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Task and resting-state functional MRI (fMRI) is primarily based on the same blood-
oxygenation level-dependent (BOLD) phenomenon that MRI-based cerebrovascular
reactivity (CVR) mapping has most commonly relied upon. This technique is finding
an ever-increasing role in neuroscience and clinical research as well as treatment
planning. The estimation of CVR has unique applications in and associations with fMRI.
In particular, CVR estimation is part of a family of techniques called calibrated BOLD
fMRI, the purpose of which is to allow the mapping of cerebral oxidative metabolism
(CMRO2) using a combination of BOLD and cerebral-blood flow (CBF) measurements.
Moreover, CVR has recently been shown to be a major source of vascular bias in
computing resting-state functional connectivity, in much the same way that it is used to
neutralize the vascular contribution in calibrated fMRI. Furthermore, due to the obvious
challenges in estimating CVR using gas challenges, a rapidly growing field of study is the
estimation of CVR without any form of challenge, including the use of resting-state fMRI
for that purpose. This review addresses all of these aspects in which CVR interacts with
fMRI and the role of CVR in calibrated fMRI, provides an overview of the physiological
biases and assumptions underlying hypercapnia-based CVR and calibrated fMRI, and
provides a view into the future of non-invasive CVR measurement.

Keywords: calibrated BOLD, neurovascular coupling, cerebrovascular reactivity, resting-state fMRI, functional
connectivity

BOLD SIGNAL PHYSIOLOGY

Functional MRI (fMRI) is predominantly performed using the blood-oxygenation level-dependent
(BOLD) signal. This signal is based on the paramagnetic properties of deoxyhemoglobin, providing
a sensitive, but un-specific marker of neuronal activity. This lack of specificity stems from the
fact that most deoxyhemoglobin (dHb) locally arises from baseline metabolism, with a more
modest contribution from task-evoked neuronal activity. The signal measured during a task is
due to the dilution of these two sources of dHb from a feedforward cascade of events leading to
vasodilation in arterioles, bringing fully oxygenated, and therefore diamagnetic, blood to the area of
activity (Girouard and Tadecola, 2006; Iadecola, 2017). Therefore, rather than being a direct marker
of neuronal activity, the BOLD signal reflects the relative interplay between baseline oxidative
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metabolism, task-evoked metabolism, neurovascular coupling
mechanisms, and the extent to which local vessels dilate in
response to these neurovascular coupling chemical signals
(Gauthier and Fan, 2019). It is this last aspect that underlies
the amplitude of the cerebrovascular reactivity (CVR) response
measured by BOLD fMRI.

While BOLD-based fMRI is widely used and has several
applications in clinical fields (Chen, 2018, 2019; Gauthier and
Fan, 2019; Specht, 2019), its physiologically unspecific nature
makes it vulnerable to a variety of biases, especially in clinical
populations (Ances et al., 2011; De Vis et al., 2015; Lajoie et al.,
2017; Mazerolle et al., 2018; Chen, 2019). These biases can be
vascular in nature, such as differences in baseline blood flow
or reactivity, which are known to be prevalent in aging and
clinical populations, or maybe due to decline in the availability
of neuronal resources. It has been estimated that in healthy
brains, the vascular response component is about twice the
amplitude of the metabolic response (Hoge et al., 1999a; Uludag
et al, 2004). The vascular response consists of both a blood
flow and a blood volume response, but because blood flow has
a supralinear dependence on vessel diameter (modeled using
Poiseuille’s law), it is the blood flow response that dominates the
BOLD response. In less healthy populations, changes in vascular
elasticity or neurovascular coupling mechanisms can lead to
reduced vasodilation (Girouard and Iadecola, 2006; Iadecola,
2017). Because of this supralinear dependence on diameter, even
small differences in diameter changes with aging or disease
can have a large impact on blood flow as compared to young
healthy populations. Therefore, the different physiological sub-
components that make up the BOLD signal may not contribute
identically to the measured signal in populations of different
ages or presenting with different health conditions. This can lead
to systematic biases in many BOLD signal comparisons across
groups (Gauthier et al., 2012).

BOLD Sensitivity to CO,

In the past decades, the CO,-driven BOLD response has been
the preeminent method for mapping CVR. CO, is a potent
vasodilator used that has been shown to rely mainly on the nitric
oxide (NO) pathway to increase arterial diameter (Pelligrino
et al,, 1999; Najarian et al., 2000; Peebles et al., 2008; Iadecola,
2017). While the exact source of NO (endothelial, neuronal or
astrocytic) is still debated, NO production has been shown to
mirror changes in CO; partial pressure, with for example a 40%
increases in CO; partial pressure resulting in a 36% increase in
NO production through endothelial cells in Fathi et al. (2011).
Vessel diameter is highly sensitive to the surrounding CO,
concentration, with increasing CO; partial pressures leading to
linear increases in both vessel diameter and flow (Hiilsmann and
Dubelaar, 1988; Komori et al., 2007). In Komori et al. (2007) for
example, this increase was shown to be of 21.6% for arteriolar
diameter and 34.5% flow velocity for a 50% change in CO, partial
pressure in rabbit arterioles. This sensitivity can be captured
using MRI, within our own data, a 12.0% change in inhaled CO,
concentration resulting in a 24.9% change in gray matter CBF
measured using arterial spin labeling (ASL) and a 1.5% change
in the gray matter BOLD signal (Gauthier and Hoge, 2013).

Since the BOLD signal has both a static and temporal signal-
to-noise ratio (SNR) that is typically above 100 (Triantafyllou
et al., 2005; Gauthier and Hoge, 2013), it is a sensitive measure
of CO;-induced vasodilation at the whole-brain level.

To induce a BOLD response to CO3, either hypercapnia and
hypocapnia could be used. Hypercapnia is easier to achieve with
more robust BOLD responses, while hypocapnia can be achieved
with prospective targeting (Halani et al., 2015), hyperventilation
(Cohen et al, 2002), or cued deep breathing (Bright et al,
2009). The various methods for producing CO, variations are
summarized in a number of recent reviews (Fierstra et al., 2013;
Chen, 2018; Pinto et al., 2020).

THE ROLE OF CVR IN CALIBRATED fMRI

There exists a variety of methods to extract or correct the BOLD
signal and make it a more quantitative marker of neuronal
activity (Hoge, 2012; Gauthier and Fan, 2019). Notably, CVR is a
key component of a family of techniques called calibrated fMRI,
which is the predominant approach to quantify and extract the
neuronal and vascular components of the BOLD response (Davis
et al., 1998; Hoge et al., 1999a,b; Chiarelli et al., 2007; Gauthier
and Hoge, 2012). In its fuller implementations, calibrated fMRI
allows the separation of the BOLD signal into its baseline and
task-induced vascular and metabolic components (Bulte et al.,
2012; Gauthier and Hoge, 2012; Wise et al., 2013). In this review,
the role of CVR in calibrated fMRI will be discussed.

What Is Calibrated fMRI?

In its most common form, calibrated fMRI uses breathing
manipulations to estimate the blood flow and blood volume
component of the BOLD response to a task, in order to separate
it from the non-vascular component of the BOLD signal (Davis
et al., 1998; Hoge et al., 1999a,b; Chiarelli et al., 2007; Gauthier
and Hoge, 2012). The most common calibration procedure
for this type of technique uses hypercapnia or increased CO,
concentration in inhaled air, to cause a putatively purely vascular
response (Davis et al., 1998; Hoge et al., 1999a). This calibration
procedure is based on the underlying assumption that CO»,
known to be a potent vasodilator, does not cause any change in
oxidative metabolism. This vascular CO, response is essentially

CVR.
A BOLD/BOLD,

~ 1— (CBF/CBFy)*P (0

The original calibrated fMRI model was presented by Davis et al.
(1998), followed in 1999 by a more complete description of the
dHb dilution model that underlies it by Hoge et al. (1999a). In this
model, the BOLD signal measured during hypercapnia is related
to the CBF signal measured using ASL during hypercapnia, the
calibration M parameter, and two other parameters typically
assumed from the literature: a, which represents flow-volume
coupling, and B, which represents the field strength-dependent
magnetic properties of dHb. The M parameter is given by Eq. 1.
The BOLD and CBF components can be measured, while alpha
and beta are assumed, and M is the output of this calibration
procedure. Conceptually, M represents the maximum possible
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BOLD signal. Since hypercapnia is assumed to be metabolically
neutral, then M corresponds to the BOLD signal one would
obtain if all dHb present in the brain from baseline metabolism
were suddenly removed. At 3T, this value has been found to
be between 4 and 12% when using a hypercapnia model see
review in Hoge (2012), Blockley et al. (2015), Mark et al.
(2015), and Gauthier and Fan (2019). To perform a calibrated
fMRI experiment, therefore, one measures the BOLD and CBF
percent signal change in response to mild hypercapnia, then uses
the calibration equation from the model to extrapolate to the
asymptote of the curve, corresponding to this maximal dilution
of dHb. CVR is an intermediate measurement of this technique
since it is measured as the BOLD or CBF percent change per
mmHg change in CO;, concentration during hypercapnia.

The next step of the calibrated fMRI framework per the Davis
model is then to estimate the oxidative metabolism component
of the BOLD signal measured in response to a task, by combining
the M parameter already measured, the BOLD signal measured in
response to the task, the CBF signal measured in response to the
same task, and the same alpha and beta parameters mentioned
in the calibration procedure. These alpha values are assumed
to be the same for the task and calibration (essentially CVR)
procedures in most cases, though some work has shown that
these may in fact be different (Chen and Pike, 2009, 2010b).
It is also noteworthy that some work has suggested that the
model should be treated as a heuristic model, rather than a
biophysical model and that the value of alpha and beta can in
fact be determined through data fitting, resulting in a different
set of values than what has typically been used in the literature
(Griffeth and Buxton, 2011).

Other versions of calibrated fMRI have been developed
following this initial formulation. The simplest version consists
in normalizing the BOLD signal from a task by the measured
CVR (Bandettini and Wong, 1997; Biswal et al., 2007; Liu
et al., 2013). These other models are based on other breathing
manipulations such as hyperoxia (Chiarelli et al., 2007) or a
combination of hypercapnia and hyperoxia (Gauthier and Hoge,
2012). While hyperoxia-based calibration improves comfort
and has been shown to lead to reliable estimates of M and
CMRO,, there is evidence that this model underestimates the
true M and CMRO; (Gauthier and Hoge, 2012). Furthermore,
this implementation does not allow estimation of CVR as
an intermediate byproduct, which may be valuable in several
clinical populations. Finally, extensions of these calibrated fMRI
models have also been developed to measure metabolism at
rest (Bulte et al., 2012; Gauthier and Hoge, 2012; Wise et al,,
2013). These other techniques have been reviewed elsewhere
(Gauthier and Fan, 2019).

The Role of CVR in Calibrated fMRI

The most common calibrated fMRI technique is based on
the important assumption that CO; inhalation is metabolically
neutral. At high doses, CO;, is likely to cause changes in
metabolism, but it is typically assumed that the smaller
concentrations used in calibrated fMRI (on the order of 5%
CO; in most cases) cause negligible changes in metabolism. This
is a debated assumption, however, with some studies showing

decreased metabolism during CO, inhalation (Xu et al., 2011;
Driver et al, 2017) and some showing no change (Chen and
Pike, 2010a; Jain et al., 2011). Aside from the difficulty in
proving the null hypothesis that CO, is metabolically neutral,
whether metabolic activity is detected in response to CO, may
be dependent on the technique and the hypercapnia level used
to measure it. If hypercapnia does impact oxidative metabolism,
and thus biases the CVR estimate used in the calibration step,
an accurate measurement of this bias is crucial, as it has been
shown to have a large impact on the output of the calibrated fMRI
model (Blockley et al., 2015). However, correction of the model
to account for the change in CMRO; would be straightforward
should an accurate measurement of this effect arise as a CMRO,
change parameter could be added to the M equation rather than
assuming a value of one (Blockley et al., 2015; Driver et al., 2017).

Another important consideration is the presence of non-
linearities and spatial heterogeneities in the BOLD and
underlying CBF response to hypercapnia. It has been shown
that the dose-response curve for the CBF and BOLD responses
to graded hypercapnia follows a sigmoidal shape, with lower
CBF and BOLD responses in the hypocapnic range, as well as
saturation effects in the very high inhaled CO, concentration
range (Tancredi et al., 2012; Duffin et al,, 2017). Therefore,
correction by CVR or calibrated fMRI must be interpreted with
caution when operating outside the more linear range around
35-50 mmHg (Tancredi et al., 2012). Furthermore, the BOLD,
and perhaps even more so, the CBF response to hypercapnia
has been shown to be spatially heterogeneous (Gauthier et al.,
2012; Tancredi et al., 2012; De Vis et al., 2015). Because of this,
it is crucial that regional or voxel-wise measurements of CVR
or M be used to validly inform the BOLD signal or performing
calibrated fMRI.

Assumptions in Calibrated fMRI

The Davis model also assumes that arterial blood is fully
oxygenated. This is generally a reasonable assumption, as normal
oxygen saturation for arterial blood is typically in the range of
97-100% in young subjects (Barratt-Boyes and Wood, 1957).
However, this assumption may be problematic in older (Hardie
et al, 2004) and diseased populations (Cukic, 2014; Slowik
and Collen, 2020), which could suffer from lower saturations.
However, modeling of the effects of anemia has shown that
anemia has a very limited impact on the results of the model
(BlocKkley et al., 2015).

Another underlying assumption of this technique is that
the chemical signaling that underlies the neurovascular
response is comparable to the signaling that underlies CO,-
mediated vasodilation. This is because unless these two types
of signaling are comparable, then using hypercapnia to assess
the vascular response corresponding to a functional task may
be misleading and be associated with the very systematic biases
between populations that calibrated fMRI was designed to
address. Neurovascular coupling is a complex orchestration of
signals with many cell types and pathways involved. Detailed
studies have shown that when they are active, neurons and
interneurons release NO, and that this leads to vasodilation at
the arteriolar level (Faraci and Brian, 1994; Rancillac et al., 2006;
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FIGURE 1 | Theoretical relationship between rs-fMRI signal amplitude and physiological variables. The BOLD fMRI fluctuation amplitude (%BOLDRrys) is plotted
against baseline (A) cerebral blood flow (CBFp), (B) cerebrovascular reactivity (CVR), and (C) venous blood oxygenation (Yv). Figure reproduced from Chu et al.
(2018) with permission from Elsevier.

Attwell et al., 2010; Iadecola, 2017). Capillary dilation is,
however, dependent on astrocytic activation of other pathways,
especially the arachidonic acid pathway (Mishra et al., 2016).
Nevertheless, it has been shown that inhibition of nNOS leads
to an almost complete diminution of the BOLD and CBF
response to neuronal stimulation in rat (Stefanovic et al,
2007), establishing nNOS as one of the main mediators of the
neurovascular coupling that underlies the fMRI signals.

The vasodilatory response to hypercapnia on the other hand
has been shown to be predominantly due to activation of the NOS
pathway, leading to the release of NO from neurons (Pelligrino
et al., 1999) and endothelial cells (Najarian et al., 2000; Peebles
et al., 2008). When the NO pathway is blocked, the vasodilatory
response is reduced by 36-94% depending on the inhibitor used,
hypercapnia levels and species (Iadecola and Zhang, 1994). While
some studies have shown that inhibiting the endothelial NO
pathway or destroying endothelial cells does not abolish the CBF
response to hypercapnia (Wang et al., 1994), other studies have
shown that neuronal sources cannot in isolation explain the CBF
response to hypercapnia (Iadecola et al., 1987, 1993; Iadecola
and Zhang, 1996). This likely reflects a combined contribution
of endothelial and neuronal sources or redundancy that allows
one system to come online when the other fails. It is important
to note, however, that there may be some important species-
related differences in pathways (Najarian et al., 2000), making
animal results only partly relevant to human data. Therefore,
while it is currently unclear whether these two responses are truly
equivalent, there are clear similarities between them, lending
validity to the use of hypercapnia-based CVR as a model for the
vascular component of neurovascular coupling.

THE ROLE OF CVR IN RESTING-STATE
fMRI

What Is Resting-State fMRI?

Functional MRI in the resting state (rs-fMRI), particularly
based on the BOLD signal, has been extensively used to
measure functional connectivity in the brain. The use of the
BOLD signal for resting-state imaging largely began with the
seminal discovery of resting-state BOLD signal-based (rs-BOLD)

synchronization across brain networks (namely “resting-state
functional connectivity”) by Biswal et al. (Biswal et al., 1995; Fox,
2010). Despite the undefined cognitive state of the brain in the
“resting-state” and the ambiguous involvement of vascular and
metabolic mechanisms underlying the BOLD signal (discussed
later in this section), resting-state BOLD signal-based brain
networks have been consistently revealed in numerous studies.
Notably, the well-documented default-mode network (DMN),
key in generating cognition, has been implicated in a wide array
of neurological diseases. In recent years, resting-state BOLD-
fMRI has gained considerable attention in basic and clinical
neuroscience (Biswal et al., 1995; Fox, 2010) and the number
of publications using the resting-state BOLD contrast has seen
exponential growth. This remarkable growth is attributable
to the ability of rs-BOLD studies to bypass the hurdles of
task performance and behavioral evaluations in assessing brain
function, opening a new attractive avenue for neuroimaging
research in pediatrics, aging, and a variety of neurologic
and psychiatric diseases. A comprehensive description of the
applications of rs-BOLD signals can be found in recent reviews
(Fox, 2010).

Functional connectivity is the main reason for the popularity
of resting-state fMRI. First-level resting-state functional
connectivity is generally computed using seed-based correlation
or data-driven approaches. In the model-based seed-correlation
analysis (Biswal et al., 1995; Van Dijk et al., 2010), connectivity is
defined as the correlation between the seed rs-fMRI signal time
series and those of other brain voxels or regions. Data-driven
methods typically use principal- or independent component
analysis (PCA and ICA, respectively) to identify brain networks.
While the seed-based approach is constrained by model
assumptions and a priori hypotheses, model-free data-driven
methods are more challenging to use in group-analyses due to
higher variability in the network components identified. Seed-
and data-driven approaches yield largely similar spatial patterns
(although with differing spatial extents), and both methods can
be used to determine connectivity magnitude. However, due to
the linear assumptions related to the model-based connectivity
methods, it is easier to intuite the influence of physiological
metrics on resting-state functional connectivity. After all, there
is a well-defined relationship between the correlation coefficient
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FIGURE 2 | Theoretical relationship between rs-fMRI functional connectivity and physiological variables. The dependence of function connectivity (FC) on all three
physiological variables (CBFg, CVR, and Yv) is driven by the signal-to-noise ratio (SNR) and by the balance between signal-driven (rs) (A=C) and noise-driven
correlations (rn) (D-F). A lower SNR leads to more emphasized dependence of FC on baseline physiology. Figure reproduced from Chu et al. (2018) with permission
from Elsevier.

and the rs-fMRI signal amplitude, which is, in turn, describable
by the steady-state fMRI signal model as introduced earlier. With
the adoption of higher-level functional connectivity measures
(those derived from the first-level metrics, such as centrality and
hubness, to name a few), the effect of physiological biases may
not seem obvious, but it is all the more important to understand
them at more abstract levels of analysis.

The Role of CVR in Resting-State fMRI

The rs-fMRI technique, while immensely popular, has been
limited by a lack of a fundamental physiological understanding
of the underlying rs-fMRI BOLD signal (Leopold and Maier,
2012). The BOLD signal is only an indirect measure of neuronal
activity and is inherently modulated by both neuronal activity
and vascular physiology (Biswal et al., 2007; Kannurpatti et al.,
2008; Biswal and Kannurpatti, 2009; Tong and Frederick, 2010).
Currently, the respective contributions of these factors to resting-
state BOLD are still unknown. This knowledge gap leads to great
challenges for data interpretation in clinical scenarios, whereby
these contributions are often altered. The literature suggests that
BOLD-based fMRI signal is fundamentally modulated by local
vascular physiology (Carusone et al., 2002; Kannurpatti et al.,
20105 Liu, 2013).

Previous work on the biophysical origins of the rs-fMRI
signal suggests that the steady-state BOLD model (Davis
et al., 1998; Hoge et al, 1999a), as outlined in the previous
section, is a reasonable framework for understanding the
neurovascular underpinnings of the resting BOLD effect.
CVR is known to covary with the BOLD response to
neuronal activation (Stefanovic et al., 2006). Specifically, reduced
vascular responsiveness has been associated with reduced BOLD
activation amplitude as well as a slowing down in the BOLD
response dynamics (Behzadi and Liu, 2005; Rack-Gomer and Liu,

2012), setting the stage for our study of the effect of CVR on
the rs-fMRI signal. Indeed, CVR is a major factor determining
the hemodynamic response to neuronal activity, which in turn
modulates rs-fcMRI signal amplitude [see review (Liu, 2013) and
Figure 1]. As a result, CVR is expected to drive the amplitude of
resting BOLD signal fluctuations (RSFA). Indeed, hypercapnia,
which elevates basal CBF and oxygenation while reducing CVR
(Cohen et al.,, 2002), has been shown to reduce the amplitude of
resting-state BOLD signals (Biswal et al., 1997; Xu et al,, 2011),
consistent with predictions based on the BOLD signal model.
Although hypercapnia has also been shown to reduce the power
of the alpha-rhythm (Xu et al., 2011), CVR is likely to also play a
key role in modulating the RSFA in this context. As an extension,
in a study of 335 healthy older adults (Tsvetanov et al., 2015), it
was found that the effects of aging on the RSFA were mediated by
cardiovascular factors such as heart rate.

Interestingly, another representation of the rs-fMRI signal
fluctuation, the amplitude of low-frequency fluctuations (ALFF),
is typically interpreted as a neuronal measure (Zou et al., 2008;
Jia et al., 2020). It is important to realize that the RSFA and ALFF
are directly proportional to each other and that it is illogical to
interpret the same quantity in two different ways. Furthermore,
the fractional ALFF (fALFF) amounts to the RSFA normalized
by the per-voxel signal variance instead of the mean (Zou et al.,
2008; Jia et al., 2020). This measure would be influenced by both
the neuronal signal content at the SNR at each voxel, making the
physiological interpretation more tortuous.

However, the relationship between the RSFA and functional
connectivity is more subtle than linear. The hemodynamic
response determines the BOLD signal amplitude and
subsequently the rs-fMRI BOLD SNR; different signal SNRs will
in turn lead to different connectivity measurements (Liu, 2013).
Such biases may obscure the meaning of rs-fMRI functional
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connectivity measurements (Golestani et al., 2016; Chu et al,
2018), which are modulated by the RSFA (Rack-Gomer and Liu,
2012; Tak et al., 2015).

In our previous work (Golestani et al., 2016), we demonstrated
the extent of this modulation, as well as uncovered the effect
of CVR modulation on rs-fMRI functional connectivity. Across
the group, rs-fMRI functional connectivity of the motor network
also depends significantly on the baseline capnic state, with the
hypocapnic baseline associated with the highest connectivity
values, and hypercapnic baseline associated with the lowest
connectivity. The latter finding is in agreement with early data
from Biswal et al. (1997) and from more recent data from Xu
et al. (2011). This association, however, is not consistent across
the brain. The recent work by Lewis et al. (2020) extends this
work to dynamic functional-connectivity analyses and over 42
functional networks. It was found that network connectivity
is generally weaker during vasodilation, which is supported by
previous research (Biswal et al., 1997; Golestani et al., 2016).

As follow-up work (Chu et al., 2018), instead of modulating
CVR within individuals, we compared fcMRI and CVR across
different individuals. There was observable inter-subject CVR
variation even amongst healthy young adults, as well as a
distribution of functional connectivity values. In this work,
we used the steady-state BOLD model to make predictions
about functional connectivity given CVR (as well as CBF and
SO,) (Figure 2). We further used these predictions to help
interpret the empirical data, with the objective of improving
our understanding of the possible origins of inter-subject
variations in rs-fMRI functional connectivity. However, the
characterization of vascular biases on rs-fMRI metrics remains
scarce in current literature.

Given the above, the open question is how to normalize or
calibrate the vascular effects from rs-fMRI measures, which is
especially used to study neuronal markers (Champagne et al,
2020; Coverdale et al., 2020; Tsvetanov et al., 2020). As an example
of the application of a normalization approach, Xu et al. (2011)
normalized the resting-state BOLD amplitudes in the default-
mode network by the task-related BOLD responses in the visual
cortex, as CO; challenges were observed not to alter the RSFA
in the visual cortex. More recently, following the findings in
Chu et al. (2018) and Champagne et al. (2020) normalized
functional connectivity by local CBF and observed a reduction
in connectivity differences between healthy and patient groups.
This is in line with observations by Garrett et al. (2017), who
also observed age-related differences in RSFA to be reduced when
normalized by vascular physiology. However, it is likely that
the fcMRI-CVR association is mechanical (driven by local CVR
and the local vessel composition) and coincidental (driven by
the relationship of both to neuronal health). Hence, adequate
correction of vascular bias remains an open challenge.

Quantifying CVR Using Resting-State
fMRI

Resting-state fMRI offers a unique opportunity to glean CVR
information without the need for respiratory challenges. This
type of “unconstrained” or “task-free” CVR protocol does not

require cooperation from participants, and is thus a promising
direction of research that will likely broaden the accessibility of
CVR mapping to clinical researchers (Chen, 2018).

The RSFA was initially introduced as a vascular scaling factor
for task-based BOLD responses by Kannurpatti et al. (2011), as it
was used to scale fMRI task responses in the study of aging. Since
then, resting-state methods that do not require CO; perturbation
have flourished (Golestani et al., 2016; Jahanian et al., 2017;
Liu et al, 2017). Notably, Kannurpatti et al. (2014) reported
a comparison of the resting-state fMRI fluctuation amplitude
(voxel-wise temporal standard deviation) as a CVR surrogate. Liu
et al. (2017) introduced a method that uses the low-frequency
range of the rs-fMRI signal, regressed against the global-signal, to
generate a qualitative CVR estimate. In the same year, Jahanian
etal. (2017) introduced the concept of using either the voxel-wise
regression coefficients with cerebrospinal fluid signal (measured
using rs-fMRI) or using the voxel-wise coeflicient of variation to
approximate CVR. The former is more akin to the approach of
Liu et al. (2017) while the latter follows the logic of the method
by Kannurpatti et al. (2014) In the meantime, the Liu method
has also been demonstrated in delineating global and local CVR
deficits (in Moyamoya disease and acute stroke, respectively)
(Taneja et al., 2019).

While all of these methods have demonstrated correlations
with COj-based CVR measures, they provide qualitative
measures of CVR, which complicates inter-subject comparisons,
quantitative CVR mapping techniques using rs-fMRI remain
scarce. The only such technique takes advantage of spontaneous
fluctuations in end-tidal CO, while eliminating the effects
of heart-rate and respiratory-volume variability on the fMRI
signal (Golestani et al., 2016). Once the CO;-related BOLD
signal is isolated, a deconvolution is performed between the
resting-state fMRI and CO, time courses, and the area under
the response function is by definition the quantitative CVR.
This approach echoes the derivation of the CO, response
function using a series of breathing maneuvers, including deep
breathing, rapid breathing and free breathing (Vogt et al,
2011). The derivation of the whole response function instead
of a simple CVR amplitude provides the opportunity to extract
temporal CVR features.

As in the case of calibrated fMRI, one should be aware of
spatial heterogeneities and non-linearities in the flow and BOLD
response to CO,. For instance, the use of CVR to normalize rs-
fMRI metrics is only a valid approach if one can assume that the
CVR response obtained in different individuals and brain regions
are taken from the same linear regime.

Other Vascular Sources of Resting-State
fMRI

r Beyond the magnitude of CVR, the dynamic features of
the fMRI response function that are available through this
method can also provide useful information. A slowing
of the CVR response has been shown to characterize
vascular lesions (Poublancetal, 2015), adding a dimension
to the utility of CVR mapping. Indeed, differences
between young and older adults have been demonstrated
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using simply the temporal features of the resting CO; response
function (Esmaelbeigi and Chen, 2019). It is further shown that
by accounting for the temporal shifts in the BOLD CO2 response,
improved CVR estimates can be obtained (Yao et al., 2021).
Furthermore, this CO,-related shift structure can be associated
with the lag structure that naturally occurs in the rs-fMRI
signal (Tong and Frederick, 2014; Aso et al,, 2019), and can be
capitalized to extract additional vascular information without
CO; challenges.

Respiratory-volume variability (RVT) also modulates the rs-
fMRI signal (Birn et al, 2006), and a potential relationship
between CO; and RVT has previously been identified (Vogt et al.,
2011). This was extended to the convolution of the RVT with its
fMRI response function (Chang and Glover, 2009). Thus, RVT
can also be considered as a potential physiological marker to yield
a CVR measure, a possible future research direction.

The CO; response has also been reported to exhibit network
structure that coincide with that of conventional rs-fMRI
functional networks (Bright et al., 2020). Cardiac pulsatility,
which entrains the autonomic nervous system, is also known to
contribute to the rs-fMRI signal in a spatially specific manner
(Shmueli et al., 2007; Chang et al., 2009; Shokri-Kojori et al.,
2018; Attarpour et al, 2021). In fact, a substantial portion
of the rs-fMRI signal may stem from cardiogenic vascular
oscillations, and such signals can interact with respiration and
CO2 in a biofeedback loop (Attarpour et al., 2021). Respiratory
and cardiac-related physiological networks have recently been
documented in detail (Chen et al., 2020).

CURRENT CHALLENGES AND FUTURE
DIRECTIONS

Cerebrovascular reactivity has been found to associate with
cerebral autoregulation, which is assessed as the phase shift
between arterial blood pressure and venous blood flow changes
(Carrera et al.,, 2009). This association is observed in vascular
pathologies (Chen et al., 2014), and can influence the degree to
which the vasculature responds to CO;. Thus, the use of CVR in
calibrated BOLD and resting BOLD can lead to biased results in
certain patient populations.

Novel accelerated imaging acquisitions can enhance the power
of calibrated and resting-state fMRI. Specifically, the use of
multi-echo BOLD in conjunction with simultaneous multi-slice
acceleration has led to improved isolation of BOLD from noise
contributions in the task and resting fMRI alike (Olafsson et al.,
2015) as well as to more robust CVR estimates (Cohen and
Wang, 2019). The ability to accelerate acquisitions using slice
acceleration has also led to improved efficiency in terms of
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