surface and deeper GM voxels.

Monkey experiments

Positive and negative BOLD responses during a rotating ring stimulation paradigm could
be detected with SS-SI VASO in monkey brain (Fig. 4.8). In the depicted sagittal slice,
regions of NBR correspond to the ring of gray background, and regions of PBR correspond
to the outer checkerboard ring. Maps of BOLD corrected VASO signal change indicate
increase in CBYV in regions of NBR, consistent with earlier experiments in monkeys
[Goense et al., 2012] but in contrast to the human results in this study (Fig. 4.2).
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Figure 4.5: The ‘arterial’ and ‘venous’ composition of C BV changes: (A) VASO time
courses for different T'Es during full field flickering checkerboard stimulation.
With longer TEs (T'E > 12 ms, black and gray), the BOLD corrected VASO
signal change increases. Signal changes with shorter T'E reflect both, ‘venous’
and ‘arterial’ C BV change. Signal changes with longer T'F captures ‘arterial’
CBYV change only. It can be seen that the signal change with shorter T'F has a
significantly faster response compared to longer TE time courses, indicating
a faster ‘arterial’ response compared to the ‘venous’ one. Time courses of
total, ‘arterial’ and ‘venous’ C BV during an excitatory task are depicted in
(B). ‘Venous’ C'BYV,, is significantly smaller than ‘arterial’ C BV, and shows a
delayed response. ‘Arterial’ C BV, shows a distinct post-stimulus undershoot.
Time courses of total, ‘arterial’ and ‘venous’ C'BV during an inhibitory task
(small flickering checkerboard) are depicted in (C). Again, change in total
C BV, are dominated by the ‘arterial’ component. D) depicts a summary of
blood volume changes during excitatory and inhibitory tasks.
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Figure 4.6: C' BF in response to the small flickering checkerboard stimulation paradigm:
(A) depicts the baseline perfusion weighted image of one of the participants.
(B) depicts the statistical C BF' activation map indicating a C'BF' increase
and CBF decrease in regions of PBR and NBR in the same participant. (C)
depicts the CBF' time courses in ROIs of PBR and NBR averaged over four
participants.
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Figure 4.7: Time courses of VASO-C' BV and BOLD signal during the rotating ring stimu-
lation task: Time courses are shown for surface and deeper GM voxels within
these ROIs. During the excitatory task, the BOLD signal change is dom-
inated by surface voxels, while AC' BV shows comparable time courses in
surface and deeper laminae. During the inhibitory rotating ring stimulation
paradigm, ACBV and BOLD signal time courses have a faster post-stimulus
baseline crossing. For this task, BOLD signal loses its surface dominance and
the ACBV seems to predominantly occur in the surface voxels.
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Figure 4.8: SS-SI VASO functional activation in an anesthetized monkey acquired for
comparison between the results obtained in humans and monkeys: The panels
show the BOLD and VASO signal change in a sagittal slice through macaque
striate cortex. The ROIs of PBR showed a VASO signal decrease. Green
arrows point to the regions processing the rotating checkerboard pattern.
NBR in areas processing the ring of gray background, (3° — 9°, middle part
of ROI) and PBR regions correspond to the checkerboard ring (9° — 11°).
ROIs of NBR show a small VASO signal decrease, indicating vasodilation
consistent with previous studies.
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4.1.5 Discussion

The data presented in this study suggest that the effects of specific vasculature compart-
ments on the BOLD signal changes can be investigated during excitatory and inhibitory
tasks noninvasively in humans at 7 T. With the relatively high SNR of the SS-SI VASO
method used here, the spatiotemporal characteristics of the interplay between BOLD
responses and vasculature could be identified, such as differences in time courses and
signal origin from different vascular compartments. Even though the voxel volume in
FAIR experiments (3 x 3 x 3 mm?) was eight times larger than that used with SS-SI
VASO (< 1.5 x 1.5 x 1.5 mm?), the CNR of the functional CBV was still larger than
the CNR of the functional C' BF. This suggests that SS-SI VASO can be a useful tool in
obtaining high SNR non-BOLD hemodynamic responses at high fields, especially with
limited RF coil infrastructure available at 7 T. Given that the voxel size in this study

1mm

> arteries <" cappilaries ==~ veins

Figure 4.9: Assumed cortical vasculature distribution for the surface voxels and deeper
voxels for the interpretation of the presented results. The depicted schematic
vessel geometry is drawn based on optical studies a brain vascularization
[Duvernoy et al., 1981|[Weber et al., 2008]|.

was comparable to the cortical thickness (approx. 72%), surface GM voxels are likely
to contain larger superficial arteries and veins as well as microvasculature of the middle
and upper layers. Deeper GM voxels will contain microvasculature of the cortical tissue
without influence from larger superficial vessels as schematically depicted in Fig. 4.9
[Duvernoy et al., 1981]|Weber et al., 2008|. The additional separation into ‘arterial’ and
‘venous’ C BV provides indications which type of vessels are responsible for the detected
signal changes, arteries or veins.

The larger positive BOLD response at the surface (Fig. 4.3A) results most probably
from the typical accumulation of blood oxygenation changes at the cortical surface, where
the ‘venous’ blood leaves the cortex, and from the well-established GE BOLD sensitivity
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to larger veins [Kim and Ogawa, 2012|. The fact that VASO contrast is independent
of whether the GM voxels contain larger surface vessels (Fig. 4.3A) suggests that its
contrast has higher specificity to the microvasculature, similar to other C' BV -sensitive
modalities [Jin and Kim, 2008al[Jin and Kim, 2008b|. The same was also seen in high-
resolution (500 x 500 mm?) data obtained in macaques in the current study (data not
shown). Figure 4.3C shows a relatively larger proportion of ‘arterial’ C BV change in
surface GM voxels compared to deeper GM voxels, while the ‘venous’ contribution to
the total C'BV change occurs predominantly in deeper tissue voxels. This is consistent
with the fact that the contribution of larger veins at the surface is small compared to the
overall CBV change, dominated by arterioles and capillaries [Hillman et al., 2007]|[Lee
et al., 2001]. The larger arterioles close to the cortical surface, on the other hand, can
contribute to the CBV change, in addition to the smaller arterioles and capillaries.

The interpretation of the results for inhibitory tasks (Fig. 4.3B and 4.5D) is less obvi-
ous. Negative BOLD contrast shows smaller signal changes in surface voxels containing
large superficial veins, and vasoconstriction is greatest in larger superficial arteries. The
loss of surface dominance in the negative BOLD response can partly arise from contami-
nation of pial vessels draining adjacent excited regions and passing though surface voxels
of deactivated regions. This effect can explain artifactual BOLD signal changes up to
about 3 mm away from the activated region [Turner, 2002|. Independently, it might
also result from different underlying layer-dependent inhibition compared to excitation.
The different laminar dependence might be also associated with an altered interplay of
responses in different compartments of the vascular tree.

There are several indications in the CBV data that suggest altered dynamics within
the different vascular compartments during inhibitory tasks as compared to excitatory
tasks. Firstly, during inhibitory tasks the C BV change is dominant in surface GM voxels
(Figs. 4.3B and 4.7). This is in contrast to the excitatory case, where the C BV change
is similar within surface and deeper GM voxels. Secondly, data shown in Figs. 4.5C and
4.5D suggest that the corresponding CBV decrease comes only from fully oxygenated
arterial vessels, and not from the less oxygenated microvasculature and venules. Lastly,
the faster C'BV return to baseline after inhibitory stimulation is a further indication that
the CBYV decrease for the inhibitory task has an arterial origin.

If the neurovascular coupling were the same during excitatory and inhibitory tasks,
it leads one to expect the same hemodynamic control mechanisms and the same inter-
play between the different vascular compartments. However, the different spatiotempo-
ral hemodynamic response and different interaction of vascular compartments suggest
differing neurovascular coupling during excitatory and inhibitory tasks. This might be
associated with hemodynamic control mechanisms discussed in the literature [Bandettini,
2012]|Goense et al., 2012|[Shmuel et al., 2006].

It must be noted that VASO is a methodology only proportional to CBV change. In
order to estimate the relative C'BV change from the VASO signal change, a value of
CBV,est needs to be assumed (usually 5.5%) [Lu et al., 2013|. Although microvascular
CBV,es is relatively homogeneously distributed across layers [Kim et al., 2013|[Weber
et al., 2008], when macro-vasculature is also included, the total C BV, s was found to be
largest at the cortical surface, decreasing with cortical depth [Kennerley et al., 2005|[Zhao
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et al., 2006]. Higher C BV, at the cortical surface is associated with a smaller relative
ACBYV for the same VASO signal change. Figure 4.3D depicts the reduction in the
calculated ACBYV in the surface voxels when the high macro-vasculature CBV,es in
surface layers taken into account.

Limitations in separation of ‘arterial’ and ‘venous’ C' BV change

Given the complexity of the vascular architecture, it is necessary to discuss the impli-
cations of the nonlinear arterio-venous separation model. Aside from the assumed 77
values, the model does not rely on assumptions regarding the vascular dynamics, interac-
tion of vascular compartments, or spatial distribution of the vasculature within the MR
images. Hence, it is expected to work across voxels with various vascular architectures
and contributions of vascular compartments.

For every activation state (time point) four images are required (double-echo images
without blood nulling and double-echo images with selective blood nulling) to calculate
the ‘arterial’ and ‘venous’ C'BV change. Hence, the method requires a relatively high
temporal resolution of the BOLD and VASO signals. Linear interpolation between the
consecutive image acquisitions and the short interval of 1.5 s (T2 - T'I1) used in this
study enables the estimation of ‘arterial’ and ‘venous’ C'BV time courses even during
the transition periods between rest and activation.

‘Arterial’ and ‘venous’ blood are defined here based on their relaxation times and thus on
their oxygenation level, and not by their anatomical architecture. Therefore, oxygenation-
level defined compartments do not necessarily coincide with anatomically defined com-
partments. Oxygen saturation is highest in large arteries, decreasing downstream to
arterioles and capillaries |Yaseen et al., 2011]. Within the venules and veins, the oxygen
saturation is nearly constant, independent of vessel size [Yaseen et al., 2011]. In fact,
the largest drop in oxygen saturation appears to occur within the arterioles. Therefore,
changes in ‘venous’ (65%-oxygenated) C'BV, estimated in the proposed model, might
arise to a small part from these arterioles as well as from capillaries, venules and veins.
In arteries and arterioles during stimulation, the majority of the total C'BV change
occurs almost entirely due to an increase in the amount of fully oxygenated blood [Ken-
nerley et al., 2012a]. The C'BV changes in post-arterial compartments, however, are
likely to mostly contain ‘venous’ C'BV. Since the model is based on T35 of two prede-
fined oxygenation levels of arteries (Y = (98.4 & 0.7)%) and veins (Y = (64 + 6)%) [Lu
et al., 2008]||Wehrli et al., 2014|, any oxygenation level in between these values is treated
from the model as a superposition of a fraction of fully oxygenated arterial blood and
a fraction of 64% oxygenated ‘venous’ blood. Intravascular changes of T5 can alter the
sensitivity of the separation method of ‘arterial’ and ‘venous’ C'BV. During a hypercap-
nia challenge, the ‘venous’ oxygenation changes from (64 + 6)% to (72 + 6)% with a
corresponding T change of 4 ms (intravascular BOLD effect) [Ivanov et al., 2013|. The
variations in T3 during stimulation are expected to be of the same order of magnitude
(section 3.1). This intravascular BOLD contamination suggests that between activation
and rest, the method of separation of ‘arterial’ and ‘venous’ changes its sensitivity in
each compartment. Since the stimulus-induced 75 change of 4 ms is much smaller than
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the Ty difference between ‘arterial’ and ‘venous’ CBV (37 ms and 12 ms [Ivanov et al.,
2013]), this contamination is believed to be negligible. This contamination is estimated
and corrected for, using the variable C (see theory paragraph of this section).
Uncertainties in the literature values of arterial and venous oxygen saturation can affect
the arterio-venous separation model. Arterial and venous oxygen saturation variations
are (98.4 + 0.7)% and (64 + 6)% (mean + standard deviation across participants) [Lu
et al., 2008|[Wehrli et al., 2014] with corresponding uncertainties in 75 of 4+ 2 ms [Ivanov
et al., 2013|. These variations come from participants dependent oxygen partial pressures
[Gray and Steadman, 1964|. The corresponding uncertainty of ‘arterial’ and ‘venous’
CBYV in individual participants, estimated at about 15%, is smaller than the inherent
noise level of the estimation of arterial and venous C' BV changes of 34% (see uncertainty
of ACBV,, of (7.1 £ 2.4)% in the result section of this study). The inter-subject variation
of venous baseline oxygen saturation values would thus result in an additional uncertainty
of AC' BV, estimations of 1.0% that is, ACBYV, = 7.1 + 2.4 (data noise) + 1.0 (biological
oxygenation variations)%. In this study the analysis was performed by averaging across
participants, thus neglecting individual variations in venous oxygenation level.

The sensitivity of the separation method is significantly smaller than the sensitivity of
VASO. The estimation of ‘arterial’ and ‘venous’ C'BV is based on the VASO signal
changes as a function of TE (Fig. 4.5A). Considering the small size of it and comparing
it to the size of absolute VASO signal change, it suggests that the sensitivity of the sepa-
ration method is about one twelfth of the sensitivity of VASO contrast and one twentieth
of the sensitivity of BOLD contrast. Estimation of ‘arterial’ and ‘venous’ C' BV changes
has not been done on a basis of individual participants but across all participants, which
has several implications regarding its limitations. (A) Inter-subject variation is not con-
sidered. (B) The interplay between ‘arterial’ and ‘venous’ oxygenation and blood volume
can only be investigated in predefined ROIs in addition to other imaging contrasts, and
not as an independent method. (C) Due to the nonlinearity of the model, it has no
distributive property (average(model(z;)) # model(average(x;))), therefore the result is
dependent on the point of averaging in the evaluation chain. Due to the nonlinear sig-
nal transformation of the model, the nonlinear transformation of the substantial noise
level and the corresponding noise amplification in data of individual participants could
render the respective analysis impossible. However, since the changes in 73 are small
compared to their absolute values (see also method section of this study), the results of
this study can be considered to be in the linear regime of the nonlinear model. Hence,
prior averaging with subsequent application of the model is appropriate.

Comparison with earlier studies

Arterial and venous blood volume dynamics There are a number of studies investi-
gating the relationship between arterial and venous vasculature measured with various
MR and non-MR modalities. In most of these studies, as listed below, there is consensus
that the arterial contribution to the C'BV change is much larger than the venous C BV
contribution. For example, relative venous contributions of 34% were measured with
2D OIS in rat somatosensory cortex [Berwick et al., 2005], 30% with perfluorocarbon
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MRS during hypercapnic perturbation [Lee et al., 2001], and 0 - 12% with two-photon
microscopy in mouse somatosensory cortex [Hillman et al., 2007||Takano et al., 2006].
Comparing iron-oxide-based MR contrast agent and C BV,-sensitive MRI methods [Kim
and Kim, 2005, the arterial C BV change was shown to account almost alone for the
total CBV change [Kim et al., 2007] with increasing venous contribution only for long
stimulus durations [Kim and Kim, 2011]. Noninvasive human studies, using oxygen as
an MR contrast agent, have shown that venous C'BV can apparently even decrease in
activated brain regions [Blockley et al., 2011]. This contradicts comparisons of C'BV
measured with VASO and C'BV,, measured with venous refocusing for volume estimation
(VERVE) [Stefanovic and Pike, 2005| showing a C'BYV, contribution of 25% [Cohalan
et al., 2009]. In summary, the relative ‘venous’ contribution of 29% measured in this
study lies within the previously reported range of values given in the literature.

With respect to the temporal dynamics of the C BV response, delayed recovery of ‘ve-
nous’ C'BV,, is often proposed to explain the delayed return to baseline after stimulus
cessation [Buxton, 2010]|Kim and Kim, 2011], in agreement with the Balloon or Wind-
kessel model [Buxton et al., 1998||Mandeville et al., 1999]. The slow return to baseline
of ‘venous’ CBV (Fig. 4.5B) in the present study, while ‘arterial’ C BV and CBF time
courses show faster returns to baseline (Figs. 4.5B and 4.6C) is consistent with venous
balloon effects. However, the two human studies investigating C'BV,, dynamics failed to
report a delayed venous return to baseline [Blockley et al., 2011][Stefanovic and Pike,
2005]. The significantly slower post-stimulus return to baseline of ‘venous’ C' BV shown
in this study has been seen only in animal studies so far [Kim and Kim, 2011|[Mandeville
et al., 1999|.

CBVchange in ROIs of NBR The occurrence of vascular constriction with nega-
tive BOLD response is consistent with the majority of animal studies [Boorman et al.,
2010]|[Harel et al., 2002][Kennerley et al., 2012b|. The fast temporal C BV response shown
in Figs. 4.4A and 4.7 in ROIs with NBR is consistent with findings in rats [Boorman
et al., 2010]|Kennerley et al., 2012b|. By contrast, [Harel et al., 2002| report a signifi-
cantly slower C'BV response in ROIs of NBR than in ROIs of PBR.

Since the vascular response underlying NBR can vary across various brain regions [Bohraus
et al., 2013] and stimulation paradigms, it could be misleading to directly compare
the neurovascular results of this study with studies investigating other cortical regions,
for example, extrastriate [Harel et al., 2002], or somatosensory cortex [Boorman et al.,
2010]|Liu et al., 2011]|Pasley et al., 2007|[Stefanovic et al., 2004|. The most comparable
stimulation paradigm was used in visual experiments in monkeys [Goense et al., 2012].
Their results suggest a CBV increase in ROIs of NBR. The results of the present study
on humans, on the other hand, suggest a C BV decrease in these regions. The differences
could be due to: (A) Differences in imaging modalities such as BOLD contamination or
inflow effects in VASO could explain the conflicting results; (B) The discrepancy could
be a result of differences in the experimental setup.

Comparison of the SS-SI VASO in humans and monkeys allows distinction between these
possibilities. A representative map of BOLD- and VASO signal changes in a monkey scan
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is shown in Fig. 4.8. Throughout all four SS-SI VASO scans in the monkey, negative
VASO signal changes were seen in ROIs of NBR, indicating a C'BV increase in these
regions. This is consistent with results presented in [Goense et al., 2012|, but it contra-
dicts the results in humans presented here. Since the same MR sequence is used in both
experiments, it is hypothesized that the observed differences result from differences in
the experimental setup, such as poorer visual fixation in humans, differences due to the
additional task-related feedback in humans (since they are awake), or a smaller extent of
negative ROIs (species differences), differences in arterial blood pressure due to anesthe-
sia or due to differences in posture [Payne, 2006]|Raz et al., 2005], differences of attention
[Moradi et al., 2012], or differences in interstitial space and CSF dynamics during anes-
thesia [Xie et al., 2013] etc. Since the architecture of the cortical (micro) vasculature of
striate cortex is very similar in monkeys and humans [Keller et al., 2011|[Weber et al.,
2008|, different vascularization is not expected to be responsible for the afore-mentioned
differences observed in humans and monkeys.

Hypothetical mechanism underlying negative BOLD contrast The spatially extended
CBYV increase in regions of monkey V1 that show negative BOLD responses |[Goense
et al., 2012] has been discussed in the context of increased venous afterload and in-
creased venous back pressure |Bandettini, 2012||Goense et al., 2012|[Smirnakis et al.,
2007]. When the drainage of blood from ROIs of NBR is hampered due to increased
venous back pressure arising from surrounding excited regions, the passively controlled
vascular compartments can dilate for hydrodynamic reasons, independently of CBF de-
crease and vasoconstriction in the arterial compartments. This hypothetical mechanism
provides explanations for several features of the results presented. (A) Venous back pres-
sure can be understood as a local phenomenon. Since in monkeys the negative BOLD
ROIs have the same spatial scale as the cortical thickness (3 - 6 mm, see Fig. 4.8) the
venous back pressure could have a stronger effect as compared with humans, where the
negative BOLD ROIs are much larger in extent (10 - 30 mm, see Fig. 4.2) and neigh-
boring excited regions are much further away. (B) The venous back pressure can only
influence the passive downstream vascular compartments and not the actively controlled
arterioles close to the cortical surface. This is consistent with the observation that in
ROIs of NBR vasoconstriction is confined to fully oxygenated arteries (Figs. 4.5C and
4.5D) close to cortical surface (Figs. 4.3B and 4.7) and not in the more passively con-
trolled microvasculature in the tissue. Comparative fMRI studies between humans and
monkeys, for example, using hemi field visual stimulation or varying the size of the neg-
ative ROI, could help to investigate the validity and extent of the above hypothesis.
An additional hypothetical mechanism can be associated with the different amplitude of
fMRI response in human and monkey experiments. BOLD fMRI responses and neural
activity is smaller during anesthesia than in the alert condition [Goense and Logothetis,
2008][Martin et al., 2006]. Dependent on the extent of the stimulus (e.g. stimulation
frequency), the interplay of inhibitory and excitatory circuits could vary, resulting in
positive and negative fMRI response respectively |Logothetis et al., 2010]. Hence, the
different amounts of cortical input in the different conditions considered here may also

97



Chapter: 4. Applications: Negative BOLD response

cause very different hemodynamic responses.

Independently of the mismatching responses in different vasculature compartments, BOLD
signal can have an additional weighting mechanism between microvasculature and larger

surface vessels during excitation and inhibition. The relationship between T'E and Ty,

has a great influence on layer dependent BOLD signal [Koopmans et al., 2011]. Similarly,

the opposite signs of T3, change in excitatory and inhibitory tasks influence the TE -

T. Q*,b relationship and, therefore, can influence the sensitivity in surface and deeper layers.

4.1.6 Summary and conclusions

Here methods and models are developed to investigate simultaneously the spatiotem-
poral characteristics of BOLD contrast and vascular responses during excitatory and
inhibitory stimulation in humans. The observed responses were considered with regard
to their sources in surface vessels versus microvasculature, and vascular compartments
of arterially and venously oxygenated blood. By these means, features of the neurovas-
cular coupling accessible so far only in animal models could be investigated in humans.
The observed excitatory and inhibitory characteristics of C BV and BOLD contrast, to-
gether with their dependence on cortical depth and ‘arterial’ vs. ‘venous’ compartments,
are in good agreement with the animal literature. Even though the interplay of mean
CBV, CBF and BOLD signal changes is similar for neural excitatory and inhibitory
stimulation, some aspects of the neurovascular coupling are significantly different for the
two cases, such as the temporal response, cortical depth dependence, and the weighting
between ‘arterial’ and ‘venous’ contributions. Excitatory stimulation is associated with
increased CBYV responses in all vascular compartments, while inhibitory stimulation
evokes decreases in the hemodynamic response predominantly in the larger superficial
arterial vessels. These variations in the relationship between ‘arterial’ and ‘venous’ C BV
and BOLD changes suggest different underlying hemodynamic control mechanisms for
positive and negative BOLD responses.
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4.2 High resolution VASO?

Results in the previous section showed that SS-SI VASO can help in understanding
limitations of conventional BOLD fMRI, e.g. during the BOLD post-stimulus undershoot
and in the case of inhibitory stimuli - cases where the interpretation of BOLD signal to
have its origin in neuronal-driven metabolism changes or vascular plumbing artifacts
are problematic. Another severe limitation of BOLD fMRI aside of its interpretability
is its local specificity at high resolutions. This section describes a study with the aim
to investigate these specificity limitations with the goal to assess whether they can be
overcome by the application of SS-SI VASO.

In this section of the thesis, the challenges of high resolution fMRI are reviewed and
discussed with respect to technical innovations for improving the sensitivity of SS-SI
VASO to enable such high resolutions in the first place. Experimental results from
humans, rats, and monkeys are shown and discussed with respect to the local specificity
to laminar dependent neural activity.

4.2.1 Introduction into layer-dependent blood volume fMRI

In sub-millimeter spatial resolution, fMRI enables measurement of BOLD responses as a
function of cortical depth in human and animal brains. If layer-dependent differences in
neural metabolism could be inferred from high resolution fMRI responses, insight might
be provided for instance, on the question, how differences in afferent and efferent con-
nectivity affect processing in a given brain region. At these higher spatial resolutions,
the fMRI contrast is dominated by thermal noise [Triantafyllou et al., 2005] rather than
physiological noise, and therefore, it can fully benefit from the use of the very high avail-
able field strengths, such as 7 Tesla. Layer-dependent fMRI at high fields might therefore
enable a new level of brain research, with the potential not only to detect which brain
area is activated, but also how it is activated. For example, Trampel et al. investigated
the increased activity in primary motor cortex (M1) associated with motor imagery as
compared with an actual motion task, demonstrating that the layer dependence of the en-
suing activation differs strikingly for the two conditions |Trampel et al., 2012|. In another
example, layer-dependent fMRI was used to study the input characteristics of sensory
cortex, and thus to investigate the restructuring of brain connectivity consequent upon
denervation-induced plasticity [Yu et al., 2014]. In the visual system, layer-dependent
fMRI can help to address questions regarding the feedforward-feedback pathways during
excitatory and inhibitory stimuli [Goense et al., 2012]. The limiting factor of such in-
vestigations in the human brain is that the noninvasive high-sensitivity fMRI modalities
recording the effects of vascular changes are not only specific to the neural activity within
individual cortical layers but also sensitive to changes in blood parameters, such as oxy-
genation that propagate across the cortex. In particular, because GE BOLD signal also
arises from draining veins [Turner, 2002], it may be difficult to interpret the signal unam-
biguously in terms of spatially specific underlying neural activity. GE BOLD responses
are weighted towards the site of relatively large pial veins, which are draining the area of

2This section is summarized in the paper [Huber et al., 2015a].
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activated cortex [Polimeni et al., 2010][De Martino et al., 2013]. There is evidence from
animal studies, however, that relative C BV changes peak in deeper cortical layers, closer
to the site of metabolic activity changes [Goense et al., 2012]|[Kennerley et al., 2005]|Kim
et al., 2013]. While invasive contrast-agent-based C BV weighted fMRI methods have
yielded promising results in animal studies, a layer-dependent analysis of C'BV change
in humans has been precluded so far by the inherently low CNR of VASO and other
noninvasive C' BV -based fMRI methods.

Purpose of this study

In this study, a VASO-based fMRI approach is proposed that enables simultaneous non-
invasive acquisition of CBV and BOLD signal changes at high field (7 T) in human
motor cortex with sub-millimeter resolution. The cortical-depth dependence of CBV -
based VASO fMRI is compared in detail with BOLD fMRI. The VASO-C BV results
are validated in animal models using fMRI measures of C BV changes with established
iron-oxide-based contrast agents. To elucidate the local specificity of the different modal-
ities, VASO and iron-oxide-based fMRI data are compared with GE BOLD data, which
is affected by unwanted sensitivity to large translaminar blood vessels. The final goals
of this study are A) to assess whether C'BV-based fMRI in humans is sensitive enough
to distinguish small hemodynamic responses in tasks designed for investigation of input
and output cortical layers, and B) to investigate whether the proposed high-CNR CBV -
based fMRI method can overcome specificity limitations of GE BOLD and thus allow
quantitative noninvasive measurements of layer-dependent activity profiles to be used in
human fMRI.

4.2.2 Methods of layer-dependent VASO
Challenges for high-resolution fMRI

fMRI in human brain at conventional field strengths at submillimeter spatial resolution
suffers from inadequate CNR for the study of cortical layer dependence of brain ac-
tivity. Advanced imaging technologies are thus required. Early human laminar fMRI
results were typically acquired with higher in-plane resolution compared to the slice
thickness [Yacoub et al., 2008] and laminar profile analysis has relied on scanning flat,
relatively unsulcated GM regions with image slices orthogonal to the cortex [Ress et al.,
2007|[Koopmans et al., 2010]. The use of cortical surface analysis of fMRI data acquired
with isotropic resolution has helped to expand the application of layer-dependent fMRI
over larger areas of folded cortex [De Martino et al., 2013|[Koopmans et al., 2011]|Poli-
meni et al., 2010|[Siero et al., 2011][Siero et al., 2013][Trampel et al., 2012]. The present
study considers the ‘hand-knob’ region of human primary motor cortex, which has a
relatively simple and predictable folding pattern. For such a structure, it is feasible to
adopt the earlier strategy of using a slice thickness greater than the in-plane resolution,
with its consequent gain in CNR. This is appropriate for the use of VASO, which is a
technique for scanning a limited number of slices and has somewhat lower CNR compared
with BOLD. Another critical issue in high-resolution fMRI in humans is the broadening
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of the point spread function in the phase-encoding direction due to the often-required
longer duration of the acquisition window with respect to 75 decay, also referred to as
T blurring [Hetzer et al., 2011|[Kemper et al., 2014]. This problem can be circumvented
by the use of a small imaging matrix, which is made feasible by reducing the size of
the field of view or using a high parallel imaging acceleration factor. Since the spatial
extent of the ROIs of this study is on the same scale as the extent of the receive fields
of individual coil elements, high acceleration tends to result in a relatively high g-factor
penalty. Furthermore, because this study deals with relatively small predefined ROIs
in M1, large areal coverage is not required. Pilot experiments showed that the highest
tSNR was achieved using a selection of individual receiver coil elements in a surface-coil
like fashion, without additional acceleration. Therefore, in this study small field of views
are captured without parallel imaging acceleration.

Blood volume sensitivity in VASO and iron-oxide-based fMRI

Intravenous injection of paramagnetic intravascular contrast agents, such as iron oxide
nanoparticles, affects the extravascular water signal in proportion to the CBV |[Man-
deville, 2012]. The normalized iron-oxide-based signal can be written along Eq. 2.25
as:

S(d) _ efk(d)CBV7 (412)

S(d=0)

where C'BV is the relative blood volume per volume of tissue in units of ml/100ml, k(d)
is a function of contrast agent dose d, its susceptibility difference from the surroundings,
the echo time TE, and field strength [Kim et al., 2013|[Tropres et al., 2001]. In order
to avoid potential contamination by BOLD changes to the tissue susceptibility, S(d),
and S(d = 0) should refer to the same activation state (rest or activity). Functional
iron-oxide-based signal change can be written as:

AS e—k(d)CBVact i e_k(d)CBVTeﬁ AOBV

Srest e k(d)CBVrest CBVyest ’

with ACBV = CBVyet — CBV,est and assuming that k(d) < CBV,es. In contrast,
VASO signal change can be described as [Lu et al., 2013]:

(4.13)

AS  —ACBV
Srest - 1- CBV;"est

~ —ACBYV. (4.14)

Comparing Eqgs. 4.13 and 4.14 makes it clear that both iron-oxide-based and VASO
signal changes are linearly proportional to changes in CBV, with different normaliza-
tion factors. The normalization must be kept in mind, when considering brain areas
with inhomogeneous C'BV,..s: distributions, such as the different cortical layers in layer-
dependent fMRI analysis [Goense et al., 2007|[Weber et al., 2008]. When the baseline
CBYV distribution across cortical laminae is known, iron oxide signal changes can be used
to estimate absolute C'BV changes in units of ml per tissue in addition to the relative
C'BV change in units of percent [Kim and Kim, 2011].
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Measurement parameters

MRI data acquisitions were conducted in six healthy participants (3 females, age = 24-32
years). All procedures were approved by the ethics eommittee of the University of Leipzig.
Informed written consent was given by all volunteers. SS-SI-VASO was implemented
on a MAGNETOM 7 T scanner (Siemens Healthcare, Erlangen, Germany) equipped
with an SC72 gradient coil (Siemens Healthcare). For RF transmission and reception,
a single-channel-transmit /24-channel-receive head coil (Nova Medical, Wilmington, MA,
USA) was used. The positioning of the functional slices and flip-angle adjustment were
based on previously acquired whole-brain MP2RAGE T} maps [Marques et al., 2010] and
MAFT B1 maps |Boulant et al., 2009]. The image acquisition and evaluation pipeline is
summarized in Fig. 4.10. Functional BOLD and VASO data were acquired in five
axial slices aligned perpendicular to the participants’ M1 area, using a two-dimensional
single-shot EPI readout. Sequence parameters were as follows: TE/TI1/TI2/TR =
18,/1000,/2500/3000 ms, excitation flip angle 6 = 130° (see discussion of this section),
partial Fourier factor = 5/8, and a corresponding vendor-provided homodyne online
image reconstruction algorithm was used. In order to obtain a blood nulling time at 711
= 1000 ms, which is approximately 200 ms lower than the estimated arterial arrival time
in the sensorimotor cortex [Mildner et al., 2014], the inversion efficiency was adjusted
to be equal to 85%. This corresponds to a sensitivity decrease of approximately 31%.
The blood nulling time is calculated based on the assumed value of blood 77 = 2100 ms
|Zhang et al., 2013|, following earlier VASO studies at 7 T (sections 3.1 and 4.1). Nominal
in-plane resolution was 0.78 x 0.78 mm?. Since human M1 cortex has a thickness of
approximately 4 mm [Fischl and Dale, 2000], up to 5 voxels are evaluated for the layer-
dependency. The imaging matrix was 64 x 64 and the field of view was 50 mm. Effective
gradient parameters used during EPI were as follows: strength = 40 mT /m; slew rate =
198 T'/m/s. In all participants, k-space acquisition took less than 40 ms with a bandwidth
of 1132 Hz/pixel in read direction. Based on simulations assuming a tissue 75 of 28 ms
[Koopmans et al., 2008||Pfeuffer et al., 2004]|, the corresponding T5-blurring and PSF
broadening results in a signal leakage of 14% from one voxel into the neighboring voxels
along the phase-encoding direction. This blurring is not corrected for and results in
slightly coarser resolution than the nominal voxel size. Depending on the participants’
M1 curvature, the nominal slice thickness was 1.2 - 2 mm. In order to minimize aliasing
artifacts, phase oversampling between 0 and 15% was used depending on the individual
anatomy. In order to determine the border between GM and CSF independently of
distortions, 17 maps were calculated from additional inversion-recovery EPI acquisitions
with multiple inversion times (7'Is) of 36/200/300/1200/1500 ms, and with acquisition
parameters otherwise identical to the functional scans.

A 12-min unilateral finger-tapping stimulation paradigm (alternating 30-s rest vs. 30-
s tapping) was used to induce BOLD and VASO signal changes in the central sulcus.
The tapping consisted of pinch-like motion and touch with a self-paced frequency of
approximately 0.25 - 0.75 Hz. Two 12-min stimulation experiments were done in each
participant, one with tapping of right-hand fingers and one with tapping of left-hand
fingers.
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Figure 4.10: Acquisition and evaluation procedure to obtain layer-dependent VASO and
BOLD signal changes: EPI slice orientation is planned on previously ac-
quired anatomical T7-maps to position the imaging slices perpendicular to
the cortical surface of the motor cortex (A). Orthogonality is verified by
projecting the cortical surfaces onto adjacent slices (B). Cortical laminae
are calculated from IR-EPI Ti-maps in the regions where the slices are per-
pendicular to the cortex (C). Interleaved acquisition of VASO and BOLD
time series during a finger-tapping task (D,E) are motion corrected and
evaluated to obtain statistical activation maps of BOLD signal change and
BOLD-corrected VASO signal change (F).
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Data analysis

Signals from all receive channels were reconstructed separately, and the resulting tSNR
characteristics were evaluated. Channels with unstable signal or severe aliasing artifacts
(between 0 and 8) were excluded from the subsequent sum-of-squares combination (see
Fig. 4.11). The perpendicularity of the acquired slices with respect to the cortical surface
was quantified by comparing the CSF position in the central sulcus across adjacent slices.
The GM and CSF border of the middle slice was projected onto the adjacent slices. All
regions, where the displacement of the surfaces defined by the projected border between
adjacent slices was more than half of the voxel size were excluded from further analysis.
This orthogonality threshold corresponds to a slice tilting of approximately 15° from its
optimal perpendicular orientation. Due to incomplete blood nulling in outer slices, all
signal-change analyses were done on the middle slice only.

Because M1 has more than double the thickness of the primary somatosensory cortex
(S1), the slice orientation was optimized with respect to M1, and all data analyses were
focused on the anterior GM bank of the central sulcus. Signal changes in S1 and the
posterior side of the central sulcus were not included in the ROIs for quantitative analysis,
if not stated differently. Cortical laminae were calculated based on the equi-volume
approach [Waehnert et al., 2014], applied directly on EPI images, without the need for
distortion correction or registration to a high-resolution anatomical data set. Here, the
terms ‘cortical laminae’ and ‘layer-dependent’ refer to sets of voxels defined by the equi-
volume contouring method, and therefore do not directly refer to the cytoarchitectonically
defined cortical layers. However, it should be mentioned that the method used provides
highly realistic cortical contours (see [Waehnert et al., 2014]). In order to obtain robust
signal changes within these cortical laminae, signals were averaged over the last 15 s of the
tapping period, disregarding the transition period of the first 15 s. All MR images were
motion corrected using SPM8 (Wellcome Department, University College London, UK).
Statistical analysis was done using FSL FEAT (Version 5.98) [Worsley, 2001| without
spatial smoothing. In order to minimize bias from the layer-dependent noise distribution,
the z-score threshold in all depicted activation maps was kept well below the mean
detection threshold for activity in M1. Doing so, relatively noisy voxels in upper cortical
layers are not excluded from the analysis. Cortical profiles were calculated from the raw
(unthresholded) data.

Parameters of the animal experiments

The VASO-CBYV results acquired in humans were validated by comparing them with
well-established iron-oxide-based fMRI methods in animals at even higher spatial reso-
lutions. Thus, the same SS-SI-VASO sequence as used in the human experiments was
implemented in laboratories using iron-oxide-based fMRI in monkey or rat models. In
order to obtain results that are comparable and in compliance with earlier studies in
these laboratories, SS-SI-VASO experiments were conducted with the best-established
stimulus protocols on each site, that is, whisker stimulation in rats [Kennerley et al.,
2005] and visual stimulation in monkeys |Goense et al., 2010].
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Figure 4.11: In A), the slice of functional EPI acquisition is represented as the tilted
slice: In B) the anatomical scan of this slice is depicted. The field of view
of the EPI acquisition is outlined with the yellow square. The yellow arrow
denotes the phase encoding direction. The dashed region refers to 10%
phase oversampling. C) depicts the approximate placement of the 24 coil
elements. D) depicts the signal arising from each of the coil elements. The
coil elements with index numbers 0, 18, and 19 are placed very close to
the left sensory motor cortex. Coil elements with the index number of 4,
8, 13, and 14 are placed over the right occipital and temporal lobe and do
not contribute much to the SNR. The aliasing artifacts can become stronger
than the signal in the ROI of the hand nob (e.g. white arrow). Dependent
on the position of the aliasing artifacts, they can become intolerable and the
signal from the corresponding coils should be excluded from further analysis.
Green check marks and red crosses refer to coil elements that were included
and excluded from the analysis in this representative subject.
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Experiments in monkeys

SS-SI-VASO, as described above, was implemented on a 7 T vertical primate scanner
(Bruker Biospec 70/60v, Bruker Biospin, Ettlingen, Germany) employing the stimulation
setup described in earlier papers [Goense et al., 2012]. For further details of experimental
hardware (e.g. magnet and RF coils) and animal preparation (e.g. anesthesia) the
reader is referred to previously publishes studies [Goense et al., 2010][Logothetis et al.,
2001]|Pfeuffer et al., 2004]. Functional experiments with BOLD signal and iron oxide
contrast agent were acquired with a nominal resolution of 0.375 x 0.5 x 2 mm?, 8 GE
EPI acquisition segments, 15 slices, volume TR = 6 s, TE = 20/9.6 ms. Ferumoxytol
(Feraheme, AMAG Pharmaceuticals, Waltham, MA, USA) was injected at a dose of 8
mg/kg. The SS-SI-VASO parameters were TE/TI11/T12/TR = 7.8/785/2285/3000 ms
and 0.633 x 0.75 x 3 mm? nominal voxel size. VASO images were non-linearly registered
to the iron oxide and BOLD data using the software package MIPAV |Bazin et al., 2013|.
fMRI response in V1 was evoked by means of a rotating ring checkerboard presentation
(alternating 30-s rest vs. 30-s stimulation) [Goense et al., 2012]. Experiments were
approved by the local authorities (Regierungsprisidium Baden-Wiirttemberg, Germany)
and were in full compliance with the guidelines of the European Community (EUVD
86/609/EEC) for the care and use of laboratory animals.

Experiments in rats

SS-SI-VASO, as described above, was also implemented on a 7 T rodent scanner (Bruker
BioSpec, 70/30, Bruker Biospin) as reported in [Kennerley et al., 2013| employing the
experimental setup described in [Kennerley et al., 2012b|. In order to account for the
faster blood flow in rats as compared with primates |[Calamante et al., 1999|, a global
adiabatic 90° spin-reset pulse was played out before every TR, to control the steady-
state of the entire magnetization within the transmit coil [Lu, 2008]. The amplitude
and phase shape functions of this pulse were adapted from the TR-FOCI pulse class,
designed for use at 7 T [Hurley et al., 2010]. In order to convert this pulse from an
inversion pulse to a 90° saturation pulse, a 90° phase skip of the pulse amplitude was
introduced halfway through the pulse duration, resulting in an inversion efficiency of
50%. The TR time was set at 3200 ms, and a BOLD image was acquired 1100 ms after
global saturation. The inversion pulse was applied 400 ms thereafter, and the VASO
image was acquired at the blood nulling time 1030 ms after the inversion. TFE was
equal to 13.1 ms, while the nominal voxel size was 0.46 x 0.46 x 3 mm?, similarly to
the experimental methods described in section 3.2. The functional response in S1 was
induced by electrically stimulating the left whisker pad (alternating 86-s rest vs. 16-s
stimulation) [Kennerley et al., 2005]. Experiments with iron oxide contrast agent (MION
with dose of 9 mg/kg) were conducted with the same EPI acquisition parameters. All
aspects of these methods and their development were performed with UK Home Office
approval under the Animals (Scientific Procedures) Act 1986.
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4.2.3 Results of the layer-dependent VASO study

Statistical maps of the BOLD and VASO signal changes for all human subjects are
shown in Fig. 4.12. The corresponding cortical profiles are shown in Fig. 4.13. A
robust negative VASO signal change (indicating C'BV increase) was detected across
participants and across the ROIs. VASO z-scores are approximately 70% of those of the
BOLD signal. This shows that a physiologically meaningful quantity, such as ACBV,
can be measured noninvasively with VASO in humans at a laminar level with sensitivity
comparable to that of GE BOLD. Average relative signal changes across all cortical
laminae and participants in M1 are (4.3 = 0.7)% for BOLD contrast and (2.3 + 0.5)
ml/100ml for VASO, respectively.

Intracortical signal distribution

Figures 4.12 and 4.13 show highest BOLD activity at or outside the cortical surface, de-
creasing with cortical depth as expected [De Martino et al., 2013]|Goense et al., 2012||Kim
et al., 2013|[Polimeni et al., 2010]. VASO signal change, on the other hand, has its peak
1 -2 voxels (0.8 - 1.6 mm) deeper within GM. This position corresponds to the upper or
middle cortical lamina. This difference between VASO and BOLD signal was obtained
robustly across all participants (Fig. 4.12). Within GM, VASO signal change tends to
decrease in deeper layers similar to BOLD.

Time courses

The normalized time courses shown in Fig. 4.14 suggest relatively small lamina-dependent
differences in response dynamics compared to the absolute signal-change magnitude. In
the BOLD signal time courses at the cortical surface, a trend towards a stronger overshoot
after task onset is seen, and a stronger undershoot after task offset. The time course dur-
ing the post-stimulus undershoot is significantly different for surface laminae compared
to deeper cortical laminae (p < 0.05 after multiple-comparison correction across time
steps), but the time course differences do not reach statistical significance during the
overshoot period. The feature of stronger overshoot in superficial compared to deeper
laminae is more pronounced, however, in VASO time courses. In the period 12 - 21 s
after task onset, upper cortical laminae show significantly greater relative signal change
compared to the deeper cortical laminae (p < 0.05 after multiple-comparison correction
across time steps).

Functional response in the ipsilateral hemisphere

Imaging the left central sulcus during a left-hand finger-tapping task yielded statistically
significant signal changes. M1 shows a positive BOLD signal change and C BV increase,
while ipsilateral S1 shows a negative BOLD and C'BV decrease in all participants (Fig.
4.15). Average signal changes of ipsilateral BOLD and VASO responses were (1.4 +
0.5)% and (0.75 £ 0.2) ml/100ml respectively in M1 and (-0.7 £ 0.3)% and (-0.3 £ 0.1)
ml/100ml in S1, respectively. The mean negative responses in S1 are smaller not only
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Figure 4.12: z-scores of BOLD and VASO activations on the contralateral side in the
GM ROIs of M1: For easy visualization of the cortical surfaces, manually
drawn green lines are overlaid onto the maps. These green lines are drawn
to stress the different signal origin of VASO and BOLD signal and do not
necessarily indicate to the GM-CSF border. Across all participants, highest
BOLD signal is seen above the cortical surface (above the green reference
line). Inside GM, the BOLD signal decreases with cortical depth. VASO
signal activity, on the other hand, peaks inside GM and below the green
reference line. Inside GM, VASO signal decreases with cortical depth simi-
lar to BOLD. Indications of increased functional activity in deeper cortical
laminae are visible in some cases (black arrows). The reference image used
as a background corresponds to the tSNR map of the EPI fMRI time series.
Nominal in-plane resolution is 0.78 x 0.78 mm? and slice thickness is 1.2 - 2
mm.
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Figure 4.13: Averaged cortical profiles of BOLD and VASO in human M1: BOLD signal
change peaks at or above the cortical surface, while VASO peaks slightly
deeper and inside GM. The point of zero cortical depth is defined as the
border between GM and CSF. With the resolutions used in this study, this
borderline is usually not distinguishable from the voxels with maximal CSF
partial voluming. The z-axis refers to cortical depth in volume units normal-
ized to cortical thickness and in units of mm, respectively. Since the GM-
WM border is not very pronounced in M1, cortical thickness is taken from
the literature assumed to be 4 mm [Fischl and Dale, 2000] in all participants.
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Figure 4.14: Time courses for BOLD and VASO signal at different cortical depths are

depicted in panels A) and B). Compared to the amplitude of the total sig-
nal change, the differences in time courses for different cortical depths are
relatively small. There is a tendency of stronger BOLD signal overshoot
and undershoot at the cortical surface. An overshoot approximately 10 s
after stimulus onset is also clearly visible in VASO, while the post-stimulus
signal does not show a clear laminar signature. Cortical-depth-dependent
differences in signal time courses could potentially reflect: local differences
in neural activity, different neuro-vascular coupling, or different macrovas-
cular contributions for different cortical laminae. For the sake of clarity,
only three time courses are depicted corresponding to: cortical surface, mid-
dle cortical laminae, and deep cortical laminae. The respective ROIs are
depicted in panel C) for a representative subject
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in amplitude compared with M1, but also in spatial extent. This means that the signal
response averaged over a combined ROI across S1 would show a positive overall response
((0.19 £ 0.11) ml/100 ml for VASO and (0.15 4+ 0.16)% for BOLD), as seen in earlier
studies using coarser resolution or after spatial smoothing, where activated voxels contain
signal from both sides of the sulcus [Dettmers et al., 1995]||Shibuya et al., 2014|. Low
noise in the profiles and time courses and minimal point-to-point scatter is shown in Fig.
4.15B (cortical profiles) and Fig. 4.15C (time courses). This indicates that the relatively
small ipsilateral responses are highly robust, and implies that the averaged data are not
noise-dominated.
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Figure 4.15: Statistical activation maps of BOLD and VASO are showing the ipsilateral
responses, i.e., left M1 and S1 for tapping with the left hand are depicted in
A). M1 showed positive BOLD signal and C'BV increase, while S1 showed
negative BOLD and C'BV decrease in all participants. Z-scores are overlaid
on tSNR maps of the fMRI EPI-time series. B) depicts cortical profiles of
BOLD and VASO signal change in S1. On both sides of the central sulcus,
VASO signal change peaks in deeper cortical laminae compared to BOLD.
Despite presumable partial voluming of positive and negative responses in
the CSF region of the central sulcus, BOLD signal change shows a sharp
signal jump. C) depicts mean time courses of BOLD and VASO signal in
ROIs of M1 and S1 during right hand finger tapping and left hand finger
tapping. In order to avoid partial voluming between M1 and S1, the signal
from the upper laminae is excluded.
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Validation with animal results

The cortical profiles of BOLD and VASO signal change in rat S1 and monkey M1 are
highly consistent across the species (Fig. 4.16) and are also very similar to humans (Fig.
4.13). In all species, BOLD signal is highest at the cortical surface and has a variably
pronounced ‘shoulder’ in the middle cortical laminae (Fig. 4.13 and Fig. 4.16). The
VASO signal change peaks below the cortical surface across species and brain regions
with comparable signal changes in the upper and middle laminae. The corresponding
values of ACBV |ml/100ml| recorded with VASO in upper / middle laminae are 2.6 £ 0.4
/2.2 4+ 0.4 in human M1; 2.3 £ 0.3 / 2.0 £ 0.2 in monkey V1; and 1.2 £ 0.2 / 1.1 + 0.2
in rat S1. Cortical profiles of iron-oxide-based fMRI are comparable with VASO signal
profiles, but with small differences at the cortical surface, where VASO shows a trend
towards higher relative signal changes compared to those obtained with iron oxide. VASO
and iron-oxide-based fMRI have conceptually different contrast mechanisms, resulting in
different normalization of their CBV weightings (Eqgs. 2 and 3). Hence, the baseline
distribution of C'BV,.¢s needs to be taken into account when comparing and interpreting
differences between the two contrasts. Using Eq. 1, CBV,¢s can be estimated (Fig.
4.17A-C) and used to convert the cortical profiles of normalized relative CBV change
in units of CBV,¢s (Fig. 4.17D) to cortical profiles of absolute blood volume change
in units of ml/100ml. The resulting profiles (Fig. 4.17E) are strikingly similar for both
VASO and iron-oxide-based fMRI, suggesting that the underlying contrast mechanisms
have similar sensitivity to C'BV. Furthermore, the profiles can be seen to be remarkably
similar across species and brain regions (Fig. 4.17E). Cortical profiles of iron oxide C BV
change in units of %, which are shown in Fig. 4.17E, are highly consistent with the
results from previous studies in the respective animals [Goense et al., 2012|[Kennerley
et al., 2005].

4.2.4 Discussion of the layer-dependent results

It has been claimed that noninvasive C'BV-based fMRI could be used to map local
changes of neural activity in human brain with better specificity than GE BOLD [Ken-
nerley et al., 2005|[Zhao et al., 2006]. Previous low-resolution applications of VASO have
suggested that the signal is more confined to GM than the GE BOLD signal, which is
known to peak in voxels at the cortical surface (sections 3.1 and 4.1). In the current
study, these insights are taken one step further with sub-millimeter resolution fMRI, al-
lowing more specific layer-dependent analysis. The results presented here confirm that
the VASO signal change is less dominated by the surface vasculature compared to GE
BOLD signal, and represents functional tissue responses with less contamination by the
macrovasculature. The SNR limitations of sub-millimeter non-BOLD fMRI in humans,
which have, so far, hampered high-resolution comparisons of C'BV and BOLD signal
in humans, can be overcome with the intrinsically high CNR of SS-SI-VASO. The good
inter-subject and across-species reproducibility of the results suggest that the method is
highly robust. The slower VASO signal change in deeper cortical laminae and the stronger
overshoot in superficial laminae are consistent with previous laminar-dependent results
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Figure 4.16: Cortical profiles of relative signal changes of BOLD, VASO, iron-oxide-based

fMRI signal in monkey V1 and rat S1 are depicted in panels A) and C).
BOLD and VASO signal distribution across the cortex is remarkably similar
to human results (Fig. 4.13); BOLD signal peaks at the cortical surface
with a more or less pronounced ‘shoulder’ in middle cortical laminae, while
VASO shows a double peak distribution across species. Cortical profiles of
VASO and iron-oxide-based functional responses are the same within the
error of the measurements. However, a trend of higher VASO signal change
close to the cortical surface can be noticed. For best comparison of the
different contrasts, cortical profiles are scaled to the signal change in deeper
cortical layers. The values of the unscaled signals are given in the main text.
B) depicts monkey V1 (sagittal slice) and D) depicts rat S1 (coronal slice).
The statistical z-score activation maps of BOLD, VASO, and iron-oxide-
based signal correspond to cortical profiles depicted in panels A) and C).
They are overlaid on the raw EPI images. The z-axis refers to cortical depth
in volume units normalized to the cortical thickness. Cortical profiles of the
ultra-high resolution FLASH signal can be used to reveal the approximate
position of the cortical surface (peak) and layer IV (dip).
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Figure 4.17: Comparison of VASO and iron-oxide-based fMRI: Due to the inherently dif-
ferent normalization of VASO and iron-oxide-based fMRI (Egs. 2 and 3),
layer-dependent baseline C'BV,..s distribution must be considered. A-C) In
monkey V1 and rat S1, C'BV,..4 is highest at the cortical surface. In rat
S1, CBV,¢s decreases continuously with cortical depth, while in monkey
V1, CBV,¢s is more homogeneous in deeper laminae, and layer IV is vis-
ible. D) depicts the cortical profiles of normalized iron-oxide-based signal
change (ACBV /| CBV,est) of monkey V1 and rat S1 as in Figs. 4.16A and
4.16C. E) depicts the cortical profiles of C BV change in units of volume
change (not in units of baseline C'BV') in rat S1, monkey V1 and human
M1 acquired with multiple contrasts. Iron-oxide-based results without nor-
malization are obtained by the multiplication of profiles in panels A) and
D). VASO results do not have the inherent C'BV,.g-normalization of the
iron-oxide-based fMRI so the depicted profiles directly correspond to rela-
tive signal change as given in Figs. 4.13, 4.16A, and 4.16C. The profiles
are strikingly similar across imaging modalities and even species and brain
regions and residual differences are not significant with respect to the inter-
subject variation. For best comparison of the different species and contrasts,
cortical profiles are scaled to the signal change in deeper cortical layers. The
values of the unscaled C'BV changes are given in the main text.
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from studies with iron oxide contrast agents in cat V1 [Jin and Kim, 2008a]|Yacoub
et al., 2006]. The weaker relative post-activation undershoot in deeper cortical laminae
is not consistent with earlier studies in cat V1 [Jin and Kim, 2008a| and human V1
[Siero et al., 2013], which may be due to different interactions of actively and passively
controlled vasculature for different stimulus durations used in those studies.

Functional response in the ipsilateral hemisphere

Figure 4.15 shows that finger tapping surprisingly evokes a positive response in ipsi-
lateral M1, but a negative response in ipsilateral S1. The task response in ipsilateral
M1 has been found to be highly dependent on stimulus paradigm and strength. While
low-force (usually 5% of individual maximal voluntary contraction) has been shown to
evoke a negative BOLD response, and reductions in blood flow and metabolism in ipsi-
lateral sensorimotor ROIs [Dettmers et al., 1995|[Hamzei et al., 2002|[Stefanovic et al.,
2004, responses have been observed to become positive when stronger forces and more
demanding tasks are used |[Dettmers et al., 1995|[Shibuya et al., 2014]. Even though
the corticospinal tract is predominantly a crossed pathway, which suggests contralateral
M1 responses only, bilateral motor representations have been reported in several studies
[Cramer et al., 1999][Dettmers et al., 1995][Donchin et al., 2002]. Hence, the positive
ipsilateral response during unilateral motion seen in the present study could be inter-
preted as part of the bilateral motor representation. This requires further investigation.
Figure 4.15 showed that a unilateral sensory stimulation produces a robust negative ip-
silateral response in S1. This is consistent with the literature for humans [Mullinger
et al., 2014|[Schéfer et al., 2012] and animals [Boorman et al., 2010]. However, none of
the above-mentioned studies of ipsilateral sensorimotor activation had a sufficient reso-
lution to distinguish or exclude the separate contributions from S1 and M1. Thus, direct
comparisons with the results presented here (Fig. 4.15) could be misleading. It needs
to be mentioned that partial volume effects of macrovasculature draining or feeding the
opposing sides of the central sulcus can complicate layer-dependent interpretation of the
results in Fig. 4.15. For example, pial veins within the sulcus can drain both M1 and S1,
and hence their BOLD signal might reflect a mixture of activity in both areas. These
types of specificity limitations of BOLD signal changes, arising from large veins in the
sulcus, can make it difficult to interpret separately the corresponding BOLD signal from
opposite sides of the sulcus. The robust detection of relatively small layer-dependent
ipsilateral responses with VASO during a 12-min experiment suggests its applicability in
future studies, for example, those investigating the afferent-efferent characteristics of the
cortex.

Uncertainties in arterial and venous blood T}

It has been shown recently that the arterial blood T} is approximately 100 - 200 ms
longer than venous blood 77 [Grgac et al., 2012]|Rane and Gore, 2013]. When only one
value is assumed for both blood compartments, as in this study, the chosen T'I can differ
from the true blood nulling time by 35 - 70 ms. The corresponding incomplete blood
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nulling can result in an error in the VASO signal change of about 8% relative to the
total VASO signal change. This means that potentially different arterial and venous
blood compositions in different cortical laminae can be accompanied with small biases
in the VASO signal change. In a worst case, the measured CBV change of 2.3 + 0.5
ml/100ml in human M1 might have an additional source of uncertainty, to become 2.3 +
0.5 (inter-subject standard deviation) £ 0.17 (uncertainty in arterial and venous blood
T1) ml/100ml. Since the uncertainty in arterial and venous blood T} is considerably
smaller than inter-subject variation, the ensuing error is considered to be tolerable here,
and has no qualitative impact in the interpretation of the cortical profiles shown.

Potential artifacts of dynamic CSF volume change

Functional changes in the partial voluming of CSF and GM could affect VASO signal
and make direct interpretation of ACBV in VASO experiments more difficult [Donahue
et al., 2006||Jin and Kim, 2010][Piechnik et al., 2009]. CSF contamination in VASO could
mimic VASO signal change at the cortical surface and distort the corresponding cortical
profiles [Jin and Kim, 2010]. Here, the steady-state of CSF and GM magnetizations
was manipulated independently of T'R by increasing the nominal excitation pulse flip
angle. Based on simulations of GM steady-state z-magnetization and CSF steady-state
z-magnetization, a nominal flip angle of # = 130° was chosen. These simulations are
based on assumed T; values of 1.9 s and 4.0 s for GM and CSF, respectively. The
application of a flip angle of # = 130° results in an SNR penalty of 9% compared to the
application of the Ernst angle. This flip angle results in a BOLD-corrected VASO image
with almost no signal contrast between GM and CSF (see Fig. 4.10E), which is thus
insensitive to any functional volume redistribution of GM and CSF. In contrast with
the CSF-nulled ACDC VASO [Scouten and Constable, 2008] or VASO FLAIR [Donahue
et al., 2006] techniques, the VASO signal changes in this study reflect both components
of the C BV change - the C'BV increase that is compensated by a GM volume decrease
as well as the CBV increase that is compensated by CSF volume decrease - with the
same weighting. Additional discussions of potential CSF-volume change and its effect in
high resolution VASO results are carried out in section 5.4.

Comparison of VASO and iron-oxide-based fMRI in animals

VASO was applied in animals in order to validate its C'BV weighting Jin and Kim
compared the layer dependence of the VASO signal with that using an iron oxide contrast
agent [Jin and Kim, 2006][Jin and Kim, 2008b|. In order to minimize inflow of ‘fresh’
blood during the inversion time, VASO images had to be acquired 500 ms before the
blood nulling time, introducing a flow weighting as with ASL-FAIR experiments lacking
a control condition. In these studies, differences of relative signal change obtained with
VASO and iron oxides in upper cortical layers were interpreted to arise from inflow effects
and limited BOLD contamination [Jin and Kim, 2006]. Further quantitative studies were
needed to reveal the underlying C'BV sensitivity of VASO in comparison to iron-oxide-
based fMRI independent of such flow contaminations [Jin and Kim, 2008b]. Across
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GM regions and species, the general vascular layout of large vessels is broadly similar.
For example, larger arterioles or larger venules feed or drain the cortical laminae from
the surface [Duvernoy et al., 1981|. The microvessels are distributed inside GM across
the cortical layers. There are subtle and specific differences across cortical layers in
different brain areas [Duvernoy et al., 1981|. For all three stimulation tasks used here,
the major part of the neutrally driven energy consumption increase is not expected to
occur at the cortical surface at the site of large pial vasculature, but it is expected to
occur within the cortex, distributed across the cortical layers. Much of the energy use is
expected in middle cortical layers, corresponding to the thalamocortical input layer IV
in V1 and S1, and in M1 increased activity in thalamocortical and corticocortical input
layer V [Porter and Lemon, 2012| and in corticocortical input layer II/III [Yu et al.,
2014]. Because BOLD and VASO MRI data characterize lamina-dependent vascular
changes, the exact correspondence between neural activity changes and vascular changes
in individual cytoarchitecturally-defined cortical layers is still unknown. The resulting
cortical profiles of BOLD and VASO signal changes are rather expected to reflect the
neurally driven microvascular response in a particular cortical lamina combined with
the signal response of diving arteries and veins passing through that layer. Depending
on the MRI resolution, a given cortical lamina in the MRI data can contain multiple
anatomically defined cortical layers of different cytoarchitecture.

Vascular origin of BOLD, VASO and iron-oxide-based fMRI

The different cortical profile shapes of BOLD, VASO, and iron-oxide-based signal depend
partly on the influence of macrovascular contributions in the different modalities, so they
must be discussed with respect to expected underlying vascular features. A qualitative
schematic illustration of the expected vascular contributions in the respective methodolo-
gies is shown in Fig. 4.18. It is shown, how a certain layer-dependent response might be
transformed into the detectable laminar signal change of the corresponding modalities.
In order to discuss the different physiological point spread functions of BOLD, VASO
and iron-oxide-based fMRI, a double peak response is used here as reported earlier in rat
M1 [Yu et al., 2014]. This example is chosen for illustrative reasons because it clearly
visualizes different macrovascular contamination in upper and deeper cortical laminae.
The GE BOLD signal change at 7 T can be considered to be dominated by translaminar
diving venules and pial veins rather than by intralaminar capillaries [Uludag et al., 2009].
Hence, the majority of the BOLD signal reflects oxygenation changes in veins draining
multiple layers, making it difficult to break down the signal into layer-dependent activity.
The contribution of intralaminar capillary BOLD signal with layer-dependent specificity
is expected to be relatively low compared to macrovascular BOLD signal (upper row in
Fig. 4.18).

VASO fMRI is expected to capture C BV changes in small intralaminar arterioles [Tian
et al., 2010], and in capillaries to some extent [Stefanovic et al., 2008], but almost no
signal is expected to come from venules [Hillman et al., 2007]. Additionally, VASO fMRI
is expected to capture C' BV changes in larger translaminar diving arterioles [Tian et al.,
2010]. The diameter of these diving arterioles is larger in the upper cortical laminae and
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Figure 4.18: Schematic illustration of the investigated fMRI signals and their sensitivities

to micro- and macrovasculature: All three contrasts, BOLD signal, VASO
and iron-oxide-based fMRI are sensitive to both changes in microvasculature
and changes in macrovasculature, but with different weightings. The black
dashed regions refer to macrovasculature spreading across cortical layers,
and microvasculature confined to individual cortical layers, respectively. The
term AY refers to the changes in the blood oxygenation. The expected
sensitivity is considered in an example of enhanced activity in upper and
lower cortical layers. It reflects the corticocortical input response of rat M1
[Yu et al., 2014] for activity in M1 and is considered an illustrative example
only. BOLD signal change has a large contamination from large diving veins
and pial veins draining the activated layers. In VASO signal changes, the
CBYV change of feeding arteries supplying the activated layers introduces a
weighting of macrovasculature beyond the activated laminae. In iron-oxide-
based methods, the inherent normalization to total baseline C BV introduces
an inverse weighting of large vessels at and below the cortical surface.
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becomes smaller with increasing cortical depth [Duvernoy et al., 1981]. During func-
tional activity, their relative vessel diameter increase is homogeneous across the cortical
laminae |Tian et al., 2010]. This suggests that the absolute CBV change of those div-
ing arterioles is smallest in deep cortical laminae and somewhat larger in upper cortical
laminae. The ACBYV contribution from pial arteries, which visibly dilate in optical imag-
ing spectroscopy studies [Kennerley et al., 2012a| are also expected to contribute to the
global C'BV change. This macrovascular contribution could result in the highest VASO
signal change in upper cortical laminae (middle row in Fig. 4.18). In contrast to VASO
fMRI, the relative signal change recorded with iron oxide is inherently normalized to the
local baseline blood volume. This normalization introduces severe inverse macrovascular
weighting at the location of large translaminar arterial and venous vessels. Since the
macrovascular baseline CBV can vary up to a factor of five across measured laminae at
and below the cortical surface (see Fig. 4.17A or |Goense et al., 2007|[Kennerley et al.,
2005]|Kim et al., 2013]), the intralaminar microvasculature response in upper cortical
laminae appears suppressed in the resulting cortical profiles (Fig. 4.17D and bottom row
in Fig. 4.18). The large macrovascular contribution at the surface and the fact that
Fe-based C'BV-changes are usually reported in percent change tends to underestimate
the actual CBV change (ACBYV) at the surface. Thus the widely reported feature that
C BV -sensitive iron-oxide-based fMRI shows highest activity in deeper cortical layers
[Kim et al., 2013] at the site of thalamocortical input layers does not necessarily suggest
high local specificity, but might in fact be due to inverse macrovascular weighting in the
upper cortical laminae. Furthermore, in iron-oxide-based fMRI, the high baseline C BV
at the cortical surface can result in low MR signal intensity. If SNR at the surface is
limited, the corresponding layer-dependent detection threshold can be higher than the
signal change at the cortical surface |[Goense et al., 2012].

In summary, among the three investigated fMRI contrasts in this study, GE BOLD
contrast has the strongest relative macrovascular contamination. VASO and iron-oxide-
based fMRI also have macrovascular weighting or contamination from the upper cortical
laminae, but to a smaller extent than BOLD fMRI. Hence, those methods may not purely
reflect the microvascular features closest to the site of neural activity either. VASO has
been shown to have better specificity than GE BOLD; its layer-dependent cortical pro-
files, however, also can be considered to some extent as representing a microvascular
response on top of macrovascular contributions, but with a relatively larger microvascu-
lar contribution. Future quantitative models relying on the layer-dependent micro- and
macrovasculature distribution might be able to extend the above qualitative considera-
tions to a quantitative level [Gagnon et al., 2013|[Markuerkiaga et al., 2014].

Distribution of baseline MR signal across cortical depth and normalizing

The influence of normalization in iron oxide contrast agent C'BV measurements is con-
sidered in more detail in Fig. 4.19. Quantitative estimations of C BV in ml per 100 ml
of tissue are dominated from surface laminae for both conditions, for activity and rest
(Fig. 4.19B). The functional difference between activity and rest is then visualized in
two independent ways. Figure 4.19C depicts the relative CBV change normalized to the
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Figure 4.19: Influence of normalization in iron oxide contrast agent fMRI: 3D plots de-

pict signal changes in different cortical laminar (rows) as a function of time
(columns). Corresponding profiles of signal change are shown as projections
next to them. A) depicts the BOLD signal change for sake of compari-
son with iron oxide results only. B) depicts the unnormalized results of
C'BYV during rest and activity, respectively. C) depicts the normalized sig-
nal change between activation and rest in units of baseline C'BV of the
respective laminae. It can be seen that most of the relative CBV change is
located in deeper cortical layers. D) depicts the absolute C'BV change in
units of ml per 100 ml of tissue. It refers to the total C BV values during
activity, subtracted by the baseline C'BV in the respective laminae. Note
that the resulting absolute C BV change is dominated from the surface. E)
depicts the time courses of C BV change averaged over all laminae for both
normalization schemes. The relative C BV change dominated from deeper
laminae shows slower response compared to the absolute C BV change dom-
inated from the upper laminae.
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baseline C BV in dimensionless units of %. Due to the higher baseline CBV in upper
cortical laminae, the relative CBV change is comparatively small there. Figure 4.19D
depicts the CBV change in absolute units of ml per 100 ml of tissue. In this subfigure,
CBYV change is dominated from the surface and shows a secondary peak in the deeper
laminae. Comparing results in Fig. 4.19C and Fig. 4.19B makes clear, how the resulting
cortical profiles of C BV change are highly dependent on the normalization scheme used.
Note that unexceptionally all of the numerous studies using iron oxide contrast agents to
investigating layer-dependent fMRI responses use the normalization procedure depicted
in Fig. 4.19C (to the best of my knowledge). Since upper and lower laminae have a
different hemodynamic response functions, the overall mean response is also dependent
on the different ways of normalization (Fig. 4.19E). This can be a potential explanation
why VASO-C BV measured in ml per 100 ml of tissue has often been reported to have a
faster return to baseline compared to early MION-C BV results in rats.

Layer-dependent detection threshold

The nonuniform distribution of noise across cortical depth can introduce a layer-dependent
bias in statistical activation maps. In an extreme case, it can even lead to exclusion of
noisy voxels from the ROI and therefore distort the resulting cortical profiles of signal
change. Therefore, any statistical- or tSNR-related threshold must be considered as a
layer-dependent filter, which could distort cortical profiles. Corresponding effects are
considered here by means of a so-called detection threshold. This detection threshold
denotes the minimum signal change necessary to exceed the threshold of statistical sig-
nificance. The cortical profiles of detection thresholds of VASO and iron oxide contrast
agent TMRI signals are depicted in Fig. 4.20. It can be seen that the relative detection
threshold in iron oxide contrast agent is up to a factor of 5 higher in upper cortical
laminae, compared to deeper cortical lamina. In order to avoid such biases in this study,
ROIs were manually selected covering all cortical laminae independent of their noise
characteristics. All voxels within those ROIs are included in the analysis, even voxels
that show negative response.

Other imaging modalities

Spin-echo BOLD fMRI has been suggested to have higher specificity to the microvas-
culature [Uludag et al., 2009] and its utility for laminar and columnar fMRI has been
demonstrated in animals [Goense et al., 2012|[Harel et al., 2006][Zhao et al., 2006] and in
humans [Yacoub et al., 2005|[Yacoub et al., 2008]. However, it suffers from much lower
sensitivity, especially at high resolution [Yacoub et al., 2005], which may limit widespread
application of the technique [Boyacioglu et al., 2014||Budde et al., 2014|[Harmer et al.,
2012).

4.2.5 Conclusion of this study

It has been shown that the SS-SI-VASO method can be used, at high field (7 T), to
noninvasively and simultaneously investigate the cortical profiles of ACBV and BOLD
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Figure 4.20: Layer-dependent detection threshold of VASO and iron oxide contrast agent
fMRI signals: Due to tSNR variations across cortical depth, the same value
of % might exceed the statistical detection threshold in deeper cortical
layers but might not reach significant in upper cortical layers. For the sake
of comparison of the two contrasts, the cortical profiles are scaled to the
detection threshold in deeper cortical laminae. The detection threshold
varies by a factor of 5 for the iron oxide contrast agent fMRI signal and
varies by factor of 2 for VASO signal.

signal. This makes it possible to capture layer-dependent C'BV responses robustly in
humans, information that was previously only accessible in animal research. Considering
the different macrovascular contributions and normalization features in VASO and iron-
oxide-based fMRI, cortical profiles of both contrasts are in good agreement. The data
presented here suggest that VASO can be used to investigate layer-dependent responses
with much reduced macrovascular contributions compared to GE BOLD. VASO may
thus play an important role in revealing top-down or afferent-efferent stimulus processing
in the brain using layer-dependent fMRI, without the unwanted sensitivity to vascular
changes in large draining veins that GE BOLD suffers from.
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4.3 VASO during hypercapnia: application to calibrated
BOLD fMRI3

Studies described in previous sections showed how SS-SI VASO can help overcome lim-
itations of conventional BOLD fMRI to interpret signal changes as a result of neuronal
and vascular responses. Here this is taken one step further and SS-SI VASO is used to
quantity changes in oxygen metabolism independent of vascular responses by means of a
biophysical tissue model. For calibration of this model, an additional calibration experi-
ment is required, where the participants are breathing an air mixture with elevated CO2
contributions.

The first part of this section describes a study dedicated to account for the challenges and
possible contaminations applying SS-SI VASO in these calibration experiments. In order
to do so and account for the faster blood flow velocities during breathing challenges, a
novel adiabatic RF pulse is developed and experimentally tested in phantoms and in vivo.
The second part of this section describes a study using SS-SI VASO to estimate changes
in oxygen metabolism for a simple visual stimulation paradigm. Experimental results
are shown and discussed with respect to the inherent noise limitations of the nonlinear
biophysical tissue models.

4.3.1 Implementation of VASO for application during hypercapnia
Introduction of using VASO during hypercapnia

Hypercapnia can be evoked by a breathing challenge with a gas composition contain-
ing elevated levels of COq. It is a widely applied tool to evoke hemodynamic changes
with minimum change in brain metabolism. Hypercapnia is often used to investigate
neurovascular coupling and to unravel the vascular or metabolic origin of fMRI signals.
Examples are BOLD calibration for C M RO; estimation [Davis et al., 1998], investiga-
tion of the BOLD signal post-stimulus undershoot [Hua et al., 2011b|[Zappe et al., 2008],
or breaking down early and late hemodynamic responses in arteries, capillaries, and vein
[Kennerley et al., 2012a].

During hypercapnia, arteriolar vessels dilate significantly and CBF' can be substantially
increased [Calamante et al., 1999|. This CBF increase is usually accompanied with a
decrease in arterial arrival time [Ho et al., 2011]. When applying VASO fMRI, the shorter
arterial arrival time and faster blood flow can result in the inflow of fresh, uninverted
blood into the microvessels during the blood-nulling time 7'/. These inflow contamina-
tions can have a severe effect on VASO signal change, especially with short 7'Rs [Donahue
et al., 2006]. At 1.5 T and 3 T, VASO-C' BV imaging has been successfully implemented
for applications during hypercapnia in multiple studies [Lu et al., 2003][Scouten and Con-
stable, 2007]|[Scouten and Constable, 2008|[Hsu et al., 2012][Lin et al., 2011|[Hua et al.,
2011b]. At these field strengths (< 7 T), a body RF coil can be used for the inversion

3This section is summarized in conference presentations [Huber et al., 2012] and [Huber et al., 2013].
Furthermore it is the basis of later applications in BOLD calibration published in the papers [Krieger
et al., 2014a] and [Krieger et al., 2014c].
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pulse in VASO minimizing such inflow contaminations. Due to SAR constraints at higher
field strengths (> 7 T), the RF coil infrastructure is limited and a head RF coil must
be used for transmission of the inversion pulse, which then can result in severe inflow
contamination of the VASO signal. Furthermore, due to relatively long blood T3 at high
field strengths, the blood-nulling time can become longer than the arterial arrival time,
making it more likely of inflow contamination to occur.

The purpose of this study is to develop a novel approach to avoid these inflow contam-
inations in VASO during hypercapnia at 7 T. In order to do so, an adiabatic inversion
pulse is designed with an adjustable, By insensitive inversion efficiency. The final goal of
this study is to investigate, whether the application of such an RF pulse can avoid inflow
effects of VASO during hypercapnia.

Theory and background

In the original VASO approach, blood z-magnetization is expected to be in steady-state.
Inflowing blood magnetization that is not in steady-state results in artifactual CBF
driven signal decrease additional to the desired C BV driven VASO signal decrease [Don-
ahue et al., 2009b]. In SS-SI VASO, on the other hand, blood in the imaging slice
is assumed to be not in steady-state, but it is expected to be once inverted only. In
SS-SI VASO, inflow of not inverted blood deposited positive z-magnetization into the
imaging slice. CBF increase during hypercapnia results then in more inflow of positive
z-magnetization and corresponding signal increase. This flow driven signal increase is
counteracting the C BV driven VASO signal decrease. Hence, inflow effects can be easily
identified in SS-SI VASO by considering all voxels with signal increase during hypercap-
nia.

Here, a convenient and efficient way to avoid inflow of fresh, uninverted blood in VASO is
proposed. This approach is based on the usage of reduced blood-nulling times TI1 that
are shorter than the arterial arrival time. In this way, the blood has not enough time to
flow into the imaging slice to introduce contaminating effects in the VASO signal in the
first place. The blood-nulling time can be shortened by reducing the inversion efficiency
of the (adiabatic) preparation pulse. In order to achieve this, the concept of RF phase
modulation during the RF pulse was applied. Such phase modulations are known from
plane rotation pulses for flip-angle variations [Norris and Haase, 1989] and are here trans-
ferred to conventional adiabatic pulses. The reduction in inversion efficiency is achieved
here by introducing a phase skip of the RF field, By, during the inversion exactly at
the time when the frequency of the adiabatic pulse is on resonance. The corresponding
shape functions of the amplitude and phase of the RF pulse is shown in Fig. 4.21. A
more intuitive illustration of the working principle of the new partial inversion pulse is
illustrated in Fig. 4.22. In conventional adiabatic inversion pulses, the magnetization
precesses around the effective magnetic field B.s; at the surface of a narrow ‘cone of
precession’ (see section 2.1.4). During the frequency sweep of adiabatic RF pulses this
cone usually follows the effective magnetic field, while it changes its direction. When a
phase skip of the RF pulse is applied, this ‘cone of precession’ opens up. After inversion,
the ‘cone of precession’ points along anti-parallel to the z-direction. The Bi-independent
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Figure 4.21: Amplitude and phase shape functions of the partial inversion RF pulse used
to avoid inflow effects in SS-SI VASO: The partial inversion pulse is based
on a TR-FOCI pulse with the pulse duration D. The partial inversion
efficiency is adjusted by the phase skip (black arrow). Here, an example of
60° is depicted.

reduction in inversion efficiency is then given by the transverse component of the mag-
netization, which depends directly on the phase skip applied. The z-magnetization after
the application of the partial inversion pulse and the respective inversion efficiency can
be describes as a function of the phase skip () applied:

M . .
605(9) —=— 2z, before inversion — 261, (4.15)

M z, after inversion

Due to the utilization of an adiabatic pulse, this reduction is expected to be independent
of Bl.

The application of a partial inversion pulse in VASO does not only affect the blood-
nulling time. With shorter 771, GM z-magnetization gets less time to relax before the
readout at blood-nulling time. Hence, the application of partial inversion in VASO comes
with the price of smaller GM z-magnetization at the blood-nulling time. Since GM signal
variations are the basis of VASO signal change, VASO CNR decreases for shorter blood-
nulling times. Figure 4.23 depicts an example of the expected z-magnetization of blood,
GM and CSF in SS-SI VASO for an inversion efficiency of & = 75% (¢ = 50%). The
z-magnetization of blood, GM and CSF at the blood-nulling time for a wide range of
TRs and (s is summarized in Fig. 4.24. The GM z-magnetization, responsible for the
CNR in VASQ, is almost linearly dependent on the inversion efficiency and shows highest
values for full inversion. This means that the application of partial inversion pulses is
accompanied with a tradeoff in sensitivity. Furthermore, Fig. 4.24 shows that GM z-
magnetization and correspondingly VASO CNR is highest for shortest TR.

In conclusion, to achieve highest possible CNR in SS-SI VASO with partial inversion, it
is suggested to use highest possible inversion efficiencies and shortest possible T Rs.
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Figure 4.22: In conventional adiabatic inversion pulses of a pulse duration D, the magne-
tization follows the effective magnetic field in a narrow ‘cone of precession’
as the RF frequency offset is inverted (upper row). For partial inversion,
the first half of the pulse is played out in the conventional manner. Half
way throughout the pulse, when the RF-frequency is exactly the Larmor
frequency, a phase skip is introduced that opens up the ‘cone of precession’.
The second half of the pulse is again played out in the conventional man-
ner. After applying a spoiler gradient, the magnetization, pointing opposite
to the external magnetic field, is reduced with respect to the conventional
inversion pulse. This reduction can be qualitatively adjusted by setting the
angel of the phase skip applied.
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Figure 4.23: z-magnetization and RF transmission in SS-SI VASO with partial inversion:
In the depicted example, the inversion efficiency is & = 75%. This means, the
absolute value of z-magnetization after the inversion is only half of absolute
value the z-magnetization before the inversion (see black bars). Note that
the z-magnetization of once inverted blood right after the inversion is only
- 0.5 My. This fact results in shorter blood-nulling times compared to full
inversion. The assumed T} values are T g /Thp/Th,csr = 1.95/2.1/4.0 s
according to literature values reviewed in Tab. 2.1.
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Mzcsk at blood-nulling time
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Figure 4.24: GM, CSF and blood z-magnetization in SS-SI VASO at the blood-nulling
time as a function of inversion efficiency and T'R.
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Methods

Multi-7T'I (37/200/500/1000/3000/10000 ms) experiments were conducted in a water
phantom with multiple B; amplitudes for investigations of the partial inversion pulse
performance. Phantom parameters were: Cylindrical shape with radius = 16 c¢m, water
with 1.24 g NiSO4 6H20O and 2.62 g NaCl per liter, conductivity 0.52 S/m, relative
permittivity 78 provided from Siemens (Siemens Medical Solutions, Erlangen, Germany).
This phantom was chosen as a worst case example with maximal B; inhomogeneities.
Inversion efficiencies were calculated by combining Eqs. 2.17, 2.18, and 2.19 to:
MATD o H ey =1—2ee (4.16)
Moy
and fitting the parameters, 11, £, and ¢ to the multi-7'/ data acquired.
Additionally, three healthy participants (1 female, 27 to 32 years old) were scanned during
a hypercapnia gas challenge. All breathing manipulation experiments where approved
by local ethics committee of the University of Leipzig and all participants gave written
informed consent for participation in this study. A medical doctor was present in the
scanner room at all times during the breathing manipulation and was responsible for
adjusting gas flow rates and monitoring pulse rate and arterial Oo saturation measured
via a pulse-oximeter on the participants’ index finger. Gas flow was adjusted manually
on a flow-meter to a flow rate of 15 liters per minute.
Image acquisition and signal evaluation was same as described earlier (section 3.1.3). In
short: SS-SI VASO at 7 T, five axial slices with GE EPI, TE/TR = 19/3000 ms, nominal
voxel size of 1.5 x 1.5 x 1.5 mm?, TR-FOCI pulse duration of 5 ms. EPI T} maps were
acquired for anatomical reference. MAFI B; maps [Boulant et al., 2009] were acquired
for all participants to ensure that the spatial range of sufficient adiabaticity for proper
inversion performance.
The gas challenge lasted 12-minutes consisting of 2/5/5 minutes of breathing air /5% COa,
21% Og, balance Ng/air. The heart rate and respiratory gas composition were recorded
with a BIOPAC MP150 unit (BIOPAC Systems Inc, USA). To investigate the reduced
arterial arrival time effects in VASO during hypercapnia, the blood-nulling time was
varied (T'I1 = 1330/1120/765 ms) by adjusting the adiabatic inversion pulse efficiency
to & = 100%, 86%, and 75% in a Bi-independent way, as described above.

Results

The implementation and performance of the partial inversion pulse was tested in vivo
and in a water phantom with considerable B; inhomogeneities. The experimentally
measured maps of inversion efficiency ¢ and the corresponding B; maps are shown in
Fig. 4.25. Despite huge variations of B up to a factor of 8, the inversion efficiency is very
homogeneous with minimal variations. Subtle residual variation of inversion efficiency ¢
in the range of + 3% can be explained by transversal relaxation during the inversion pulse.
For stronger Bj, the effective magnetic field is stronger tilted into the transverse plain
(Eq. 2.9) during inversion, resulting in a higher susceptibility to transverse relaxation
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[Norris, 2002]. Slightly visible outlines of the ventricles in the ¢ map in vivo (Fig. 4.25B)
might also suggest magnetization transfer effects during the off-resonant periods of the
adiabatic inversion pulse [Hernandez-Garcia and Lewis, 2007].

water

Figure 4.25: Measured partial inversion efficiency in a water phantom and in vivo with a
phase skip of 60°: The corresponding desired inversion efficiency is 75%. The
inversion efficiency is remarkably homogeneous despite huge By variation up
to a factor of 8. Note the different scaling window for inversion efficiencies
and B; amplitudes.

The pulse performance was further tested with respect to a wide range of nominal By
field strengths for two desired inversion efficiencies. Table 4.3 demonstrates that for
a 60°/90°-phase skip the inversion efficiency is reduced to ¢ = (74 £ 1)%/(49 + 1)%
independently of the B field applied. These numbers correspond well with the desired
values of 75% and 50%.

The effect of inflow of fresh blood on VASO is examined with this partial inversion pulse in
three volunteers with different 71 = 760/1120/1330 ms during hypercapnia (Fig. 4.26).
These results demonstrate the effect of inflow of fresh blood during the blood-nulling
time and show whether these inflow effects can be minimized. With a long blood-nulling
time of 1330 ms, the majority of GM voxels show VASO signal increase, suggesting inflow
of fresh, uninverted blood magnetization (blue voxels in Fig. 4.26). The number of these
voxels is minimized by decreasing T'I, when the arterial arrival time is shorter than the
blood-nulling time.
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OBy | 23 uT | 21 pT | 16 pT | 12 uT | 7 T | mean = STD (14 cos(0))/2
60° 74% 75% 74% 74% 5% (74 + D)% 75
90° | 49% | 50% | 48% | 51% | 49% (49 £ )% 50

Table 4.3: Measured inversion efficiencies for different B; phase skips and amplitudes in
a water phantom: The standard deviation of all measured values listed are in
the range of + 1%. Data refer to the relative inversion efficiency with respect
to the inversion efficiency without any phase skip of (93 £ 2)%. 6 refers to the
phase skip applied in the partial inversion pulse. The By amplitude denotes
the nominal peak amplitude of the partial inversion pulse. All values refer to
an ROI covering the phantom within one acquired slice. The measured values
are in very good agreement with the desired inversion efficiency (last column)
for a wide range of By amplitudes used.

TI=1330ms T/=1120ms T/I=760ms

5%

Figure 4.26: Maps of VASO signal change in three different participants with T11 =
760/1120/1330 ms during hypercapnia: Voxels with significant VASO signal
increase due to inflow of fresh blood magnetization during hypercapnia are
depicted in blue. The number of these voxels decreases with shorter blood-
nulling times, as inflow effects of fresh blood are reduced. Remaining voxels
that show signal increase can be interpreted as arterial vessels going through
the imaging slice.
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Discussion and conclusion

Reduction in arterial arrival time during hypercapnia can introduce flow contamination
in VASO signal. Here, a novel approach is proposed to avoid such inflow contaminations
by making the inversion time shorter than the arterial arrival time, giving the blood not
enough time to travel into the imaging slice. Shorter blood-nulling times in VASO can
be achieved by reducing the inversion efficiency of the VASO preparation pulse. Such a
pulse was developed in this study and thoroughly tested with respect to B; insensitivity
in phantoms and in vivo. Applying VASO during hypercapnia, it could be shown that the
application of partial inversion minimizes flow contamination of inflowing fresh blood.

4.3.2 BOLD calibration with VASO
Introduction

As discussed in previous sections (e.g. section 2.3.4), calibrated BOLD fMRI is a non-
invasive MRI technique that can be used to estimate changes in CM ROy [Davis et al.,
1998|[Hoge et al., 1999]. The classic approach is based on simultaneous acquisition of
CBF or CBV and BOLD weighted fMRI images during a gas-breathing manipulation.
Based on these signals, the calibration constant M can be calculated. This calibration
parameter can then be used to estimate changes in oxygen metabolism during another
fMRI experiment with task induced brain activity changes.

Calibrated BOLD imaging based on hypercapnia calibration has found wide application
and had tremendous influence on human neuroscience in the last twenty years and it has
been reviewed in multiple recent articles [Blockley et al., 2013][Pike, 2012|[Hoge, 2012].
There are two major limitations of this approach: (A) It is based on several biophysical
assumptions made in the deoxyhemoglobin dilution model that may not be valid when
comparing different tasks [Donahue et al., 2009¢c| or pathology. (B) The relative low
CNR mostly limited by quantitative measurements of C BF' or C'BV makes voxel-wise
investigations of C M RO> in individual volunteers difficult.

The purpose of this study is to assess, whether the intrinsically high CNR of quanti-
tative vascular imaging in SS-SI VASO can overcome sensitivity limitations of BOLD
calibration and provide maps of C'M RO5 on a the basis of individual volunteers.

Theory and background

Most studies of BOLD calibration are based on C BF and BOLD signal acquisition with
ASL techniques. Here, it is tried to use CBV and BOLD signal acquired with SS-SI
VASO for BOLD calibration. In order to substitute ASL with SS-SI VASO in this study,
the deoxyhemoglobin dilution model must be reconsidered and adapted accordingly.

The standard approach of BOLD calibration requires three known quantities of ABOLD,
CBF, and CBYV,, to estimate the calibration factor M, or ACM RO5. Usually ABOLD
and CBF are measured with ASL and the term of C'BV,, is inferred from the Grubb
relation (Eq. 2.24). Here, CBV is measured with VASO and the term of CBF can
then be inversely inferred from the Grubb relation. The Grubb equation for C BV, and
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CBPFyst can be used to estimate the total contribution to C'BV change.

ACBV,, BV, BFE,, \ ™
CBViet | _ CBVior ( CBFior ) (4.17)

CBV;fot,rest B CB‘/tot,rest CBFtot,rest

The venous C'BV,, can be estimated similarly by using the established approach of assum-
ing different Grubb coefficients for total and venous C'BV. Blood is a conserved quantity
and all the blood flowing into the arteries flows out of the veins eventually. Hence, CBF
is the same in total blood and in the veins (CBF;,; = CBF,). The Grubb equation (Eq.
4.17) can be rewritten as:

1 1
AC BVt atot ( ACBF ) ACBYV, =
— 41 =|=———+1)|=|==F—"+1 . 4.18
<CB‘/tot,rest - > CBFrest + CB‘/;),rest * ( )

Equation 4.18 can be further manipulated to obtain a relationship between total and
venous CBV changes.

_1 1
_ACBVio; atot _ (_ACBV, aw
(CBV}ot,r(;st + 1) - <CBVU7T:M + 1) = (419)
Xtot
AC4B‘/tm§ — ACBVU ay
CB‘/tot,'r'est - (CBVU,'r'est ]' 1 A

Taylor expansion

2
ACBVigr  n, ate ACBY, | ot (Qror ) 1 ACBYV, ) ( ACBY, )3
CBVvtot,rest Qy CBV’U,’V‘ESt Oy Quy 2 CBV’U,’I‘ESt CBVv,'rest

<1 for physiological reasonable range

In this study, relative changes in oxygen metabolism m\ggi(% are estimated by taking
both Grubb values oy and «, from the literature [Grubb et al., 1974][Chen and Pike,
2010b] and rearranging Eq. 2.37 to:

1 B—ay

ACMRO, < - ABOLD)B < CBV )g .
CMROsest M CBVyest

(4.20)

Methods

Five healthy participants (3 female, 24 to 30 years old) were scanned during a 12-min
hypercapnia gas challenge and a 10 min visual stimulation task consisting of a flickering
checkerboard (alternating 30 s black background vs. 30 s flickering). Image acquisition
and signal evaluation was same as described earlier (section 3.1.3): SS-SI VASO at 7 T,
five axial slices with GE EPI, TE/TR = 19/3000 ms, nominal voxel size of 1.5 x 1.5 x
1.5 mm?, TR-FOCI pulse duration of 5 ms. EPI T} maps were acquired for anatomical
reference.

Experiments with breathing manipulations where conducted as described in the previous
section: The gas challenge lasted 12-minutes consisting of 2/5/5 minutes of breathing
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air/5% COag, 21% Og, balance Ny/air. To deal with the reduced arterial arrival time
during hypercapnia, the blood-nulling time was T'I1 = 765 ms by adjusting the adiabatic
inversion pulse efficiency to & = 75% as described in the previous section. Areas of
stimulus induced activity where defined using FSL Feat (Version 5.98)[Worsley, 2001] as
a cluster of voxels having z-values above 2.3 and a significance level of p < 0.05 (corrected
for multiple comparisons). In order to account for possible head motion between the gas
manipulation experiment and the visual stimulation experiments, the corresponding data
where registered to each other with SPM8 (Welcome Department, University College
London, UK).

The model values assumed to estimate CM ROy with Eq. 4.20 were:

aior = 0.38 |Grubb et al., 1974|

a, = 0.20, in agreement with «, = 0.23 + 0.05 [Chen and Pike, 2009] and o, =
0.18 £ 0.02 [Chen and Pike, 2010b|

g = 1 [Kida et al., 2000][Martindale et al., 2008]

o CBV,est = 5.5% |Lu et al., 2013|. This parameter is used to calculate CAg\fxt from
VASO signal change (Eq. 3.4).

Results

BOLD and VASO signal changes could be acquired during hypercapnia and during
stimulation to obtain maps of ABOLDgyc, ABOLD g, ACBVye, ACBVggim, M,
and ACM ROs. The maps of one representative participant are depicted in Fig. 4.27.
ABOLD and ACBYV can be nicely mapped with the resolution of 1.5 x 1.5 x 1.5 mm?.
Similarly, the M-value map estimated from ABOLDpc and ACBVye seems not to
be noise dominated and its voxel-wise values are in a physiological reasonable range M
~ 5 - 15 %. The map of ACMRO> is calculated by means of four different kinds of
signal change maps (AVASO,is, ABOLD,;s, AVASOpc and ABOLDyc), each with
individual sources of error. Therefore, it is more noise dominated and the voxel-wise
values cannot be considered to be meaningful as the vary between 0 and 100%. The
relative noise contribution is substantially reduced, when ACM RO- is averaged over the
entire activated region. Doing so, a physiological meaningful value of ACM ROy = 28%
is obtained.
Maps of ABOLD, ACBV, M, and ACM RO of all five participants are summarized in
Fig. 4.28. It can be seen, how stable and reproducible these maps can be acquired. Table
4.4 depicts the mean values averaged over activation ROIs within individual participants.
The time courses of BOLD and VASO signals and the corresponding time courses of
the end-tidal partial pressures during the hypercapnia scan are depicted in Fig. 4.29.
Both, BOLD and VASO data show significant signal changes. However, considerable
inter-subject variations can be seen as well, which is expected due to different baseline
physiology such as venous baseline oxygenation [Lu et al., 2008]. These variations are
part of the original motivation to do calibrated fMRI. In healthy participants they might
be a result of from physiological effects, e.g. different fitness or breathing behavior of the
participants during the scan.
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Figure 4.27: Maps of ABOLDgxc, ABOLDgy, ACBVye, ACBViim, M, and
ACM RO, for one representative participant.

ABOLDpyc | AVASOpc | ABOLDgtin, | ACBVitiyn | M ACMRO,

1 4.4% 57% 2.3% 46% 10.2% | 28%
2 3.5% 47% 2.0% 41% 12.0% | 31%
3 2.4% 52% 1.9% 42% 13.8% | 30%
4 3.1% 37% 2.1% 36% 13.9% | 28%
) 3.6% 51% 1.1% 45% 12.6% | 15%
Mean | 3.4% 49% 1.8% 42% 12.3% | 26%
STD | 0.7% % 0.4% 4% 14% | ™%

Table 4.4: Results of ACBV and ABOLD during hypercapnia and during stimulation
and the corresponding M-values and C'M RO changes across five participants.
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Figure 4.28: Maps of ABOLD and ACBYV for visual stimulation and hypercapnia as well
as the corresponding maps of M-value and AC'M RO- in all five participants.
Note that AC'BV is depicted in positive units of ml/100ml and not in units
of negative VASO % signal change.
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Figure 4.29: Average time courses of end-tidal partial pressure of COs during hypercapnia
and responses in BOLD and VASO signal.

Discussion and conclusion

Results shown here suggest that the high CNR of SS-SI VASO with partial inversion
efficiency can be a useful tool in BOLD calibration to obtain high resolution maps
of ACMRQO>. Even though the individual ACM RO, maps are noise dominated, the
inter-subject variability of the calibrated parameters C M RO5 is comparatively low. De-
spite one participant being an outlier (Nr. 5), this suggests a good reproducibility of
the method applied and might potentially be due to the insensitivity of physiological
variability, e.g. venous baseline oxygenation mentioned above. The measured value of
ACMRO; = (26 £ 7)% is in good agreement with the literature of similar studies using
visual stimuli (Tab. 4.5). Most of the values reported in the literature are only slightly
lower than the value found in this study. This small trend might come from reduced
partial volume effects in this study due to the high resolution of 1.5 x 1.5 x 1.5 mm?,
higher than any other study listed.

Limitations at high resolutions The deoxyhemoglobin dilution model is based on many
biophysical assumption that are originally introduced for resolutions in the range of 3
- 5 mm and must be reconsidered for higher resolutions such as 1.5 mm used in this
study. At these resolutions, different parts of the vascular tree such as large arteries,
microvasculature, or large veins start to be locally distributed across different voxels.
this can lead to false assumptions in the biophysical model applied. For example, when a
voxel at the cortical surface is dominated from a large vein without much microvascular

1
tissue Eq. 4.20 simplifies to %Oio-it = (1 — ABMM)B -1 = —ABiJ\?ILD. In this
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reference ACM RO,
[Marrett and Gjedde, 1997 | (25 £ 5)%
[Davis et al., 1998] (16 £1)%
[Hoge et al., 1999] (25 £4)%
[Kim ot al., 1999 (23 £ 9)%
[Leontiev and Buxton, 2007] | ( 27 + 10 )%
[Leontiev et al., 2007] (31 +£7)%
[Perthen et al., 2008] (21 +£3
[Ances et al., 2008] (30 £6

(

(

(

(

(

(

)%
)%
Lin ot al., 2008 21+ 3)%
[Lin ot al., 2010] 13+ 4)%
[Moradi et al., 2012] 9+ 1)%
[Hutchison et al., 2013] 13+ 2)%
[Krieger et al., 2014a] 20 + 4 )%
this study 26+ 4)%

Table 4.5: Literature values of ACM RO..

case the deoxyhemoglobin dilution model would predict a change in CM RO from the
BOLD signal change, even though the vein in this voxel does not really contribute to
the task induced oxygen metabolism change. Similarly, the distribution between AC BV,
and AC BV, and the corresponding Grubb values are expected to vary between surface
voxels and deeper voxels. In conclusion, high resolution featured of estimated ACM RO9
must be interpreted with caution. Future research is needed to evaluate the applicability
of calibrated BOLD at very high resolutions |Guidi et al., 2014].

Effect of variation in literature values assumed The values of physiological parameters
of aiot, a, B, and CBV,es used in the deoxyhemoglobin dilution model for estimating
ACM RO, are taken from the literature. Potential deviations of these values compared
to the true underlying physiology can result in systematic errors of M and ACM RO-.
The effect of such false assumptions is summarized in Fig. 4.30 analogously to the way
of depicting such uncertainties in previous studies |Griffeth and Buxton, 2011]. The five
physiological parameters of ayut, aw, B8, CBV,est, and M are discussed in more detail
below:

e The Grubb value ay,; describes the relationship between total C'BF and total
CBV. The default value was here chosen to be ayor = 0.38 [Grubb et al., 1974]. It
has been shown, however, that the original data from Grubb et al. can be refitted
with an exponent of aypr = 0.5 with a correlation coefficient larger than 0.9 [van Zijl
et al., 1998]. Assuming laminar flow, the Grubb value can be deduced by means
of Hagen-Poiseuille’s law to be oy = 0.5 (Eq. 2.23). Piechnik et al. simulated
Qo In a sophisticated model and report that ayy is in the range of 0.4 up to 0.5
for all arterioles, capillaries and venules up to diameters of 30 um |Piechnik et al.,
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Figure 4.30: The influence of wrong assumed physiological model parameters is depicted
analogously to previously published studies [Griffeth and Buxton, 2011]:
The horizontal line corresponds to the ‘true’ values of M and ACM ROs.

Vertical bars refer to the values of M and ACM RO, for the denoted range
of the assumed model parameters.

2008]. Veins with diameter larger than 30 pum would have lower Grubb values of
~ 0.14. Experimental comparisons of CBF and C'BV suggest that a;,; might not
only be different for hypercapnia and stimulation, but it might even be depend
on the stimulus paradigm used [Lin et al., 2008|. Fig. 4.30 shows that it is more
problematic to overestimate ay,; than to underestimate it. Higher values of auer
would correspond to a slightly lager M-value and a smaller value of ACM ROs.
Compared with other physiological assumptions, the Grubb value az,; has a great
impact on estimated values of M and ACM RO-. Hence, small errors in assumed
values of ayot can render quantitative estimations of ACM ROs impossible.

e The venous Grubb value «, describes the relationship between total C BF' and
deoxygenated C'BV. This value was measured by comparing ASL results with
VERVE results, which are sensitive to change in deoxygenated CBV. The mea-
sured values are a,, = 0.18 £ 0.02 [Chen and Pike, 2010b| and «, = 0.23 £+ 0.05
[Chen and Pike, 2009]. More recently, Mark and Pike determined «, by comparing
M-values from hypercapnia calibration and hyperoxia calibration [Mark and Pike,
2012]. They found «, = 0.12 + 0.04 in the visual cortex and «, = 0.18 + 0.02 in
the somatosensory cortex. Fig. 4.30 suggests that the model is relatively forgiving
to moderate errors in ay,.

e In principle, deoxyhemoglobin dilution model describes the BOLD signal change
for extravascular space only. The intravascular BOLD signal change is introduced
into the model by inserting a [ exponent. This exponent describes the connection
between change in total 75 and the absolute change in deoxyhemoglobin. Since
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the weighting between intravascular BOLD effect and extravascular BOLD effect
depends on field strength, g is also field strength dependent. Usually § is deter-
mined by Monte-Carlo-simulations. At 7 T this § value becomes less important
and approaches 1 [Kida et al., 2000][Martindale et al., 2008|[Donahue et al., 2010].
This comes from the fact that the short intravascular 7% at high fields results in
minimal intravascular BOLD effect compared to extravascular BOLD effect, al-
most independent of the vessel size [Uludag et al., 2009]. Hence, the corresponding
uncertainty in estimations of AC'M ROs is relatively small compared to other phys-
iological parameters (Fig. 4.30).

e Blood volume at rest C'BV,.s is used in order to calculate c%xBstt from relative
VASO signal change. Dependent on the error of CBV,..s, it can also result in
significant errors in calculated ACM ROy (Fig. 4.30). It must be noted that this
parameter assumption is unique to the application of VASO in BOLD calibration.
For alternative applications using ASL, other parameters in perfusion models are
more important than C BV, ..

e Assuming that the microvascular density and the venous baseline oxygenation are
uniformly distributed in the brain, M-value could be used from literature in order
to calculate AC'M ROy without any calibration measurement. For the sake of com-
parison with this approach, the effect of an assumed M-value is also considered in
Fig. 4.30. It can be seen that a small error in the M-value assumed can signif-
icantly distort the calculated value of ACM RO>. In other words, an calibration
scan is vital for good estimation of ACM ROs-.

Noise in a nonlinear model Equation 4.20 is highly nonlinear. Therefore, the calculated
values of M-value and ACM ROs depend on the noise level and the way of averaging.
Equation 4.21 represents a voxel-wise calculation of ACM ROs and subsequent averaging
over all voxels within the ROI. Equation 4.22 represents an ROI-wise calculation of
ACM RO, by averaging over all voxels within the ROI before the model calculations are
done.

B=ay

voxels N - Botot
ACMRO, _ 1 _ < l(l_ABOLD,)ﬂ( CBY; ) H_I] o

CMROQ,Test Nvoxels CB‘/;',Test

=1

=

Nyoxels
¥—— Y ABOLD; Now, 5o
ACMROQ B - voxels — 1 voxels CBV; . (4 22)
CMRO2,rest Nyoxels Nyoxels - CB‘/i,Test '

S
Nyoxels ¢
=1

Both, Egs. 4.21 and 4.22 represent mean values of AC'M RO5, but they give very differ-
ent results. The voxel-wise calculation evaluation results in the above reported values of
M = 12% and ACM ROy = 26%, while the ROI-wise calculation results in completely
different values of M = 6% and ACMRO5 = 41%. Both evaluation schemes have ad-

vantages and disadvantages:

139



Chapter: 4. Applications: BOLD signal calibration with VASO

The ROI based evaluation scheme inherently implies that all voxels within an ROI would
have the identical values of BOLD and VASO signal change. This picture, however, is
highly unrealistic and unphysiological. Even with minimal partial volume effects at rel-
atively high resolution of 1.5 x 1.5 x 1.5 mm?, signal changes are unevenly distributed
across active voxels (Figs. 4.27 and 4.28). Dependent on the distribution function of
signal change across voxels, this can result in biases of the corresponding mean results.
Due to these biases, this ROI-wise calculation scheme was believed to be unreliable here
and hence it was not used in this thesis.

The voxel-wise calculation scheme, on the other hand, does not have such biases. How-
ever, it is more limited by noise. The equally distributed noise in the original data is
transformed from the nonlinear model into nonequally distributed noise of ACM RO,
values. This noise transformation is associated with corresponding biases in the result-
ing average over all voxel. Independent of the nonlinear noise transformation, there is
another potential source of bias the voxel-wise calculation scheme. In order to avoid
any imaginary numbers in the results, the base in the exponential terms of the model
must not be negative and corresponding voxels must be excluded. Such an asymmetric
exclusion criterion can affect the overall mean result, and introduce an additional bias.

4.3.3 Summary

BOLD signal calibration is in the focus of current research because it has the potential
to overcome many limitation of conventional fMRI, such as confined interpretability and
lack of applicability in pathology. However, it suffers from CNR limitations in quantita-
tive vascular imaging of C BF or CBV. In this study it was assessed, whether the high
CNR of SS-SI VASO can overcome some of these limitations and whether it can provide
maps of ACM RO5 on the basis of individual participants. In order to account for inflow
effects of fresh blood in VASO during hypercapnia, a novel compensation framework
based on B; insensitive partial inversion pulses is developed, implemented, validated,
and applied.

For estimation of ACM RO from simultaneously acquired BOLD and VASO data dur-
ing hypercapnia and stimulation, many physiological assumptions are needed within the
BOLD deoxyhemoglobin dilution model. Based on these assumption it was possible to
derive quantitative ACM RO- maps on a basis of individual participants with unprece-
dented resolutions of 1.5 x 1.5 x 1.5 mm3. The values of ACM RO, = (26 &+ 7)% are
highly reproducible across five participants and in good agreement with the literature.
Even though the application of SS-SI VASO still could not overcome the limitations aris-
ing from the nonlinearity of the BOLD models applied, the improved sensitivity could
minimize corresponding biases compared to the noisier alternative approach of using ASL
[Ivanov, 2012|[Krieger et al., 2014a].
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There are multiple potential sources of artifacts in VASO including, inflow effects, per-
meability effects, incomplete blood nulling, BOLD contaminations, and partial voluming
of CSF. They have been extensively discussed in the literature and methods to avoid
these artifacts have been proposed. In previous chapters, it has been shown that the
sensitivity of blood volume measurement can be dramatically increased by using SS-
SI VASO compared to the original approach developed for lower field strengths. The
mechanism underlying this sensitivity increase is based on additional physiological as-
sumptions. Due to these new features, the above mentioned sources of artifacts must be
revisited with respect to the novel contrast generation used in SS-SI VASO. This chapter
focuses in particular on four potential sources of artifacts. The first section describes
the effects of flow and perfusion contaminations in VASO. The second section focuses
on limitations regarding the confined acquisition window during the blood-nulling time.
The BOLD correction mechanism based on dynamic division and its limitations are dis-
cussed in the third section. Potential contaminations regarding partial volume effects
of CSF and WM and dynamic changes of such effects are discussed in the last section
of this chapter. All limitations and potential artifacts in this chapter are discussed and
investigated with respect to experimental acquisition parameters used in the studies of
this thesis. The chapter is concluded with guidelines for optimal acquisition parameters
that are recommended to avoid or minimize contaminations in SS-SI VASO.

5.1 Effects of perfusion and capillary permeability on
accuracy of VASO

This section describes a multi compartment perfusion model based on the Bloch equations
to theoretically investigate effects of flow and perfusion in the VASO signal. Therefore,
perfusion models that are established in the ASL literature are revisited and applied here.
These models are adjusted to investigate the effects of inflow of fresh blood, effects of
capillary permeability, and outflow of not nulled blood in SS-SI VASO. Such effects are
quantified for a wide range of experimental parameters and compared with corresponding
experimental results.

5.1.1 Introduction

The C BV -contrast in VASO is based on the assumption that all blood water stays within
a closed intravascular compartment without any connection to extravascular space. Fur-
thermore it is assumed that all of its z-magnetization relaxes in the same way, whether
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in arteries and in veins. As pointed out in the original paper [Lu et al., 2003] already,
this model is an approximation and does not account for a number of processes including
inflow of fresh blood, outflow of insufficiently nulled blood and water exchange between
intra- and extravascular space. In VASO, capillary permeability and corresponding mag-
netization exchange between intravascular and extravascular space can result in incom-
plete blood nulling in the post arterial blood compartments and residual intravascular
signal. Since this residual intravascular signal can depend on CBF, s and ACBF, it
can introduce unwanted flow weighting into the VASO contrast.

The amount of not nulled capillary z-magnetization caused by capillary permeability
was firstly considered in [Lu et al., 2003| and [Donahue et al., 2006] using a single com-
partment model established in the ASL literature [Detre et al., 1992|. This model was
further extended to a two compartment model [Parkes and Tofts, 2002] in [St. Lawrence,
2005] and [Wu et al., 2010] to estimate the resulting effects on VASO signal change.
However, the effect of capillary permeability on VASO signal change in individual blood
compartments of arteries, capillaries and veins has not been considered in these theoret-
ical studies.

Additional to these permeability effects, inflow of fresh (not inverted) blood into the
imaging slice can as well introduce CBF weighting into the resulting VASO signal, es-
pecially when a head coil is used for RF transmission. These inflow effects in VASO
have been discussed extensively [Donahue et al., 2006]|Donahue et al., 2009b||Lu, 2008|.
In SS-SI VASO, the contrast relies of additional assumption compared to the original
VASO approach, such as that all of the blood has been inverted only once. Furthermore,
water z-magnetization has different relaxation history in SS-SI VASO as opposed to the
original VASO method. Therefore, the resulting CSF weighting in SS-SI VASO might
be different from the effects investigated earlier [Donahue et al., 2006|[St. Lawrence,
2005][Wu et al., 2010].

The purpose of this study is to quantify and discuss the effect of inflow of fresh blood,
the effect of capillary permeability and the effect of outflow of not nulled blood and the
consequent flow dependence of SS-SI VASO. The magnitude of these contaminations can
than be discussed with respect to similar effects in the original VASO approach. This
flow weighting is tried to be investigated within a broad range of physiological param-
eters of CBF,.st, ACBF, and permeability area product (PS). The final goal of this
study is to quantify the limitations of SS-SI VASO and if possible, find a set of acquisi-
tion parameters, where the flow weighting in VASO can be avoided or minimized. The
found dependency of VASO signal on acquisition parameters used can then be directly
compared with experimental in vivo results.

5.1.2 Physiological background

In order to establish a model for quantitative estimations of confounding signal contri-
butions in VASO, a precise picture of blood in the vasculature, its arrival, transit, and
outflow times is reviewed. This review can be based on the vast body of literature in the
field of perfusion imaging, which can provide consistent figures of perfusion dynamics.
Here, quantitative values of reasonable physiological variables are collected in order to
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use them later in a quantitative tissue perfusion model.

Values of perfusion and permeability In [Calamante et al., 1999|, 14 perfusion studies
in humans are reviews with respect to the C BF values at rest. The vast majority of the
reviewed papers report values in the range of 70 ml/100ml/min up to 100 ml/100ml/min.
Hence, any number in this range should be considered as physiologically reasonable and
could be used here to estimate perfusion effects in VASO. In order to be consistent with
previous VASO-perfusion models [Wu et al., 2010|, the value used here is chosen accord-
ingly to be CBF,est = 90 ml/100ml/min.

The permeability is often described as the water exchange through the permeable cap-
illary wall between intravascular and extravascular space by means of the so called
permeability-surface area product (PS). This value was measured with PET to be ap-
proximately 150 ml/100ml/min [Herscovitch et al., 1987|. In compliance with earlier
perfusion models [Wu et al., 2010][Parkes and Tofts, 2002|, this value is also used here.
This value is assumed to be independent of flow and brain activity.

Transit time through microvasculature The blood transit time through microvascula-
ture is an important parameter in SS-SI VASO with respect to the assumption that all
the blood in the imaging slice has been refilled during T'R. This value can be taken from
the literature to be 1 - 1.5 s (section 3.1.2). Alternatively it can be estimated from C BV

and C' BF values:
CBV [ml/100ml/min]

= i 5.1

CEBF jml/t00my] " mink (5.1)

as done in [Grubb et al., 1974]. For self consistency of the vascular model, the transit
time is consisted here according to Eq. 5.1.

Blood arrival time In order to assess inflow contaminations in VASO, the arterial ar-
rival time of fresh blood is needed to be known. The transit time is often divided into
two parts. dt is the time needed for blood to reach the region of interest and ¢, is the
time for blood to traverse the arterial compartment within the region of interest before
reaching capillaries. The transit time to the occipital lobe is approximately 900 ms -
1300 ms (see Tab. 5.1).

The time J, to reach the capillary compartment in the region of interest takes approxi-
mately additional 400 ms - 500 ms [Hall et al., 2011]|Francis et al., 2008|. These numbers
suggest that there are no inflow effects in SS-SI VASO, when T'I is smaller than dt + d,
~ 1000 ms + 500 ms = 1500 ms. Using inversion times 7'/ above ~ 1500 ms uninverted
blood would enter small vessels and introduce flow weighting in SS-SI VASO.

All physiological parameters used in the model are listed in Tabs. 5.2 and 5.3.
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reference ot comment

[Wong et al., 1997] 1200 ms + 100 ms | Gap between tag and imaging slice is
1 cm.

[Figueiredo et al., 2005] | 960 ms + 170 ms | Gap between tag and imaging slice is
1-3cm.

[MacIntosh et al., 2010] | 935 ms + 108 ms | Gap between tag and imaging slice is
4 cm.

[Chen et al., 2012] 1300 ms £ 100 ms | In occipital lobe. Gap between tag
and imaging slice is 4.5 cm.

[Qiu et al., 2010] 1251 ms £ 120 ms | In occipital lobe. Gap between tag

and imaging slice is &~ 2 - 3 cm.

Table 5.1: Literature values of the time that blood needs to arrive at the region of interest.
After this time §¢ the blood begins to fill the imaging slice.

name value references and comments

CBYV, 20% of C BVt [Weber et al., 2008|[An and Lin, 2002|[Donahue
et al., 2009¢]| relative to total C BV

CBYV, 40% of CBV;y: [Weber et al., 2008 relative to total CBV

CBYV, 40% of CBVio [Weber et al., 2008][An and Lin, 2002] relative
to total CBV

ACBYV, | 60% of CBV,y; |Griffeth and Buxton, 2011|[Hua et al.,
2011a][Lee et al., 2001] relative to CBV,

ACBV, | 10% of CBV,y |Griffeth and Buxton, 2011]| relative to CBV,

ACBYV, | 10% of CBVi |Griffeth and Buxton, 2011|[Kennerley et al.,
2012a relative to CBYV,

CBV 4% blood water per par- | Often used value is 5.5% [Lu et al., 2013]. Here

enchyma volume a lower value is assumed focusing on microvas-

culature.

ACBV | 15% - 25% Tab. 3.1

Table 5.2: Assumed volume changes across vascular compartments used in the model.
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name value references and comments
CBF 90 ml/100ml/min | [Calamante et al., 1999|
ACBF 60% [Calamante et al., 1999|
Pb 0.89 ml water/ml | [Donahue et al., 2009a)
blood
Ppar 0.87 ml water/ml | [Donahue et al., 2009a)
parenchyma
Vam 1- CBV& assuming pg s is equal to pper, in units of ml per
ml of tissue
PS 144 ml/100ml/min | [Herscovitch et al., 1987|[Wu et al., 2010]
T Roriginal | 3 8 often used in the original VASO approach [Lu
et al., 2013]
TRss_sr | 3s corresponding to acquisition of both, BOLD and
VASO signal
TIorigina | Tip In(1+¢) according to blood nulling condition (Eq. 2.30)
Tlss—sr | Tip In(1+()— according to blood nulling condition (Eq. 3.1)
TR
In(1+Ce Tib)
Ty 2.1s Tab. 2.1
Tham 1.9s Tab. 2.1
T % transit time according to Eq. 5.1
ot 1500 ms arrival time of fresh blood. See body text for the
choice of value used.
Adt 200 ms change in arterial arrival time due to stimulation
[Ho et al., 2011]
TTH 1s transit time heterogeneity [Jespersen and (ster-
gaard, 2012]

Table 5.3: Assumed physiological parameters that are used in the model: All parameters
refer to human cortical GM tissue at 7 T. The most critical parameters that
could introduce flow weighting in VASO are, CBF,.st, ACBF, PS, and §t.
These parameters are investigated in more detail and with respect to a broad
range of values.
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5.1.3 Introduction to vascular perfusion models
Single compartment model
Detre et al. employed a single compartment model to quantify CBF' changes in ASL

[Detre et al., 1992|. In this single compartment model, water magnetization enters and

A single compartment model B  two compartment model
tissue voxel

tissue voxel

Mz,6m T; 6m

/Wz,par T, par \

BF

artery vein /

extravascular|space

Figure 5.1: Hlustration of single compartment model and two compartment model

leaves with the perfusion rate C'BF' and relaxes with tissue 77 in the well mixed sin-
gle compartment (Fig. 5.1A). The equation of motion that describes the behavior of
magnetization in the single compartment is given by a modified Bloch equation.

M., por M ar — M ar BF BF
AM: par(t) _ Mo par 2 par (1) 1 ¢ L alt) — LMZ,v(t)
dt T par ¢BV CBV

(5.2)

Bloch equation inflow outflow
Where M, pqr(t) is the z-magnetization from parenchyma; M, ,(t) and M, ,(t) are the
z-magnetizations of inflowing and outflowing blood. Often, M, ,(t) is considered to be

M, ,(t) = J‘%ﬁ%’i‘}%ﬂ, where BBPC is the brain-blood partition coefficient for water that
corrects for the different proton density of tissue and blood and for finite permeability.
BBPC is believed to be in the range of BBPC = 0.8 ml/ml [Herscovitch and Raichle,
1985][Iida et al., 1989].

The most crucial simplifications and limitations in the single compartment model are:

e It is assumed that blood water decays with T} ,,, instantaneously, as soon as it
arrives the microvasculature. However, due to finite permeability, water molecules
remain in the blood for some time before entering the extravascular space and
decays with T7 ; until then.

e The single compartment model does not consider blood volume separately from
tissue volume, which makes it impossible to investigate VASO contrast.

e In the single compartment model, the venous blood has the same magnetization as
the tissue. This assumption is not completely physiologically reasonable, as some
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water molecules pass directly through the microvasculature without ever exchang-
ing [Ginsberg et al., 1985]. With a finite permeability, the outflowing magnetization
is a combination of arterial blood water and tissue water.

Two compartment model

The assumption of infinite permeability of the capillary wall is particularly not fulfilled in
the brain, where the blood-brain barrier facilitates water flow across capillary membranes.
The finite permeability of the capillary wall is considered in the two compartment model
developed by Parkes and Tofts |Parkes and Tofts, 2002| (see Fig. 5.1B). In this model
blood water and extravascular tissue are considered with their corresponding volumes and
relaxation times, separated by semipermeable endothelium. It was originally designed
to quantitatively describe the ASL signal. This two compartment model was modified
by Wu et al. to a general form of inversion recovery sequences, which can be used to
describe both PASL and VASO [Wu et al., 2010] signal contrast. The magnetization of
both compartments is given in Eq. 5.3.

Mty _ Mop — M.,(t) CBF

dt Tl b + CBV [Mz,a(t) - Mz,v(t)} (53)
N
Bloch equation inflow and outflow
PS
t OBV (M, (t) — M p(t)]
permeability
dM, M, - M t pPS
v _ Mocu = Meou® | B 13w, o)
Thvam Vam
Bloch equation permeability
dM o (t) _ MO,a - Mz,a(t)
dt Tl,b
—

Bloch equation

Where M, (t) is the magnetization of capillary blood; M, gas(t) is the magnetization of
extravascular tissue; M, ,(t) is the magnetization of arterial blood flowing into the voxel.
Ty, and T gu are intrinsic longitudinal relaxation times of blood and extravascular
tissue. C BV and Vs denote the blood volume and tissue volume in units of ml per ml
of the voxel.

Limitations of the two compartment model

e In the two compartment model, it is inherently assumed that all intravascular blood
magnetization is well mixed. Thus it is assumed that blood magnetization that has
just entered the voxel is identical to the magnetization of venous blood. Since the
inflowing, refilling, and outflow of blood occurs in a similar time scale as longitu-
dinal relaxation, blood magnetization in arterial and venous compartments might
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have different relaxation history of their z-magnetizations. In order to estimate
permeability and flow effects in VASO, the precise relaxation history of an indi-
vidual ‘drop’ of blood water must be considered during its stay in the voxel. This
relaxation history cannot be estimated by considering one well mixed intravascular
compartment only.

e All blood in the voxel is assumed to be capillary blood. This might be not com-
pletely physiologically valid. Different vascular compartments within one voxel can
have different contributions to permeability, inflow, of volume changes. For ex-
ample, the arterioles are believed to change their diameter more than any other
compartment [Hillman et al., 2007]. However, they do not significantly contribute
to the exchange between intravascular and extravascular space. This means that
the bulk of volume change that occurs in the arteriolar compartment is indepen-
dent of permeability of the capillaries. The largest effect of capillary permeability
on VASO signal change is expected to be located in the downstream capillary and
venous compartments where blood is not completely nulled. Such dynamics cannot
be captured in a two compartment model.

5.1.4 101 compartment model

Here, a new model is developed that is based on the two compartment model described in
[Wu et al., 2010]. In this new model, the intravascular component is subdivided into 100
sub-compartments (additional to the extravascular compartment) in order to account for
the issues mentioned above. The number 100 was chosen here as a compromise to model
a smooth blood transition through the vascular tree [Xu et al., 2013] with minimum
computational time necessary.

Fig. 5.2 depicts a schematic illustration of the longitudinal array of the subcompart-
ments in the proposed model. There is only one extravascular compartment. The 100
intravascular compartments are assigned to be arterial, capillary and venous, accord-
ing to the corresponding blood volume distribution at rest (see Tab. 5.2). The first
20 compartments are arterial vessels with 60% volume change during activation and no
exchange between intravascular and extravascular space. The compartments 21 - 60 are
capillary vessels with a blood volume change of 10% and permeable walls that enable wa-
ter exchange between extravascular and intravascular space. The compartments 61 - 100
represent venous vessels with blood volume change of 10% and without water exchange
with the extravascular compartment. The equations of motion of the magnetization in
this model are given in Eq. 5.4.

n — no. X
dMZC,lZ,i(t) _ Mo, T]ljz,b,z(t) n gg‘l/} {M,Zb_,il(t) _ Zb,i(t)] n (5.4)
Bloch equation inflow and outflow
00 g (M) = M2, 1)
permeability
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tissue voxel
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Figure 5.2: Schematic depiction of the multi compartment model: Blood flows from left to
right. The black parts of the vasculature represent macrovessels outside of the
imaging region. The depicted voxel is designed to contain all microvascular
compartments of the vascular tree. Every colored cylinder depicted here
represents 20 subcompartments.

. M M (t P 100
M. i) _ Mogy — Mz ci(t) C > MTy () — M ani(t)

Bloch equation permeability
amreo  Mgy” — MI() +OH(— o) Mo
dt Ty dt

Bloch equation inflow of fresh blood

Here n denotes the compartment, and i € {act, rest} denotes the brain state. All volume
indications are meant to reflect the relative water volume within a certain compartment.
This means that the different proton density in water and in tissue is already consid-
ered. The Box-function ©(n) distinguishes the capillary compartments from all the other
compartments.

(5.5)

1 if20 <n <60,
O(n) = { 0 else

The permeability surface area product PS is normalized to the number of capillary
compartments. All capillary compartments combined have the desired value of PS =
144 ml/100ml/min [Herscovitch et al., 1987|. The Heavyside-function H (¢t — dt) denotes
the start of inflow of fresh (uninverted) blood.

0 if t —6t; <0,

H(t—dt):{ L e (5.6)

The arterial arrival time §¢ denotes the time blood needs to flow from the lower border
of the inversion slab into the imaging region.
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Transit time heterogeneity

In the described model, only one vessel is considered. In order to account for hetero-
geneity of blood velocity through the different vessels, transit time heterogeneity must
be considered as well [Jespersen and Ostergaard, 2012]. Transit time heterogeneity can
be introduced into the model by a asymmetric convolution of the blood magnetization
across compartments with the convolution function e‘ﬁ, where the value of transit
time heterogeneity (TT'H) can taken from Tab. 5.3.

Resulting VASO signal change

The VASO signal can be considered as the sum the magnetizations across all blood and
tissue compartments at the blood-nulling time 7' weighted by their respective relative
volumes:

100
Z o(THCBV" + M, g (T1)Van,i with i € {act, rest}, (5.7)

where the z-magnetization in intravascular and extravascular compartments can be taken
from Eq. 5.4. Activity induced VASO signal change is consequently:

AS(TI) _ Sact(TD)—Srest(TI) _
Sntth = gt = (58)

100
D oneo M2y ot (THCBVILAM, gaact(TIVam,act

100

Z M:b rest (TI)CBVT”ést-FMZqGIVI,TESt (TI)VG]W,Test
100

Zn 0 M;lb ,rest (TI)CBV pgt+Mz,GA1,7'est(TI)VGJW,Test

- 00 .

. M7 (TI)CBVTESt+Mz,GM,rest(TI)VGIVI,'r'est

n=0""z,b,rest

5.1.5 Methods
Simulation parameters

The equations of the 101 compartment model (Eq. 5.4) were solved numerically in C++.
The temporal resolution and simulation step size was 1 ms. Since the goal of this work
was to evaluate C'BF'| and capillary permeability effects on VASO signal, wide ranges of
CBFes (0 - 180 ml/100ml/min), ACBF (0 - 100%), and PSS (0 - 200 ml/100ml/min)
were utilized to evaluate these effects representing different physiological conditions. In
order to evaluate these effects with respect to acquisition parameters used, a wide range
of experimental parameters of TR (3 - 12 s), T'I (0 - 1.5 s), and arterial arrival time &t
(1.1 - 2.1 s) was simulated and compared with experimental results.

Experimental parameters

In order to investigate and confirm simulated model results with experimental data, SS-
SI VASO data were acquired in vivo for a wide range of TR, T'I, and inversion slab
thickness.

Inflow effects of fresh (not inverted) blood were experimentally investigated by artificially
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altering the arterial arrival time. This could be achieved by successively reducing the
inversion slab thickness in the steps of 15 cm, 10 cm, 7.1 cm, 5.6 cm, and 4.5 cm. Effects
of inversion time (directly equivalent to inversion efficiency) was investigated in the steps
of TI = 700 ms, T1 = 900 ms, and T'I = 1100 ms corresponding to ¢ = 0.38, ( = 0.51,

and ¢ = 0.65 (¢ = e —1). Effects of TR were investigated in the steps of TR = 3 s,
TR=4s,TR=5s,and TR = 6 s. These T'R values correspond to pair-wise acquisition
of VASO and BOLD images. All other acquisition parameters stayed constant and were
identical to the study described in section 3.1.3. In short: SS-SI VASO at 7 T, five axial
slices with GE EPI, TE = 19 ms, nominal voxel size of 1.5 x 1.5 x 1.5 mm?. MAFI
B; maps [Boulant et al., 2009] were acquired to estimate the spatial range of proper
inversion performance within the desired inversion slab thickness.

In order to avoid biases of tiredness or attention of the participants during the 90 min
experiments, the order of experiments was permuted for every participant. Three volun-
teers participated in this study (1 female, 27 to 30 years old). Every volunteer was invited
three times to participate in total of 12 experiments. All experiments where approved
by local ethics committee of the University of Leipzig and all participants gave written
informed consent for participation in the study.

All depicted data refer to activity in visual cortex during a 6 min moving star field
paradigm (see section 3.1.3). All signal changes were considered in the same ROI defined
as showing significant activity with acquisition parameters of TI/TR = 1.1/3.0 s and
inversion slab thickness of approximately 10 cm.

5.1.6 Results
Understanding the mechanics of the 101 compartment model

The 101 compartment model contains several physical and physiological effects, such as
inflow and refilling, relaxation, permeability induced tissue and blood water exchange.
The interaction of all those effects makes it difficult to obtain an intuitive understanding
of the results. In order to make it easier to understand, the individual features of the
model are discussed step-by-step before combining them all together in the sections be-
low.

In order to see how the model describes flow and permeability effects, they are firstly
considered without relaxation. The upper section in Fig. 5.3 depicts the inflow of a
bolus of blood without permeability or relaxation. It can be seen how blood magnetiza-
tion flows from left to right through the vascular compartments. The speed of the flow
is completely defined by the relationship between CBF and C'BV. The transit time
through the total vasculature is 7 = g’% ~ 2.6 s with the literature values used. It
can be seen how the sharpness of the bolus onset blurs while it perfuses the vasculature.
This is due the the incorporated transit time heterogeneity.

The lower section of Fig. 5.3 represents the same simulation, but with the capillaries hav-
ing a finite permeability. It can be seen that for P.S =~ 144 ml/100ml/min, approximately
20% of the bolus water remains in the vasculature and flows from arterial compartments
to venous compartments without exchanging into extravascular space. In other words,
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Figure 5.3: Distribution of inflowing blood magnetization: In the upper subfigure, per-
meability is set to PS = 0, to evaluate the blood propagation and transit
time heterogeneity. It can be seen how the vasculature is refilled from left
to right. Due to the transit time heterogeneity, inflowing blood has a diffuse
border zone. In the lower subfigure, the capillary permeability is considered
to be PS = 144 ml/100ml/min.

80% of the blood water magnetization is exchanged with extravascular water magneti-

zation in the capillary compartments, in agreement with the literature |Ginsberg et al.,
1985].

Application of the 101 compartment model to estimate VASO signal change

In order to individually understand and discuss the effects of vasculature refilling, per-
meability, relaxation, and C'BF' dependencies, the VASO signal change (Eq. 5.8) is
considered for a set of multiple physiological conditions. Fig. 5.4 depicts the correspond-
ing VASO signal changes.

By means of Fig. 5.4 many effect of permeability, flow and flow change can be understood
and discussed.

e The red curve in Fig. 5.4 depicts the ideal VASO signal change, which it is depen-
dent on CBV change only. Since arterial C BV change is assumed to contribute
most to the total C BV change, the signal change is very large there.

e The green line in Fig. 5.4 depicts the VASO signal change for the case that there
is only a CBV change and a constant C'BF, without perfusion. In this case,
VASO signal change in downstream venous compartments can slightly underesti-
mate C'BV change. This effect can be considered as a result of blood magnetization
relaxation history. SS-SI VASO is based on the assumption that all the blood has
experienced only one inversion pulse. If the refilling condition is not perfectly ful-
filled, there is still some not nulled blood in the venous vessels. This case results in
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Figure 5.4: VASO signal change and its dependence on C BF', ACBF' and permeability:
The arterial compartments have the largest relative C BV change. Hence, the
compartments 0 - 19 show the strongest VASO signal change. Since arterial
vessel walls are assumed to be impermeable, there are no contaminating ef-
fects visible in those compartments. Capillary and venous compartments have
limited contribution to overall VASO signal change. Though, permeability
and CBF have a large affect on the post arterial compartments, with re-
spect to their relative VASO signal contribution. ‘Ideal VASO’ signal change
refers to the optimal case, when all the blood in all vascular compartments is
completely nulled and no intravascular magnetization was permeated into ex-
travascular space during the relaxation. For a set of reasonable physiological
parameters (orange line), VASO signal change in post arterial compartments
is overestimated compared to ideal VASO signal change. Individual effects of
CBF,est, ACBF, and PS in the individual lines are discussed in the main
text.
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VASO signal underestimation of ~ 0.02% (3.6% relative to the ideal VASO signal
change).

e The blue line in Fig. 5.4 depicts the VASO signal change for the case that there is
no flow, but a finite permeability. This means that all of the blood, which is in one
compartment, stays in this compartment during T'I, associated with sharp edges
between the arteriolar, capillary and venous compartments. The arterial compart-
ments are nulled at T'T and the VASO signal change reflects the true blood volume
change. Since the refilling condition cannot be fulfilled without flow, the magnetiza-
tion in the venous compartments is insufficiently nulled. Additionally to this unmet
refilling condition in the venous compartments, the capillary compartments expe-
rience an additional effect of permeability. Intravascular blood z-magnetization in
capillaries approached the value of tissue z-magnetization. Therefore, almost no
VASO signal change can be seen for the capillary compartments. This case under-
estimates total C BV change by ~ 0.26% (34% relative to the ideal VASO signal
change).

e The pink line in Fig. 5.4 depicts the case, when there is flow, flow change but no
permeability. The CBV change is properly quantified in the arteriolar and cap-
illary compartments. The detected CBV change in the venous compartments is
significantly overestimated. This can be understood by considering it as an unful-
filled outflow condition. In the case of the green line, the unmet outflow condition
resulted in incomplete blood nulling. Here, an additional effects of ACBV comes
into play. The refilling condition is better fulfilled during activity, when CBF is
higher compared to rest. This results in not nulled venous blood during rest and
nulled venous blood during activity. In other words, increased flow washes out the
not nulled venous blood resulting in a C'BF' dependent signal decrease. The lower
signal with increased washout during activity results in an C BV overestimation of
~ 0.28% (36% relative to the ideal VASO signal change).

e The orange line in Fig. 5.4 depicts the physiologically most reasonable case. Here,
flow, flow change and permeability are all considered simultaneously. Aside from
outflow effects, there is an additional effect that needs to be taken into account
considering both, flow change and permeability. Permeability is independent of
activation but flow is believed to increase substationally during activation. This
means that the residence time of blood in permeable capillary compartments is
smaller for activation compared to rest. Hence, less tissue z-magnetization is mixed
with a unit capillary blood volume during activation compared to rest. In other
words, during rest &~ 80% of the blood in the downstream compartments arises
from extravascular tissue space. But, during activity, this number decreases. This
means that during activation, capillary blood magnetization is less contaminated
from tissue water magnetization compared to rest. The smaller z-magnetization of
capillary and venous blood during activity results in an overall C BV overestimation
of ~ 0.13% (16.4% relative to the ideal VASO signal change).

It can be concluded that VASO signal change can be severely contaminated by effects of
flow, permeability and relaxation history. These effects can partly cancel each other out
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and they are differently pronounced across vascular compartments. The resulting mean
signal change is highly sensitive to the set of physiological parameters assumed.

It must be noted that no inflow of fresh blood can be seen here. This is due to the fact
that arterial arrival time is longer than the inversion time (6t > 7'I) with the physiological
and measurement parameters assumed (Tab. 5.3). Inflow effects are discussed in more
detail later in this section.

Flow weighting in VASO as a function of baseline perfusion, flow changes, and
permeability

As shown above, physiological parameters such as CBF,..s;, ACBF, and PS and their
interplay can influence the flow weighting in VASO (Fig. 5.4). Their precise values,
however, are believed to be highly variable. For example, they may be different across
brain areas, species, anesthesia, and pathology [Calamante et al., 1999|[Buxton et al.,
2004|. Hence, flow weighting in VASO is investigated for a wide range of physiological
parameters assumed: CBFyes (0 - 190 ml/100ml/min), ACBF (0 - 90%), and PS (0 -
200 ml/100ml/min). The corresponding results of overall VASO signal change are shown
in Fig. 5.5. For moderate C BF,.s values in the range of 50 - 70 ml/100ml/min, VASO
signal change it very close to the value expecting from the ideal value, which is reflecting
VASO signal change without any flow contaminations (Fig. 5.5A). For higher CBF, ¢4t
values in the range of 90 - 110 ml/100ml/min, VASO signal change is overestimated by
approximately 20% of the total VASO signal change. For even higher C BF s values in
the range of CBFjcs 150 - 200 ml/100ml/min, the VASO signal change overestimation
is reduced again. For a value of CBF,¢s ~ 190 ml/100ml/min, which is often found
in rats [Calamante et al., 1999], VASO signal change is overestimated by approximately
10% (relative to the ideal VASO signal change).

Contaminations in VASO are also dependent on the ACBF parameter (Fig. 5.5B).
Especially, for high ACBF values in the range of 80 - 100%, VASO signal change can
be overestimated by up to 38% (relative to the ideal VASO signal change). For very low
values of ACBF below 37%, this effects inverts and AV ASO can be even underestimated.
Considering VASO signal change for different permeability values, a direct VASO signal
dependence can be seen as well (Fig. 5.5C). For higher values of PS, VASO signal change
is less overestimated.

Influence of repetition time, inversion time, and inversion slab thickness: How to
minimize effects of inflow and permeability in an SS-SI VASO experiment?

In SS-SI VASO, there are three free experimental parameters that can be adjusted to
manipulate the contrast mechanism: TR, TI, and the inversion slab thickness. These
parameters can theoretically adjusted in such a way that contamination in SS-SI VASO
signal change is minimized.

Since all the blood in the imaging slice is expected to be once inverted, TR can be
adjusted independently of the blood-nulling time important for VASO. Note that this
is not the case in the original VASO approach. When the experimental parameter T'R
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Figure 5.5: The effect of VASO signal change on the physiological parameters C'B Fest,
ACBF, and PS: Within the wide range of parameters assumed, the VASO
signal change can be highly affected. For the physiological values assumed
here (dashed lines), AV ASO signal is overestimated by approximately 15%,
relative to the ideal VASO signal change. For example, such an overestimation
would result in a measured value of ACBV = 17% instead of the true value

of ACBV = 15%.
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is adapted, relaxation history effects of not nulled blood can be altered and minimized.
Figure 5.6A depicts SS-SI VASO signal change distribution throughout the vascular com-
partments for a range of TR (3 s - 8 s). Independent of TR, VASO signal change is always
overestimated in the capillary compartments. This over estimation can be compensated
with a AV ASO signal underestimation in the venous compartments for short TR (3 s -
4 s) and very long TR (> 6 s).
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Figure 5.6: Vascular compartment-depend VASO signal change for a wide range of ex-
perimental parameters: A) depicts VASO signal change across vascular com-
partments for TR in the range of 3 - 8 s. B) depicts VASO signal change
across vascular compartments for T'T in the range of 400 - 1520 ms. C) de-
picts VASO signal change across vascular compartments for ¢ in the range
of 600 - 1600 ms.

The experimental parameter 7'/ can be manipulated by adapting the partial inversion
efficiency. When the experimental parameter T'1 is adapted, the time that blood is ex-
posed to exchange between intravascular and extravascular space can be experimentally
manipulated. If T'I is smaller than the venous outflow time, steady-state blood flows out
of the voxel. If T'T is larger than the venous outflow time, partly once inverted blood
flows out of the voxel. Hence, by modulating TI, permeability and flow effects can be
experimentally manipulated.

Figure 5.6B depicts VASO signal change distribution throughout the vascular compart-
ments for a set of inversion efficiencies or T'I, respectively. The parameter ¢ describes
the negative z-magnetization after inversion in units of maximal z-magnetization. T'I is
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directly connected to the relative z-magnetization after inversion with the nulling con-
dition: TI = Thyp In(1 + ). It can be seen in Fig. 5.6B that there are only minor
dependencies of ¢ and T'I on the resulting VASO signal change.

Inflow of fresh, uninverted blood can be experimentally investigated by manipulation of
the experimental parameter §t. When the inversion slab is very thick, it takes longer
until fresh blood flows into the microvasculature of the imaging slice. By making the
inversion slab very thin, the arterial arrival time can be reduced, such that fresh blood
flows into the imaging slice during T'1. Figure 5.6C depicts how inflow of fresh blood
affects VASO signal changes. Inflow of fresh blood has a considerable effect on the VASO
signal change in arterial compartments. Inflow of fresh blood results in increased blood
z-magnetization directly proportional to CBF', comparable to the label condition of a
PASL FAIR experiment. Since inflow induced VASO signal increase is in the order of
10% relative to the signal at rest (= 1200 % relative to the ideal VASO signal change),
it is obvious that tiny inflow effects can render C BV estimations impossible.

Best choice of experimental parameters

Results shown in Fig. 5.6 can be evaluated to find a set of sequence parameters with
minimum contamination in VASO signal change. The results of Fig. 5.6 are evaluated
with respect to the total VASO signal change and summarized in Fig. 5.7.
Investigating dependencies of T'R, it can be seen in that VASO signal change overestima-
tion is highest for TR =~ 5 s (Fig. 5.7A). This suggests that for best C BV quantifiability,
TR values far away from this value should be chosen. If impractical long TRs (> 7 s)
want to be avoided, it is suggested to use TR values as short as possible. Due to the
interleaved acquisition of BOLD and VASO images in the SS-SI VASO approach, TR
cannot be smaller than 27'1. Hence, T'R should be chosen in the range of TR = 3 s. Fig.
5.7B suggests that VASO signal change is only weakly dependent on T'I. There is only a
small reduction of VASO signal overestimation with increasing T'I. Hence it is suggested
to prefer long T'I values, which corresponds to a high inversion efficiency (e.g. ¢ = 1.
and T'1 = In(2) T, ~ 1500 ms).

Luckily the combination of shortest possible TR and the longest possible T'I is also the
combination that provides highest possible GM signal (see Fig. 4.24 on page 127) and
therefore highest SNR.

Figure 5.7C shows that inflow effects severely distort VASO signal change. These effects
can be avoided, if dt is longer than T'I. Hence, when a head coil is available for RF
transmission only, the inversion slab thickness should be as large as possible.

Comparison of simulated VASO results with experimental data

For the sake of validation, the simulated results are compared with experimental data
acquired in vivo. Figure 5.8 depicts the measured VASO signal changes as a function
of TR, TI, and inversion slab thickness. A superposition of measured and simulated
VASO signal time courses is given in the right column. Experimental results are in good
agreement with simulated results. SS-SI VASO signal is almost independent of TR and
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Figure 5.7: Overview of effects of experimental parameters TR, TI, and §t: The flow

and permeability contamination in VASO depend on experimental sequence
parameters. The depicted dependencies can be used to establish guidelines
about a most advantageous set of experimental parameters. T'R values in the
range of 5 s should be avoided (A). Flow induced VASO signal overestimation
is fairly independent of T'1 (B). There is only a minor trend that VASO signal
changes of longer T'I are closer to the optimal value compared to shorter T'1,
suggesting to use longer T'/s. Inflow of fresh (uninverted) blood into the
imaging slice has a large effect on the VASO signal change (C). This suggests
that it is vital to chose an inversion slab thickness, such that the VASO image
is acquired before fresh blood can flow into the imaging slice (T'1 < dt).
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Figure 5.8: Comparison of simulated and experimentally measured VASO signal changes

as a function of T'1, TR, and dt: Subfigures in the left column depict the
results of experimentally measured VASO signal as a function of 71 (A), TR
(C), and inversion slab thickness with the corresponding variations of 6t (E).
These raw VASO data are depicted to give an estimation of the noise and
uncertainty on the resulting data points in the subfigures of the right col-
umn. Subfigures in the right column depict the corresponding mean values
of AVASO on top of the simulated results. For best overlay of the exper-
imental and simulated results, ACBV = 25% was assumed here. The rest
of the model parameters is taken from Tabs. 5.2 and 5.3. The experimental
and simulated VASO results are in good agreement.
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T variations in both, the simulated and experimental results. The trends of a positive
slope for increasing T'I (Fig. 5.8B) and a ‘U’-shape for increasing TR (Fig. 5.8D) are
very faint and much smaller than the uncertainty of the experimental data. This is in
contrast to significant inflow effects regarding the dependency of arterial arrival time
(Fig. 5.8F). For both, simulated and experimental results, VASO signal is independent
of 0t above a certain threshold only. When dt is below that threshold, however, VASO
signal is significantly reduced. Note that the experimental and the simulated data in Fig.
5.8F refer to different y-axes. Measured data are referred to inversion slab thicknesses,
which is an indirect indicator for the arterial arrival time only.

Comparison with original VASO

The developed 101 compartment model can be easily adapted to consider the contrast
mechanisms in original VASO or PASL. The only parameters that needs to be adapted
are the blood-nulling time and the corresponding z-magnetization steady-state. For the
sake of comparison of contaminations in SS-SI VASO, the 101 compartment model is
applied to estimate such contaminations in original VASO. The results of these simu-
lations are summarized in Fig. 5.9. Subfigure 5.9A shows for original VASO that the
blood z-magnetization in the upstream capillary compartments is larger during rest than
during activity. In downstream capillary compartments and in the venule compartments,
however, the blood z-magnetization is smaller during rest than during activity. To un-
derstand this feature, it is helpful to consider the whole time period of exchange between
intravascular and extravascular space. This time period starts at the previous excitation
(90°-pulse). At this time, tissue and blood are saturated. Until the following inversion
pulse (TR - TI), gray matter decays faster than blood and capillary exchange causes
deposition of positive z-magnetization into the intravascular space. Due to higher CBF
during activity and constant P.S, the z-magnetization deposition per unit of blood is
smaller (washout). And after inversion, the smaller z-magnetization during activity be-
comes a less negative. Therefore, the green line is above the red line in the venous
compartments in Fig. 5.9A. Additionally to water exchange in the period between in-
version and image acquisition, there is a second mechanism that has a compensating
effect. In the time after inversion, tissue z-magnetization decays faster than blood z-
magnetization and, again, deposits positive z-magnetization in the intravascular space.
The net-magnetization at the blood-nulling time depends on the durations of the two
periods. Most of the capillary blood at the blood-nulling time entered the capillary
compartments after the inversion and hence, the second mechanism outweighs the first
one. The blood in the venous compartment is dominated from the capillary permeability
exposure before inversion. Therefore, in the venous compartment, the first mechanism
outweighs the second one.

The interaction of the two competing effects can be experimentally manipulated by mod-
ulating the time distribution before and after inversion by means of adapting 7'1. Here,
T1 is modulated by adjusting T'R. In original VASO both, blood and extravascular tissue
are in steady-state. Hence, to fulfill the nulling condition, TR and T'I are connected with
Eq. 2.30. Figure 5.9B depicts the distribution of VASO signal change across the vascu-
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Figure 5.9: Effects of blood flow and capillary permeability in original VASO: A) depicts
that intravascular magnetization is incompletely nulled in post arterial blood
compartments. Dependent on the dwell time of magnetization in intravas-
cular and extravascular space and its corresponding relaxation history, this
effect is unevenly distributed across vascular compartments. B) depicts the
resulting artifacts in VASO signal change for a wide range of T'T (443 - 1385
ms) or TR (2 - 12 s) values. VASO overestimation in one compartment can
be partly compensated with VASO underestimation in other compartments.
C) depicts that flow contaminations in original VASO are highly dependent
on the experimental parameters used. For the sake of comparison, the corre-
sponding results of SS-SI VASO (from Fig. 5.7) are included into the figure.
For most widely used TR of 3 s, flow effects result in the same VASO signal
overestimation. The values of TR refer to pair-wise, interleaved acquisition
of BOLD and VASO images.
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lar compartments for various T'I and TR, respectively. According to the magnetization
depicted in Fig. 5.9A, VASO signal change is overestimated in the venous compartments
and underestimated in the capillary compartments for reasonable values of TR and T'I.
Figure 5.9C depicts the overall VASO signal change for a wide range of T'I values. The
signal change of original VASO is similar to the ideal VASO signal change around TI =
900 ms, consistent with earlier simulations of original VASO [Wu et al., 2010|. However,
it must be stressed that this is not due to the fact that there are no contaminating flow or
permeability effects. This is only due to compensation of venous CBYV,, overestimation
and capillary C'BV, underestimation. This means that at high resolutions when, pial
veins are located in different voxels compared to microvasculature, the opposing effects
are not canceled out.

The extent of flow and permeability contaminations in VASO is in the same order of
magnitude for the original approach and for the SS-SI VASO approach. For reasonable
temporal resolutions of TR = 3 s, the flow induced VASO signal overestimation is the
same for both sequences (dotted lined in Fig. 5.9C).

5.1.7 Limitations of the 101 compartment model

Even though the 101 compartment model can describe a wide range of physical and
physiological features, some higher order effects are not included into this model.

e It is assumed that all compartments including extravascular space are well mixed.
This might not be entirely true. For example it might not be physiologically reason-
able to describe the large extravascular space as one compartment only. Specifically,
the intravascular water that perfuses into the extravascular space will be located
close to the blood vessels for some time, before it distributes across the entire ex-
travascular space. During that time, it has an enhanced probability to return back
into the intravascular space. This effect would result in a smaller effective value of
PS and it could be accounted for, by subdividing the extravascular compartment
in radially distributed subcompartments [St. Lawrence et al., 2000].

e [t is inherently assumed that C BF' and PS are constant across all capillary com-
partments. This means that the blood velocity is the same across all capillaries
compartments. More advanced hydrodynamic models, however, suggest that most
of the blood flows out of the capillaries into extravascular space in the upstream
capillary compartments and the inflow from extravascular space occurs in the down-
stream capillary compartments [Krieger et al., 2012]. This would be associated with
a smaller blood velocity in the middle compartments. This effects could result in a
slightly smaller effective C'BF' value compared to the ones assumed in this study.

e The exchange between intra- and extravascular space is considered to reflect the to-
tal blood (plasma and hematocrit). Since hematocrit cannot penetrate the capillary
walls, this assumption is not entirely valid. However, because the water exchange
between intracellular space and blood plasma (exchange rate k = 4.4 £+ 2.1 ms
[Gardener et al., 2010|) is much faster than the exchange between intravascular
and extravascular space (k &~ 1.6 s [Herscovitch et al., 1987]) and the relaxation
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time (77 ~ 2.1 s Tab. 2.1), violations of the foregoing assumption are expected to
be tolerable.

5.1.8 Summary and conclusion

A two compartment model that considers the permeability of the capillary wall [Wu
et al., 2010] was adapted for quantitative estimations of flow and permeability artifacts
in SS-SI VASO and original VASO. In comparison to previous simulation studies, the 101
compartment model of this study was extended with respect to two aspects. (A) The
precise relaxation history of water magnetization is considered by introducing different
longitudinal intravascular subcompartments. (B) It is considered that the blood volume
change and the permeability is not equally distributed across arterioles, capillaries, and
venules. For example, this can account for physiological features like the fact that arte-
rioles contribute considerably to changes in C BV (in contrast to venules), but they are
not permeable (in contrast to capillaries).

Permeability and flow weighting in VASO was investigated with respect to a wide range
of physiological parameters CBFycs (0 - 190 ml/100ml/min), ACBF (0 - 90%), and
PS (0 - 200 ml/100ml/min). Comparisons of simulated model data with experimental
in vivo results are in good agreement for a wide range of acquisition parameters of TR
(3-12s), TI (0.7 - 1.1 s) and inversion slab thickness (4.5 cm up to ~ 15 cm).

The result of these investigations show that SS-SI VASO and original VASO can capture
CBV change in arterial vessels properly without flow contaminations, when an appro-
priate inversion slab thickness is chosen. In post-arteriolar compartments, intravascular
blood water magnetization is usually incompletely nulled across all physiological and ex-
perimental parameters assumed. During activity induced C'BF' increase, more of the not
nulled blood magnetization is washed out, leading to reduced intravascular blood magne-
tization during activity and resulting in overestimation of the negative VASO contrast.
Dependent on physiological and experimental parameters assumed, this overestimation
is distributed differently across capillary and venous blood compartments.

For a reasonable set of physiological parameters, VASO signal is overestimated by ap-
proximately 0.15%. This corresponds to a relative overestimation of approximately 15%
relative to the total VASO signal change. For example a true CBV change of ACBV
= 25% would be over estimated to be ACBV = 28.75%. For widely used acquisition
parameters ('R = 3 s and high inversion efficiency), permeability and flow contamina-
tions are the similar for SS-SI VASO and original VASO. In SS-SI VASO, permeability
and flow contaminations are minimized for short TR (e.g. 3 s), long T'I (e.g. 1.5 s) and
large inversion slab thickness of about 15 cm.
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5.2 Necessity to image at the blood-nulling time

This section is about the limitations regarding the necessity to acquire VASO images at
the blood-nulling time. In this section the error of C'BV quantification is estimated for
uncertainties in blood 77 and the corresponding blood-nulling time. Finally, the potential
extensibility of SS-SI VASO to a 3D readout scheme is briefly discussed. This section
focuses on T effects in VASO with respect to the experiments performed in this thesis.
Therefore, all discussions and reported values refer to the field strength of 7 T.

5.2.1 VASO signal change with errors in longitudinal relaxation rate of
blood

VASO is based on the idea that the entire intravascular signal is completely nulled in an
inversion recovery sequence. The time of image acquisition is adjusted to coincide with
the time, when the relaxing blood z-magnetization crosses zero. Knowing the longitudi-
nal blood relaxation time 77, the blood-nulling time can be directly calculated by means
of Eq. 2.30.

Experimental measurements of blood T at 7 T in individual volunteers is highly labo-
rious [Rane and Gore, 2013|[Francis et al., 2008]|Grgac et al., 2012|[Dobre et al., 2006],
especially in vivo [Rooney et al., 2007|[Zhang et al., 2013]|. Therefore subject-wise de-
termination of blood T} in a pre-scan like fashion was not performed in VASO studies
in the literature so far. For estimation of the blood-nulling time in VASO, T} values are
usually assumed on the basis group results from previous studies.

In this thesis, the blood-nulling time is chosen based on literature values of blood T}
summarized in Tab. 2.1. Considering the distribution the various reported values, they
scatter around the value of 77 = 2100 ms with a standard deviation of =~ 100 ms. Blood
T has been shown to be slightly dependent on oxygenation and hematocrit [Rane and
Gore, 2013||Zhang et al., 2013]|Grgac et al., 2012] and thus it might be slightly different
in arteries and veins, or in men or women. These variations are also in the range of ~
100 ms [Rane and Gore, 2013]|Grgac et al., 2012].

Here, the effect of such uncertainties in blood 77 are investigated with respect to the not
nulled blood signal and the corresponding error in VASO signal change.

The blood signal for any inversion time can be estimated with Eq. 2.29. Assuming T}
o %%%O ms, Eq. 2.29 suggests that during 100 ms blood z-magnetization relaxes up to

57— = 2.5% of its maximal magnetization. The corresponding error in VASO signal
0z

change can be calculated with Eq. 5.9.

AVASO __
VASOT‘ESt - (59)

[(1—=CBVrest) M. g (T1)+CBVrest M. o (T1)| = [(1=CBVact) M. i (T1)+CBVact M., (T1)]
(I—CBVrest)Mz,GJW (TI)+CBVresth,b(T])

The corresponding blood 77 uncertainty of 100 ms leads to an error in VASO signal
change of 5.1%, relative to the total VASO signal change. This means that, for example,
a CBV change of 25% would be overestimated to be 26.3% or underestimated to be
23.7%. Since the inter-subject variability of VASO signal change is in the range of 20%
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- 30% of the VASO signal (see section 3.1), small uncertainties in the order of 5.1%
resulting from uncertainties in blood 717 are considered to be tolerable in this thesis.

Appropriate number of acquired slices

In the studies of this thesis, usually 1 - 5 slices are acquired with 2D EPI, and 1 - 3
slices are used in the evaluation. The optimal blood-nulling time 7] was adjusted to
the acquisition time of the middle slice. This means that the effective acquisition time
of the adjacent slices differed from the optimal blood-nulling time. Depending on the
acquisition duration per slice, the deviation from the blood-nulling can be negligible.

In this thesis the number of the used slices is chosen in such a way that the deviation of
the slice acquisition time is smaller than the uncertainty of the literature value of blood
7.

All studies of this thesis and the corresponding uncertainties in 7' between slices are
summarized in Tab. 5.4. In all studies of this thesis, the deviation of the acquisition
time from the optimal blood-nulling time of all evaluated slices is below 100 ms.

#slices | time of outer | section | comment
most slice to opti- | in this
mal blood-nulling | thesis
time
3 59 ms 3.1 1.5 mm resolution, no GRAPPA
1 0 ms 3.1 3 T, 3 mm resolution, no GRAPPA
3 76 ms 3.1 1.5 mm resolution, for 3 echoes
1 0 ms 3.2 0.5 mm resolution, in rats
1 0 ms 3.2 0.8 mm resolution, in human S1
3 76 ms 4.1 1.5 mm resolution, for 3 echoes
1 0 ms 4.1 0.7 mm resolution, in monkeys
1 0 ms 4.2 0.8 mm resolution, 64 matrix
1 0 ms 4.2 0.5 mm resolution, in rats
1 0 ms 4.2 < 0.5 mm resolution, in monkeys
3 59 ms 4.3 1.5 mm resolution, no GRAPPA
3 59 ms 5.1 1.5 mm resolution, no GRAPPA
3 76 ms 5.3 1.5 mm resolution, for 3 echoes
3 76 ms 5.4 1.5 mm resolution, for 3 echoes, looking at
negative BOLD responses
3 59 ms 5.4 1.5 mm resolution, no GRAPPA, looking
at hypercapnia

Table 5.4: Overview of uncertainties in blood-nulling time of all experiments in this thesis.
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5.2.2 Extensibility to a 3D method

VASO has been extended to a multi-slice method with several advanced readout strate-
gies [Donahue et al., 2009a|[Hua et al., 2012][Poser and Norris, 2007][Poser and Norris,
2009][Poser et al., 2011][Scouten and Constable, 2007||Cretti et al., 2013][Miao et al.,
2014], or by means of advanced modeling [Ciris et al., 2013|. In SS-SI VASO, these meth-
ods can be used to increase the number of imaging slices, analogously. The additional
requirements of the SS-SI VASO regarding the vasculature dynamics must be considered
in adjusting the sequence parameters when it is applied with a 3D-acquisition. For exam-
ple, if more imaging slices have to be acquired, T'R must increase to give blood sufficient
time to refill the vasculature between consecutive image acquisitions, and of course both
the imaging slab thickness and the inversion slab thickness must be increased. The fun-
damental limitations of the imaging slab thickness in slab-selective VASO are comparable
to limitations of PASL methods [Calamante et al., 1999|, which are also given by refilling
behavior of the vasculature within a slab.

The brain coverage of VASO can also be increased by combining the VASO preparation
with a simultaneous multi-slice (SMS) acquisition [Moeller et al., 2010]. Fig. 5.10 depicts
an example of using this approach to extend SS-SI VASO to cover multiple brain areas
simultaneously.
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A) slice positioning B) BOLD V1/V5 C) VASO V1/V5 z-val D) VASO tSNR V1/V5
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Figure 5.10: Example of simultaneous multi-slice VASO application for enlarged brain

coverage: A) depicts the positioning of the two simultaneously acquires slice
packages covering the visuo-motor system of brain areas V1, V5, M1, and S1.
B), C), F), and G) depict the statistical activation maps. Blue colors refer
to the response to static light changes. Red-yellow colors refer to increased
activity during motion and finger movement. Green colors refer to negative
response during motion/movement. E) depicts a zoomed view of the M1/S1
region indicating higher local specificity of VASO to the two GM banks
compared to the BOLD signal. D) and H) depict the tSNR maps of the
blood-nulled VASO time series. The mean tSNR in GM is 28 + 9. Imaging
parameters are: TR/TI11/TI2/TE = 3000/1000/2500/24 ms, SMS factor
2; CAIPI factor 2 [Setsompop et al., 2012|, FLEET-GRAPPA 3 [Polimeni
et al., 2013], nominal voxel size 0.9 x 0.9 x 1.1 mm? ([Huber et al., 2015b],
submitted).
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5.3 Limitations in BOLD correction based on dynamic
division

In this section, the BOLD correction scheme based on dynamic division is regarded
theoretically and experimentally with respect to potential contaminations of uncorrected
intravascular BOLD effects. If the echo time is larger than few milliseconds, the T} driven
VASQO signal decrease during activation can be contaminated by a 75 driven BOLD signal
increase during activation. In previous VASO studies at 1.5 T and 3 T, confounding
BOLD signal contributions can be avoided by using a very short TE [Lu et al., 2003|
or estimating the signal at TE = 0, while acquiring images at multiple echo times [Lu
and van Zijl, 2005|. In this thesis, BOLD contaminations are corrected for by interleaved
data acquisition with and without blood-nulling and with subsequent pairwise dynamic
division of the two images. As described in section 3.1.2, this BOLD correction scheme
is based on the assumption that the extravascular BOLD effect is much stronger than
the intravascular BOLD effect at 7 T. When considering higher order effects, however,
such approximations might not be perfectly valid and small intravascular BOLD effects
could be overcorrected for.

In this section, these higher order effects are considered and corresponding errors in
VASO signal change are quantified. In order to do so, a complete BOLD model needs
to be derived containing intravascular and extravascular components in images with and
without blood nulling. With this model, residual BOLD contamination in VASO can
then be assessed. Additionally to these theoretical considerations, experimental multi-
echo VASO data from previous sections of this thesis are discussed with respect to residual
BOLD weighting in VASO.

5.3.1 Theoretical description of the BOLD correction scheme based on
dynamic division

The gradient-echo VASO signal of a voxel that is only filled with GM and blood (see
section 5.4 for deviations of this assumption) can be derived from the original VASO
paper [Lu et al., 2003] for the nulling condition and for 71 when blood is not nulled:

M, (TI) -7+ M TI) —4E
S x CBV Db Me T3 +Voum PGM Me Toam —
MO Mo
M.y(T1) P e

M TI —
= |CBV p Mo C+Vom pam 276;\]\4/[0( )} e

TE i 1
with C = e (T?GM Tib)

)

where all terms in Eq. 5.10 are listed in Tab. 5.5.
For SS-SI VASO the z-magnetization of blood and gray matter must be considered with
and without previous inversion. According to Eq. 2.17, the z-magnetization in a VASO
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symbol | name value reference

CBV,es | cerebral blood volume 0.055 ml/ml |[Lu and van Zijl, 2012]

Vam volume of gray matter 0.945 ml/ml 1- CBVyest

Ob blood water volume density 0.87 ml/ml [Donahue et al., 2006]

PGM GM water volume density 0.89 ml/ml [Donahue et al., 2006]

Ppar parenchyma water volume | 0.89 ml/ml [Donahue et al., 2006]
density

Ty blood T7 at 7 T 2100 ms Tab. 2.1

Tham gray matter T7 at 7 T 1950 ms Tab. 2.1

TI blood-nulling time 1455 ms Tip In(2)

TR repetition time 3000 ms mostly used in thesis

TE echo time 19 ms mostly used in thesis

15, T3 in vessel RO at 7 T 12.8 ms [Yacoub et al., 2001]

T5 o Ty in GM at 7T 25.1 ms [Yacoub et al., 2001]

AR5, change of inverse Ty in vessel | 1.43 ms~! [Yacoub et al., 2001]

’ region at 7 T

ARj gy | change of inverse Ty in gray | 1.46 ms™!' [Yacoub et al., 2001]

matter at 7 T

Table 5.5: Assumed values in the BOLD correction model simulation.

inversion recovery experiment is given by:

M, (TI I M.
2 )zl—e 1 (1— Z(O)).
M() MO

(5.11)

Along Eq. 2.29 the steady-state, gray matter magnetization with foregone inversion (nc)
is given by:

ne TI TR

M =1—2 Twom 4 Tiom, (5.12)
Mo cmr
Blood z-magnetization at T'I after inversion is zero by design. Without previous inversion

(nn), gray matter or blood magnetization are given by:
MR (TT) am
— L =1—e M i€ {b,GM}. (5.13)

Mo,

In order to estimate the BOLD-corrected VASO contrast, the blood-nulled signal is
normalized with the blood-not-nulled signal as described in section 3.1.2.

ne EQ. 5.1 V. Mre, (TT _TZ*TEJM
ST am pam MGy (TIe 2

Srm TE

CBV py M7Y(TI) C + Vam pam MZZM(TI)} e T2cm

0

(5.14)
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__TE
Here, the e "2.6M -term cancels out. To obtain an expression only dependent on CBV/,
Vaum paur is substituted with:

Vam pav = ‘/par Ppar — CcBV Pb (515)
such that Eq. 5.14 becomes:

Sne _ (Vpar Ppar — CBV Pb) z GM(TI)
Snn CBV Pb MZ?(TI) C+ (‘/par ppa'/‘ - CBV pb) MZTL,%M(TI)

(5.16)

In VASO, the blood volume change is assumed to arise only from water exchange between
gray matter tissue and blood water. Hence, Vjq, is assumed to be independent of func-
tional activation (see section 5.4.3 for more details). Equation 5.16 can be rearranged
to:

Sne . Ppar — ?/i‘: Pb (5 17)
Snn M (T oy c MP(TT) Mre (T '
Prar N, (1) T Vo P\ C Wrmes, 71y — WG, 0T)
Therewith, the theoretical VASO signal change during activation becomes:
gne gqne act gne rest
ASnn = Snnact B Snn rest = (518)
‘/act
Ppar — me Pb
M, (TI) | vaet n(T1) M. (TT)
Ppar M2 M(TI) Vpar Po ( et M"CGM(TI) M’wcx(TI))

‘/Test
Ppar — pr Pb

Meu (T | vyt ( (Crest M2 (T) M7y (TI)> .

ppar Mnc ( )+ Vpa’r‘ Pb Mn,c (TI) Mnf, (TI)

Equation 5.18 describes the VASO signal change corrected for BOLD contaminations
by dynamic division. This theoretical signal change contains both, intravascular and
extravascular BOLD effects in form of the T2*,b/GM dependency of the C-term. The
VASO signal described by Eq.5.18 is simulated for a wide range of CBV changes and
depicted in Fig. 5.11B.

It can be seen that the signal change is nearly directly proportional to AC BV as desired
in VASO imaging. Fig. 5.11B depicts the VASO after BOLD correction with dynamic
division described in Eq. 5.18 as a function of intravascular BOLD contamination AR;,b-
It can be seen that the VASO signal is almost independent of the intravascular BOLD
contamination. Without BOLD contamination, VASO signal change would be AV ASO
= -1.08 (ideal value in Fig. 5.11). Due to incomplete BOLD correction with the proposed
correction method, AVASO = -1.15 (measured value in Fig. 5.11) would be measured.
The simulation results shown here, suggest that the BOLD correction mechanism based
on dynamic division can essentially correct for the major BOLD contamination in VASO
at high fields. The small residual intravascular BOLD contamination in VASO leads
to an tolerable overestimation of VASO signal change. For a physiologically reasonable
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value of AR5, = 1.43 s~! [Donahue et al., 2010], VASO signal change is overestimated
by 7%. This means that a true C BV change such as 25% would be overestimated to be
26.5%.

A 0 Model of CBV based signall changle

%-0.002 complete model —— -
s -0004 withtout_BOt.LD -
O _0006 S contamination
5 -0008 N
5,-0010
» -0012
' -0014
% -0016
= 0 0.1 0.2 0.3 0.4 0.5 06 0.7
'g relative change in CBV
B AVASO signal as a function of AR,*
X 0
£ -0.2
ch -04
S -0.6
) -0.8
O ideal value
‘g measured
> value -1.4
< 0 0.5 1.0 2.0
AR,*in s

literature value = 1.43 s

Figure 5.11: Evaluation of BOLD correction in SS-SI VASO: A) depicts results of Eq.
5.18. Relative signal change as a function of C' BV change is in the linear
range, despite the small dependence on AR;}b. B) depicts VASO signal
change as a function of blood AR3 , for a physiologically reasonable range.
Value of ARj ), = 1.43 s~1 refers to the literature [Donahue et al., 2010]. It
can be seen that VASO signal change is almost independent of AR5 ;.

5.3.2 Experimental validation of the BOLD correction scheme based on
dynamic division

The proposed BOLD correction scheme based on a dynamic division of images with
and without blood nulling is compared with an alternative previously established BOLD
correction scheme based on a mono-exponential 75 decay in a multi-echo EPI readout
[Lu and van Zijl, 2005]. Figure 5.12 depicts VASO signal time course for different BOLD
correction schemes applied. All depicted data refer to the same multi-echo experiments
but different BOLD correction methods applied. The data are taken from previous studies
of this thesis depicted in Fig. 3.8. It can be seen that the VASO signal time courses are
almost identical for the different BOLD correction schemes applied. The concordance
in amplitude and temporal characteristics suggests that BOLD correction with dynamic
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e —— VASO (BOLD corrected with

0 1.00 =4 Ll jA-t=4-44 multi-echo sequence)
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Figure 5.12: VASO results for different BOLD correction schemes: VASO signal change
is almost independent of the BOLD correction scheme. There is only a mi-
nor trend of VASO signal overestimation for the BOLD correction based
on dynamic division compared to BOLD correction based on multi-T'E ac-
quisition. The depicted time courses refer to the same data shown in Fig.
3.8.

division can account for BOLD contamination as accurately as BOLD correction with
multi-echo acquisition. Minor differences between the time courses are smaller than the
inter-subject variation and might reflect residual BOLD weighting due to intravascular
effects. These small differences are the basis of the algorithm to distinguish arterial and
venous C'BV components described in section 4.1.2.

In conclusion, the BOLD correction scheme based on dynamic division can account for
the BOLD contamination in SS-SI VASO at 7 T. Higher order effects of intravascular
BOLD signal introduce a small, tolerable VASO signal change overestimation of about

7%.

173



Chapter: 5. Limitations: Partial voluming in VASO

5.4 Effect of partial voluming of CSF and WM!

In this section, the quantifiability of CBV changes from VASO signal changes is discussed
with respect to partial volume effects of CSF and WM. First, it is considered how the
partial voluming of WM and CSF can affect the BOLD correction scheme based on
dynamic division. In the second part of this section, the propagation of error in CBV
estimation is discussed with respect to errors in estimated partial voluming. In the final
part of this section, potential dynamic changes in CSF partial voluming are discussed
with respect to all experimental results shown in this thesis.

5.4.1 Partial voluming in the BOLD correction scheme based on dynamic
division
The partial voluming of CSF or WM can distort the VASO signal change sensitivity
to CBV change and is discussed in the original VASO paper for the traditional VASO
approach [Lu et al., 2013]. The unique way of BOLD correction in SS-SI VASO is
based on a nonlinear model and SS-SI VASO might be affected differently from partial
voluming compared to the original VASO approach. The effect of partial voluming in the
BOLD correction mechanism done with dynamic division of blood-nulled and blood-non-
nulled images can be discussed in a multi compartment model. The z-components of the

magnetization are considered only. The magnetization of a voxel with partial voluming
of WM or CSF can be considered as

She X Mz,GM(TInC) + Mz,C’SF/WM(TInC) (5~19)
for the nulling condition and as
Snn X MZ’pm«(TInn) + Mz,CSF/WM(TInTL) (520)

for the not nulled condition. In the BOLD correction scheme based on dynamic division,
the resulting signal change is given as (based on Eq. 5.18):

A S Sact  grest My (TIM)+M;C§ srywr(Thne) — MIGh (TIne)+MIEs p vy as (Tne)
ﬁ B S%?Lt S:L%st . Mg,%ar(TI"")—’—MZCCSF/WJM(TI"") Mgifzfr(TI"")-i_M:’ecs‘gF/WM(TITLTL)
e S ME G (T IS vy () |
" " Mg,eif&(TI””)JFM;,ecs*tSF/WM(TI”")
(5.21)

For the blood-not-nulled condition, the z-magnetization of the parenchyma is believed
to be independent of stimulation [Jochimsen et al., 2005]. In other words, if no VASO
preparation is applied, all signal changes come from changes in 75, and not from changes
of z-magnetization. The partial voluming of CSF/WM is considered to be independent
of activity (violations of this assumption are discussed in the sections below). Therefore,

'Parts of this section have been discussed in the paper [Huber et al., 2014b] and in the conference
presentations [Huber et al., 2013] and [Huber et al., 2014c]|.
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the denominator of every sub-fraction in Eq. 5.21 is the same and can be canceled out.
Thus Eq. 5.21 can be simplified to:

Agee MG (The) + Mg (Thne) = (MIEh (TTe) + MGy (TTae))
ﬁ%ﬁi MG (Tne) + MG g (Tne)
(5.22)

The term in Eq.5.22 is exactly the same as it would be in the original VASO [Lu et al.,
2003]. Since the z-magnetization of the CSF/WM volume inside the voxel is believed to
be constant during activation and rest, Eq. 5.22 can be further simplified to:

A% _ MZ%M(TIM) - §ft‘3§w(Tfnc) (5 23)
S Mg (The) + Iy (Te)

Since M;e(ﬁfg FIWM (T'I,.) in the denominator is not known, it introduces an uncertainty
in the proportionality factor between signal change and blood volume change. In other
words, if the voxel is only filled with half of the GM volume the activity induced VASO
signal change is correspondingly smaller. This partial voluming dependent C BV quan-

tification is discussed in the review paper |[Lu et al., 2013].

5.4.2 Estimation of changes in blood volume with uncertainties in partial
voluming

In order to convert VASO signal changes into relative changes in C BV, the gray matter
signal fraction of the voxel must be known (Eq. 5.23). In the studies of this thesis, the
GM signal fraction is determined my means of acquired T} maps (see section 3.1.3). The
relative change in CBYV is calculated with CABC‘EL = Smg:j“t ol B‘lfrest V;M' Figure 5.13
depicts the relative error in AC'BV for errors in estimated GM fraction in the voxel for six
different magnitudes of partial voluming. It can be seen that the error in the calculation
of cAgfo from % is highly dependent on the error in GM signal contribution. To
understand this more intuitively, Fig. 5.13 is explained by means of an example (see
dotted blue line in Fig. 5.13). In this example, a voxel with 40% GM contribution is
considered (purple line in Fig. 5.13). The GM contribution of this voxel is overestimated
by only 10% to be filled with 44% GM instead of the true value of 40% GM contribution.
In this case, the calculated percent C' BV change would be underestimated by almost 20%
for example to an estimated C' BV change of 20% instead of the true value of 25%. Hence,
it is clear that any systematic error in the calculation of GM signal contribution will have
a significant impact on the calculation of ?g‘fxt. This is particularly problematic, when
the error in GM is so large that the error propagation of Fig. 5.13 is out of the linear
range. In such a case, equally distributed noise in GM fraction is not canceled out after
averaging.

To minimize the error in GM fraction determination, special attention is focused on its
generation with 77 maps in this thesis. Although, two images at different T'I are enough
to generate a GM mask according to the algorithm described in 3.1.3, in the studies

of this thesis images at six different T/ were acquired to minimize noise in the fitting
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Figure 5.13: The error in C‘Ag‘fxt as a function of the error in GM signal contribution is

depicted for six values of true GM signal contributions.

algorithm. For every T'I, 5 identical images are acquired and averaged for further noise
reduction.

5.4.3 Changes in CSF volume
Introduction and background

In VASO fMRI, blood magnetization is selectively nulled, leaving only tissue magneti-
zation for signal detection. Its C'BV sensitivity is based on the assumption that C BV
increase is compensated by GM volume decrease. This compensation mechanism, how-
ever, is poorly understood and is subject of current research [Krieger et al., 2012]. The
underlying physiology of C'BV increase compensation mechanisms and corresponding
effects in VASO contrast generation is estimated and discussed here.

According to the Monro-Kellie doctrine, all cranial compartments are incompressible and
the total volume inside the cranium remains constant [Mokri, 2001]. Hence, volume in-
crease of one compartment of the brain must be compensated by a decrease in volume
of another component. It has been shown that a fast bolus injection of fluid into CSF
space of only 4 ml can cause a temporary doubling of intracranial pressure |Czosnyka
et al., 2004|, which poses a health risk. This fact has been used to argue that for a
normal healthy condition, the functional increase in C BV is not compensated by a CSF
volume decrease |Turner and Thomas, 2006]. It has been proposed that the increase in
CBV happens through exchange of water between the capillaries and the endothelial
cells surrounding them |[Turner and Thomas, 2006|, as well as water exchange between
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intravascular space and tissue. Since endothelial cells occupy up to 20% of the volume in-
side the vessel wall, volume decrease of endothelial cells can result in C'BV increase. This
increase could be a accompanied by water draining of endothelial cells during activation.
Recently, a hydrodynamic model was introduced that can explain the mechanism how
the capillaries volume could increase, while the bulk volume remains constant, in refer-
ence to the permeability of the capillary walls [Krieger et al., 2012]. This hydrodynamic
model suggests that capillary volume increase up to (17 4+ 1)% can be compensated for
by water redistribution between intravascular and extravascular space.

Despite this compensation mechanism for C'BV increase, most of the empirical studies
report of additional compensation components of CSF volume decrease in the range of
0.5% - 10% |Donahue et al., 2006||Jin and Kim, 2010|[Piechnik et al., 2009]|[Scouten and
Constable, 2007|. This CSF volume change can affect the VASO signal and introduce
artifacts in CBV quantifications. The relative CSF volume change contamination in
VASO was found to be highly area specific. During hypercapnia, CSF volume change is
negligible small in visual cortex ((0.6 £ 1.4)%) and highest in auditory cortex ((5.8 £
4.8)%) [Scouten and Constable, 2008].

Since the spinal canal provides only a limited extra space, during C'BV increase most
of the compensating CSF volume is leaving the skull presumably along the normal evac-
uation pathway via dural venous sinuses [Czosnyka et al., 2004], which has a draining
capacity in the order of 2 ml/min [Ekstedt, 1978|.

Aside from tissue or CSF volume decrease, a third volume compartment has been sug-
gested to reduce its volume during activity. Using hemoglobin as an contrast agent during
hyperoxia, venous blood volume has been suggested to decrease during activation [Block-
ley et al., 2011]. Since baseline venous C' BV is assumed to constitute about 40% - 70%
[van Zijl et al., 1998] to the total C BV, it can provide a volume buffer for compensating
arterial and capillary volume increase to some extent as well. Dependent on the com-
pensation mechanism, functional changes in the partial voluming of CSF and GM could
affect VASO signal and make direct interpretation of ACBV in VASO signal change
more difficult [Donahue et al., 2006][Jin and Kim, 2010][Piechnik et al., 2009]|[Scouten
and Constable, 2007]. In the original VASO approach, this effect is particularly pro-
nounced using TR < 4 s [Donahue et al., 2006|. It can result in biased C' BV estimations
when voxels with different CSF partial voluming are compared. This can be the case,
when comparing voxels at the cortical surface with voxels deeper inside GM or it can be
the case comparing ROIs of positive BOLD response with ROIs of negative BOLD, as it
is done in this thesis.

In this section, such effect of CSF partial voluming are sought to be quantified and dis-
cussed. VASO contaminations due to CSF volume changes are investigated with respect
to the experiments described in this thesis, such as (A) visual stimulation including posi-
tive and negative hemodynamic responses, (B) layer-dependent VASO in primary motor
cortex, and (C) VASO signal change during hypercapnia.
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CSF contamination in regions of positive and negative BOLD signal change

Introduction Investigating VASO signal change in positive and negative ROIs, surface
voxels with more partial voluming of CSF were found to show significantly different C BV
response compared to deeper GM voxels without partial voluming of CSF (see section
4.1.4). This feature was interpreted to be a result from different C BV contributions in
surface macrovasculature as opposed to the tissue microvasculature. However, it remains
to be shown that these results are not due to contaminations of dynamic CSF volume
changes.

The purpose of the study in this section is to quantify such CSF volume dynamics on a
voxel-wise basis. This is done to investigate, whether potential CSF contaminations can
mimic the cortical depth-dependence of C BV changes. The study of this section is based
on quantitative analysis of VASO data that are acquired with and without CSF nulling
in analogy to previous studies [Scouten and Constable, 2008||[Donahue et al., 2006].

Theory In SS-SI VASO, the blood-nulling time is independent of the repetition time.
Hence, stationary CSF z-magnetization can be manipulated by adapting TR, indepen-
dent of T'I. Thus, the relative signal contribution of CSF in VASO signal can be actively
controlled. As already indicated in section 3.1.5, when relatively short T'Rs are used,
CSF magnetization is not nulled, but blood magnetization is nulled only (Fig. 5.14A). In
this case, VASO signal change reflects volume changes of both compartments, GM and
CSF. With longer T'Rs, both, blood and CSF z-magnetizations are nulled (Fig. 5.14B).
In this case, VASO signal change reflects volume changes of GM only.

Having VASO signal data acquired with and without CSF nulling, a dynamic model can
be developed that is able to describe changes in both, CBV and Vgogp. In previous stud-
ies, such a model has been developed and applied to investigate changes of CSF volume
in signal change of the original VASO approach [Donahue et al., 2006][Scouten and Con-
stable, 2008]. Due to the unique contrast of SS-SI VASO as opposed to original VASO, a
new model is developed here. Following previous studies [Donahue et al., 2006][Scouten
and Constable, 2008|, this model is based on the idea that every voxel is composed of
CSF, GM, WM and blood volume.

Vesr +Vau + Vv + CBV = Vigger = 1 (5.24)

CBYV increase is assumed to be compensated by either GM volume decrease or CSF

volume decrease.
AVeosp + AVay + ACBV =0 (5.25)

By means of Eq. 5.24 and Eq. 5.25, VASO signal change can be described for the case,
when CSF-GM contrast is minimal and for the case when, CSF signal is nulled.

—_ACBV

AScsraGM AVay + AVesr (5.26)
Sosp~aM Vioowet — CBViest

AScspao AV (5.27)

SC’SF%O Vvoxel - CBV:/‘est - VCSF
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Baseline volume composition of CSF, GM, WM, and C' BV can be taken from Tj-based
tissue segmentation and assuming CBV,.s = 5.5%, as done in previous VASO studies
[Lu et al., 2013|. Finally, the two Eqgs. 5.26 and 5.27 can be combined to solve explicitly
for ACBV and AVpgr.

Methods In order to empirically estimate the CSF contamination in VASO, four vol-
unteers (24-30 years old, two females) were scanned during both conditions, with and
without CSF nulling. One of these VASO experiments was conducted with nulling of
both, CSF and blood magnetization (TR = 5 s). Another experiment was conducted
with nulling of blood only, but without nulling of CSF (T'R = 3 s). Two 12-min experi-
ments with a small flickering checkerboard stimulation were conducted to evoke positive
and negative hemodynamic responses, as described in section 4.1.3. All imaging param-
eters were identical to the ones described in section 4.1.3. In short, field strength 7 T,
resolution 1.3 x 1.3 x 1.5 mm?®, TI1/TI2/TR = 1.0/2.5/3.0 s, three GE-EPI echoes with
TE = 12/32/52 ms. Additionally, to functional VASO experiments, multi-7'I experi-
ments were conducted for estimation of partial volume of WM, GM, and CSF.

Results and discussion The expected z-magnetization of CSF, GM, and once inverted
blood and the corresponding MR images of one representative participant are shown in
Fig. 5.14. In the CSF-nulled condition, GM signal is reduced by (32 + 12)% compared
to the GM signal without CSF-nulling. In the case of shorter TR, CSF, GM, and WM
have very similar signal intensities (Figs. 5.14B). Although CSF has slightly smaller
z-magnetization than GM at the blood-nulling time (arrow in Fig. 5.14A), signals are
comparable due to higher proton density and longer 75 in CSF. Multi-7'] experiments
were conducted additionally to estimate partial voluming of WM, GM, and CSF. It can
be seen in Fig. 5.15 that the corresponding 77 map has sufficient quality for estimations
of voxel-wise tissue composition. Figure 5.16 depicts C BV and BOLD signal time courses
with and without CSF nulling averaged over four participants. C' BV change is calculated
from VASO signal change using Eqs. 5.26 and 5.27. C'BV time courses are the same
within error for both conditions, with and without CSF nulling. Figure 5.17 depicts
cortical laminar dependent BOLD and VASO signal changes in ROIs of positive and
negative responses for the conditions with and without CSF nulling. The measured
laminar dependence of BOLD and VASO signal change is very similar with and without
CSF nulling. In ROIs of the positive response, no specific surface dominance can be
seen in VASO. In ROIs of the negative response, VASO signal change is significantly
dominated from the surface voxels. These insights can be taken from both VASO data
sets, acquired with and without CSF nulling.

Even though, VASO signal profiles are similar with and without CSF nulling, the absolute
VASO signal change is up to 30% larger for the CSF nulled condition compared to the
condition without CSF nulling. This effect has been simulated earlier [Lu et al., 2013]
and corresponds to the smaller denominator in Eq. 5.27 for the CSF nulled condition as
opposed to the condition without CSF nulling (Eq. 5.26).

Such dependencies of partial volume effects need to be considered, when inferring to C BV
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Figure 5.14: Expected z-magnetization of CSF, GM, and once inverted blood in SS-SI
VASO for TR = 3 s (A) and TR = 5 s (C). For TR = 3 s, CSF and
GM z-magnetization are in the same order of magnitude (black arrow).
Due to higher proton density and longer 75 in CSF, GM and CSF signals
become comparable. This results in a VASO image with minimum CSF-
GM contrast (B). For TR = 5 s, both, CSF and blood z-magnetizations
are nulled simultaneously (gray arrow). In the CSF nulled condition with
a long TR, GM signal is reduced with respect to the condition of a shorter
TR (D). Depicted z-magnetizations in (A) and (C) are based on assumed
relaxation values of blood, GM and CSF of T’ /T am/Th,csF = 2.1/1.9/4.0
s according to Tab. 2.1.
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Figure 5.15: Mult-T'I inversion recovery experiment are used to acquire EPI T7 maps
with identical distortions as the functional scans. These T maps are further
processed to estimate partial voluming of CSF, GM, and WM in every voxel.
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Figure 5.16: C BV and BOLD signal time courses with and without CSF nulling in ROIs
of positive and negative responses averaged over four participants: There
is no significant difference in signal changes. Signal changes of positive and
negative ROIs refer to the same brain region, but during different stimulation
paradigms (schematically depicted in right subfigures).
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changes from raw VASO signal changes. These biases can be avoided by calculating C BV
changes with respect to the fraction of GM volume in the voxel only, as it is done in this
thesis. Comparing VASO signal changes with and without CSF nulling, CSF volume
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Figure 5.17: Surface dependence of BOLD and VASO signal change with and without
CSF nulling: The right and the left subfigures are same within error and
there is no qualitative difference of BOLD and VASO signal change whether
CSF is nulled or not nulled. In both cases VASO is similar across of cortical
layers for the positive response, but it is dominated from surface for the neg-
ative response. ‘Uncorrected’” VASO signal change refers to the raw VASO
signal change. It is not corrected for different baseline partial voluming with
and without CSF nulling (different denominator in Eqgs. 5.26 and 5.27).

change can be estimated independently of CBV changes. Corresponding CSF volume
time courses are depicted in Fig. 5.18. No significant CSF volume change can be seen
for tasks evoking positive or negative responses.

Conclusion The results shown in Figs. 5.21, 5.17, and 5.18 suggest that there is no
significant change in CSF volume in the occipital lobe during the visual stimulation
paradigms in humans. There is no qualitatively difference in cortical profiles of VASO
with and without CSF nulling. Hence, it is suggested that the corresponding VASO
results are not contaminated from dynamic CSF volume changes. Similarly to the re-
sults shown here, Scouten and Constable found no significant dynamic change of CSF
volume in occipital lobe compared to other cortical regions [Scouten and Constable,
2007][Scouten and Constable, 2008|. This is consistent with the results in cats: Using a
spin-lock contrast, absolute CSF volume change of 0.6% is measured in V1 at the cortical
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Figure 5.18: There is no significant CSF volume change in regions of positive and negative
hemodynamic response. Data refer to the average across four participants.
In order to calculate CSF volume change from VASO signal changes with
and without CSF nulling, temporal resolution of CSF nulled time courses
are linearly resampled from TR = 5sto TR = 3 s.

border between GM and CSF at ultra high resolution of 156 pm [Jin and Kim, 2010].
Such small CSF volume changes are expected to be negligible at the resolutions used in
this study (1.3 mm - 1.5 mm).

CSF contamination in VASO at ultra high resolutions

Potential CSF contaminations in VASO have been shown to be undetectable small, when
investigating VASO signal change in ROIs of positive and negative BOLD responses in
the previous section. Another VASO study of this thesis, where potential CSF con-
taminations need to be discussed is the laminar-dependent investigation of VASO signal
changes described in section 4.2. In layer-dependent VASO fMRI, CSF contaminations
are expected to be confined to voxels at the cortical surface and can therefore introduce
artifacts in the corresponding cortical profiles of VASO signal change.

fMRI at ultra high resolutions is limited by thermal noise. Hence, the above mentioned
strategy for minimizing CSF contaminations in VASO by using longer TR is discour-
aged. It results in a GM signal penalty of about 30% (Fig. 5.14). Additionally, the lower
temporal resolution of longer T'Rs applied, results in an additional decrease of statisti-
cal power. Similarly, other possible CSF compensation methods such as VASO-FLAIR
[Donahue et al., 2006] or ACDC VASO [Scouten and Constable, 2007] have SNR penal-
ties loosing up to 90% of the signal, unaffordable at submillimeter resolutions. Hence, a
novel and very simple strategy is introduced to minimize CSF effects in VASO without
reducing GM signal by more than 20%.

The steady-state of CSF and GM magnetizations cannot only be manipulated by adapt-
ing TR, but also by increasing the excitation flip angle. Increasing the nominal flip
angle to a = 130°, CSF z-magnetization at the blood-nulling time can be increased to
approach GM z-magnetization. This results in a BOLD corrected VASO image with
almost no signal contrast between GM and CSF (black arrow in Fig. 5.19A). There-
fore the resulting VASO contrast is insensitive to any functional volume redistribution
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Figure 5.19: Strategy to minimize CSF contamination in VASO by manipulating z-
magnetization steady-state with an increased flip angle: A) depicts the
expected z-magnetization evolution in SS-SI VASO with a flip angle of
«a = 130°. This value is chosen such that CSF and GM signal at the blood-
nulling time are very similar (arrow). Depicted z-magnetizations are based
on assumed relaxation values of blood, GM and CSF of T /T1,cm /71 ,csF
= 2.1/1.9/4.0 s according to Tab. 2.1. B) depicts BOLD and VASO sig-
nal maps of one representative participant using this strategy. Due to the
manipulated CSF magnetization steady-state, the VASO signal map has al-
most no contrast, which is making it independent of volume redistribution
between CSF and GM.
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of GM and CSF. In contrast with the CSF-nulled ACDC VASO [Scouten and Constable,
2007] or VASO FLAIR [Donahue et al., 2006], the VASO signal changes in this study,
therefore, reflect both components of the C'BV change - all the CBYV increase that is
compensated by a GM volume decrease, as well as the C BV increase that is compen-
sated by CSF volume decrease - with the same weighting. Since all high resolution VASO
experiments were conducted with a desired excitation flip angle of a = 130° (see section
4.2), contaminations of CSF dynamics are expected to be negligible in the corresponding
results.

Volume redistribution during hypercapnia

Introduction It has been shown in previous sections that CSF volume change is unde-
tectable small for focal visual activity. This does not mean, however, that CSF volume is
constant for all kinds of hemodynamic changes. During strong and global vessel dilation
in all brain compartments, for example during hypercapnia, CSF volume changes might
play a more important role of volume change compensation.

While moderate capillary volume increase during focal activation can be compensated
from water redistribution across the permeable endothelium [Krieger et al., 2012], it is
unknown how the considerable global arteriolar C BV change of (65 + 8)% [Hua et al.,
2011a] during hypercapnia is compensated for. The interpretation of VASO during hyper-
capnia, as done in this thesis (section 4.3) might depend on the compensation mechanism
involved.

The purpose of the study, described in this section, is to address the question of vol-
ume redistributions during hypercapnia empirically. This is done with measurements of
dynamic volume changes in CSF and blood across the vascular tree during hypercapnia
compared to stimulation with OIS and VASO in rats and with VASO in humans.

Methods VASO experiments in 5 humans volunteers (27-34 years old, 3 females) dur-
ing hypercapnia and visual stimulation were conducted in the identical manner as de-
scribed in section 4.3. In short: SS-SI VASO at 7 T in humans, 1.5 mm resolution,
TR/TI1/TI2/)TE = 3.0/0.7/2.2/0.019 s, 5% COg breathing for 5 min and 12 times
flickering checkerboard for 30 s. OIS experiments in 5 rats during hypercapnia and
whisker pad stimulation were conducted in the identical manner as described in section
3.2. In short: OIS in rats, thinned cranial window, 4 wavelengths, 5% COs breathing for
5 min, 15 times whisker stimulation for 12 s. Results were evaluated in ROIs dominated
from macro- or microvasculature and arteries or veins, respectively.

In order to investigate potential CSF volume change directly, the lateral ventricles were
imaged in three human volunteers during hypercapnia. This was done with a turbo spin-
echo sequence |Hennig et al., 1984] using long echo times (T'E = 84 ms) and a nominal
resolution of 0.4 x 0.4 x 1 mm? to distinguish CSF from surrounding tissue and to assess
its volume. 38 slices where acquired to obtain a complete 3D volume of at least one
lateral ventricle and therefore be able to account for potential motion artifacts. The
acquisition duration of one volume was approx. 5 min. Hence, potential volume changes
across the heart beat are believed to be averaged out.
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Results and discussions Results shown in Fig. 5.20 depict maps of C BV change in rats
and in humans during hypercapnia and focal activation. CBV changes across arteries
and veins are different for focal activation compared to hypercapnia. It can be seen
that during focal stimulation, C'BV increase is more homogeneously distributed across
all vascular compartments, while CBV increase during hypercapnia is confined to the
arterial compartments.

Figure 5.21 shows that for a hypercapnia challenge, it takes about 2 - 3 minutes until
the C'BV increase reaches its maximal amplitude. For normal physiological conditions
in humans, during such a period, 1.2 ml of new CSF is produced and 1.2 ml of CSF is
evacuated [Ekstedt, 1978]. The fact that the volume redistribution is in the time scale
of minutes, suggests that CSF volume reductions could follow the normal path way of
evacuation via the dural venous sinuses.

Volume changes of lateral ventricles are depicted in Fig. 5.22. It can be seen that there is
a significant signal reduction in region of the border zone between CSF and brain tissue
around the ventricles. This suggests that the ventricles constrict during hypercapnia.
Quantitative calculations (voxel counting) suggest a CSF volume decrease of 0.8 + 0.2
ml in both lateral ventricles. This is approximately 5% of their volume at rest.

Conclusion The data shown here suggest that the volume redistribution between differ-
ent volume compartments including arteries, veins, and CSF is different for hypercapnia
compared to focal activity. The significant CSF volume change during hypercapnia makes
it difficult to interpret VASO signal changes directly as CBV signal changes. Hence, in
order to avoid corresponding contaminations in VASO, CSF volume redistributions must
be accounted for. In the studies of this thesis, this is done by specifically minimizing
the GM-CSF contrast with corresponding adjustments of T'R or flip angles (see previous
sections).

The different volume redistributions during hypercapnia and their underlying mecha-
nisms are not only important in VASO interpretations. The vascular effects seen here
could make it difficult to obtain a straight-forward interpretation of neurovascular fea-
tures during hypercapnia in other research areas, e.g. in BOLD calibration (section 4.3)
or in cerebrovascular reactivity imaging [Thomas et al., 2013]. The data shown here
suggest a negative Grubb coeflicient right in those regions that are suggested to have
the highest BOLD signal change (black arrows in Fig. 5.20), which might have strong
implications in biophysical models used in BOLD calibration.
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Figure 5.20: Maps of CBV change during hypercapnia: The subfigures in the upper
row depict results from OIS in rats. The activation induced C' BV response
peaks in barrel cortex (zoomed view of panel A). Widespread small CBV
responses can be seen throughout the map including ROIs of large draining
veins (B). During hypercapnia, the CBV increase is dominated from large
pial arteries (black arrows), while large draining veins that have the strongest
change in blood oxygenation level AY (white arrows), show very small C BV
decrease (C and D). The subfigures in the lower row depict VASO results in
humans during visual stimulation (E) and hypercapnia (F). VASO results
are broken down to voxels containing surface vasculature and voxels without
surface vasculature (G and H). During hypercapnia, VASO signal change is
significantly higher in voxels of surface vasculature than in voxels containing
microvasculature only (H), in contrast to focal visual stimulation induced
vasodilation.
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Figure 5.21: Time courses of C' BV change during hypercapnia corresponding to the maps
depicted in Fig. 5.20: In humans and in rats, it takes slightly longer than
two minutes until tissue C BV increase reaches its maximal amplitude. In
the time period shortly after hypercapnia onset, C BV in venous regions
decreases in contrast to C' BV in regions of the barrel cortex.

signal change refers to CSF volume
decrease during hypercapnia

Figure 5.22: High resolution (0.4 x 0.4 x 1 mm?®) turbo spin-echo acquisition with TE
= 84 ms enables direct volume estimation of the lateral ventricles. Signal
change between breathing hypercapnia and air are highest at the border zone
between CSF and WM. This suggests constriction of the ventricles during
hypercapnia.
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6 Summary and conclusion

The goals

The original purpose of this thesis was to develop a new fMRI method that can help to
understand and overcome the limitations of conventional BOLD fMRI. In order to do so,
it was sought to map correlates of neural activity with high specificity by means of C BV
measurements. The motivation was that C' BV measurements can provide quantitative
results with physiologically meaningful parameters in physical units. The purely vascular
nature of C BV measurements in comparison with conventional BOLD fMRI, could then
help to distinguish between neuronal and hydrodynamically-driven effects of the brain
vasculature and could help to make BOLD fMRI more interpretable.

The challenges

There were many technological challenges that needed to be identified and overcome to
achieve these goals. The main challenge was to take the existing VASO methods and
make them more applicable for investigations of neurovascular mechanisms in fMRI. In
order to do so, it was necessary to substantially improve the limited sensitivity of the
existing VASO methods by an order of magnitude. Considerable challenges and physical
limitations in implementing the novel high sensitivity SS-SI VASO approach were (A)
large inhomogeneities in the radio frequency fields making it difficult to manipulate the
blood and tissue magnetizations as desired, (B) contaminations by blood oxygenation
driven susceptibility changes, (C) contaminations by inflowing blood magnetization that
could not be manipulated as desired, and (D) contaminations by dynamic changes in
volume compartments aside of blood, e.g. CSF.

The accomplishments

In order to meet the sensitivity challenges, a novel approach was developed for high
magnetic fields, where stationary tissue magnetization is manipulated differently from
the magnetization of flowing blood. This could improve the signal magnitude up to a
factor of 10. Such improvements in sensitivity could be accomplished by application of
sophisticated slab-inversion and slice-saturation pulses adjusted to the vascular physiol-
ogy of the human brain. Further sensitivity enhancement could be achieved by optimized
MRI signal acquisition strategies, tailored to the person’s brain geometry and noise char-
acteristics. In order to successfully manipulate the inflowing blood magnetization despite
severe interferences of radio frequency fields, new versions of partial inversion adiabatic
RF pulses were successfully designed, validated, and implemented. BOLD contamination
could be assessed and eliminated by separation and individual analysis of longitudinal
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and transversal relaxation components in the acquired MR signal.

After all the challenges had been successfully addressed, the novel SS-SI VASO method
could be applied to fulfill the main goal of this thesis. Namely, SS-SI VASO was used
to investigate the limits of conventional BOLD fMRI. This was accomplished in the
context of some of the most debated fMRI research topics, where the interpretation of
conventional BOLD fMRI results is highly problematic:

e Negative BOLD responses occur in regions close to positive BOLD response or for
a short period right after positive activation. The origin and the underlying mecha-
nism of the negative BOLD responses were still unclear. The application of the new
SS-SI VASO method in this thesis helped to improve the understanding of negative
BOLD responses up to the level of individual vascular compartments of arteries,
microvascular arterioles, venules, and veins. It was shown that negative BOLD
is accompanied by different vascular mechanisms and has different hydrodynamic
contaminations compared to positive activation.

e One of the most severe limitation of BOLD fMRI beside its interpretability is its
local specificity at high resolutions, e.g. investigating responses across cortical
layers. In the studies of this thesis, it could be shown that the new SS-SI VASO
method can map layer-dependent neural activity with higher localization specificity
than the conventional BOLD fMRI.

e The good quantifiability of SS-SI VASO in this thesis was even taken one step
further. It was possible to not only estimate the vascular response, but also to
assess the oxidative energy metabolism accompanying neural activity changes. In
order to accomplish this, an existing biophysical tissue model was adapted for the
use of the new SS-SI VASO method. The corresponding results shown here, suggest
that the high intrinsic sensitivity of the new SS-SI VASO method can be useful to
estimate oxygen metabolism despite the noise limitations of such calculations.

e With the development and application of the new SS-SI VASO method, important
neurovascular features, which were only accessible in animal models so far, became
visible in human volunteers. In this respect, the new SS-SI VASO method has been
helpful to translate results from animal research to humans. Therefore, the new
method could help to reduce the necessity of animal research by conducting the
corresponding experiments directly and noninvasively in human volunteers.

The future

Even with all the signal enhancements applied, sensitivity of conventional BOLD fMRI
is still superior to the new SS-SI VASO method. Hence, VASO fMRI will probably never
find as wide application as BOLD fMRI. However, it plays an indispensable role, when it
comes to quantitative, noninvasive imaging of C BV in human volunteers. Therefore, the
new SS-SI VASO method might become an important neuroimaging tool for applications,
when the interpretation of conventional BOLD fMRI is ambiguous. This is particularly
the case when the interplay of neuronal and vascular effects in the fMRI BOLD signals is
unknown and the individual effects of their signal components need to be considered sep-
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arately. In this respect, SS-SI VASO can help to enlarge the extent of the fMRI research
field. The information obtained from SS-SI VASO can be useful to indicate if the BOLD
signal can or can’t be trusted to be neural in origin or if BOLD signal is dominated
from vascular artifacts. Hence, SS-SI VASO can make it possible to address questions in
research areas like brain plasticity, aging, and the effects of psychotropic substances (e.g.
caffeine), where the interpretability of conventional BOLD fMRI is limited by potential
vascular contaminations.

In the studies of this thesis, it could be shown that SS-SI VASO has sufficient sensitiv-
ity to detect very small responses, which suggests its principle applicability to cognitive
studies. The actual application of SS-SI VASO to address cognitive research questions,
like the afferent and efferent activity characteristics during more cognitive tasks remains
to be shown in the future. Technical signal acquisition improvements regarding an en-
larged 3D coverage and therefore higher acquisition efficiency can help in the future to
extend the usage of SS-SI VASO to a wider range of applications.

The experimental developments and technical approaches in this thesis to meet the chal-
lenges at high magnetic field strengths could be transferred to other methods aside from
VASO in the future. Therefore, the work of this thesis could help other imaging methods
to harvest the full potential SNR increase at high magnetic fields, as well. For example,
the application of specifically designed adiabatic radio frequency pulses, using EPI-T}
maps as anatomical reference, and multi-echo models to distinguish between different T%
components can be directly transferred to other MRI methods, such as high field ASL
or high resolution BOLD fMRI in humans.

SS-SI VASO is based on a very simple, widely accessible inversion-recovery sequence and
thus it could be easily applies by any researcher without essential technical or physiolog-
ical background knowledge. However, due to the need to account for numerous potential
artifacts in SS-SI VASO, its application becomes nontrivial. All the necessary work in
adjusting the sequence parameters to eliminate these artifacts can hamper the straight-
forward application of SS-SI VASO. However, investing the time to implement these
application-dependent customizations can be worthwhile. It is shown here that doing so,
the clear quantifiability, and better localization specificity of SS-SI VASO compared to
conventional fMRI methods can be highly rewarding.
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