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Abstract

With a growing need for specific biomarkers in vascular diseases, there has been a surging interest
in mapping cerebrovascular reactivity (CVR) of the brain. This index can be measured by
conducting a hypercapnia challenge while acquiring Blood-oxygenation-level-dependent (BOLD)
signals. A BOLD signal increase with hypercapnia is the expected outcome and represents the
majority of literature reports; in this work we report an intriguing observation of an apparently
negative BOLD CVR response at 3 Tesla, during inhalation of 5% CO, with balance medical air.
These “negative-CVR” clusters were specifically located in the ventricular regions of the brain,
where CSF is abundant and results in an intense baseline signal. The amplitude of the CVR
response was —0.51+0.44% (N=14, age 26+4 years). We hypothesized that this observation might
not be due to a decrease in oxygenation but rather a volume effect in which bright CSF signal is
replaced by a less intensive blood signal as a result of vasodilation. To test this, we performed an
inversion-recovery (IR) experiment to suppress the CSF signal (N=10, age 27+5 years). This
maneuver in imaging sequence reversed the sign of the signal response (to 0.66+0.25%),
suggesting that the volume change was the predominant reason for the apparently negative CVR
in the BOLD experiment. Further support of this hypothesis was provided by a BOLD hyperoxia
experiment, in which no voxels showed a negative response, presumably because vasodilation is
not usually associated with this challenge. Absolute CBF response to hypercapnia was measured
in a new group of subjects (N=8, age 29+7 years) and it was found that CBF in ventricular regions
increased by 48% upon CO», inhalation, suggesting that blood oxygenation most likely increased
rather than decreased. The findings from this study suggest that CO, inhalation results in the
dilation of ventricular vessels accompanied by shrinkage in CSF space, which is responsible for
the apparently negative CVR in brain ventricles.

© 2013 Elsevier Inc. All rights reserved.

"Corresponding author at: 5323 Harry Hines Blvd., NE3.206, Dallas, TX 75390-8568., Phone: +1(214)645-2761, Fax:
+1(214)645-2885, Hanzhang.lu@utsouthwestern.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our

customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of

the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Thomas et al. Page 2

Keywords

Cerebrovascular reactivity; hypercapnia; CO»; cerebrospinal fluid; CBF; hyperoxia; inversion
recovery

1. Introduction

Cerebrovascular reactivity (CVR) refers to the ability of blood vessels to dilate such as in
reaction to vasoactive agents. It is an important marker for vascular function, in particular
the integrity of endothelium and smooth muscle in the vessel wall (Kety and Schmidt, 1948;
Kuschinsky, 1996). The measurement of this physiologic parameter may therefore provide
insights on brain vasculature beyond those from baseline cerebral blood flow (CBF) or
cerebral blood volume (CBV), and may find applications in many brain disorders such as
small vessel diseases (Greenberg, 2006), arteriovenous malformation (Fierstra et al., 2011),
Moyamoya disease (Donahue et al., 2013; Mikulis et al., 2005), arterial stenosis (Mandell et
al., 2008Db), drug-addictive conditions (Han et al., 2008), and normal aging (Lu et al., 2011).
It has also been shown that CVR can be used for normalization of fMRI signal (Bandettini
and Wong, 1997; Handwerker et al., 2007; Liau and Liu, 2009; Liu et al., 2012; Thomason
et al., 2007) and evaluation of brain metabolism (Davis et al., 1998; Hoge et al., 1999).

CVR can be assessed by increasing the blood concentration of CO,, a potent vasodilator,
while monitoring vascular responses using MRI. While MRI techniques to measure CBF
and CBV changes have been utilized (Davis et al., 1998; Donahue et al., 2009a; Donahue et
al., 2009b; Hoge et al., 1999; Hua et al., 2011; Mandell et al., 2008b), the BOLD sequence is
by far the most widely used acquisition technique due to its superior sensitivity (similar to
the situation in the fMRI field). In the past few years, owing to the increasing availability of
breathing challenge apparatus (Slessarev et al., 2007; Wise et al., 2007; Yezhuvath et al.,
2009), the field has seen a surging interest in quantitative mapping of CVR (Bright et al.,
2011; Donahue et al., 2013; Driver et al., 2010; Spano et al., 2013; Thomas et al., 2013). It is
conceivable that in the near future, CVR mapping may become a new addition to the
standard clinical MRI protocol. However, before this promise can be fully exercised,
mechanism of BOLD changes during CO, inhalation challenge needs to be better
understood.

Although the majority of the CVR literature has focused on BOLD signal increases with
CO,, observations of negative CVR have also been noted. For example, negative CVR has
been reported in Moyamoya Disease and other types of steno-occlusive Diseases (Conklin et
al., 2010; Mandell et al., 2008b; Mikulis et al., 2005). These findings were interpreted as a
result of “vascular steal” by the unaffected hemisphere or regions, as suggested by earlier
studies using direct CBF measurements (but see Brian 1998 for a review of alternative
findings) (Brian, 1998). The steal phenomenon was also hypothesized to be present in the
healthy brain, causing a negative CVR in the white matter when adjacent blood vessels in
the gray matter dilate in response to CO, (Mandell et al., 2008a). On the other hand,
Blockley et al. noted that the negative CVR was primarily observed in CSF-rich regions in
the healthy brain (Blockley et al., 2011). At present, the exact mechanism of the apparently
negative CVR remains unclear.

The goal of the present report is to systematically address these questions in a series of three
studies. In the first study, we demonstrated the presence of statistically significant clusters
that showed apparently negative CVR during CO, inhalation and estimated their spatial
distributions. In the second study, we used MR signal modeling and numerical simulations
to qualitatively explain the observed signal in terms of a CBV increase that is accompanied
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by a CSF volume reduction during hypercapnia. Also included in the second study was a set
of experiments using an inversion recovery (IR) EPI sequence, which allowed us to further
test our hypothesis that these findings are attributed to a CBV effect rather than an
oxygenation effect. We also studied BOLD responses to hyperoxia challenge to examine
whether any negative clusters are present during O, inhalation. In a third study, we used
Avrterial-Spin-Labeling (ASL) MRI to quantitatively evaluate whether CBF increases or
decreases in the ventricles.

2. Methods

2.1. General

2.2. Study 1:

Experiments were performed on a 3 Tesla MRI scanner using a 32-channel receive-only
head coil (Philips Medical Systems, Best, The Netherlands). The body coil was used for RF
transmission. The protocol was approved by the University of Texas Southwestern Medical
Center’s Institutional Review Board. Foam padding was placed around the head to minimize
motion.

Location of the apparently negative CVR in the brain

Fourteen healthy volunteers (age 26+4 years, 9 males, 5 females) were scanned. CVR was
measured with hypercapnia, in which participants inhaled 5% CO, gas, while BOLD MR
images were simultaneously acquired. The details of the CVR measurement were described
previously (Yezhuvath et al., 2009). Briefly, during the CVR scan, subjects were fitted with
a nose clip, and breathed room air and the prepared gas in an interleaved fashion (50 sec
CO», 70 sec room air, repeated four times) through a mouthpiece. The prepared gas was a
mixture of 5% COs, 74% N, and 21% O, contained within a Douglas bag. The gas was
delivered to the subject through a two-way non-rebreathing valve and mouthpiece
combination (Hans Rudolph, 2600 series, Shawnee, KS). A research assistant was inside the
magnet room throughout the experiment to switch the valve and monitor the subject. BOLD
MR images were acquired continuously during the entire experimental period. The end-tidal
CO3 (Et-COy), the CO» concentration in the lung which approximates that in the arterial
blood, was also recorded throughout the breathing task using a capnograph device
(Capnogard, Model 1265, Novametrix Medical Systems, CT). The total duration for the
CVR scan was 9 minutes. The BOLD sequence used following imaging parameters:
TR=1500ms, flip angle (FA) =60°, field-of-view (FOV) = 220x220 mm?, matrix=64x64, 29
slices, thickness=5mm, no gap between slices, 360 volumes. The TE was chosen to be 30ms,
which provides a balance between BOLD sensitivity and the number of slices acquired (Lu
and van Zijl, 2005). In addition, a T1-weighted high-resolution image was acquired using the
Magnetization-Prepared-Rapid-Acquisition-of-Gradient-Echo (MPRAGE) sequence (voxel
size=1x1x1mm3, scan duration = 4 min).

Data analysis was conducted using the software Statistical Parametric Mapping (SPM),
(University College London, UK) and in-house MATLAB (MathWorks, Natick, MA)
scripts. Pre-processing of the BOLD images included motion correction, registration with
T4-weighted anatomic images, and normalization to Montreal-Neurological-Institute (MNI)
template space, with a resolution of 2x2x2 mm3,

The Et-CO, time-course, which is the input function to the vasculature, was shifted by a
delay so that it is synchronized to the BOLD time-course in terms of timing (Blockley et al.,
2011; Yezhuvath et al., 2009). This delay time was computed on a subject-by-subject basis
using procedures reported previously (Yezhuvath et al., 2009) and it represents the time it
takes for the blood to travel from the lung to the heart then to the brain.
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For each subject, voxel-by-voxel analysis of General Linear Model (GLM) was performed
in which the Et-CO, time-course was the independent variable and the BOLD time-course
was the dependent variable. This analysis provides a map of CVR in units of % per mmHg
CO,. Group-level one sample t test was then conducted to identify voxels with significantly
negative CVR using a false-discovery-rate (FDR) corrected p<0.05. Averaged BOLD time-
course in these voxels was also obtained for each subject.

Examination of the mechanism of the apparently negative CVR

2.3.1. Modeling and numerical simulations—Having established the presence of a
negative BOLD signal, next we sought to understand its underlying mechanism. We
performed theoretical investigations by modeling of the BOLD signal. Numerical
simulations were also conducted to provide an estimation of the general characteristics of
the signals. However, fitting of the experimental data to the model was not performed due to
the limited number of experimental measures.

The theoretical investigations focused on the voxels showing negative CVR in Study 1, in
this case the brain ventricles. For a typical voxel in the ventricle, we can model it using a
two-compartment model consisting of CSF and blood, the BOLD signal of which can be
written as:

~TE/T;

—TE/T}
‘CSF+(17fCSF)'CblOOd']\[blood,BOLD.e %

S:fCSF 'COSF 'J\ICSF,BOLD'Q blood 1]
where fogrand 1 — fogeare the volume fractions of CSF and blood in the voxel,
respectively. Note that it is assumed that MR signal in a ventricular voxel contains minimal
contributions from parenchyma tissue (gray or white matter). Cosgand Cpyyogare water
density of CSF and blood. Mcsegorpand Mpjpeq Borp are terms related to T1 relaxation,

and in a BOLD sequence are given by:

1 — ¢—TR/Ti;

]\'[,,BOanl — cos(FA) .e—TR/T1;

-sin(FA) [2]

in which i denotes either CSF or blood. A hypercapnia-induced signal decrease could be
attributed to a reduction in the 7, terms in Equation [1]. Alternatively, it could be attributed
to a decrease in fogras a consequence of possible dilation of blood vessels inside the
ventricle. The latter mechanism becomes clear when we replace symbols in Equations [1]
and [2] with realistic values. Based on the assumed parameter values in Table 1, Equation
[1] under a BOLD EPI sequence can be written as:

S=feogp - 0.394+(1 — fogr) - 029 [3]

In effect, Equation [3] states that unit-volume CSF signal is greater than unit-volume blood
signal, which can be also appreciated by the bright ventricular signal in the BOLD image
itself (Figure 1c). Thus, a reduction in CSF partial volume (replaced by blood volume) can
result in an overall signal reduction in the voxel. Numerical simulations were performed
using Equation [3] for a range of fcgg values under normcapnic and hypercapnic states.

To specifically test the fogzmechanisms, we further model the MR signal under a different

pulse sequence, an inversion recovery (IR) EPI sequence. In the IR sequence, the signal in

the ventricle (consisting of CSF and blood compartments) can be written as:
S:fCSF'CCSF']\I I

« —TE/T 4100
csrIR'€ ’CSF+(1_fGSF)'Cblood'Z\'[bzood,IR'e /Th.thood [4]
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where the Mterms in Equation [4] is given by:

1 92¢-T1/Tiiy o~TR/T1;
M. = -sin(F'A) |5
MR 14eTR/Ti . cos(FA)- F4)

Using assumed parameters listed in Table 1, the signal equation becomes:

S=fogp - 0.094(1 — fogr) - 0.36 [6]

which indicates that unit-volume CSF signal is lower than unit-volume blood signal.
Therefore, if fogereduction is the primary mechanism, a signal increase should now be
observed.

2.3.2. Experiments to test the theoretical predictions—Ten healthy volunteers (age
27+5 years, 5 males, 5 females) were scanned in Study 2. For the IR sequence, our goal is to
suppress the CSF signal substantially. On the other hand, complete nulling of the CSF signal
is not desirable because the SNR in the ventricle would have been too low for the linear
model analysis. Therefore, we decided to target for an empirical value of approximately
10% of the equilibrium magnetization, although the exact value is not critical as long as the
CSF signal is lower than tissue and blood. We started with our typical FLAIR protocol of
TR/T1=9000/2500ms and then reduced the TR to achieve a positive CSF signal.
TR=7000ms gave an estimated CSF signal of 9%. One could also use a TR of 6763ms,
which would give exactly 10%. But an even number of 7000 makes it slightly easier for
timing calculation and data analysis. Thus, our IR sequence used TR/T1=7000/2500ms,
FA=90°, FOV = 220%x220 mmZ2, matrix=64x64, 20 slices, thickness=5mm. To facilitate the
detection of the volume effect (which is our hypothesized mechanism), a spin-echo (SE) EPI
was used so that the oxygenation effect is reduced, compared to gradient-echo EPI
(Boxerman et al., 1995). The hypercapnia paradigm was similar to that of Study 1 (50 sec
COs, interleaved with 70 sec room air), except that five cycles were used and the total
duration was 11 min. This longer duration can increase the sensitivity of the data, partly
offsetting the SNR penalty as a result of long TR (7000ms) used. Note that, even with the
longer duration, the total number of volumes acquired in the IR-EPI scan was only 95.

In addition to the IR-EPI scan, a BOLD EPI scan was also performed to delineate the
negative CVR voxels in this new cohort and to reproduce the results found in Study 1. The
hypercapnia timing and imaging parameters of the BOLD EPI were identical to those used
in Study 1, except that the number of slices was 20 to match that of IR-EPI and TR was 1
sec (minimum time to acquire 20 slices).

To further confirm that the apparently negative CVR observed during CO, inhalation was
attributed to vasodilation, we also performed the BOLD sequence under another physiologic
challenge, inhalation of 98% O, (supplemented by 2% CO5 to maintain a constant Et-CO,
level in the presence of slight hyperventilation by the subject). Hyperoxia was previously
shown by some studies (Bulte et al., 2007; Xu et al., 2012) to cause minimal vasodilation
(but see (Shinozuka et al., 1989) for alternative findings). We hypothesized that negative
BOLD-CVR should not be seen with the O, challenge. The imaging parameters for the O,
challenge were the same as those used for the hypercapnia BOLD-EPI in Study 2. End-tidal
05 (Et-O5) was measured using an O, sensor (Analox Sensor Technology, North Yorkshire)
in addition to the physiologic parameters monitored during the CO5 challenge.

Data analysis for the BOLD hypercapnia data was identical to that of Study 1 and a CVR
map was generated. Similarly, an IR-CVR map was calculated by a GLM analysis between
the Et-CO5, time-course and the IR-EPI time-course. A one-sample t test was performed on
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the group-level CVR map to identify any clusters with apparently negative CVR and this
analysis was carried out for BOLD-CVR and IR-CVVR maps separately. If a negative cluster
is detected on the group level analysis in one map (e.g. BOLD-CVR map), it is saved as a
mask and applied to the other map (e.g. IR-CVR map) to examine how these voxels behaved
when using a different pulse sequence.

For the hyperoxia BOLD data, a GLM analysis was performed between the Et-O,
timecourse and the BOLD time-course, resulting in a map of O, response in units of % per
mmHg O,. One sample t test was performed to detect any negative clusters on a group level.

Assessment of blood flow changes in the ventricle

Experiments in Study 2 investigated whether fog-reduction is an important cause of the
apparently negative CVR in the BOLD hypercapnia data. However, possible changes in
oxygenation (therefore T,") were not investigated. Assuming that blood oxygenation and
flow are coupled in the ventricles, we examined CBF in the brain ventricles during room air
and during CO» inhalation.

The data for this study were collected as part of a previous report (Aslan et al., 2010).
However, the analysis of CBF in the ventricle is new and was not performed in the previous
report. Eight young healthy normal volunteers (age 29+7 years, 6 males, 2 females) were
scanned. CBF was measured twice in the same scan session, first when the subject was
breathing room air and then during CO, breathing. Each CBF measurement lasted for
approximately 5 minutes and included a Pseudo-continuous Arterial-Spin-Labeling
(PCASL) MRI (4.5 min) and a phase-contrast MRI (0.5 min). The purpose of the phase-
contrast MRI, which provides a global but quantitative evaluation of CBF, is to account for
potential variations in the labeling efficiency of PCASL across physiologic states and across
subjects (Aslan et al., 2010). Imaging parameters for the PCASL sequence were: single-shot
gradient-echo EPI, TR/TE = 4020/14ms, FOV = 240x240 mm?, matrix = 80x80, voxel size
= 3x3 mm?, 27 slices acquired in ascending order, slice thickness = 5mm, no gap between
slices, labeling duration = 1650ms, post labeling delay = 1525ms, interval between
consecutive slice acquisitions = 35.5 ms, number of control/label scans = 30 pairs, scan
duration 4.5 minutes. The phase-contrast scan was performed at the level of 34 cervical
spine, placed perpendicular to the internal carotid and vertebral arteries. Other imaging
parameters were: TR/TE=20/7ms, FA=15°, thickness=5 mm, maximum arterial blood
velocity encoding = 80cm/sec, and scan duration = 30 sec.

Voxel-by-voxel maps of CBF were obtained using procedures described previously (Aslan
et al., 2010). One sample t test was performed to detect any clusters with a negative CBF
change due to hypercapnia. Furthermore, the masks of negative BOLD-CVR voxels
delineated in Study 1 and 2 were applied to the CBF data to estimate CBF values during
normocapnia and hypercapnia in these regions.

Table 2 shows Et-CO, values during normocapnia and hypercapnia. Group-averaged CVR
map from the CO, BOLD experiment is shown in Figure 1a. The color scale is such that
positive CVR is shown in warm color whereas negative CVR, if present, is shown in cold
color. As expected, brain parenchyma mostly manifests positive CVR. However, a region
that shows negative CVR can be clearly seen. Figure 1b and 1c show the averaged
MPRAGE and BOLD EPI images, respectively, to provide an anatomic reference. It is
apparent that the negative CVR voxels are mainly located in the ventricle regions. Figure 1d
shows the results of one sample t test of the CVR maps, confirming the presence of
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statistically negative clusters (total volume 20.4 cm3). Applying CSF probability map
obtained from segmentation of the MPRAGE image, we found that the voxels identified in
Figure 1d had a CSF probability of 0.77+0.10 (mean+SD). Average BOLD time-course of
these voxels averaged over all subjects and the corresponding Et-CO, time-course are
plotted in Figure 1e. The BOLD signal change was —0.51+0.44% in these voxels.

Group-averaged CVR map from the CO, BOLD experiment is shown in Figure 2a. Again,
positive CVR is displayed in warm color and negative CVR is shown in cold color. These
results reproduced findings in Study 1. That is, while the majority of voxels showed a
positive CVR to CO» inhalation, an area in the ventricles showed a statistically significant
negative response (Figure 2b). Due to a smaller sample size used (N=10), the volume of the
clusters (6.9 cm?3) was smaller than that of Study 1, but the location is again primarily in the
ventricles (CSF probability=0.76+0.08).

The image from the IR-EPI experiment (Figure 3a) shows that the CSF signal is effectively
suppressed (ventricles appear dark compared to surrounding tissue). CSF signal was not
completely nulled, but maintained at about 9% of the equilibrium signal to assure sufficient
SNR within the ventricle. Figure 3b shows the averaged IR-CVR map (N=10), which
reveals positive CVR in the ventricles. When examining the IR-EPI time-course (red curve,
Figure 3c) in voxels that manifested a negative signal change in the BOLD hypercapnia
experiment (i.e. voxels in Figure 2b), a positive correlation (cc=0.60+0.12, p<0.001, N=10)
with the Et-CO» time-course (green curve, Figure 3c) is now observed. The IR-EPI signal
change was 0.66+0.25% in these voxels. We were not able to identify any clusters with
negative signal change when the IR-EPI sequence was used. These data suggest that CSF
volume reduction as a consequence of blood volume increase is a major physiological
response in brain ventricles during hypercapnia challenge, and appears to be responsible for
the observation of the apparently negative CVR when using the BOLD sequence.

Et-O, values during hyperoxia are listed in Table 2. Figure 4 shows the results of the
hyperoxia experiment, which is known to alter oxygenation (like the CO, challenge) but
thought to not cause vasodilatation (different from the CO, challenge). No voxels showed a
negative signal change in the response map (Figure 4b). Even in the voxels manifesting a
negative BOLD response to CO5 inhalation (voxels in Figure 2b), the time-course now
shows a positive change with the O, challenge (Figure 4c). These data suggest that
vasodilatation is necessary in order to observe a negative BOLD response, again supporting
the volume change as a mechanism for the apparently negative CVR in the CO, experiment.
In the hyperoxia experiment, Et-CO, showed a negligible difference between normoxia
(38+2 mmHg, mean+SD) and hyperoxia (38+2 mmHg) periods.

Whole-brain CBF changed from 45+9ml/100g/min during normoxia to 70+14ml/100g/min
during hypercapnia, an increase of 58+24%. When applying the mask of negative-CVR
voxels delineated in Study 1 (Figure 1d) to these CBF data, average CBF showed a
significant (paired t test, p=0.025, N=8) change from a normocapnic value of 15+8ml/100g/
min to a hypercapnia value of 22+7ml/100g/min, an increase by 49%. For the negative-CVR
voxels delineated in Study 2 (Figure 2b), a similar finding was observed, with a
normocapnic CBF of 16:9ml1/100g/min and a hypercapnic value of 24+10ml/100g/min
(paired t test, p=0.021). Therefore, it appears that CBF in the ventricular regions increased
during hypercapnia. Assuming a coupled relationship between blood flow and oxygenation
(Attwell and ladecola, 2002), it is most plausible that blood oxygenation also increases,
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unless oxygen metabolic rate would increase more than that of CBF in the ventricles, which
has not been reported in the literature.

3.4. Simulation

By simulating the MR signal under normocapnic and hypercapnic states using Equation [3],
one can calculate the BOLD response, (Spypercapnia —Snormocapnia)! Snormocapnia s a function
of fesk, normocapnia @nd Afcsy (= Tesk, hypercapnia— Tesk, normocapniz), Which is shown in
Figure 5a. It is apparent that a small 7~schange of 0.01-0.02 (absolute value) is sufficient
to cause the observed negative BOLD response in the ventricle during hypercapnia. Similar
simulation was performed for the IR-EPI sequence using Equation [6], and the results are
shown in Figure 5b. As expected, a fosedecrease results in a signal increase using this pulse
sequence.

We point out that the purpose of the simulation is to demonstrate a qualitative
correspondence between the theoretical expectations and the experimental findings. An
exact matching of the response amplitudes or fitting of the data to the model was not
possible, due to the limited number of experimental measures and the large number of
unknowns (i.e. 7csr normocapnia @nd Af csp but also T1 and T, values of the various spin
compartments). Also note that possible T, or To* changes in the ventricular space during
hypercapnia were not accounted for in the simulations.

4. Discussion

In the present work, we report an intriguing but robust observation of apparently negative
CVR in response to CO, inhalation, which is primarily located in brain ventricles. This
finding appears to be associated with CSF volume reduction as a consequence of blood
volume increase. CSF has a hyperintensive signal in BOLD image due to greater water
density and longer T,". Thus, a reduction in CSF volume would result in an apparent
decrease in BOLD signal. When the CSF signal was made dark with an IR EPI sequence,
the opposite signal change was observed. The volume-origin of the observation was further
verified by the absence of the negative response when using an O, challenge, which has a
similar effect to CO, in terms of blood oxygenation but is thought to have no vasodilatory
effect. Absolute measurement of blood oxygenation in the ventricular vessels is
technologically difficult at present, but CBF assessment suggested that their oxygenation
levels should increase rather than decrease.

Cerebrovascular reactivity to CO, reflects the ability of the brain vasculature to dynamically
regulate blood supply and is a more direct measure of vascular endothelium and smooth
muscle function, compared to baseline CBF. The majority of BOLD-CVR literature has
focused on the positive BOLD response upon hypercapnia, as should be expected from the
vasodilatory effects of CO, in healthy brain. Earlier work of Blockley et al. suggested an
apparently negative CVR when using the BOLD sequence (Blockley et al., 2011). However,
the small sample size used did not allow a statistical evaluation of the location and extent of
the negative voxels. In the present work, we conducted a systematic study to establish the
presence and potential physiological mechanism of this effect. Another study by Mandell et
al. suggested that white matter regions that tend to have hyperintensities later in life (e.g.
periventricular white matter) showed some negative CVR at young age (Mandell et al.,
2008a). However, since these authors specifically masked out the ventricles and only
examined brain parenchyma, it is not possible to assess whether these negative CVR values
could be attributed to a “spillover” of the ventricle voxels. Note that, in the present study, all
voxels in the brain were examined for negative responses.
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Our results show that negative CVR is to be expected in brain ventricles when the BOLD
sequence is used for image acquisition. The negative response, however, should not be
interpreted as a sign of blood oxygenation decrease or vasoconstriction, but rather reflects a
dilation of the ventricular vessels decreasing the relative proportion of CSF per unit volume.
Thus, this observation is a CBV effect, in some sense similar to the VASO effect (Lu et al.,
2003). In the brain parenchyma, CBV increase in the voxel is largely accommodated by a
volume reduction in tissue. In the ventricle, on the other hand, it seems that CBV increase is
achieved at the expense of CSF volume, as there is no brain tissue surrounding the vessels in
the ventricles. We note that several previous studies have suggested a possible CSF volume
reduction even in the brain parenchyma, when the blood vessels dilate due to neural
activation (Scouten and Constable, 2007) or hypercapnia challenge (Scouten and Constable,
2008). Some investigators estimated that this effect is sizable while others reported that it is
relatively small (Donahue et al., 2006). In the present work, the negative BOLD CVR
clusters were found exclusively in the ventricular regions in both Study 1 and Study 2,
suggesting that parenchymal CSF volume did not decrease significantly in healthy brain.
Similarly, in the IR CO, data, we did not observe any negative clusters in the cortex,
indicating that parenchymal CSF volume did not increase significantly either. Thus it is
most plausible that, during hypercapnia, CSF in the ventricle was partially displaced to the
spinal space (Grant et al., 1989).

The findings from the present study have several implications for clinical applications of the
CO, modulation techniques. Both hypercapnia and hypocapnia have been proposed as an
intervention to improve the outcomes of cerebral ischemia (see (Brian, 1998) for a review).
The researchers proposing hypercapnia reason that inhalation of CO, would increase the
blood supply to the ischemia regions, thus would benefit the ischemic regions (Nakagawa et
al., 1984). However, other researchers argue that vessels in ischemic regions cannot be
further dilated by hypercapnia and, when the surrounding normal vessels dilate in response
to COy, the blood flow to the ischemic brain may actually decrease, often referred to as a
vascular steal phenomenon (Brian, 1998). Under these situations, a hypocapnic intervention
is actually proposed. Therefore, the management of individual patient may be dependent on
whether a vascular steal is identified in the ischemic regions. Due to the advantages of
BOLD CVR mapping techniques mentioned earlier, a few investigators have proposed and
demonstrated the possibility of using negative BOLD CVR to identify vascular steal in
Moyamoya and other steno-occlusive diseases (Conklin et al., 2010; Mandell et al., 2008b;
Mikulis et al., 2005). The results from the present study suggest that negative CVR could
also be due to CBYV increase in CSF-rich regions. This possible interpretation should be
considered for regions with prior infarct or edema, which usually contain a large amount of
fluid.

The results from the present study also have implications for vascular physiology in brain
ventricle. As can be seen in Figure 1d, the voxels with apparently negative CVR are located
in the lateral ventricles. However, they do not cover all divisions of the lateral ventricles.
Specifically, a careful review by an experienced neuroradiologist (K.K.) suggested that the
frontal horns of the lateral ventricle contain no voxels with apparently negative CVR. This is
consistent with the well-documented observations that the frontal horns do not have choroid
plexus, the primary form of blood vessels in the ventricle (Waxman, 2009). Another
important finding is that the choroid plexus does indeed undergo vasodilation. The choroid
plexus themselves do not contain smooth muscles (Emerich et al., 2005) and it was
unknown whether they are capable of dilating. This has important clinical and physiological
implications since hypocapnia is used clinically to acutely reduce intracranial pressure
(Artru, 1987; Raichle and Plum, 1972).
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The anti-correlation between ventricular and parenchymal BOLD responses during
hypercapnia may also have important implications in resting-state fMRI (rs-fMRI) analysis
strategies. It has been suggested that certain fluctuations in rs-fMRI data are attributed to
respiratory variations with time and that the regression of these physiological fluctuations
from the rs-fMRI data is useful in removing this nuisance effect (Birn et al., 2006;
Kannurpatti and Biswal, 2008; Wise et al., 2004). Recent investigations reported interesting
observations that such fluctuations in visual cortex and ventricles are opposite in phase
(Bianciardi et al., 2011). The findings from the present study support the notion that the
effect of P,CO, fluctuation in the cortex is dominated by oxygenation effect whereas in the
ventricle the effect is mainly driven by blood/CSF volume changes, which results in a signal
change opposite in sign. Bright et al. also reported that, during hypocapnia, cortical and
ventricular BOLD time-courses are anti-correlated (Bright et al., 2012).

To reduce the volume effect so that BOLD-CVR can be predominantly sensitive to
oxygenation effect, one needs to minimize the difference between the two numerical values
in Equation [3]. Simulation suggested that an increase in the flip angle or a decrease in TR
or TE in the BOLD sequence is useful for this purpose. For example, when using
TR=800ms, TE=23ms, and flip angle of 60°, CSF and blood magnetizations per unit volume
are approximately equal, thus a change in fzseis not expected to show any effect on the
BOLD signal. However, such a protocol would reduce the spatial coverage of the scan and
the sensitivity to T," effect is also attenuated.

The findings from the present study need to be interpreted in view of a few limitations. First,
this study has only examined the cerebrovascular reactivity using fixed CO, inhalation, but
has not tested other types of vasodilatative challenges such as breath hold (Kastrup et al.,
1999), injection of acetazolamide (Bokkers et al., 2010), prospective endtidal targeting
(Slessarev et al., 2007), or dynamic end-tidal forcing (Wise et al., 2007). Thus, our results
should be interpreted within the scope tested. In particular, the fixed CO, inhalation
maneuver may have also altered the Et-O5 level due to hyperventilation, although this effect
is expected to be relatively small according to our previous testing (Et-O, increased from
115mmHg to 137mmHg) (Xu et al., 2011). Second, the present study did not directly test the
possible contribution of CSF inflow or pulsation to the negative BOLD response. Increased
CSF flow rate during hypercapnia could allow more saturated spins to enter the imaging
slice, causing a signal decrease (Blockley et al., 2011). Our IR hypercapnia experiment
provided some evidence that this effect is not a major factor as otherwise negative responses
should still be observed in the IR data. However, a more direct study to measure CSF flow
rate during hypercapnia would be more useful to address this issue. Third, when interpreting
the hyperoxia-induced signal increase, we have used the assumption that hyperoxia
influences the BOLD signal only by the oxygenation effect, but did not consider the
potential T1 shortening effect of dissolved oxygen, which could also result in a signal
increase. Thus, if this effect is present, the hyperoxia-induced signal change could be due to
a combination of three contributions, including oxygenation (T,") effect, partial volume
effect, and T, effect. However, the characterization of this mechanism is beyond the scope
of the present study. Finally, it should be kept in mind that, although hypercapnia is often
assumed to be iso-metabolic and represent a purely vascular challenge, there is some
evidence in the literature that suggests that brain activity and metabolism may be slightly
suppressed during hypercapnia (Xu et al., 2011; Zappe et al., 2008). The effect of reduced
oxygen consumption in face of an enhanced blood supply could result in a BOLD response
that is greater than the true vascular effect alone. Thus, the value of CVR may be over-
estimated when using hypercapnia challenge in general. However, the vascular effect of
COs is still expected to be the predominant factor in the measured CVR, considering that
each unit (mmHg) of increase in Et-CO» results in about 6% increase in CBF, but only about
1.5% decrease in metabolic rate (Xu et al., 2011).
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5. Conclusions

When using typical BOLD imaging parameters to study MR signal response to hypercapnia
challenge, an apparently negative CVR should be expected in brain ventricles. The
physiologic underpinning of this observation appears to be a reduction of CSF volume
fraction as a consequence of blood vessel dilation, causing bright CSF signal being replaced
by less intensive blood signal. As far as the blood oxygenation level of the ventricular
vessels is concerned, measurement of CBF suggested that it most likely increased rather
than decreased during hypercapnia.
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Figure 1.

Summary of BOLD-CVR results from Study 1. (a) Group-averaged CVR map (N=14) in a

representative slice (z=47 in MNI template) illustrating regions with apparently negative

CVR values (cold color). The unit of BOLD-CVR is percent BOLD signal change per
mmHg change in Et-CO,. (b) and (c) show corresponding T1-weighted and BOLD EPI

images, respectively, to provide anatomic references. The image in (c) also demonstrates the

intense signals in the ventricular regions, compared to brain parenchyma. (d) Voxels with

significantly negative CVR (FDR corrected p<0.05) using group-level one-sample Student’s

t tests. (e) Averaged BOLD time-course (red) from the voxels in (d) and the corresponding
Et-CO> (green). Error bars indicate standard deviations of the BOLD signal across subjects.
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Figure 2.

BOLD-CVR response to hypercapnia from data in Study 2. (a) Group-averaged CVR map
(N=10) in a representative slice (z=47 in MNI template) illustrating regions with apparently
negative CVR values (cold color). (b) Voxels with significantly negative CVR (FDR
corrected p<0.05) as detected from the BOLD hypercapnia data in Study 2.
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Figure 3.

Results of IR EPI experiment in Study 2. (a) Representative image using the IR EPI
sequence, illustrating the suppressed CSF signal. (b) Group-averaged IR-CVR map (N=10).
Shown here is the same slice as in Figure 1 (i.e. z=47 in MNI template). No regions
manifested a negative response. (c) Averaged IR signal time-course from the voxels
depicted in Figure 2b and the corresponding Et-CO». Error bars indicate standard deviations
of the IR signal across subjects.
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Figure 4.

Results of BOLD responses to hyperoxia. (a) Representative BOLD image acquired during
the hyperoxia scan for anatomical reference. (b) Group-averaged (N=10) map of BOLD
responses to inhalation of 98% O,. The unit of the map is percent BOLD signal change per
mmHg change in Et-O,. (¢) Averaged BOLD time-course from the voxels depicted in
Figure 2b and the corresponding Et-O,. Error bars indicate standard deviations of the BOLD
signal across subjects.
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Figure 5.

Results from numerical simulations using Equations [3] and [6]. (2) BOLD signal change as
a function of baseline CSF fraction, fcsg normocapnia @nd hypercapnia-induced reduction in
CSF fraction, Afese ( =fcsk hypercapnia—TcsF, normocapnia)- The results are shown in a series
of 2D profiles at fcsr, normocapnia OF 0.60, 0.77, and 0.90. Note that 0.77 is the CSF
probability of the significantly negative voxels according to our experimental data. (b) IR
signal change as a function of 7csr, normocapnia and Afesr
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