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Abstract

Purpose: To compare cortical gray matter OEF estimated from two MRI methods: 1) the
quantitative susceptibility mapping plus quantitative blood oxygen level-dependent magnitude
(QSM+gBOLD or QQ) and 2) the dual-gas calibrated-BOLD (DGCB) in healthy subjects, and to
investigate the validity of iso-CMRO> assumption during hypercapnia using QQ.

Methods: In ten healthy subjects, 3T MRI including a multi-echo GRE sequence at baseline and
hypercapnia for QQ, as well as an EPI dual-echo pseudo-continuous arterial spin labeling
(pCASL) for DGCB were performed under a hypercapnic and a hyperoxic condition. OEFs from
QQ and DGCB were compared using ROI analysis and paired t-test. For QQ,
CMRO,=CBF*OEF*Ca (Ca=arterial oxygen content) was generated for both baseline and
hypercapnia, which were compared.

Results: Average OEF in cortical gray matter (CGM) across 10 subjects from QQ vs DGCB
were 35.5 + 6.7 vs 38.0 £ 9.1 % (~=0.49) at baseline; and 20.7 + 4.4 vs 28.4 + 7.6 % (P=0.02) in
hypercapnia: OEF in CGM wias significantly reduced as measured in QQ (#<0.01) and in DGCB
(P<0.01). CMRO> (in umol O,/min/100g) was 168.2 + 54.1 at baseline from DGCB; and 153.1 £
33.8 at baseline and 126.4 + 34.2 (P<0.01) in hypercapnia from QQ.

Conclusions: The differences in OEF obtained from QQ and DGCB are small and non-
significant at baseline, but are statistically significant during hypercapnia. In addition, QQ shows a
CMRO, decrease (17.4%) during hypercapnia.
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yiwang@med.cornell.edu.
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INTRODUCTION

Cerebral metabolic rate of oxygen consumption (CMRO,) and oxygen extraction fraction
(OEF) are essential biomarkers for tissue viability and function, and are thought to be altered
in various diseases, such as stroke (1-4), tumor (5), and Alzheimer’s Disease (6). In MRI, a
variety of quantitative models have been proposed to estimate CMRO, and OEF either from
1) MR magnitude signal, such as quantitative BOLD (qBOLD) (7,8), quantitative imaging of
extraction of oxygen and tissue consumption (QUIXOTIC) (9), and calibrated BOLD (10—
13), or 2) MR phase signal, including whole brain susceptometry-based oximetry (14,15) as
well as macrovascular (16-18) and microvascular (19-21) OEF quantification using
quantitative susceptibility mapping (QSM) methods.

Calibrated BOLD is a quantitative modeling of deoxyhemoglobin concentration [dHb] using
the MR magnitude signal (13). It isolates the CMRO,, contribution from the BOLD signal, a
complex function of cerebral blood flow (CBF), cerebral blood volume (CBV), and CMRO,,
with the aid of respiratory challenges. When a single respiratory challenge is used, relative
CMRO>, change associated with a task can be quantified. With more than one respiratory
challenge, such as dual-gas calibrated BOLD (DGCB) that combines hypercapnia and
hyperoxia, baseline absolute CMRO, can be estimated. In step-wise DGCB, the maximum
BOLD response, M, can be obtained first from hypercapnia with an iso-CMRO, assumption.
With the obtained M, the baseline OEF is then estimated based on BOLD and CBF changes
under hyperoxia (12,22).

On the other hand, the QSM-based microvascular OEF method is a quantitative modeling of
[dHDb] using MR phase signal (19-21). QSM modeling of biological iron (23,24) forms
allows extraction of [dHb] contribution from the voxel-wise susceptibility values by
employing a vascular challenge (19,21,25), using a local minimization method (20), or
combining with gBOLD (QSM+gBOLD or QQ) for a comprehensive modeling on both
magnitude and phase of multi-echo gradient echo (MGRE) data (26). QQ can quantify OEF
and CMRO, without vascular challenges, hence it is more practical in a clinical setting. The
robustness of QQ against measurement noise can be further improved with cluster analysis
of time evolution (CAT) (27).

In this study, we aim to cross-validate QQ-CAT with DGCB for OEF measurement in
cortical gray matter in healthy subjects. In addition, because QQ does not require a vascular
challenge, it can measure OEF at both baseline and hypercapnia independently. Hence, we
investigate the debated assumption that CMRO> is unchanged during hypercapnia, which is
of great interest for future calibrated BOLD studies.
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METHODS

Data Acquisition

MRI was performed in 10 healthy subjects (5 female subjects, age 29 + 5 years) on a
Siemens Tim Trio 3 T scanner with a 32-channel RF receiver head coil after providing
informed written consent. The study was approved by the Research Ethics Board of the
Montreal Neurological Institute and Hospital.

For QQ data, a 3D MPRAGE sequence with 1 mm3 voxel size was used to acquire an
anatomical image. A 3D multi-echo gradient echo (NGRE) sequence with flow
compensation along all three axes was used to generate quantitative susceptibility maps (28).
The 3D mGRE sequence parameters were: 1 mm in-plane resolution, 1 mm slice thickness,
7 equally spaced echoes: TE{/ATE/TE7 = 4.6/4.06/29.0 ms, TR= 32 ms, monopolar readouts
with a bandwidth of 977 Hz/pixel, flip angle 20°, GRAPPA acceleration factor = 2, phase
partial Fourier = 3/4. The mGRE complex images from all 32 channels were combined using
the singular value decomposition method to avoid the open-ended fringeline (29). GRE data
were acquired at baseline and during a hypercapnic condition to prospectively target partial
pressure of end-tidal CO, (PetCO5) to 7 mmHg above the participant’s baseline using a
computerized gas-delivery system RespirAct (Thornhill Research Inc., Toronto, ON,
Canada).

DGCB data were collected using an EPI dual-echo pseudo-continuous arterial spin labeling
(pCASL) sequence with TR/TE{/TE, = 4000/10/30 ms, voxels = 3.9 mm isotropic, label
duration = 1665, post-label delay = 900/1568/2235 ms (first/center/last slice), GRAPPA = 2,
phase partial Fourier =7/8, 25 slices, labelling location =10 cm below the central slice, and
descending slice acquisition order. For quantifying resting CBF and OEF, dual-echo pCASL
data were acquired under a baseline condition, a hypercapnic challenge condition, and two
hyperoxic conditions. Gas manipulations were achieved with the RespirAct system. For
hypercapnia, an increased PetCO, of 7 mmHg above participant’s baseline was targeted (56
s baseline, 56 s hypercapnia, 120 s baseline, 120 s hypercapnia and 56 s baseline) while 102
volumes of pCASL EPI data were acquired with an acquisition time of 7 mins. Hyperoxic
gas manipulation aimed to increase PetO, by 150 mmHg and 300 mmHg above participant’s
baseline (120 s baseline, 120 s of PetO, +150 mmHg hyperoxia, 120 s of PetO, +300 mmHg
hyperoxia, and 56 s baseline). 120 volumes of pCASL EPI data were acquired during
hyperoxia with an acquisition time of 8 mins and 12 seconds.

For each subject, the arterial oxygenation, Y, was measured with a pulse oximeter (Oxyn
Vantage, Nonin Medical Inc.) and heme molar concentration [ A] was obtained with
performing complete blood count on forearm blood sample.

Data processing

CBF quantification from ASL data: pCASL data were processed with the SPM8
ASLthx for baseline CBF calculation. Baseline CBF was then registered and resampled to
QSM resolution. CBF cerebrovascular reactivity (CVR), i.e. the fractional CBF change
induced by unit PetCO, maps were calculated using the pCASL hypercapnia data. The
CVR maps were then multiplied by the measured PetCO, during hypercapnia QSM
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acquisitions and added to the baseline CBF to infer CBF during hypercapnic QSM
acquisitions.

QQ OEF and CMRO, mapping from GRE data at baseline and at hypercapnia
separately: The OEF map was estimated by the QQ model, consisting of QSM of phase
and gBOLD of magnitude of mGRE data as detailed in (27). QSM reconstruction was
performed as follows: first, a linear fit of the mGRE phase was performed to estimate the
total field (30). Second, the Laplacian boundary value (LBV) was used to obtain the local
field (31). Finally, Morphology Enabled Dipole Inversion with automatic uniform
cerebrospinal fluid zero reference (MEDI+0) algorithm was used to compute susceptibility
(32-37). The MGRE magnitude was modeled according to qBOLD and further denoised
according to the cluster analysis of time evolution (CAT) by following the approach outlined
by Cho et al. (27) with incorporating tissue type information by tripling the number of
clusters into gray matter (GM), white matter (WM), cerebrospinal fluid (CSF) clusters and
without the OEF regularization in the QQ-CAT optimization. The cluster-specific vvalues
are initialized to be 4/2/0% for GM/WM/CSF clusters. The GM/WM/CSF segmentation is
performed by FSL FAST (38) with the echo-combined magnitude image of mMGRE. The
straight sinus mask in the processing was obtained automatically using global and regional
thresholding on QSM combined with positional (inferior, posterior brain) and geometrical
(straightness of the vein) constraints at baseline as described in (27) and was visually
checked. For hypercapnia, the straight sinus mask at baseline was registered using the FSL
FLIRT algorithm (39,40).

DGCB OEF mapping at baseline and hypercapnia and CMRO, assumed
invariant during hypercapnia: DGCB data were analyzed as detailed in (25). The
steady-state values of PetCO, and PetO, were obtained via linear regression on the entire
hypercapnic (PetCO,) and hyperoxia (PetO5) run, respectively. The steady-state end-tidal
values were then used to form boxcar functions and convolved with a single gamma function
(standard deviation of 20 s and mean lag time of 40 s) to be used as regressors for BOLD
and CBF modeling in the general linear model (GLM) using FSL FEAT (39-43). For BOLD
data, an additional linear and zig-zag regressor was included to account for linear signal drift
and for the tag and control signal differences, respectively. For CBF data, first echo of
pCASL data were sinc subtracted and low-pass filtered with cut-off frequency of 0.125 Hz
to filter out high-frequency noise prior to GLM. For BOLD data during the hyperoxic run,
the end-tidal CO, trace was included as an additional regressor to reduce the influence of
any CO, changes on BOLD responses because small increases in end-tidal CO, temporarily
occurred during transitions of hyperoxia challenges. From the GLM analysis, the percentage
signal changes of BOLD and CBF associated with hypercapnia were extracted and used to
calculate M according to the Davis model (44). The hyperoxic BOLD fractional signal
change at PetO, = +300 mmHg was extracted from GLM. Because of the low SNR in
pCASL scans, the percentage signal changes of CBF associated with hyperoxia (+300
mmHg PetO,) were assumed to be —3.11% as suggested in (12). Baseline OEF values were
then derived from M, hyperoxia BOLD and CBF changes according to Bulte et al. (22). The
OEF in hypercapnia was calculated with 1) the baseline OEF, 2) baseline CBF, and 3)
hypercapnia CBF based on the iso-CMRO5 assumption.
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Comparisons of OEF measures between QQ-OEF and DGCB-OEF were performed in
cortical gray matter (CGM). The CGM was automatically segmented using the atlas derived
from (45), and retaining the voxel with 1) significant BOLD and CBF responses to
hypercapnia and significant BOLD responses to hyperoxia (z > 2.3), 2) plausible OEF (from
0to 1), and 3) realistic CMRO, (from 0 to 1000). For ROI analysis of the QQ result, the
obtained CGM mask was resampled to the QSM data resolution and overlapped with the
GM mask made in the QSM resolution using FSL FAST (38) with the echo-combined
magnitude image from mGRE. Histograms of OEF values were computed and compared
between methods.

Hypercapnia gas manipulations resulted in the end-tidal CO, increase in all subjects. Close
to the targeted PetCO, (+7 mmHg), average PetCO» increase was 5.8 + 1.2 and 6.3 £ 1.0
mmHg for the calibrated BOLD scans and for QSM scans, respectively. PetCO, increase
between the two methods were not significantly different (£=0.2). Hyperoxia gas
manipulations increased PetO- in all subjects for an average end-tidal O, increase of 277.1 £
23.7 mmHg for the targeted PetO, = +300 mmHg.

Figure 1 shows OEF maps in two subjects at baseline (BL) and hypercapnia (HC) for DGCB
and QQ. Compared to DGCB, QQ showed more uniform OEF. At BL, QQ showed similar
average OEF values compared to DGCB in CGM (Table 1) (N=10): 35.5+ 6.7 and 38.0 £
9.1 % (P=0.49). However, for HC, QQ showed lower OEF values than DGCB (Table 1):
20.7£4.4vs 28.4 + 7.6 % (P=0.02). Compared to BL, HC showed significantly reduced
OEF in CGM for both QQ (#<0.01) and DGCB (#<0.01).

Figure 2 shows CMRO, and CBF in the same two subjects at BL and HC for DGCB and
QQ. QQ showed a good CMRO,, contrast between gray and white matter without extremely
high values. At BL, the QQ estimated CMRO, was not significantly different than that
obtained with DGCB in CGM (Table 1): 153.1 + 33.8 and 168.2 + 54.1 umol O,/min/100g
(P=0.36). In HC, QQ showed lower CMRO, compared to BL: 126.4 £ 34.2 umol Oy/min/
100g (~<0.01). Note that HC-CMRO; is identical to BL-CMRO, in DGCB (iso-CMRO
assumption). In addition, higher CBF and venous blood volume (V) were measured during
HC compared to BL (Table 2): 82.4 + 11.8 vs 56.8 + 9.8 mI/min/100g (~<0.01) for CBF and
3.1+£0.5vs. 2.8 +£0.4 % (P=0.35) for v(Supporting Information Figure S3). Histograms of
OEF values for QQ and DBCB in two subjects are shown in Figure S4 in Supporting
Information.

Hypercapnia gas manipulations increased gray matter CBF and BOLD signals in all
subjects, on average, 38.6 + 7.4 % for CBF and 2.3 + 0.5 % for BOLD. Average CBF
cerebrovascular reactivity (CVR) in gray matter was 7.3 + 1.8 A%CBF/mmHg PetCO
(Table 2).
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DISCUSSION

In this study, the QSM+gBOLD (QQ) OEF mapping method without challenge was
compared with dual gas calibrated BOLD (DGCB) OEF mapping and was used to evaluate
CMRO,, change during hypercapnia. Although the DGCB is not a gold standard technique
for baseline OEF measurement, it is the first established quantitative OEF technique in MRI.
Our results indicate that QQ model provided similar OEF values in CGM compared to the
DGCB at baseline. Based on this validation, the advantages of QQ, e.g. OEF estimation
without a gas inhalation challenge, enables the application of QQ in clinical settings.
Furthermore, because no challenge was required, QQ was able to quantify OEF and CMRO,
values independently at baseline and during hypercapnia. QQ showed a 17.4% CMRO,
decrease during hypercapnia. This observation is an important contribution to the debate
surrounding the iso-CMRO- assumption employed in hypercapnia calibrated BOLD studies.
The QQ method provides a framework to probe this issue further (e.g. graded hypo- and
hypercapnia) and to determine the effects of oxygen manipulations on CMRO:,.

Baseline OEF in CGM estimated with the two methods were similar and statistically not
significantly different (Table 1): 35.5 + 6.7 and 38.0 + 9.1 % (~=0.49) for QQ and DGCB,
respectively. Both OEF values fell within the range previously reported using PET: 35 + 7 %
(46) and 40 + 9 % (47), using calibrated BOLD: 35 + 4 — 44 + 14 % (Table 3 in (25)), and
using QSM: 29 + 3-50 + 5 % (Table 4 in (25)).

Compared to the QQ OEF, the DGCB OEF showed greater inter-subject variation
(coefficient of variation in CGM = 19% for QQ vs 24% for DGCB), though their group
averages at baseline were close (Figure 1 and Table 1). A similar inter-subject variation was
also shown in a previous DGCB study (12), and may be attributed to low SNR in BOLD
and, in particular, CBF signals in DGCB measurement. Employing an additional gas
manipulation such as carbogen might help to decrease the inter-subject variability (48). On
the other hand, the small OEF variation in QQ (Figures 1 and 2 and Table 1) may have
benefited from the usage of cluster analysis of time evolution (CAT) which improves SNR
effectively.

QQ results in relatively uniform OEF values in gray and white matter (Figure 1), which
agrees well with previous PET studies (47,49,50). For DGCB, the OEF image quality is
visually much more variable than the QQ OEF maps (Figure 1). The DGCB OEF map is not
valid in white matter due to the low and very low SNR in the white matter BOLD and CBF
measurements, respectively.

The OEF in CGM during hypercapnia from the two methods were different (Table 1): 20.7
4.4 and 28.4 + 7.6 % (P=0.02) for QQ and DGCB, respectively. The higher OEF in DGCB
may be due to the fact that it was estimated using iso-CMRO, assumption. QQ showed a
CMRO,, decrease during hypercapnia compared to baseline, leading to lower hypercapnia
OEF with QQ than DGCB, with the same level of CBF (Tables 1 and 2). CMRO, decrease
with hypercapnia is consistent with a CMRO> increase with hypocapnia (51). However,
hypercapnia may involve multiple mechanisms affecting cerebral metabolic activity with
their net effects on CMRO, dependent on the brain condition and region. Decreases,
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increases and no significant change in CMRO> during hypercapnia has been reported in
literature (52-55). However, in calibrated BOLD, CMRO, is often assumed to be unchanged
during hypercapnia (13). Because QQ quantifies OEF independently at baseline and
hypercapnia, the discrepancy on CMRO, assumption was further investigated in this study.
With a moderate hypercapnia gas manipulation (targeted PetCO, =+7 mmHg) used in this
study, QQ showed a 17.4% CMRO, reduction in CGM. This is in line with a recent study
suggesting 10~15 % reduction with the similar hypercapnic level (55). The QQ model
showed significantly lower OEF in hypercapnia (Figures 1 and 2 and Table 1) than baseling,
which is consistent with the calibrated BOLD literature (10,44). Future calibrated BOLD
studies could include this mild reduction of CMRO, induced by hypercapnia in its model.

In this study, the vvalues in CGM were increased under hypercapnia compared to baseline,
2.8+ 0.4 vs. 3.1 +0.5% (Table 2 and Supporting Information Figure S3). This suggest that
the vestimated from QQ-CAT may be sensitive to the physiological difference between
baseline (BL) and hypercapnia (HC), as well as OEF. However, the vincrease at HC
compared to BL is not statistically significant (£=0.35) and greater (11%) than the expected
vincrease (7%) based on the Grubb relationship: rv (the vratio between HC and BL) =
rCBF%18 (56). The vuncertainty might be related to that the voutcome from QQ-CAT is
approximately four times more sensitive to errors including noise than the OEF output. The
sensitivity of OEF to the vbias was investigated by processing HC with setting HC-vto the
expected value, rvx BL-v. The resultant OEF with using the Grubb relationship for vwas
not significantly different from the OEF value in this study, 19.8 £ 3.4 vs. 20.7 £ 4.4
(P=0.21). This suggests that OEF is not that sensitive to the vbias.

This study has a number of limitations. First, the results for both DGCB and QQ may be
affected by the partial volume effect of vasculatures with tissue and large veins. In QQ,
gqBOLD model may be inadequate for large veins, which may be handled by imposing 100%
venous blood volume at those voxels fully occupied by veins. The partial volume effect may
be more severe in DGCB due to lower resolution than QQ (isotropic 3.9 mm vs 1.0 mm).
Hence, for ROI analysis, venous blood voxels with large BOLD signal increases (> 10 %)
during hypercapnia were excluded in DGCB data. The same mask was also used for QQ to
avoid overestimation of OEF. Second, the DGCB OEF results and all CMRO2 reported here
may be affected errors in cerebral blood flow measured by PCASL. There was a potentially
decreased tagging efficiency in PCASL due to increased blood flow during hypercapnia.
This would lead to underestimation in fractional CBF change, which causes OEF
overestimation in DGCB. With the hypercapnic levels in this study, tagging efficiency can be
reduced by 9% (57), leading to a 9% underestimation in the fractional CBF change, then a
6% overestimation in OEF. With taking this into account, the adjusted average OEF in CGM
measured by DGCB would be 35.7%, which agrees well with that measured by QQ (35.5%).
This source of error may be mitigated by employing an additional phase-contrast scan to
measure the flow velocity in feeding arteries at baseline and during hypercapnia for an
accurate assessment of tagging efficiency on a subject-by-subject basis. There were a range
of post-label delays used our 2D PCASL acquisition: the first slice was acquired with a post-
label delay (PLD) of 900 ms; the centre slice was acquired with a PLD of 1568 ms, close to
the recommended 1800 ms PLD. The slightly shorter PLD was selected to accommodate the
hypercapnic acquisitions in which arterial transit time was known to decrease. In addition, to
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avoid overestimating CBF in macrovascular structures, possibly due to the short PLD, we
excluded large arteries that showed larger reductions of CBF during hyperoxia (more than
50 mL/100g/min) due to the T1-shortening by dissolved oxygen in arterial blood plasma and
vessel constriction. The CBF values in the final ROIs are 15 ~ 99 mL/100g/min with an
average of 55 mL/100g/min, which agrees the expected GM CBF range of healthy subjects.
Finally, CMRO, change during hyperoxia in patients remains to be investigated by QQ in
the future, but it is beyond the scope of this study.

In conclusion, our study cross-validated QQ model with the established DGCB. DGCB and
QQ OEF values were in agreement for baseline conditions with QQ showing a lower inter-
subject variability. Furthermore, QQ results showed a mild (17.4%) decrease in CMRO5
with hypercapnia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Subject 1 Subject 2

Figure 1.
OEF maps from DGCB and QQ between baseline (BL) and hypercapnia (HC) in two

subjects. In DGCB, HC-OEF was estimated based on the iso-CMRO, assumption with BL-
OEF, BL-CBF, and HC-CBF. QQ shows more uniform OEF than DGCB. Both QQ and
DGCB shows decreased OEF in HC compared to BL. The unit of color scale is %. Results
of all 10 subjects are illustrated in Supporting Information Figures S1 and S2.
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Subject 1 Subject 2

CMRO2 CBF
QQ

Figure2.
CMRO; maps from DGCB and QQ and CBF maps between baseline (BL) and hypercapnia

(HC) in the same two subjects as in Figure 1. QQ shows good CMRO, contrast between
gray and white matter. QQ shows decreased CMRO> in HC compared to BL. Note that
DGCB-CMRO?2 in HC is identical to the one at BL (iso-CMRO, assumption). The BL-CBF
was obtained by registering DGCB-CBF to QSM resolution. The HC-CBF was inferred
based on the cerebrovascular reactivity (CVR) obtained from DGCB during hypercapnia and
PetCO, obtained from QSM during hypercapnia. The unit of color scale is pmol O,/min/
100g for CMRO5 and ml/min/100g for CBF. Results of all 10 subjects are illustrated in
Supporting Information Figures S1 and S2.
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Average and standard deviation of OEF and CMRO, in CGM. The unit of OEF and CMRO; is % and pmol

0,/min/100g, respectively. BL and HC indicate baseline and hypercapnia, respectively.

OEF CMRO2
DGCB QQ " pece QQ

Subject # BL HC BL HC BL=HC BL HC
1 489+186 386166 352+80 21732 189.7 + 82.7 1345386 1017230
2 425+168 302+146 335+76 169+17 195.7 + 88.7 1516 +433 1094 +24.0
3 267+£149 203%13.2 36.1£69 22136 1214+ 79.6 1621+488 1435409
4 31.0+£132 2243120 446105 29257 134.8 +76.3 1911664 164.7+49.3
5 286+116 201+10.3 321+56 169+30 125.8 + 635 136.9+363 1127314
6 347+160 267147  443+104 234+40 125.6 + 68.3 1602+486 1523+47.6
7 527+179 400%163  433+107 20818 259.7 +105.3 2112+639 128.6+24.38
8 440+168 340+158 258+67 17.0+29 211.0 + 100.0 121.8+385 97.8+38.0
9 206+142 205%12.6 285+54 14727 96.6+ 61.3 93.6£272 71.2%253
10 41.0+148 312138 31.3%£73 242%57 2219+ 924 168.0+47.9 1825548

avgtstd 380+91 284%76 355+67 20744 168.2 +54.1 153.1+338 126.4+34.2

Magn Reson Med. Author manuscript; available in PMC 2022 February 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Choetal.

Table 2.

Page 15

Average of CBF, CVR, and vin CGM. The unit of CBF, CVR, and vis ml/min/100g, A%CBF/mmHg PetCO»,
and %, respectively. The baseline CBF was acquired in DGCB, then registered to QSM resolution. BL and HC

indicate baseline and hypercapnia, respectively. The HC-CBF was inferred based on the cerebrovascular
reactivity (CVR) from DGCB during hypercapnia and PetCO, obtained from QSM during hypercapnia,

respectively. BL-vand HC-vmaps are shown in Supporting Information Figure S3.

Subject # BL-CBF DGCB=QQ CVR HC-CBF DGCB HC-CBF QQ BL-vQQ HC-vQQ
1 62.8+11.9 43 852+17.2 79.7£13.6 3.0+05 33+£07
2 619 +12.0 7.0 942 £20.9 90.6+17.8 3.0£05 3507
3 55.1+14.1 8.0 78.6 £20.5 83.9 £20.9 3.0£06 32+06
4 54.0 £14.2 10.0 79.8+215 740+17.6 28+0.8 26+06
5 49.7£105 8.9 76.7+18.1 795+174 35+03 34+07
6 472+10.1 9.0 66.3 +15.4 88.6 +23.2 20£05 31+08
7 66.5+12.5 52 935+18.1 87.6+15.4 21+05 37+06
8 59.8 +12.2 5.6 82.7+17.9 75.3+24.6 29+04 31+06
9 39.0£9.8 8.0 60.8 +18.1 60.6 £17.6 31£0.2 2907
10 71.9+134 7.3 101.3+19.9 104.7 £19.9 29+04 1.9+04
avg * std 56.8+9.8 73+18 81.9+125 824+118 28+04 31+05
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