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ARTICLE INFO ABSTRACT

Keywords: BOLD fMRI signal has been used in conjunction with vasodilatory stimulation as a marker of cerebrovascular
BOLD reactivity (CVR): the relative change in cerebral blood flow (CBF) arising from a unit change in the vasodilatory
EVIRI stimulus. Using numerical simulations, we demonstrate that the variability in the relative BOLD signal change
CXII: induced by vasodilation is strongly influenced by the variability in deoxyhemoglobin-containing cerebral blood

breath-hold volume (CBV), as this source of variability is likely to be more prominent than that of CVR. It may, therefore, be
CBV more appropriate to describe the relative BOLD signal change induced by an isometabolic vasodilation as a proxy
of deoxygenated CBV (CBVgup) rather than CVR. With this in mind, a new method was implemented to map a
marker of CBVgyp, termed BOLD-CBV, based on the normalization of voxel-wise BOLD signal variation by an
estimate of the intravascular venous BOLD signal from voxels filled with venous blood. The intravascular venous
BOLD signal variation, recorded during repeated breath-holding, was extracted from the superior sagittal sinus in
a cohort of 27 healthy volunteers and used as a regressor across the whole brain, yielding maps of BOLD-CBV. In
the same cohort, we demonstrated the potential use of BOLD-CBV for the normalization of stimulus-evoked BOLD
fMRI by comparing group-level BOLD fMRI responses to a visuomotor learning task with and without the in-
clusion of voxel-wise vascular covariates of BOLD-CBV and the BOLD signal change per mmHg variation in end-
tidal carbon dioxide (BOLD-CVR). The empirical measure of BOLD-CBV accounted for more between-subject
variability in the motor task-induced BOLD responses than BOLD-CVR estimated from end-tidal carbon diox-
ide recordings. The new method can potentially increase the power of group fMRI studies by including a measure
of vascular characteristics and has the strong practical advantage of not requiring experimental measurement of
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blood flow; CBV gnp), (BOLD-sensitive) cerebral blood volume; CO,, carbon dioxide; CVR, cerebral vascular reactivity; (d)Hb, (deoxygenated) hemoglobin; EPI, echo-
planar imaging; (f)MRI, (functional) magnetic resonance imaging; FAST, FMRIB’s automated segmentation tool; FEAT, FSL fMRI expert analysis tool; FILM, FMRIB’s
improved linear model; (MC)FLIRT, (motion correction) FMRIB’s linear image registration tool; FNIRT, FMRIB’s nonlinear image registration tool; FSL, FMRIB
software library; FSPGR, fast spoiled gradient-recalled echo; GRE, gradient-recalled echo; Hct, hematocrit; HRF, hemodynamic response function; MNI, Montréal
Neurological Institute; OEF, oxygen extraction fraction; PetCO,, partial pressure of end-tidal carbon dioxide; ROI, region of interest; SD, standard deviation; SRT,
serial reaction time; SSS, superior sagittal sinus; TE, echo time; TI, inversion time; TR, repetition time; VASO, vascular space occupancy; VERVE, venous refocusing
for volume estimation.
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end-tidal carbon dioxide, unlike traditional methods to estimate BOLD-CVR. It also more closely represents a
specific physiological characteristic of brain vasculature than BOLD-CVR, namely blood volume.

1. Introduction

The signal measured in a blood oxygenation level dependent (BOLD)
contrast functional magnetic resonance imaging (fMRI) experiment
largely reflects the change in the paramagnetic deoxygenated hemo-
globin content of the image voxels. It has been shown that two modu-
lators of the BOLD signal explain much of its variance between subjects:
the cerebrovascular reactivity (CVR) and baseline deoxyhemoglobin
content (Liu et al., 2013). CVR is normally considered as the relative
increase in the cerebral blood flow (CBF) in response to a vasodilatory
stimulus, where higher CVR leads to increased BOLD signal changes
throughout the brain of healthy subjects (Handwerker et al., 2007; Liau
and Liu, 2009; Liu et al., 2013; Thomason et al., 2007). Baseline deox-
yhemoglobin content, instead, depends on the oxygen extraction frac-
tion and the blood volume responsible for generating the BOLD signal
(CBVgnp) and is directly proportional to the BOLD signal change (Bux-
ton et al., 2004; Davis et al., 1998; Hoge et al., 1999; Liu et al., 2013; Lu
et al., 2010, 2008). The deoxygenated blood is found principally in the
capillaries and veins, the volume of which, in a given image voxel, de-
pends not only on the vascularity of the local tissue but also on the
fraction of the voxel volume occupied by brain tissue. This so-called
partial volume varies considerably when voxel volumes are large, as
they typically are for fMRI studies. The dependence of the BOLD signal
response to these underlying physiological factors may be exploited to
characterize brain tissue physiology.

CVR can be measured directly by applying a vasodilatory stimulus
that increases CBF (Hall et al., 2014; Wei et al., 1980). Common vaso-
dilatory stimuli include acetazolamide (Vagal et al., 2009) or hyper-
capnia (increase in arterial carbon dioxide (CaCO2)) induced by
breathing exogenous carbon dioxide (CO2) or induced endogenously
through breath-holding (Bright and Murphy, 2013; Kastrup et al., 2001;
Moreton et al., 2016). Parametric maps of CBF, and thus CVR, can then
be calculated based on dynamic susceptibility contrast or arterial spin
labeling MRI (Noth et al., 2006; Tancredi and Hoge, 2013). CVR has also
been investigated by exploiting the dependence of the BOLD signal on
relative changes in CBF in response to, what is assumed to be, iso-
metabolic hypercapnia (Bulte et al., 2012; Davis et al., 1998; Hoge et al.,
1999; Liu et al., 2019), here termed BOLD-CVR:

ACBF\*”
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Here, TE is the echo time of the imaging sequence, A and f are constants
that depend on the vessel size and geometry and the strength of the
magnetic field, a is the Grubb exponent (Grubb et al., 1974), CBVggp, is
the non-arterial cerebral blood volume (approximately 70% of the total
CBV) responsible for generating the BOLD signal, SvO is the venous
oxygen saturation, and [Hb] is the hemoglobin concentration in blood.
Zero subscripts denote baseline values. Eq. (1) can be linearized with
respect to relative changes in CBF and reformulated as a function of CVR
as (see the Appendix):

ABOLD

BOLD, = TE-A-CBV,30-(OEF,:[Hb])’-CVR-ACaCO, )

where ACaCO, denotes a change in arterial carbon dioxide. Eq. (2)
highlights that changes in the BOLD signal depend on the CVR and the
voxel baseline deoxyhemoglobin content, itself determined by the CBV,
oxygen extraction fraction (OEF), and blood hemoglobin content.
Parametric maps of BOLD-CVR are calculated by normalizing the
BOLD signal modulation in Eq. (2) by the change in the end-tidal CO5

(PetCO5). Breath-holding offers a convenient alternative to adminis-
tering CO4 during MRI (Bright and Murphy, 2013; Kastrup et al., 2001;
Moreton et al., 2016). Consequently, breath-hold-induced variations in
the BOLD fMRI signal have been used as a proxy of CVR. During
breath-holding, regional fractional changes in CBF are relatively uni-
form across the brain and they are reproducible across subjects (Taneja
et al., 2020). It follows, therefore, from Eq. (2) that a breath-hold fMRI
experiment may enable us to estimate a marker of CBVgyp (the
non-arterial blood volume), which we term BOLD-CBV to highlight its
derivation from BOLD measurements. Such maps could be obtained by
normalizing the breath-hold BOLD signal modulation by the purely
intravenous BOLD signal, for example, from a large vein where CBV4gp
approaches unity. This approach would not require measurements of
PetCO,, thus eliminating a potential source of inaccuracy. Notably, the
normalization by a venous signal, differently from the normalization by
the change in PetCO,, accounts for all other physiological parameters
except that of interest, assuming that these parameters are reasonably
uniform across the brain. In particular, the observation of a uniform CVR
across the brain is supported by arterial spin labeling-based measure-
ments (Taneja et al., 2020). Finally, the spatial variability of CBVgyp
across the brain is expected to be higher than that of CVR (Zhao et al.,
2021).

The physiological factors affecting the BOLD signal response vary
between individuals and across the brain. As such, they may be
considered a nuisance because of the variability they add to BOLD
response data in neuroscientific fMRI studies, in which it is desirable to
maximize the sensitivity to detecting task-related changes in brain ac-
tivity in a cohort of participants. Therefore, efforts have been made to
minimize the effects of these unwanted sources of inter-subject vari-
ability by measuring and accounting for them, thus increasing the
sensitivity and specificity for detecting neural activity-related BOLD
signal changes. Previous inter-subject normalization approaches have
employed BOLD-CVR or CBF measurements, hypercapnic challenges,
resting state fMRI experiments, or the residuals of task-evoked fMRI
(Bandettini and Wong, 1997; Cohen et al., 2004; Kalcher et al., 2013;
Kannurpatti and Biswal, 2008; Kazan et al., 2016; Murphy et al., 2011).
Notably, BOLD-CVR is a practical approach for correcting vascular
sources of between-subject differences in the stimulus-evoked BOLD
response, leading to more consistent activation patterns across partici-
pants in task-relevant regions (Murphy et al., 2011). However, esti-
mating CVR through the BOLD signal (BOLD-CVR) suffers from two
problems: (1) it is confounded by the BOLD signal dependence on the
underlying physiology, in particular, CBV4yp, but also OEF and [Hb],
and (2) estimating CVR requires reliably measuring the extent of the
vasodilatory stimulus which, for hypercapnia, necessitates accurately
measuring PetCOs.

Firstly, the present study aimed to develop and test an approach for
calculating BOLD-CBV, a marker of non-arterial blood volume (denoted
in Egs. (1) and (2) as CBVgyp). We identified the dependency of the
breath-hold-induced BOLD signal change on CBVgyp allowing the
calculation of a physiological parameter that did not require measure-
ment of PetCO,. Using numerical simulations, the theoretical de-
pendency of BOLD-CBV on other vascular parameters influencing the
BOLD signal change was investigated.

As a potential application of the BOLD-CBV marker, the present
study secondly compared the extent to which voxel-wise measures of
vascular characteristics, BOLD-CVR and BOLD-CBV, accounted for
between-subject variability in the BOLD response to a visuomotor task in
a higher-level fMRI analysis.
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2. Material and methods

Where not otherwise stated, all analyses were performed using
MATLAB R2020a (MathWorks, Natick, MA) and the FMRIB software
library (FSL) v6.0 (Jenkinson et al., 2012).

2.1. Simulations

Simulations aimed to investigate the relationship between the BOLD
fMRI signal during a breath-hold and each of the following vascular
parameters: the blood volume responsible for generating the BOLD
signal at baseline (CBVgmp,0) (Chiarelli et al., 2022a), the relative change
in CBF during breath-holding (that is, the CVR), OEFy, and [Hb]. In
addition, we aimed to establish a practical marker of deoxygenated
blood volume based on normalizing the breath-hold induced tissue
BOLD fMRI signal by the signal arising from the intravascular venous
compartment such as the superior sagittal sinus (SSS). Such a normali-
zation approach was similar to one previously proposed to calculate CBV
based on hyperoxic BOLD fMRI data (Bulte et al., 2007). We term this
blood volume marker BOLD-CBV. Our simulations also compared
BOLD-CBV with CBVgqyp to assess if BOLD-CBV was a good marker of
CBVgup. This local marker of blood volume, BOLD-CBV, assumes a
uniform fractional increase in CBF during breath-hold, namely that the
change in OEF in the SSS closely represents that across all brain tissue
(Zhao et al., 2021).

The BOLD signal change resulting from hypercapnic vasodilation
was simulated using a multi-compartment vascular model in which
Monte Carlo simulations of the apparent transverse relaxation rate (Ry*)
effects were combined with empirical observations of intravascular Ry*,
both due to the presence of deoxyhemoglobin in blood, and estimated at
3 T. One extravascular and three intravascular compartments were
considered. Vascular contributions comprised the arteriole, capillary,
and venule compartments, all occupying a given percentage of the im-
aging volume (CBV,, CBV., and CBV,, respectively) (Uludag et al.,
2009). All blood volumes were expressed as a function of CBVg4yp (Eq.
(3)), defined as the sum of the capillary and venous blood volumes,
CBVgup = CBV, + CBVy. In the model, a random variable p was defined,
representing the ratio of CBVqyp, to CBV.. CBV, was empirically set equal
to 50% of CBV,, drawing from previous work and noting that the arte-
riolar contribution to the BOLD signal is small (Uludag et al., 2009).
Hence, the total blood volume CBV;,; was equal to:

CBV,,, = CBV, + CBV,. + CBYV,

= CBVdH,,/(Zp) + CBVde/p + CBVdH[, — CBVde/p =
1

= CBVum | 14+ (3
2p

The Object-oriented Development Interface for Nuclear Magnetic
Resonance environment (Jochimsen and von Mengershausen, 2004) was
used to simulate extravascular Ry* effects due to deoxyhemoglobin. In
detail, the simulations added the effects generated from vessels modeled
as cylinders with two radii (4 and 20 pm), and the susceptibility fre-
quency shifts at the surface induced by the variable amount of deoxy-
hemoglobin in the vessels.

Random vessel orientations were accounted for by varying the angle
between the main field and the cylinder between O and n/2 rad. The
small and large vessel radii were respectively chosen to reflect in vivo
reports of capillary radius (4 pm) and the mean of the arteriolar (17.8
pm) and venular radii (23.3 pm), which was equal to 20 pm (Adams
et al., 2015; Saiga et al., 2021).

The frequency shift at the vessel surface was calculated as Uludag
et al. (2009):

A

Avs = Hct(|SO4 5 — Sa, ¢, v0,|)y By 4—;” @
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where Het [%] = 3*Hb [g/dl] is the hematocrit, SOzt is the hemo-
globin oxygen saturation that produces no shift between intravascular
and extravascular fluids, SaO5, SvO; or ScO; are the hemoglobin oxygen
saturations of the arterial, venous or capillary vessels, B is the static
magnetic field, Ay,, is the magnetic susceptibility shift between fully
oxygenated and fully deoxygenated red blood cells, and y is the proton
gyromagnetic ratio.

The extravascular compartment also considered water diffusion with
a diffusion coefficient of D = 1 pm?/ms.

The deoxyhemoglobin-induced extravascular effects on Rp* were
added onto the baseline tissue apparent Ry* (in Hz), which was assumed
to be Uludag et al. (2009):

R\ issue = 3.74-Bo +9.77 5)
hence, the total extravascular signal was estimated as:
i
In each vascular compartment (a = arterioles, ¢ = capillaries, v =

venules), intravascular relaxation rates were calculated as Zhao et al.
(2007):

R3|ys = 79.37 — 162.3 SiO, + 598.8 [Hb] + 101.3 SiO% — 611 Si0, [Hb), i
= a,c,v
(7
with the total intravascular signal being:
Su =Y CBViexp (R;\im‘l.TE), i=ac,v (8)
The total BOLD signal was assumed to be:
sz = (1 - CBV/m)Sex/ + CBVzm Sim (9)

The arterial oxygen saturation SaO, was calculated as a function of
the oxygen partial pressure (PaOj) according to the Severinghaus
equation:

1
23400
(Pa0;+ ISDPaOQ) +1

Based on the definition of the OEF (Appendix, Eq. (A1)) and based on
the equation for oxygen concentration in blood (Appendix, Eq. (A2)) the
following expression for venous saturation is obtained:

Sa0, = 10)

CQOZ

V0, =
T D)

(1— OEF) 11

The capillary oxygen saturation (ScO,) was instead estimated as:

_ SaOZ + SVOZ

ScO, = 3 12)

Assuming an isometabolic vasodilation during breath-hold and based
on Fick’s principle, the OEF during breath-hold was inferred as:

CGOZO CBFO
OEF = OEF, - 13
0(Ca02)<CBF> (13)

The increase in CBV was estimated using the Grubb relation linking
fractional changes in CBV with fractional changes in CBF:

CBV,y CBF\“
- 14
(CBth.O) <CBF(,) ( )
with « being the Grubb exponent.

Finally, the relative BOLD signal change in response to breath-hold
was set equal to:
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(15)

ABOLD (s,,,, - S,o,,o)
B OLDU sz‘[]

The physical and physiological parameters of the simulation model
are shown in Table 1 and were either fixed or considered as random
variables with their statistical distributions chosen to simulate the
variability found in vivo (Chiarelli et al., 2022a). In particular, the range
of CBVgyp values was set in line with Eq. (3) (the relationship between
CBVg4up and the total CBV) based on previously reported ranges of CBV
in healthy subjects (Leenders et al., 1990). The range of CBF/CBFy
values was chosen in accordance with previously reported ranges of CVR
in healthy subjects (Zhao et al., 2021). The difference between the
arterial oxygen tension at baseline (PaO3 ) and breath-hold (PaO,) was
chosen to reflect the average trace of end-tidal Oy measured across
subjects in vivo, which varied between 108 and 123 mmHg over time.
Modeling the difference between PaO, o and PaO, enabled us to account
for the mild hypoxemia induced by a breath-holding task. Of note,
different from Eq. (2) in the Introduction, which was a simplified rep-
resentation of the dependency of the BOLD signal on various physio-
logical parameters, complete arterial oxygen saturation was not
assumed in the numerical simulations, as PaO5 in Eq. (10) was modeled
as a random variable.

Correlations and least-squares fits were then calculated between
each vascular parameter, and both the BOLD signal and the BOLD signal
normalized to its intravascular component.

2.2. Participants and MRI data acquisition

Twenty-seven right-handed healthy subjects (38.1 + 11.0 years old,
15/12 females/males) underwent MRI on a GE Signa HDx 3 T system

Table 1
Variables used in the simulations are reported in alphabetical order. N and I'
respectively denote the normal and gamma distributions for random variables.

Variable Type Value Description (units)

o Fixed 0.2 (Chen and

Pike, 2009)

Grubb exponent (dimensionless)

B Fixed 1.3 (Boxerman Blood oxygenation level dependent

et al., 1995) exponent (dimensionless)

Bo Fixed 3 Static field strength (T)

CBF, Random I(5,9) + 10 Cerebral blood flow at baseline (ml/

100 g/min)
CBVgup Random N(3, 1.6) Deoxygenated cerebral blood
volume (ml/100 g)
Fixed 426 - 21 - 10° Proton gyromagnetic ratio (rad/s/T)

€ Fixed 0.0031 Solubility of oxygen in plasma (ml/

mmHg/dl)

CBF/CBF, Random  N(1.4,0.12) Fractional change in cerebral blood
=1+ flow between breath-hold and
ACBF/ baseline (dimensionless)

CBF,
Mo Fixed 0.27 - 4z (Spees Magnetic susceptibility shift
et al., 2001) between fully oxygenated and fully
deoxygenated red blood cells (ppm)

[Hb]= Random  N(14, 1) Hemoglobin concentration (g/dl)
Hct/3

Pa0, o Random  N(120, 8) Arterial oxygen tension at baseline

(mmHg)

Pa0, Random N(108, 9), Max Arterial oxygen tension induced by

=Pa0yp breath-hold (mmHg)

OEF, Random  N(0.4,0.12), Oxygen extraction fraction at

Min=0.1, baseline (dimensionless)
Max=0.9
p Random  N(2, 0.2) Ratio between CBV4yp and CBV,
@ Fixed 1.34 Oxygen binding capacity of
hemoglobin (ml/g)
SO2,0ff Fixed 0.95 (Speesetal., Hemoglobin oxygen saturation that
2001) produces no shift between
intravascular and extravascular
fluids (dimensionless)
TE Fixed 35 Echo time (ms)
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(GE Medical Systems, WI, US) using an 8-channel receive-only head coil.
All subjects gave written informed consent. The imaging protocol
included structural T;-weighted MRI, stimulus-evoked BOLD fMRI,
breath-hold BOLD fMRI, and By inhomogeneity field map acquisitions
with the parameters shown in Table 2.

During stimulus-evoked BOLD fMRI, subjects performed an upper
limb visuomotor serial reaction time (SRT) task, which requires the as-
sociation and integration of several domains underlying motor sequence
learning (Nissen and Bullemer, 1987). Here, the position of a visual
stimulus was reported by the participant by pressing the corresponding
key on a keypad. This same protocol was previously applied in a cohort
of patients (Lipp et al., 2021). Briefly, the task comprised a series of
Sequence, Random, and Rest blocks. Sequence blocks included four re-
peats of eight stimuli and lasted 16 s. Random blocks presented stimuli
in a random order, with no stimulus appearing twice consecutively, and
lasted 16 s. One Random block was presented every three Sequence
blocks. Rest blocks presented a static image matching the task and lasted
on average 15 s. A visual representation of the SRT task is shown in
Supplementary Fig. 1. Overall, the experiment took 7 min and 6 s to
complete.

For breath-hold BOLD fMRI, the breath-hold task was adapted from
Murphy et al. (2011). Continuous CO, partial pressure signals in the
expired air were measured throughout the experiment via a nasal can-
nula (AEI Technologies, PA, US). Following an initial baseline of
approximately 30 s during which no task was performed, subjects were
given instructions on a screen and guided through four cycles of
breath-holding and recovery. Each cycle comprised the following pha-
ses: 18 s of paced breathing (alternating breathing in and breathing out
for 3 s each), 15 s of end-expiration breath-holding, exhalation, and 15 s
of recovery (spontaneous breathing with no specific instructions).
Overall, the experiment took 3 min and 45 s to complete.

2.3. PetCO, calculation

For each subject, a trace of PetCO5 was calculated and considered a
surrogate measure of arterial COz changes (McSwain et al., 2010;

Table 2
MRI protocols and acquisition parameters.
Sequence / 3D T;- 2D To*- 2D By 2D To*-
Parameters weighted weighted field weighted
structural BOLD fMRI map breath-hold
BOLD fMRI
Sequence FSPGR GRE EPI GRE GRE EPI
EPI
Resolution [mm?®] 1.00 x 1.00 3.43 x 3.43 1.50 x 3.43 x 3.43 x
x 1.00 x 2.00 1.50 x 2.00
3.00
Matrix size [voxels] 256 x 256 64 x 64 x 46 128 x 64 x 64 x 46
x 172 128 x
46
TE(s) [ms] 3 35 7,9 35
Effective echo - 0.64 - 0.64
spacing [ms]
TR [ms] 7.8 3000 20 3000
TI [ms] 450 - - -
Flip angle [deg] 20 90 10 90
Slice gap [mm] - 1 - 1
Number of volumes 1 142 1 76
[dimensionless]
Pixel bandwidth 244.1 7812.5 122.1 7812.5
[Hz]
ASSET acceleration 1.7 2 2 2
factor
[dimensionless]

Abbreviations. ASSET: array coil spatial sensitivity encoding; BOLD: blood
oxygenation level-dependent; EPI: echo-planar imaging; FSPGR: fast-spoiled
gradient-recalled echo; GRE: gradient-recalled echo; TE: echo time; TIL: inver-
sion time; TR: repetition time.
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Takano et al., 2003). In particular, the PetCO5 trace was calculated by
isolating and linearly interpolating the peaks of the raw CO; trace
(Fig. 1) (Chiarelli et al., 2022b).

2.4. Image analysis

2.4.1. Breath-hold fMRI: BOLD-CVR and BOLD-CBV

The processing steps illustrated in this section are summarized in
Fig. 1.

For each subject, breath-hold BOLD fMRI images were processed
using FMRIB’s linear image registration tool for motion correction
(MCFLIRT) (Jenkinson et al., 2002), expressed voxel-wise as fractional
BOLD changes relative to their temporal mean and high-pass Gaussian
filtered (full-width half maximum = 60 s).

To enable voxel-wise estimation of BOLD-CVR, the PetCO trace was
resampled to match the number of time points in the breath-hold fMRI
acquisition and detrended via quadratic polynomial fitting (Chiarelli
et al., 2022b). The resampled and detrended PetCO; trace was shifted in
time via convolution with a canonical hemodynamic response function,
which was generated using spm hrf from the Statistical Parametric
Mapping toolbox (v12) (Friston et al., 2007). A map of BOLD-CVR
expressed as the BOLD signal percent change per unit of PetCO, was
then calculated using the General Linear Model framework (FSL film gls)
and the subject-wise PetCO- trace as a regressor (Chiarelli et al., 2022b).

To enable voxel-wise estimation of BOLD-CBV, a region of interest
(ROI) was manually delineated using ITK-SNAP (Yushkevich et al.,
2006) in the posterior SSS based on four contiguous sagittal slices of the
T,-weighted structural image. A map of gray matter (GM) partial volume
was obtained from the T;-weighted structural image using FMRIB’s
Automated Segmentation Tool (FAST) (Zhang et al., 2001). The
breath-hold BOLD fMRI image was aligned with the T;-weighted image
using FMRIB’s linear image registration tool (FLIRT) (Jenkinson et al.,
2002; Jenkinson and Smith, 2001). The resulting transformation matrix
was inverted to bring the T;-weighted image, the map of GM partial
volume (both using trilinear interpolation), and the SSS ROI (using
nearest-neighbor interpolation) into breath-hold BOLD fMRI space. The
GM partial volume map in breath-hold BOLD fMRI space was thresh-
olded at 0.5 and binarized to obtain a GM segmentation.

In breath-hold BOLD fMRI space, an estimate of the breath-hold

CO, signal 4D breath-hold

BOLD fMRI data
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BOLD fMRI signal time-course in the SSS (SSSpu.poLp) Was obtained as
follows, aiming to establish the intravascular BOLD signal variation
while limiting the influence of partial volume effects on this estimate.
Within the co-registered SSS mask, the signals having a high covariance
(> 90th percentile) with the mean GM breath-hold BOLD fMRI signal
and having a baseline BOLD signal value between 20% and 100% of the
average GM baseline BOLD signal were averaged. The voxels that co-
varied strongly with the global GM signal were selected to eliminate
voxels with limited relevant BOLD variability, probably caused by par-
tial volume effects within the large voxels of the functional images.
Including voxels with a BOLD signal baseline intensity within a plausible
range for vascular tissue eliminated large fractional oscillations in the
signal, which were probably induced by the effects of motion at the
border of the SSS.

BOLD-CBV (fractional BOLD-generating blood volume) was calcu-
lated voxelwise by regressing the breath-hold BOLD fMRI signal against
SSSpu.soLp- Hence, the resulting BOLD-CBV estimate was expressed in
quantitative units and could be compared across subjects. The amplitude
of BOLD signal oscillations synchronous to the breath-hold task was also
evaluated by multiplying the BOLD-CBV by the standard deviation of the
breath-hold signal in the SSS.

BOLD-CBV and BOLD-CVR maps calculated in one representative
subject are shown in Fig. 2A-B.

2.4.2. First-level analysis of stimulus-evoked fMRI

For each subject, brain extraction was performed on the T;-weighted
structural image using the FSL brain extraction tool (BET) (Smith, 2002)
with bias field correction and neck clean-up and a fractional intensity
threshold of 0.2. These parameters were chosen to suit this cohort of
subjects.

A By field map was calculated as the complex division between the
gradient-recalled echo (GRE) echo planar imaging (EPI) data acquired at
two TEs. The first-echo magnitude image was calculated as the absolute
value of the complex GRE image at TE = 7 ms. Brain extraction on the
first-echo magnitude image was performed using BET with robust brain
center estimation and a fractional intensity threshold of 0.5.

Brain activation in response to the SRT task was evaluated by pro-
cessing the stimulus-evoked BOLD fMRI images using the FSL fMRI
expert analysis tool (FEAT) and a first-level analysis (Woolrich et al.,
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Fig. 1. Processing pipelines for BOLD-CVR and BOLD-CBV. This scheme illustrates the processing steps employed to calculate: (1) a map of BOLD-CVR based on the
CO, signal and breath-hold BOLD data and (2) a map of BOLD-CBV based on the breath-hold BOLD and T1w data. Abbreviations. 3D/4D: three/four-dimensional;
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Fig. 2. BOLD-CBV and BOLD-CVR maps. Maps of BOLD-CBV and BOLD-CVR
are shown for one representative subject (A-B) and averaged across subjects
in MNI space (C-D). The same sagittal slice is displayed on each row. A sagittal
view was chosen to highlight the vascular component on these maps.

2004, 2001). By unwarping was performed based on the By field map
(Jenkinson, 2004, 2003), followed by registration to the T;-weighted
structural image using FLIRT and registration from the T;-weighted
structural image to the 2-mm isotropic Montréal Neurological Institute
(MNI) standard space using FLIRT and FMRIB’s nonlinear image regis-
tration tool (FNIRT) (Andersson et al., 2007a, 2007b). MCFLIRT was
applied to functional data, followed by non-brain tissue removal using
BET, spatial smoothing using a Gaussian kernel (full width at half
maximum = 5 mm), grand-mean intensity normalization by a single
multiplicative factor, and high-pass temporal filtering using a
Gaussian-weighted least-squares line (sigma = 50 s). Time-series sta-
tistical analysis was performed using FMRIB’s improved linear model
(FILM) with local autocorrelation correction. The stimulus-evoked
BOLD fMRI signal was modeled with a block task regressor plus its
temporal derivative (Friston et al., 1998; Woolrich et al., 2001).

2.4.3. Higher-level analysis of stimulus-evoked fMRI

To ensure alignment between the breath-hold and stimulus-evoked
BOLD fMRI data in MNI space, the BOLD fMRI data were distortion-
corrected based on the By field map. The same correction was applied
to the maps of BOLD-CVR and BOLD-CBV. These maps were then
transformed to the 2-mm isotropic MNI standard space by applying a
transformation obtained by concatenating a FLIRT transformation from
the distortion-corrected breath-hold BOLD fMRI to T;-weighted space
and a FLIRT plus FNIRT transformation from T;-weighted to MNI space.
BOLD-CBV and BOLD-CVR maps averaged across subjects in MNI space
are shown in Fig. 2C-D.

To empirically assess which vascular covariate, whether BOLD-CVR
or BOLD-CBV, best represented the main source of inter-subject vari-
ability in BOLD fMRI, higher-level FEAT analyses were performed using
three models: the first modeled the average task response only (SRT); the
second and third added a vascular explanatory variable modeling the
voxelwise variation in BOLD-CVR (SRT+BOLD-CVR) or BOLD-CBV
across subjects (SRT+BOLD-CBV), respectively.

To enable a regional analysis of task-associated brain activation in
each higher-level model, four ROIs were selected, encompassing regions
involved in SRT-related motor learning and processing of visual stimuli
(Hardwick et al., 2013). The ROIs included: the precentral gyrus, which

Neurolmage 285 (2024) 120492

contains Brodmann’s area 4 and corresponds to the primary motor
cortex; the juxtapositional lobule (or supplementary motor area), which
contains Brodmann’s area 6 and is involved in motor planning; the
inferior division of the lateral occipital cortex, which contains Brod-
mann’s areas 18 and 19 and corresponds to the secondary (V2) and
associative visual cortices (V3-V5); and the superior parietal lobule,
containing Brodmann areas 5 and 7, which are respectively responsible
for visuomotor coordination and somatosensory association. ROI
delineation (Fig. 3) was based on the 2 mm-isotropic Harvard-Oxford
cortical atlas thresholded at a probability equal to 0.25, which was
observed to produce no overlap between contiguous regions.

To evaluate the effect of each higher-level model on the extent of
task-associated brain activation in each ROI, a histogram analysis was
performed. The following were assessed: (1) the Z score distribution
corresponding to the task response for each of the three models; (2) the Z
score distribution corresponding to the association between task
response and vascular covariate in the SRT+BOLD-CVR and
SRT+BOLD-CBV models. MATLAB’s histfit. m function was used, setting
the number of bins equal to the square root of the number of elements in
the data set and fitting a nonparametric kernel-smoothing distribution to
the histogram. For each model and each ROI, this analysis yielded: (1)
the strength of activation in response to the task, and (2) the number of
voxels where an association between the task response and one of the
two vascular covariates was found. Both (1) and (2) were evaluated
based on the number of voxels in the ROI taking on a range of significant
Z score values (i.e., Z > 3.1). For both (1) and (2), the frequency dis-
tribution of the number of voxels in each ROI was displayed using his-
togram plots.

To assess the generalizability of the higher-level analysis, boot-
strapping was performed. In brief, bootstrapping enables inference
about a population based on sample data by randomly resampling the
sample data with repetition multiple times, each time deriving the same
metrics from the resampled population. A distribution of values can then
be derived for each metric, based on which inference can be performed.
By bootstrapping with 1000 iterations, for each model (SRT,
SRT+BOLD-CVR, SRT+BOLD-CBV) an estimate of the distribution was
calculated for (1) the average number and Student’s T statistic of
significantly activated voxels in response to the SRT task, (2) the average
number and Student’s T statistic of voxels in which the association be-
tween the response to the task and a vascular covariate was significant.
Differences between the three models were tested by calculating pair-
wise differences between the values in (1) and (2).

2.5. Data and code availability statement

In line with local ethics guidelines and subject privacy policies, the
data and code supporting the findings in this study are available via
request to the authors. Data are subject to a formal data-sharing
agreement.

3. Results
3.1. Variables affecting the breath-hold BOLD signal

Fig. 4 shows the Monte Carlo simulation results. The BOLD signal
and the BOLD signal normalized to its intravascular component (i.e.,
BOLD-CBV) were strongly and positively correlated with CBVgyp
(Fig. 4A, E). The BOLD signal was also positively, although less strongly,
correlated with OEF (Fig. 4B), the hemoglobin level (Fig. 4C), and the
relative change in CBF (Fig. 4D), representing CVR. In the case of he-
moglobin, the correlation was weak (Fig. 4C). The BOLD-CBV signal was
negatively correlated with OEF, (Fig. 4F) and positively, although
weakly, correlated with both the hemoglobin concentration (Fig. 4G)
and the relative change in CBF (Fig. 4H).
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Fig. 3. Regions of interest. (A-D) The ROIs selected for group-level analysis of brain activation are shown overlaid on the representative slices of the MNI template
(slices = 40, 65, 70, and 72). Abbreviations. A/P: anterior/posterior; MNI: Montréal Neurological Institute; R/L: right/left; ROI: region of interest.
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Fig. 4. Monte Carlo simulation results. Scatter plots showing the BOLD or the BOLD-CBV signal (i.e., the BOLD signal normalized to its intravascular component)
plotted against each of these variables: the volume of deoxygenated blood (A, E), the baseline oxygen extraction fraction (B, F), the hemoglobin level (C, G) and the
fractional change in cerebral blood flow (D, H). A least-squares line is shown superimposed on each scatter plot. Each plot’s title also reports the corresponding
correlation (r) and p-values. Abbreviations. BOLD: blood oxygenation level-dependent signal; CBF: cerebral blood flow; CBF: baseline CBF; CBV4yp: blood volume

responsible for generating the BOLD signal; CVR: cerebrovascular reactivity; Hb: hemoglobin; OEF,: baseline oxygen extraction fraction.

3.2. Inclusion of vascular covariates in group-level fMRI

Fig. 5 shows the mean and standard deviation (SD) of the PetCO,
traces and SSSpy.poLp signals across subjects during the repeated breath-
holding. These signals had a similar time course and were strongly
correlated (r = 0.84, p < 0.001), indicating that the SSSpy.poLp signal
approximates the form of the end-tidal measurements of exhaled CO,
although being expressed in different units.

For data acquired in vivo, in the GM the average BOLD-CBV was
positively and significantly correlated with the average BOLD signal
changes induced by the breath-hold task (r = 0.42, p = 0.03). This result
was in line with the simulations shown in Fig. 4A.

Fig. 6 shows the group response to the SRT task estimated by the
three models (A-L) and the association between the task response and
each vascular covariate (M-T). Fig. 7 reports the group-level statistical
distribution of Z scores corresponding to the association between the
task response and each vascular covariate in each ROI. The statistical
distribution of Z scores corresponding to brain activation in response to

the task in each ROI is shown in Supplementary Fig. S2.

Both group-level corrections for vascular covariates SRT+BOLD-CVR
and SRT+BOLD-CBV moderately increased the significance of activation
to the task, especially in the motor cortex at superior levels (Fig. 6B-D,
6F-H, 6J-L, and 7A-B). The largest increase was observed in SRT+BOLD-
CBV (Figs. 6 and 2). Moreover, the BOLD-CBV covariate showed a
spatially larger and stronger correlation with the task response, espe-
cially in the precentral gyrus and superior parietal lobule (Figs. 6F-H,
7A-B, and G-H). These findings were supported by the bootstrap anal-
ysis, based on which, in the whole brain, more voxels were significantly
activated when correcting for either vascular covariate compared to
applying no correction (Supplementary Figure S3A-B). The two cova-
riates resulted in a similar number of voxels that were significantly
activated in response to the task (Supplementary Figure S3C) and in a
similar number of voxels in which the association between the task
response and the vascular covariate was significant (Supplementary
Fig. S3D). However, applying BOLD-CBV as a vascular covariate yielded
significantly higher values of the T-statistic in these voxels compared to
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Fig. 5. Variability of PetCO, and intra-SSS breath-hold BOLD signals. Temporal means and SDs across subjects are shown for the PetCO, signal (A) and the breath-
hold-BOLD signal in the SSS (B). The PetCO, trace is shown in mmHg, whereas the SSS trace is shown as the percentage change of the BOLD signal. Abbreviations.
BH-BOLD: breath-hold blood oxygenation level-dependent signal; SD: standard deviation; PetCO,: partial pressure of end-tidal carbon dioxide; SSS: superior
sagittal sinus.
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Fig. 6. Group-level fMRI analysis. Z score maps showing the response to the SRT task according to the three models (A-L) and the association between the response to
the SRT task and each vascular covariate (M-T) are overlaid on the same representative slices of the MNI template (slices = 40, 65, 70, and 72). Each column shows a
different slice. Abbreviations. A/P: anterior/posterior; MNI: Montréal Neurological Institute; R/L: right/left; SRT: serial reaction time.
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Fig. 7. Association between task response and vascular covariates. For each ROI, the histograms show the distribution of Z score values corresponding to the as-
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each histogram is shown as a continuous line. In each plot and for each distribution, the legend shows the number of voxels in the histogram and the median value of
the distribution. Abbreviations. L/R: left/right; mdn: median; SRT: serial reaction time; vox: voxels.

applying BOLD-CVR (Supplementary Fig. S4C-D).
4. Discussion

This study aimed to assess the dependence of the breath-hold BOLD
signal on CBVgyp and CVR and whether a BOLD-signal-derived marker
of CBV may be a practically useful alternative to BOLD-signal-derived
CVR in accounting for between-subject variation in task response
modeling in group-level BOLD fMRI analysis. Simulations performed
using a Monte Carlo framework highlighted a stronger dependence of
the breath-hold-induced BOLD signal change on CBVg4yp, than the rela-
tive change in CBF, that is, the CVR, largely due to the greater variability
in CBVgmp. For stimulus-evoked BOLD fMRI, moderate and localized
increases in the group-level statistical significance of activation were
found when accounting for the individual variability in either BOLD-
CBV or BOLD-CVR, with BOLD-CBV resulting in the strongest correc-
tion and the largest correlation with the response to the task.

4.1. Measuring the deoxyhemoglobin-sensitive CBV

Breath-hold-induced BOLD signal variation in the SSS was similar to
the variation of PetCO; (Fig. 5) as expected from the vasodilatory effect
of hypercapnia in increasing CBF and decreasing OEF. Monte Carlo
simulations showed a strong dependence of the breath-hold BOLD fMRI
signal change on CBVgyy, (Fig. 4) and results in vivo showed a significant
correlation across subjects between breath-hold induced BOLD signal
oscillations and BOLD-CBV. Thus, the method proposed here for calcu-
lating BOLD-CBV based on breath-hold BOLD fMRI offers a practical
marker of CBV4yp and highlights that the breath-hold induced BOLD
signal variation is, in practice, likely to be more reflective of the greater
variation in CBV4yp than that of CVR.

Alternative methods for estimating CBVgyp, include venous refocus-
ing for volume estimation (VERVE) (Stefanovic and Pike, 2005),
vascular space occupancy (VASO) (Lu et al., 2003), and hyperoxic BOLD
fMRI (Bulte et al., 2007). VERVE exploits the dependency of the
spin-spin relaxation rate of deoxygenated blood on the refocusing in-
terval. It aims to isolate deoxygenated from oxygenated blood by
applying a train of refocusing pulses with variable inter-pulse spacing. In
contrast with our proposed method, VERVE provides CBV4yy, estimates
in a single slice, thus unsuitable for correcting group-level fMRI

analyses. Conversely, VASO provides three-dimensional maps of
simultaneous CBV and BOLD changes by exploiting differences in T;
longitudinal relaxation times between blood and tissue. However, VASO
provides a global estimate of the arterial plus venous CBV, whereas the
stimulus-evoked BOLD response is mainly linked to changes in CBVgpp.
Finally, hyperoxic BOLD fMRI measures the change in BOLD signal in
response to an O, gas challenge, which increases venous oxygen satu-
ration in the mild hyperoxic regime (i.e., with no expected decrease in
CBF). It then calculates CBV4yp maps by normalizing the map of the
change in CBV relative to a purely venous voxel in the SSS. In the present
study, signal normalization was also performed relative to a large vein,
albeit no exogenous gas inhalation challenge was required, resulting in
the easy implementation of the proposed method. However, it must be
noted that our proposed method requires the assumption of uniform
fractional variation in CBF (CVR) across the brain during the breath-hold
(Taneja et al., 2020; Zhao et al., 2021).

4.2. Improving the sensitivity of stimulus-evoked BOLD fMRI

The increased sensitivity of group-level BOLD fMRI when using
SRT+BOLD-CBV and SRT+BOLD-CVR agreed with previous results
demonstrating that correction for breath-hold responsiveness or
vascular reactivity increases the spatial extent and statistical signifi-
cance of detected activation (Murphy et al., 2011). Furthermore, a
positive correlation was observed between the response to the task and
each vascular covariate, mainly in the precentral gyrus (Fig. 6), con-
firming that significant between-subject variability in task-induced
BOLD response is associated with individual variation in vascular
characteristics. The breath-hold modeling results and the greater
group-level correlation between task responses and BOLD-CBV than
BOLD-CVR suggest that, in practice, a marker of CBV explains more
variation in the BOLD signal response than a BOLD-based marker
derived from end-tidal CO, measurements does. Thus, the vascular co-
variate BOLD-CBV captures, better than BOLD-CVR, between-subject
variability in group-level BOLD fMRI.

The effects of adding the vascular covariates to the group-level model
were subtle but positive in enhancing statistical significance. However,
the effects were somewhat heterogeneous between brain regions
engaged in the task. We suggest that studies seeking to implement a
between-subject correction for vascular characteristics may adopt
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breath-hold-based maps of BOLD-CBV rather than breath-hold-based
maps of BOLD-CVR derived from end-tidal CO, measurements. In
addition to improving statistical significance, measuring BOLD-CBV
requires only estimating the breath-hold-induced signal variation in
the SSS. It does not require recordings of end-tidal CO,, rendering the
procedure much easier to implement experimentally, thus reducing
error propagation from potentially inaccurate measurements of end-
tidal CO, to the estimated BOLD-CVR. The reduced susceptibility to
experimental errors of breath-hold-based BOLD-CBV compared to
breath-hold-based BOLD-CVR may explain why BOLD-CBV most accu-
rately represented the inter-subject physiological variability in response
to a task (Figs. 6 and 7), despite BOLD-CVR intrinsically accounting for
more sources of physiological variability in the BOLD signal ([Hb],
OEF(, CBVgpp) by design (Eq. (2)).

4.3. Limitations

The present study presents some limitations. First, Monte Carlo
simulations demonstrated that the BOLD variability following an iso-
metabolic vasodilation is mainly driven by the variability in the
deoxyhemoglobin-sensitive CBV. However, once the intrinsic sensitivity
to the different physiological parameters is determined by the simulated
underlying physical and physiological processes, this result depends on
the range of values assumed for the simulation parameters. Although the
ranges used in the simulations were plausible in healthy subjects
(Chiarelli et al., 2022a; Leenders et al., 1990; Zhao et al., 2021), they
may be altered in disease, potentially altering the proportion of BOLD
signal variation caused by CBV or CVR variation. Moreover, in Fig. 4E,
the slope value was smaller than 1. This result was probably related to
the extravascular effect of the BOLD signal affecting the value of
BOLD-CBV. Indeed, the extravascular component may account for up to
30% of the BOLD signal regarded as intravascular, thus artificially
increasing BOLD-CBV (Boxerman et al., 1995). Further, there was a
residual negative dependence of BOLD-CBV on OEF, (Fig. 4F) which was
possibly caused by the supralinear dependence of the intravascular
BOLD signal modulation on oxygen saturation. This nonlinear depen-
dence was induced by two factors. First, the intravascular relaxation rate
has a quadratic dependence on oxygen saturation (Eq. 7). Second, the
intravascular relaxation rate is substantially modulated, making evident
its nonlinear contribution to the MRI signal (Eq. 8). Future studies may
explore how to further model the dependence of the intravascular BOLD
signal on oxygen saturation and, hence, reduce the dependence of the
normalized BOLD signal on OEF,,.

A second limitation was due to the BOLD-CBV maps being calculated
via normalization of the breath-hold BOLD fMRI images relative to one
large vein, assuming low intra-subject spatial variability for CVR. In a
healthy subject population, this assumption was supported by observa-
tions of CVR having a low spatial variability across the brain (Taneja
et al., 2020). In disease, these assumptions would need to be carefully
evaluated.

A third technical limitation was linked to the average diameter of the
distal SSS, which, in the general adult population, is equal to 4.91 +
1.20 mm (Durst et al.,, 2016). Undersampling the SSS ROI through
alignment with the breath-hold BOLD fMRI image (resolution = 3.43 x
3.43 x 2.00 mm®) probably induced partial volume effects with the
surrounding brain parenchyma. To mitigate this shortcoming, the
intravascular signal in the SSS was calculated using an algorithm based
on the temporal and spatial characteristics of the breath-hold BOLD
fMRI data. Future studies, especially at higher field strengths (e.g., 7 T),
could explore employing higher resolutions for the BOLD fMRI acqui-
sitions to mitigate partial volume artifacts and improve breath-hold
BOLD signal quantification in the SSS.

Further limitations were linked to the assumptions of isometabolism
and constant OEF changes throughout the brain. In BOLD fMRI for
physiologic measurement, isometabolism is commonly assumed during
mild hypercapnia (Germuska and Wise, 2019). On the one hand, apneic
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challenges such as breath holding may be slightly pro-metabolic
(Rodgers et al., 2013); on the other hand, the ratio between the per-
centage increase in CMRO5 and the percentage increase in CBF was
observed to be small, within 15% (Rodgers et al., 2013). Hence, it is
reasonable to assume isometabolism. By contrast, it may be more
appropriate to assume a constant change in OEF or CVR throughout the
brain in response to breath-hold in groups of individuals who are un-
likely to experience strong regional vascular alterations. These include
healthy volunteers (both young and old) as well as patient groups
without focal pathologies.

Finally, recommendations on using BOLD-CBV or BOLD-CVR as
vascular covariates to account for inter-subject variability in higher-
level stimulus-evoked BOLD fMRI may not hold in patient pop-
ulations. Indeed, stimulus-evoked BOLD fMRI may exhibit false-negative
activation in brain areas with impaired neurovascular coupling (Blicher
et al., 2012; Para et al., 2017; Siero et al., 2015; Zaca et al., 2014).
Moreover, in the present study, care was taken to realign the temporal
dynamics of the BOLD response in the SSS with that of GM tissue, as
these compartments may present a relative time shift in the BOLD
response. However, in disease, the breath-hold-induced BOLD response
of tissue may have a different dynamic from that observed in healthy
subjects, induced, for example, by stealing effects resulting from
impaired vascular vasodilatory reserve (Sobczyk et al., 2014). Thus,
further studies are needed to explore these relationships in specific pa-
tient populations.

5. Conclusions

A greater proportion of variation in blood oxygenation level
dependent (BOLD) signal changes arising from breath-hold is explained
by variation in cerebral blood volume (CBV) than in cerebrovascular
reactivity (CVR). The present study proposes a method for estimating
BOLD-CBV as a practical marker for deoxyhemoglobin-sensitive blood
volume (CBVgyp) based on breath-hold BOLD fMRI. This method ex-
plains more task-induced BOLD signal variability of vascular origin than
BOLD-CVR, is practical to calculate, as it does not require the mea-
surement of end-tidal CO,, and is reflective of blood volume, an un-
derlying physiological characteristic of brain vasculature.
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Appendix

Eq. (2) is derived as follows. First, the OEF is defined as:

CQOZ - CV02
OEF = ——— Al
Ca0, (A1)

with the oxygen concentrations in arterial (CaO3) or venous blood (CvO5) calculated as the sums of the oxygen bound to hemoglobin and the oxygen
dissolved in plasma:

Ca,v0, = @[Hb]Sa,v0, + €Pa,v0O, (A2)

In Eq. (A2), ¢ is the oxygen-binding capacity of hemoglobin, SaO5 (SvO5) is the arterial (venous) oxygen saturation, ¢ is the solubility of oxygen in
plasma, and PaO, (PvO,) the partial pressure of dissolved oxygen in the arterial (venous) blood. Assuming that SaO, approaches 100%, the OEF is
calculated as:

OEF =1 — $v0, (A3)

Eq. (2) is obtained from Eq. (1) by assuming isometabolism during the hypercapnic stimulus (i.e., a constant CMRO»), a — f ~ —1 (Bulte et al.,
2012), and by considering the definitions of OEF in Eq. (A3) and CVR as the relative change in CBF in response to a change in CaCOx.
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