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Abstract

The main goal of this thesis was to systematically characterize the detection sensitivity,
temporal response, and spatial resolution of IRON contrast for fMRI within the awake, behaving
monkey. Understanding these issues provides insights into the physiology of the functional
response to local changes in brain activity, enables researchers to optimize experimental designs,
and delineates the advantages and limitations of neuroimaging within this important animal
model.

The injection of the iron oxide contrast agent (MION) provided a 9-fold increase in eficiency
for block designs relatively to BOLD contrast. Because the hemodynamic response function acts
as a low-pass filter on neural activation to attenuate the size of differential responses to alternate
stimuli, this factor dropped to approximately 2 for rapidly presented stimuli. Detection efficiency
for event-related stimulus designs for BOLD and IRON contrasts could be optimized using
random or semi-random distributions for interstimulus intervals. Small increases in predictability
could be traded for large gains in efficiency, particularly for the IRON method.

A general linear model was successfully employed to describe IRON and BOLD impulse
response functions. Both responses were accurately described by a bimodal exponential model
with similar time constants, a fast (4.5 sec) and a slow (13.5 sec). The slow response comprised
80% of IRON signal, and was responsible for the BOLD post-stimulus undershoot. It likely
encompasses changes in post-arteriole blood volume.

Optimized IRON activation maps do not show activation in draining veins or draining tissue,
in contrast with BOLD contrast. To examine what happens at the level of small vessels and
capillaries, we used point-image stimuli to measure IRON and BOLD point spread functions
(PSF) in V1. We estimated an IRON PSF no larger than approximately 0.4 mm, and a BOLD
PSF with twice the size.

Severe image distortions arising from monkey’s body motion outside of the field of view
currently limit the achievable spatial resolution. Preliminary data suggests multi-shot EP1 with
navigators may be useful in improving image stability at higher resolution for IRON fMRI, which
can employ short echo times to minimize phase variations, while achieving maximum efficiency
by increasing the MION dose.
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Chapter 1

Introduction

1.1 Outline of the thesis

The main goal of this thesis was to systematically characterize the detection sensitivity,
temporal response, and spatial resolution of a new method of contrast for functional MRI (fMRI)
within the awake, behaving macaque. Understanding these issues provides insights into the
physiology of the functional response to local changes in brain activity, enables researchers to
optimize experimental designs, and delineates the advantages and limitations of neuroimaging
within this important animal model.

While BOLD (blood oxygen level dependent) signal is an effective neuroimaging tool for
studying human populations, investigations in anesthetized rodents (1998, 1999) demonstrated
that the use of exogenous contrast agent could significantly enhance detection power relative to
BOLD fMRI, while the temporal response was modified. With this as a starting point, we sought
to extend these methods to primates in the awake state, and then to exploit this model for careful
comparisons of functional methodologies.

The remainder of this chapter provides a brief history of the foundations of functional brain
imaging, a description of essential physiology relevant to the functional responses employed in
our studies, and an overview of fMRI. Obviously, many aspects of MRI physics are common to
the alternative methodologies enabled by this flexible imaging modality, whereas the choice of
contrast for fMRI can significantly modify experimental choices and functional results.

Chapter 2 of this thesis measures and compares the functional sensitivity of BOLD signal
relative to fMRI that employs an exogenous contrast agent; we refer to the latter as the IRON
method (increased relaxation for optimized neuroimaging). BOLD and IRON studies were
performed for different types of stimulus’ paradigms. Special care was taken to accurately
measure temporal fMRI responses, and to estimate the impulse response functions for BOLD and
IRON contrasts using a basis of mono-exponential functions. In order to achieve this goal, a
simple model of the hemodynamic response to neuronal activation had to be established. A
general linear model provided a good first order approximation for BOLD and IRON responses,
in agreement with previous reports for BOLD fMRI (e.g., Friston et al., 1995). We found that
both BOLD and IRON data could be fit very well using the same two temporal components, and

the relative magnitudes in each case made good sense in terms of the expected contribution of
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arterials (fast component) and post-arterials (slow component). BOLD signal is dominated by the
fast component, but IRON is dominated by the slow component, which accounts for 80% of the
IRON response in block designs, and 40% of the BOLD response.

The slowness of the IRON method of contrast was the beginning point to chapter 3. Having
found that the injection of an exogenous contrast agent provided a three-fold increase in
sensitivity for a block design, but only 1.5 for fixed event-related (ER) designs, made us ask
whether we could optimize the IRON response to rapid event-related designs, such that the longer
duration of these responses with respect to BOLD responses would not penalize the use of IRON
contrast. Because randomized event-related designs were known to increase estimation efficiency
for BOLD fMRI (Burock et al., 1998), we hypothesized that due to its inherently slower impulse
response function (IRF), the IRON method will benefit more from randomization of the
interstimulus intervals (ISI) than the BOLD method, in terms of detection efficiency. In order to
confirm this hypothesis, different ER designs were considered in terms of the distribution of ISIs:
fixed, random, semi-random. We found that semi-random distributions of ISIs led to the most
efficient designs in terms of detection sensitivity, without significantly increasing the
predictability of the design, which we measured based on a metric of the entropy of a discrete
distribution.

Chapter 4 switched the focus to space: we now tried to determine the ultimate spatial
resolution of BOLD and IRON fMRI. We knew, from the work that led to chapter 2, that
apparent spatial specificity was enhanced with IRON contrast. That is, activation maps obtained
after the injection of an optimized dose of MION contrast agent did not show activation in
draining veins or draining tissue, in contrast with very large “false” activations detected in these
regions with BOLD contrast. The next obvious question was what would happen at the level of
small vessels and capillaries for discrete and subtle stimuli which would not be expected to show
detectable nonlocal venous drainage. To examine this issue we used stimuli where small spots of
varying diameters would alternate between black and white at a frequency optimized to elicit
activation in the primary visual cortex (V1). We measured the FWHM of the “cortical point
image” in V1 by extrapolating these measures to infinitesimal pixel size, in order to obtain an
estimate of the point spread function (PSF) for BOLD and IRON fMRI. Additional factors could
contribute to a higher effective measurement of the point spread function: finite image resolution,
phase encoding blurring that is larger for IRON contrast because injection of MION markedly
reduces T, blurring due to image distortions, and fixation blurring. We also looked at the
activation maps obtained with BOLD and IRON contrasts in response to holes’ stimuli, and found

no significant differences between the two methods.

22



Throughout all the work that led to the chapters 2, 3 and 4, we assumed that a general linear
model (GLM) including the contributions of the vascular response to a given stimuli, the time
courses of the monkey’s eye fixation, and a rough measure of the motion-induced distortions,
captured most of the relevant dynamics, and that the contribution of mechanisms not specified in
the GLM could be neglected. In chapter 5, the accuracy of this assumption is examined by
looking at the structure of the residuals. Data was acquired with fixation-only, and after linearly
removing the known sources of signal, the obtained residuals were Fourier transformed. The
BOLD and IRON spectra were compared and the contribution of respiration and of a general
component that varies inversely with the frequency assessed.

The main impediment in achieving higher spatial resolution was the presence of severe image
distortions arising from monkey’s body motion outside of the field of view (FOV). The body
motion originated strong susceptibility gradients that caused severe magnetic field
inhomogeneities, affecting the acquired images especially in the most posterior inferior region of
the monkey’s brain. The distortions were sometimes so severe that the true activations were
completely erased, and the resultant activation maps showed only the effects of the motion. This
is an urgent problem that needs to be address before better measurements of the PSF can be
obtained in awake monkey, and its resolution will greatly increase the efficiency of data
acquisition. In chapter 6 of this thesis, we tried to solve this problem by moving from single-shot
EPI to multi-shot EPI with navigators. It will become clear in that chapter the reasons behind the
failure of this approach, and what we think is the right strategy for solving this problem.

In the last chapter | summarize our experimental findings. Our main conclusions are
presented and integrated with additional research that emerged during the development of this
thesis, to show that IRON contrast fMRI is an excellent choice to use in awake, behaving
macaque monkey fMRI at 3 Tesla. A discussion on the current limitations in achieving better
spatial resolution, and on what we believe are the next steps for the measurement of the ultimate
fMRI PSF conclude this thesis.

The majority of the work presented in this thesis has been published in scientific journals
and/or presented in international conferences. In 2002, chapter 2 was published in Neurolmage
(Leite et al., 2002a), and presented orally at the ISMRM conference (Leite et al., 2002b). Chapter
3 was also presented orally at the 2003 ISMRM conference (Leite and Mandeville, 2003), and has
recently been published in Neurolmage (Leite and Mandeville, 2006a). Different aspects of
Chapter 4 have been presented orally, or in poster form, at ISMRM conferences (Leite et al.,
2004, 2005), and at the OHBM conference (Leite et al., 2006¢). This chapter is almost ready for

submission to a journal, which I hope will occur in the beginning of October. Preliminary work
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leading to chapter 5 has been presented at the ISMRM conference this year (Leite et al., 2006b),

but additional data are required before this work can be considered for publication.

1.2 A brief history of fMRI

The first human functional MRI experiments utilized bolus injections of an exogenous
contrast agent (Belliveau et al., 1991) to detect brain activation in response to a visual stimulus.
Human functional experiments using blood oxygen level dependent (BOLD) contrast followed
shortly thereafter (Kwong et al., 1992; Ogawa et al., 1992). From the early 1990s to the present,
the functional MRI literature has increased in a cubic relationship with the relative year of
publication.

2500

1500 ’
1000 |
500 | I ’

0, ——-.ll

1990 1995 2000 2005
Year of publication

Fig. 1.1 Annual number of published papers with ‘fMRI’ and/or ‘functional MRI’ and/or ‘functional
magnetic resonance imaging’ in the title and/or abstract. Search performed on PubMed.

N
(=4
[=4
o

Number of published papers

Even though approximately 9 papers are published every working day, the question of how

exactly fMRI activity translates into neural activity remains incompletely answered.

1.2.1 Early observations on neurophysiology
It was shown by Mosso in the 19" century (Mosso, 1881) that blood pulsations in the brain,

which he monitored through a breach in the skull in terms of changes in intracranial pressure,
would change in response to an outside stimulus. His conclusion that brain circulation changes
selectively with neuronal activity was supported by Roy and Sherrington (Roy and Sherrington,
1890), who postulated that changes in blood flow are delicately correlated with changes in
neuronal metabolism. But 6 years later, Leonard Hill, an eminent physiologist, concluded that no
relationship exists between brain function and brain circulation (Hill, 1896). Twenty years later,

Fulton found increased flow turbulence in occipital cortex during visual stimulation by recording
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the bruit from a vascular malformation in occipital cortex (Fulton, 1928). He concluded that
cortical blood flow changes according to the complexity of the visual task and the attention of the
subject to that task, in agreement with Roy and Sherrington’s hypothesis.

But it wasn’t until 1948 that the first quantitative method for measuring whole brain blood
flow and metabolism in humans was developed (Kety and Schmidt, 1948; Kety, 1951; Laudau et
al., 1955). The method was based upon the uptake by the brain of a diffusible inert gas supplied
by way of the arterial blood. The theory on which this method was based led to the development
of current methods for the measurement of regional blood flow, metabolism, and the visualization
of functional activity throughout the human brain (Ingvar and Lassen, 1962; Sokoloff, 1977). For
the first time in history, it became possible to study what the different parts of the brain were
doing in targeted experiments without the necessity of lesion models. Finally, in 1965, Ingvar and
Risberg (Ingvar and Risberg, 1965) demonstrated directly in normal human subjects that blood
flow changes regionally during changes in brain activity, definitely proving Roy and

Sherrington’s general hypothesis.

1.2.2 The emergence of neuroimaging technology
In 1936, Pauling and Coryell observed that changing the amount of oxygen carried by

hemoglobin changes the degree to which hemoglobin disturbs a magnetic field (Pauling and
Coryell, 1936). Ten years later, the physical principles of nuclear magnetic resonance (NMR)
were discovered independently by Felix Bloch (Bloch, 1946) and Edward Purcell and his
colleagues (Purcell et al., 1946). These principles governing the behavior of protons in a magnetic
field would eventually lead to a number of magnetic resonance technologies. But it wasn’t until
1973 that Paul Lauterbur expanded NMR principles to be utilized for imaging, thus introducing
magnetic resonance imaging (MRI) (Lauterbur, 1973).

Also in 1973, Godfrey Hounsfield introduced X-ray computed tomography (CT) (Hounsfield,
1973), and just two years later positron emission tomography (PET) was derived from CT (Ter-
Pogossian et al., 1975). It was then realized that highly accurate measurements of human brain
function could be made with measurements of either blood flow or metabolism. Blood flow
became the favored technique because it could be measured quickly using H,"°0, allowing for
many repeat measurements in the same subject.

Finally, in 1990, following on the footsteps of Pauling and Coryell and their findings on
magnetic field perturbations induced by deoxyhemoglobin, Ogawa and colleagues (Ogawa et al.,
1990) demonstrated that in vivo, localized changes in blood oxygenation could be detected by

MRI. This MRI signal became known as the blood oxygen level dependent (BOLD) signal.
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1.2.3 Metabolic and vascular “response” to neuronal activity
Blood flow generally increases in activated brain regions. Why? This is, so far, an

unanswered question. But an intuitive thought is that when the neurons become active, the
neuronal metabolism needs to increase in order to generate larger quantities of adenosine
triphosphate (ATP), requiring increased delivery of glucose and oxygen.

While ATP can be generated by anaerobic glycolysis, this mechanism is much less efficient,
in terms of quantity of ATP generated, than oxidative phosphorylation. Therefore, it was thought
that while glucose consumption would probable increase by a larger amount in order to sustain
both anaerobic and aerobic generation of energy, the oxygen consumption would also increase
significantly, proportionally to the increase in blood flow. But surprisingly, in a seminal paper by
Fox and Raichle using PET (Fox and Raichle, 1986), it was demonstrated that the cerebral
metabolic rate of oxygen, or CMRO,, increased only slightly in response to a stimulus, while
cerebral blood flow, CBF, increased by approximately 30%. This CBF increase, out of proportion
to the change in oxygen consumption, leads to the paradoxical fall of the concentration of
deoxygenated hemoglobin in activated regions of the brain.

Furthermore, increases in CBF imply increases in cerebral blood volume (CBV) due to vessel
compliance. The relationship between changes in flow and changes in volume was thoroughly
established by Grubb, who showed that CBV = 0.80 CBF**® (Grubb et al., 1974).

In summary, in response to activation there is a large increase in CBF, and more moderate
increases in CBV and CMRO,.

Key issues in functional neuroimaging are still waiting for a satisfactory explanation. What
are the quantitative relationships and physiological mechanisms that govern the responses of
blood flow, glucose utilization, and oxygen consumption during neural activation? What
function(s) serves the large increase in blood flow? Many other questions exist, but the question
that first motivated this work is the following: what can we measure using functional MRI

methods?

1.3 Background

1.3.1 Contrast mechanisms
The NMR signal at the receiver is proportional to the transverse magnetization,

_ —TR/T, \ -TE/T.
(- ) ’ sina, (1.1)

S =
P 1 —e'TR/T' cosa

where p is the proton density in the sample to be imaged, R, = 1/T) is the longitudinal relaxation

rate, R, = 1/T; is the transverse relaxation rate, TE is the echo time, TR is the repetition time, and
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a relates to the fraction of longitudinal magnetization flipped to the transverse plane. In all
subsequent formulae, R, is used to denote either spin-echo relaxation or gradient echo relaxation
(generally denoted R,, which includes additional contributions due to microscopic or
macroscopic non-uniformities in magnetic field, R, = R, + Ry). These relaxation rates can be
manipulated to reflect the local concentration of an exogenous or endogenous contrast agent, with

the following approximate form:

__ p endogenous agent _ p endogenous 1.
Rior2 = Rion +Riga ~ Ry +Kyorp[agent]. (1.2)

1.4.1.1 Blood Oxygen Level Dependent contrast (BOLD)
BOLD contrast uses deoxyhemoglobin as an endogenous contrast agent. Hemoglobin in the

blood exists in two different forms depending upon whether it is bound to oxygen

(oxyhemoglobin: HbO,) or not (deoxyhemoglobin: dHb). These two forms have different

magnetic properties: oxyhemoglobin is diamagnetic and deoxyhemoglobin is paramagnetic. For
BOLD contrast, the approximate functional form above is more accurately modeled as:

BOLD(;)_ a 1.3

REOLD(t) = keBV (t)ldHb) (1) (1.3)

BOLD should vary linearly with CBV (a = 1) and slightly

Monte Carlo simulations predict that R,
superlinearly with [dHb] (8> 1) at low magnetic fields like 1.5 Tesla (Boxerman et al., 1995). At
high fields such as 7 Tesla, a good approximation is obtained using (@ = = 1) (Boxerman et al.,
1995), as assumed by Ogawa et al. (1993).

During activation, blood flow increases much more than oxygen extraction, so the
concentration of deoxyhemoglobin decreases relative to the resting state, and R,%°"? decreases.

It can be shown that the BOLD signal depends on CMRO,, CBF and CBV. From the
hemoglobin saturation curve, [dHb]yi00d = (1-Y)[Hb]piooss Fick’s law for oxygen flux conservation
across the capillary bed, CBF[Hb](1-Y venous) = CMRO;, and by assuming that Y, = 1, one gets

RPOLD(¢) = kCBVE (¢ {Clg;?:)(t)] (1.4)

A linearized version of this equation for = £= 1, and assuming small changes during activation,

is given by (Ogawa et al., 1993)

ARz(t)=-k[de]0[ACBF(t>_ACBV(t)_ACMRoz(t)J_ (1.5)

CBF, CBV, CMROy
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1.4.1.2 Increased Relaxation for Optimized Neuroimaging (IRON)
Alternatively, one can perform T, or T, fMRI using an exogenous contrast agent like MION

(Monocrystalline Iron Oxide Nanoparticle). MION has a high magnetic susceptibility, remains
intravascular and has a relatively long half-life (about 8 hours). Assuming that the blood
concentration of MION is constant in time (steady-state), the functional form for IRON contrast
will simplify to

RMON(t)= kCBV(t), (1.6)
and the relative change in CBV with activation is simply given by (Hamberg et al., 1996;
Mandeville et al., 1998)

ACBV(t)  AR,(t) (1.7)
CBVO - Rg\/l[ON(O) :

IRON contrast was first used for fMRI in anesthetized rats (Kennan et al., 1998; Mandeville et
al., 1998; van Bruggen et al., 1998), and its use was later extended to awake monkeys (Vanduffel
etal., 2001).

1.4.2 Signal-to-noise ratio (SNR)

The size of the signal relative to the size of the noise is known as signal-to-noise ratio (SNR).
SNR may be improved by signal averaging, as signal adds coherently and noise adds in random
phase. Because the noise power is additive, the root mean square of the noise amplitude is
proportional to N2, where N is the number of averages. As a result, the SNR improves with N".

The thermal equilibrium magnetization for spins of gyromagnetic ratio y and spin quantum
number / in a longitudinal field B, is given by

M, = Ng»*#?1(1 +1)B, /3kpTs , (1.8)
where Ns is the number of spins per volume and Ts the sample temperature. According to Lenz’s
law, which states that the emf induced in a receiver coil is proportional to the time rate of change
of field within the coil, the signal amplitude will be proportional to Mgay, or 73 11+ l)B(Z) .
Therefore, the signal amplitude will increase proportionally to the square of magnetic field, the
third power of the gyromagnetic ratio, and the number of spins in the volume. In summary, SNR
is given by

SNR ~ -V [Taco - - (1, T3, T3 ), (1.9)

where o is the operating frequency, V is the volume of a voxel, Tacq is the k-space acquisition

time, f < 1 is a function that depends on the k-space trajectory in the pulse sequence, and ¥ is a
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function of Ty, T, and T, . SNR increases proportionally to By because the noise in MRI is also
proportional to B, (Edelstein et al., 1986).

In echo planar images, the high temporal resolution is usually achieved at the expense of
SNR or spatial resolution. This tradeoff is unavoidable. EPI is further limited by the T, of the

sample, the characteristics of the imaging gradients, and other hardware considerations.

1.4.3 Sensitivity
The functional contrast-to-noise ratio depends upon both the physiology and the physics of a
given technique. It can be defined generally as
) N
fONR =21 = fSNR 2 (1.10)
g, St
where J5; refers to the time-dependent signal changes, o is the temporal standard deviation of the
signal, St is the time-averaged signal, and fSNR is the functional SNR, given by fSNR = §¢/ o; .

Because some noise can be coherent, fSNR < aSNR, where aSNR is the “anatomical SNR”,
defined in the previous section.

Fractional changes in signal are roughly proportional to absolute changes in relaxation rates,
as can be seen by expanding the exponential for small changes in relaxation rate:

ES_:e‘TEAEZ(‘)—l~—TEAE2(t). (1.11)

S(t)
Using these expressions, the CNR for endogenous (BOLD) or exogenous (IRON) contrast agents
can be given as (Mandeville and Marota, 1999)

CNRy, (t)=( Sge TERE™ | TE R2E™ () TERE ) (_AEZ_@)—J' (1.12)
1 0=(s0e TR TR RO T 2

The first term on the rhs of this equation is a scaling factor related to the baseline state, and is the
same for BOLD and IRON. The second term is an amplification factor that depends upon the

aent (0) = |. At common magnetic

method and basal physiology, and it is maximized for TE R,
field strengths, BOLD imaging lies far below the optimal signal attenuation. For example, at 1.5
Tesla, Ry*™ (0) ~ 2 sec”, and for TE = 40 msec the amplification factor will be approximately
equal to 20% of the maximum value. With an exogenous contrast agent one can theoretically
achieve the maximum amplification simply by changing the dose of agent injected and
optimizing the echo time accordingly. The third term has to do with activation and is usually of
the same order of magnitude for BOLD and IRON contrasts in steady state, although results to
date indicate that BOLD and IRON temporal responses differ significantly, so that CNR is a

complicated function of the duration and timing of stimuli, the choice of echo time and contrast
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agent dose, the magnetic field strength, and (for reasons explained below) the local blood volume

fraction.

1.4.4 Spatial specificity

Another way to express CNR at a spatial location r and time t as (Mandeville and Marota,
1999)

CNRy, (r,t)=SNR(r)W(r)o(r,t). (1.13)
SNR(r) is the SNR at rest (before injection of the contrast agent in the case of IRON contrast),
W(r) is a vascular weighting function, and ®(r,t) depends upon the functional changes but is
independent of baseline physiology.

For BOLD contrast, the vascular weighting function (assuming small changes in signal and a

tight regional linear relationship between resting state values of CBF and CMROQ,) is given by

Wporp(r) = kv(r), with k = TE< R?OLD> (1.14)

brain

For IRON contrast, the vascular weighting function is given by

Wiron (1) = v(r)e ™). (1.15)
From the above expressions for the vascular weighting, one can see that BOLD linearly amplifies
CNR by resting state CBV (“brain versus vein” ambiguity). Intuitively, this occurs because the
BOLD effect is so weak that it produces no regional dependence on SNR (to first order), so CNR
is driven by fractional signal changes, which scale linearly with the resting state blood volume
fraction. Conversely, the IRON method is much less sensitive to resting CBV when an
appropriate dose of contrast agent is used to produce an optimal tradeoff between SNR and
fractional signal changes. Regions with a high blood volume fraction will have large fractional
signal changes but small basal SNR, whereas lower blood volume areas will have smaller
fractional signal changes but higher SNR. In fact, the dose of contrast agent can be selected to
target a specific tissue blood volume fraction, so that the maximum sensitivity occurs for blood

volume fractions that correspond to regions without significant large vessel contributions.

1.4.5 Linearity

We often assume that the vascular system is a time-invariant linear system (e.g., Friston et al.,
1995) that is, the output of this system, the vascular response, is given by the convolution of the
neuronal input with the system impulse response function. We further assume that the neuronal
system follows the stimulus time course in a linear manner, such that the vascular response can be
predicted by convolution of the vascular impulse response function with the timing diagram of

the stimulus design.
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The linear model appears to be a good first-order approximation to relate brain function to
BOLD and IRON contrasts. It has been shown that BOLD signal changes in the visual cortex
scale roughly linearly with stimulus contrast and duration (Boynton et al., 1996) and there is good
evidence of near-linear additivity of responses to successive, brief stimuli presented at rates up to
one every two seconds (Dale and Buckner, 1997). Nonetheless, nonlinearities have been observed
as a function of the magnitude and duration of sustained stimulations (Vasquez and Noll, 1998),
and at rapid rates of brief stimulation (Friston et al., 1998). These nonlinearities may reflect
saturation of the BOLD signal, neural transients or habituation of neural activity, or a
combination of factors.

Linearity is a powerful assumption that not only greatly simplifies data analysis but also
provides useful insights into the relationship between neural activity and related vascular

changes.

1.4.6 Temporal response
In general, the BOLD response to a stimulus shows two distinct phases: the main positive

BOLD response conventionally used in fMRI experiments, followed by a post-stimulus
undershoot. An initial dip occurring before the positive response has proven elusive to detect
(Buxton, 2001). During prolonged stimulation, BOLD signal and CBF generally reach plateau
values after 5 — 6 sec (DeYoe et al., 1994). The post-stimulus undershoot is not present in the
CBF signal, or at least not with sufficient magnitude to explain the size of the BOLD post-
stimulus undershoot. A common view of the post-stimulus undershoot is that it is caused by a
delayed return of CBV to baseline (Mandeville et al., 1998). In fact, experimental results in
anesthetized rodent models have shown that the CBV response contains a component that evolves
slowly during and after a stimulus, causing a mismatch between blood flow and blood volume
with the proper amplitude and time course to explain the BOLD post-stimulus undershoot
(Mandeville et al., 1998, 1999; Mandeville and Marota, 1999).

Even though the BOLD temporal impulse response function is slow compared with the
underlying neural response, rapid stimulus designs have been developed that allow exploration of
many cognitive processes, by increasing the available temporal resolution. These designs are
called event-related designs (ERD), and generally consist of rapidly presented interleaved trials of
multiple event types of short duration. For periodic ER designs, an optimum interstimulus
interval (ISI) exists below which detection power and estimation efficiency greatly decrease with

[SI (Dale, 1999; Bandettini and Cox, 2000). Burock and colleagues found that an overall increase
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in BOLD detection activity per unit time could be achieved by randomization of the ISIs (Burock

et al., 1998).

1.4.7 Spatial resolution
The SNR provides the fundamental limitation to the spatial resolution in magnetic resonance

since the signal available from each volume element decreases as the voxel size is reduced.
Because SNR can be increased by averaging only as the square root of time, the required
averaging time for a target SNR scales in proportion to the linear dimension of a voxel to the
sixth power. Other factors limiting the achievable spatial resolution in EPI include T, relaxation,
spin diffusion, and image distortions.

The contribution of the relaxation linewidth will be insignificant if the bandwidth is
sufficiently large that the T, broadening is less than one pixel.

Diffusion of spins in the presence of a magnetic field gradient results in magnetization
dephasing. As a consequence, diffusion can cause signal attenuation and additional linewidth
broadening. For typical imaging times the Brownian motion will set the resolution to a maximum
of 10 pm, but in living subjects this limit is at least one order of magnitude higher due to buik
motion and brain pulsation.

Complex local distortions have the effect of inducing artifacts in the image and this leads to
an inevitable resolution loss. In addition, the diffusional motion of spins across regions of
variable susceptibility causes additional transverse relaxation and consequential signal
attenuation. These effects associated with susceptibility inhomogeneity will increase as B,
increases.

Additionally, the spatial characteristics of the vasculature in each brain area, will further limit
the maximum achievable resolution.

The maximum fMRI spatial resolution is still unknown. In the years leading to the work
presented in this thesis, many groups had reported columnar resolution using different fMRI
techniques in different preparations (Menon et al., 1997; Menon et al., 1999; Duong et al., 2000;
Kim et al., 2000; Duong et al., 2001; Cheng et al., 2001), but it is unclear how to evaluate most of
these studies. Lacking any anatomical reference, these studies identify voxels according to the
size of the signal change associated with a condition, and then claim that the pattern is “patchy”
(Kim et al., 2000) or otherwise suggestive of columnar features. Several of these studies (Duong
et al.,, 2000; Kim et al., 2000) employed the BOLD “initial dip”; as noted previously, the
existence of this effect is still controversial, let alone the robustness of this method for high

resolution functional mapping. Cheng and colleagues used the regular BOLD signal to achieve an
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in-plane resolution of 0.47 mm in visual cortex, detecting optical dominance columns (ODC) of
approximately | mm width. Despite claims from the MRI and optical community that BOLD
signal does not have the resolution to identify columns, only the BOLD study of Cheng et al.

(2001) demonstrated reproducibility of the functional pattern within a session.
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Chapter 2

Spatio-Temporal Characteristics of IRON and
BOLD fMRI

2.0 Preface

Prior to our series of studies, the IRON method had been employed for fMRI in anesthetized
rodents, and this technique demonstrated an increase in CNR relative to BOLD fMRI in these
models (Kennan et al., 1998; Mandeville et al., 1998), as well as a slower temporal response
(Mandeville et al., 1998, 1999). There are numerous reasons to want to repeat, and to extend,
these measurement in an awake primate model. Firstly, all anesthetics increase basal blood
oxygenation by decreasing CMRO, more than CBF; thus, BOLD sensitivity is compromised in
the anesthetized state due to a decreased basal concentration of deoxygenated hemoglobin.
Hence, it is important to quantify the increase in detection power provided by the IRON method
in an awake animal model. Secondly, there are instances in the literature — the BOLD “initial dip”
is a prominent example — where inconsistencies in results are attributed to differences in species
or anesthetic condition. Thirdly, stimulus paradigms employed in this chapter and in the next
chapter could be hard to replicate using electrical stimuli in anesthetized rodents. Studies in those
models found that responses were not stationary (repeatable) without long inter-stimulus
intervals. Moreover, retinotopic projections of point stimuli as reported in Chapter 4 have not
been reported in anesthetized animals.

Just prior to our publication of these results, two studies reported results in awake primates
using exogenous contrast agent. The first report was a “quick and dirty” publication that
essentially demonstrated that signal changes could be detected using an exogenous contrast agent
(Dubowitz et al., 1998). This publication provided no useful information about CNR or temporal
response for IRON fMRI, and this group has only published one subsequent fMRI study in awake
primates. The second study (Vanduffel et al., 2001) was performed in collaboration with our
laboratory. While robust fMRI results were obtained using the IRON method in these studies at
1.5 Tesla, meaningful comparisons with BOLD signal were prevented by the poor quality of
BOLD results at this field strength. For this group using a 1.5 Tesla scanner, the use of exogenous

agent was the “make or break” factor that enabled their studies.
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With the aid of Wim Vanduffel, who has relocated to our laboratory, we embarked on a series
of studies to compare the detection power, temporal profile, and gross spatial localization of

responses to visual stimuli applied to the awake, behaving non-human primate.

2.1 Introduction
The awake, behaving macaque is an important model of the human brain for neuroscience,

physiology, and the development of neuroimaging methodologies. The use of alert animals
expands the range of experimental paradigms, and such studies eliminate the significant
complications and uncertain interpretation associated with anesthesia. Results obtained in awake
non-human primates also require less extrapolation to studies of the alert human brain, and to the
extensive literature on the organization of macaque brain that has been derived from invasive
methods. As a complimentary non-invasive imaging tool, fMRI serves as a powerful whole-brain
survey technique that can be performed repeatedly in individual animals.

Functional MRI based on blood oxygen level depend (BOLD) signal has become a routine
tool of human neuroscience, and several groups have previously reported fMRI results in
anesthetized or awake non-human primates using BOLD contrast (Stefanacci et al., 1998;
Dubowitz et al., 1998; Logothetis et al., 1999; Hayashi et al., 1999; Disbrow et al., 2000;
Logothetis et al., 2001; Vanduffel et al., 2001). However, the low sensitivity of the BOLD
method at common magnetic field strengths presents a challenge for the detection of subtle
changes in local perfusion, and sensitivity is one factor that limits high spatial resolution.

In animal models, exogenous MRI contrast agents with long blood half lives provide an
attractive alternative to BOLD signal. In particular, dextran-coated iron oxide agents (Weissleder
et al., 1990; Josephson et al., 1990) have found utility in a wide variety of animal research, and
are now are being tested in human clinical trials (Sharma et al., 1999; Taylor et al., 1999; Enochs
et al, 1999). For functional brain mapping in anesthetized rodents, these agents have
demonstrated significant advantages over BOLD signal in terms of functional sensitivity at 2 and
4.7 Tesla (Mandeville et al., 1998; Kennan et al., 1998; van Bruggen et al., 1998; Chen et al.,
2001). Furthermore, such contrast agent studies are uniquely suited for spatial-temporal
comparisons of the physiology of cerebral blood volume (CBV) in relation to BOLD signal,
which depends upon blood volume, blood flow, and oxygen utilization. Rodent studies using
electrical forepaw stimulation have shown that the temporal evolution of CBV differs markedly
from BOLD signal (Mandeville et al., 1998) and cerebral blood flow (Mandeville et al., 1999b).

Due to the difficulties of obtaining robust BOLD responses in the presence of motion artifacts

in awake primates, as described by others (Stefanacci et al., 1998; Logothetis et al., 1999), two
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recent studies have explored the viability of contrast agents for fMRI studies in alert primates.
Dubowitz et al. (2001) found that a low dose of an iron oxide agent enabled a modest
improvement in functional sensitivity relative to BOLD signal at 1.5 Tesla. Vanduffel et. al.
(Vanduffel et al.,, 2000; Mandeville et al., 2001b; Vanduffel et al., 2001) demonstrated that
contrast agent enabled a robust mapping of motion-sensitive regions throughout visual cortex at
this same field strength, and that this method provided better sensitivity and apparent localization
than BOLD signal.

We report results from a series of experiments in awake, behaving macaques using repeated
injections of iron oxide contrast agent at doses that are effective for functional brain imaging. We
characterized the temporal relationship of functional signals weighted by deoxyhemoglobin and
blood volume using a variety of stimulus designs, and we compared the functional sensitivity of
contrast-enhanced fMRI in relation to BOLD signal at 3 Tesla for short, prolonged, and rapidly
presented stimuli. These results, and the macaques’ apparent tolerance of repeated injections of
iron oxide, show that this method is both viable and highly advantageous for functional brain

imaging in awake primates.

2.2 Methods

2.2.1 Animal model
All experiments were performed at the Massachusetts General Hospital according to NIH and

European animal care guidelines, following the general procedures as employed at a different
laboratory (Vanduffel et al., 2001). Briefly, plastic headsets were surgically implanted onto the
skulls of two male rhesus monkeys (monkeys “M-A” and “M-B”, 2.5-3 kg) during anesthesia.
Operations were performed under isoflurane (1.5%) / N,O (50%) / O, (50%). Antibiotics (50
mg/kg i.m., Kefzol, Lilly, Brussels) and analgesics (4 mg/kg i.m. Dolzam, Zambon, Brussels)
were given daily for 3-7 days following each surgery.

After recovery, monkeys were adapted to physical head restraint while seated on their
haunches in the “sphinx” position inside a plastic box. Animals were trained to perform a high
acuity fixation task while visual stimuli were presented in the background. When a small vertical
fixation bar (5 x 18 min arc) switched to a horizonal orientation, a monkey could obtain a reward
of apple juice by quickly placing a hand to interrupt a light path. Incorrect responses were
penalized by a delay before presentation of the next horizontal bar. All responses were recorded
and monitored on-line to determine performance accuracy and the monkeys’ willingness to

continue. Despite the fact that the monkeys’ response scores were consistently high, direct eye
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monitoring showed repeated saccades from the fixation point, so retinotopic activation patterns
presumably contain some contamination from spurious eye movement.

For all studies that employed the monocrystalline iron oxide nanoparticle (MION) contrast
agent, the MION solution was injected into the femoral vein below the knee just prior to each
scanning session; no additional MION was added during the duration of a scan. MION was
synthesized at the Massachusetts General Hospital (Weissleder et al., 1990; Shen et al., 1993) and
is widely distributed throughout the MRI community. MION was injected in the original
production buffer of sodium citrate without saline dilution. An iron dose of 8-10 mg/kg was
injected in a volume of 1.8-2 ml using a MION solution with a concentration of 11.92 mg iron per

ml.

2.2.2 Visual Stimulation
Visual stimuli were projected from an LCD projector (Sharp model XG-NV6XU) onto a

screen which was positioned 29.5 cm in front of the monkey's eyes. The visual stimulus was a
pinwheel checkerboard in which black and white segments were alternated at 8 Hz. This stimulus,
with a mean luminance of 1795 cd/m?, was compared to a baseline condition of a spatially
uniform gray screen with a luminance of 12 cd/m’. The stimulus covered a visual field of 37 x 48
degrees, and the fixation bar (0.8 x 0.2 degrees) was presented at the center of the visual field at
all times.

Four stimulus paradigms, each lasting 4.5 minutes, were employed. Each paradigm included
30 seconds of baseline at the beginning of the run, and then used the following timing during the
remaining four minutes: 1) 2 cycles of 60 sec of stimulus followed by 60 sec of baseline, 2) 4
cycles of 4 sec of stimulus followed by 56 sec of baseline, 3) 8 cycles of 4 sec of stimulus
followed by 26 sec of baseline, and 4) 16 cycles of 4 sec of stimulus followed by 8 sec of
baseline, with an additional 48 sec of baseline at the end.

For the 60 sec stimulus paradigm, we acquired 22 BOLD runs in 3 sessions and 11 MION
runs in 2 sessions for monkey M-A. For monkey M-B, we acquired 34 BOLD runs in 7 sessions
and 16 MION runs in 3 sessions. Runs with different stimulus paradigms were cycled during each
session, so the numbers of runs were similar for the other paradigms. Scanning sessions typically

lasted 3 hours.

2.2.3 Magnetic Resonance Imaging
Experiments were performed in a 3 Tesla Siemens Allegra scanner (Siemens Medical

System, Erlangen, Germany) using a custom surface coil for radio frequency excitation and

reception of signal. All functional imaging employed single shot muitislice echo planar imaging
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with an isotropic resolution of 1.5 mm. 20 slices were acquired using a repetition time of 2 sec
and a 90 degree flip angle for the visual paradigm that alternated 60 sec of stimulus with 60 sec of
baseline. For all other visual paradigms, 4 slices through primary visual cortex were acquired
using a repetition time of 500 msec and a flip angle of 45 degrees. All BOLD studies employed a
gradient echo time of 30 ms, and all MION studies used a gradient echo time of 20 msec (the
minimum achievable value for the selected resolution and sequence).

In addition to functional imaging, T,-weighted EPI images were acquired in each session in
order to facilitate registration of brains across magnet sessions by improving the anatomical detail
relative to BOLD images. Additionally, data was acquired in each session to enable the
calculation of T," maps by obtaining 9 gradient echo times from 20 to 60 msec at 5 msec
intervals. This data was collected at the beginning of each BOLD session, and at both the

beginning and end of each MION session.

2.2.4 Data Analysis

Despite physical fixation of the monkeys’ heads in the restraint device, apparent brain motion
and small distortions resulted from changes in the magnetic field associated with body motion.
Therefore, motion correction was applied to all data sets .using the Analysis of Functional
Neurolmages (AFNI) motion correction algorithm (Cox and Hyde, 1997). For each animal, all
images acquired in all sessions were then registered into a common space in order to enable
spatio-temporal comparisons of BOLD and MION signals, and to enable comparison of T, and
R;" (1/ Ty') maps between BOLD and MION sessions. In order to minimize imperfections in
registration, all data were spatially smoothed after registration using an isotropic gaussian filter
with a full width at half maximum of 3 mm.

R," and T, maps were computed from the multi-echo data assuming monoexponential
relaxation of MRI signal: S(TE) = S(0) exp(-TE/T »). The blood iron concentration was
monitored through the transverse relaxation rate due to MION in the blood:
R;M]ON = R; - R;BOLD , where R, is the relaxation rate determined from the multi-echo data
and the BOLD relaxation rate refers to the average value of the total relaxation rate across BOLD
sessions at each voxel. The iron blood half life (T,;) was then estimated from a monoexponential
decay function across the duration of each experiment: R, MON(t) = R, ™MON0) exp(-0.69 t/ T\p).

When averaging MION signal changes across sessions, it is necessary in principle to account
for the different blood concentrations of iron oxide. One way to properly account for inter-session
effects of dose is to convert signal to percent CBV change, as done in rodent experiments when

contrast agent is injected inside the magnet (e.g., Mandeville et al., 1998). Because contrast agent
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was injected outside the magnet in these experiments for logistical reasons, we used a global
normalization factor for each session to generate a corrected change in transverse relaxation rate:
AR,"CORR(t) = (R,’MIONAVERAGE/R ‘MIONSESSION) AR *SESSION(t) where the relaxation rates were
determined across a large brain volume during each session as described above, and the average
relaxation rate is the average across sessions. Relative to voxel-wise calculations of percent
changes in CBV, the global correction is less susceptible to inter-session differences in the
magnetic field shim and imperfections in cross-session alignment. Nevertheless, percent CBV
calculations can be expected to be accurate across relatively large regions of interest, as used for
the generation of our time course figures.

Analysis of functional data employed general linear model methods (Friston et al., 1995;
Boynton et al., 1996), in which a hemodynamic impulse response function (IRF) is convolved
with the stimulus paradigm to generate a maximum likelihood estimation of the stimulus-linked
vascular response. We determined separate BOLD and MION IRFs from a region of interest
analysis applied to each of the respective data sets. To characterize the temporal response, a 1 cm®
region of interest was selected from primary visual cortex using the registered data sets. In each

case, the IRF for subsequent analysis was assembled from a series of exponential basis functions,

a . . . . .
h(t) = Zk %k exp(~t/z, ). In this basis, convolution with a step function generates a

hemodynamic response H(t)= Zk a (] —exp(—t/ry )) following stimulus onset, and

H(t)zzkak exp(—t/z,) following stimulus cessation. Thus, this formulation provides

flexibility and the advantage of simplicity, in that the dominant low frequency time constants can
be measured directly from the data. The amplitudes of the basis functions for each IRF were fit
within the general linear model after inclusion of a constant term and a linear drift. The data for
all four stimulation paradigms were fit simultaneously in order to provide an optimal estimate of
the IRF.

After describing the temporal response, the statistical power of the BOLD and MION
methods were measured using standard linear model methods (Friston et al., 1995) and the IRFs
as determined from the region of interest analyses. Specifically, if N data points (d) as a function

of time (t) are a simple linear summation of n basis functions (B) times parameters (P) within a

given error (e), d; = Zn By;P;+e, then the contrast-to-noise ratio (CNR) for a simple two-

. - P, . . .
state comparison can be calculated as a T-statistic: T = > =7 . In this equation, C is
o
A, Cu
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the covariance matrix, C = (B'B)", N; is the number of degrees of freedom (N-n), and the

stimulus reference vector is the first basis function corresponding to parameter P,. The variance is
calculated between the data and the fit as o° = ZN(d( - Zan-ij , including basis functions

describing the stimulus response, mean value of signal, and signal drift (slope).
Because the number of runs for each stimulus paradigm and MRI contrast type varied across
sessions, we compared statistical scores by creating maps of the average values and standard

errors of T-scores across all runs and all sessions in each animal.

2.3 Results

2.3.1 Transverse relaxation rates and MION blood half life
Within large brain volumes in monkeys M-A and M-B that were selected to avoid

susceptibility artifacts, the average R, value (mean + SEM) prior to injection of MION was 20.9
+ 0.2 sec” (Tz' = 48 msec). However, numerous regions around the edge of the brain exhibited
T, values less than 20 msec. An echo time of 30 msec was selected for BOLD experiments as a
compromise between functional sensitivity and susceptibility artifacts across the brain. Because
adequate sensitivity can be obtained at any echo time by adjusting the dose of iron oxide agent,
MION experiments employed the minimum obtainable echo time of 20 msec for our EPI
sequence and resolution.

Using the average value of the relaxation rate in BOLD experiments as a reference value for
zero dose of contrast agent, the mean change in relaxation rate due to the presence of MION was
24.1 + 0.6 sec™' across the brain at the beginning of these experiments. During experiments lasting
2.9 + 0.3 hours, the average value of the MION-induced relaxation rate was 21.1 1.1 sec-1, and
the calculated MION blood half life was 8.4 + 1.4 hours.

2.3.2 Response Scores
Monkeys attended to the fixation cue and responded when the cue switched to a horizontal

position. Monkey M-A correctly responded to 92 + 10% (mean * standard deviation) of the cues
during BOLD experiments, and 85 + 5% of the cues during MION experiments. Monkey M-B
correctly responded to 89 = 13% and 92 + 5% of the cues during BOLD and MION experiments,
respectively. The average duration of all BOLD sessions was 2.2 + 0.4 hours, and the average
duration of MION sessions was 2.9 £ 0.7 hours. Neither session duration nor response scores

were significantly different (p > 0.05) between BOLD and MION sessions.
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2.3.3 Temporal Response
Fig. 2.1a shows the shapes of the BOLD and MION responses due to a sustained stimulus

after averaging across both animals and all magnet sessions. Error bars in all figures represent
standard errors of the mean across scanning sessions. The curves in the figure are single
exponential fits to the data using one time constant for both the rise and decay of signal. A single
exponential time constant of 13.5 sec provided a good description of the low frequency MION
response. A time constant of 4.5 sec adequately described the low frequency BOLD response,
except for the post-stimulus region, which showed an undershoot with a time constant similar to
the MION response. In order to better describe the post-stimulus undershoot, the exponential
basis for the BOLD IRF included both the 4.5 and 13.5 sec time constants. Because the single
MION time constant did not provide a good description of briefly presented stimuli, and because
changes in blood volume can be expected to contain an arterial time constant that is similar to the

measured BOLD value, both the 4.5 and 13.5 sec time constants were also included in the

exponential basis for the MION IRF.
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Fig. 2.1a) Normalized BOLD (black) and MION (red, reversed sign) signal changes as a function of time
due to 60 sec of visual stimulation (gray shaded interval). The lines are monexponential fits to the data
using time constants of 4.5 sec (BOLD) and 13.5 sec (MION). b) Measured impulse response functions for
BOLD (black) and MION (red, reversed sign) signal using a 4 sec stimulus (gray shaded interval). Solid
lines indicate the linear model estimation of the response obtained by simultaneously fitting all stimulation
paradigms, using the dominant time constants determined from prolonged stimulation (a).

When only 2 time constants were used to fit each IRF, a delay was required between the
onset of a stimulus and the onset of the hemodynamic response in order to describe the rapidly
sampled data with TR = 500 msec. In the exponential basis {4.5, 13.5} using a 1.5 sec delay, the
best-fit IRF for the BOLD and MION data were {1.67, -0.67} and {0.20, 0.80}. These parameters

represent the asymptotic contributions from two processes with different kinetics (see Methods).
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The delay between the stimulus design and the IRF convolution can be removed by incorporating
a third time constant (the delay of 1.5 sec) into the exponential basis for the IRF. The inclusion of
a third exponential improved the description of the response onset immediately after stimulation.
In the exponential basis described by time constants {1.5, 4.5, 13.5}, the optimal BOLD IRF was
found to be {-0.89, 3.09, -1.20}, and the best fit for the MION IRF was {-0.21, 0.41, 0.80}. This

basis was used for fits in Figs. 2.1-2.3 and for all statistical analyses.

- AR2 (1/sec)

time (sec)

Fig. 2.2 Relaxation rate changes for BOLD (black) and MION (red) contrast, together with the
corresponding linear model fits, during two cycles of the 60 sec of stimulus (gray shaded intervals)
followed by 60 sec of baseline. At the end of the stimulus interval, MION relaxation rate changes were
more than 7 times greater than BOLD changes. Peak MION signal change corresponds to a 25% increase in
cerebral blood plasma volume.

The average BOLD and MION responses for the 4 sec stimuli, together with the respective
IRF fits, are shown in Fig. 2.1b. Fig. 2.2 shows data and fits for the long block stimuli of 60 sec
duration. In each case, a post-stimulus undershoot was associated with a slow post-stimulus
decrease of blood volume. The enhancement in signal change was found to be a strong function
of stimulus duration. For the 4 sec stimuli, the peak change in MION relaxation rate exceeded the
BOLD change by a factor of 3 (Fig. 2.1b), but the enhancement increased to a factor of 7 for a
stimulus of 60 sec duration (Fig. 2.2). Using the average value of the transverse relaxation due to
MION to normalize the signal changes in this region of interest (R, ™" = 22.3 sec™), peak
changes in cerebral blood volume averaged 8 % for the 4 sec stimuli (Fig. 2.1b) and 25 % for the
60 sec stimuli (Fig. 2.2).

In a time-invariant linear system, the slower MION response should be manifest as a low-
pass filter on higher stimulation frequencies. Fig. 2.3 shows responses to repeated presentations
of 4 sec of stimulus followed by 8 sec of baseline. This inter-stimulus interval is just sufficient for

BOLD signal to return to baseline following each stimulus, whereas blood volume remains
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elevated throughout the duration of the stimulus cycle. With these parameters, BOLD cyclic
relaxation rate changes were about 50% as large as those for a long block stimulus, whereas the

stimulus-induced fluctuations in the MION relaxation rate were only 20% as large as those for the

W
i
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longer stimulus of Fig. 2.2.
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Fig. 2.3 Relaxation rate changes measured for BOLD (above y origin) and MION (below y origin) contrast
during 16 cycles of 4 sec of stimulus followed by 8 sec of baseline. Black traces indicate data, and red
traces show the linear model fit to the data. Whereas BOLD signal recovers to the baseline following each
cycle, the slower MION response does not recover. In this rapidly presented stimulus paradigm, MION
relaxation rate changes are slightly more than twice as large as BOLD changes.
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Fig. 2.4 A general linear model fit separated data obtained using BOLD (left) and MION (right) into a fast
time response (black, 4.5 sec time constant) and a slow response (red, 13.5 sec time constant). Fits to the
data are shown for stimuli of 4 sec (first response), 60 sec (second response), and a train of rapidly
presented responses (4 sec on, 8 sec off). The total response (not shown) is the sum of the fast and slow
components.
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Insight into the underlying physiology of each method can be obtained from the 2-
exponential decomposition of the impulse response function. For BOLD signal, the two time
constants are most simply identified as the responses of blood oxygenation and blood volume.
For the MION method, the time constants presumably are related to arterial and venous dilations.
The exponential decomposition of the MION signal found that the slow time constant contained
80% of the strength during prolonged stimulation. The exponential decomposition of the BOLD
signal suggests that changes in CBV reduce the BOLD effect by 40% during prolonged
stimulation.

Fig. 2.4 shows the fast and slow components of the BOLD and CBV responses for each
stimulus type, using a single scaling factor as determined by simultaneously fitting all the data
(note that Figs. 2.1-2.3 use a separate scaling for each run, following the usual analysis
procedure). By comparison of Fig. 2.4 with the data in Fig. 2.1-2.3, a single scaling factor well
describes the BOLD data for each stimulus paradigm. The MION data is well described for the
short and long stimuli, but the response to the rapidly presented stimuli is overestimated
somewhat by the linear model analysis. CBV-weighted signal suffers a larger reduction in relative
sensitivity than BOLD signal for short stimuli or event-related designs as compared to block
stimuli, due to the slower response of CBV. Because the slow CBV response produces a negative
BOLD offset that compensates the positive offset for rapidly presented stimuli, the dramatic
baseline shift seen for the MION response in Fig. 2.3 is not evident in the BOLD data or the fitted

response.

2.3.4 Functional Sensitivity and Spatial Localization
The use of exogenous contrast agent provided a large improvement in functional sensitivity,

which depended upon both the stimulus paradigm and the spatial location within visual cortex.
Fig. 2.5 shows the average BOLD and MION functional maps in monkey M-A for a single 4.5
minute run using the 60 sec stimulus paradigm. The maps are based upon the average T-scores
across runs and scan sessions, and p-values were corrected for multiple comparisons. The
underlying grayscale images are the spatially smoothed echo planar images from which the
functional maps were derived. The general pattern of brain activation is similar for the two

methods, but the overall sensitivity of the MION method is much higher.
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Fig. 2.5 Representative (average) functional brain maps obtained in an awake, behaving primate (M-A)
during single 4.5 minute runs using either BOLD (top) or MION (bottom) contrast. The color scale shows
the log of p-values from a T test after correcting for multiple comparisons, and the grayscale shows echo
planar images from each data set. The stimulus consisted of 2 cycles of 60 sec of a flashing checkerboard
followed by 60 sec of baseline.

Fig. 2.6 reveals several apparent differences in the functional maps for the two methods. The
first panel shows statistical scores accumulated across 8 runs for 4 slices from the best BOLD
functional data set in either animal. Strong BOLD signal changes occurred in the straight sinus at
each level, with generally smaller significance levels for the sagittal sinus. These vessel artifacts
were absent in the MION maps, since this dose of contrast agent eliminates intravascular signal
changes that are associated with changes in blood oxygenation. However, the BOLD maps also
show activation in tissue regions, identified as areas with good signal in the MION images. These
areas (e.g., last slice in Fig. 2.6) form a bridge between the sinuses and areas identified as
activated using the MION method. Presumably, this indicates a loss of BOLD functional

resolution due to venous drainage from activated tissue.
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Fig. 2.6b is a map of the ratio of MION CNR to BOLD CNR values for the last 3 slices in
Fig. 2.5. These slices represent the most posterior aspect of primary visual cortex, where the
calcarine fissure is prominent. Within a 6 mm strip centered on the calcarine fissure, BOLD
significance levels were actually higher than those for the MION method, presumably as a result

of the high blood volume fraction in this area near the sagittal sinus.

Fig. 2.6 a) Slices 3,4,9, and 10 from Fig. 2.5 after averaging across runs. BOLD functional maps (left, 8
runs) show contributions from the straight sinus and the superior sagittal sinus, which are not in evidence in
the MION functional maps (right, 3 runs). Moreover, BOLD signal changes appear in tissue that bridges
the venous sinuses and areas identified as activated by the MION technique. b) The ratio of MION CNR to
BOLD CNR is shown as color overlay on the last 3 slices in Fig. 2.5. BOLD sensitivity exceeds that for the
MION method within a 6 mm strip centered on the calcarine fissure, presumably due to the high blood
volume fraction in this area near the sagittal sinus.

In order to assess the degree of similarity in brain activation as assessed by the BOLD and
MION methods, and to compare the functional sensitivities of the two methods, Fig. 2.7 provides
scatter plots of relaxation rate changes and contrast-to-noise ratios. Changes in BOLD and MION
relaxation rates are compared throughout visual cortex for both animals for all voxels that show
significant signal changes across runs with either method (Fig. 2.7a) and both methods (Fig.

*MION

2.7b). Signal changes in large vessels appear along the line AR, = 0 in Fig. 2.7a. In those

voxels that are activated by both methods, the dominant correlation is a linear coupling of

"MION = 6 AR, %P using this dose

relaxation rate changes along a line that is approximately AR,
of contrast agent.

Fig. 2.7c compares the functional sensitivity of the two methods for all voxels in Fig. 2.7b.
Low values of BOLD CNR can result from small changes in local neuronal activity or from low
values of the resting blood volume fraction. The latter case accounts for voxels that exhibited a
CNR enhancement greater than half an order of magnitude using exogenous agent, since the
MION method has little CNR dependence on the resting state blood volume fraction (Mandeville
and Marota, 1999). The highest values of BOLD CNR were predominantly associated with large
resting blood volume fractions, and stimulus-induced BOLD signal changes in such areas were

comparable to those obtained using the MION method.
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Fig. 2.7 a) A scatter plot of all voxels in primate brain that were activated by either the BOLD or the MION
methods after registering across sessions and averaging across monkeys. b) Those voxels that were
activated by both methods. Changes in relaxation rates were related in an approximately linear way for
most voxels, but a significant fraction did not adhere to this relationship. ¢) The sensitivity enhancement for
all voxels in panel “b” as a function of the BOLD contrast-to-noise ratio. d) A histogram of the ratio of
functional sensitivities of the two methods. The MION method increased the functional contrast-to-noise
ratio by a mean factor of 3, and a most likely factor of 2.

This figure demonstrates a very practical advantage of exogenous agent at 3 Tesla in awake
primates. Most voxels that were identified as activated using BOLD signal were also selected by
the MION method with equal or better statistical power, whereas voxels that had low BOLD
CNR values were generally those that exhibited the greatest relative signal increases due to the
use of iron oxide. Fig. 2.7d shows the one-dimensional distribution of CNR ratio averaged across
animals and magnet sessions. The average increase in functional sensitivity in monkeys M-A and

M-B was 3.0 and 3.3, respectively, using stimuli of 60 sec duration.
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For shorter stimuli or more rapid presentation rates, the increase in functional sensitivity was
smaller. When short stimuli (4 sec) were presented with a long inter-stimulus interval (26 sec),
the average sensitivity of the MION method was only 1.7 times greater than that of the BOLD
method (M-A: 1.5, M-B: 1.9). Fig. 2.3 demonstrates that short, rapidly presented stimuli may
experience even greater reduction of MION sensitivity. For this particular stimulus paradigm,
however, MION provided better than a factor of 2 improvement over the BOLD method, due to

the inclusion of baseline samples at the beginning and end of the run.

2.4 Discussion
This study investigated the viability and quantified the advantages of employing an iron oxide

contrast agent with a long blood half life to enhance functional brain imaging for repeated studies
in awake, behaving primates. The viability of this approach was assessed by a series of
experiments in two animals using MION contrast agent. The sensitivity and temporal response
were compared to the common BOLD technique at a field strength of 3 Tesla using a variety of
stimulus timings. Whereas the MION method works well in awake primates even at 1.5 Tesla
(Vanduffel et al., 2001), the use of a 3 Tesla scanner in this study elevated BOLD signal to a
sufficient level for quantitative spatio-temporal comparisons with the MION signal. Significantly,
MION injection did not produce adverse behavioral effects, as assessed by response scores and
session duration, and no obvious long term health problems have been encountered. In
accordance with results obtained in anesthetized rodent models, the use of iron oxide greatly
improved the quality and consistency of functional brain maps by increasing the magnitude of

signal changes.

2.4.1 Temporal Response
This study employed a short stimulus to determine the impulse response function, a long

stimulus to evaluate the asymptotic response, and a rapidly modulated stimulus to simulate an
event-related design. Results showed that BOLD and CBV temporal responses differed
significantly in the awake macaque, supporting the view arising from MRI studies in anesthetized
rodents (Mandeville et al., 1999b; Mandeville et al., 1999a).

By decomposing the BOLD kinetics into two dominant processes, it was estimated that CBV
changes reduce BOLD signal by about 40% during prolonged stimulation, in agreement with
other empirical estimates based upon the use of exogenous contrast agent (35%, (Kennan et al.,
1998)), (36%, (Mandeville et al., 1999a)), (46%, (Scheffler et al., 1999)). Due to intravascular
contributions to BOLD signal (T,  changes in the blood), this estimate is expected to be

somewhat dependent upon the magnetic field strength. By decomposing the MION kinetics into
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two dominant processes, 80% of the strength during prolonged stimulation was attributed to a
process that evolved more slowly than BOLD signal, and thus more slowly than blood flow and
arterial dilation. However, if the rapid component of CBV change also contains a contribution
from the elastic dilation of capillaries and veins (Mandeville et al., 1999b), then arterial dilation
contributes less than 20% of total blood volume changes during prolonged stimulation.

As in the anesthetized rodent, the temporal characteristics of the signal implicate venous
blood volume as a source of the BOLD post-stimulus undershoot, which may also have a
neuronal contribution that modulates blood flow (Hoge et al., 1999). Of course, the underlying
temporal dynamics of neuronal activity can be expected to influence the temporal response of
CBV as well as BOLD signal. However, the general shape of the CBV response was quite
consistent across brain structures in this study, and a very similar response was obtained by
Vanduffel et al. (2001) despite the use of different stimuli.

Whatever the exact mechanism of the temporal smoothing applied to the response of cerebral
blood plasma volume, this study demonstrates that CBV-weighted fMRI is amenable to a general
linear model analysis. The slow response of CBV relative to BOLD signal implies that CBV is
particularly advantageous for long stimuli in terms of detection sensitivity, since short or rapidly

presented stimuli may not reach a maximum response.

2.4.2 Functional sensitivity and Spatial Localization
Previous studies in anesthetized rodents using iron oxide contrast agents have demonstrated a

large increase in functional sensitivity relative to BOLD signal (Mandeville et al., 1998; Kennan
et al., 1998). The sensitivity enhancement is a strong function of the local blood volume fraction
due to the different “vascular filters” of the BOLD and MION methods (Mandeville and Marota,
1999; Mandeville et al., 2001a). This study confirmed these results in the absence of anesthesia in
a primate species. The use of MION contrast agent increased functional sensitivity relative to
BOLD signal at 3 Tesla by a mean factor of 3 across macaque visual cortex for a long stimulus.
The dose of contrast agent, local blood volume fraction, magnetic field strength, resting state
blood oxygenation, and duration and separation of stimuli are among the factors which influence
the degree by which exogenous contrast agent boosts the size of absolute signal changes relative
to the BOLD method.

The dose of contrast agent alters the transverse relaxation rate of MRI signal as R, 0 Ak =
R, endosenous 1 R, *MION  where R, ™Y depends upon dose in a nearly linear way (Kennan et al.,
1994; Boxerman et al., 1995). The sensitivity for functional imaging should depend roughly upon

the function TE R, ™M°N exp(-TE RZ'M'ON), where R, ™V represents the value across a large brain
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volume in order to account for regional variations in the parenchymal blood volume fraction. In
this study, we chose the minimum obtainable echo time of 20 msec for our single shot EPI
sequence in order to minimize susceptibility artifacts. The selected iron dose (TE R,™°N ~ 0.4)

was on the low side of the sensitivity curve (theoretical maximum at TE R, ™°N =

1) in order to
reduce the injected iron and to maintain an acceptable signal-to-noise ratio, while still delivering
about 70% of the CNR advantage. These results suggest that 10 mg/kg is a suitable iron dose
using an echo time of about 20 msec for this agent in monkeys, results that are comparable with
previous rat studies. Since the induced magnetization of MION saturates as a function of field
strength (Shen et al., 1993), the optimal MION dose should be roughly independent of field above
1.5 Tesla.

Resting state venous blood oxygenation is the analogue of iron dose for the BOLD method.
Because all anesthetics decrease venous oxygenation (Michenfelder, 1988), which depends upon
the ratio of oxygen utilization to blood flow, BOLD imaging can be expected to have a slightly
higher sensitivity in the awake state than in the presence of anesthesia for the same fractional
change in blood flow. The anesthesia-induced reduction of BOLD sensitivity should be most
pronounced for the inhalational vasodilators like halothane, isoflourane, and desflourane, which
decrease metabolic rate but increase cerebral blood flow above the non-anesthetized state. This
suggests that the advantages of the MION method should be somewhat greater in the anesthetized
state relative to awake studies. Nevertheless, the three-fold increase in sensitivity provided by
MION in the awake macaque at 3 Tesla is not far out of line with results from anesthetized
rodents (Mandeville et al., 1998; Mandeville et al., 2001a; Chen et al., 2001) after scaling for
differences in magnetic field strength.

Based upon these results at 3 Tesla, we expect that a similar choice of experimental
parameters at 1.5 Tesla should increase sensitivity relative to the BOLD method by a factor of
approximately 6. Vanduffel et al. (2001) found that a slightly lower MION dose boosted absolute
signal changes by a factor of 5 relative to BOLD signal in motion-sensitive visual regions during
prolonged stimulation. This would correspond to a 5-fold increase in sensitivity, in good
agreement with projections based upon our 3 Tesla data, if we assume that injection of MION
leaves the noise unaltered. Dubowitz et al. (2001) reported a 3-fold increase in percentage signal
changes and a 2-fold reduction of baseline signal, corresponding to a CNR increase of about 1.5.
This lower value is presumably due to the short stimulus duration, lower dose of contrast agent,
and longer echo time used in that study.

Although the spatial patterns of brain activation observed using the BOLD and MION

methods were quite similar, differences were also apparent. Large venous sinuses showed
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changes in BOLD signal, whereas MION signal was extinguished in such areas by the large dose
of contrast agent. While such obvious BOLD vascular artifacts usually will not be misidentified
as activated tissue, some tissue regions also exhibited BOLD but not MION signal changes, a
result presumably indicating downstream dilution of deoxyhemoglobin and degradation of BOLD
functional resolution. It is much more difficult to assess whether local blood volume changes can
occur without changes in deoxyhemoglobin at the spatial resolution used in this study, since the
much higher sensitivity of the MION method reveals activation that may be below the BOLD
threshold.

Finally, it is important to note that intra-subject and inter-subject comparisons using repeated
injections of a contrast agent like MION need to monitor the blood dose of agent during each
session in order to correct for cross-session differences in the blood concentration of iron. This
consideration becomes important if different doses are used, or whenever the dose of agent
administered during one session does not have time to clear the bloodstream before the
subsequent imaging session. Cross-session comparisons either can rely upon percent calculations
in CBV or global normalization of relaxation rates, as described in the methods, with the latter
being better suited for studies that cannot, for logistical reasons, obtain both pre-injection and
post-injection baselines of signal within the same session. Cross-session statistical comparisons,
on the other hand, can be biased by differences in iron dose in a way that cannot be corrected
retrospectively. To prevent systematic differences in statistical power from biasing group average
results, blood iron concentrations should be as consistent as possible across sessions, and ideally
one should use doses near the optimal dose (iron-induced signal attenuation of e™), since that

choice minimizes the dependence of statistical power on iron dose.

2.4.3 Iron Accumulation and Management
In human studies, dextran-coated ultrasmall superparamagnetic iron oxides (USPIOs) similar

to MION have shown very low toxicity at doses up to 4 mg-Fe/kg (Taylor et al., 1999). Agents
currently in clinical trials include AMI-227 (Advanced Magnetics Inc., Cambridge, MA, USA)
for imaging liver or splenic lesions (Sharma et al., 1999) and NC100150 (Nycomed Imaging,
Oslo, Norway) for coronary angiography (Taylor et al., 1999).

In repeated primate experiments using high iron doses for brain imaging as reported here, the
primary concerns are 1) the development of an immune response to dextran, and 2) the gradual
accumulation of iron in excess of body requirements. There was no evidence of allergic reaction
during these studies, and the total injected iron dose during these series is considered insufficient

to cause acute or long term adverse effects. In humans, the normal level of total body iron is
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roughly 60 mg/kg, the maximum natural rate of iron excretion in a non-menstruating adult is
about 10 mg/kg/year, and the liver is the repository for 90% of excess iron (Leggett et al., 2000;
Barton et al., 2000). Thus, we estimate that total iron doses of 40-60 mg/kg in the fwo animals
increased body iron stores by a factor of about 2. While iron metabolism is imperfectly
understood, the results of chronic iron overload have been studied for decades due to genetic
diseases that elevate liver and total body iron stores by an order of magnitude relative to normal
levels for many years (Edwards et al., 2000; Olivieri and Brittenham, 1997).

For continued studies that deposit much more contrast agent, iron monitoring and
management should form an important part of the protocol. Monitoring can be achieved by
sampling blood transferrin saturation and total blood iron concentration (Olivieri and Brittenham,
1997). MRI provides the highest sensitivity for non-invasive assessment of liver iron, with a
detection threshold of 2 to 3 times normal liver iron levels (Guyader and Gandon, 2000,
Bonkovsky et al., 1999). Phlebotomy, the standard treatment for hemochromatosis, removes
about 4 mg/kg iron per week by withdrawing about 7 ml blood per kg (Barton et al., 2000).
Additional iron can be removed by desferoxamine chelation, which preferentially targets stored
iron in liver parenchyma and other tissues, with no effect on hemoglobin iron and little affinity
for transferrin-bound iron (Herschko et al., 2000). This method can be used to minimize or
reverse iron overload without worry of causing iron deficiency. However, long term use of very
high doses of desferoxamine can produce adverse effects and should be avoided (Herschko et al.,
2000; Olivieri and Brittenham, 1997). For the treatment of the genetic disorder thalassemia major,
a suggested goal for desferoxamine chelation therapy is maintenance of total body iron stores
within a factor of about 5 times normal levels (Olivieri and Brittenham, 1997).

The experience from the human population suggests that repeated fMRI studies using iron
oxide contrast agent can be performed in this primate model until total body stores increase by
several factors without worry of significant health complications. However, subcutaneous
injections of an iron chelator should be considered as a method to prevent iron stores from
reaching unacceptable levels. Vanduffel et al. have now injected as much as 166 mg/kg iron into
a single monkey (personal communication) and measured normal blood iron levels after
desferoxamine treatment (“desferal”, Novartis Pharma AG, Basle, Switzerland). No significant
adverse behavioral effects have been observed in those monkeys after more than one year from

the first MION injection.
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2.5 Conclusions
Our results demonstrate that functional MRI can be performed reliably on awake, behaving

macaques at a field strength of 3 Tesla using a commercial horizontal bore MRI system. Although
BOLD activation maps of reasonable quality were obtained with sufficient averaging, the use of
MION contrast agent significantly increased stimulus-correlated signal changes, thereby
improving the quality and reliability of results. We did not observe any obvious adverse effects
on the monkeys’ health due to MION injection. However, we expect that iron monitoring and
management will be necessary for a long-term program of repeated fMRI studies using iron oxide

in these animals.
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Chapter 3

Characterization of Event-Related Designs
using IRON and BOLD fMRI

3.0 Preface

An important contribution to the success of fMRI in recent years has been the development of
event-related designs. In these type of designs, rapid presentation of a given number of different
event types opens the door to a more dynamic study of brain activation with fMRI, and allows
measurement of regional hemodynamic changes due to a single sensory or cognitive event, as
well as differential comparisons of different responses (for review, see Rosen et al., 1998).

In chapter 2 we found that IRON contrast significantly increases detection power with respect
to BOLD contrast, particularly in block designs. The gain in sensitivity decreases for rapid
stimulus presentations, due to the slower IRON impulse response function. In this chapter we try
to find strategies to recover this loss in sensitivity, by searching for distributions of interstimulus
intervals that maximize detection power without significantly raising design predictability.

Building on previous work by Dale and colleagues that utilized random distributions of ISIs
as a way to maximize estimation efficiency (Burock et al., 1998; Dale, 1999), in this chapter we
evaluated efficiency, a quantity that is directly proportional to averaging time, for BOLD and
IRON contrasts in event-related designs of varying ISIs chosen from different distributions: fixed,
random, and pseudo-random. In addition, we introduced a quantitative way to measure the
predictability of a design, starting from the fact that a completely predictable design will have

Zero entropy.

3.1 Introduction
Event-related (ER) designs generally consist of rapidly presented interleaved trials of

multiple event types of short duration. These designs are extremely useful in the exploration of
cognitive processes, as they provide a reduction in behavioral confounds like neural habituation
and anticipation, enable tagging of different stimulus types through subject interaction, and allow
comparisons between fMRI and other modalities, such as EEG and MEG, that use very short
stimulus durations for temporal averaging (Rosen et al., 1998; D’Esposito et al., 1999; Josephs

and Henson, 1999). The use of ER designs has greatly increased the range of available stimulus
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paradigms, even though hemodynamic impulse response functions (IRFs) are slow compared
with the underlying neuronal response. ER designs have been extensively characterized with the
BOLD method (Buckner et al., 1996; Cohen, 1997; Josephs et al., 1997; Zarahn et al., 1997,
Friston et al., 1998a) and with perfusion-based methods (Yang et al., 2000; Liu et al., 2002).

Previous comparisons between BOLD and IRON fMRI methods in rats (Mandeville et al.,
1998 and 1999) and awake, behaving no non-human primates (Vanduffel et al., 2001; Leite et al.,
2002) showed the IRON method greatly improves the sensitivity of detection of activation and
the apparent accuracy of spatial localization. One drawback of the IRON method is its
intrinsically slower temporal response, raising the obvious question of its performance in event-
related designs.

In this study we assessed the utility of the IRON technique in ER designs to test the
hypothesis that due to its inherent slower temporal response, the IRON method should benefit
more than the BOLD method by randomization, or semi-randomization, of interstimulus intervals
(ISIs) in a stimulus design. We introduce an objective measure of predictability, the Shannon
Entropy, and show that, together with detection efficiency, this quantity provides a means to
evaluate tradeoffs for any distribution of ISI values. Simulations were used to quantify relative
detection efficiency of various fixed and randomized designs under the assumption of temporal
linearity between stimulus and response, and experiments in awake non-human primates were
conducted to test the validity of our predictions.

A preliminary report of this work was presented previously (Leite et al., 2003).

3.2 Background

3.2.1 General Linear Model
In our simulations and data analysis, we assume a linear time-invariant model for the

observed fMRI response (Friston et al., 1995; Boynton et al., 1996; Dale and Buckner, 1997),
such that the fMRI signal is described using a general linear model (GLM) with impulse response
estimators of the hemodynamic response, as described by equations 3.3 or 3.4 in the Appendix.
The system is characterized by biased IRFs that can vary according to the physiology of the
measurement technique. Hemodynamic IRFs for both BOLD and IRON methods were

determined in a previous work (Leite et al., 2002) and are shown in Fig. 3.1a.

3.2.2 Detection Power and Estimation Efficiency
In the limit where the shape of the hemodynamic IRF does not vary, estimation efficiency

and detection power are equivalent quantities, simply designated efficiency or detection
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efficiency (see Appendix). Detection efficiency equals the square of the contrast-to-noise ratio
(CNR), and increases linearly with the averaging time.

Block designs maximize detection efficiency (Friston et al., 1999). For periodic ER designs
an optimum ISI exists below which detection power and estimation efficiency greatly decrease
with ISI (Dale, 1999; Bandettini and Cox, 2000), and scanning times must be lengthened
accordingly. An overall increase in detection efficiency per unit time can be achieved by
randomizing the ISIs (Dale and Buckner, 1997; Burock et al., 1998; Dale, 1999; Friston et al.,
1999). Certain semi-random designs combine the benefits of block designs with respect to
detection power (Friston et al., 1999; Liu et al., 2001; Birn et al., 2002). For example, one can
design these paradigms such that the stimuli agglomerate in a finite number of clusters, and
within each of these clusters the ISIs are short and random. In this manner, one will obtain a non-
uniform distribution of ISIs, with higher probabilities for shorter and larger ISIs within the

window considered, which will afford a considerable gain in detection efficiency.

3.2.3 Entropy as a Measure of Predictability

In addition to achieving high CNR or high sensitivity, it is important to devise stimulus
paradigms with low predictability. Noting that a decrease in predictability is equivalent to an
increase in randomness, the Shannon entropy (Cover and Thomas, 1991) can be used to quantify
predictability. Alternative ways have been suggested by Liu and colleagues, who initially used an
empirical measure of predictability (Liu et al., 2001), and later introduced conditional entropy as
a more objective measure (Liu and Frank, 2004).

The Shannon entropy is defined as a measure of the uncertainty about the identity of objects
in an ensemble (Cover and Thomas, 1991). For instance, consider the random variable X that
describes the interstimulus intervals. Consecutive ISIs X;, X,, ..., X,, can assume any state within
a particular space with probability P(X = x) For the Shannon entropy H(X) will give the
uncertainty in X:

H(X)=- > P(X =x;)log,P(X =x;). G.1

x; €Qy

Specifying the basis of the logarithm assigns units to the uncertainty: if a equals the number
of possible states, then H(X) will vary between 0 and 1.

The Shannon Entropy can be employed as a useful measure to set an upper limit on subject
predictability P:

Prax =1-H(X). (3.2)
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A fixed ISI design has maximum predictability and zero entropy. Maximum entropy
(minimum predictability) is achieved for a uniform probability distribution where P(X = x;) is
constant and equals 1/IS] .

The Shannon entropy is a global measure of entropy, in contrast with the local character of
the conditional entropy. According to the Asymptotic Equipartition Property (Cover and Thomas,
1991), the probability of observing one sequence X,, Xy, ..., X, is almost always the same as any
other, and the exact sequence observed is not as important as H(X). Nevertheless, a calculation of
the conditional entropy requires a precise knowledge of the local succession of events, i.e., the

conditional entropy simply corresponds to a particular realization of the Shannon entropy.

3.3 Methods

3.3.1 Simulations
ISI distributions for ER paradigms can be generated in a multitude of ways, including binary

shift register (Buracas et al., 2002), nonstationary probabilities that evolve in time (Friston et al.,
1999), or stationary distributions; this study employed the latter method. While entropy can be
calculated directly from a given distribution, detection efficiency depends upon the IRF and can
only be determined from simulations. Synthetic data sets were generated by convolving
previously measured BOLD and IRON hemodynamic IRFs (Leite et al., 2002) with different
types of stimulus paradigms. Four types of stimulus designs were generated with ISl,, = {4, 12,
20} sec:
a. Fixed probability distribution with zero probability, given by S(ISI-ISI,, ).

b. Random uniform distribution with ISI € {0,..., 2ISI,, } in steps of 1 sec.

c. Semi-random distributions (Fig. 3.1b):
i. Notch probability distribution, symmetrical around ISI,,.
ii. Exponential probability distribution, approximately zero at 2ISI,,.

For random or semi-random designs, the probability distribution derived from a run of finite
duration is a poor approximation to the true probability distribution that generated that particular
run. This implies that a very large number of stimulus paradigms of finite length have to be
generated from the same probability distribution, and the resulting distributions accumulated
across all runs to yield a better approximation. The final entropy is then calculated from the final
ISI distribution and normalized by the theoretical maximum entropy for an equivalent uniform
distribution. Likewise, the detection efficiency for each design type is averaged across all runs

generated from the same probability distribution.
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Fig 3.1. Input to simulations. a) Hemodynamic impulse response functions for BOLD (solid line) and

IRON (dashed line) signal, as measured previously (Leite et al., 2002). b) Sample distributions of

interstimulus intervals for an average ISI of 4 sec: uniform random distribution (solid line), exponential

distribution (dotted line), and notch distribution (dashed line). The exponential distribution’s ISI window

was equal to 3.8 times the average ISI.

Three nuisance terms were added to the design matrix to model the baseline when performing
the analysis of real and simulated data (but not when simulated data were generated). In order to
avoid increases in detection power due to shifts in baseline, which bias single-event efficiencies
relative to multi-event paradigms, the design matrix and data were filtered using an inclusion
matrix I (see Appendix and Fig. 3.4) to ignore time points at the beginning and end of runs,

where long-range effects of the hemodynamic tail produce a baseline offset.

3.3.2 Animal Model

All experiments were performed at the Massachusetts General Hospital according to NIH and
Institutional animal care guidelines, following the general procedures as described previously
(Leite et al., 2002).

Five monkeys were trained to perform a high acuity fixation task while visual stimuli were
presented in the background. Infrared eye tracking (DQW1_10 Version 1.10L, ISCAN, Inc.
1990-2004) was performed. Horizontal and vertical pupil positions were recorded at 120 Hz, and
water rewards were discontinued every time the pupil positions were consistently outside a pre-
defined box centered at the fixation point. The box dimensions were chosen just large enough
(smaller than 1°x1°) to tolerate noise from the eye-tracker apparatus. On average, monkeys
fixated accurately within defined tolerances about 80% of the time.

For all studies that employed the monocrystalline iron oxide nanoparticle (MION) contrast

agent (Weissleder et al., 1990; Shen et al., 1993), the MION solution was injected in the femoral

63



vein below the knee just prior to each scanning session. An iron dose of 8 - 10 mg/kg was

injected in each IRON session.

3.3.3 Visual Stimulation
The visual stimulus (8 Hz alternating black and white pinwheel checkerboard versus uniform

gray screen), was projected from an LCD projector onto a screen which was positioned
approximately 55 cm in front of the monkey’s eyes. The stimulus covered a visual field of
approximately 21°x24°, and the fixation point (0.2° x 0.2°) was present in the center of the
screen at all times.

Five stimulus paradigms, each lasting 5 min, were acquired for each average ISI, making a
total of 15 different stimulus paradigms. Each paradigm included 30 sec of baseline at the
beginning and end. In every case the ON duration was 4 sec. Of the five paradigms, one was a
fixed paradigm, and the remaining four were different random paradigms, each with an average
ISI equal to ISI of the fixed paradigm. The random paradigms were the four paradigms achieving
the highest detection efficiencies out of 10000 simulated trials.

In each scanning session we tried to acquire at least one run with each paradigm. Included in
this study are the results from seven BOLD sessions and ten IRON sessions, corresponding to the

same total number of runs. Scanning sessions typically lasted 2 — 3 hours.

3.3.4 Magnetic Resonance Imaging
Experiments were performed in a 3 Tesla Siemens Allegra scanner (Siemens Medical

System, Erlangen, Germany) using a custom surface coil for the radio frequency excitation and
reception of signal. All functional imaging employed a single shot multislice echo planar imaging
with an isotropic resolution of 1.5 mm. 25 slices were acquired using a repetition time of 1.5 sec
and 90° flip angle. All BOLD and IRON studies employed a gradient echo time of 21 msec (the
minimum achievable value for the selected resolution and sequence).

In addition to functional imaging, data were acquired in each IRON session to enable the
calculation of T,” maps by obtaining 9 gradient echo times from 21 to 66 msec at 5 msec
intervals. These data were collected in the beginning and end of each IRON session, and were
used to monitor IRON dose (Leite et al., 2002).

3.3.5 Data Analysis

Monkeys’ body motion outside the field of view induced changes in the magnetic field that
caused image distortions. The distortions were of two types: apparent translations of the brain

(despite physical fixation of the head) and deformations. We were able to correct for the

64



translations by applying motion correction to all data sets using the Analysis of Functional
Neurolmages (AFNI) motion correction algorithm (Cox and Hyde, 1997). Moreover, all data
were spatially smoothed using a 2-dimensional Gaussian filter with a full-width at half-maximum
of 3 mm.

The statistical power of the BOLD and IRON methods were measured using general linear
model methods (see Appendix), and the IRFs determined from a previous study (Leite et al.,
2002), as shown in Fig. 3.1a.

Because perfect registration between subjects was difficult to achieve and session duration
varied according to the monkey’s willingness to work, we opted to analyze each session
separately and normalize detection efficiency to the 20 sec fixed ISI paradigm. All runs were
concatenated together and a session region of interest (ROI) was defined as all voxels with p-
values below the Bonferroni-corrected p-value (false positive rate of 0.01 corrected for 25 slices
with 64 by 64 pixels each). Runs of each type (fixed or random presentations for a given 1SI)
were concatenated together, and the corresponding detection efficiency within the ROI was
determined and normalized by the efficiency of the fix paradigm with 20 sec ISI. Finally, these
normalized values were averaged across sessions, and values falling outside a 95% confidence

interval were excluded from subsequent analysis.
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Fig. 3.2. Simulation Results. a) Plot of detection efficiency versus average ISI. Solid lines represent fixed
designs, and dashed lines represent random designs. BOLD curves are thicker than IRON curves. b) Plot of
the ratio of detection efficiency of IRON signal to detection efficiency of BOLD signal, as a function of the
average ISI. Randomization of the ISIs improves detection efficiency for both BOLD and IRON methods
as the average ISI decreases, but the improvement is more pronounced for the IRON method.
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3.4 Results

3.4.1 Simulations
Fig. 3.2 shows the predicted effects of the different BOLD and IRON response shapes on

detection efficiency. Detection efficiency decreases for fixed designs as the average ISI
decreases, a result shown previously using BOLD signal (Bandettini and Cox, 2000). The same is
observed using IRON for fixed designs. Randomization of the designs improves sensitivity at
short ISIs for BOLD (Birn et al., 2002) and IRON methods, but it is predicted to be more
favorable with the slower IRON response. This is easily observed from the behavior of the ratio
of detection efficiency for IRON over BOLD as a function of the average ISI. For fixed designs
this ratio decreases steadily as ISI decreases, but for randomized designs the ratio is always

higher and increases as ISI gets smaller then 10 seconds.
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Fig. 3.3 Simulation results. a) Detection efficiency for BOLD (black) and IRON (diagonal grid) signal
increases as one moves from fixed designs, to random designs, and to semi-random designs. b) The
opposite trend is observed for entropy. While entropy and efficiency are generally inversely correlated,
they are in fact independent parameters.

The average gain in efficiency of IRON with respect to BOLD for random designs is close to
3.8. Ordering the random designs as a function of increasing efficiency and selecting the 1% bin
with best efficiency further increases the efficiency of both methods. Fig. 3.3 shows that for our
choice of conditions, the gain in detection efficiency of the best 1% relative to the average gain is
on the order of 40% for IRON and 20% for BOLD, and the gain in efficiency of IRON with
respect to BOLD goes up to 4.5 for the best 1% bin. To ascertain if this selection has a negative
effect in the predictability of the designs, we calculated the Shannon Entropy. The resulting

normalized Shannon entropy was larger than 0.99, even for the 1% bin of runs with best detection
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efficiency. Hence, randomized designs that maximize detection efficiency are still almost
completely unpredictable.

Notch semi-random designs further enhance the detection efficiency of both methods, but a
small concomitant increase in predictability also occurs, with entropy remaining close to 80% of
the maximum theoretical value. With respect to fixed designs, the increase in efficiency was 10.8
for IRON and 5.9 for BOLD. When the entropy of an exponential ISI distribution was matched to
the notch distribution, efficiencies were slightly smaller than the notch distribution for BOLD
signal and slightly larger for IRON signal, again showing that entropy and detection efficiency

are independent parameters, although stimulus designs often involve a tradeoff of these

quantities.
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Fig. 3.4, Experimental results with IRON technique, for ISI,, = 4 sec. Representative temporal data (black)
and GLM fit (red) after removal of baseline drift for a) fixed (average of 2 runs) and b) random designs
(single run). Gray shaded regions were excluded by the filter matrix (Appendix). The corresponding
activation maps are presented in c¢) and d). Maps show p-values and the scale is the same for both maps.

3.4.2 Experiments
Representative examples of IRON spatiotemporal data for fixed and random designs are

presented in Fig. 3.4. The greater contrast observed in the randomized signal is reflected in the
activation map by the higher number of voxels that reach significance. The same trend was
observed with BOLD contrast, but as expected, the BOLD technique was found to be less
sensitive overall than the IRON technique, even for these rapid ER paradigms. On average, the
IRON method detected twice the number of activated voxels that were detected with the BOLD

method across all conditions.
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Fig. 3.5. Comparison of simulation results (lines) and experimental results (points), as a function of the
average ISI. In a) BOLD, and b) IRON, square data points and dashed lines indicate random designs, and
circular data points and solid lines represent fixed designs. Plots of the efficiency ratio of random designs
to fixed designs as a function of the average ISI are presented in ¢) BOLD and d) IRON. All results are
normalized with respect to the fixed value of efficiency (upper row) or efficiency ratio (bottom row) at 20

sec ISI.

Fig. 3.5 shows a comparison between the experimental results (meantsem, averaged across
magnet sessions) and simulated predictions. For both BOLD and IRON experiments the
experimental results are in good agreement with the simulations, generally within one standard
deviation from the theoretical curves. All points were normalized to the efficiency of the fixed
design with ISI = 20 sec. The bottom row of Fig. 3.5 presents graphs of the efficiency ratio
between random and fixed designs as a function of average ISI for BOLD and IRON. All results
were normalized to the efficiency ratio at ISI = 20 sec. For the BOLD technique, none of the

results were significantly different from one. For the IRON technique, the gain of the random

68



designs with respect to the fixed designs at the shortest average ISI was four times the gain

achieved for the larger average ISIs tested, and this result achieves statistical significance.

3.5 Discussion
ER designs attempt to mitigate confounds arising from neural habituation and expectancy by

using interleaved stimuli of short duration with unpredictable order and interval. Despite many
desirable psychophysical characteristics, ER techniques suffer degradation in detection efficiency
because the IRF acts as a low pass filter attenuating the size of the differential fMRI responses for
rapidly presented stimuli. Because the temporal response of blood plasma is slower than the
deoxyhemoglobin response, we hypothesized that IRON detection power would benefit more
from random or certain semi-random designs. Simulations quantified the relative gain in
detection efficiency under the assumption of linearity, and experiments in awake non-human
primates demonstrated good agreement with these predictions.

ER designs with fixed ISI have both low efficiency and maximum predictability. Semi-
random designs can be evaluated as a tradeoff between efficiency and predictability, such that
significant gains in detection efficiency can be obtained by relaxing requirements on
predictability as noted previously (Liu et al., 2001; Liu and Frank, 2004). Simulations suggest
that large improvements in sensitivity can be achieved for both BOLD and IRON methods by
moving from random designs to semi-random designs, albeit with modest reductions in entropy.

A good agreement between experiments and simulations was found for both BOLD and
IRON methods. It was once again evident that the IRON method affords better sensitivity at this
field strength for any design type. Relative to fixed designs, randomization of ISIs appeared to
clearly enhance sensitivity for BOLD and IRON methods. Nonetheless, probably due to a
relatively large intersession variance, only the randomized IRON paradigms at the shortest
average ISI obtained significantly elevated efficiency relative to the corresponding fixed design.
For very short ISIs, the IRON method should suffer less from sensitivity losses than the BOLD
method, provided some sort of ISI randomization is employed.

While a systematic study of regional IRFs has not been performed in this model, regional
variations appear to be small compared to the pronounced difference between BOLD and IRON
IRFs. For this reason, and to reduce sensitivity to motion artifact, this study employed fixed IRF
shapes to characterize and evaluate BOLD and IRON stimulus designs. However, results clearly
emphasize the importance of the IRF shape in ER studies, and further work is warranted to
explore regional variations in hemodynamics using unbiased estimators of the IRF (Burock and
Dale, 2000).
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The relationship between stimulus duration and the BOLD response has been extensively
studied (Friston et al., 1998b; Vasquez and Noll, 1998; Glover, 1999; Birn et al., 2001; Boynton
and Finney, 2003; Pfeuffer et al., 2003). Generally, responses to long duration stimuli can be
predicted approximately as time-shifted summations of the responses to shorter stimuli of about 4
sec or longer in duration, whereas very brief stimuli produce larger responses than predicted from
a linear model. The nonlinearity in BOLD signal can arise from nonlinearities between the
stimulus and the neural response, the neural response and the hemodynamics, or both. Studies
simultaneously measuring electrical activity and hemodynamic responses to stimuli, have shown
that different metrics of the neural response vary with the hemodynamic response in an
approximately linear manner over a restricted dynamic range (Ngai et al., 1999; Logothetis et al.,
2001; Sheth et al., 2003; Hewson-Stoate et al., 2005), whereas a wider dynamic range reveals a
power law (Devor et al., 2003; Sheth et al., 2004) or inverse sigmoidal (Jones et al., 2004)
relationship between electrical activity and the hemodynamic response.

BOLD nonlinearities can also be exclusive to the complex hemodynamics producing this
signal. CBF, as measured by arterial spin labeling, has been found to be more linear in the
temporal domain than BOLD signal in certain brain regions, consistent with the notion that a
major source of BOLD nonlinearity is the finite headroom for changes in deoxyhemoglobin
concentration (Mechelli et al., 2001; Miller et al., 2001), an issue that does not arise for
measurements of CBF or CBV. Indeed, optical studies have shown that integrated field potentials
have a concordance with CBV greater than with oxygen-related signals (Nemoto et al., 2004).
Although no IRON fMRI studies have explicitly investigated neural response linearity, the
general linear model has proven to accurately describe data in a wide variety of stimulus
paradigms (Leite et al., 2002). The present study again reinforces the utility of the linear
approximation for BOLD and IRON techniques.

3.6 Appendix

3.6.1 General Linear Model (GLM) with finite impulse response (FIR)
estimators
The forward model for the fMRI signal, y, in the linear regime is given by

y=Xh+n. (3.3)

y is a Nx1 vector, X is a Nxk stimulus convolution matrix (including N x| matrix with
nuisance model functions), h is a kx1 vector with the impulse response function coefficients

(including | nuisance coefficients), and n is a N x1 noise vector. As is generally assumed, the

covariance of the noise process is given by C, = 0’1, where I is the identity matrix and ¢ is the
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variance. This formalism has been described in detail elsewhere (Friston et al., 1995; Dale, 1999;
Liu et al., 2001).
Filtering of the fMRI signal is sometimes advantageous: if X — IX then y — Iy, and the

inverse model is given by
b = [x)" @) @)1y G4
In this paper we chose I, or inclusion matrix, to exclude the initial and final parts of the signal
vector, where the average signal goes from zero to a new steady-state due to long range
contributions from the tail of the IRF. This strategy eliminates regimes where the most important
contribution for CNR comes from a DC offset between baseline and stimulus periods. In this
way, comparisons of a single condition to the baseline state accurately represent 2-event

paradigms of long duration.

3.6.2 Detection Power and Estimation Efficiency
Detection power is defined as the capability to differentiate between the null hypothesis (no

signal is present), and the alternative hypothesis (a signal is present), as determined by an F-

statistic with N’ — k degrees of freedom, where N’ is the trace of I:

(ch)T[c((Ix)T(Ix)T'cTT(ch) 3.5)

0_2

F = (N'—k)

The contrast ¢ is a vector that specifies which conditions are being compared or tested against
baseline.

ER designs are a helpful tool in the identification of nuances in the shape of hemodynamic
response functions. This task is facilitated by employing unbiased IRFs, but these functions are
much less robust against motion, and are not a particularly good choice in the present study. The

measure of the ability to estimate the hemodynamic IRF in the absence of a priori assumptions

about its shape is called estimation efficiency, and is inversely proportional to the variance of h.
Estimation efficiency is not dependent on the shape of the IRF (Dale, 1999) and is therefore not
addressed in this study.

In the limit where the shape of the hemodynamic IRF does not vary, only the estimates of the
activation amplitudes are important, and estimation efficiency and detection power are equivalent
quantities (Birn et al., 2002), simply designated as efficiency or detection efficiency in this
manuscript. Also, in this case, the F-test is just the square of the T-test, or in other words,
detection efficiency equals the square of the contrast-to-noise ratio. While CNR varies with the

square root of time, detection efficiency is linear with time, i.e., the efficiency per unit of time
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with which a design reveals activation is inversely proportional to the duration of scanning

required to achieve a fixed statistical power.
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Chapter 4

Retinotopic Spatial Resolution of IRON and
BOLD fMRI

4.0 Preface

What is the fMRI point spread function? We still don’t know but we are getting closer by
directly measuring the spread of the fMRI response to point-image stimuli.

Using a visual stimulus containing four spots located in the periphery of the visual field,
where the V1 cortical magnification factor is smaller, we tried in vain to obtain activation maps in
one monkey, Edgar, using BOLD contrast at 3 Tesla. One day we put Edgar in the 7 Tesla, and

got this activation map:

Figure 4.0. a) Typical stimulus. b) The anterior border of this slice was located approximately 7.5 mm
anterior to the occipital notch.

Due to the improved sensitivity of the 7 Tesla magnet we could finally detect activation.
These activation maps are now extremely reproducible, and we routinely obtain such maps using
BOLD and IRON contrasts at 3 Tesla. Varying the diameter of the spots, we can estimate the PSF
by extrapolating to infinitesimal small spot size. Nevertheless, the measured PSF is the result of
the convolution of the real vascular PSF with additional blurring mechanisms: T, decay or EPI
phase encoding blurring, blurring due to motion-induced magnetic field distortions, and image
resolution. Blurring coming from fluctuations in eye fixation effectively increase the cortical
point image size. By estimating the relative contribution of these blurring mechanisms, we

estimated the ultimate PSF that could be obtained in the absence of measurement errors.
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4.1 Introduction
Precise and unconstrained measures of point spread functions (PSF) for IRON and BOLD

contrast fMRI are still lacking. For imaging methods like fMRI that can detect different aspects of
the vascular response to neuronal activation, the maximum achievable resolution will ultimately
be limited by the anatomical and physiological spatial characteristics of the response measured.
Additionally, the available signal-to-noise (SNR) and contrast-to-noise (CNR) ratios will set
practical limits on the obtainable functional resolution, and factors like T, decay, image
distortions, among others, may induce blurring of the PSF.

The functional relationship between changes in brain function and metabolism was postulated
in the late 19™ century (e.g, Roy and Sherrington, 1890). A quantitative regional coupling
between changes in blood flow and glucose metabolism was demonstrated by Sokoloff and
colleagues (Sokoloff, 1981). However, the precise spatial resolution of any technique depends
upon both the physics of the method and the physiological regulation of the measured variables.
The latter has been a topic of ongoing controversy. Woolsey et al. (1996) showed that capillary
tufts in layer IV of rodent whisker barrel were mainly coincident with barrels, and that this spatial
matching optimized the local interactions between the functional neural unit and the capillary
plexus. Harrison et al. (2002), based on their studies in the chinchilla, went further to suggest that
a causal relationship between the metabolic demands of local neural activity and both the density
of the capillary network and the placement of control structures exists. Furthermore, a great
number of studies have recently shown that different metrics of the neural response correlate with
different aspects of the hemodynamic response either in a linear fashion (Ngai et al., 1999;
Logothetis et al., 2001; Sheth et al., 2003; Hewson-Stoate et al., 2005), following a power law
(Devor et al., 2003; Sheth et al., 2004b) or an inverse sigmoidal (Jones et al., 2004), depending on
the dynamic range considered.

The optimal hemodynamic response to detect neural activity is still under debate. During the
1990s, the most strongly advocate viewpoint, based upon flawed optical methods (Malonek and
Grinvald, 1996), was that an “initial dip” in oxygenation due to increased oxygen utilization
preceded the hyperoxia due to a hyperemic response of CBF. Refined methods for separating the
chromophores of oxygenated and deoxygenated hemoglobin suggested that this feature of the
BOLD response either vanished completely (Lindauer et al., 2001) or nearly (Jones et al., 2001),
relative to the positive BOLD response.

As the existence and magnitude of the “initial dip” have been called into question, the spatial
specificity of the CBV response to function activation has received renewed attention. Some

groups have claimed that CBV related optical signals have a higher fidelity to the integral over
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time of evoked potentials than oxygenation derived signals (Nemoto et al., 2004) and that total
Hb images provided smaller activation areas than oxy- or deoxyhemoglobin signals (Siegel et al.,
2003; Culver et al., 2005), while others have found that the spatial extent of the change in
deoxyhemoglobin is smaller than that of oxyhemoglobin, total hemoglobin, CBF and CMRO,
(Thompson et al., 2003; Dunn et al., 2005; Thompson et al., 2005). Nevertheless, both CBV and
early oxygenation responses may extend beyond the anatomical boundaries of the active
functional units (Grinvald et al., 1994; Sheth et al., 2004a; Devor et al., 2005). Presumably, the
hemodynamic response is a spatiotemporal convolution of the neural activation: a positive
hemodynamic response in one region might include contributions from neighboring regions,
although the spatial spread of the hemodynamic response is not well know. Devor and colleagues
(2005) demonstrated that oxy- and total hemoglobin hemodynamic responses can be well
approximated by space-time separable functions with an antagonistic center-surround spatial
pattern extending over several millimeters, and that the surround negative hemodynamic activity
did not correspond to observable changes in the neural activity.

Engel and colleagues used common retinotopic stimuli (expanding checkerboard rings and
rotating checkerboard wedges) to evaluate the spatial precision of BOLD fMRI at 1.5 T (Engel et
al., 1997). They found that the BOLD spatial resolution was consistent with a linespread whose
FWHM was 3.5 mm. Recently, preliminary experiments using the same approach but performed
at 9.4 T in anesthetized cats, found point spread functions for BOLD and CBF in the range of 1.6
mm and 0.5 mm, respectively (Olman et al., 2004; Park et al., 2004; Park et al., 2005).

In the fMRI field, many groups have claimed to achieve columnar resolution (Menon et al.,
1997; Menon et al., 1999; Duong et al., 2000; Kim et al., 2000; Duong et al., 2001; Cheng et al.,
2001; Zhao et al., 2005), but only Cheng and Zhao demonstrated reproducibility of the results.
Cheng and colleagues used the regular BOLD signal to achieve an in-plane resolution of 0.47 mm
in visual cortex, detecting ocular dominance columns of approximately | mm width. Zhao and
colleagues used IRON contrast at 9.4 T in anesthetized cats to achieve an in-plane resolution of
156 um, and inferred that CBV regulates at a submillimeter columnar scale. They measured
average distances between iso-orientation domains of approximately 1.4 mm and 1.7 mm in two
orthogonal directions. Nevertheless, these techniques are limited by the spatial extent of the
neuronal structures stimulated.

While the measured PSFs for BOLD and IRON contrast appear to be of the same order of
magnitude, experiments in anesthetized macaque monkeys have shown that the spread of
functional activity into a visual cortical area corresponding to an artificial scotoma appeared to be
markedly greater for IRON than for BOLD contrasts (Schmid et al., 2004).
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We have introduced a novel parametric approach, not limited by functional boundaries or
vascular topology, with the goal of measuring the point spread functions of BOLD and IRON
fMRI in awake, behaving macaque monkeys. We employed point-image stimuli to determine the
full width at half maximum of the activated patches in V1, and compared BOLD and IRON
point-image activity, and activity observed in the areas of the primary visual cortex that
corresponded to holes in a full-field checkerboard stimulus. Our preliminary results in awake,
behaving macaque monkeys indicated similar PSFs for BOLD and IRON contrasts, no larger than

approximately 2 mm (Leite et al., 2004, 2005).

4.2 Methods
4.2.1 Animal Model

All experiments were performed at the Massachusetts General Hospital according to NIH and
Institutional animal care guidelines, following the general procedures as described previously
(Leite et al., 2002).

Two monkeys were trained to perform a high acuity fixation task while visual stimuli were
presented in the background. Infrared eye tracking (DQWI1_10 Version 1.10L, ISCAN, Inc.
1990-2004) was performed at all times. Horizontal and vertical pupil positions were recorded at
120 Hz, and water rewards discontinued if the pupil positions were consistently outside a pre-
defined box centered at the fixation point. The box dimensions were chosen just large enough
(smaller than 1°x1°) to tolerate noise from the eye-tracker apparatus. On average, monkeys
fixated accurately about 90% of the time.

The IRON studies employed a monocrystalline iron oxide nanoparticle (MION) contrast
agent (Weissleder et al., 1990; Shen et al., 1993). The MION solution, containing an iron dose of

8 - 10 mg/kg, was injected in the femoral vein below the knee just prior to each scanning session.

4.2.2 Visual Stimulation
The visual stimuli were projected from an LCD projector onto a screen which was positioned

approximately 55 cm in front of the monkey’s eyes. The stimulus covered a visual field of
approximately 21°x 24°, and the fixation point (0.2° x 0.2°) was presented in the center of the
screen at all times.

Three different stimuli were shown in block designs, each condition lasting 32 secs. The
stimuli were alternating black and white spots on a gray background, alternating black and white
full-field checkerboard, and gray holes on an alternating black and white full-field checkerboard,

as shown in Fig. 4.1. The diameter of the spots and holes was varied across blocks, runs and
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sessions, from 0.2° to 8° of visual angle, and the spots and holes were shown at eccentricities of
5° 8% or 11° along the 45° azimuth line in each visual quadrant. The flickering frequency was 3
Hz.

Fig. 4.1 Typical visual stimuli employed: a) alternating black and white spots on a gray background, and b)
gray holes on a black and white alternating full-field checkerboard, and c) full-field checkerboard. The
flickering frequency was 3 Hz. Baseline was an isoluminant gray screen. Both spots and holes were
positioned in each quadrant of the visual field along the 45° azimuth line, and, in this case, at 5° and 11°
degrees eccentricity. The eccentricity of the outer spots was chosen such that the activated cells would lie
in the periphery of V1 where the receptive fields are smaller. The inner spots were scaled such that the area
of the activated patches in V1 would be approximately equal to the area for the outer spots. Spot angular
apertures between 0.2° and 8° of visual angle were used. A fixation point was present in the center of the
screen at all times.

4.2.3 Magnetic Resonance Imaging
Experiments were performed in a 3 Tesla Siemens Allegra scanner (Siemens Medical

System, Erlangen, Germany) using a custom surface coil for the radio frequency excitation and
reception of signal. All functional imaging employed a single shot multislice echo planar imaging
with an isotropic resolution of 1.25 mm. 15 slices were acquired using a repetition time of 1 sec
and 90° flip angle. All BOLD and IRON studies employed a gradient echo time of 24 msec (the
minimum achievable value for the selected resolution and sequence). In general, GE-EPI
sequences were used, but a small number of experiments employed SE-EPI for comparison. Only
IRON contrast was used with SE-EPI, due to IRON’s better sensitivity even for the long echo
times used.

In addition to functional imaging, data were acquired in each IRON session to enable the
calculation of T, maps by obtaining 9 gradient echo times from 24 to 64 msec at 5 msec
intervals. These data were collected in the beginning and end of each IRON session, and were
used to monitor IRON dose (Leite et al., 2002).

4.2.4 Data Analysis

We assumed the observed fMRI response is linear and time-invariant (Friston et al., 1995;
Boynton et al., 1996; Dale and Buckner, 1997; Leite et al., 2002; Lu et al., 2005; Leite et al.,
2006). Therefore, the fMRI signal was described using a general linear model (GLM) with
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impulse response estimators of the hemodynamic response, as described in Leite et al. (2006).
Hemodynamic IRFs for both BOLD and IRON methods were determined in a previous work
(Leite et al., 2002).

Monkeys’ body motion outside the field of view (FOV) induced temporal and spatial changes
in the magnetic field that caused apparent translations and deformations of the brain. Motion
correction using the AFNI algorithm (Cox and Hyde, 1997) eliminated translations that were
uniform across the volume (e.g., due to drifts in scanner temperature) but not deformations or
slice-specific translations. As an additional correction for motion, the residual variance between
the target volume and each volume in the functional run was incorporated into the GLM analysis.

The eye-tracker traces in x and y were included into the GLM analysis as explanatory variables.

Fig. 4.2 Typical activation maps in consecutive posterior coronal slices of the monkeys’ visual cortex
obtained with spots’ stimulus pattern, for a) IRON and b) BOLD contrasts. The activation maps are —
logo(p-value) maps and the color scale is the same for both methods of contrast. The stimulus spots
presented at 11° eccentricity correspond to the activity patches situated in the inner V1 surface, consistent
with a stimulus eccentricity greater than 9°. The activated patches for the 5° eccentricity spots can be seen
in the outer V1 surface in the most posterior slices: for example, the two bottom spots in slice 2 of IRON
are the upper field representation of the 5° stimulus spots, while the two spots at the top of slice 4 are the
lower visual field representation of these spots. These maps were obtained by concatenating the best
fixation runs across diameters up to 1.8°.

Runs in each sessions were concatenated together, and a region of interest (ROI) that
corresponded to the spots’ activation patches in V1 was defined as all voxels with p-values below
the Bonferroni-corrected p-value (a false positive rate of 10 was corrected for 15 slices with 64
by 64 pixels each). Separate activation maps for spots, holes and full-field were obtained, for
every angular aperture used. The CNR was determined as the T-statistic for signal change using
each spot size. The full width at half maximum (FWHM) of activation for each spot size was

determined by fitting a Gaussian function to the CNR distribution for each spot size, such that

FWHM =20+/2In2, where o is the Gaussian standard deviation. Within each session, the
FWHM values were fit as a linear function of the spot size diameter to obtain an asymptotic

prediction of the FWHM for a point stimulus.
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Additional blurring factors were accounted for and deconvolved from the measured PSF for
each method of contrast, thus determining an upper bound for the “true” PSFs for BOLD and
IRON fMRI.

4.3 Results

Fig. 4.1a shows a typical point-image stimulus, used to parametrically measure the PSF, and
in Fig. 4.2 the corresponding activation maps in consecutive coronal slices of the monkey’s visual
cortex, using BOLD and IRON contrasts, are presented. The activation maps are very similar for
both methods of contrast. The stimulus spots presented at 11° eccentricity correspond to the
activity patches situated in the inner V1 surface, consistent with a stimulus eccentricity greater
than 9°. The activated patches for the 5° eccentricity spots can be seen in the outer V1 surface in
the most posterior slices. V2 spots start to be seen in more anterior slices in both BOLD and
IRON maps. These maps were obtained by concatenating the best fixation runs up to a diameter

of 1.8° of visual angle, and where extremely reproducible.
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Fig. 4.3 Plots of FWHM vs diameter of spots, d, for all sessions in two monkeys for a) IRON and b)
BOLD. Linear fits to the data give a) FWHM(d) = 0.1534d + 1.5173 with R? = 0.7 and b) FWHM(d) =
0.1058d + 1.5247 with R? = 0.5. The trends are similar for BOLD and IRON contrasts and differences are
not statistically significant. The different symbols represent different groups of experiments. In each group,
the eccentricity and diameter of spots were kept the same, and experiments were realized in the same
monkey and across a short period of time, typically a few weeks.

The average FWHM of the retinotopic projections of the point stimuli on the visual cortex
was determined by fitting a Gaussian distribution to each V1 spot in the CNR maps. As observed
in Fig. 4.3, the area of the activation patches in the V1 increased linearly with the stimulus spot
diameter. Linear fits to the data determined slopes of 0.15 and 0.11 for IRON and BOLD

respectively, and a nearly identical offset of 1.5 mm for both methods. The trends observed in
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IRON sessions were similar to BOLD sessions, but a greater number of spot sizes could be used

in a typical IRON session, due to the better sensitivity of IRON contrast.

Monkey | Ecc Spot d Num of Slope Intercept R’
(deg) | (deg) sessions IRON | BOLD | IRON | BOLD | IRON | BOLD
A 5,11 | 06,1, 2 IRON 0.30 0.27 1.37 1.40 0.84 0.91
14,1.8 | 2BOLD
A 8 04,12, | 2IRON 0.19 0.13 1.16 1.24 0.97 0.73
2,4,6 | 2BOLD
B 5,11 | 0.6,1.8, | 3IRON 0.12 0.12 1.72 1.45 0.99 0.99
6 4 BOLD
B 8 02,04, | 3IRON 0.16 0.12 1.61 1.65 0.76 0.62
1,12, 3 BOLD
2,4,6

Table 4.1 Individual results for each group of experiments performed to measure the spots’ FWHM,
divided according to monkey and type of stimulus used. Typically the same number of BOLD and IRON
sessions was performed. The slopes obtained for IRON contrast are slightly larger than for BOLD contrast,
while the intercepts are not statistically different between the two methods of contrast. They are, on
average, smaller for monkey A than for monkey B, perhaps due to the better quality of fixation of monkey
A. Averaging the intercepts across the groups of experiments in the table, we get 1.465 + 0.2 mm and 1.435
+0.115 mm.

The results for each different type of session are presented in Table 4.1. Linear fits showed
high correlation coefficients in each case. In a given group, the characteristics of the particular
stimulus and block design used were kept constant, and the same monkey was always scanned.
The results obtained were similar for both methods of contrast and across groups of experiments.
Averaged slopes were 0.19 £ 0.03 mm for IRON contrast, and 0.16 £ 0.03 mm for BOLD
contrast. Averaged intercepts were 1.47+ 0.10 mm for IRON contrast and 1.44 + 0.07 mm for
BOLD. The intercepts were, on average, smaller for monkey A than monkey B, likely due to
monkey A’s better fixation quality. IRON contrast experiments using SE-EPI and GE-EPI
provided comparable results (not shown), but this similarity might be due to the long acquisition
times used for SE-EPI, which induce gradient-echo weighting.

Holes in activation maps were not observed for small angular apertures for either method of
contrast. In fact, the average signal at the expected location of the holes (the location of the spots)
was larger than the average signal at the same location for spots, and similar to the signal for a
full-field stimulus, as observed in Figs. 4.4 and 4.5a for angular apertures smaller than
approximately 3° of visual angle. For larger angular apertures, holes still could not be observed
directly in a consistent manner, but for both methods of contrast we could detect a decrease in
CNR in the region of the holes. We could easily visualize the decrease in CNR in the holes’
region by dividing the holes activation maps by the full-field activation maps, as it is shown for

IRON contrast in Fig. 4.5b. In this way, we could detect reduced CNR in the expected regions
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Fig. 4.4 Holes in activation maps were not observed for small angular apertures, smaller than 3° of visual
angle, for any of the methods of contrast used. The average signal at the expected location of the holes was
larger than the average signal at the same location for spots, and similar to full-field. IRON and BOLD
contrast experiments provided equivalent results.

Plots of the PSF variation range before and after deconvolving considered blurring factors
(T, decay and pixel size) are presented in Fig. 4.6. The estimated upper bound for the “true” PSF
is 0.4 mm and 0.8 mm for IRON and BOLD contrasts, respectively.

4.4 Discussion
Following a parametric approach not limited by the spatial extent of neuronal functional units

or by vascular topology, we have found that fMRI in awake monkeys can reliably detect point
stimuli as small as 0.2° during a single session. Our present estimate of the maximum spatial
fMRI PSF in monkey V1 is no larger than 1.5 mm for IRON and BOLD contrast mechanisms.
Hole-image and spot-image experiments provided similar results for BOLD and IRON fMRI in
these studies.

A strong positive correlation between the size of the stimulus’ spots and the correspondent
activated patches in the primary visual cortex was observed, and the FWHM of the patches,
comparable for both methods of contrast, was on the order of the image resolution. The results

were highly reproducible across sessions.
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Fig. 4.5 a) Plot of normalized CNR within the spots® ROI vs spot diameter. For both methods of contrast,
each CNR curve was normalized by the CNR for the full-field checkerboard, and the thin horizontal line
indicates the full-field checkerboard normalized CNR for both BOLD and IRON. The thick solid line
shows the normalized CNR for holes with BOLD contrast, while the dashed line is the correspondent line
for IRON contrast. The dotted line represents the normalized CNR for spots averaged across contrasts. The
trends observed for spots and holes are similar for BOLD and IRON contrasts, and differences are not
statistically significant. b) A hole becomes noticeable in an activation map when its radius equals the mean
FWHM for the contrast method used. The above figure was obtained using IRON fMRI, and shows the
ratio between holes and full-field checkerboard activation maps. Due to image distortion, the holes in the
lower part of the images were more difficult to detect.

Additional factors could contribute to a higher effective measurement of the point spread
function: motion-induced image distortions, phase encoding blurring due to T, decay, and
fixation uncertainty.

On average, measures of the PSF in the readout direction and phase encoding direction were
not different. Thus, motion-induced distortions, worse in the phase encoding direction, do not
appear to contribute significantly to the blurring of the cortical point image. In fact, we believe
that the main problem associated with motion distortions in our data is decreased detection
power, because runs containing images that are significantly distorted are completely discarded.

BOLD and IRON contrasts have different blurring due to T," decay, because injection of

MION markedly reduces T,". The PSF associated with this source of blurring is approximately
given by (Tycq/#T; B , where Tacq is the acquisition time and &y is the pixel size. The average

relaxation times for BOLD and IRON methods, as reported in a previous work (Leite et al.,
2002), were 48 msec and 22 msec, respectively. The acquisition time was approximately 42 msec
for both methods of contrast. We estimated the phase encoding blurring to be approximately 0.4
mm for BOLD contrast and 0.8 mm for IRON contrast.

84



35 3.5

a) b)
3 3
E 25 T 25
E E
2 2
g o
= 1.5 o 1.5
2 9
x 1 m 1
0.5 0.5
0 0
0 1 2 3 4 5 6 7 8 0o 1 2 3 4 5 6 7 8
Spot diameter (deg) Spot diameter (deg)

Fig. 4.6 Plots of PSF variation range for each spot diameter for a) IRON contrast and b) BOLD contrast.
The measured PSF variation range is shown in black, and the variation range obtained by deconvolution of
the measured PSF from the estimated blurring PSF is shown in gray.

The uncertainty associated with eye fixation will blur the retinal image of the spot, thus the
cortical point image will be correspondingly larger. In other words, the fixation blurring increases
the effective diameter of the stimulus’ spots. We estimate that the fixation blurring will add an
average uncertainty no larger than 1° to the diameter of the stimulus’spots.

In Fig. 4.6 we plotted the variation range of the corrected FWHM, as obtained by
deconvolving the measured FWHM from the blurring functions associated with image resolution
and T, decay, versus the diameter of stimulus’ spot size. In the same plot is also shown the
measured variation range for comparison. From linear fits to the corrected data, the upper bound
estimates for the “true” PSFs are approximately 0.8 mm for BOLD contrast and 0.4 mm for
IRON contrast. Human data obtained from psychophysics experiments estimates the neuronal
PSF to be 0.07 — 0.14 mm (Virsu et al., 1987). Our vascular PSF estimates are still considerably
larger than the human reported values.

With respect to detection of holes, we found that the two methods behaved similarly in our
awake model. The CNR in the region of the hole was indistinguishable from full-field
checkerboard for both methods of contrast if the radius of the hole was smaller that the measured
PSF. For radii larger than PSF, decreases in the contrast-to-noise ratio in the hole could be
equally detected with IRON and BOLD contrasts.

Different factors could account for the filling in of the holes. For example, image distortions
and fixation blurring might contribute to the fMRI activity detected in the holes in the awake
animal, but these factors will contribute equally for BOLD and IRON images. Because primary
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visual cortex functions as an edge localizer, a possible explanation to our observations could be
that for the smallest apertures used, there is neuronal activity in the region of the hole. In
agreement with this hypothesis, as the diameter of the holes increase, the activity will be more
confined to the edges of the hole, consistent with the drop of signal observed for both methods for
larger holes’ radii.

Schmid and colleagues (Schmid et al., 2004) have shown that the lack of functional activity
induced by an artificial scotoma could be observed with BOLD contrast but not with IRON
contrast in isoflurane-anesthetized primates. We suggest that the difference between our results
and Shmid’s is due to anesthesia. Anesthetics increase basal blood oxygenation by decreasing
CMRO, more than CBF; thus, BOLD sensitivity is compromised in the anesthetized state due to a
decreased basal concentration of deoxygenated hemoglobin. As we have seen, CNR decreases in
the region of the hole for BOLD and IRON contrasts. If BOLD sensitivity is already
compromised due to anesthesia, a further drop in sensitivity would make the hole obvious with
BOLD contrast sooner than it would with IRON contrast.

Our measured PSFs are mainly limited by the image resolution. To successfully achieve
higher spatial resolution we are moving to multi-shot echo planar sequences, and strategies to
reduce image distortions are being developed. The acquisition of undistorted images is also a
crucial step in allowing accurate inter-session registration and for obtaining activation maps
registered to flattened cortical surfaces (Fischl et al.,1999). While our measures of FWHM are
likely different from the point spread functions determined from flat maps, due to the curvature
and folding of the visual cortex, our main goal was to show they are comparable, independently

on how they are measured.
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Chapter 5
Structure of Noise in IRON and BOLD fMRI

5.0 Preface

In this chapter we look at the structure of noise for BOLD and IRON contrasts. So far we
have assumed we are capturing all the relevant temporal dynamics using a general linear model
that includes the convolution of the stimulus paradigm with the measured impulse response
functions, the time course of eye fixation, and the temporal evolution of the motion-induced
image distortions. Now, we ask what lurks in the “noise”, and if the different physiology of
BOLD and IRON methods will reveal different contributions.

Firstly, we determined the noise autocorrelation in previous acquired data for block designs
and event-related designs, and examined the spatial distribution of the first order autocorrelation
coefficient for BOLD and IRON contrasts. Secondly, we acquired “resting state” data without
stimuli, and examined the resulting frequency spectrum. Respiration and low frequency peaks
were immediately identified. Modeling of the noise spectrum will likely aid in the identification

of additional noise sources.

5.1 Introduction
Non averaged MRI signals are very noisy. Following a common formalism, total noise can be

divided into three components:

o=0r+0oE+0%, G.1

where o7 is thermal noise arising from subject and scanner electronics, oy is systematic noise,
which describes other system noise that includes drift and imperfections in RF, gradient and shim
subsystems, and op is physiological noise. Physiological noise can arise from fluctuations in
CMRO,, CBF, CBV, from cardiac and respiratory functions that cause quasiperiodic oscillations
in the vascular system, motion from subtle brain pulsatility, magnetic field modulations
associated with motion, and low frequency fluctuations (LFOs) of unknown source (Biswal et al.,
1996). The physiological noise is dependent on SNR, increasing with magnetic field strength, and
decreasing with increasing image resolution (Triantafyllou et al., 2005 and 2006).

Physiological noise can be subdivided in two components, according to their TE-dependency.

As this problem has been studied almost exclusively with BOLD signal, a so-called BOLD
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component arises from fluctuations in R,’, giving rise to changes in signal. These fluctuations are
closely linked to brain physiology, and are caused by the same mechanism that results in
activation induced signal changes in BOLD contrast. A non-BOLD component arises from
image-to-image signal fluctuations due to cardiac and respiratory functions and scanner
imperfections, and is not TE-dependent. Its contribution is, in general, two times smaller than the
contribution of the BOLD component.

The magnitude of noise fluctuations varies throughout the brain. Physiological noise is
approximately two times stronger in gray matter than white matter, and the main contributor to
the total noise. Furthermore, cardiac fluctuations are most prominent in regions with CSF and
with large vessels (Hu et al., 1995). During respiration, susceptibility variations in the lungs cause
fluctuations in the static magnetic field within brain tissue, which lead to a shift of the image and
a shading of intensity in the phase-encoding direction (Raj et al., 2000; Raj et al., 2001; Birn et
al., 2006). Respiration can also affect the fMRI time series by changing the arterial level of CO,,
a potent vasodilator. For each pixel, the respiratory noise was shown to account for approximately
10-20% of temporal variance at 1.5 T (Raj et al., 2001), increasing to 20-60% at 4 T (Hu et al.,
1995). At 1.5 T, the low frequency fluctuations of unknown source were shown to dominate in
gray and white matter (Biswal et al., 1996).

For a typical fMRI run, the frequency spectrum of the signal will show respiratory and
cardiac peaks superimposed on a broad baseline of random noise, and a low frequency
component of unknown origin. It has been suggested that these low frequency fluctuations may
be caused by purely vascular events, like vasomotion (Nilsson and Aalkjaer, 2003) or
cerebrovascular waves driven by neuronal pacemakers (Golanov et al., 1994). Lu and colleagues
used an iron contrast agent to minimize potential confounds from cardiac pulsations, and
observed low-frequency CBYV fluctuations which they attributed to the same sources as Golanov
and colleagues (Lu et al., 2006). Another possibility is that low-frequency fluctuations in CBF
velocity may reflect the dynamic properties of cerebral autoregulation, because these are
independent of the fluctuation in arterial blood pressure (Katura et al, 2006).

Nevertheless, a considerable fraction of the variance in the BOLD signal in the frequency
range below 0.1 Hz appears to reflect fluctuation of neuronal activity (Raichle and Mintun, 2006).
This was first suggested by Biswal and colleagues (Biswal et al., 1997), who demonstrated the
presence of synchronous low frequency fluctuations of signal intensities from the resting human
brain that have a high degree of temporal correlation both within and across the sensorimotor
cortex. Similar results were obtained in the auditory and visual cortices. Furthermore, their results

suggested that while variations in blood flow might contribute to functional connectivity maps,
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BOLD signal played a dominant role in the mechanism that gives rise to functional connectivity
in the human brain. These observations have led researchers to even posit the existence of a
“default mode” of brain function (Raichle et al., 2001), defined in terms of the brain oxygen
extraction fraction (OEF), which is remarkably uniform in the awake but resting state, despite
considerable variation in resting state oxygen consumption and blood flow within gray matter and
an almost four-fold difference between gray and white matter in both oxygen consumption and
blood flow. Raichle and colleagues observed that all significant deviations from the mean
hemisphere OEF were increases, signifying deactivations, and resided almost exclusively in the
visual system. These decreases suggested the existence of an organized, baseline default mode of
brain function that is suspended during specific goal-directed behaviors. Many studies on the
functional connectivity of the resting brain followed. Greicius and colleagues (Greicius et al.,
2003) further researched the positive or negative correlations between the posterior cingulate
cortex and ventral anterior cingulate cortex, which consistently show greater activity during
resting states than during cognitive tasks, and prefrontal regions that show increased activity
during a given cognitive task. Fukunaga and colleagues (Fukunaga et al., 2006) have recently
suggested that resting state activity represents a metabolic process and does not require a high
level of alertness or consciousness. A report showing that the correlation level in the default mode
network was significantly increased during sleep, has led researchers to posit a potential role of
these fluctuations is homeostasis, possibly including synaptic plasticity (Horowitz et al., 2006).
Interestingly, Zarahn and colleagues (Zarahn et al., 1997) identified temporal autocorrelations
in resting state data which were characterized by a frequency domain model that included a 1/f
component, as is also observed in the power density of EEG or local field potentials (LFPs) in
mammalian cortex (Freeman et al., 2000). This frequency dependency in EEG and LPFs might
arise due to the limited speed neuronal communication, such that the period of oscillation of a
given neuronal pool would be constrained by its size. In this way, higher frequency oscillations
would be confined to a small neuronal space, whereas very large networks could be recruited
during slow oscillations (Steriade, 2001; Csicsvari et al., 2003). In fact, synchronous neuronal
fluctuations, occurring during rest, have been reported across a broad range of frequencies and
spatial scales (Buzsaki and Draguhn, 2004), and may also contribute to the high variability
observed in the time course of physiological signals, including those measured with functional
imaging techniques. It has equally been suggested that lower-frequency fluctuations may
correspond to power modulations of higher-frequency bands, with the first being coherent at

larger spatial scales (Bruns et al., 2000; Leopold et al., 2003).
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Despite their potential functional significance, the origin of the fMRI fluctuations is still
under debate. For instance, subtle changes in a subject’s breathing rate or depth, which occur
naturally during rest at low frequencies (< 0.1 Hz), have been shown to be significantly correlated
with the fMRI signal changes throughout gray matter and near large vessels, and in regions with
high blood volume (Birn et al., 2006). In addition, these regions were found to coincide with
many of the areas identified as part of the “default mode” network, which led the authors to
suggest that the “default mode” is simply due to these subtle respiration changes.

This work examines the noise in fMRI experiments using BOLD and IRON contrasts;
specifically, we measured BOLD and IRON signals in response to fixation-only, localized visual
stimuli presented in a block design, and extended visual stimuli presented in an event-related
fashion. We estimated the temporal correlations in a autoregressive model AR(p) for different
experimental paradigms, and determined the power spectral distributions for BOLD and IRON
contrasts without visual stimulation (fixation-only). We hypothesize that the main sources of
correlated noise are signal dependent physiological noise (Kruger et al., 2001; Kruger and Glover,
2001; Triantafyllou et al., 2005), including image distortions arising from susceptibility changes
due to motion correlated with stimulus presentation, and imprecise hemodynamic impulse
response functions and/or inaccuracy of the GLM. Some types of noise correlation (e.g., motion)
will scale with SNR (Kruger and Glover, 2001; Triantafyllou et al., 2005), whereas other types
(e.g., model imperfections) can be expected to scale with CNR, particularly for event-related
designs that are particularly sensitive to the form of the model and to linearity, from spending a
relatively long time in transitions.

BOLD and IRON signals reflect different physiology: the BOLD signal is dependent on
changes in the concentration of deoxyhemoglobin, and is very sensitive to the effects of CO,; the
IRON signal depends on blood volume changes. BOLD and IRON signals have different SNR
and CNR, and these are weighed differently by blood volume fractions and large veins leading to
different spatial distributions of signal. Furthermore, while both intra- and extravascular water
contribute to BOLD signal at common field strengths, the IRON signal is exclusively
extravascular.

On the other hand, we have reasons to think differences in noise between BOLD and IRON
methods may be small. Many common noise sources, like respiration and motion, make similar
contributions to both methods of contrast. Furthermore, the CNR of the two methods has been
compared extensively, and it can be roughly predicted from signal changes and the assumption
that the noise is the same. This sets a limit on expectations of potential differences in noise (e.g.,

by a factor << 2). In addition, BOLD and IRON methods are both accurately described by linear
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model predictions (Friston et al., 1995; Boynton et al., 1996; Dale et al., 1997; Leite et al., 2002;
Lu et al., 2005; Leite and Mandeville, 2006).

We expect signal dependent physiological noise to be the dominant factor explaining any
observed differences. Image distortions due to bulk susceptibility changes arising from correlated
motion are SNR dependent, and in this case, the noise spatial distribution would likely reflect
different underlying physiology. Another possibility includes the relative importance of
intravascular (IV) and extravascular (EV) contributions for BOLD and IRON.

A preliminary report of this work has been presented previously (Leite et al., 2006).

5.2 Methods
5.2.1 Animal Model

All experiments were performed at the Massachusetts General Hospital according to NIH and
Institutional animal care guidelines, following general procedures as described previously (Leite
et al., 2002; Leite and Mandeville, 2006). Two monkeys were trained to perform a high acuity
fixation task while visual stimuli were presented in the background, and infrared eye tracking
(DQW1_10 Version 1.10L, ISCAN, Inc. 1990-2004) was continuously performed. Horizontal
and vertical pupil positions were recorded at 120 Hz, and water rewards discontinued if the pupil
positions were consistently outside a pre-defined box (smaller than 1°x1°) centered at the
fixation point. On average, monkeys fixated accurately about 90% of the time.

For the IRON studies that employed the monocrystalline iron oxide nanoparticle (MION)
contrast agent (Weissleder et al., 1990; Shen et al., 1993), the MION solution, containing 8 - 10
mg/kg of iron, was injected in the femoral vein below the knee just prior to each scanning

session.

5.2.2 Visual Stimulation
The visual stimuli were projected from an LCD projector onto a screen which was positioned

approximately 55 cm in front of the monkey’s eyes. The stimulus covered a visual field of
approximately 21°x24°,

Monkeys performed a high acuity fixation task while localized (block design) or full field
(even-related design) stimuli were presented in the background. The baseline condition was an
isoluminant gray screen, and a fixation point (0.2°x0.2°) was presented in the center of the
screen. The flickering frequency was 3 Hz (block-design) or 8 Hz (event-related design). Typical

visual stimuli are shown in Fig. 5.1.
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Fig. 5.1 a) Localized visual stimulus. The spots alternated between black and white at 3 Hz. The stimulus
was on for 32 sec, off for 32 sec, in a block design fashion. In b) full field checkerboard stimulus was
presented in an event-related design, with fixed or randomized interstimulus ISIs of 4 or 12 sec; the
stimulus was on for periods of 4 sec, and the flickering frequency was 8 Hz. A fixation point was presented
in the center of the screen at all times.

5.2.3 Magnetic Resonance Imaging
Experiments were performed in a 3 Tesla Siemens Allegra scanner (Siemens Medical

System, Erlangen, Germany) using a custom surface coil for the radio frequency excitation and
reception of signal. All functional imaging employed single-shot multi-slice GE-EPI with an
isotropic resolution of 1.25 mm for block designs and 1.5 mm for ER designs. For block design
experiments, 15 slices and 352 time points were acquired with TR/TE = 1000/24 msec. For ER
experiments, 25 slices and 200 time points were acquired at TR/TE = 1500/24 msec. For the
fixation-only experiments, 15 slices and 256 time points were acquired with TR/TE = 1000/24
msec. BOLD and IRON data were acquired in different sessions.

In addition to functional imaging, data with multiple echo times were acquired at the
beginning and end of each IRON session to monitor the IRON dose by computing the baseline

transverse relaxation rate for each session (Leite et al., 2002).

5.2.4 Data Analysis

Signals were described using a time-invariant general linear model (Friston et al., 1995;
Boynton et al., 1996; Dale and Buckner, 1997) where the impulse response estimators of the
hemodynamic response (HIRF), as determined in a previous work (Leite et al., 2002), were
convolved with the stimulus time course to generate the regressors of interest. The eye-tracker
traces in two perpendicular directions, convolved with HIRF, were included in the model as
regressors of no-interest. A motion mismatch parameter derived from the motion correction
procedure was added to the noise.

Monkeys’ body motion outside the field of view (FOV) induces temporal and spatial changes
in the magnetic field, causing apparent translations and deformations of the brain. Motion
correction using the AFNI algorithm (Cox and Hyde, 1997), or by simply correcting for the phase

roll in the y direction between each image and a template image, eliminates translations but not
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deformations. The motion mismatch parameter is determined as the standard deviation between
the template volume and each individual volume.

Ideally, the signal residuals will behave like white noise. Nevertheless, if the residuals have a
different distribution, a thorough research on the noise characteristics might provide one more
window into what is happening in the brain.

The simplest model of the temporal correlation structure is the first order autocorrelation
model (Bullmore et al., 1996)

£ = PEL1+ X (:2)
where |p| <1 and y,, represents white noise. The resulting autocorrelation decays exponentially

as the lag | increases:

I (5.3)

cor(s;,&,1)=p'".
This can be extended to autoregressive models of order p, denoted by AR(p), specified by

£ =E | tOE 2+t AYE,+ Xy (5.4)
For these models the autocorrelation structure is more complex, including oscillatory terms and
exponential decay (Worsley et al., 2002). The AR(p) parameters can be estimated by equating the
sample autocovariances to their approximate expectations, and inserting the spatial-smoothed
autocorrelations into the Yule-Walker equations, as described in detail by Worsley and

colleagues.
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Fig. 5.2 Plots of the estimated autocorrelation coefficients as a function of model order for a) fixation-only,
b) block designs and c) event-related designs. In a) the autocorrelation coefficients were averaged across
the whole brain, while in b) and c) they were averaged only across the activated brain regions. IRON
curves are plotted in red, and BOLD in black. The error bars are the standard deviation of the average
estimates across sessions.

For each session, AR(p) parameters were averaged across all runs, and session maps of the
estimated AR(p) coefficients were generated for BOLD and IRON contrasts, and then registered
across sessions to achieve the required SNR. AR(p) coefficients were determined from 10 block

design sessions, 5 BOLD and 5 IRON, in two monkeys; from 6 event-related sessions in 2
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monkeys, 3 BOLD and 3 IRON; and from 4 sessions of stimulation-only in one monkey, 2
BOLD and 2 IRON. The spatial AR(1) maps were determined from the fixation-only sessions,
therefore their sensitivity is limited by the reduced number of sessions.

Power spectral distributions (PSD) of the residuals for BOLD and IRON contrasts were
computed with MatLab, using Welch’s averaged, modified periodogram method. The PSD
describes how the power of a signal or time series is distributed with frequency. The PSD was
computed for each run, averaged across runs, and finally averaged across sessions. The power
spectral distributions were determined from the fixation-only sessions, thus these results are

limited due to the small number of acquired sessions.

5.3 Results

As observed in Fig. 5.2, the averaged autocorrelation parameters, up to order 20, are very
similar for IRON and BOLD contrasts, across all design types. For event-related designs, the
coefficients are slightly larger for IRON contrast than for BOLD contrast, and substantially larger
than for block designs and fixation-only. For all types of paradigms the standard deviation of the

sample autocorrelation in individual runs is roughly 1/ Jn , were n is the number of time points in

each run. The average sample coefficients were not statistically different within the activated

Fig. 5.3 Average maps of AR(1) coefficients for BOLD (a and b) and IRON (c and d). The AR values were
multiplied by a factor of 100. The color scale is the same for both methods. For BOLD contrast, the AR
coefficients are particularly elevated in areas of high blood volume. For both methods, the regions below
the brain showing elevated coefficients correspond to the shoulders.

regions with respect to the non-activated regions.

Averaged spatial distributions of first order AR coefficients for BOLD and IRON contrasts

for fixation-only are shown in Fig. 5.3. The spatial distributions were averaged across sessions.
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AR(1) coefficients are larger for BOLD contrast, particularly in areas of high blood volume, like
sinuses (e.g., sagittal sinus and transverse sinus) and sulci (where the superior cerebral veins, that

drain the superior, lateral and medical surfaces of the hemispheres, are mainly located). This was

not observed with IRON contrast.
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Fig. 5.4 Power spectral distributions of the residuals obtained from spatial smoothed images. In a) IRON
contrast and b) BOLD contrast, the solid line shows the PSD averaged over the whole brain in the absence
of a stimulus, the short dashed line corresponds to the body ROI, and the long dashed line corresponds to
ROIs outside the brain and body. The data presented in a) and b) was averaged across sessions. In c) the
brain PSD is shown for each individual session, 2 BOLD sessions (dashed lines) and 2 IRON sessions

(solid lines). The sampling frequency was 1 Hz. All the data is normalized to the average noise outside the
brain.

Plots of BOLD and IRON power spectral distributions at rest (with fixation-only) are shown
in Fig. 5.4. The PSDs were determined from smoothed and non-smoothed images, but plotted
only for smoothed sessions, as the main results are identical. The respiratory peak can be
immediately identified for both methods of contrast, between 0.2 and 0.3 Hz. As the PSDs plotted
are an average of two sessions, double respiratory peaks can be observed when the respiratory
rate is different is each session. A low frequency peak can be observed for both methods of
contrast and for brain and body ROlIs. For a region of interest selected in the background that
does not include any part of the monkey’s body or ghost image, a constant distribution was

observed across all frequencies, with similar amplitude for both methods of contrast.

5.4 Discussion

The noise contribution for BOLD and IRON contrasts appears to be very similar. The
autocorrelated coefficients are essentially equal for both methods of contrast across all types of
experiments analyzed and more than a factor of two smaller for block designs compared with ER
designs. The power spectral distributions for BOLD and IRON, although still limited by the
number of sessions, seem to overlap considerably. The main difference between the two methods

of contrast appears to be in the spatial distribution of autocorrelated coefficients. For BOLD
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contrast, the correlation coefficients are larger in areas of high blood volume, such as sulci,
consistent with known BOLD underlying physiology. The same is not true for IRON contrast.
Inaccuracies in the impulse response function shape or in the linearity assumption are
amplified in event-related designs due to the rapid rate of stimulus presentation. We believe this
is the main noise source contributing to the factor of two difference in AR coefficients between
ER designs and block designs. Furthermore, this type of noise grows with increasing sensitivity,

hence AR parameters are slightly larger for IRON contrast (Leite and Mandeville, 2006).
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Fig. 5.5 Linear fits to observed point spectral distributions. All the data was normalized by the average
background noise. a) Typical BOLD (black) and IRON (red) frequency spectra for a good session. The
dashed curves represent the model fits. b) In this IRON session the monkey motion was severe. Spatial
distribution maps for c) respiration fluctuations and d) 1/f fluctuations were obtained from the IRON
session whose spectrum is shown in a).

The averaged PSDs are similar for both methods of contrast. The respiration peak occurs at

approximately 0.3 Hz, and a low frequency peak occurs for frequencies smaller than 0.1 Hz. Low
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frequency oscillations are not exclusive to the brain signal, and are also significant in the body
signal. With BOLD contrast, brain and body PSDs are extremely similar, but not with IRON
contrast. If this signifies that brain signal is less contaminated by body motion with IRON
contrast than with BOLD contrast, or that for BOLD contrast there are other processes at low
frequencies that sum to body contamination, or that the observed difference is merely an artifact
of the low SNR, remains to be seen.

Given the multitude of possible noise sources, spatial information will helps us identify the
most significant sources. A simple linear model to explain the noise frequency spectrum might
include an offset, a respiration function modeled as a Gaussian function, and a general function
inversely proportional to the frequency. In Fig. 5.5a, PSDs for BOLD and IRON contrast
obtained from typically good sessions are fitted with the described model. The spatial
distributions for the BOLD spectrum in Fig. 5.5a are shown in Figs. 5.5¢c and 5.5d. As described
by Raj and colleagues (Raj et al., 2000, 2001), the effects of respiration are especially apparent in
the edges of the image in the phase encoding direction. The effects of the noise source that varies
inversely to the frequency appear to be particularly noticeable in regions of high blood volume
and in the body of the monkey.

The PSD shown in Fig. 5.5b was derived from a group of runs acquired at the end of an
IRON session. Typically, by the end of a session monkeys become restless. Maps may still show
activation, but some of the images are severely distorted. In this case, the power spectrum could
be fitted extremely well by a general 1/f function. It is fair to assume that the most significant
noise source in this case were motion-induced susceptibility perturbations, which will then be

characterized by a 1/f function.
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Chapter 6

Multi-Shot EPI with Navigators in the Awake
Monkey at 3 Tesla

6.0 Preface

On a bad day, a movie of single shot echo planar images of a monkey brain may make one
ask if the monkey is loose inside the scanner. In fact, although his head is securely attached to the
experimental apparatus, his body is free to move, and the magnetic field perturbations originated
by his occasionally vigorous motion may severely distort the images. These distortions are
particularly noticeable in the phase encoding direction, due to its reduced bandwidth compared to
the readout direction.

In this chapter we present a first attempt to correct this problem. We developed a multi-shot
EPI acquisition with the assumption that this method would diminish distortions but increase
artifacts, which we tried to correct by acquiring “navigators” (additional data used to determine
and correct off-resonance effects that can corrupt the images). Navigators provide useful
information when the artifacts are small, but ultimately this strategy is bound to fail when field
perturbations become so large as to also corrupt the navigators. Here, we describe our
implementation, our experience with imaging monkeys with this sequence, and regimes where

this strategy might be useful.

6.1 Introduction
The challenges of obtaining high spatial resolution functional images in awake and behaving

macaque monkeys are somewhat different from imaging strategies in humans. In spite of rigid
fixation of the monkey’s head to the experimental apparatus, in single-shot echo-planar images
(SS-EPI) the brain appears to be moving mostly in the phase encoding direction, sometimes as
much as % of the field of view (FOV) in the most posterior coronal slices. The apparent brain
motion and additional image deformations are mainly due to temporal and spatial magnetic field
perturbations caused primarily by the motion of the monkey’s body outside the FOV. This
mechanism has been qualitatively described for human fMRI (Yetkin et al., 1996) and is similar
to the magnetic susceptibility effects of respiration on echo planar images acquired in human

subjects as described by Raj and colleagues (Raj et al., 2000, 2001). These image distortions
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cause spatial and temporal blurring of activation on a pixel basis, with a subsequent drop in
functional sensitivity, and the appearance of artifactual activations (Hu and Kim, 1994).

The phase evolution of a pixel in a magnetic resonance image is dictated by the local
magnetic field it experiences. The longer the acquisition time, the larger the accumulated phase,
and the larger the phase difference of spins between different locations in an inhomogeneous
magnetic field. These phase differences translate into a faster T,  decay and long acquisition
times will give rise to severe susceptibility effects.

Different strategies have been employed to reduce acquisition time in fast imaging sequences
like EPI or spiral. For instance, partial k-space single-shot EPI acquisitions (Jesmanowicz et al.,

1998) not only greatly decrease the readout time, but also have a point spread function (PSF)

which is approximately /3 narrower than the PSF of full k-space acquisitions. Other methods
designed to acquire only a part of the desired k-t space as a way to decrease acquisition time,
include keyhole imaging (Jones et al., 1993; van Vaals et al., 1993), reduced-encoding MR
imaging with generalized-series reconstruction (RIGR) (Webb et al., 1993), data sharing
(Riederer et al., 1988), zero filling (Du et al., 1994), reduced FOV methods (Hu and Parrish,
1994; Madore et al., 1999), and non Fourier approaches (Zientara et al., 1994).

Methods trying to specifically correct for the susceptibility effects of respiration have been
implemented in humans. Navigator echoes are specially encoded echoes that can be interleaved
into the imaging sequence to accurately track the position and phase of an object of interest
within the FOV (Ehman and Felmlee, 1989), and have been used to monitor and compensate for
physiological image fluctuations in fMRI derived from cardiac pulsation or respiration (Hu and
Kim, 1994). Pfeuffer and colleagues developed a simple correction that used phase information
from the center of k-space and a navigator echo to decrease the noise from respiration induced
phase and frequency fluctuations (Pfeuffer et al., 2002). Roopchansingh and colleagues
developed a technique in which the central part of k-space is collected twice to obtain magnetic
field maps simultaneously with image data (Roopchansingh et al., 2003). In addition to correcting
geometric distortions that resulted from magnetic field perturbations, this method was used to
measure field shifts arising from respiration and jaw motion.

As distortions occur mainly in the phase encoding direction, which has a much smaller
bandwidth than the readout direction, a straightforward strategy is to reduce the acquisition time
per shot using multi-shot EPI (McKinnon, 1993). Advantages of this imaging approach include
greater flexibility between the tradeoffs of imaging time, T, relaxation, gradient power,
resolution, image distortion, and signal-to-noise ratio (SNR). Although deformations of image

slices are indeed greatly reduced, magnetic field perturbations generally differ during acquisition
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of different segments, causing the segments to add incoherently. Therefore, multi-shot EPI (MS-
EPI) provides an alternative method to SS-EPI with reduced distortion but increased artifacts. The
suitability of MS methods depends upon the scale of the field perturbations.

In the work we implemented a multi-shot EPI strategy with navigators, and we found that we
could obtain reasonably good image stability at short echo times, but motion artifacts were too
large to be corrected at echo times generally employed for BOLD fMRI. This method may prove
useful at short TE.

6.2 Theory
Neglecting relaxation, the 2D echo planar signal is given by
S(t)= [ [olx.y)e > axdy, 61)
Xy )
with
t
o(x,y,t)=y J.B(x,y,r)dt . (6.2)
0

In a homogeneous magnetic field, the phase acquired by a spin at position (x,y) and time t will be
given by ®(x,y,t)= 27r(kx (t)x + ky(t)y).

In the presence of magnetic field perturbations, B(x,y,t)— B(x,y,t)+ AB(x,y,t). The linear
form of the field perturbation is given by

AB(x,y,t)= ABq(t)+ AG, (D) + AG, (t)y + O, xy,y?), (6.3)

where AG; =(AB(t))/di . Substituting into the signal equation we get

—i27tl:kx(t L IAG (0 +ky(t{y}yABo(t)t : yAGy(t)ty]]
s(t)= [ [px.y)e ey 2,020, 07) gy 6.4)
Xy

At each point in k-space, the time variable may be given by t=TE +nt, + mdt, where TE is the

echo time, & is the dwell time, t, the time interval between adjacent k, lines, m the m™ line and n

the n™ line. Let -N,/2<m<N,/2 and —Ny/ZSnSNy/2, where N, is the number of

columns in k-space, and N, the number of rows. Substituting this time variable into the signal

equation, pixels in a distorted 2D echo planar image will be shifted as

X,Y)— p| x+—2x,y+ +—=
pley) = p x+ 2wy +—— o

AG AByt, AGyt, (6.5
Yi
X y
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where G_yt is the area of a gradient blip in the phase encoding direction. Because the time

required for phase encoding is much longer than the time required for readout, the effects of the
static field inhomogeneities will be stronger in the phase encoding direction. Examples of
distortions typically observed in single shot echo planar images are shown in Fig. 6.1. The image

distortions are usually worse in the most posterior and inferior regions of the brain (nearer the

body).
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Fig. 6.1 Edge plot for a typical single-shot EPI coronal slice at a time point where mainly a) zeroth order
distortions (translations) were observed, or b) first order distortions (deformations) were observed. In c) the
timecourse of the slice center of mass in the x (solid line) and y (dashed line) directions is shown. As it
becomes obvious from these figures, the main distortions, either translations or deformations, occur in the
y, or phase encoding, direction. In d) an index of distortion (the SNR drop in a fixed ROI corresponding to
the undistorted image) is plotted for four different slices, from most anterior slices suffering fewer
distortions (thicker line), to most posterior slices, most severely distorted (thinner line).

As the area of the phase encoding gradient increases, the distortions in the y direction will
become smaller. Therefore, multi-shot EPI is a straightforward strategy to decrease the effects of
field perturbations in the images.

As can be observed in Fig. 6.2a for a typical image acquired with multi-shot EPI without the
application of any corrections, the shape of the slice is stable in time, but the image intensity is

smeared along the phase-encode direction. This is what one can expect from field perturbations
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that remain stable on the time scale of the acquisition of each segment, but vary from segment to
segment. Even for a spatially independent change in magnet field, an overall phase shift and roll
are acquired by the spins of a given slice, and these vary from segment to segment. The aliased
image obtained from each segment will now be shifted differently relative to an image that
experienced no phase shift, such that the aliased parts will not cancel when adding the segments,
and ghosting will occur.

To account for sources of artifacts in multi-shot EPI, at least three different corrections are
needed:

1. ABq(t): a spatially independent change in field produces a time-varying phase shift in k-
space (equivalently, a positional shift in image space). We determined the phase difference across
two central navigator lines embedded in each segment at k, = 0, and we then corrected this phase
roll across each segment. To correct for a AB, offset at the echo time (TE), we determine the total
phase across the first x navigator in each segment, and remove it from each line in the segment.
This correction is performed in k-space, and it is very likely the most important correction.

2. AG(t): an off-resonance x gradient will produce a shift of the peak signal in k,, which is
equivalent to a phase roll in x image space. Based upon the measured phase roll in image space
for the central navigator lines, each ky line for each segment can be corrected with a phase roll
dependent upon the timing with respect TE.

3. AG(t): the strategy used to correct for an x gradient cannot be applied in the phase-
encode direction, due to the sparse sampling for each segment in that direction. Thus, to correct
the Gy induced shifts, the actual k, positions need to be recorded, as determined by a y navigator
line at ks = O that was additionally added to each segment. The data can then be resampled in y
onto uniform steps followed by an FFT; alternatively, data can be reconstructed without use of
the FFT by using the calculated values of ky for each line. To account for variation in sampling

density in the final k-space data, temporal smoothing may prove useful.

6.3 Methods

6.3.1 Magnetic Resonance Imaging
Experiments were performed in a 3 Tesla Siemens Allegra scanner (Siemens Medical

System, Erlangen, Germany) using a custom surface coil for the radio frequency excitation and
reception of signal.

Multi-shot echo planar images were acquired in a 3T Siemens Allegra magnet, with variable
amounts of segmentation: results reported here used 16 segments. The matrix size was 64x64 or

96x96, and the in-plane image resolution was 1.25 mm or 0.8 mm, respectively. The slice
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thickness was 1.25 mm. The TR per segment was 250 msec, with a time per volume of 4 sec for
16 segments. The RF pulse was set to the Ernst angle. The number of slices acquired was set to
the maximum number allowed by the time per volume. The echo time was usually set to the
minimum TE allowed, for BOLD and IRON contrasts, except for the last set of BOLD
experiments, where the TE was optimized to provide the best possible contrast-to-noise ratio
(CNR).

In order to correct for the effects of field perturbations, the multi-shot EPI sequence was
modified to acquire one y navigator line immediately after the readout for each segment, and two
extra x-encoded navigator lines were added at the positions of the two central lines in k-space for
all segments.

Typical image reconstruction was modified only slightly to include the distortions’

corrections. Implementation details of the corrections are described in the appendix.

6.3.2 Animal Model

All experiments were performed at the Massachusetts General Hospital according to NIH and
Institutional animal care guidelines, and following the general procedures as described previously
(Leite et al., 2002, 2006). Two monkeys were trained to perform a high acuity fixation task while
visual stimuli were presented in the background. Infrared eye tracking (DQW1_10 Version
1.10L, ISCAN, Inc. 1990-2004) was performed at all times, and water rewards discontinued if the
pupil x and y positions were consistently outside a pre-defined box centered at the fixation point.

In IRON studies, a monocrystalline iron oxide nanoparticle (MION) contrast agent
(Weissleder et al., 1990; Shen et al., 1993) solution (8 - 10 mg/kg of MION) was injected in the

femoral vein below the knee just prior to each scanning session.

6.3.3 Visual Stimulation
The visual stimuli were projected from an LCD projector onto a screen which was positioned

approximately 55 c¢cm in front of the monkey’s eyes. The stimulus covered a visual field of
approximately 21°x24°, and the fixation point (0.2°x0.2°) was shown in the center of the

screen at all times. Stimuli were presented in a block design.

6.3.4 Data Analysis

We assumed a linear time-invariant model for the observed fMRI response (Friston et al.,
1995; Boynton et al., 1996; Dale and Buckner, 1997, Leite et al., 2002; Lu et al., 2005; Leite et
al., 2006), and followed the procedure described in previous work (Leite et al., 2002, 2006).
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6.4 Results

The use of multi-shot EPI decreased the appearance of image distortions. Nevertheless,
ghosting due to overall phase shifts between segments did occur, as can be observed in Fig. 6.2a.
The outline of the slice is considerably more stable than with SS-EPI, but there are areas of signal
loss inside the brain and increased signal in the background, due to incorrect cancellation of the

aliased images from each segment.

I S—

1 15 2 25
SNR ratio

Fig. 6.2 Typical EPI image of a brain coronal slice acquired with 16 shots a) before and b) after applying
navigator corrections. c) Histogram of SNR gain of corrected vs uncorrected data.

Fig. 6.2b shows a typical example of an IRON contrast coronal slice after correcting for ABg
and AG,. The AG, correction scheme is still not implemented at this point. Applying these two
navigator corrections considerably improved the image. As can be observed in Fig. 6.2c, for 16

shots the temporal SNR gain due to navigator corrections was typically 50%.

Contrast Matrix TE Single-Shot EPI Multi-Shot EPI
Size tSNR aSNR | tSNR/aSNR | tSNR aSNR | tSNR/aSNR
BOLD 64x64 short 14.91 24.67 0.60
long 21.80 32.97 0.66
96x96 short 12.02 23.76 0.51
long 7.03 15.34 0.46
IRON 64x64 | short 13.10 20.83 0.63
long 9.96 15.67 0.64
96x96 | short 10.68 17.23 0.62
long '

Table 6.1 Temporal to anatomical SNR ratio for single-shot EPI and multi-shot EPI for BOLD and IRON
contrast fMRI. The echo time was the same for BOLD and IRON contrasts, and it was set to the minimum
TE allowed by the sequences, considering some desired parameters.

In Table 6.1 we compare SS-EPI with MS-EPI for BOLD and IRON contrasts. As expected
for BOLD, the anatomical SNR (aSNR) and temporal SNR (tSNR) decrease for MS-EPI,
particularly for larger matrix size and increased TE. For this long TE, the SNR of the navigators

drops significantly, and the phase acquired from motion in orthogonal directions increases, thus
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the derived phase information fails to improve the images. For IRON contrast, even a non
optimized dose of MION led to a slight increase in tSNR and aSNR of MS-EPI with respect to
SS-EPI for the short TE used. The ratio tSNR/aSNR was approximately constant for IRON with
SS or MS (with short or long TEs).
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Fig. 6.3 IRON activation map and time course obtained with multi-shot EPI in response to a spots’
stimulus. The IRON dose was not optimized for maximum contrast at the short TE used. Nevertheless,
some activated spots can be detected, but the tSNR is very low. Due to the very short TE and relatively
insufficient IRON dose, some blood signal is still apparent in the region of the sagittal sinus in the first
slice.

In Fig. 6.3, a typical activation map and time course within an activated region of interest are
shown for IRON contrast using MS-EPI. The IRON dose was not optimized for maximum
contrast at the short TE used. Nevertheless, some spots can be seen, and the signal, although

extremely noisy, shows a positive correlation with the stimulus time course.

6.5 Discussion
The implemented corrections increased the quality of the images collected using MS-EPI

with short TE. Increasing the echo time to maximize BOLD contrast, the severe drop in the
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navigators’ SNR prevents the derived corrections to be successfully implemented. We expect
multi-shot EPI to be especially useful for IRON fMRI, which can employ very short TEs to
minimize phase variations, aﬁd still achieve maximum CNR even for very short TEs by
increasing the MION dose (Mandeville et al., 2004).

Navigator corrections are most useful when perturbations are small. Large perturbations
affect not only the images, but also the navigator lines, corrupting the correction strategy. Off-
resonance perturbations in k-space directions that are orthogonal to the navigator are particularly
destructive in this regard.

Perturbations can be minimized by reducing the echo time, especially since the correction for
the ABy effect seems to be the most important correction. AG, and AG, corrections do not scale
down with TE.

Using short TE is not compatible with high CNR for BOLD fMR], so this is not a promising
strategy. However, this strategy can be made compatible with IRON fMRI, provided very high
doses of agent are employed (e.g., dose-TE product must be same as with long TE SS-EPI). In
fact, CNR can be optimized independent of TE for IRON method but not for BOLD, where the
amount of contrast agent is fixed. This strategy (short TE with high dose) has been shown for
rodent imaging (Mandeville et al., 2004) and may be useful here, but the higher accumulated iron
doses will be a drawback in this model.

A more successful strategy has been implemented in our lab at 7 Tesla by Hauke Kolster
(personal communication), who built phased-array coils and is using SENSE acquisitions
combined with UNFOLD to reduce image distortions. This is the strategy we are going to

implement at 3 Tesla in the near future.

6.6 Appendix

As was shown in the Theory section of this paper, to first order, magnetic field perturbations
in 2D echo planar images, can be expressed as a time varying field given by equation 6.3.
While the general outline to implement the corrections derived from the acquired navigator lines

was already introduced in the Theory section, the detailed correction will be described here.

6.6.1 Correction for the phase offset in k, in (x-k,) hybrid space

The first step is to compute the absolute phase across the first x navigator line for each
segment. Each line in that segment will then be multiplied by the inverse of the computed phase.
The phase can also be determined using the second navigator, but consistence should be present
across segments. If the first x navigator line is given by X;(t), and image lines are given by L(t),

this correction will look like:
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Pt 5

where n is the line index, n= 0,...,Ny /NSeg -1, Ny is the total number of k, lines to be acquired,

and N, is the number of segments. It is important to remember that both the magnitude and

phase of the acquired images are kept.

6.6.2 Correction for the phase roll in k, in (x-k,) hybrid space
In this case, the phase slope is determined as the cross correlation between the two x

navigator lines acquired for each segment. This phase slope is then multiplied by the index of the
ky line to be corrected, taking the time reference to be the time when the first navigator line is
acquired. Therefore, each corrected line will be given by

N

-i[phase(X, )X, () )[n—%—y—]

[ corrected (t) _ L(t)e Ngey i

where n is the line index, N, is the total number of k, lines to be acquired, and N, is the number

(6.6)

of segments.

6.6.3 Correction for the phase roll in x in(x-ky) hybrid space
The phase acquired due to first order field perturbations in the readout direction is determined

by calculating the phase of the autocorrelation of one of the x navigator lines. Assuming that the
phase roll in image space is due to the x gradient, causing a shift in k-space, the shift (or phase
roll) varies with time. Therefore, for each line to be corrected, the phase calculated above is
multiplied by the fraction of time that goes from the excitation to that line. The normalization
constant is the echo time. Next, each readout line is multiplied by the inverse of the calculated

phase roll.

~i| phase\X, 1 ¥ m_&
Lc":rrected (t) — Lm (t)e [ph (X 066 )I 2 )’ (6.8)

where m is the column index, varying between m=-N,/2,..,N,/2-1, and N; is the total

number of points acquired per line.

6.6.4 Correction for the phase roll in y in image domain
Not implemented at this point.
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Chapter 7
Concluding Remarks

The awake, behaving macaque is an important model for neuroscience and biomedical
studies, because it forms a bridge between rodent and human studies, eliminates complications of
anesthesia, and enables critical correlative measurements that can clarify the biological basis of
non-invasive neuroimaging. Despite these well-known advantages of the model, only two
laboratories in the world now routinely employ fMRI in awake monkey, and both laboratories
primarily rely upon the IRON method. Based upon the quantitative results presented here, IRON
contrast is the method of choice in awake, behaving macaque monkeys fMRI at 3 Tesla, due

primarily to the increased detection power provided by this method.

7.1 Detection Power
Sensitivity to CBV can be obtained from images that are weighted either by the longitudinal

(T)) or transverse (T,) relaxation times. However, general principles suggest that the sensitivity of
Ty-weighted imaging should be significantly greater than for T, methods, since the volume
fraction of hydrogen spins contributing to changes in T, is limited to intravascular spins and a
very small fraction of extravascular spins affected by spin-spin coupling via direct interaction, a
mechanism limited by the exchange rate of water. By contrast, magnetic field perturbations from
intravascular agents extend throughout the extravascular space (Villringer et al., 1988) and in that
way dominate T, and T, relaxation. Hence, To/T,  methods boost sensitivity relative to T
methods by influencing a relatively greater number of spins set by the extra- to intravascular
volume fraction, which is of order 20.

Weissleder and colleagues (Weissleder et al., 1990) introduced and described MION, a stable
colloid that enabled target specific MR imaging. The MION contrast agent remains intravascular
for hours and has a large magnetic susceptibility, inducing magnetic field gradients that
significantly extend into the extravascular space. If the dose of contrast agent is sufficiently large,
changes in T, or T,  during activation mainly reflect changes in CBV, and the BOLD contribution
can be neglected.

The first use of boluses of contrast agent (gadolinium-DTPA) for determining CBV at well-
spaced time points (tens of minutes) was reported in the first human functional MRI experiment

by investigators in our laboratory (Belliveau et al., 1991). The first use of an intravascular
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paramagnetic contrast agent with a long blood half-life for dynamically measuring CBV as a
function of time was reported by Hamberg et al. (1996) to measure relative blood volume changes
during hyperemia after occlusion.

Two years later, Mandeville and colleagues (Mandeville et al., 1998) used MION in an
anesthetized rat model to perform MR measurements of dynamically changing blood volume
during hypercarbia and sensory stimulations using T,-weighted rapid imaging at 2 Tesla and 4.7
Tesla. They quantified the increase in R, due to the injection of contrast agent, and the
consequent loss in SNR. In addition, they roughly predicted both the magnitude and field
dependence of the enhancement in CNR. They verified that the use of MION significantly
increased functional CNR relative to BOLD contrast, and that the magnetic field dependence of
signal changes using CBV contrast differs from the field dependency observed for BOLD
contrast. Whereas BOLD changes in R, increase in an approximately linear manner with
magnetic field, CBV-weighted changes should be independent of the field for a given signal drop
due to the injection of contrast agent. In particular, when TE and contrast agent dose are chosen
to optimize CNR, the changes in signal simply reflect changes in CBV. Two other studies using
iron oxide contrast agents were published the same year (Kennan et al., 1998; van Bruggen et al.,
1998), also showing an increase in CNR due to the injection of the iron oxide contrast agent.

Our 2002 study extended Mandeville’s results in anesthetized rats to awake macaques and to
a much wider range of stimulation paradigms (Leite et al., 2002). We showed that the use of
IRON contrast increased functional sensitivity by a factor of three relatively to BOLD contrast in
block designs at 3 Tesla using the shortest echo times consistent with single-shot EPI. However,
this factor decreased to only 1.5 for rapidly presented paradigms with a fixed inter-stimulus
duration, a consequence of the slow temporal response of CBV. In order to mitigate this loss of
sensitivity for rapid stimulus presentations, we showed how IRON functional sensitivity could be
optimized in event-related designs by using random or semi-random distributions of interstimulus
intervals (Leite and Mandeville, 2006).

The field-dependence of the relative sensitivities of IRON and BOLD fMRI for block
paradigms was recently described (Mandeville et al., 2004), with an emphasis on experiments
where in recent years it has been found that the gain in sensitivity of the IRON method compared
to BOLD method is significant even at much higher field strengths, as long as multi-shot
sequences are used with very short TEs, and the MION dose is optimized to achieve the
maximum amplification factor at each echo time.

Nevertheless, the advantages of IRON contrast using single-shot echo planar imaging at high

field, is a somewhat open question, because minimum echo times are limited by the need to
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acquire the entire image in a single excitation. Alternative imaging strategies, like accelerated
acquisitions enabled by phased-array coil technology, or centric encoding schemes like spiral
imaging, should remove limitations on echo time, and thereby enable improvements in CNR as
found in anesthetized rodents using multi-shot methods. However, improved sensitivity at short
echo times comes at the price of higher doses of contrast agent, and this must be considered for

often repeated longitudinal studies in our awake primate model.

7.2 Temporal Response

7.2.1 Measurements
In order to understand the physiology of functional activation, and to know how to optimize

experimental designs, we need a detailed understanding of the signal kinetics. The temporal
evolution of CBV was examined by Mandeville in anesthetized rats (Mandeville et al., 1998),
who found that the peak response of CBV was very delayed relative to the peak response of
BOLD signal. Furthermore, the duration of the CBV delay was temporally consistent with the
BOLD post-stimulus undershoot. A profound temporal mismatch was further observed between
relative CBV and relative CBF (Mandeville et al., 1999): while the increase in relative CBF
(rCBF) after stimulus onset and decrease after stimulus cessation were accurately described with
a single exponential time constant of approximately 2.4 sec, relative CBV changes (rCBV)
exhibited two distinct and nearly sequential processes after both onset and cessation of
stimulation. A rapid change of rCBV occurring immediately after onset and cessation was not
statistically different from the time constant for rCBF. In addition, a slow phase of increase at
onset, or decrease at cessation, with an exponential time constant of approximately 14 sec began
approximately 8 sec after the rapid phase. Furthermore, an initial dip was not observed in BOLD
signal, which showed a delay with respect to rCBF that was roughly consistent with the cerebral
blood transit time in rat somatosensory cortex (Marota et al., 1999).

Similarly to previous studies in rats, we found in awake macaques that the impulse response
functions for BOLD and IRON signals were both multi-modal. In fact, the initial IRON response
was as fast as the BOLD response, but this was only a small contribution to the total change in
CBV for a long stimulus; the dominant contribution evolved with a much slower time constant.
The dominant positive BOLD response could be fit using only a rapid time constant, but a
description of the BOLD post-stimulus undershoot needed an additional longer time constant.
Therefore, using a basis of mono-exponential basis functions, we found that the IRFs for BOLD
and IRON contrasts could be accurately described by the same two time constants: a fast time

constant of approximately 4.5 sec, and a slow time constant of approximately 13.5 sec. To
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describe the response at high temporal resolution, we either included a time delay of 1.5 sec, or
added a 1.5 sec time constant to the exponential basis. Using these methods, we could fit BOLD
and IRON time courses irrespective of the stimulus paradigm.

In addition to our studies, one group subsequently has described the temporal response of
IRON contrast, and measured an IRF which is very similar to the one we measured (Lu et al.,
2005).

Recently, Lu and colleagues (2003) have introduced a new fMRI technique that is sensitive to
blood volume changes during neuronal activity. This technique, called vascular-space-occupancy
(VASO)-dependent fMRI, uses a nonselective inversion pulse in combination with an optimal
inversion time (TI) to eliminate blood signals. The remaining tissue signal is determined by the
amount of extravascular water protons in a voxel, and is therefore related in some way to CBV.
They have shown that the BOLD undershoot appears to last much longer than the prolonged
blood volume increase, as indicated by the VASO technique. They have concluded that the
BOLD post-stimulus undershoot cannot be explained solely by a delayed CBV return, and
suggested that this negative BOLD effect must be due to an increase in OEF. However,
quantitative results for the percent change in CBV appear to be about 3 times too high using this
method (Lu and van Zijl, 2005), so it is still not clear exactly what the technique is measuring.

Using diffuse optical tomography (DOT), Siegel et al. (2003) showed total hemoglobin
(HbT) data tracked IRON signal extremely well. In fact, both HbT, a measurement of red blood
cell volume, and IRON signal relaxation, a measurement of blood plasma volume, should exhibit
a proportionality to changes in the blood volume fraction, provided that the hematocrit within the
region of activation remains constant during the measurement. In addition, they showed that both
dHb and HbO, time courses tracked BOLD time courses within the stimulus region, but their
behavior in the post-stimulus undershoot differed. The time course of dHb showed a more
profound undershoot than either HbO, or BOLD, although the shape of the curve closely matched
the BOLD signal. On the other hand, HbO, tracked the BOLD signal better in magnitude than did
dHb, but the contours of the two time courses appeared to differ. BOLD signal includes
contributions from both intravascular and extravascular water. While the former effect is most
pronounced at low fields, the latter is expected to be roughly linear with dHb. For this reason,
high-field BOLD signal should more closely reflect dHb in the post-stimulus undershoot if the

source is elevated CBV.
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7.2.2 Physiology

This thesis addressed some fundamental physiological questions concerning the
hemodynamic response during changes in local cerebral activity. Is CBV simply a redundant
measurement of CBF, which is governed by arteriole vasocontrol, or do the kinetics of IRON
signal suggest otherwise? Do changes in CBV affect the amount of deoxygenated blood in a
voxel, and therefore also affect BOLD signal, or do these changes primarily represent oxygenated
blood?

Buxton et al. (1998) proposed a balloon model to describe the temporal dynamics of changes
in CBV and BOLD signal. This model applies conservation of mass to relate changes in volume
(V) in a compliant compartment to the difference between the flown into (Fjy) and out of (Four)
this compartment, Fin-Foyr = dV/dt. Although their formulation demonstrates that a temporal
mismatch between flow and volume can occur in principle, as also allowed by the earlier models
described in Chapter 1, the physiology of the flow-volume relationship is unspecified by the
balloon model. On the other hand, Mandeville and Marota (1999) employed a modified
windkessel model in an attempt to describe the temporal evolution of CBV changes within a
physiological framework. Because about 80% of CBV is contained in capillaries and veins, and
only 3% to 5% of total CBV resides within the arterioles, the principal resistance vessels, they
modeled capillary and venous compliance using a post-arteriole windkessel to describe a passive
post-arterial response to pressure modulated by arteriole dilation and contraction, and neglected
blood volume in the arterial compartment, which they assumed to be small. They described the
time course of CBV changes as a rapid elastic response of capillaries and veins followed by slow
venous relaxation of stress. They further suggested that venous delayed compliance could be the
mechanism behind the post-stimulus undershoot in BOLD.

On the other hand, others have claimed that CBV is dominated by the arterial side of the
vasculature (Lee et al., 2001), based upon a separation of arteries and veins into two
compartments in terms of diffusion characteristics, with the motivation that arterial velocities are
higher than venous velocities. However, the validity of their methods is questionable, as they
neglected to account for the fact that blood velocity increases during activation, and assigned
small diffusion weightings to arteries, although these same diffusional weightings have been
shown to significantly attenuate BOLD signal (Boxerman et al., 1995).

Measuring the compartmental fractions of basal CBV, let alone the contributions of each
compartment to functional changes in CBYV, is difficult and indirect by any method. Our derived
IRFs for BOLD and IRON contrasts allowed for a simple physiological interpretation, which

turned out to be consistent with the premises and results of the windkessel model. In fact, taking
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into account the relative magnitudes of the two main exponential basis functions used to fit
BOLD and IRON IRFs, we identified the two time constants for BOLD signal as the responses of
blood oxygenation (fast) and blood volume (slow). For the IRON method, the time constants are
presumably related to arterial (fast) and capillary-venous (slow) dilations. In fact, the 2-
exponential decomposition of the BOLD signal suggested that changes in CBV reduce the BOLD
effect by 40% during prolonged stimulation. On the other hand, the IRON decomposition showed
that the slow time constant contained 80% of the strength during prolonged stimulation. Since
capillaries and veins comprise about 80% of basal CBV, our results suggest that relative changes
in total CBV match those in capillary/venous CBV, and therefore the large changes that are
known to occur in arterioles (a small compartment) do not beat the smaller changes that occur in
capillaries and veins (a much larger compartment).

Nevertheless, some authors have suggested using a scaling factor in front of CBV in the
equation that gives BOLD signal changes in terms of changes in CBF, CBV and CMRO,, which
will significantly down-rate its effect, therefore elevating the estimated contribution of CMRO,
with the premise that CBV changes are primarily arteriolar (Kim et al., 1999).

A recent study described a new method for non-invasive measurements of venous CBV in
humans (Stefanovic and Pike, 2005). They found that estimated changes in venous CBV are as
large as one would expect using the relationship between changes in CBF and total CBV (Grubb
et al., 1974). By inference, this implies that changes in total CBV approximately reflect changes
in venous CBV, in general agreement with our results. However, their method lacks the

sensitivity to provide useful information about the dynamic response of CBV.

7.3 Spatial Resolution

As described in the Introduction and in Chapter 4, previously to our work, fMRI spatial
resolution had been examined mainly by assessing the possibility of measuring submillimeter
structures, like ocular dominance columns in humans or orientation columns in anesthetized cat.
While the ability to measure columnar activation by fMRI is an exciting goal, and many claimed
to achieve the necessary functional resolution to measure these structures, only Cheng et al.
(2001) established the reproducibility of their measurements. Furthermore, it is not clear whether
such measurements can be generalized to regions outside columnar domains, which may have
specific vascular topology.

An approach that directly attempted to measure the BOLD PSF, was introduced by Engel and
colleagues who used common retinotopic stimuli (expanding checkerboard rings and rotating

checkerboard wedges) to evaluate the spatial precision of BOLD fMRI at 1.5 T (Engel et al,,
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1997). They found that the BOLD spatial resolution was consistent with a linespread whose
FWHM was 3.5 mm.

We have directly measured BOLD and IRON point spread functions by measuring the
cortical response to point-image stimulus and their inverse (holes) in a checkerboard pattern, and
estimated the maximum spatial fMRI PSF in monkey V1 to be no larger than 1.5 mm for IRON
contrast, and not statistically different for BOLD contrast (Leite et al., 2004, 2005). Accounting
for additional blurring mechanisms, like image resolution and T, decay, we estimate “true” PSFs
to be approximately 0.8 mm for BOLD contrast and 0.4 mm for IRON contrast.

During the course of our work, many other groups have reported results using fMRI or
optical intrinsic signals to address related issues. Preliminary experiments performed at 9.4 T in
anesthetized cats found point spread functions for BOLD and CBF in the range of 1.6 mm and 0.5
mm, respectively (Olman et al., 2004; Park et al., 2004; Park et al., 2005). Using IRON contrast
at 9.4 Tesla in anesthetized cats, Zhao and colleagues measured average distances between iso-
orientation domains of approximately 1.4 mm and 1.7 mm in two orthogonal directions (Zhao et
al., 2005).

On the other hand, optical results are variable and dependent upon analysis procedures (e.g.,
differential pathlength correction and other issues that can lead to error in the separation of
cromophores into HbO, and dHb). In fact, while some groups have claimed that total Hb images
provide smaller activation areas than oxy- or deoxyhemoglobin signals (Siegel et al., 2003;
Culver et al., 2005), others have found that the spatial extent of the change in deoxyhemoglobin is
smaller than that of oxyhemoglobin, total hemoglobin, CBF and CMRO, (Thompson et al., 2003;
Dunn et al., 2005; Thompson et al., 2005).

Even though there are still some unresolved issues, we expect IRON contrast to achieve
better spatial resolution if only because of its better functional sensitivity. While the intrinsic
linewidth for IRON is slightly larger than for BOLD, the contribution of the relaxation linewidth
will be insignificant if the imaging bandwidth is much larger that the T," broadening. As can be
seen in Fig. 7.1 for IRON and BOLD contrasts at 3 Tesla, this is generally the case. This figure is
based upon the use of single-shot EPI with the gradient limitations of our current “Allegra”
system. Also, the figure assumes that IRON fMRI always uses the shortest possible echo time,
and that the dose of contrast agent at each time is adjusted to optimize functional sensitivity. For
BOLD signal, the figure assumes that the echo time is set to the tissue T, , or to the minimum
echo time allowed by the gradients if this is longer than T,". In comparison with single-shot EPI
(Fig. 7.1a), multi-shot EPI or accelerated acquisitions using multiple coils will further reduce the

spatial blurring due to T, decay, as can be seen in Fig. 7.1b for an acceleration factor of 2.
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Fig. 7.1 Linewidth for BOLD (solid line) and IRON (dashed line) contrasts as a function of voxel size for
a) SS-EPI acquisition and b) MS-EPI or SENSE EPI acquisition with ac.celeration factor of 2. The
linewidth is proportional to the acquisition time and the relaxation rate R, of the method of contrast
employed.

Another problem that awaits solution is the correction or avoidance of motion-induced
distortions. As mentioned in Chapter 4, we think that the main effects of the observed image
distortions are a decrease in functional sensitivity, as real activations are wiped out by artifactual
signals, and a decrease in SNR, because runs containing severely affected images are completely
discarded. There is also a blurring effect of the distortions, but we have reasons to believe that
this is small (distortions affect images particularly in the phase encoding direction, still the
dimensions of the cortical point image are not statistically different in the phase encoding
direction compared to the readout direction). On the other hand, the presence of these distortions
seriously prevents attempts to increase spatial resolution using single-shot EPI, as a further
increase in acquisition time, and consequently an increase in echo time, is unavoidable, as
observed in Fig. 7.2a

Therefore, as we strive to increase image spatial resolution with single-shot EPI, image
distortions become so severe that other solutions must be pursued. Because distortions increase
proportionally to the time spent collecting the data in the phase encoding direction, a
straightforward strategy is to use methods that acquire the full k-space in many rapid partial
acquisitions. Therefore, multi-shot EPI or SENSE acquisitions are obvious solutions. By
acquiring partial k-space with each of a given number of coils, SENSE uses the coil sensitivity
profile to achieve the desired phase encoding, and therefore the required spatial resolution and
FOV. Using SENSE, acquisitions for each slice are simultaneous, and static shot-to-shot phase

differences between partial acquisitions will not occur. As can be observed in Fig. 7.2b, the use of
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SENSE acquisition with an acceleration factor of 2 increases the BW per pixel and allows for
shorter echo times, therefore improving the stability of the images with respect to motion-induced
distortions even at high resolution. In fact, with SENSE-EPI and 2-fold acceleration one can go
down to a voxel edge of 0.8 mm before distortions are of similar amplitude to what we observe at
1.25 mm voxel edge with SS-EPI. In addition, as observed in Fig. 7.1, phase encoding blurring
will not be an issue at a voxel edge of 0.8 mm for both BOLD and IRON contrasts. Two-fold
acceleration will also provide a slight increase in SNR with respect to single-shot EPI, but still

significantly reduced when compared to the SNR at a voxel edge of 1.25 mm.
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Fig. 7.2 a) Relative BW per pixel (solid line), relative voxel volume (long dashed line), and relative TE
(short dashed line) versus voxel edge for single-shot EPI with our MRI system. b) Relative BW per pixel
(solid line) and relative TE (dashed line) for SS-EPI (black lines) and SENSE-EPI with 2-fold acceleration
(gray lines lines). c) Relative SNR for SS-EPI (black solid line) and SENSE-EPI with 2-fold acceleration
(gray solid line). Also plotted is the relative voxel volume (long dashed line). All curves are relative to the
observed value at a voxel edge of 1.25 mm for SS-EPI. All the image parameters used with SENSE-EPI
with 2-fold acceleration were identical to SS-EPI.

Of course, SENSE acquisitions entail their own challenges. Fitting the required number of
coils around the small monkey brain in order to achieve homogenous full-brain coverage is a
technological problem. Other artifacts, particular to SENSE reconstruction, do exist, but results
already obtained in our lab at 7 Tesla (Hauke Kolster, personal communication), seem to indicate
this is the most effective road to follow in order to achieve higher spatial resolution.

At this point we are limited mainly by image resolution. Assuming we can surpass this
limitation and obtain an estimate of the vascular PSF on the order of what is expected in V1 from
psychophysics and invasive techniques, rigorous determination of the neuronal spread using
electrophysiology should be performed, and the neuronal PSF deconvolved from our measured

PSF in order to obtain a true measure of vascular spread.

7.4 Spatial Localization
Mandeville and Marota (1999) observed that the distribution of BOLD CNR shows a

significant dorsal shift with respect to IRON method, for somatosensory stimulation in
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anesthetized rats. This shift decreases with increasing field strength, and it was attributed to the
gradient of resting state blood volume across the somatosensory cortex and the different CNR
characteristics of the two image methods. They concluded that the IRON method has a more
uniform sensitivity to percent changes in functional indicators (CBV or dHb) across regions of
variable resting state CBV. Others have also found that IRON fMRI localizes activation to the
middle cortical layers, whereas BOLD foci are shifted toward the outer layers (Kennerley et al.,
2005).

However, IRON and BOLD contrasts may no longer show a tight spatial coupling at very
high resolution, where MRI tissue elements can no longer be assumed to be typical “well-mixed”
compartments showing very similar admixtures of arterials, capillaries, and veins. Assuming a
conventional resistive model of brain vasculature (e.g., windkessel model), arteriole vasodilation
reduces the pressure drop across that compartment, so additional pressure shifts to other
compartments and causes dilation in capillaries and veins. As the relative dilation in each
compartment depends upon the relative change in flow and the compliance characteristics of the
vessels, increased pressure across capillaries and veins facilitates a larger component of the flow
change in those compartments than in arterioles. In this way, the degree of dilation in each
compartment can vary considerably, with small arterioles dilating much more than other vessels.

We found that IRON contrast has better apparent spatial specificity than BOLD contrast in
our studies in macaques (Leite et al., 2002). With IRON contrast, activation was not detected in
and around large draining veins, contrary to BOLD contrast. In addition, we found tissue regions
showing BOLD signal with no IRON signal. The location of these tissue regions between large
activation volumes that were identified by both methods, together with a lack of activation found
by the IRON method, suggest that these regions are showing changes in oxygenation due to
drainage from the activated regions to the large venous structures. Nevertheless, no more research
was pursued in this direction during this thesis, as an accurate exploration of this issue requires
MION injections in the magnet for within session comparisons, which we cannot do at this point.

Zhao and colleagues have examined the cortical layer dependence of BOLD and CBV
responses. They found that GE and SE BOLD changes were spread across the cortical layers. On
the other hand, GE and SE CBV-weighted fMRI responses peaked at the middle cortical layer,
which has the highest experimentally determined microvasculature volume. The FWHM was < |
mm (Zhao et al., 2006). Nevertheless, this measurement of the FWHM may be limited by the
.cortical thickness in that region of the cortex (in humans, cortical thickness varies from 1 — 4.5

mm). In this case, this would be a good example of resolution set by the size of the structure,

126



regardless of hemodynamic regulation, and a true measurement of the vascular PSF could not be

derived.

7.5 Linearity

Previously to our work, the relationship between stimulus duration and the BOLD response
had been extensively studied (Boynton et al., 1996; Dale and Buckner, 1997; Friston et al., 1998;
Vasquez and Noll, 1998; Glover, 1999; Birn et al., 2001). Generally, responses to long duration
stimuli can be predicted approximately as time-shifted summations of the responses to shorter
stimuli of about 4 sec or longer in duration, whereas very brief stimuli produce larger responses
than predicted from a linear model. The nonlinearity in BOLD signal can arise from
nonlinearities between the stimulus and the neural response, the neural response and the
hemodynamics, or both.

Studies simultaneously measuring electrical activity and hemodynamic responses to stimuli,
had shown that different metrics of the neural response vary with the hemodynamic response in
an approximately linear manner over a restricted dynamic range (Ngai et al., 1999; Logothetis et
al., 2001).

In addition, CBF, as measured by arterial spin labeling, had been found to be more linear in
the temporal domain than BOLD signal in certain brain regions, consistent with the notion that a
major source of BOLD nonlinearity is the finite headroom for changes in deoxyhemoglobin
concentration (Mechelli et al., 2001; Miller et al., 2001)

Although no IRON fMRI studies had explicitly investigated neural response linearity at the
time we started the work presented in this thesis, the general linear model proved to accurately
describe data in a wide variety of stimulus paradigms (Leite et al., 2002; Leite and Mandeville,
2006), as described in Chapters 2 and 3.

Our assumption was further confirmed by Lu et al. (2005) who explicitly examined IRON
contrast linearity. Both superposition and scaling tests showed that IRON responses are generally
consistent with a linear time-invariant model. In particular, they showed that the response to a
stimulus of higher intensity can be scaled from that of lower intensity. However, significant
deviations exist when the stimulus duration is manipulated, particularly in the trailing edge of the
IRON response curves.

Recently, additional studies simultaneously measuring electrical activity and hemodynamic
responses to stimuli, have shown that different metrics of the neural response may also vary with
the hemodynamic response as a power law over a wide dynamic range (Devor et al., 2003; Sheth

et al., 2004) or as an inverse sigmoidal (Jones et al., 2004).
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Nevertheless, the work presented in this thesis again reinforces the utility of the linear model
to predict hemodynamic responses to neural activation, for both BOLD and IRON contrast

mechanisms.

7.6 Summary of unique contributions
While building on a respectful volume of previous findings in the anesthetized rat model and

in humans, unique contributions have been achieved in the awake non-human primate in the work
presented in this thesis.

We have found that, similarly to BOLD response, the IRON response is very linear across a
wide range of stimulus paradigms. Work performed by Lu et al. (2005) has also directly
confirmed our finding. This property of IRON and BOLD contrasts was the basis for all the
analysis performed in this thesis.

We provided the first quantitative demonstration of a large increase in detection efficiency in
awake monkey models by using an exogenous iron oxide contrast agent.

By measuring the hemodynamic response functions of BOLD and IRON contrasts across
different stimulus designs, we were the first to demonstrate the dependence of the sensitivity ratio
on stimulation paradigms for IRON contrast. Furthermore, from linear fits to the data across the
different paradigms, and using the dominant observed time constants, we were able to show that
IRON and BOLD signals were accurately described by two temporal components, and we could
also determine the strength of each component in each method of contrast.

We further showed that IRON contrast beats BOLD contrast for event-related designs at
clinical field strengths, and optimized the IRON to BOLD efficiency ratio by using different
distributions of event-types. We introduced a discrete measure of entropy, the Shannon entropy,
as an upper bound in predictability, and showed that small increases in predictability could be
traded for large increases in detection efficiency, particularly for the IRON contrast.

Our work constitutes, to date, the best demonstration of increased functional specificity of
IRON contrast relative to BOLD contrast. We observed that BOLD activation maps show
apparent draining artifacts in “tissue” regions, which are not shown in IRON activation maps.

We were the first to implement a parametric measurement of the point spread function for
BOLD and IRON constrasts. Our implementation is not set by anatomy or vascular topology, in
contrast with imaging functional units or cortical layers. We accounted for different sources of
blurring to achieve the smallest measures of IRON and BOLD PSF to date: we determined an

IRON PSF not larger than approximately 0.4 mm, and a BOLD PSF two times larger.
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