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Abstract

Functional neuroimaging with blood oxygenation level-dependent (BOLD) contrast has emerged
as the most popular method for evaluating qualitative changes in brain function in humans. At
typical human field strengths (1.5-3.0 Tesla), BOLD contrast provides a measure of changes in
transverse water relaxation rates in and around capillary and venous blood, and as such provides
only a surrogate marker of brain function that depends on dynamic changes in hemodynamics
(e.g., cerebral blood flow and volume) and metabolism (e.g., oxygen extraction fraction and the
cerebral metabolic rate of oxygen consumption). Alternative functional neuroimaging methods
that are specifically sensitive to these constituents of the BOLD signal are being developed and
applied in a growing number of clinical and neuroscience applications of quantitative cerebral
physiology. These methods require additional considerations for interpreting and quantifying their
contrast responsibly. Here, an overview of two popular methods, arterial spin labeling and vascular
space occupancy, is presented specifically in the context of functional neuroimaging. Appropriate
post-processing and experimental acquisition strategies are summarized with the motivation of
reducing sensitivity to noise and unintended signal sources and improving quantitative accuracy of
cerebral hemodynamics.

Introduction

Magnetic resonance imaging (MRI) has been widely applied over the past three decades to
obtain a more thorough understanding of the central nervous system. In addition to being an
excellent tool for structural tissue characterization, functional MRI (fMRI) can be used to
measure regional and global cerebral hemodynamics and to make inferences regarding
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neuronal activity (Buxton et al., 2004; Donahue et al., 2009a; Kim et al., 2004; Ogawa et al.,
1990; van Zijl et al., 1998). fMRI, which most commonly exploits blood oxygenation level-
dependent (BOLD) contrast (Ogawa et al., 1990), does not require exogenous contrast
agents and therefore is an invaluable tool for obtaining repeated functional measurements,
assessing longitudinal changes in brain function, and for probing pathophysiological
mechanisms in clinical scenarios where contrast agents may be contraindicated. As a result,
BOLD fMRI has emerged as the most popular method for assessing brain function with a
wide variety of clinical, pharmacological and neuroscience applications to date (Demirci et
al., 2008; Fox and Raichle, 2007; Hennig et al., 2003; Jezzard and Buxton, 2006; Li et al.,
2007; Martuzzi et al., 2010).

However, the BOLD fMRI signal is only an indirect marker of neuronal activity, arising
from complex neurochemical, metabolic, and hemodynamic modulations that occur
concurrently to both ongoing and stimulus-evoked neuronal activity (Figure 1). Specifically,
in stimulus-evoked experiments, BOLD contrast arises owing to a greater increase in
cerebral blood flow (CBF; ml blood / 100g tissue / min) relative to the cerebral metabolic
rate of oxygen (CMRO,; ml oxygen / 100g tissue / min), leading to an increase in
diamagnetic oxyhemoglobin relative to paramagnetic deoxyhemoglobin in capillaries and
veins (Buxton et al., 2004; Ogawa et al., 1990; van Zijl et al., 1998). In addition, low
frequency (<0.1 Hz) spontaneous BOLD fluctuations, which persist in the absence of
administered stimuli, are temporally correlated within known functional networks (Smith et
al., 2010) and with evoked brain responses (Donahue et al., 2012a), and have been reported
to be altered in a range of cognitive disorders (Fox and Raichle, 2007; Rogers et al., 2010;
Smith et al., 2010; Zhang and Raichle, 2010).

While much progress has been made in understanding the hemodynamic and metabolic
contributions to BOLD contrast, important gaps remain in our ability to relate BOLD signal
to underlying neuronal activity and neurotransmission. These gaps significantly hinder
interpretability of BOLD contrast in many applications as substantial variability in BOLD
responses exists between even healthy individuals (Donahue et al., 2010a; Kannurpatti et al.,
2011), partly accounting for why BOLD data remain largely qualitative in nature.
Understanding the physiological sources of this variability is crucial to using BOLD as a
tool for identifying quantitative differences in brain function between individuals and
conditions and for gauging functional response to disease and treatment. Furthermore, non-
MRI functional imaging approaches, such as positron emission tomography (PET), similarly
seek to infer neuronal conclusions from surrogate hemodynamic and metabolic contrast;
therefore, understanding the relationship between neuronal, hemodynamic and metabolic
activity is of relevance beyond BOLD fMRI.

The critical barrier to characterizing BOLD signal is that contrast is fueled by a variety of
sources, with few direct observables. However, alternative fMRI approaches specifically
sensitive to individual hemodynamic parameters (Lu et al., 2003; Williams et al., 1992) can
be applied in sequence with BOLD fMRI for more comprehensive investigations (Blicher et
al., 2012; Buxton et al., 2004; Chiarelli et al., 2007; Detre et al., 1992; Donahue et al.,
2009a; Gu et al., 2005; Kim et al., 2005; Lu et al., 2003, 2004b; Stefanovic and Pike, 2005;
Williams et al., 1992; Wu et al., 2010). Much work has focused on validating the contrast of
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these approaches with more established invasive techniques (Chen et al., 2008; Uh et al.,
2010) and multi-modal imaging is becoming increasingly feasible. Furthermore, multimodal
calibration procedures which incorporate independent measurements of hemodynamic
reactivity (Davis et al., 1998) or metabolic state (Lu et al., 2010) have shown potential for
characterizing BOLD signal variability.

This paper outlines considerations for quantifying CBF and CBV from the CBF-weighted
arterial spin labeling (ASL) and CBV-weighted vascular space occupancy (VASO) time
course, respectively. First, an overview of CBF and CBV regulation is provided, with a focus
on neurophysiology and the range of changes and temporal responses of these parameters.
Next, details regarding accurate quantification of CBF and CBV functional data are provided
as well as an overview of currently-accepted quantification models and physiological
parameters. The overall goal of this review is to summarize general guidelines for processing
functional CBF and CBV data, which may serve as a reference for investigators seeking to
complement or replace BOLD fMRI with these approaches.

Physiology of cerebral blood flow and volume regulation

Before detailing these methods and the relevant considerations, it is first useful to review the
physiological meaning of the parameters interest.

Oxygenated blood is delivered to the brain tissue primarily through the internal carotid
arteries (ICA) and vertebral arteries, which supply blood to the majority of anterior and
posterior brain parenchyma, respectively. In the absence of a moderate stenosis (e.g., luminal
narrowing of 50% or more), such blood is delivered at a high peak systolic velocity of up to
125 cm/s in the ICAs and 50 cm/s in the vertebral arteries (Seidel et al., 1999). As blood
enters the cerebral microvasculature, the blood velocity drops to approximately 10 cm/s for
arteries on the order of 1 mm in diameter and further to < 1 cm/s for small arterioles on the
order of <100 um in diameter (for a review see: (Piechnik et al., 2008)). Importantly, the
smooth muscle that lines arterioles permits relaxation and constriction of the arterioles to
meet the local energy demands of the surrounding tissue. These arterioles feed the capillary
bed (diameter of approximately 5-10 um) where restricted exchange between the blood and
tissue compartments is permitted; here, nutrients such as oxygen and glucose enter the tissue
and waste products such as CO, and other metabolic byproducts are taken up by the
capillaries and exit the brain through the venous system. While not a direct measure of
neuronal activity, changes in blood delivery, mediated largely by vasodilatory intermediaries
occurring as byproducts of elevated energy metabolism and neurotransmission, provide a
surrogate marker of changes in metabolic and neuronal activity under most conditions
(Guyton, 1977; Powers et al., 1985).

CBF describes the rate at which blood is delivered to tissue and is frequently measured in
units of ml blood / 100g of tissue / minute. Note that this is not a measure of blood flow
velocity (cm/s), which is frequently measured using quantitative phase contrast MR
angiography or ultrasound-based methodologies, but rather a tissue-level measure of the rate
of blood delivery to the tissue. Healthy adult gray matter CBF values are generally reported
in the range of 40-60 mI/100g/min, and white matter CBF values are reported in the range
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of 10-30 m1/100g/min or approximately 2-3 fold less than gray matter CBF values (Grubb
et al., 1974). Functional hyperemia in response to strong neuronal stimuli such as finger
tapping or visual flashing checkerboard is commonly reported in the range of 5-100%
(increase over baseline) for healthy parenchyma and is predominately localized to gray
matter parenchyma (Donahue et al., 2009a; Hua et al., 2011a; Huber et al., 2015b; Lu et al.,
2004b); for typical vascular stimuli such as mild hypercapnia (increases in arterial carbon
dioxide tension, PaCO,, of 10 mmHg or less), the CBF increases by approximately 1-2 ml/
100g/min per 1 mmHg increase in PaCO, (Grubb et al., 1974), however this response can
vary between subjects and with basal hemodynamic state.

CBYV describes the volume of blood within a brain region, and is most commonly reported in
units of ml blood / ml parenchyma (ml/ml). Typical gray and white matter CBV values are in
the range of 0.04-0.06 ml/ml and 0.01-0.03 mI/ml (Donahue et al., 2010b; Grubb et al.,
1978; Herold et al., 1986), respectively. The CBV within a parenchymal voxel is roughly
comprised of 30% arterial (e.g., pre-capillary; oxygenation levels of 0.95-1.00) and 70%
venous (e.g., post-capillary; oxygenation levels of 0.55-0.65) (van Zijl et al., 1998). The
CBYV response to hyperemia is largely coupled to the CBF response in healthy parenchyma,
and most commonly described by a power law relationship of CBV ~ CBF* where a is the
Grubb-coefficient, reported in the range of 0.38-0.50 (Eichling et al., 1975; van Zijl et al.,
1998).

Functional neuroimaging based on quantitative hemodynamic or metabolic contrasts, rather
than qualitative BOLD contrast, requires a fundamentally different perspective for how the
data are analyzed and interpreted. Specifically, while the goal of the majority of BOLD
fMRI analysis procedures is to maximize the statistical power of any detectable response,
frequently by titivating the data through various post-processing steps such as spatial or
temporal filtering, noise pre-whitening, and co-registration or resampling, the goal of
quantitative hemodynamic analysis is to accurately guantify the signal changes, which
provides a measure of quantitative CBF or CBV reactivity. As such, methods that may
increase the statistical significance of an evoked response, but fundamentally change the
underlying data, may be undesirable.

Quantitative functional neuroimaging measures of cerebral blood flow

(CBF) using arterial spin labeling (ASL)

ASL fMRI has emerged as a popular alternative to BOLD fMRI owing to its ability to
quantify a single physiological parameter in absolute units, namely cerebral blood flow
(CBF; rate of blood water delivered to tissue). As described in the previous section, CBF
changes are closely related to energy demand and therefore CBF provides a surrogate
marker of neuronal activity in most situations. CBF is also impacted by changes in cerebral
perfusion pressure secondary to arterial steno-occlusion, and, therefore, ASL has been
widely applied in the setting of cerebrovascular disease (Detre and Wang, 2002; Donahue et
al., 2012b) to identify abnormal neurovascular coupling mechanisms (Blicher et al., 2012;
Donahue et al., 2010a), flow territory asymmetry (Donahue et al., 2014c; Faraco et al.,
2015a; Hendrikse et al., 2005; Okell et al., 2013), and lateralizing steno-occlusive disease
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(Donahue et al., 2014a; Faraco et al., 2015a; Zaharchuk et al., 2011). In addition, ASL has
good correspondence with more standard, invasive clinical measures of disease severity such
as catheter angiography and gadolinium perfusion MRI (Donahue et al., 2012b; Warmuth et
al., 2003).

In ASL, arterial blood water is magnetically labeled using one or multiple radiofrequency
(RF) pulses (Williams et al., 1992), after which a delay time is allowed where the blood
water enters a region of interest and exchanges with tissue water. Due to the RF label, the
blood water will attenuate the tissue water signal after exchange. CBF-weighted contrast can
then be obtained by comparing this labeled image with an image where blood water is not
labeled. In functional experiments, ASL generally has higher timecourse stability than
BOLD fMRI for long duration block designs (Aguirre et al., 2002), and owing to its
quantitative and noninvasive contrast mechanism is ideally suited for evaluating longitudinal
changes.

Disadvantages of ASL fMRI primarily pertain to the much lower signal-to-noise ratio (SNR)
relative to BOLD as well as to the multiple ASL variants available and variations in
quantified CBF values obtained from these variants (Detre et al., 2009). Additionally, the
short delay time required (1-2.5s) limits the ability of ASL to detect blood with arrival times
of greater than approximately 2.5s, hindering the utility of this metric in subjects where
blood arrival times may be delayed due to pathology. However, owing to the large CBF
response for most functional stimuli (5-20 m1/100g/min for strong vascular or neuronal
stimuli), ASL contrast-to-noise ratio (CNR) is very similar to BOLD CNR, as BOLD signal
changes are on the order of a few percent only. In addition, the International Society for
Magnetic Resonance in Medicine (ISMRM) Perfusion Study Group very recently released a
white paper (Alsop et al., 2014) outlining optimal imaging parameters for the two most
practical ASL variants: Pulsed ASL (PASL) with QUIPSSII (Wong et al., 1998) and pseudo-
continuous ASL (pCASL) (Dai et al., 2008).

Here, confounds to the ASL signal and corresponding CBF quantification are summarized,
and their graphical impact on a simulated typical CBF response is shown in Figure 2. The
procedure that is recommended for removing these confounds in ASL data is summarized in
the following steps below and outlined in more detail in the following sections:

. Experimental. Acquire ASL data using long (>1600 ms) inversion time (TI)
pulsed ASL (PASL) or post-labeling delay (PLD) pseudo-continuous (pCASL).
The purpose of these waiting times is to allow for labeled cervical blood water to
have sufficient time to exchange with the tissue water in the capillary bed. In
subjects with high flow velocities (e.g., sickle cell anemia), this time may be
reduced to improve temporal resolution, whereas in individuals with longer
blood arrival times (e.g., arterial steno-occlusion or chronic ischemia), this time
may require lengthening. As the magnetic label decays with the 7; of arterial
blood water (approximately 1.7s at 3.0T), post-labeling waiting times longer than
2-2.5s at typical field strengths (e.g., 3.0T) are generally not recommended
owing to low SNR.
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. Experimental. Acquire a separate equilibrium magnetization (M%) image, which
has identical spatial resolution and readout as the ASL acquisition but long TR of
15-20s to ensure that the tissue component with the longest 7; (generally CSF;
3.0T 7;~4.3s) has recovered to equilibrium. Ensure that scanner gain, shimming,
and any scaling has not been reset between the ASL and M acquisition.

. Post-processing. Correct magnitude ASL data for motion using for example
standard affine routines, commonly used in BOLD fMRI. This step must be
performed prior to pair-wise subtraction or further processing.

. Post-processing. Perform pair-wise subtraction of the control and label images.
In the case of functional acquisitions where blood oxygenation level may vary
between control and label acquisitions (e.g., near the onset or cessation of
stimulus), such data should either be removed or corrected for blood oxygenation
level using surround-subtraction procedures described below.

. Post-processing. Perform quality control of each subtracted control/label pair, to
ensure that residual motion that was too substantial to be accounted for in the
above motion correction routines does not bias the corresponding time course.
Such motion artifacts may be present at a higher rate when a functional stimulus
(e.g., joystick movement, hypercapnic gas challenge, pain stimulus, etc.) begins
or ends.

. Post-processing. The time course of subtracted control/label pairs, i.e., the
difference magnetization, can be converted to CBF in absolute units of ml/
100g/min by applying the solution to either the simplified one-compartment
(Alsop et al., 2014) or two-compartment (Wang et al., 2002) flow-modified
Bloch equation and including the M. Assumptions regarding blood arrival time
may need to be considered and are outlined below, however these issues are
generally not incorporated into recently recommended simplified quantification
models.

. Post-processing. If multiple identical blocks of the functional stimuli are
repeated, block-average the CBF time course to improve SNR if desired.

. Post-processing. Evaluate the mean time course (e.g., mean of each individual
block stimulus) and ensure that CBF changes are within the range of expected
physiological changes (Table 1). Importantly, if the CBF changes are too large,
this is an indicator that there was an error in acquisition or post-processing, and
the above steps should be re-evaluated.

. Post-processing. If comparing CBF changes with BOLD or other functional
changes, it is important to analyze exactly the same voxels, as CBF, CBV, and
venous architecture may differ substantially between voxels. Common
approaches are to analyze only the subset of voxels meeting a defined activation
criterion in all functional acquisitions or rather to use an anatomical region-of-
interest. The former functional localizer approach will often bias the analysis to
voxels with larger venous contributions in BOLD data, whereas the latter
anatomical approach may underestimate hemodynamic responses if voxels that
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are not hemodynamically active are included. It is often useful to incorporate
both analysis approaches (Faraco et al., 2015b).

Below we include additional information on the post-processing steps and details of this
analysis, as appropriate ASL acquisition has recently been reviewed already (Alsop et al.,
2014).

Motion correction

Like with BOLD fMRI, motion is a concern and should be addressed in ASL experiments.

In many ways, ASL is even more sensitive to motion than BOLD as motion between control/
label pairs can result in very high subtraction errors and physiologically unreasonable CBF
values. Motion artifacts are discernable in the subtracted image and manifest frequently as a
bright ring around perimeter of the brain, which may encircle the entire brain or only a
fraction, depending on the direction of the motion. This issue should be considered with
more care in functional ASL data, as the signal at a given time point may be of interest. This
is in contrast to baseline ASL acquisitions that simply average over a long, repeated
acquisition of control/label pairs, in which mild motion artifacts may not be overly
detrimental to the final mean CBF map.

As unsubtracted ASL images are most commonly intermediate echo time (TE ~ 10-25 ms at
typical spatial resolutions) 7,*-weighted images, motion correction algorithms that have
been optimized for BOLD analysis (TE ~ 30 — 45 ms at 1.5T-3.0T) can also be applied to
the pre-subtracted ASL images reliably. Note that ASL images generally benefit from
shorter TEs where SNR is higher and sensitivity to susceptibility and BOLD effects is lower.
These algorithms generally focus on principles of affine, intramodal brain registration
(Jenkinson et al., 2002).

More recently alternative strategies have also been developed that focus on interrogating the
quality of subtracted control/label pairs and weighting corresponding block-averaged ASL
data based on a noise or motion estimate (Tanenbaum et al., 2015). Additional approaches
are being developed that use navigator images to prospectively correct for motion (Frost et
al., 2015; Zun et al., 2014); such navigators generally acquire only a fraction of k-space and
can be incorporated by adding little (<300 ms) or no additional scan time, thereby having
only a small influence on temporal resolution of the ASL acquisition. These prospective
motion-correction routines are not commonly incorporated into ASL acquisitions due to
expertise required in programming, however it is reasonable that such acquisition-based
corrections will become more standardized in the next several years.

Motion in the subtracted ASL images frequently manifest as a bright, contiguous artifact
surrounding the brain tissue. The images should be inspected for these artifacts, and if the
above correction procedures are insufficient to remove such artifacts, these specific control/
label pairs should be discarded as these data could bias true CBF responses.

The result of this first stage of post-processing should be a time-course of motion-corrected,
short-TE gradient echo images, with interleaved perfusion weighting.

Neuroimage. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Donahue et al. Page 8

Subtraction strategies

To convert the motion-corrected magnitude ASL data to CBF-weighted maps, it is necessary
to subtract the label image, where the lower blood water magnetization attenuates the tissue
water signal after exchange, from the control image, in which blood and tissue water
magnetization are near equilibrium. To achieve this, control and label images, which are
acquired sequentially, can be simply pair-wise subtracted in non-functional ASL scans. In
functional scans the situation is slightly more complex. Specifically, while the TE in ASL
acquisitions is relatively short (generally 10-25 ms in most single-shot gradient echo 2D EPI
acquisitions), this is a sufficient time to allow for BOLD effects to occur; e.g., increases in
capillary, venous, and surrounding tissue water 7,* secondary to fractional reductions in
paramagnetic deoxy-hemoglobin in capillary and venous blood water. Differences in blood
oxygenation level between sequential control and label acquisitions, which are separated in
time by 4-8s, may lead to artifacts in the resulting difference image, most noticeably near
the transition between stimulus or baseline conditions.

These effects have been investigated in detail and appropriate post-processing procedures
have been proposed, including surround subtraction approaches (Lu et al., 2006; Wong et al.,
1997). In these approaches, consecutive control images are either averaged or interpolated to
the time of the label image that is acquired in-between, with the intent of maintaining a
similar blood oxygenation level of the resulting combined control image and the label
image. This approach has been shown to reduce fluctuations in the ASL time course,
especially near the onset and cessation of stimulus. An example of this effect is shown
schematically in Figure 2.

The result of these first two-steps should be a motion-corrected and blood oxygenation-
corrected time course of CBF-weighted images.

ASL quantitation

One of the major advantages of ASL is that the data, if acquired and processed properly,
provides a quantitative physiological value (i.e., CBF in ml blood / 100g tissue / min) rather
than a more arbitrary 7,(*)-weighted signal intensity or z-statistic as is the case in BOLD
fMRI. Conversion of the acquired difference magnetization from the above two steps to
quantitative units of CBF requires application of the flow-modified Bloch equation, which
has been presented in detail in the literature for both continuous, pulsed, and pseudo-
continuous ASL variants (Alsop et al., 2014; Wang et al., 2002; Zhou et al., 2001). In this
approach, the z-component of the Bloch equation is modified to include a flow term, as well
as the arterial and venous longitudinal magnetization in the case of a single compartment
model, or an additional tissue component in the case of a two-compartment model. A recent
white paper by the ISMRM perfusion study group suggested that in most applications a
simplified single-compartment kinetic model is appropriate (Alsop et al., 2014), which
allows for the CBF to be solved for explicitly and eliminates the need for detailed estimates
of blood arrival time to be made which in principle can vary between subjects and have a
limited effect on CBF quantification over a typical range of recommended acquisition
parameters (e.g., long post-labeling delay times or inversion times). This simplified model is
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not accurate however if short waiting times after labeling are used, or blood water is
substantially delayed in arriving at the tissue, as the underlying assumption is that the
labeled blood water has had sufficient time to exchange with tissue water.

These equations can be written separately for pPCASL and PASL as,

PLD T
AM - Lb
CBF, .= o ‘ — / - 6000,
2-a-Tiy-|1-ce Tip
[1]
and
TI T
AM X-e 1Lb
CBF,,. = . - 6000.
PASL ]\10 Q.Q.le. [2]

Here, AM/My is the difference magnetization normalized by the separately acquired M,
map. If a separate M image is not available, it is possible to estimate the A from the
control image as the TR in such scans is long and gray and white matter magnetization are
near equilibrium. For this purpose, the control image can be divided by the term [1-
exp(-TR/Ty 1)], where TR is the repetition time and 77 y is the 7; of the tissue component
(Table 1). This procedure simply converts the steady-state magnetization to equilibrium
magnetization by accounting for the effect of the excitation pulse. PLD is the post-labeling
delay in pCASL experiments, whereas Tl is the inversion time in PASL experiments. In the
case of QIUPSS-11 PASL, Tl4 describes the time of the slab-selective saturation pulse that is
applied to control the blood water bolus duration. 77 y, is the 7; of blood water, a is the
labeling efficiency, and <is the pCASL labeling duration. 6000 is a factor that converts from
ml/g/s to more conventional units of mi1/100g/min.

In functional experiments, it is worthwhile to consider two potentially confounding factors
to these equations that are often neglected. First, the bolus arrival time (BAT; time for
labeled blood water to exchange with tissue water) and the velocity of blood in cervical
vessels may vary between baseline and stimulus conditions. The above, simplified equations
do not explicitly incorporate the BAT and assume that all blood water has had sufficient time
to exchange with tissue water. However, if the PLD or Tl is not sufficiently long to ensure
this criterion, the quantified CBF will be inaccurate. Furthermore, if functional stimuli
lengthen the BAT (e.g., such as hyperoxia or pharmacological stimuli), longer waiting times
may need to be incorporated.

Second, pCASL is especially sensitive to blood water velocity at the location of the labeling
plane, which generally occurs approximately 90 mm inferior to the corpus callosum near the
confluence of the vertebral and basilar arteries. Labeling efficiencies of approximately 85%
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are frequently assumed, however this value is most appropriate for blood water flowing at
healthy velocities (see Physiology of cerebral blood flow and volume regulation), and may
reduce if the flow velocity is elevated. This effect has been quantified for elevated flow
velocities secondary to anemia and reduced oxygen carrying capacity (Figure 3), and in
neuronal (Gonzalez-At et al., 2000) and vascular (Donahue et al., 2014b) functional
experiments, it has been shown that blood arrival times, and likely cervical velocities, will
adjust slightly as well (Figure 4). In fact, for strong neuronal stimulation it has been shown
that the reduction in BAT is nearly as large as the increase in CBF (Gonzalez-At et al.,
2000). Post-processing strategies have been proposed for correcting for the labeling
efficiency on a subject-specific basis. One strategy is to quantify the whole-brain CBF from
a quantitative velocity map of blood in the major feeding arteries (left and right ICAs and
vertebral arteries), integrate the velocity over the cross sectional area of the vessel to obtain a
map of total blood flow (ml/s), and normalize this value by the intracranial tissue volume
(Aslan et al., 2010). These data can be acquired relatively quickly in 30-120s (Liu et al.,
2014). In scenarios where blood velocities or BAT are anticipated to change substantially
between a baseline and activated condition, it may be useful to incorporate such procedures
into pCASL quantification models.

The result of the above steps should be quantitative CBF maps that span the duration of the
functional experiment. The temporal resolution of twice the scan TR results when
conventional pair-wise subtraction is used, however the temporal resolution can be restored
to one TR when surround subtraction is used.

Regional quantitation of ASL data

A final concern is related to the most responsible way to present functional ASL data. In
BOLD fMRI experiments, it is typical to show primarily spatial regions of activation,
frequently overlaid on a highresolution structural image or atlas. While this can also be done
in ASL, the process of co-registration and associated spatial smoothing will generally reduce
the CBF values by 5-10%, owing primarily to smoothing of the CBF values across gray
matter, white matter, and CSF. While this can still be useful for evaluating group-level
differences visually, or performing spatial statistical tests, these analyses should be applied
with caution when the populations may have differing levels of atrophy that could in turn
influence the final quantified CBF maps.

It is also useful to show the associated CBF time course (Figure 5 and 6) for two reasons.
First, it ensures that the measured CBF responses are within a physiologically meaningful
range, reinforcing the credibility of the data and the specific acquisition and post-processing
pipeline. Second, temporal features of the CBF response, such as onset or reduction times,
or potential post-stimulus compensatory effects can be evaluated, which may provide
additional information beyond simple magnitude responses (Ances et al., 2009; Donahue et
al., 2009c; Lu et al., 2004b).

Frequently time courses are compared between functional imaging modalities, such as
BOLD and ASL, and voxel selection is required. This can be achieved by either using
statistical thresholds for activation (e.g., from a t-test, cross-correlation test, or similar), from
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commonly-available mathematical or fMRI processing toolboxes, or alternatively using an
anatomical region-of-interest (e.g., all occipital gray matter). If statistical methods are used,
it is important to adjust the pipeline from a typical BOLD analysis, which may involve
spatial smoothing or noise pre-whitening, both of which are intended to maximize statistical
efficiency but may alter the underlying quantitative CBF values. An additional concern in
statistical testing is that the voxels selected will be inherently biased by composition. For
instance, BOLD voxels with the highest t-statistics will almost always also contain larger
venous blood volume fractions, and spatial regions of high venous blood oxygenation
changes may not always co-localize well with regions of high CBF (which is more closely
localized to capillary vasculature). Therefore, alternative anatomical regions-of-interest may
be used. With anatomical regions-of-interest, there is less bias for the vascular compartment
in principle, but it is possible that regions of limited or no activation may be included. Both
regional analyses are useful to consider depending on the application and it has been shown
that quantitative oxygenation levels and relaxation times can vary considerably depending on
the analysis procedure that is selected (Faraco et al., 2015b).

Experimental considerations for maximizing functional ASL sensitivity

CBF functional imaging using ASL most commonly incorporates long block stimuli, rather
than eventrelated stimuli, largely due to the low SNR of a single control/label difference
imaging and the necessity to average multiple images to obtain sufficient SNR. Keeping in
mind that a typical ASL difference image requires on average 4-8s to obtain (due to the long
waiting times, associated TRs, and requirement for a control and label image; i.e., two TRs),
such functional block periods are typically on the order of 30s or more depending on the
SNR of any given image.

SNR can be increased considerably through the use of background suppression. In
background suppression, multiple inversion pulses are applied between the labeling period
and readout excitation pulse, and are appropriately spaced in time so as to maintain the
longitudinal component of the tissue magnetization (two pulses for gray and white matter)
near zero while not influencing substantially the state of the inflowing blood water
magnetization (Mani et al., 1997; Ye et al., 2000). This maintains the CBF weighting but
reduces the static tissue signal drastically and results in the subtraction of two small images,
instead of two large images, to obtain the CBF weighting. Background suppression has been
investigated in detail and has been shown to reduce the temporal instability of ASL images
by 50% (Mani et al., 1997; Ye et al., 2000), which can be exploited to either reduce the
overall number of averages required in typical ASL acquisitions or improve the
interpretability of any one image in a function run. This improvement may allow for
temporal characteristics of the CBF response, such as CBF onset time and any possible
reduction below baseline or changes in response time after stimulus cessation, to be
interrogated in more detail.

There are two general considerations when applying background suppression. First, in
pCASL labeling schemes, background suppression pulses reduce the labeling efficiency
from approximately 85% to 80% for typical cervical flow velocities. However, this small
reduction in SNR is more than compensated for with the large increase in temporal stability.
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Second, the background suppression pulses are intended to null the tissue magnetization at
the time of the excitation pulse. For some 3D readouts, such as 3D GRASE (Gunther et al.,
2005), there is a single excitation pulse followed by a subsecond whole-brain readout, and as
such the tissue suppression is identical for all slices. For 2D EPI readouts, where the slice-
specific excitation pulses are separated in time (by generally 20-40 ms for typical spatial
resolutions and parallel imaging factors), the tissue suppression, and correspondingly the
SNR, will vary by slice location with the slices acquired first having the highest SNR and
the slices acquired last having the lowest SNR. For this reason background suppression is
generally recommended for 3D readouts, but additional considerations regarding the above
confounds must be taken into account when applying this in 2D EPI readouts. Strategies to
address this confound could be related to altering the order of the slice acquisition across
measurements or adjusting the tissue null point to correspond more closely with the middle
slice rather than with the first slice; however, these alternative strategies have not been
investigated in great detail.

The above experimental considerations, namely incorporation of background suppression
pulses and/or higher SNR 3D readouts, are useful considerations when planning functional
ASL experiments, as both sequence adjustments will improve the SNR of a single control/
label pair, thereby improving the interpretability of CBF time course dynamics.

Quantitative functional neuroimaging of cerebral blood volume (CBV) using

vascular space occupancy (VASO) MRI

While CBV is frequently assumed to be closely coupled to CBF through the Grubb
relationship, a range of values for such coupling indices have been reported, and therefore
independent measures of CBV are of interest in quantitative functional imaging experiments.
Additionally, a range of autoregulatory arteriolar increases in CBV are possible in many
pathological conditions, especially arterial steno-occlusive disease where microvascular
CBV may increase to maintain perfusion in the presence of proximal arterial steno-occlusion
and reductions in cerebral perfusion pressure. As such, the extent of CBF and CBV
uncoupling may provide a valuable indicator of tissue compensation adequacy and even
stroke risk (Derdeyn et al., 2002).

VASO fMRI has been proposed as a method for obtaining CBV-weighted contrast
noninvasively /n vivo (Lu et al., 2003; Lu and van Zijl, 2012). In VASO, the blood water
signal is nulled and the resulting image is derived from extravascular water only.
Vasodilatory CBV changes are inferred from changes in measured extravascular signal
(Figure 7), which will reduce for vasodilation and increase for vasoconstriction. Much work
has focused on understanding the origins of VASO contrast, and issues regarding blood
water inflow and exchange (Donahue et al., 2009b; Hua et al., 2013; Lu, 2008), nulling
times (Donahue et al., 2009b), partial volume contributions (Donahue et al., 2009a; Donahue
et al., 2006), and multi-slice imaging (Donahue et al., 2009a; Huber et al., 2016a; Huber et
al., 2014b; Lu et al., 2004c; Poser and Norris, 2009; Scouten and Constable, 2007), are how
better understood. Recently, elegant applications of VASO at the high field strength of 7.0T
have shown promise for improving functional localization relative to BOLD fMRI (Hua et
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al., 2013; Huber et al., 2014a; Huber et al., 2014b; Huber et al., 2016b) and for probing
mechanistic differences in hemodynamic properties across cortical layers (Huber et al.,
2015b). Validation studies have been performed comparing VASO contrast with more
established monocrystalline iron oxide nanoparticle (MION)-CBV (Jin and Kim, 2006),
PET CBV (Uh et al., 2010) and gadolinium-CBV (Donahue et al., 2010b) approaches,
reinforcing the CBV-weighted sensitivity of VASO.

The popularity of VASO for fMRI has not grown beyond specialized centers and therefore it
is not nearly as widely used for CBV mapping as ASL fMRI is for quantitative CBF
mapping. However, owing to the relative paucity of methods for noninvasive /in vivo
quantification of CBV in humans, VASO is currently the most popular noninvasive approach
for CBV mapping, and a review of VASO acquisition and development has recently been
published (Lu and van Zijl, 2012). Here, an overview of the VASO contrast mechanism and
relevant considerations for quantifying and interpreting the VASO signal in the context of
functional MRI experiments will be presented.

VASO acquisition considerations

In VASO, the blood water nulling is achieved through principles of inversion recovery;
specifically, following non-selective adiabatic inversion, an image is acquired at the time
when the longitudinal component of the blood water magnetization is near zero. In this
sense, it is very similar to fluid-attenuated inversion recovery (FLAIR) MRI with the key
difference that the inversion time is chosen to null the blood rather than cerebrospinal fluid
(CSF) signal. As tissue water 77 is shorter than blood water 7; (Table 1), there will be
residual longitudinal magnetization of 10 — 20 % of M, at the time of blood water nulling.
The magnitude of the tissue signal, and in turn corresponding SNR, will vary with the TR
and TI choice (which can be adjusted together to keep the steady-state blood water signal
nulled).

In fMRI conditions, short TR and TI groupings (e.g., TR=2000 ms and TI1=711 ms) can be
chosen to improve temporal resolution, however it has also been shown that such short TR
scans are sensitive to inflow of fresh blood water as well as potential perfusion effects
(Donahue et al., 2006). The former effect is due to the steady-state blood water nulling time
being much shorter than the equilibrium blood water nulling time for short TRs, and
therefore short TR being especially sensitive to any fresh blood that may flow into the slice
over the course of the inversion time or in subsequent scans and which therefore may not be
at steady state. Note that for cases with large volume transmit coils or with animals that may
fit into the entire transmit coil, this artifact is reduced. Regarding perfusion effects, it has
been shown that long TR choices can reduce the magnitude of perfusion-mediated exchange
effects, and these contributions have been investigated in detail in simulation and
experimental studies (Donahue et al., 2006). For the combined reasons, pure CBV contrast
from VASO data is more interpretable for long TR/TI combinations (e.g., TR=5000 ms or
greater); however the tradeoff is that the temporal resolution of the experiment is much
poorer, and as such it is difficult to obtain multiple images during short block fMRI
acquisitions or to interrogate subtle temporal features of the CBV response. To minimize
artifacts related to this effect, a magnetization reset module consisting of a nonselective
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saturation followed by a dephasing gradient may be added to the end of the readout to
reduce the effect of inflowing fresh spins (Lu, 2008). Additionally, a motion sensitized
driven equilibrium module can be placed after the inversion and prior to the readout (Hua et
al., 2013). This module includes 90 degree (flip down) and —90 degree (flip back) pulses
surrounding refocusing pulses, which serve to destroy the phase coherence of moving spins.
When these additions are included, shorter TR values (TR=2000 ms and 3000 ms) can be
used with low inflow effect; appropriate imaging choices can be made depending on the
physiological or functional question of interest. Many recent VASO studies use a
combination of these inflow correction procedures (Cheng et al., 2015; Hua et al., 2013;
Huber et al., 2015b).

VASO quantitation considerations

Unlike ASL, VASO does not provide an absolute baseline map of CBV, but rather signal
changes in response to a stimulus are interpreted as a surrogate of CBV changes. The
changes can be interpreted as absolute CBV changes in units of voxel volume (i.e., ml blood
change per ml of tissue) as has recently been described for CBV mapping using exogenous
contrast agents (Kim et al., 2013) or VASO (Huber et al., 2015a), or in-line with earlier
theory papers by normalizing by a baseline CBV value (CBV) to report a fractional change
in units of ml blood / ml parenchyma. The theory of such relative VASO signal changes has
been presented in the original VASO manuscript (Lu et al., 2003) and expanded to include
perfusion and partial volume contributions in subsequent studies (Donahue et al., 2006); the
most relevant aspects are summarized here.

For a series of consecutive adiabatic inversion pulses, the steady-state solution to the
zcomponent of the Bloch equation can be written,

M, j=My(1 — 2¢ " T1/T0i 4o~ TR/TL5) for j=tissue, blood, or CSF, [3]

where M, j is the longitudinal magnetization of tissue component j, M is the equilibrium
magnetization, TI is the inversion time (time between adiabatic inversion and excitation),
7y is the longitudinal relaxation time of tissue component /, and TR is the repetition time.

The transverse component of the magnetization can be written simply as,

—-TE/TY)

My j=c¢ 4 j=tissue, blood or CSF, [4]

where TE is the echo time and 75,(*); is the transverse relaxation time (spin echo) or
effective transverse relaxation time (gradient echo), depending on which acquisition is used.

At typical spatial resolutions of 2-5 mm (X, y, and/or z dimension), cortical voxels will
partial volume with tissue (gray and white matter), CSF, and blood and the total signal (S)
can be written explicitly in terms of these components:
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S=Xtissue * Stissue+XcsF : SCSF +Xblood * Shlood; [5]

for

Stissue=Clissue M Jtissue ']\/[zy,tissue = (Cparenchyma -Cy-CB V) M, Jtissue 'A[zy,tissue , [6]

SCSF:CCSF .]\/{zA,CSF .]\/[:L‘yA,CSF’ [7]

and

Sblood=0.  [8]

While CSF is not always incorporated into VASO quantification models, the CSF fraction
can be large at typical spatial resolutions of 2-5 mm, and the CSF signal in long TR VASO
acquisitions will be large and may even relocate between voxels between rest and activation
scenarios. The CSF signal itself can be reduced in so-called VASO-FLAIR acquisitions
(Donahue et al., 2009a; Donahue et al., 2006), in which a double-inversion recovery is used
to simultaneously null both blood and CSF water, albeit at the cost of SNR of the tissue
(Figure 7). CSF can also be eliminated in separate scans and the data combined post-hoc
(Scouten and Constable, 2008). Furthermore, the voxel fractions of tissue and CSF can be
estimated from separately-acquired 71-weighted scans at an identical spatial resolution, and
application of freely-available 7;-segmentation routines which exploit hidden Markov
random field model and an associated Expectation-Maximization algorithm and are used
commonly in fMRI and tissue volume segmentation studies (Zhang et al., 2001).

The CBV is most commonly quantified in VASO fMRI studies by recording the signal
change in VASO from a baseline (Sg) and stimulated (Sqp,) state,

ﬁ (Stissue,on +S(jsp_(,n> - (Stissue,(] +SCSF10>

SO <Stissuc,0+SCSF70> . [9]

Note that in the equation above, the blood signal has been omitted as this term is selectively
nulled in the VASO experiment. The CBV can be estimated from the above equation with
knowledge of the CSF volume fraction and relaxation times. If the CSF component is
omitted or selectively nulled in a VASO-FLAIR experiment, then Equation 9 simplifies to,

AS Cy- ACBV

S_O Cparaenchyma - Cy - C’BVO. []_O]
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Cparenchyma @nd G, are constants which are known (Table 1) and are not expected to change
between a baseline and stimulated state, leaving only the ACBV (CBV,,-CBV() and CBV,
as unknowns. CBV is generally assumed in VASO experiments to be 0.047 — 0.055 ml/ml
and in turn the CBVqy, is solved for. More recent VASO variants which include a subtraction
component have been proposed, and permit estimation of the CBV term as well; these
variants are discussed below.

Parameters used in these models are summarized in Table 1 and are also broadly applicable
to ASL quantification procedures.

Inflow vascular space occupancy (iVASO)

The traditional VASO approach, described above, is achieved by performing a non-selective
adiabatic inversion, which inverts all magnetization, and an image is acquired when the
blood water magnetization is near zero but the tissue water magnetization is slightly positive.
However, this method has inherently low SNR as the tissue water magnetization, even in
conditions of long TR and equilibrium conditions, will reach a maximum value of
approximately 20% of A, for typical field strengths of 1.5T-3.0T.

To increase the SNR, it is possible to substitute the non-selective adiabatic inversion for a
slice-selective inversion inferior to the imaging volume in a so-called inflow VASO (iVASO)
sequence (Hua et al., 2011a). Following this slice-selective inversion, inverted blood water
will flow into the imaging volume and an image can be acquired at the null point of the
blood water. Here, the static tissue water magnetization is not influenced by the inversion
pulse, and therefore the tissue water magnetization is near equilibrium (attenuated only by
the steady state effects of the excitation pulse) and the SNR is considerably higher. This
approach has been used in functional experiments to improve SNR of single VASO images
considerably, and has even been applied to interrogate differences between arterial and total
CBYV dynamics (Figure 8) (Hua et al., 2011a). The limitation of iVASO is that the contrast
may be very sensitive to blood arrival time, and it is important to ensure that the blood water
has had sufficient time to fill the capillary bed, but not yet to exchange with tissue water
(e.9., perfuse). However, iVASO experiments performed at multiple inversion times have
been performed and shown to be approximately arterial CBV weighted for appropriate
imaging parameters (inversion times = 700 — 1100 ms) (Hua et al., 2011a; Rane et al., 2016).
It should also be noted that while the blood signal in the iIVASO experiment remains nulled,
as in traditional VASO, the tissue signal will follow a saturation recovery rather than an
inversion recovery, which should be taken into account during quantification. The details of
this quantification procedure, including assumptions regarding blood arrival time and
vascular transit times, has been outlined in elegant detail in the literature (Hua et al., 2011a).

Finally, both VASO and iVASO acquisitions are fundamentally limited by the fact that,
similar to BOLD, they do not provide a quantitative map but only a physiologically-
weighted signal. Magnitude VASO and iVASO images are fundamentally 7;-weighted (and
moderately 75-weighted at 3.0T) images from which quantitative CBV information must be
inferred by applying a model and assuming a baseline CBV. In more recent studies, iVASO
experiments have been interleaved with images in which inflowing blood water is not
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inverted, and the difference contains information on absolute arterial CBV (Figure 9). This
so-called iVASO with dynamic subtraction (iVASO-DS) approach is similar in many ways
to ASL in acquisition, as images with and without blood attenuation are interleaved,
however the difference is that iVASO-DS acquires images prior to blood water exchange
with tissue, whereas ASL acquires the images after (Donahue et al., 2010b; Hua et al.,
2011b). The iVASO-DS theory has been outlined in detail (Hua et al., 2011b), and this
method has been compared with more standard contrast-based CBV approaches in patients
with arterial steno-occlusive disease (Donahue et al., 2010b). In principle, sequential ASL,
iVASO-DS, and BOLD acquisition should allow for CBF, CBV, and blood oxygenation level
to be extracted when all methods are applied with appropriate imaging parameters and
postprocessing considerations.

Post-processing of VASO and iVASO functional data

Analyzing the VASO signal involves a similar range of steps as BOLD analysis, with several
small exceptions. First, data are motion corrected. Algorithms optimized for motion
correction of BOLD data perform well, and the same algorithms as described in the ASL
section above can be applied. Second, the time course of the VASO signal is calculated.
Similar to ASL, this can be achieved either in an anatomical region-of-interest or in voxels
meeting statistical activation criteria. If statistical activation maps are of interest, general
linear models can be applied, very similar to BOLD analysis, with the exception that
activation for vasodilatory stimuli will reduce the signal. This is due to nulling of the blood
water compartment which then expands during the functional stimulus and reduces the
detectable extravascular water signal. Therefore, if t-statistics or z-statistics are calculated by
comparing the data time course with a regressor, negative statistical thresholds should be
evaluated for vasodilatory responses. The signal change is calculated by comparing the
difference between the activated data points and the baseline data points, generally
excluding at least one TR immediately after the onset and 2-3 TRs after cessation of the
stimulus; this is to ensure that the signal has had sufficient time to either reach its activated
or baseline level. At typical spatial resolutions available at 1.5T-3.0T (Figure 8), it is
generally found that the CBV-weighted VASO signal increases slightly (1-3s) before the
BOLD response, and for block stimuli of 20-40s, returns to baseline quickly (5-10s) after
stimulus cessation, during the period of the BOLD post-stimulus undershoot (Donahue et al.,
2009c; Hua et al., 2011c; Lu et al., 2004b). However, recent data in somatosensory and
motor cortex of anesthetized rats have shown that the BOLD effect may increase much more
quickly (e.g., < 1s) and varies with cortical depth (Yu et al., 2014); similar VASO
experiments in animals at ultra high spatial resolution (approximately 0.5 mm in-plane) as
well have shown faster CBV responses to stimulation that also vary with cortical depth
(Huber et al., 2015b), and the BOLD return to baseline also may be cortically-dependent
(Siero et al., 2015). Therefore, these trends may vary considerably depending on region
considered and spatial resolution employed. Finally, this signal change can be converted to a
CBYV change using the equations outlined in the quantification section above.

Recently, very elegant work has demonstrated the potential of using VASO at the high field
strength of 7.0T (Hua et al., 2013; Huber et al., 2014a; Huber et al., 2014b; Krieger et al.,
2015), and new insights regarding neurovascular coupling and laminar hemodynamics have
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been elucidated as a result of these data (Figure 10). Advantages of performing VASO at
very high field strength relate to the higher SNR, but disadvantages are that BOLD effects
will increase with field strength (Donahue et al., 2011; Duong et al., 2003). Therefore, even
for relatively short TEs of 10 ms or less, the extravascular BOLD effect (increases in tissue
water 7,* secondary to capillary and venous blood oxygenation increases) will confound
and even overwhelm the negative vasodilatory VASO signal change. These BOLD effects
are frequently ignored at 3.0T, as extravascular BOLD effects are 30—40% smaller at 3.0T
relative to 7.0T, and at a short TE of 10 ms or less relatively small compared with the larger
1-5% VASO signal reduction. At 7.0T, it is possible to quantify these BOLD effects and
simply factor this component out of the VASO signal equation (Huber et al., 2014b). The
details of this procedure have been outlined in the literature (Huber et al., 2014a; Huber et
al., 2014b), and must be incorporated if VASO is performed at very high field strength.

Concluding remarks

BOLD fMRI has transformed the field of human functional neuroimaging, largely due to its
noninvasive nature and relative ease of implementation for functional mapping with good
temporal resolution and spatial coverage. However, BOLD fMRI continues to suffer from
multiple hemodynamic and metabolic contributions, which is why it remains largely
qualitative in nature. CBF-weighted ASL and CBV-weighted VASO fMRI have emerged as
alternatives to BOLD fMRI and are appealing due to their sensitivity to individual
physiological parameters when appropriately implemented. These methods can also be
performed quickly in sequence with BOLD and other methods for a more thorough
understanding of cerebral physiology. The acquisition procedures for these methods have
been outlined in detail in multiple reviews, however there are fewer succinct summaries of
the relevant considerations and post-processing procedures that are necessary to responsibly
analyze these data in functional experiments. This review is intended to provide such an
overview and to outline the range of accepted procedures for quantifying CBF and CBV
changes from these emerging alternative functional neuroimaging methods.
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Figure 1. Physiology of blood oxygenation level-dependent (BOLD) functional magnetic
resonance imaging (fMRI)

Blood is delivered to brain tissue from the arteries nearly 100% oxygenated ( Y;=1.00), after
which restricted exchange occurs in the capillary bed, where oxygen and glucose move into
the tissue and waste products such as CO, move from the tissue to the blood compartment
and flow out through the venous system. The cerebral blood flow (CBF) describes the rate
that the blood water is delivered to the tissue (ml blood / 100g tissue / minute), whereas the
cerebral blood volume (CBV) describes the fraction of blood in a given brain region per unit
brain volume (ml blood / ml parenchyma). Here both arterial (aCBV) and venous (vVCBV)
CBYV are depicted. At baseline, on average an oxygen extraction fraction (OEF) of 30-40%
leads to a venous blood oxygenation level ( Y;) of 60-70% in healthy brain. During periods
of elevated neuronal activity, the cerebral metabolic rate of oxygen (CMRO,) increase is
outweighed by the CBF increase, leading to a slight elevation of Y;. As oxyhemoglobin is
diamagnetic (induces only a small magnetic field in the presence of an external field, Bg)
and deoxyhemoglobin is paramagnetic (induces a larger local magnetic field in the presence
of By), this fractional increase in Y, leads to a lengthening of blood water and surrounding
tissue water 75(*), thereby increasing the MRI signal, a phenomenon known as the BOLD
effect. Importantly, the BOLD effect depends on multiple hemodynamic and metabolic
parameters (e.g., OEF, CBF, CBV, and CMRO), and therefore quantitative functional
imaging frequently requires additional measurements of these parameters using alternative
fMRI approaches.
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Figure 2. Salient arterial spin labeling (ASL) post-processing steps for simulated data, shown
here for a pseudo-continuous ASL labeling scheme

For each panel (A-F), the left plot shows sequentially acquired control and label data,
whereas the right panel shows subtracted data (e.g., control — label unless otherwise stated
normalized by the equilibrium magnetization: AM/Mg). (A) Sequentially-acquired control
and label ASL scans demonstrate that at typical CBF levels, the label acquisition is
approximately 0.5% less than the control acquisition, however the absolute difference may
vary between approximately 0.25% and 2% depending on the ASL acquisition used and
level of perfusion. In the absence of a stimulus, the difference magnetization acquired from
pair-wise subtraction is stable and unchanging. (B) In the presence of a vasodilatory
stimulus, the CBF will increase, thereby attenuating the label image further, and a resulting
increase in AM/Mg is observed during the stimulus, which scales with the degree of
hyperemia. (C) A more realistic time course, which contains contributions from motion,
thermal and physiological noise, and blood oxygenation changes. Motion manifests as large
increases or decreases in the signal; noise as temporal signal variations due to cardiac or
respiratory fluctuations (<1 Hz), as well as thermal noise; and blood oxygenation changes as
increases in both the control and label signal intensity due to 7>(") reductions. (D) The data
from (C) following motion correction, which reduces the largest fluctuations in the time
course. (E) If the experiment is repeated, noise contributions will reduce upon averaging
(shown here for five averages). (F) Large signal transitions near the onset and cessation of
the stimulus are due to transient blood oxygenation differences between control and label
pairs. When a surround subtraction approach is applied, these errors are reduced. The fully-
processed (motion, block-averaged, and BOLD-corrected) time course in (F) closely
resembles the ideal time course in (B).
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Figure 3. Effect of changes in cervical flow velocity on pseudo-continuous arterial spin labeling
(pCASL) labeling efficiency and quantified cerebral blood flow (CBF)

Typical pCASL labeling pulse trains are optimized for a healthy range of mean (over
diastole and systole) cervical velocities. However, in pathology (e.g., internal carotid artery
stenosis, altered cardiac output, etc.) or in response to pharmaceutical or even strong
neuronal challenges, these velocities may change. This will influence both the bolus arrival
time (e.g., Figure 5) but also the pCASL labeling efficiency. (A) How the relative error
(difference between true and measured CBF) changes with increasing mean cervical flow
velocity, along with subjects with healthy (B) and (C) elevated mean cervical flow velocity

secondary to elevated cardiac output.
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Figure 4. Functional cerebral blood flow (CBF) and bolus arrival time (BAT) values at baseline
and in response to a mild vascular stimulus of hypercapnic normoxia (5% CO»> / 21% O2 / 74%

N2)

(A-B) CBF and BAT maps from 12 healthy adults show increases in CBF and decreases in
BAT during the vascular stimulus. The changes are regionally-dependent (C-D), with CBF
values in gray matter being larger and BAT values smaller after correction for partial volume
contributions (white matter and CSF). Additional information on these values can be found

in (Donahue et al., 2014b) and references therein.

Neuroimage. Author manuscript; available in PMC 2018 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Donahue et al. Page 30

Stimulus

0.03
8 02 BOLD
g mHe (motor)
E (visual)
© 0.01
(o]
5
@ 0.00 pgasd -

-0.01

0 20 40 60 80 100
Time (s)
Stimulus

0.8
o 0.60 CBFw
ob (motor)
£ 040 (visual)
@)
= 0.20
5
@ 0.00 H}*- - oy -

20 40 60 80 100
Time (s)

Stimulus

CBVw
(motor)
(visual)

20 40 60 80 100
Time (s)

Figure 5. Multi-modal functional MRI (fMRI) with (A) qualitative blood oxygenation level-
dependent (BOLD), (B) cerebral blood flow (CBF)-weighted (CBFw) ASL, and (C) cerebral
blood volume (CBV)-weighted (CBVw) VASO

Images are from a single subject performing simultaneous visual stimulation (flashing blue/
yellow checkerboard at 8 Hz) and right-handed joystick movement at a frequency of 1 Hz.
Activation in visual cortex (red) and motor cortex (blue) is discernable in all imaging
modalities; the corresponding time courses allow for interrogation of the temporal and
quantitative hemodynamic properties of the brain response to these stimuli. The clinical
relevance of such multimodal imaging is shown in Figure 6. Additional information on these
signal characteristics at 3.0T can be found in (Donahue et al., 2009a; Hua et al., 2011c; Lu et
al., 2004b)
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Figure 6. Data showing the potential utility of multi-modal quantitative functional neuroimaging
for detecting altered hemodynamic relationships following stroke

(A) Activation maps in response to a unilateral joystick task for controls (n=11) and chronic
stroke patients (n=11) following middle cerebral artery (MCA) territory ischemic stroke. In
controls, activation is largest in the hemisphere contralateral (cont) to the moved hand; in
patients movement always occurred with the paretic hand, yet activation is less well
localized to primary motor cortex, consistent with remapping of motor function to new
cortical regions. A block-averaged time course for (B) a control subject and (C-D) two
different chronic MCA-territory stroke patients. Gray areas depict the stimulus period. For
the control, a robust BOLD change (P<0.05) is observed with normal cerebral blood flow-
weighted (CBFw) (P<0.05) and cerebral blood volume-weighted (CBVw) (P<0.05)
reactivity. Alternatively, despite similar stroke types (right MCA territory; residual bilateral
steno-occlusion), Patient A (Fugl-Meyer=37) is less-impaired than Patient B (Fugl-
Meyer=51). In Patient A, CBF reactivity is maintained throughout motor cortex (red curve)
by large autoregulatory increases in CBV (green curve), but negligible CBF reactivity is
observed in Patient B. The BOLD response, which is negative or negligible in both patients,
cannot explain the differences in motor function. Data demonstrate how multi-modal
imaging can be used to explain differences in motor impairment for similar stroke
extensions. Additional information in a larger patient cohort can be found in (Blicher et al.,
2012).
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Figure 7. Principles of vascular space occupancy (VASO) functional MRI (fMRI)
(A) In conventional VASO, following a non-selective inversion, an image is acquired when

the blood water signal is nulled, but the residual gray matter (GM), white matter (WM), and
cerebrospinal fluid (CSF) signal is positive (owing to differing 77; Table 1). (B) An
additional inversion pulse can be added to simultaneously null the CSF signal in VASO-
FLAIR. (C-D) Short TR VASO fMRI during a flashing checkerboard stimulus shows
limited CSF signal and large negative signal changes. (E-F) Long TR VASO shows much
higher residual CSF signal and smaller signal changes. Both blood inflow effects and partial
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volume effects can be considered in cerebral blood volume (CBV) quantification models.
Additional information on VASO and VASO-FLAIR implementation can be found in
(Donahue et al., 2006; Huber et al., 2016a; Lu et al., 2003; Poser and Norris, 2009).
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Figure 8. Evaluating the hemodynamic response to visual stimulation using 3.0T MRI
Mean time courses of cerebral blood flow (CBF, square), cerebral blood volume (CBV;

circle), arterial CBV (aCBV; triangle), and blood oxygenation level-dependent (BOLD;
cross) evolution during visual stimulation (flashing checkerboard) acquired at 3.0T from
ASL, iVASO, and BOLD data. Time courses were first averaged over four repeated blocks
of stimulation and subsequently over 10 healthy adults. Error bars represent inter-subject
standard deviation. These data suggest that at intermediate field strength (e.g., 3.0T) and
typical fMRI spatial resolutions (3 mm isotropic), the CBF and aCBV response increases
slightly earlier than the BOLD and total CBV signal and also returns to baseline during the
period of the BOLD post-stimulus undershoot. At higher spatial resolution and across
cortical layers, these relationships may differ however. Data provided by Jun Hua; additional
information on these relationships can be found in (Hua et al., 2011a; Hua et al., 2011c).
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Figure 9. Inflow vascular space occupancy (iVASO) with dynamic subtraction (iVASO-DS)
A typical iVASO image is interleaved with an image when inflowing blood water is not

inverted; if the image is acquired at the blood water null time [inversion time (TI) of
approximately 300 — 1100 ms depending on repetition time (TR) choice], an absolute
arterial CBV (aCBV) map can be obtained. (B) iVASO-DS images acquired for different
TR/TI combinations, which show the inflow of blood water into the pre-capillary
compartment. Additional information on absolute quantification of CBV from VASO
subtraction procedures can be found in (Donahue et al., 2010b; Hua et al., 2011b).

Neuroimage. Author manuscript; available in PMC 2018 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Page 36

II/III‘ Va Vb ‘VI

) \ ACBV| 3
g

>

S T}/ 0
<

141 e . BN 0 mL

e A Signal 6
Q

- I

) |

M | 0
< increasing cort c?l dePh s %

CSF GM

Figure 10. Improved spatial specificity of cerebral blood volume (CBV)-weighted vascular space
occupancy (VASO) relative to blood oxygenation level-dependent (BOLD) fMRI

Human data acquired over motor and sensorimotor cortex (spatial resolution = 0.75 x 0.75 x
1.5 mm3) at 7T during alternating periods of rest (30s) and finger tapping (30s). VASO data
(A) reveal signal changes that are largely localized to gray matter (white arrow), whereas the
BOLD data contain more diffuse and less specific contributions across the cortex and even
within the sulcus (green arrow). Both the CBV-weighted VASO and BOLD responses as a
function of cortical depth (C) show expected laminar differences in hemodynamic response,
however the BOLD responses are less conspicuous, likely owing to additional contributions
from draining veins and cerebrospinal fluid (CSF). The error bars refer to standard deviation
of the response within the activated M1 area. Data provided by Laurentius Huber; additional
information can be found in (Huber et al., 2016b).
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Table 1

Summary of typical values used in quantification routines outlined in the text. References are intended to be
representative and are not comprehensive owing to the extremely large range of studies quantifying these
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parameters.

Parameter Value Reference

MRI relaxation times (3.0T)

T, of arterial blood water (Y = 0.92 1664 ms (Lu et al., 2004a)
+0.07; Het = 0.42)

T, arterial blood water (Y =0.92 — 96 — 122 ms (Zhao et al., 2007)
0.99; Hct=0.44)

7,* of arterial blood water (Y = 49-55 ms (Zhao et al., 2007)
0.92 — 0.99; Hct=0.44)

T, of venous blood water (Y = 0.69 1584 ms (Lu et al., 2004a)
+0.08; Hct=0.42)

7, of venous blood (Y =0.51-0.65; 23-35ms (Zhao et al., 2007)
Hct=0.44)

7,* of venous blood water (Y = 15-22 ms (Zhao et al., 2007)
0.51 — 0.65; Hct=0.44)

T, of gray matter 1209 ms (Lu et al., 2005)

T, of gray matter 71 ms (Donahue et al., 2006)
T, of white matter 758 ms (Lu et al., 2005)

T, of white matter 81 ms (Lu et al., 2005)

7, of CSF 4300 ms (Lu et al., 2005)

7, of CSF 1442-2000 ms (Donahue et al., 2006; Gabr et al., 2016;

Physiological constants

Blood brain partition coefficient: A
Water density of gray matter: Cgoym

Water density of blood: G,

Water density of CSF: Cesr

Lu et al., 2005)

0.9 ml blood / g tissue

0.89 ml water / ml tissue

(,=0.95-0.22¢Hct
ml water / ml blood

1 ml water / ml CSF

(Herscovitch and Raichle, 1985)
(Lu etal., 2002)

(Herscovitch and Raichle, 1985)
(Lu etal., 2002)

(Donahue et al., 2006)

Healthy ranges of physiological parameters

Bolus arrival time (BAT)

Basal gray matter CBF

Basal white matter CBF

Basal gray matter CBV

Basal white matter CBV

Fractional gray matter CBF
response to strong neuronal

700-1500 ms

40-60 ml blood / 100g
tissue / min

16-30 ml blood / 100g
tissue / min

0.047-0.055 ml blood /
ml parenchyma

0.019 - 0.028 ml blood /
ml parenchyma

5-100%

(Donahue et al., 2014b; Maclntosh et al., 2010;
Mildner et al., 2014;
Petersen et al., 2010; Wong et al., 1997)

(Grubb et al., 1974; Petersen et al., 2010)
(Grubb et al., 1974; van Osch et al., 2009)
(Donahue et al., 2010b; Grubb et al., 1974;
Grubb et al., 1978; Lu et al., 2003)

(Grubb et al., 1974; Grubb et al., 1978)

(Donahue et al., 2009a; Gonzalez-At et al., 2000)
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Parameter Value Reference

stimulation

Fractional total gray matter CBV 5-55% (Ciris et al., 2014; Donahue et al., 2009a;
response to strong neuronal Guidi et al., 2016; Hua et al., 2009;
stimulation Hua et al., 2011a; Huber et al., 2016a)
Oxygen extraction fraction (OEF) 0.30-0.40 (Jordan et al., 2016; Lu et al., 2011;

Cerebral metabolic rate of oxygen
consumption (CMRO,)
Macrovascular hematocrit: Hct
Total hemoglobin: Hb

Arterial blood oxygenation: Y,

Venous blood oxygenation: Y,

2 —4 ml oxygen / 100g
tissue / min

38.5-50 % (male)
34.9 - 44.5 % (female)

13.8 - 17.2 g/dL (male)
12.1-15.1 g/dL (female)

0.94-1.00

0.52-0.69

Powers et al., 1985)

(Lu etal., 2011; Maeda et al., 2015;
PerImutter et al., 1987; Powers et al., 1985)

(Adamson and Finch, 1975;
Beck, 1991; Guyton, 1977)

(Beck, 1991; Guyton, 1977)

(Adamson and Finch, 1975;
Beck, 1991; Guyton, 1977; Lu et al., 2011)

(Guyton, 1977; Lu et al., 2011)
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