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Abstract

Cerebrovascular reactivity, defined broadly as the ability of brain parenchyma to adjust cerebral
blood flow in response to altered metabolic demand or a vasoactive stimulus, is being measured
with increasing frequency and may have a use for portending new or recurrent stroke risk in
patients with cerebrovascular disease. The purpose of this review is to outline (i) the physiological
basis of variations in cerebrovascular reactivity, (ii) available approaches for measuring
cerebrovascular reactivity in research and clinical settings, and (iii) clinically-relevant
cerebrovascular reactivity findings in the context of patients with cerebrovascular disease,
including atherosclerotic arterial steno-occlusion, non-atherosclerotic arterial steno-occlusion,
anemia, and aging. Literature references summarizing safety considerations for these procedures
and future directions for standardizing protocols and post-processing procedures across centers are
presented in the specific context of major unmet needs in the setting of cerebrovascular disease.
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Introduction

Functional neuroimaging methods commonly exploit changes in cerebral blood flow (CBF;
ml blood / 100g tissue / minute) as a surrogate marker of neuronal activity. In humans, such
studies initially utilized positron emission tomography (PET) and single-photon emission
computed tomography (SPECT) radioisotopes, or transcranial Doppler (TCD) to evaluate
flow velocity, but have expanded more recently to include noninvasive (e.g., without
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exogenous contrast administration) blood oxygenation level-dependent (BOLD) and arterial
spin labeling (ASL) magnetic resonance imaging (MRI). These methods exploit the
phenomena that flow velocity, CBF, and cerebral blood volume (CBV; ml blood / 100 ml
brain) increase locally when healthy brain parenchyma enters a state of increased neuronal
activity or metabolic demand, and as such the hemodynamic measures provide surrogates of
dynamic brain activity.

When performed concurrently with neuronal stimuli where the cerebral metabolic rate of
oxygen (CMRgy; ml O, / 100g tissue / minute) increases, hemodynamic changes occur
owing to a complex interaction of vasodilatory effects from neurotransmitter-mediated
signaling cascades and from byproducts of oxidative metabolism and corresponding changes
in pH. Distinguishing the extent to which neuronal or vascular phenomena underlie aberrant
functional imaging signals or flow dysregulation is not straightforward, as most
hemodynamic imaging methods have multiple signal sources, but few direct observables.

Alternatively, it is possible to administer largely isometabolic stimuli in which vascular
resistance is altered as a result of the vasoactive effects of pharmacological or respiratory
stimuli. Such experiments elicit a change in CBF and CBV with a small-to-negligible
concurrent change in CMRg; and thus provide a so-called measure of cerebrovascular
reactivity (CVR). CVR magnitude, which is most fundamentally quantified as the fractional
change in CBF between a baseline and vasodilatory stimulus, has been investigated as a
marker of microvascular health in numerous conditions.

The purpose of this review is to summarize (i) the regulation of cerebral blood flow in
humans, (ii) the physiological relevance of CVR in the context of healthy and ischemic
physiology, (iii) available approaches that can be used in research or clinical settings for
externally modulating vascular resistance and eliciting CVR responses, (iv) available
neuroimaging techniques for measuring CVR directly and indirectly, (iv) imaging
parameters and analysis considerations, (vi) relevant literature findings in which these
methods are applied specifically to patients with cerebrovascular disease, and (vii) potential
future research directions.

Elegant review articles on a subset of topics have been published and should be referred to
for additional information. These articles highlight applications of novel noninvasive MRI
methods in the setting of cerebrovascular disease (Donahue et al., 2012), along with salient
clinical findings (Smeeing et al., 2016) and post-processing concerns (Donahue et al.,
2016a); an overview of available methods for manipulating blood gases with respiratory
stimuli (Moreton et al., 2016) and breath hold (Urback et al., 2017), along with specific
review articles on relevant measurement imaging tools including ASL MRI (Alsop et al.,
2014; Telischak et al., 2015), BOLD MRI (Christen et al., 2013; van Zijl et al., 1998),
SPECT perfusion (Masdeu and Brass, 1995), PET perfusion (Derdeyn et al., 1999), and
TCD (Willie et al., 2011). Here, methodological imaging and stimulus tools are presented
with specific attention to benefits and limitations in patients with ischemic cerebrovascular
disease.
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The regulation of cerebral blood flow in humans

Oxygen is consumed by the adult brain at an approximate rate of 49 ml O, / min, or 3.5 ml
0,/100g/min for a typical adult brain of 1400g (Kennedy and Sokoloff, 1957). Compared
with a whole-body oxygen consumption rate of 250 ml O, / min (Kennedy and Sokoloff,
1957), the brain consumes a disproportionate fraction of oxygen relative to its size, and the
brain is dependent on a continuous supply of oxygen and energy substrate from the blood.
Blood is delivered to the brain tissue primarily through the left and right internal carotid
arteries (ICAs) and basilar arteries (Figure 1). The ICAs and basilar artery supply blood to
the Circle of Willis (CoW), a circulatory arterial anastomosis, which is central to distributing
blood to the anterior and posterior flow territories and also dampening vascular pulsations
from high flow velocity blood in cervical vessels (Vrselja et al., 2014). At the level of the
CoW, blood is delivered to anterior bilateral regions of the anterior cerebral artery (ACA)
and middle cerebral artery (MCA), with the posterior cerebral artery (PCA) delivering blood
to the posterior flow territories (Purves and Williams, 2001). The ACA flow territory
consists of the medial portions of the frontal and parietal lobes, the MCA flow territory
consists of the frontal, parietal, and temporal lobes, and the PCA flow territory consists of
the inferior temporal lobe and the occipital lobe. Peak blood flow velocities measured using
TCD are largely symmetric between left and right arteries in healthy adults with normal
vascular anatomy and non-flow-limiting stenosis, and have been reported to be 6577 cm/s
in ICAs, 92-105 cm/s in MCAs, 57-66 in PCAs, and 74-91 cm/s in the ACAs, and 49-55
cm/s in the basilar artery (Enzmann et al., 1994). Mean values over the cardiac cycle are 37—
47 cm/s in ICAs, 59-68 cm/s in MCAs, 36-43 cm/s in PCAs, and 48-56 cm/s in the ACAs,
and 34-38 cm/s in the basilar artery (Enzmann et al., 1994). It should be noted that flow
velocities quantified from phase contrast magnetic resonance angiography can be 30-40%
lower than those reported from TCD using conventional techniques, partly attributable to
underestimations in flow velocities in phase contrast angiography due to the parabolic flow
profile of blood, cardiac cycle averaging, lower spatial resolution. Figure 1 shows major
cervical and intracranial blood vessels, along with the approximate flow territories that the
major cervical vessels perfuse. It should also be noted that precise flow territories are highly
variable between even healthy subjects owing to normal anatomical variations in the Cow
(Hendrikse et al., 2005).

MRI-based measurements of bulk blood flow in healthy adults show that approximately 750
mL blood / minute is delivered to the brain tissue through the ICAs and basilary artery,
which contribute approximately 80% and 20% of the total blood supply, respectively (Oktar
et al., 2006). For typical adult brain weights of 1300-1400g, this leads to a CBF of 40-60
ml/100g/min over a healthy range of perfusion pressures (Cipolla, 2009). Disruption of the
blood supply, through either steno-occlusion or changes in cardiac output can quickly result
in reduced oxygen delivery to tissue and in advanced stages cell death. Oxidative glucose
metabolism becomes impaired for CBF values of approximately 25 ml/100g/min or lower,
followed by tissue acidosis and ATP reduction (CBF < 20 ml/100g/min), irreversible
paralysis (CBF < 15 ml/100g/min) and major shifts in intracellular sodium, potassium,
water, and calcium (CBF < 10 ml/100g/min) (Baron, 2001; Leigh et al., 2017). CBF
threshold values are based on early PET literature, approximate, and precise thresholds
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depend on multiple factors and individual physiology. The intracranial microvasculature and
parenchyma contains complex mechanisms for regulating blood delivery through collateral
networks and autoregulatory changes in cerebral blood volume (CBV; ml blood / 100g
brain), which can contain insights as to how well brain tissue is compensating for large
vessel disease.

Blood flow to the brain is tightly regulated to maintain adequate levels of oxygen delivery to
tissue (Guyton and Hall, 2006), and CBF adjusts in responses to changes in cerebral
perfusion pressure (CPP) according to,

CBF = cpp [1]

Cerebrovascular resistance’

where CBF is the rate of blood delivery to tissue, CPP is the difference between intra-arterial
pressure and venous pressure and is approximately 80 mmHg, but can span a large range
(e.g., 60-160 mmHg) and cerebrovascular resistance is governed partly by large vessels
(e.g., ICAs and vertebrobasilar arteries), but to a larger extent by smaller arterioles with
diameter < 100 um in a system of segmented vascular resistance. CPP is also frequently
considered in terms of mean arterial pressure (MAP) and more commonly measured
intracranial pressure (ICP),

CPP = MAP - ICP, [2]
where,

MAP = disastolic pressure + %(systolic pressure — diastolic pressure). [3]

MAP is generally 65-110 mmHg and ICP is 7-15 mmHg supine. As such, the CPP is
directly affected by physiological changes that alter MAP or ICP, such as changes in arterial
vessel diameter or cardiac output. Vascular resistance can change through the relaxation of
smooth muscle that lines arterioles and enables elevated blood delivery to adjust
dynamically to meet local energy demands. In this context, flow can also be described by
adapting Poiseuille’s law:

4
_ CPP-ar
CBF = CLI (4]

where ris the radius of the vessel, /is the length of the vessel, and m is the viscosity of
blood, generally 3.5x1072 Pass, and CPP is the cerebral perfusion pressure as defined above
The most relevant conclusion from Eq. 4 for this work is that CBF regulation can occur to
the largest degree as a result of changes in CBV, as vessel radius and CBF are related by a
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power of four. As such, in response to reductions in CPP, CBF can be maintained over a
large range through regulation of microvascular vessel diameter, a process termed
autoregulation (Cipolla, 2009). A detailed discussion of vessel resistance and velocity as a
function of diameter has been elegantly summarized in the literature (Piechnik et al., 2008)
and a graphical description of these findings in shown in Figure 2.

The manner in which microvascular vasodilation occurs in response to reductions in CPP or
elevated metabolic demand is governed by cells within the neurovascular unit (Hawkins and
Davis, 2005; Kim and Filosa, 2012), which consists of neurons, astrocytes, endothelial cells,
myocytes, pericytes, and extracellular matrix components. Detailed reviews of the
neurovascular unit and its relevance for regulating CBF have been described in the literature,
and these models have been updated to outline the role of cerebral capillaries (Itoh and
Suzuki, 2012) and astrocytes (Filosa et al., 2016). Multiple mechanisms relevant to
cerebrovascular disease can lead to modulation of CBF and CBV. Hypoxia, or decreased
tissue oxygen pressure (pO,) which may occur as a result of either elevated oxygen demand
or reduced oxygen supply, will lead to increases in CBF and CBV through either direct
mechanisms in which the reduced O, is insufficient to maintain smooth muscle contraction
or more indirectly by mediating vasodilatory metabolites. Of particular relevance to this
work is the reversible effect of CO, and hydrogen ions (H*) on vascular tone. Hypercapnia
(e.g., elevated partial pressure of CO,, pCO,) and hypocapnia (e.g., reduced pCO5) elicit
vasodilation and vasoconstriction of the cerebral vasculature, respectively, and can be
described in the context of dissolved CO» in water:

CO, + H,0 < H,CO, < HCO; + H" . [5]

CO, and water form carbonic acid, which is in equilibrium with bicarbonate and hydrogen
ions. An increase in blood CO» level will increase carbonic acid formation and ultimately
increase H*, thereby reducing pH by definition. /n7 vivo, there are multiple processes that
provide regulatory control of CBF by altering pCO, and pH, and the precise mechanisms of
this regulation have not been fully elucidated. It is generally believed that changes in
vascular tone occur most directly as a result of extracellular changes in pH. This is based on
seminal work (Kontos et al., 1977) in which pial arteriole dilation in cats was observed
during application of CSF with low pH, and this was observed regardless of pCO5, and
vasoconstriction was observed when the pH was elevated and independent of pCO5. The
caliber of these vessels was also unchanged in response to changes in pCO, only or
bicarbonate ions, leading to the conclusion that extracellular fluid pH is the major direct
contributor to changes in vascular tone. However, /n situwork has demonstrated that MCA
contraction is possible by reducing pCO, by more than two-fold while maintaining pH, and
relaxation is possible upon increasing the pCO, for constant pH (Harder and Madden, 1985).
It has also been suggested that pH changes alone are insufficient to fully account for
vasodilation, and /n siturabbit basilar artery preparations demonstrated that increasing
extracellular pH in the absence of CO, changes did not elicit vasoconstriction (Aoyama et
al., 1999; Kim et al., 2004). A detailed summary of in vivoand in situwork on the
mechanism of pCO,-induced changes on vascular tone is beyond the scope of this article,
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however the interested reader is referred to the literature in which these studies, along with
their strengths and limitations, have been summarized in detail (Yoon et al., 2012). What is
most relevant for the discussion to follow is that (i) reductions in CPP reduce CBF and
reductions in vascular resistance increase CBF, (ii) CBF can be modulated by small changes
in CBV owing to the sensitive relation between CBF and vessel radius, and (iii) reductions
in blood CO, will lead to vasoconstriction and increases in blood CO, will lead to
vasodilation. The remainder of this document will focus on mechanisms by which the brain
modulates these parameters, as well as abilities to modulate and measure them directly with
vascular stimuli and neuroimaging, respectively.

Physiological relevance of cerebrovascular reactivity in ischemia

Cerebral ischemia will arise due to reductions in oxygen delivery to tissue, and can occur as
a result of reduced oxygen delivery without arterial steno-occlusion (e.g., anemia or
generalized hypoxemic hypoxia) or decreases in CPP as a result of arterial steno-occlusion.
In cases of reduced oxygen delivery for any of the above reasons, vasodilation of pial
arterioles will ensue, resulting in a decrease in vascular resistance and increase in flow. In
some cases, these tissue-level compensations may be sufficient to ensure the necessary
supply of oxygen, but chronic reductions or acute changes in oxygen delivery may cause
these vessels to approach their limit for dilation, or exhaust cerebrovascular reserve capacity.
When this occurs, this autoregulatory method of compensation is no longer sufficient to
maintain adequate oxygen delivery to tissue, and the oxygen extraction fraction (OEF; ratio
of oxygen consumed to oxygen delivered) (Powers, 1991) will increase (Figure 3). These
parameters can be expressed by the basic relationship,

CMR
OEF = Oxygen consumed _ 02 [6]
Oxygen delivered CBF - Ya - [Hb]’

where CMRg;, is the cerebral metabolic rate of oxygen (3—4 ml O»/100g/min in healthy
tissue), CBF is the cerebral blood flow, Y, is the arterial oxygen saturation fraction (96-99%
in healthy arterial blood), and [Hb] is the total hemoglobin concentration (Table 1). As can
be seen from Eq. 6, when either CBF or oxygen carrying capacity (Ya « [Hb]) reduces, OEF
will increase when CMRg; is unchanged. As it is believed that CMRg, is maintained or
reduces only slightly until advanced stages of disease, impairment in oxygen delivery is
believed to be the primary contributor to elevated OEF in mild-to-moderate stages of
ischemia.

The St. Louis Carotid Occlusion study demonstrated that elevated OEF is an independent
predictor of stroke in patients with carotid occlusion (Grubb et al., 1998) with an ipsilateral
ischemic stroke rate at two years of 5.3% in 42 patients with normal OEF and 26.5% in 39
patients with increased OEF (p = 0.004). However, OEF measurements using similar 1°0
PET procedures are limited to specialized centers with on-site cyclotrons. MRI has recently
emerged as a noninvasive alternative for obtaining OEF measurements (Fernandez-Seara et
al., 2006; Lee et al., 2003; Lu and Ge, 2008; Merola et al., 2016), however approaches
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remain underdeveloped for clinical applications or have poor spatial specificity. As such,
alternative methods remain popular. CVR measurements can describe how near parenchyma
is to exhausting reserve capacity, or being able to increase CBF further in response to
ensuring reductions in oxygen delivery.

Approaches for eliciting cerebrovascular responses

To evaluate CVR, external agents are most commonly utilized to induce changes in
microvascular resistance using two major classes of stimuli: intravenous pharmacological
agents or respiratory challenges. In this section, we discuss stimuli from both classes, their
mechanisms of action, and the advantages and disadvantages of each.

Acetazolamide

Breath hold

Acetazolamide (ACZ), a reversible carbonic anhydrase inhibitor which catalyzes the
conversion of CO, into bicarbonate (Itada and Forster, 1977), is the most common
pharmacological agent for eliciting vasodilation (Swenson, 2014). Following intravenous
ACZ injection, pCO», increases and pH decreases, leading to reduced vascular resistance and
vasodilation in compliant microvasculature (Settakis et al., 2003). The decrease in pH may
occur due to the increased presence of carbonic acid that occurs as a result of carbonic
anhydrase inhibition in red blood cells or directly in the vessel walls. A decrease in pH is
thought to obstruct the voltage-gated calcium channels in vascular smooth muscle (Klockner
and Isenberg, 1994), stopping the influx of calcium ions needed to constrict smooth muscle
(Koller and Toth, 2012) and causing relaxation of the smooth muscle and vasodilation
(Klockner and Isenberg, 1994). ACZ is most frequently administered as an intravenous
injection, with a dosage of approximately 1000 mg being sufficient for maximal dilative
effect (Settakis et al., 2003), and imaging is performed 15-20 min after administration
(Federau et al., 2017; Settakis et al., 2003). Higher doses of up to 2000 mg have been
utilized (Boles Ponto et al., 2004) and frequently doses are applied based on patient size at a
ratio of approximately 16 mg/kg. The advantages of ACZ are that it is generally well-
tolerated by patients with minimal side effects, respiratory discomforts, and most
importantly it is easy to administer as no cooperation is required from the subject (Settakis et
al., 2003). Disadvantages of ACZ are that it is contraindicated in a subgroup of patients with
kidney disorders, hypercholeremic acidosis, hypokalemia, and hyponatremia; must be
considered in the context of drug interactions, specifically amphetamines and other carbonic
anhydrase inhibitors; and cannot be easily reversed if patient discomfort is a problem.
Eliciting vasodilation with ACZ remains the most common protocol in the clinic, however
ACZ is becoming less utilized in research settings owing to emerging respiratory stimuli that
can be administered more quickly and dynamically.

The most basic method for modulating pCO, with a respiratory challenge is with a breath
hold, and a recent review has summarized breath hold protocols in detail (Urback et al.,
2017). Here subjects are generally instructed to exhale followed by breath holding for 10—
30s, during which time blood pCO, increases. Breath holding has been applied successfully
to evaluate volume flow rate changes in healthy adults and its reproducibility evaluated (de
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Boorder et al., 2004), to understand mechanisms of neurovascular coupling using multi-
modal MRI in healthy adults (Donahue et al., 2009), and it has been suggested that recurrent
ischemic events in patients with carotid occlusion may be predicted by changes in MCA
flow velocities during breath holding (Mernieri et al., 1999). The advantages of breath holds
are that they are easy to administer and do not require exogenous contrast agents or
respiratory equipment, and advanced analysis procedures are becoming available for
modeling the hemodynamic response function in response to breath hold or more complex
breathing tasks (Bright et al., 2009; Pinto et al., 2016). Disadvantages of breath holds are
that they must be short given limited abilities of subjects to hold their breath and in turn
allow for few measurements or require without multiple repeats, are sensitive to subject
compliance, will induce a gradient rather than constant pCO, increase over the challenge
duration, and are themselves a motor task and thus are mediated by neuronal and vascular
responses in motor cortex and associated regions of the motor network. Generally breath
hold stimuli are used for convenience when ACZ or more controlled respiratory challenges
may not be feasible due to logistical reasons; they are generally not the stimulus of choice
for controlled CVR studies when other avenues are feasible.

Hypercapnic normoxia

Inhalation of hypercapnic normoxic gas (e.g., 4-7% CO- with balance room air) can be used
to quickly increase pCO, in arterial blood (within several seconds), eliciting vasodilation in
healthy vasculature. These gas mixtures will generally increase EtCO, by 5-15 mmHg,
however the precise changes will depend on how effectively the gas is administered and
individual physiology. Such stimuli will elicit a moderate CBF increase in healthy tissue of
10-50% on average, however the change may vary widely and depend on vascular
compliance and reserve capacity. These changes, unlike breath holds which may have a
neuronal component in motor regions, elicit a negligible-to-small change in CMRg> globally
(Kety and Schmidt, 1948; Peng et al., 2017).

Normocapnic hyperoxia

Inhalation of hyperoxic gas (e.g., >21% O» but typically 50-100% O») with a balance of
nitrogen will have a negligible change on arterial oxygen saturation fractions in healthy
blood as arterial oxygen is already nearly fully saturated, however will increase oxygen
saturation fractions in hypoxic subjects or when Y, < 98-100%. Similar to hypercapnic
normoxia, the normocapnic hyperoxic effect is believed to be largely isometabolic. The
small vasoconstrictive effect of oxygen over short periods is frequently considered
negligible. Normocapnic hyperoxic stimuli may cause small reductions in CBF if maintained
owing to the effect of oxygen increasing vascular resistance (Kety and Schmidt, 1948),
however MRI studies have shown that these changes are small and generally less than 10%
even for extreme hyperoxic gas stimuli of 100% (Bulte et al., 2007b). The advantages of
hyperoxic stimuli are that that they are relatively isometabolic with a small change on
vascular tone when applied over short durations, can be tolerated well by patients, and can
be used in MRI experiments to modulate blood oxygenation level and estimate CBV (Bulte
et al., 2007a). Disadvantages of hyperoxia include known abilities of this stimulus to reduce
blood water 77, which can complicate MRI signal interpretation especially for ASL (Siero et
al., 2015h). At a more fundamental physiological level, hyperoxia can lead to shifting of Hb
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dissociation curves and oxygen toxicity, and as such hyperoxic stimuli in CVR experiments
are generally restricted to no more than a few minutes where such toxicity effects are
relatively benign.

Hypercapnic hyperoxia

A hypercapnic (e.g., CO, fraction 4-7%) hyperoxic (e.g., O; fraction > 21% and typically
50-95%) stimulus, with balance nitrogen, is also possible and is most common in cancer
applications. The most popular variant of this stimulus is carbogen-5, which consists of 5%
CO and 95% O». Such stimuli have been shown to increase oxygen delivery to tissue due to
the vasodilatory effects of hypercapnia and elevated blood oxygen provided by the hyperoxic
component, however these benefits are likely small for typical scans over short stimulus
durations (Ashkanian et al., 2008). Administration of a hypercapnic hyperoxic gas mixture
for BOLD-weighted assessment of CVR introduces several experimental confounds because
of the hyperoxic component including (i) higher venous HbO, and elevated partial pressure
of venous oxygen (PvO,) from increased O, dissolved in plasma, (ii) changes in vascular
and tissue susceptibility due to increased HbO,, and (iii) decreased blood water 7; due to
increased O, dissolved in plasma in MRI experiments (Faraco et al., 2015). Advantages of
hypercapnic hyperoxia are that this gas mixture can be found readily at most medical centers
in the form of carbogen-5, which is a common human prescription drug, which is not the
case for other hypercapnic normoxic gas stimuli that may require additional testing and
approval for human use. Disadvantages of hypercapnic hyperoxia pertain to the more
complex effects that the interaction of elevated pCO, and pO, may have, including
considerations regarding the Haldane effect, changes in oxygen saturation and blood 77 in a
manner unrelated to vascular compliance, and these CVR protocols still require research
approval and consent at most hospitals, as CVR mapping is considered off-label use of
carbogen-5.

Pharmacological induction of vascular changes using ACZ are commonly performed in most
major clinical centers, frequently during SPECT perfusion imaging (Bonte et al., 1988;
Chollet et al., 1989; Suga et al., 2007). ACZ has a biological half-life of 2—4 hours and is
clinically implicated in many patients for treatment of glaucoma, heart failure, epilepsy, and
high altitude sickness. Contraindications are liver or kidney disease, adrenal insufficiency,
hyponatremia, hypokalemia, and hyperchloremic acidosis. Drug interactions must also be
considered. While sulfonamide allergy has been considered a contraindication for ACZ
administration (Settakis et al., 2003), recent literature (Platt and Griggs, 2012) has shown
that ACZ may be safely utilized in patients with a history of allergy to sulfonamide.

CVR measurements using hypercapnia have generally reported minimal or no serious
complications, with most complaints related to claustrophobia and general discomfort with
the facemask apparatus rather than induction of any major neurological or cardiovascular
events. In a study of 294 patients (age range = 9 — 88 years) with cerebrovascular disease;
primarily comprised of patients with atherosclerosis, moyamoya, arteriovenous
malformation, vasculitis, aneurysm or dissection; scanned using a hypercapnic normoxic
stimulus delivered with a computer-controlled rebreathing apparatus, transient symptoms
consisting of shortness of breath, headache, or dizziness were observed in 11.1% of subjects
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during the hypercapnic stimulus, and no evidence of other neurological or cardiovascular
symptoms during or immediately after the task were observed (Spano et al., 2013). In a
separate study of 92 patients with symptomatic intracranial stenosis scanned using a
hypercapnic hyperoxic stimulus delivered from compressed cylinders and clinical-grade
oxygen facemasks, no immediate stroke-related complications were reported in response to
the respiratory stimulus and longer-term neurological events fell within the range for
expected events in this patient population (Donahue et al., 2014a). Major contraindications
for hypercapnic respiratory stimuli are chronic obstructive pulmonary disease, inflammatory
airway diseases such as asthma, high blood pressure at the time of the exam (generally > 200
mmHg systolic) due to the known effect of hypercapnia to increase blood pressure slightly,
and low arterial blood oxygen saturation fractions (< 88%). Breath hold considerations are
similar as for these hypercapnic stimuli as well.

The emerging data on safety of CVR experiments suggests that these scans pose low risk to
chronic ischemic patients, however larger scale studies that involve multiple centers, and
also with surveillance, will be necessary to define the absolute risk and outline more rigid
inclusion and exclusion criteria. Additionally, safety considerations in acute or hyperacute
stroke patients have not been performed, and there is no evidence that these challenges are
implicated or safe in patients experiencing acute stroke symptoms.

While intravenous agents are straightforward to administer, procedures for administering
respiratory stimuli have not been standardized across centers. Breath hold stimuli are
generally cued either over the scanner intercom or visually using a projector system and
mirror, and in most cases last 10-30s depending on subject compliance, and initiate
following an exhale, which will cause pCO, to increase faster.

Gas challenges are more variable, and a controlled comparison study of the most common
methods has not been undertaken, especially in patients with cerebrovascular disease. The
simplest approach is to obtain pre-mixed hypercapnic normoxic (e.g., 5% CO,/21% O,/74%
N>) or hypercapnic hyperoxic (e.g., 5% CO,/95% O,) gases from gas suppliers certified to
deliver medical grade mixtures of these gases. It should be noted that c/inical grade gases are
designed for calibration of clinical equipment but not for human consumption, and therefore
medical grade mixtures should be requested and not all suppliers have certification to
produce hypercapnic normoxic mixtures. Gases can be delivered from compressed cylinders
located outside the scan room through tubing that enters the scan room or from a Douglas
bag inside the scan room. Gases can be delivered through clinical grade tubing to a clinical
grade oxygen face mask, typically at a flow rate of 10-15 L/min. It is necessary to
simultaneously measure the EtCO, and in some cases fraction inspired O, (FiO5) using a
nasal cannula and standard clinical or research monitoring equipment; setups for such
experiments have been used in the literature, and have been shown to be largely reproducible
(Donahue et al., 2014b; Tancredi et al., 2014), easy to implement in clinical settings, and to
elicit EtCO, changes of approximately 5-7 mmHg (Faraco et al., 2015) for CO, gas
fractions of 5%, however these changes are dependent on the mask and setup, and inter-
subject variation is typically on the order of 1-2 mmHg standard deviations. A relatively
simple yet reproducible design has been implemented by Tancredi et al. (Tancredi et al.,
2014, 2015), and this setup comprises a relatively straightforward system that can be
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implemented using clinical-grade equipment and applied in both research and clinical
settings at low cost. In addition, the gas can be delivered to the subject using a diving mouth
piece and nose clip (Yezhuvath et al., 2009). Here the source of the gas is similar, but the
subject receives the gas through the mouth with the nose closed. This can in many cases
provide a more controlled system, albeit at the cost of some additional subject discomfort.
The major advantages to delivering pre-mixed gas compositions through standard facemasks
or mouthpieces is that the setup is relatively straightforward and pre-scan calibrations or
preparations are minimal, and as such these studies can be performed as part of standard
clinical protocols with only a moderate increase in scan time or complexity. The
disadvantages primarily pertain to mild discomfort, ensuring that the volunteer can fit in the
coil comfortably with the mask or mouthpiece, and some variation in EtCO5 changes that
are elicited primarily due to differences with how tightly adhered the delivery device is and
subject compliance. When setups are carefully applied and EtCO, is monitored and
corrected for in post-processing, these setups can provide data that is sensitive to CVR in
patients with cerebrovascular disease.

More complex gas delivery systems are also possible. Wise et al. (Wise et al., 2007) have
elegantly outlined an end-tidal forcing system, in which gas mixtures are titrated to the
subject based on individual physiology and the measured EtCO, changes. The advantage of
this system is that the gas delivery can be assured to be the same in every subject as long as
the monitoring equipment is accurate. The disadvantage is that the setup can be cumbersome
and is generally not possible to implement for routine clinical scanning. However, when very
controlled experiments of cerebral physiology are of interest in a research setting, this setup
offers more flexibility and control than the above pre-mixed gas approaches. Finally,
computer controlled rebreathing devices have been developed and exploit similar principles
of the subject’s specific physiology and respiration to target changes in blood gases to a
higher level of accuracy (approximately reported as 1 mmHg accuracy in CO, targeting for
most subjects). Reviews of these devices are available and should be referred to for the
interested reader (Fierstra et al., 2013). The disadvantage of these systems are that they
require more setup than the standard compressed cylinders and facemask options, require
equipment that is currently not FDA-approved, and are more expensive than the above
setups. The advantages are that they can provide a more controlled stimulus, which could be
especially important when comparing results between centers or interrogating subtle
differences in CVR.

Neuroimaging approaches for recording cerebrovascular responses

Once a stimulus is chosen, there are several approaches available for measuring the resulting
physiological response.

Positron emission tomography (PET)

PET is a molecular imaging modality that utilizes a biological compound, typically
introduced through intravenous injection or inhalation, that has been tagged with a
radioactive isotope to image the distribution of that compound in the body. PET radioactive
isotopes undergo positron decay, and the emitted positrons travel a short distance in the body
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before encountering and annihilating with an electron in the surrounding tissue, an
interaction that releases two gamma photons of specific energy in anti-parallel directions.
These photon-pairs are detected at approximately the same time. Of particular interest to
CVR imaging, 150 is a radioactive isotope of oxygen and 1°0-water PET can be used to
assess CBF (Ter-Pogossian and Herscovitch, 1985). To measure CVR, CBF images are
acquired with 1°0-water at baseline and following administration of the vasoactive stimulus,
and CVR is calculated as the relative difference between CBF at baseline and CBF during
the stimulus (Boles Ponto et al., 2004). The advantage of 1°0-water PET is that CBF can be
measured directly and quantitatively (Boles Ponto et al., 2004), and PET is generally
considered the gold-standard of CBF imaging in humans. The major disadvantage of 1°0-
water PET is the short half-life of 150 (approximately two minutes), which limits studies
with 150-water to specialized centers where on-site cyclotrons are capable of producing this
tracer (Hsu, 2013). Additional disadvantages pertain to the requirement for an arterial line
for accurate quantification, requirement for ionizing radiation and exogenous contrast, need
for an additional MR or CT scan for anatomical localization, and limited spatial resolution
after post-processing. For these reasons PET CBF and CVR mapping are not performed as
frequently as other approaches.

Single photon emission computed tomography (SPECT)

SPECT is a molecular imaging modality that utilizes a biological compound introduced
through intravenous injection, inhalation or ingestion. Unlike PET, the radioactive isotopes
utilized in SPECT undergo decay via isomeric transition in which the radioactive isotope
decays from a metastable state with higher energy to a more stable state through the
emission of a gamma photon. These photons are detected using a rotating Anger camera,
and the data are reconstructed to form an image of the compound distribution. The most
common SPECT compounds utilized for CVR imaging are 9°™Tc-exametazine, 9™ Tc-
bicisate, and 123]-iodoamphetamine (Boles Ponto et al., 2004). SPECT data using one of
these compounds are acquired at baseline and after administration of a vasoactive stimulus,
and, similarly to PET, CVR is computed as the percent difference between CBF during
stimulus and baseline (Hashimoto et al., 2017). The advantages of SPECT are that these
radioactive isotopes have much longer half-lives than those utilized in PET. ACZ SPECT is
also the most common method for assessing CVR in the clinic and SPECT contraindications
are extremely limited. Disadvantages of SPECT for measuring CVR is that it may be
performed over two days due to the kinetics of the radioisotopes utilized, requires ionizing
radiation, and contrast agents introduced may cause a moderate rise in blood pressure in
some patients (Ma et al., 2007).

Transcranial Doppler ultrasound (TCD)

TCD is a noninvasive technique that utilizes ultrasonic waves and the Doppler effect to
measure flow velocity (cm/s). Velocity has been shown to be associated with both CBF and
CBYV and is computed by measuring the Doppler shift observed in the vessel of interest, such
as the MCA (Patrick et al., 1996; Pindzola et al., 2001). CVR is measured with TCD as the
percent change in blood flow velocity after administration of a vasoactive stimulus
compared to baseline flow velocity, and CVR measurements made with TCD have been
utilized as a marker of stroke risk in asymptomatic carotid artery stenosis (Silvestrini et al.,

Neuroimage. Author manuscript; available in PMC 2020 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Juttukonda and Donahue Page 13

2000). The advantages of TCD are that measurements can be made quickly and with less-
expensive equipment. The disadvantages are that it provides a surrogate marker of CBF and
that the measurements are highly operator dependent (Pindzola et al., 2001). It is important
to note that though often referred to as CBFor CBF velocity, the fundamental measure is
that of velocity, rather than CBF as defined earlier as the rate of blood delivery to tissue.

Arterial spin labeling (ASL) MRI

ASL MRI is a noninvasive tracer-based technique for quantitative CBF mapping. In ASL,
arterial blood water is used as an endogenous, diffusible tracer and is most frequently
labeled using either a single radiofrequency pulse (pulsed ASL; PASL) or a train of short
radiofrequency pulses (pseudocontinuous ASL; pCASL) (Alsop et al., 2014). The effect of
these pulses is to alter the longitudinal magnetization of the inflowing blood water, which
then acts as an endogenous tracer when compared to experiments in which the
magnetization is unaltered. Following labeling, a post-labeling delay (PLD) of 1.5-2.5s is
allowed in which the labeled blood water protons are delivered to capillaries and exchange
with tissue water. A short echo time, fast readout is then used to acquire flow-weighted
images. These labeled images are then compared with control images in which inflowing
blood water is not labeled, with the difference providing CBF-weighted maps which can
then be converted to absolute units of ml/100g/min upon application of the flow-modified
Bloch equation (Alsop et al., 2015). Therefore, dynamic ASL scans where CBF images are
acquired on and off vasoactive stimulus can be used to measure CBF for baseline and
hyperemic conditions. The advantages of ASL are that it is noninvasive and provides a
direct, quantitative measure of CVR by measuring changes in CBF before and during the
vasoactive stimulus with an effective temporal resolution of 4-8s in most scans. The major
disadvantage of ASL is that it is limited by the lifetime of the endogeneous tracer, which is
determined by the longitudinal relaxation time of arterial blood water (~1.2s at 1.5T, ~1.6s at
3.0T, and ~2.3s at 7.0T) (Lu et al., 2004; Rane and Gore, 2013). This is detrimental in
patients with steno-occlusive arterial disease where blood arrival times are much longer than
the tracer lifetimes, resulting in a major loss in signal-to-noise ratio (SNR) in the ASL
images and rendering the CBF value unreliable unless sufficiently long PLDs are used (Fan
etal., 2017).

Blood oxygenation level-dependent (BOLD) MRI

BOLD MRI is the most popular method for functional neuroimaging in humans. However
unlike ASL, BOLD provides a non-quantitative marker of CVR. BOLD exploits the
physiological phenomena that increases in CBF exceed increases in CMRg; for strong
neuronal or vascular stimulation. Therefore, a larger fraction of oxyhemoglobin (HbO5),
relative to deoxy-hemoglobin (dHb), is present in capillaries and veins. As HbO, is
diamagnetic and dHb is paramagnetic, this leads to an increase in blood water 7, and 7,* in
capillaries and veins, and thus an increase in the surrounding water signal. As arterial blood
is nearly fully oxygenated, changes in blood oxygenation occur primarily in capillaries and
draining veins as a result of the well-known mismatch in CMRO2 and CBF for both
neuronal and vascular stimuli. Therefore, the BOLD signal is spatially localized to draining
veins, and thus provides only a surrogate marker of CBF and CVR, which co-localize
physiologically with the capillary and smooth muscle-lined arteriolar compartments. The
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BOLD effect is also complex as it reflects a balance of changes in multiple physiological
parameters, including CBF, CBV, and CMRg;, and therefore contrast must be interpreted in
the context of this hemodynamic window with the understanding that different combinations
of parameters changes may yield similar ensemble BOLD responses (Blicher et al., 2012).
The BOLD response also varies with field strength, with nearly 100% of the BOLD effect
being extravascular at ultra-high human field strengths of 7.0T at typical TEs greater than 20
ms, but approximately 70% extravascular at 3.0T, and 50% extravascular at 1.5T. The reason
for this phenomenon is that the T2* of blood decreases rapidly with increasing magnetic
field strength, but the tissue T2* decreases more slowly. Therefore at high field strength
there is a larger fraction of signal originating from the extravascular compartment.
Therefore, the BOLD effect is not directly comparable between field strengths. The
advantages of BOLD are that it is noninvasive, simple to perform, and provides a robust
signal, and an example of BOLD CVR mapping in cerebrovascular disease is shown in
Figure 4.

Phase-contrast MR angiography

Phase-contrast MR angiography is a noninvasive technique that utilizes bipolar gradients to
manipulate the phase of flowing spins in a velocity-dependent manner and is useful for
measuring flow velocities in large vessels. These flow velocities can then be used to
calculate volumetric blood flow to the brain when measured in the ICAs and basilar artery,
and CBF can be determined by normalizing this volume flow by the volume of brain tissue.
Baseline phase-contrast MR data have been employed for assessment of hemodynamic
impairment in patients with steno-occlusive disease (Guppy et al., 2002) but can also
provide a reliable measure of CVR (Spilt et al., 2002) when used dynamically in conjunction
with a vasoactive stimulus. Studies utilizing breath holding (de Boorder et al., 2004) and
ACZ (Marstrand et al., 2001; Spilt et al., 2002) have demonstrated that increases in the total
volume flow to the brain can be detected using phase-contrast MR. The advantage of phase-
contrast MR, compared to flow velocity-based measures such as TCD, is that it is less
operator dependent and provides sensitivity to a broader number of vessels (de Boorder et
al., 2004). The disadvantages are that it is more expensive than TCD, limited to large
vessels, can be sensitive to the velocity encoding gradient and direction, and also is
frequently averaged over the cardiac cycle providing measures of mean flow velocity rather
than peak flow velocity unless appropriate corrections are applied (Enzmann and Pelc,
1991).

Imaging parameters and analysis considerations

CVR mapping using ACZ SPECT is available in most major radiology departments and
quantification procedures are relatively standardized. MRI methods in conjunction with ACZ
or hypercapnic challenges have gained popularity in research settings however aside from
isolated clinical centers are not offered as billable clinical protocols, owing largely to the
novelty of these methods and, for respiratory stimuli, a lack of standardization of gas
delivery protocols and analysis procedures. For this reason, much work is beginning to focus
on standardizing MRI-based measures of CVR.

Neuroimage. Author manuscript; available in PMC 2020 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Juttukonda and Donahue Page 15

In the CVR mapping literature, there is a great deal of emphasis on standardizing respiratory
stimuli, but comparatively less emphasis on standardizing acquisition methods and post-
processing strategies, which are just as, if not more, relevant as the respiratory setup itself.
For instance, error in stimulus delivery will always persist especially in clinical scenarios
where patient compliance can be variable, however if the physiological parameters of
interest (e.g., EtCO,, FiO,, CBF, CBV, OEF, etc.) are measured accurately, then much of
this variation can be accounted for in analysis. Methods that use only one parameter,
especially the BOLD signal change, will always have some degree of variability between
centers and scans owing to the qualitative nature of this measurement.

The advantages of BOLD MRI are that it is simple to implement, requiring only a long echo
time sequence with a temporal resolution (TR) of 2-3s in its most basic form. At 3.0T, a
TE=30-40 ms is generally utilized to maximize contrast-to-noise ratio while limiting
susceptibility-induced distortions near sinuses, together with a fast 2D EPI readout.
Common parameters that could provide a foundation for consensus in 3.0T BOLD CVR
measurements are TE=30 ms, TR=1-2s, single-shot gradient echo EPI readout, and spatial
resolution = 3 x 3 x 3 mm3, Importantly, acquisitions that utilize much lower TEs,
presumably chosen to reduce distortions, increase sensitivity to draining veins relative to
tissue and microvasculature, and may provide spatial activation maps or patterns not directly
comparable to more typical acquisitions with TE chosen to reflect tissue T," (Rane et al.,
2014; Triantafyllou et al., 2005). Newer BOLD implementations with higher temporal and
spatial resolution also hold promise, specifically using multiband imaging in which whole-
brain temporal resolutions can be reduced to 750 ms or less (Ravi et al., 2016). These
implementations have the advantages of sampling higher frequency fluctuations (e.g.,
cardiac fluctuations) and removing these nuisance fluctuations from analysis (Tong and
Frederick, 2014). Additionally, the relatively high temporal resolution of BOLD allows for
the timecourse of the hemodynamic response to hypercapnia to be evaluated, and it has been
shown that the timecourse of the hypercapnic response may provide information additionally
reflective of endothelial and/or smooth muscle function, and this could be altered even for
normal vascular reserve capacity (Donahue et al., 2016b).

An additional concern with BOLD CVR mapping is the correct method for generating CVR-
weighted maps. As BOLD does not directly measure CBF, BOLD does not measure CVR
directly but instead can only provide a CVR-weighted signal and should always be
considered in this context. Standard post-processing procedures generally require steps
consisting of (i) baseline drift correction using high pass filtering at greater than twice the
frequency of the block stimulus, (ii) motion correction, (iii) slice time correction, and finally
(iv) calculation of either the signal change normalized by the baseline signal (AS/Sg) or the
t-statistic or z-statistic when the time course is compared with a regressor representative of
the stimulus paradigm. The regressor may be the measured EtCO, response, gas timing
itself, or even global hemodynamic response function. Importantly, most gas delivery
systems have a lag of 5-15s before the gas is delivered to the subject, and there is an
additional lag of 5-15s for the gas to circulate through the blood stream and for a
hemodynamic response function in the brain to be generated. Therefore, in all analysis
procedures stimulus epochs should be sufficiently long to allow for the signal to plateau, and
stimulus blocks of no less than 30s should be used for basic CVR mapping in most cases,
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but 60-180s may be ideal in cerebrovascular disease patients where vascular compliance and
timing can be substantially altered. Alternative methods that evaluate more transient changes
in the hemodynamic response function may utilize shorter stimulus paradigms and these are
discussed in subsequent sections. The final step in CVR mapping with BOLD is to
normalize the measured signal change to allow for comparison between subjects. This can
be achieved either by normalizing each voxel by a healthy region or whole-brain response,
or more commonly by the EtCO, change (AEtCO,). As such, the final observable from
BOLD CVR-weighted mapping is commonly a measure of AS/Sg/AEtCO».

ASL MRI developments are also occurring with rapid succession and ASL in principle holds
greater potential to directly interrogate CVR than BOLD, as it provides an indicator of CBF
rather than 7>(*)-weighted signal. The most popular CBF implementations utilize pCASL
labeling, which exploits a 1-2s string of short radiofrequency pulses with low B to invert
inflowing blood water using principles of adiabatic inversion. Post-labeling delays are
generally 1.5s-2.0s at 3.0T, however much longer PLDs may be required in the setting of
cerebrovascular disease, especially patients with extensive collaterals and delayed blood
arrival times. As the endogenous blood water label decays with the 7; of arterial blood
water, increasing the PLD will result in lower SNR at the time of acquisition, and therefore
in patients with very delayed arrival times beyond 2-3s, ASL may not be relevant. Another
disadvantage of pCASL is the lower temporal resolution relative to BOLD, as pCASL
generally has a TR of 4s, and a sequential control and label acquisition must be subtracted to
generate a CBF map, which leads to an effect temporal resolution of 8s. Here, subtle
changes in vascular compliance timing, as can be interrogated with BOLD, may not be
possible. Post-processing procedures with ASL have recently been summarized (Alsop et al.,
2015; Donahue et al., 2017b) and include (i) motion correction, (ii) pair-wise subtraction to
generate CBF-weighted images, and (iii) conversion of the CBF-weighted images to CBF
maps using the solution to the flow-modified Bloch equation. Note that due to the pair-wise
subtraction, temporal filtering and baseline drift correction is generally not necessary. Slice-
time correction is necessary when 2D readouts are used, but not when single-shot 3D
readouts are used with a single excitation pulse per volume and TR (Gunther et al., 2005).

Many of the same readout developments relevant to BOLD (e.g., multiband imaging) can be
applied to the ASL readout, thereby increasing temporal resolution. However, the lower
temporal resolution of ASL is more inherently limited by the long labeling duration (in
pCASL) and PLDs. Vessel-encoded pCASL, in which blood water labeling is achieved
separately for different arteries is being pursued for both CBF determination and flow
territory mapping (Okell et al., 2013; Wong, 2007), and this approach has also been used in
reactivity experiments to determine flow territory stability in response to changes in pCO»,
as well as CVR of different flow territories (Roach et al., 2015). In this approach, gradients
are inserted between pulses in the pCASL labeling module, thereby inducing a phase accrual
in the prescribed direction. Spatially-specific labeling efficiency can be achieved by
appropriately phase-cycling the RF pulses in the labeling module, and flow territory maps of
right and left anterior and posterior territories can be achieved in less than five minutes, and
planning-free approaches have been developed and evaluated for clinical consistency with
catheter angiography (Arteaga et al., 2017).
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The final observable from ASL CVR studies is commonly the fractional change in CBF
normalized by the EtCO5 change: ACBF/CBFg/AEtCO,. Importantly, as CBF is a
physiological parameter, rather than T,(")-weighted signal, it is in principle easier to
compare between subjects and time points.

Applications for cerebrovascular reactivity imaging in cerebrovascular
disease

CVR mapping has been applied in multiple applications of cerebrovascular disease. This
section is intended to highlight clinical unmet needs in the setting of cerebrovascular
disease, and recent work in which CVR mapping is being applied to address these needs.

Atherosclerotic arterial steno-occlusive disease

Reducing strokes-related morbidity requires an improved understanding of early biomarkers
that predict stroke and can be used for prescient identification of patients requiring
aggressive, preventative therapy (Goldstein et al., 2009; Gonzalez, 2005; Lin et al., 2013).
For instance, extracranial atherosclerotic disease (ECAD) is a well-known risk factor for
stroke; following the North American Stenting vs. Carotid Endarterectomy Trial (NASCET)
trial, patients with symptomatic ECAD of the ICA have generally been revascularized
surgically, resulting in a 2-4% five-year rate of disabling stroke (1991; Reed et al., 2003;
Voeks et al., 2011). However, patients with intracranial (IC) atherosclerotic disease (ICAD)
comprise approximately 7-24% of new strokes (Famakin et al., 2009; Kasner and Gorelick,
2004; Liebeskind et al., 2010; Ovbiagele et al., 2008) and unlike patients with ECAD,
appropriate ICAD treatment is less clear as a result of the recently-halted SAMMPRIS and
VISSIT trials (SAMMPRIS, 2011; Zaidat et al., 2015). In these prospective trials, 14-24.1%
of ICAD patients treated with stenting and aggressive medical management (AMM),
consisting of anti-platelet and statin therapy, experienced a stroke within 30 days, compared
to just 5.8-9.4% of patients receiving AMM alone. However, final results from both trials
revealed that even in the AMM arms, approximately 12-15% of patients experienced
recurrent stroke in one year (Derdeyn et al., 2014). Due to this high rate of recurrent stroke
on standard of care therapies, clinical ICAD research is acutely impactful and there is an
immediate need to identify sources of hemodynamic impairment in these patients and use
this information to personalize therapies.

Imaging modalities such as TCD, MR angiography, and CT angiography can be used to
characterize stenosis degree in ICAD, and severe stenosis has been shown to be associated
with downstream hemodynamic compromise (Banerjee and Chimowitz, 2017). However,
patients with occlusive lesions and impaired CVR may be at higher risk for subsequent
stroke compared to those with similar levels of occlusions but uncompromised CVR (Ma et
al., 2007). A prospective study utilizing TCD with hypercapnic stimuli demonstrated that
32% of participants with impaired CVR suffered a stroke or TIA compared to 8% of
participants with intact CVR (Kleiser and Widder, 1992). In addition to characterizing the
effect of atherosclerotic stenosis on tissue-level hemodynamics, CVR imaging may be
helpful in assessing whether a given patient with ICAD is a good candidate for aggressive,
albeit currently controversial, surgical interventions (Attye et al., 2014; Bouvier et al., 2015;
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Mandell et al., 2011). Utilizing TCD and SPECT with a breath-hold stimulus, it has been
shown that superficial temporal artery (STA)-MCA bypass surgery performed in patients
with severe steno-occlusive disease and impaired CVR results in a reduction in stroke
recurrence (Low et al., 2015). Therefore, while management of ICAD patients remains
controversial, CVR imaging may be of particular interest in this population in identifying
those with severe disease who may benefit from aggressive interventions and recent work
using hypercapnic BOLD MRI has shown that CVR may be prognostic for recurrent
ischemic injury in patients with carotid occlusion (Goode et al., 2016). Future work will
likely focus on identifying patients with ICAD at risk of failing standard-of-care AMM and
triaging such patients for more aggressive therapies. Achieving this will require
consideration of symptomatology, modifiable risk factors, and neuroimaging markers of
hemodynamic failure, possibly including CVR mapping.

Non-atherosclerotic arterial steno-occlusive disease

Moyamoya disease (MMD) is a non-atherosclerotic cerebrovascular condition characterized
by progressive stenosis of the supraclinoid ICAs and proximal branches, and the
corresponding development of elaborate networks of collateral blood vessels (Scott and
Smith, 2009). Idiopathic MMD is believed to arise independent to other cerebrovascular
conditions and places patients at more than a sevenfold risk increase for stroke (Hallemeier
et al., 2006). While idiopathic MMD is relatively rare (incidence < 1 case / 100,000 children
in North America), Moyamoya syndrome (MMS), which may arise secondary to Down
syndrome, sickle cell disease, atherosclerosis, and radiotherapy shares many phenotypical
characteristics as idiopathic MMD, and is not an uncommon comorbidity in these conditions
(Kassim and DeBaun, 2013; Phi et al., 2015). Such patients have a wide clinical presentation
and prognosis, which is hypothesized to depend sensitively on the location and extent of
steno-occlusion, parenchymal response via development of collateral vessels, and associated
comorbidities (Achrol et al., 2009; Scott and Smith, 2009). While recent work has greatly
increased our understanding of cerebrovascular disease treatments generally, Moyamoya
etiology remains unknown, animal disease models do not exist, biomarkers that may place
patients at highest risk for stroke have not been conclusively established, and randomized
trials evaluating preferential utility of surgical revascularization variants have not been
performed.

There is currently no treatment that is known to halt or reverse MMS. Rather, treatment
focuses on improving CBF through medical therapy including antiplatelet agents, calcium-
channel blockers, and more rarely anticoagulants (Scott, 2000; Scott et al., 2004). More
aggressive surgical revascularization using either direct bypass or indirect synangiosis
procedures are performed in patients with symptoms unresponsive to medical therapy (Scott,
2000) and are increasingly utilized (Ikezaki, 2000). The most pressing clinical question in
these patients is whether aggressive surgical procedures are required, and if so, how
parenchymal hemodynamic and metabolic responses alter stroke risk. Addressing these
issues likely requires accurate measurements of how parenchyma compensates for steno-
occlusion, including knowledge of moderate-to-large vessel lumen and wall morphology and
vascular reserve capacity.
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Anemia

Such non-atherosclerotic conditions represent a popular application of CVR studies (Figure
5), partly due uncertainties with correct management of these patients and abilities of new
methods to provide insights regarding extent of impairment and candidacy for
revascularization procedures. In response to vasoactive stimuli, SPECT imaging originally
demonstrated that CBF reactivity was reduced in moyamoya patients (Hoshi et al., 1994;
Tatemichi et al., 1988), and more recently using MRI in conjunction with hypercapnic
stimuli, CVR magnitude has been consistently shown to be reduced, and onset of
hemodynamic responses delayed, in patients with moyamoya (Cogswell et al., 2017,
Donahue et al., 20153; Liu et al., 2017b). CVR timing values have been shown to correlate
with arterial circulation times measured from catheter angiography (Donahue et al., 2013)
and preliminary scoring systems have been proposed that include CVR as a relevant variable
in addition to standard anatomical information from angiography and FLAIR (Ladner et al.,
2017). Importantly, when short stimulus paradigms are used (e.g., breath holds or
hypercapnic stimuli with durations less than 60s), delays in maximal hemodynamic
responses due to delayed arterial blood circulation times and/or smooth muscle relaxation
are frequently observed in moyamoya patients. This effect can manifest as apparent negative
responses, sometimes attributable to vascular steal phenomena, owing to the hemodynamic
signal during the epoch when the stimulus is off being higher than when it is on (owing to
extreme delays in onset times). As such, care must be taken in quantifying and interpreting
these signal time courses, and time delay analyses are generally required (Donahue et al.,
2015b). ASL MRI has also been shown to provide a sensitive marker of hemodynamic
impairment in these patients (Yun et al., 2015), especially when long post-labeling delays
are used which account for the delayed blood arrival to tissue (Fan et al., 2017). Data using
ACZ and SPECT have shown that improvement in cerebral hemodynamics as assessed by
CVR following STA-MCA bypass correspond with improvements in patient symptoms
(Kawabori et al., 2013), and hypercapnic stimuli have been applied to show improvements in
CVR following direct and indirect revascularization procedures (Donahue et al., 2015a; Sam
etal., 2015).

A significant mechanism for stroke in patients with sickle cell anemia (SCA) is
hemodynamic imbalance with a reduced supply of oxygen due to reduced oxygen carrying
capacity and HbS presence. Known risk factors for stroke specific to SCA include low
baseline hemoglobin, acute chest syndrome, anemic crisis, fever, and hypertension (Balkaran
et al., 1992; Ohene-Frempong et al., 1998). Adults with SCA also generally have traditional
stroke risk factors (Strouse et al., 2009). TCD is frequently used to assess flow velocity in
children with SCA, and elevated MCA flow velocities are believed to provide a surrogate
marker for initial stroke risk (Adams, 2005). However, TCD provides no direct information
on CBF or vascular reserve at the level of the parenchyma, and also TCD does not identify
increased risk of infarct recurrence (Adams, 2005; Adams et al., 1998). To address these
limitations, more comprehensive tools to evaluate the spectrum of hemo-metabolic changes
that occur in SCA in terms of CVR, CBF, and OEF are likely needed. Cerebral
autoregulation maintains CPP so that increases in MAP produce vasoconstriction of pial
arterioles, and decreases in MAP produce vasodilation, thus altering resistance and
increasing microvascular CBV (Rapela and Green, 1964). In SCA, when arterial oxygen
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content decreases, CBF and CBV, and thus oxygen delivery, may increase as a result of
elevated cardiac output and/or microvascular autoregulation (Vorstrup et al., 1992). OEF will
increase if the total oxygen delivery is inadequate and CMR(;, is preserved (Derdeyn et al.,
2002).

Individuals with SCA and without significant vasculopathy typically have chronically
increased CBF (Gevers et al., 2012; Prohovnik et al., 2009; Vorstrup et al., 1992) in a
manner that depends on several factors including the balance of oxygen carrying capacity
and HbS fraction (Hurlet-Jensen et al., 1994), vasculopathy extent (Arkuszewski et al.,
2014), and cerebrovascular reserve (Derdeyn et al., 2002; Gupta et al., 2012). Importantly,
these factors influence CBF in opposite ways, with reduced oxygen carrying capacity
leading to increases in CBF, while cerebral vasculopathy and reduced autoregulatory
capacity can lower CBF. Thus, CBF is not necessarily specific for the source of impairment
and identical CBF can have distinct underlying hemodynamic mechanisms. OEF, which
reports fundamentally on the ratio of oxygen consumed to that which is delivered, may have
added discriminatory capacity for impairment. Specifically, as CBF becomes insufficient to
meet hemodynamic demands, due to any or all of the above causes, there will be a gradient
of increasing OEF to maintain a constant CMR;, (Derdeyn et al., 2002). Therefore, OEF
has been postulated to be a more sensitive indicator of critical tissue-level impairment for
cerebral ischemia and eventual strokes compared to CBF or CBV over a larger range of
hemodynamic impairment (Derdeyn et al., 2002; Jordan et al., 2016), yet methods for
measuring OEF regionally, routinely, and non-invasively have remained elusive.

Given this, CVR methods hold great promise for additionally evaluating how near patients
are to exhausting cerebrovascular reserve with the hypothesis that CBV may be near
maximal in many patients, and as such CVR in response to vasoactive stimuli will be
shunted. Indeed, recent work using BOLD MRI in conjunction with a CO5 respiratory
stimulus has shown that reduced CVR is associated with reduced cortical thickness in 60
children with sickle cell disease compared to 27 age-matched subjects with without sickle
cell, most prominently in left cuneus, right post central gyrus and the right temporal pole
(Kim et al., 2016). Regional associations also revealed that reduced CVR co-localized with
brain regions with high metabolic activity, suggesting that such regions could be more prone
to hypoxia-induced damage. Work in a cohort of five patients using MRI showed that CBF
decreased and CVR increased following blood transfusion, consistent with increases in
oxygen carrying capacity of blood being associated with lower demands for autoregulation
and in turn increases in reserve capacity (Kosinski et al., 2017). Figure 6 shows an example
of very recent work using ASL MRI before and after ACZ administration in an adult with
SCA, demonstrating that such protocols can be used to visualize reduced reserve capacity in
the face of elevated CBF (Vaclavu et al., 2016).

Cerebral small vessel disease and aging

Cerebral small vessel disease (CVSD) is characterized radiologically by the presence of

small subcortical lesions, such as white matter hyperintensities and lacunes (Wardlaw et al.,
2013b), and vascular endothelial dysfunction has been proposed as a key mechanism for the
development of CSVD (Wardlaw et al., 2013a). The fundamental question in this population
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is who will develop CSVD and related white matter disease, whether patients with CVSD
will progress, and how this impacts cognitive function and symptomatology. A thorough
review of the role for CVR imaging in small vessel disease was recently presented by Blair
and colleagues (Blair et al., 2016). Endothelial dysfunction may result in the stiffening of
small blood vessels, causing them to become unreactive to vasoactive stimuli (Blair et al.,
2016). Thus, CVR imaging may be ideally suited for studying this possible etiology of
CSVD. However, currently-available data are conflicting (Conijn et al., 2012; Hund-
Georgiadis et al., 2003) on whether CVR is reduced in patients with CSVD, and Blair and
colleagues (Blair et al., 2016) have identified several key factors affecting comparison of
CVR studies in this population, including patient heterogeneity, differences in MR
acquisition protocols, the vasodilatory stimuli utilized, and the methods for CVR
computation.

Advancing age is the strongest risk factor for cerebrovascular disease and cognitive
impairment (Nagata et al., 2016). With an expected increase in the world’s population aged
60 years and older to 2 billion by the year 2050, neuroimaging techniques are becoming
increasingly utilized for understanding the cerebral hemodynamic changes due to aging.
Whole-brain CBF and regional CMRg> has been shown to be lower in older adults
compared to younger adults (De Vis et al., 2015), and CVR assessed with BOLD MRI and
hypercapnic normoxia stimulus has demonstrated age-related decreases in CVR, and this
decrease is more prevalent than decreases in CBF (Lu et al., 2011). Studies in cerebral white
matter (e.g., Figure 7) are of particular interest since white matter hyperintensities, which are
thought to be associated with CSVD, have been associated with cognitive decline in aging
(Sam et al., 2016). Using BOLD MRI and EtCO,-controlled delivery of hypercapnic
normoxia stimuls, Sam and colleagues (Sam et al., 2016) have suggested that baseline CVR
is lower in normal-appearing white matter that progressed to pathological white matter
hyperintensities at one-year follow-up in a cohort of older adults (age range=50-91 years);
this finding suggests that hemodynamic impairment related may be associated with
progression of aging-related white matter disease. Furthermore, Thomas and colleagues
(Thomas et al., 2014) utilized BOLD MRI and hypercapnic stimuli to demonstrate that CVR
in the white matter was lower than CVR in the gray matter, with a response delay of ~20s in
white matter reactivity compared to gray matter. Interestingly, with increasing age, CVR
response in white matter was faster and increased in magnitude, which was contrary to the
finding in gray matter, suggesting that microvascular characteristics may be unique in white
matter (Thomas et al., 2014). As white matter CBV and CBF are 2—3 times lower than gray
matter CBF and CBYV, sensitivity to white matter CVR can be low, requiring higher SNR
approaches are higher field strength when evaluated with MRI.

New developments and future directions

Developments in the field of CVR are also occurring that aim at exploiting not just the
magnitude but the temporal dynamics of the hypercapnic response. For instance, it has been
shown that while increases in CVR-weighted MRI signal are generally correlated with
arterial circulation times from digital subtraction angiography (Donahue et al., 2013), in
patients with severe intracranial disease additional delays may be present which could
correspond to added time for arterioles to dilate fully in response to vasoactive stimuli.
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These delays can be on the order of 10s or more, much longer than typical blood arrival
times, and may provide a marker of vascular compliance. Recent work has shown that these
changes can be just as large or larger than magnitude signal changes, adjust after surgical
revascularization, and can be quantified using time regression analysis tools (Donahue et al.,
2015a). Ongoing work is also focused on using more complex sinusoidal stimulus
paradigms to obtain CVVR information in shorter scan durations of 3-5 min (Blockley et al.,
2017), and these faster methods likely have relevance in healthy and patient studies where
reactivity timing is not substantially delayed.

While CVR mapping with respiratory challenges frequently employ a standard hypercapnic
stimulus of 5% CO2, it is possible that new insights could be gained by using graded
hypercapnic challenges where the CO, fraction is titrated from baseline (EtCO2=35-45
mmHg) up to elicit a change of as much as 15 mmHg. Such studies may lead to subject
discomfort when the stimulus is applied for long durations, but shorter duration graded
studies at high spatial resolution and a field strength of 7.0T have been performed
successfully and have shown that the BOLD response to progressively increasing changes in
PaCO, is non-linear (Bhogal et al., 2014). Spatial patterns of differences in linearity with
increasing PaCO; is also being evaluated at 3.0T (Fisher et al., 2017), and may provide new
contrasts relevant to vascular compliance.

Additionally, the burden of performing gas challenges is becoming increasingly realized,
despite their utility for interrogating reserve capacity relatively quickly. As such, newer
procedures are being investigated which aim to map measures of vascular compliance or
regional blood arrival time differences using baseline images acquired in the absence of any
provided stimulus. For instance it has been shown that connectivity analyses can be
performed on baseline BOLD images to obtain maps similar to Tmax maps, but without
contrast agents, and these approaches have been demonstrated in patients with MMS
(Christen et al., 2013). Resting state networks have also been shown to have relevance for
understanding adaptive brain plasticity mechanisms post-stroke, and could provide a marker
of functional recovery after stroke which could be useful for triaging patients for plasticity-
inducing therapies (Dijkhuizen et al., 2014). Beyond basic timing and functional
connectivity analyses, baseline BOLD images have also been used to investigate indicators
of CVR itself without the need for stimulus delivery. Here, natural variations in respiration
and related baseline BOLD signal characteristics have been shown to correlate significantly
with hypercapnia-induced CVR, and thus could provide an indicator of this measure in
patients where gas challenges are contraindicated (Golestani et al., 2016; Jahanian et al.,
2017; Liu et al., 2017a; Prokopiou et al., 2016). Baseline BOLD measurements have the
advantage of being easily implementable, requiring in the most simple case a single-shot
gradient echo EPI protocol with intermediate-to-long echo time, and no respiratory or
pharmacological stimulus. The current limitation is that more elaborate postprocessing is
generally required to extract CVR-weighted information, and additional the final metric is
more a measure of vasoactivity and dynamic cerebrovascular activity than cerebrovascular
reserve capacity.

The majority of CVR and functional neuroimaging studies generally, focus on gray matter
responses. However more recent work at intermediate (3.0T) and high (7.0T) human field
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strengths have begun to investigate white matter signal characteristics (Bhogal et al., 2016).
7.0T MRl is particularly intriguing for this avenue of work, as SNR increases linearly with
field strength, and CBF and CBV are generally 2-3 times lower in white matter parenchyma
than gray matter parenchyma, and thus smaller white matter hemodynamic changes can be
identified in principle with higher fidelity at higher field strength. Additionally, the
extravascular source of the BOLD signal at higher magnetic field strength should increase
the specificity to capillaries and extravascular tissue, rather than draining veins (Donahue et
al., 2011; Duong et al., 2003). The higher SNR afforded at 7.0T should also allow for CVR
to be investigated as a function of cortical depth and over much smaller spatial scales, and
work in this regard as also been pursued primarily in healthy subjects (Huber et al., 2015;
Huber et al., 2014; Siero et al., 2015a). It has been shown that the white matter response is
also delayed by nearly 20s relative to the gray matter CVR response, and white matter CVR
may increase with age, whereas gray matter responses decrease with age. White matter CVR
mapping could hold relevance for investigating small vessel disease mechanisms, and
specifically sub-clinical changes that may predispose patients for white matter disease later
in life (Bhogal et al., 2016; Thomas et al., 2014).

Generally in terms of diagnosis, there is a growing appreciation to understand the complete
spectrum of cerebrovascular disease, from prior evidence of ischemic damage and infarction
on anatomical imaging, to large vessel steno-occlusion and vessel wall characteristics, and
finally to smaller parenchymal hemo-metabolic compensation mechanisms that may be
present. A recent consensus statement on this topic and relevant research directions has been
published (Donahue et al., 2017a). To achieve this, multi-modal imaging may be relevant,
such as using catheter angiography or CT angiography as gold-standard methods for
lumenography and PET or MRI for hemo-metabolic and anatomical imaging, respectively.
Furthermore, as non-invasive MRI methods continue to be developed, PET hemo-metabolic
imaging may be replaced by MRI methods that do not require ionizing radiation and can be
performed more easily for routine surveillance, however many methods still require further
development and validation.

There is also an interest in improving post-processing procedures to enable online
visualization of CVR-related parameters, as well as to be able to interpret findings in the
context of normative and abnormal ranges. Most MRI scanner vendors now offer basic
graphical fMRI post-processing packages that allow for a general linear model or cross
correlation analysis to be applied to dynamic fMRI data, thereby enabling maps to be
generated on the scanner and even exported to the hospital PACS with minimal user
expertise. ASL MRI maps can also be calculated using online image algebra tools on most
scanners, and commercially available software is available for processing of SPECT data.
However, more complex analysis tools that perform time regression analysis or extract
CVR-weighted information from baseline signals are not available beyond in-house
programs generated at specialized centers.

Conclusions

This document summarizes the physiological changes underlying blood flow regulation in
response to reduced oxygen delivery to tissue, and specifically the role of cerebral
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autoregulation in adapting to such conditions. Abilities to measure surrogates of
autoregulation through CVR mapping using PET, SPECT, TCD, and MRI in sequence with
pharmacological or respiratory stimuli are possible, and these procedures have been shown
to have relevance for interrogating regional hemodynamic impairment and potentially
recurrent ischemic damage in patients with arterial steno-occlusive disease, anemia and
small vessel disease. In addition, ongoing work is aimed at obtaining CVR metrics without
vasoactive stimuli, and such methods hold promise for future neuroimaging applications.
Reducing death and disability associated with cerebrovascular diseases will likely require
improved abilities to predict hemodynamic failure in early and therefore treatable stages of

disease, and as outlined here CVR mapping holds promise, when combined in sequence with
anatomical imaging and angiography, for interrogating multiple-levels of hemodynamic
disease and compensation.
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Figure 1.
Healthy cerebral blood flow (CBF) and cerebrovascular reactivity (CVR) patterns. (A)

Major neck and head vessels as visualized from 3.0 Tesla time-of-flight magnetic resonance
angiography. (B) Tissue atlas (Montreal Neurological Institute; 2 mm isotropic) and (C)
corresponding flow territories averaged from healthy adults overlaid on the atlas, as
quantified from vessel-encoded arterial spin labeling MRI (red=basilar artery; green=left
ICA; blue=right ICA). (D) Normocapnic normoxic CBF, (E) Hypercapnic (5% CO,)
normoxic CBF, and corresponding (F) CVR quantified as the fractional CBF change
normalized by the end-tidal change in CO, (EtCO,) in 10 healthy subjects. CBF was
determined using arterial spin labeling and thresholded to show gray matter only, as white
matter CBF values are less reliable using ASL at 3.0T. Additional information can be found
in (Donahue et al., 2014b)
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Figure 2.

Relationships between vessel diameter and intravascular pressure (A) and flow velocity (B);
data are adapted from data summarized in Piechnik et al. (Piechnik et al., 2008), and based
on human and animal literature reports of PaCO,-manipulated perfusion over a range of 25—
70 mmHg.
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Figure 3.
Physiological changes in early stages of cerebrovascular disease. For increasing levels of

impairment and cerebral perfusion pressure (CPP) reduction, cerebral hemodynamics adjust
in a manner that depends on the adequacy of tissue-level compensation mechanisms. (A)
Cerebral blood volume (CBV) can be maintained in mild stages of disease through
microvascular autoregulation, which in turn (B) reduces cerebrovascular reactivity (CVR),
or the further abilities of vessels to respond to a vasoactive stimulus. (C) When CVR is
exhausted, cerebral blood flow (CBF) reduces if CPP reduces further. (D) Throughout these
stages, microvascular atherosclerotic burden and/or damage to arteriolar smooth muscle may
lead to increases in CVRpg( Ay, Or the time required for microvessels to vasodilate. (E)
When these mechanisms become collectively inadequate to maintain sufficient oxygen
delivery to tissue, the oxygen extraction fraction (OEF; ratio of oxygen consumed to oxygen
delivered) will begin to increase.
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Figure 4.
Blood oxygenation level-dependent (BOLD) MR images acquired for cerebrovascular

reactivity (CVR) imaging may be analyzed using either a conventional approach where the
stimulus paradigm or EtCO» change is applied as the regressor, or in a time-regression
approach where the regressor is progressed in time, and maximum correlation and time to
maximum correlation (delay) are separately quantified. Representative cases of (A)
uncorrected CVR using a pre-defined regressor from the stimulus timing (CVRyncorrected)s
(B) maximum CVR (CVRwax) from when the time-progressed regressor maximally
corresponds with the timecourse, and (C) time-to-maximum CVR (CVRpejay) maps are
shown here for a 52-year old Caucasian male with primary moyamoya disease acquired with
hypercapnic stimulus. CVRncorrected images show reduced CVR-weighted signal in the left
anterior and posterior flow territories compared to the contralateral flow territories. While
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the CVRwax is marginally reduced in the affected region, a greater difference is observed in
the CVRpelay Of the affected region compared to the non-affected region. BOLD signal time
courses, normalized to baseline, are shown for the affected region and contralateral region
across two baseline blocks and one stimulus block. In the affected region, the signal
ultimately reaches a similar level compared to the contralateral region but takes longer to
achieve this maximum response, potentially indicating delayed blood arrival times and
impaired smooth muscle or endothelial response to vasoactive stimuli.
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Figure 5.
Blood oxygenation level-dependent (BOLD) MRI may be utilized to monitor treatment

response in patients with moyamoya disease. (A, B) Representative examples of pre- and
post-surgery digital subtraction angiography (DSA), (C, D) uncorrected CVR
(CVRuncorrected), and (E, F) time-to-maximum CVR (CVRpgjay) maps are shown for two
patients: 1) a 28-year old Asian female with primary moyamoya disease and successful
right-sided EDAS and 2) a 53-year old Caucasian female with secondary moyamoya disease
and unsuccessful left-sided EDAS. Surgical success was determined based on whether 2/3 or
more of the MCA territory was perfused following surgery as determined from DSA. For the
first patient, success of the revascularization procedure is demonstrated by DSA, and
corresponding increases in CVRyncorrected (C) and decreases in CVRpejay (E) can be seen.
For the second patient, the revascularization procedure was unsuccessful based on the post-
surgery DSA (B), and this is indicated by the lack of change seen in the CVRyncorrected (D)
and CVRpelay (F) images. This example illustrates the potential of CVR imaging as a
marker of treatment response to revascularization surgery in patients with moyamoya
disease.
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Figure 6.

Cerebrovascular reserve in sickle cell disease (SCD). (Above) Intracranial magnetic
resonance angiography (MRA) and corresponding cerebral blood flow (CBF) maps at
baseline and 10 minutes following intravenous acetazolamide (dose=16 mg/kg) infusion in a
24 year old healthy male without a history of cerebrovascular disease or hemoglobinopathy.
CVR, defined as the fractional change in CBF in response to acetazolamide, is
approximately 80% and largely symmetric throughout gray matter parenchyma. (Below) A
29 year old male with SCD and moyamoya syndrome. MRA shows hypervascularity and
baseline CBF is elevated in response to anemia and reduced oxygen carrying capacity. Upon
acetazolamide administration, the CBF response is blunted compared to the healthy control,
translating to low-to-negligible CVR. These data are consistent with the SCD patient
operating at or near cerebrovascular reserve capacity and such patients may be at elevated
risk of future ischemic events. Images provided by Lena Vaclavu and additional information
can be found in Vaclavu L et al. (Vaclavu et al., 2017).
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Figure 7.
Reactivity in white matter, acquired using 7.0T MRI and adapted from Bhogal et al. (Bhogal

et al., 2015). (A) Normalized BOLD-CVR response curves comparing gray matter with
white matter of increasing depth averaged across nine subjects. BOLD signal magnitude is
reduced at increasing white matter depth. Also, the shape of the response curve shifts to the
right at increasing white matter depth. (B) Regions of interest for a single subject are shown
in top right inset. Return to baseline decaying exponential curves averaged across nine
subjects.
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Table 1

Summary of relevant physiological values for many cerebrovascular reactivity imaging protocols. Cerebral
hemo-metabolic (Derdeyn et al., 2002; Donahue et al., 2017a; Leenders et al., 1990) and gas exchange values
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(Guyton, 1977) are based on approximate literature ranges.

Parameter

Units

Typical range

Hemodynamic and metabolic parameters

Cerebral blood flow

ml blood / 100g tissue / min

35 — 60 (gray matter)
17 — 28 (white matter)

Cerebral blood volume

ml blood/100g tissue

3.5 - 6.6 (gray matter)
2.1 - 3.0 (white matter)

Cerebral metabolic rate of oxygen

ml O, / 100g tissue / min

2.8 - 5.0 (gray matter)
1.2 - 1.7 (white matter)

Oxygen extraction fraction

(O, consumed/ O, delivered;
unitless)

0.35 — 0.44 (gray matter)
0.31 - 0.42 (white matter)

Parameters relevant to gas tension experiments

Partial pressure of carbon dioxide in arterial blood mmHg 35-45

(PaCOy)

Partial pressure of oxygen in arterial blood PaO, mmHg 75-100

Partial pressure of carbon dioxide in venous blood mmHg 40-50

(PvCOy)

Partial pressure of oxygen in venous blood (PvCO,) mmHg 30-40

End-tidal CO, (EtCO,) mmHg 35-45

Blood pH —log[H+] (unitless) 7.34-7.44

Tissue pH —log[H+] (unitless) 70-7.1

Partial pressures of respiratory gases as they enter and leave the lungs (total pressure 760 mmHg)

Atmospheric air: No/O,/CO,/H,0 mmHg 597.0/159.0/0.3/3.7
Humidified air: N,/O,/CO,/H,0 mmHg 563.4/149.3/0.3/47.0
Alveolar air: No/O,/CO,/H,0 mmHg 569.0/104.0/40.0/47.0
Expired air: No/O,/CO,/H,0 mmHg 566.0/120.0/27.0/47.0
Other parameters relevant to reactivity experiments

Pressure at sea level mmHg 760

Room air composition

Percent by volume

78.1 (Nitrogen) / 20.9 (Oxygen). CO, =

0.03
Hematocrit Percent 40 — 52% (male); 37 — 46% (female)
Hemoglobin g/dL 13.2 - 6.2 (male)

12.0 - 15.2 g/dL (female)
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