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A B S T R A C T

Redistribution of blood flow across different brain regions, arising from the vasoactive nature of hypercapnia, can
introduce errors when examining cerebrovascular reactivity (CVR) response delays. In this study, we propose a
novel analysis method to characterize hemodynamic delays in the blood oxygen level dependent (BOLD) response
to hypercapnia, and hyperoxia, as a way to provide insight into transient differences in vascular reactivity be-
tween cortical regions, and across tissue depths. A pseudo-continuous arterial spin labeling sequence was used to
acquire BOLD and cerebral blood flow simultaneously in 19 healthy adults (12 F; 20 � 2 years) during boxcar
CO2 and O2 gas inhalation paradigms. Despite showing distinct differences in hypercapnia-induced response delay
times (P < 0.05; Bonferroni corrected), grey matter regions showed homogenous hemodynamic latencies (P >

0.05) once calibrated for bolus arrival time derived using non-vasoactive hyperoxic gas challenges. Longer hy-
percapnic temporal delays were observed as the depth of the white matter tissue increased, although no signif-
icant differences in response lag were found during hyperoxia across tissue depth, or between grey and white
matter. Furthermore, calibration of hypercapnic delays using hyperoxia revealed that deeper white matter layers
may be more prone to dynamic redistribution of blood flow, which introduces response lag times ranging between
1 and 3 s in healthy subjects. These findings suggest that the combination of hypercapnic and hyperoxic gas-
inhalation MRI can be used to distinguish between differences in CVR that arise as a result of delayed stimulus
arrival time (due to the local architecture of the cerebrovasculature), or preferential blood flow distribution.
Calibrated response delays to hypercapnia provide important insights into cerebrovascular physiology, and may
be used to correct response delays associated with vascular impairment.
Introduction

Mapping of cerebrovascular reactivity (CVR) with MRI during the
application of a vascular stimulus can be used to identify vascular
impairment associated with conditions such as Moyamoya (Han et al.,
2011) and steno-occlusive disease (Sam et al., 2014). Increasing the
partial pressure of arterial carbon dioxide gas (PaCO2), a state defined as
hypercapnia, serves as a potent vasoactive agent, whereby arterial CO2
reacts with blood water to form carbonic acid and an increase in free
hydrogen ion concentration. This leads to a decrease in blood pH
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(Kontos, 1977), affecting ATP- and voltage-gated potassium channels
lining the arterial endothelial surface and leading to hyperpolarization of
endothelial cells (Lindauer et al., 2003). Hypercapnia mediated changes
in local membrane potential propagate to adjacent smooth muscle cells,
causing smooth muscle relaxation, via closure of calcium channels, and a
concomitant reduction in intracellular calcium (as reviewed in Glodzik
et al., 2013; Brian, 1999). The resulting vasodilation leads to increases in
CBF which can serve as an indication for vascular health.
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becomes possible to relate vascular properties to changes in BOLD image
contrast. During hypercapnia, it is assumed that changes in venous ce-
rebral volume (CBVV) occur concurrently with increases in CBF, as
highlighted by the Davis model (Chen and Pike, 2009; Davis et al.,
1998), and the Grubb's constant (Grubb et al., 1974). As CBF increases,
under isometabolic conditions, the concentration of venous deoxygen-
ated hemoglobin ([dHbv]) is reduced, which leads to an increase in blood
T2*, and a concomitant increase in BOLD signal intensity (Ogawa et al.,
1990). In traditional CVRmapping, the BOLD signal from the grey matter
(GM), or whole brain (Sobczyk et al., 2015), is first time-aligned with the
measured end tidal partial pressure of carbon dioxide (PETCO2). Based on
this alignment, the ratio between BOLD signal change to the change in
PETCO2 can be used to determine a voxel-wise map of CVR. In voxels
where vessels respond quickly to the vascular stimuli (i.e. mainly in the
GM), the BOLD response will be in step with changes in the magnitude of
the stimulus. In regions where the CVR response is slow due to vascular
impairments, or blood flow distribution effects (Bhogal et al., 2015),
delays between changes in vascular stimuli and the measured BOLD
signal may become apparent. In general, however, PaCO2 modulated
changes in the BOLD signal reflect local cerebrovascular properties.

The BOLD contrast mechanism can also be used to examine CBF in-
dependent of changes in vascular tone when combined with non-
vasoactive hyperoxic breathing challenges. Under healthy baseline con-
ditions arterial hemoglobin is typically fully saturated with O2 (~98%)
and increases from baseline in the arterial partial pressure of oxygen
(PaO2) leads to increased plasma-dissolved O2. As blood passes through
the capillary networks of the brain, an increased fraction of metabolic
demand in the tissues is met via passive diffusion of plasma O2. Since less
O2 is extracted from hemoglobin, [dHbV] is reduced, which leads to a
lengthening of blood T2*. This causes a BOLD signal effect similar to that
described above for CO2. However, oxygen-mediated BOLD responses are
considered to be uncoupled from CVR, assuming limited vasoconstriction
(Mark and Pike, 2012) and a minor reduction in CBF, and thus, CBVV (D.
P. Bulte et al., 2007a, b; Xu et al., 2012). Using this model, hyperoxic
changes in BOLD signal can be used to reflect the arrival of blood con-
taining increased O2 dissolved in plasma, making O2-rich plasma an
endogenous contrast agent for estimation of baseline CBVV (Blockley et
al., 2013; Liu et al., 2017).

The current line of reasoning regarding BOLD-CVR mechanistics as-
sumes that a global vasoactive stimulus mainly elucidates phenomena
relating to vascular functioning. This thinking overlooks the possibility
that intrinsic blood flow redistribution, the speed of the vascular
response to hypercapnia, and response lag related to blood-arrival time
are convolved to determine the temporal BOLD-CVR response. The depth
of information on vascular responses as measured from the perspective of
blood flow delays and flow distribution has facilitated a more compre-
hensive understanding of the physiology underlying cerebral hemody-
namics. Regional BOLD-CVR response delays have been identified in
healthy subjects (Blockley et al., 2011; Thomas et al., 2014) where dif-
ferences have been attributed to cerebrovascular morphology (Bhogal et
al., 2015) and the interactions with neighboring tissue compartments
(Sobczyk et al., 2014). For example, deep white matter (WM), which is
fed primarily from penetrating medullary arteries, experiences delayed
arrival times under global hypercapnia since vessels must compete with
proximal GM regions which are exposed to the vasoactive stimulus
earlier. This phenomenon is in part due to the pial vessel architecture,
which inherently delays the bolus arrival times for deeper tissues
(Duvernoy, 1981). Greater reductions in peripheral resistance within the
GM vascular tree, from hypercapnia, leads to redistribution of blood
flow, and an increase in arrival time for downstream deep WM regions.
This rationalization regarding the regional heterogeneity of the stimulus
response delays recorded in healthy subjects, can be extended to path-
ological circumstances when CVR delays are particularly apparent due to
occlusion (Poublanc et al., 2015), Moyamoya disease (Donahue et al.,
2016), atherosclerotic plaque (Donahue et al., 2016), or sickle cell dis-
ease (Leung et al., 2016).
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A variety of approaches have been employed to examine the temporal
dynamics of the BOLD response to hypercapnia. Some of these include
frequency-based methods in combination with customized stimulus
waveforms to examine phase delays between different regions of the
brain (Blockley et al., 2011; Duffin et al., 2015), while others used
time-constant based approaches to estimate response delays (Poublanc
et al., 2015). Additionally, Donahue et al. (2016) used a data-driven
design (Regressor Interpolation at Progressive Time Delays (RIPTiDe))
to model temporal delays in CVR as a function of the global hemody-
namic response derived from changes in PETCO2.

Despite these advances, it remains unclear whether BOLD-CVR
response delays during hypercapnia are due to individual variability in
cerebrovascular morphology, poor reactivity, or preferential blood flow
distribution. In this study, we use the idea that O2 acts as an endogenous
non-vasoactive tracer during hyperoxia to quantify delays that are
inherently due to the physiological arrival time of blood in healthy
subjects. Combined with information from hypercapnic BOLD-CVR, we
introduce a novel method based on the RIPTiDe approach that charac-
terizes temporal delays during hypercapnia, which are corrected using
hyperoxia. We purport that this technique can aid in distinguishing be-
tween morphological blood flow delays, vascular response speed, and
blood flow redistribution between competing vascular territories.

Methods

Subjects and ethical approval

This study was approved by the Queen's University Research Ethics
Board and informed consent was obtained from each participant. Par-
ticipants were recruited from the club and varsity athletics program at
Queen's University, as well as from Canadian National teams. Imaging
data from 23 healthy volunteers was acquired for this study. Four sub-
jects were removed from the analysis (2 for incomplete datasets, and 2 for
poor data quality), resulting in a total of 19 healthy subjects (12 F; 20 �
2 years).

Experimental protocol

Gas manipulations
End-tidal partial pressures of O2 (PETO2) and PETCO2 were targeted

using a computer-controlled gas blending system (RespirAct™, Thornhill
Research Inc., Toronto, ON). Subjects were fitted with a facemask, which
was sealed using adhesive tape (Tegaderm, 3 M Health Care, St. Paul,
MN, US) to prevent any gas leaks. The breathing circuit was then con-
nected to the gas blender for calibration, and subject familiarization with
the hypercapnia protocol. From the calibration trial, the subject's base-
line parameters were identified. The hypercapnic iso-oxic breathing
paradigm consisted of a 2-min baseline period (medical air, 21:79%
O2:N2), followed by a 2-min hypercapnic challenge where PETCO2 was
targeted to 10 mmHg above the subject's baseline. The administered
hypercapnic gas mixture consisted of blend of medical air and CO2
enriched air (10:21:69% CO2:O2:N2). This was followed by a 2-min re-
covery period (medical air). PETO2 was maintained at a baseline value of
110 mmHg throughout. The second breathing paradigm was a hyperoxic
iso-capnic challenge during which PETCO2 was kept constant at the
subject's baseline throughout. PETO2 was targeted at 110 mmHg for 2-
min, increased to 410 mmHg for 2-min using a blend of medical air and
pure oxygen (100% O2), and was followed by a recovery period at 110
mmHg PETO2 for 2-min. Subjects breathed to a metronome at 12 breaths
per minute to maintain a constant respiratory rate throughout the
breathing paradigms, while end-tidal pressures were sampled continu-
ously by the RespirAct™ (Table 1).

Magnetic resonance imaging data acquisition
All images were acquired on a Siemens 3.0 T Magnetom Tim Trio

system using a 32-channel receiver head coil. The imaging protocol



Table 1
Averaged physiological parameters during each breathing paradigm.

Parameters Baseline Stimulus % Δ P-value

Hypercapnia GM CBF* (mL/100 g/min) 68.0 � 5.5 110.1 � 7.8 65.8 � 4.2 P < 0.001
SaO2 (%) 98.160 � 0.005 98.340 � 0.004 0.19 � 0.03 P < 0.05
HB-O2 (mLO2/dLblood) 19.73 � 0.01 19.77 � 0.01 0.19 � 0.03 P < 0.05
Plasma O2 (mLO2/dLblood) 0.333 � 0.003 0.345 � 0.003 3.6 � 0.5 P < 0.05
CaO2 (%) 20.06 � 0.01 20.11 � 0.01 0.24 � 0.04 P < 0.05
PETCO2 (mm Hg) 37 � 1 45 � 1 21.0 � 1.1 P < 0.001
PETO2 (mm Hg) 107 � 1 111 � 1 3.6 � 0.5 P < 0.05

Hyperoxia GM CBF* (mL/100 g/min) 64.9 � 3.3 65.7 � 3.7 0.67 � 3.3 0.82
SaO2 (%) 98.210 � 0.001 99.950 � 0.001 1.78 � 0.07 P < 0.001
HB-O2 (mLO2/dLblood) 19.74 � 0.01 20.091 � 0.001 1.78 � 0.07 P < 0.001
Plasma O2 (mLO2/dLblood) 0.337 � 0.005 1.176 � 0.045 247.6 � 9.4 P < 0.001
CaO2 (%) 20.08 � 0.02 21.27 � 0.05 5.9 � 0.2 P < 0.001
PETCO2 (mm Hg) 37 � 1 36 � 1 �1.24 � 0.7 0.07
PETO2 (mm Hg) 109 � 1 380 � 14 248.0 � 9.1 P < 0.001

CaO2 ¼ arterial oxygen content, CBF ¼ cerebral blood flow, GM ¼ grey matter, HB-O2 ¼ hemoglobin bound oxygen, PETCO2 ¼ end-tidal pressure of carbon dioxide, PETO2 ¼ end-tidal
pressure of oxygen, SaO2¼ arterial oxygen saturation, %Δ¼ percent change from baseline, *¼ CBF outliers were removed using Tukey's algorithm (factor¼ 1.5) prior to GM averaging. This
table summarizes the physiological characteristics during each gas manipulations for the control subjects (n ¼ 19). Values are in mean � standard error.
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included a T1-weighted MP-RAGE (magnetization prepared rapid
acquisition gradient echo) of the whole brain with the following pa-
rameters: TR ¼ 1760 ms, TE ¼ 2.2 ms, TI ¼ 900 ms, voxel size ¼ 1 mm
isotropic, FOV ¼ 256 mm.

BOLD and CBF data were simultaneously acquired during hypercap-
nia and hyperoxia using a dual-echo multi-slice pseudo-continuous
arterial spin labeling (pCASL; Alsop et al., 2015) acquisition with the
following parameters: TR¼ 4000 ms, TE1/TE2¼ 10/30 ms, field of view
¼ 250 � 250 mm, alpha ¼ 90�, voxel size ¼ 3.9 mm isotropic,
post-labeling delay (PLD)¼ 1000 ms, tagging duration 1.665s (Wu et al.,
2007). The acquisition included 25 axial slices with 0.78 mm slice gaps.
For quantification of CBF, a tissue equilibrium magnetization map (M0)
was acquired with parameters identical to the pCASL measurements,
although TR was longer (15 000 ms), and there was no spin labelling.

Data processing

Estimating CBF and physiological parameters

Cerebral blood flow. CBF was quantified to verify that ΔCBF during
hyperoxia was minimal, while an increase was expected during hyper-
capnia. To reconstruct the perfusion weighted image, a pairwise sub-
traction of the first-echo ASL image was done between the adjacent tag
(selective) and control (nonselective) frames, and subsequently averaged
over time. Standard processing steps were applied including motion
correction (FSLMCFLIRT; Jenkinson et al., 2002), brain extraction (BET),
and smoothing (full-width at half maximum (FWHM); 5 mm). The
voxel-wise CBF weighted perfusion maps (ml/100 g tissue/min) were
calibrated into physiological units and quantified using the single-blood
compartment model (Eq. (1)), which assumes that the label remains in
the vascular compartment (Wang et al., 2003):

CBF ¼ 6000λ⋅ΔM⋅edelay=T1b

2αinv⋅M0⋅T1b⋅ðe�w=T1b � e�ðτþwÞ=T1b Þ (1)

In Eq. (1), λ is the blood/tissue water partition coefficient (0.9 ml/g;
Herscovitch and Raichle, 1985), ΔM is the average difference in signal
between the control and tag states for all perfusion frames, M0 is the
equilibrium magnetization of brain tissue, w is the post labeling delay
(1s), τ is the labeling duration (τ ¼ 1.665s), and T1b is the longitudinal
relaxation time (T1) for arterial blood (T1b ¼ 1.650s; Zhang et al., 2012).
The post-labeling delay differences between each slice (i) due to the
two-dimensional readout were also accounted for using delayi ¼ w þ
(sT)*(i-1), where sT is the slice time in seconds (0.0538 s). The inversion
efficiency (αinv) was set to 0.95 for images obtained during baseline
breathing, and throughout hyperoxia (Dai et al., 2008). For images ac-
quired during hypercapnic breathing, αinv was set to 0.85.
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During hyperoxic breathing, additional O2 dissolved in the arterial
blood shortens the T1 relaxation time (Bulte et al., 2007a, b) which can
cause brightening of the signal due to faster T1 recovery. To correct for
this, an extension of the model proposed by (Woolrich et al., 2006), in
(Germuska et al., 2016) was employed, where the T1 of blood was
allowed to vary throughout the time series. This model assumes a linear
relationship between the partial pressure of oxygen (PaO2; obtained from
the PETO2 trace) and arterial blood T1b, as the data is fitted using Eq. (2):

T1b ¼ b⋅PaO2 þ c (2)

In Eq. (2), b is a fixed value (�5 x 10�4 mm Hg) extrapolated fromMa
et al. (2014), and c is related to the normoxic T1 of blood at 3 T using c ¼
1.725 – b ⋅ 110. The constant 1.725s is taken from the literature (Lu et al.,
2004). Altogether these values were used to convert PaO2 to T1b, and
correct the hyperoxic CBF quantification Eq. (1).

Oxygen saturation and arterial oxygen content. The arterial oxygen satu-
ration (SaO2) was estimated using the Severinghaus equation (Eq. (3);
Severinghaus, 1979):

SaO2 ¼ 1�
23400

ðPaO2 Þ3þ150ðPaO2 Þ
þ 1

�
;

(3)

where PaO2 is replaced by the end-tidal O2 values recorded during the gas
manipulation. Once SaO2 was estimated, the arterial oxygen (CaO2)
content was derived using Eq. (4):

CaO2 ¼ ðφ⋅½Hb�⋅SaO2Þ þ ðPaO2⋅εÞ; (4)

which represents the sum of the oxygen bound to hemoglobin (first term)
and the oxygen dissolved in the plasma (second term). In Eq. (4), φ is the
species dependent O2-carying capacity of hemoglobin (1.34 ml O2/gHb
for humans), ε is the solubility coefficient of oxygen in blood (0.0031
mLO2/(dLblood mm Hg)), and [Hb] is the concentration of hemoglobin in
blood ([Hb]normal ¼ 15 g Hb/dLblood; see Appendix A in Bulte et al.,
2012).

BOLD preprocessing
The BOLD data was reconstructed using an addition scheme validated

by Bhogal et al. (2016) and Posse et al. (1999). Once parsed, the BOLD
images were processed using a combination of FSL, and in-house
designed Matlab (MATLAB, 2015b, The MathWorks, Inc., Natick, Mas-
sachusetts, United States) scripts. Preprocessing steps included motion
correction, removal of non-brain tissues using the brain extraction tool,
and voxel-wise linear de-trending to correct for any temporal drift from
the scanner acquisition. After the first 5 volumes were removed to allow
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the signal to reach a steady baseline state, the BOLD data was normalized
to reflect the percent change from the averaged baseline signal, and
spatially smoothed using a Gaussian kernel of FWHM of 5 mm. Finally,
the recorded end-tidal waveforms (PETCO2 and PETO2) were interpolated
to the BOLD sampling frequency, and temporally aligned to their
respective BOLD time course, extracted from the whole brain mask
generated during brain extraction. This step synchronizes the overall
BOLD signal change in the brain with the end-tidal data, as a way to
remove any delays due to inter-subject differences in arrival time from
the lungs to the brain vasculature, and other factors like gas transit time
from the RespirAct™ to the mouth.

RIPTiDe pipeline
The RIPTiDe method was implemented by (Tong et al., 2011), and

others (Donahue et al., 2016; Frederick, 2012), as a way to calculate the
voxel-wise temporal cross-correlation between a probed regressor, and
the BOLD data, with the objective of estimating peak time lag values of
the hemodynamic response. In this study, a modified RIPTiDe method
was used to isolate the hemodynamic component from the BOLD data as
a response to the breathing paradigms (Fig. 1), and estimate temporal
delays in response to hypercapnic and hyperoxic stimuli.

First, the time courses from each GM voxel were extracted using the
subject's GM mask (from T1 segmentation) transformed non-linearly into
native space (Fig. 1A). The refinement steps of the regressing probe were
limited to GM voxels due to their higher signal to noise ratio (SNR). This
improved the modelling of the hemodynamic response. In the first pass,
each extracted GM voxel time series was cross-correlated with the probe
regressor (the measured PETCO2 trace; Fig. 1B). The temporal lags were
extracted from the cross-correlation function within a lag range of �5 to
90 s. A univariate Gaussian fit was then applied to the cross-correlation
matrix to derive the temporal lag (seconds) and the maximum correla-
tion coefficient (R) for each voxel (Fig. 1C). The peak correlation be-
tween the probe and the voxel's BOLD time series occurs at the time lag
where both signals are optimally synchronized, which is dependent on
the time point when the stimulus passes through the vasculature.

Time series with a correlation coefficient above 0.3, and a time delay
magnitude between 0 and 5 s, were extracted (Fig. 1D), since these data
best represented the expected physiological response to the stimulus
assuming fast reacting healthy vasculature, with low delay indicating
limited blood flow distribution effects. These time series were shifted and
Fig. 1. The RIPTiDe processing pipeline. (A-E) The refinement steps used to est
across voxels. In this illustration, three time series are used as an example of t
purple ¼ high R2, minor lag ¼ passed; turquoise ¼ low R2, large lag ¼ not passed)
coefficient (R2) at each location. BOLD ¼ blood oxygen level dependent, GM ¼ g
PETCO2 ¼ end tidal carbon dioxide, RIPTiDe ¼ Regressor Interpolation at Progres
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re-aligned based on their temporal lag, so that the common hemody-
namic pattern was in phase. A weighted principal component analysis
(PCA) was then used to identify the time course explaining the highest
shared variance (Fig. 1E), and thus closely characterized the global he-
modynamic response to the stimulus, as described in (Donahue et al.,
2016). PCA parameters were set so that a minimum of 80% shared
variance was represented by the newly refined regressor (or 3 compo-
nents minimum). This cycle was repeated until the mean-squared error
(MSE) between the probe from the previous round, and the new probe,
was less than 0.0005, signifying convergence.

In the last steps of the RIPTiDe method (Fig. 1F–H), the refined re-
gressor was cross-correlated with each voxel's time series contained
within a whole-brain mask. The final correlationmatrix was fitted using a
Gaussian function to estimate maximum correlation and time to peak
(TTP) maps. As described in Donahue et al. (2016), the TTPmap provides
a distribution of the temporal delays in CBF increase, in response to the
vasoactive gas challenge. Because the probe is refined using the gas block
diagram, and the blood oxygenation waveforms, it models the hemody-
namic response more accurately and accounts for physiological noise in
the signal. This method improves the final voxel-wise correlation. While
the TTP map can be used to compare the hemodynamic latency, the
squared correlation map (R2) reflects the proportion of change in BOLD
signal that is modulated by changes in blood CO2 or O2 content.

As previously highlighted, delayed arrival time in deeper WM re-
gions, due to blood flow redistribution, may artificially decrease the
estimated local vascular reactivity using current CVR mapping. To cor-
rect for this, hypercapnic TTP maps were normalized by doing a voxel-
wise subtraction using the reference hyperoxic TTP map, after co-
registering both into standard space (see below), and setting negative
lags values (ranging from �5 to 0 s) to 0. The resultant image from this
subtraction is referred to as the calibrated TTP map from here on. This
method allowed the blood arrival time to be weighted by the underlying
morphology of the vasculature, as step hyperoxic hemodynamic latencies
are independent of the vasoactive reserves (under the assumption that
CBF is kept relatively constant throughout the hyperoxic gas paradigm;
see Table 1 and Fig. 3).

Correcting cerebrovascular reactivity using hypercapnia delays
As previously pointed out, temporal delays in the cerebrovascular

response to hypercapnia can result in underestimation of regional CVR,
imate the probe regressor time course explaining the highest shared variance
he filtering step prior to re-alignment (blue ¼ high R2, short lag ¼ passed;
. (F-H) Deriving the peak time delay (s) and the squared maximal correlation
rey matter, MSE ¼ mean-squared error, PCA ¼ principal component analysis,
sive Time Delays, TTP ¼ time to peak (s).
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which is an important limitation to overcome for clinical use of reactivity
mapping. In order to highlight this process, we used the TTP map from
hypercapnia to generate a new corrected CVR map (CVRcorrected), in each
individual. First, a traditional CVR map (CVRtraditional) was generated
using a linear voxel-wise least-square fit of the original (non-corrected)
BOLD response to the PETCO2 waveform. This method maps CVR at each
voxel in terms of percent change in BOLD signal per unit of change in
PETCO2 (%ΔBOLD/mmHg).

To generate the CVRcorrected maps, BOLD timeseries at each voxel
were time-shifted using the co-localized hypercapnia TTP magnitude
(Fig. 2A–B), in order to improve the synchronization between the signal
change and PETCO2 (Fig. 2C–F). The new slope between the time-shifted
signal change and the end-tidal waveform improves the estimation of
CVR by providing an estimate of the vasodilatory capacity that is cor-
rected for temporal delays due to the vascular morphology, or possible
blood flow redistribution across tissues.

Spatial normalization and masking
Individually processed CVR maps and TTP maps from hypercapnia

and hyperoxia were co-registered to their high-resolution T1 structural
image. Structural images were then spatially normalized to the Montreal
Neurological Institute (MNI) standard template (resolution: 2-mm
isotropic voxels) using linear rigid body transformations (FLIRT; Jen-
kinson et al., 2002b; Jenkinson and Smith, 2001), and non-linear
warp-fields (FNIRT; Andersson et al., 2007). The final deformation pa-
rameters were concatenated to warp the functional data series and the
perfusion maps into MNI standard space for regional analysis across
subjects.

In order to differentiate between late arrival time, poor reactivity and
preferential flow, the group averaged calibrated TTP map was weighted
and labelled using the traditional CVR (%BOLD/mmHg) and hypercapnia
TTP maps. CVR was split into three categories (low, moderate and high),
which were determined using the following ranges: low (CVRtraditional <

0.01 %BOLD/mmHg), moderate (0.01 � CVRtraditional � 0.1), high
(CVRtraditional > 0.1). Hypercapnia TTP delays were separated into two
categories (short and long), using 5 s as the hypercapnia TTP threshold.
Fig. 2. Voxel-wise cerebrovascular reactivity corrections using the hypercap
plotted over the targeted PETCO2 (10 mmHg above baseline). (B) The original BOLD
square regression between both original and corrected BOLD time course, and the
(D) The traditional CVR map. (E) The corrected CVR map for temporal delays. (F) A
map shown in Fig. 1H. BOLD ¼ blood oxygen level dependent, CVR ¼ cereb
peak (seconds).
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Regional analysis of delays and cerebrovascular reactivity

A region of interest (ROI) analysis was performed to examine the
distribution of temporal lags and CVRcorrected across the brain, and at
different tissue depths. GM anatomical ROIs included the frontal, tem-
poral, parietal and occipital lobes, which were defined using the proba-
bilistic MNI brain atlas (Mazziotta et al., 2001). Additionally, GM
structures including the caudate, insula, putamen and thalamus were
combined to make up the deep GM ROI.

Automatic 3D tissue segmentation of the warped MP-RAGE T1 in MNI
space was done using FAST (FSL; Zhang et al., 2001) to separate the GM,
WM and cerebrospinal fluid (CSF). To control for anatomical variation
across subjects, each GM structure from the atlas was defined by the
maximum probability estimate (thresholded at 0) and masked using the
individually segmented GMmask excluding voxels with a GM probability
lower than 50%. Different tissue depth of the WM were defined using a
combination of subtractions and erosions of the subject's segmented WM
NIFTI image (Fig. 3).

The resultant GM and WM ROIs were used to perform volumetric
weighted averaging of the CVRcorrected, hypercapnic and hyperoxic TTP,
and the calibrated TPP (hypercapnicTTP - hyperoxicTTP) maps across
subjects. Regional parameters across the GM and WM depth were sta-
tistically compared using a repeated measures ANOVA, and Bonferroni
correction. GM perfusion and physiological parameters (SaO2 and CaO2)
between the baseline and stimulus periods, were compared using a
paired two tailed Student's T-test. Statistical significance for all com-
parisons was set at P < 0.05.

Results

Comparing physiological parameters between breathing challenges

During hypercapnia, PETCO2 increased by 21.0 � 1.1%, which was
accompanied by a significant 65.8� 4.2% increase in GM CBF (Table 1).
The increase in CBF during hypercapnia is also evident from the group
averaged perfusion maps (Fig. 4). PETO2 was maintained (�3.4%) during
nic temporal lag. (A) A sample BOLD time course delayed by 10 s (green),
time course (green) temporally shifted by the hypercapnia TTP. (C) The least-
actual PETCO2. CVR (%ΔBOLD/mmHg) is equal to the slope of the regression.
difference map between E and D to show co-localized similarities with the TTP
rovascular reactivity, PETCO2 ¼ end-tidal carbon dioxide, TTP ¼ time to



Fig. 3. Subject-specific ROI definitions
in standard space. The T1 MP-RAGE
anatomical images were warped to MNI
space, and segmented into GM and WM
masks using FSL FAST. To reduce the
likelihood of GM (blue) and WM (green)
partial volume overlapping, a probabi-
listic threshold (GM � 50% probability,
WM � 90% probability) was set for
voxels in each tissue. GM structures (A-E)
were defined using the co-localized vox-
els between the subject's GM probability
mask and the MNI atlas (A. frontal, B.
parietal, C. temporal, D. deep GM
(caudate, insula, putamen and thalamus),
and E. occipital). To evaluate hemody-
namic latencies across different WM
depth, the individual's WM (green) was
eroded three-dimensionally three
consecutive times, and subsequently
subtracted to define deeper WM masks
(cyan, red and yellow). The final GM and
WM masks were applied to each map for
further analyses. GM ¼ grey matter,

MNI ¼ Montr�eal Neurological Institute, ROI ¼ region of interest, WM ¼ white matter.

Fig. 4. Group averaged perfusion maps.
Baseline (top) and stimulus (bottom) mean
CBF weighted maps during each gas manip-
ulation (hypercapnia ¼ left,
hyperoxia ¼ right). CBF outliers were
removed in each individual prior to aver-
aging using Tukey's algorithm (factor ¼ 1.5).
Average maps were smoothed using a 5 mm
FWHM filter, and overlaid on top of the
group averaged anatomical image. CBF is
quantified in mL/100 g/minutes. Note the
significant changes in CBF under hypercapnia
(Table 1), due to the vasoactive nature of the
stimulus. CBF ¼ cerebral blood flow,
FWHM ¼ full-width at half maximum.
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hypercapnia, which is also reflected by very minor changes in oxygen
saturation (ΔSaO2 ¼ 0.19 � 0.03%) and oxygen arterial content (ΔCaO2

¼ 0.24 � 0.04%).
During hyperoxia, on average, PETCO2 was maintained within

�1.24%, and GM CBF did not change (Table 1, Fig. 4). Plasma O2 content
increased by 247.6 � 9.4% and this contributed to a 5.9 � 0.2% increase
in arterial oxygen content.

Cerebrovascular reactivity and hemodynamic latencies

Across the GM, the squared maximal correlation coefficient (R2) was
higher during hypercapnia, which is represented by the brighter signal in
Fig. 5B, compared to Fig. 5D. Furthermore, CVR correction for temporal
delays provided a more accurate estimation of local vascular reactivity,
that is independent of regional hemodynamic latencies (Table 2, Fig. 6).
Corrected vascular reactivity to hypercapnia was higher in GM regions
throughout the brain when compared to WM tissues (P < 0.05, Bonfer-
roni corrected; Table 2, Fig. 7A). Additionally, on average between
subjects, decreasing CVRcorrected values were found as the depth of the
WM increased.

Hemodynamic latencies also differed between hypercapnia and
hyperoxia (Table 2, Fig. 5C and E, Fig. 7B and C). In all GM and WM
regions, except the deep WM, the magnitude of TTP was higher on
average during hyperoxia when compared to hypercapnia. The opposite
was observed in the deep WM tissue, where the delay times during hy-
percapnia (8.5 � 1.6 s) was longer than the deep WM delay during
hyperoxia (8.3 � 1.6 s). Hypercapnic temporal delays also increased as
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the depth of the WM tissue increased (Table 2, Fig. 7B), although no
significant differences in TTP were found across WM tissue depth, or
between the cortical GM and the WM (Fig. 7B and C, right).

The physiological estimation of CBF arrival time through hyperoxic
delays was used to normalize the hypercapnic TTP maps, and highlight
dynamic blood flow distribution across different regions, and tissues
depth, of the cerebrovasculature. Averaged calibrated delay map
following the voxel-wise subtraction between the hypercapnic and
hyperoxic TTP maps in each subject showed that the majority of voxels
with a positive calibrated delay time were in the deeper WM (Fig. 5F).
Furthermore, although cortical and subcortical GM regions showed
distinct differences in hypercapnic and hyperoxic TTP (Fig. 7B–C), the
calibrated delay times revealed more homogenous hemodynamic la-
tencies varying around �1.8 � 1.2 s (Table 2), which were not statisti-
cally significant (P > 0.05, Bonferroni corrected; Fig. 7D). In contrast,
deeper WM layers showed increasingly more positive calibrated delay
times, compared to the GM (Fig. 7D), although these differences were not
significant.

Discussion

Main findings

The present study is the first to combine hemodynamic delays
measured in response to hypercapnia, and hyperoxia, in order to provide
insight into the differences in vascular reactivity between cortical re-
gions, and across tissue depths. Using non-vasoactive hyperoxic delays to



Fig. 5. BOLD normative squared maximal correlation and time to peak maps for healthy controls. (A) The group averaged anatomical image in MNI
standard space. (B-C) The averaged R2 (B) and TPP (C) maps during BOLD hypercapnia. (D-E) The averaged R2 (D) and TPP (E) maps during BOLD hyperoxia. (F)
The group-averaged calibrated TTP map, which is the result of a voxel-wise subtraction between the BOLD hypercapnic and hyperoxic TTP maps. Blue represents
voxels where the delay time was longer under hypercapnia (positive calibrated TTP magnitude). Yellow/red represents voxels where the delay time was longer
under hyperoxia (negative calibrated TTP magnitude). All maps in B-F were smoothed using a 5 mm FWHM Gaussian filter, and overlaid on top of the group
averaged anatomical image. BOLD ¼ blood oxygen level dependent, FWHM ¼ full-width at half maximum, MNI ¼ Montr�eal Neurological Institute, R ¼ maximal
correlation coefficient, TTP ¼ time to peak (seconds).

Table 2
Group averaged regional cerebrovascular reactivity and hemodynamic delays.

ROI CVR (%ΔBOLD/mmHg) TTP (s) Calibrated TTP (s)

Traditional Corrected Hypercapnia Hyperoxia

Frontal 0.18 � 0.02 0.21 � 0.02 8.4 � 1.1 10.4 � 1.4 �2.1 � 1.4
Parietal 0.20 � 0.01 0.21 � 0.01 4.0 � 0.7 5.8 � 1.1 �1.5 � 1.1
Temporal 0.18 � 0.01 0.21 � 0.01 7.5 � 0.9 9.4 � 1.1 �1.9 � 1.5
Occipital 0.25 � 0.01 0.28 � 0.01 3.7 � 0.5 6.3 � 1.0 �2.3 � 0.8
Deep GMþ 0.12 � 0.01 0.14 � 0.01 6.0 � 0.8 7.4 � 1.7 �1.1 � 1.6
GM cortical 0.18 � 0.01 0.21 � 0.01 6.3 � 0.7 8.2 � 1.1 �1.8 � 1.2
WM total 0.09 � 0.01 0.11 � 0.01 7.8 � 1.3 8.4 � 1.3 �0.3 � 1.7
WM outer 0.11 � 0.01 0.13 � 0.01 7.0 � 1.0 8.2 � 1.2 �1.1 � 1.5
WM inner 0.08 � 0.01 0.09 � 0.01 8.0 � 1.3 8.5 � 1.4 �0.2 � 1.8
WM deep 0.06 � 0.01 0.08 � 0.01 8.5 � 1.6 8.3 � 1.6 1.0 � 2.3

GM¼ grey matter, R¼ correlation coefficient, ROI¼ region of interest, TTP¼ time to peak (seconds), WM¼white matter.þ¼ deep grey matter region includes the caudate, insula, putamen
and thalamus. Values are in mean � standard error.
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normalize CVR lag times, we were able to distinguish between hemo-
dynamic latencies arising due to late stimulus arrival time (morpholog-
ical delay), or changes in preferential blood flow determined at vascular
bifurcations feeding tissues at increasing cerebral depth.

One of the main findings in this study is that different layers of the
WM (i.e. the outer and inner WM) may be more susceptible to transient
redistribution of flow under vasoactive hypercapnia, which can intro-
duce a delay ranging between 1 and 3 s in healthy subjects. This is likely
due to the fact that theWMmust compete with more proximal and highly
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reactive GM vessels for flow (Bhogal et al., 2015; Faraci and Heistad,
1990). In comparison, BOLD signal changes in deeper WM tissues may
have longer delay times during hypercapnia due to poor reactivity. Re-
sults from this study showed that response lags (both hypercapnia and
calibrated TTP) were longer in the WM, compared to the GM, which is
consistent with previous work (Thomas et al., 2014). Additionally,
relative response time to changes in PETCO2, once calibrated for arrival
time using hyperoxia, did not differ, on average, between GM cortical
and subcortical regions (Fig. 7D). This is contrary to previously reported



Fig. 6. Group averaged cerebrovascular reactivity maps corrected for temporal delays. (A) The anatomical reference images. (B) The group averaged
traditional CVR maps. (C) The averaged corrected CVR maps adjusted for the hypercapnic delay, as shown in Fig. 5C. Signal change from the ventricles was
masked out in B and C, and images were smoothed using a 5 mm FWHM filter. CVR is expressed in percent BOLD change per mmHg of CO2 (%ΔBOLD/mmHg).
BOLD ¼ blood oxygen level dependent, CVR ¼ cerebrovascular reactivity, CO2 ¼ carbon dioxide.

Fig. 7. Statistical results from the regional analysis of vascular reactivity and delays. Results from the repeated measures ANOVA on parameter maps ((A)
Corrected CVR (%ΔBOLD/mmHg) (B) Hypercapnia TTP, (C) Hyperoxia TTP, (D) Calibrated TTP) between different GM structures (left) and across tissue depth
(right). The asterisks (*) highlight significant differences (P < 0.05; Bonferroni corrected). Note that the single asterisks in (A) and (B) show significant differences
across all regions except the ones labelled (N.S. ¼ not significant). Bars and error bars represent the mean and standard error, respectively. BOLD ¼ blood oxygen
level dependent, CVRcorr ¼ corrected cerebrovascular reactivity, GM ¼ grey matter, ROI ¼ region of interest, TTP ¼ time to peak, WM ¼ white matter.
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findings (Blockley et al., 2011), although hypercapnic delay times in
Blockley's paper were normalized to the entire GM delay, and not cali-
brated for the hyperoxic bolus arrival time. Significant regional differ-
ences in GM CVR corrected for hypercapnia temporal lags (Table 2, Fig.
7A), despite homogeneity in calibrated TTP between cortical and
subcortical GM regions (Table 2, Fig. 7D), suggests that differences may
be due in part to factors other than arrival time of the CO2 stimulus.
These factors may include true variations in regional vascular reactivity
(arteriolar vasodilatory response to hypercapnia), or the effect of addi-
tional saturated venous blood from large draining veins (i.e. superior
sagittal sinus) on changes in the BOLD signal (i.e. the occipital lobe;
Kennerley et al., 2010). This complex relationship may also be altered in
clinical populations where CVR is impaired, which emphasizes the need
161
for calibrated TTP maps.

Interpreting the calibrated TTP maps

The RIPTiDE method improved on traditional CVR mapping by
creating a regressor that was defined using PCA, and accounted for the
highest shared variance within an individual's vascular response. Using a
combination of the traditional CVR map (not corrected for delays), and
the hypercapnic TTP map, we can distinguish between voxels with poor
reactivity (low CVRtraditional and long TTP), and voxels with normal
reactivity, that are simply delayed (moderate-high CVRtraditional and long
TTP). The calibrated TTP map used in this method provided a novel es-
timate of stimulus arrival during hypercapnia, since O2 was used as an



Fig. 8. Voxelwise weighted averaged calibrated time delay maps. Voxels from Fig. 5F were weighted and labelled using the group averaged traditional CVR
and hypercapnia TTP maps from Figs. 5B and 6B. (A) Highlights only voxels with a negative calibrated TTP, which signifies that the delay time under hypercapnia
was shorter than hyperoxia. Green and red voxels represent regions with short hypercapnia delay (�5 s) and low (green; < 0.01 %ΔBOLD/mmHg) or moderate to
high (red; � 0.01 %ΔBOLD/mmHg) CVRtraditional. Yellow and orange voxels highlight regions where the hypercapnia time delay was long (>5 s). Once normalized
using the step hyperoxia TTP, yellow voxels show regions with low (<0.01 %ΔBOLD/mmHg) reactivity despite behind delayed. Orange voxels on the other hand
have moderate-high (�0.01 %ΔBOLD/mmHg) vascular reactivity, but are likely delayed due to the late blood arrival time. (B) This map only shows voxels with a
positive calibrated TTP (s), which signifies that the delay time under hypercapnia was longer than in hyperoxia. Dark blue and purple voxels (moderate and high
CVR) likely represent regions where there is preferential redistribution of blood flow under hypercapnia. Cyan voxels likely represent regions where the HC delay
times are long simply due to poor reactivity. CVR ¼ cerebrovascular reactivity, HC ¼ hypercapnia, HO ¼ hyperoxia, TTP ¼ time to peak (seconds).
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endogenous contrast agent to model the vasculature, independently of
the vascular reactivity. To further illustrate how the maps should be
interpreted when subtracting hyperoxic TTP from hypercapnic TTP,
voxels were assigned a positive or negative value, dependent on the
relative difference in delay times during each gas manipulation (Fig. 8).

Voxels with a negative calibrated TTP
Negative voxels (Fig. 8A) represent regions where the hypercapnic

TTP was shorter than hyperoxic TTP. In these regions, blood flow was
accelerated during hypercapnia, as expected (Donahue et al., 2014),
which reduced the arrival time of the vasoactive stimulus. Red voxels,
which constitute most of the GM, have a typical CVR response, as they
have a short hypercapnic TTP value (�5 s), and a moderate to high CVR
amplitude (CVRtraditional � 0.01 %ΔBOLD/mmHg). These voxels (along
with Fig. 7D and Table 2) provide additional evidence that GM reacts
faster than WM during step hypercapnia, and with greater magnitude
(Fig. 7A), which is consistent with the literature on regional CVR (Bhogal
et al., 2015; Blockley et al., 2011; Donahue et al., 2016; Duffin et al.,
2015; Poublanc et al., 2015), and temporal differences in blood flow
(Rostrup et al., 2000). On the other hand, yellow and orange voxels were
found to have longer hypercapnia response lags (>5 s), which would
inherently reduce the magnitude of CVR using traditional methods. This
is because the delayed BOLD signal may still be increasing beyond the
plateau phase of the gas challenge, which would decrease the ratio be-
tween the voxel's response and changes in mmHg of CO2. Following
hypercapnic delay calibration, in combination with the CVRtraditional
map, we speculate that long hypercapnic lags in yellow voxels (CVRtra-

ditional � 0.01 %ΔBOLD/mmHg) were due to a blood volume effect. The
low GM CVR magnitude suggests that such voxels may contain more
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parenchymal or CSF contributions, rather than blood (and thus a lower
total change in [dHbv] during hypercapnia), reducing the CBF-induced
change in BOLD signal. In comparison, orange voxels have moderate to
high CVR (CVRtraditional > 0.01 %ΔBOLD/mmHg), and thus, are likely
delayed due to the vascular morphology, which increases blood arrival
time to the vascular beds of the tissue, and therefore, increases the time
required extravascular CO2 to accumulate. This is an important distinc-
tion that was not possible using the non-calibrated hypercapnic TTP and
traditional CVR maps independently, highlighting the importance of the
proposed method. Regions with lower CVR due to delayed bolus arrival
time may be mistakenly labelled as impaired using current BOLD
CVR/delay mapping techniques.

Voxels with a positive calibrated TTP
Colored voxels (Fig. 8B) have a positive calibrated TTP, which in-

dicates that the hypercapnic lag time was longer than during hyperoxia.
Here, the likely sources for longer delay times during hypercapnia could
be poor vascular reactivity (cyan), or dynamic blood flow redistribution
(blue/purple) among neighboring regions with greater vasodilatory re-
serves. Following an increase in PaCO2, dense GM arterioles can decrease
their peripheral resistance earlier since, due to earlier blood arrival time,
they are exposed to the vasoactive stimulus first (Duvernoy et al., 1981).
This effect is propagated along the vascular tree, which delays the bolus
arrival time of hypercapnic blood to deeper WM tissues, competing for a
limited flow (Bhogal et al., 2015; Sobczyk et al., 2014), and obscure the
timing of CVR measurements. It is imperative to note that this effect is
absent under hyperoxia. Because O2 is non-vasoactive, this preferential
flow phenomenon is not possible, and it can be concluded that hyperoxic
delays are mainly dependent on the morphology of the



List of Abbreviations

Abbreviation Meaning

BET brain extraction tool
BOLD blood oxygen dependent level
CaO2 arterial oxygen content
CBF cerebral blood flow
CBVV venous cerebral blood volume
CO2 carbon dioxide
CSF cerebrospinal fluid
CVR cerebrovascular reactivity
dHbv concentration of venous deoxygenated hemoglobin
FWHM full-width at half maximum
GM grey matter
HB-O2 hemoglobin bound oxygen
M0 magnetization map
MSE mean-squared error
MNI montr�eal Neurological Institute
MP-RAGE magnetization prepared rapid acquisition gradient echo
MRI magnetic resonance imaging
O2 oxygen
PaCO2 arterial partial pressure of carbon dioxide
PaO2 arterial partial pressure of oxygen
PCA principal component analysis
pCASL pseudo-continuous arterial spin labeling
PLD post-labeling delay
PETCO2 end-tidal carbon dioxide
PETO2 end-tidal oxygen
R maximum correlation coefficient
RIPTiDe regressor interpolation at progressive time delays
ROI region of interest
SaO2 arterial oxygen saturation
SNR signal-to-noise ratio
TTP time to peak
WM white matter
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cerebrovasculature, and the local mean transit time for blood with
greater plasma O2 saturation to pass from the arterial to the venous cir-
culation. As the calibrated TTP increases with WM depth (Fig. 7D), we
can combine information from the traditional CVR map (Table 2, Fig.
6B) to differentiate whether the longer delays during hypercapnia occur
due to low vascular reactivity (Fig. 8B cyan) or blood flow redistribution
(Fig. 8B blue/purple). The preferential flow hypothesis is based on the
findings that longer response lags in parts of the WM are not due to a
longer transit time, since hyperoxia TTP is similar across tissue depth.
Furthermore, CVR in these voxels is moderate to high (CVRtraditional >

0.01 %ΔBOLD/mmHg). Therefore, the WM delayed response in CVR
must be dependent on mechanisms by which the hypercapnic blood flow
is temporally redirected, in response to the stimuli, at branching points
along the vascular network between GM and WM compartments (Bhogal
et al., 2015). Additional voxels with positive calibrated TTP sparsed
around the edges of the brain are likely attributable to partial volume
effects due to CSF, or registration artifacts across healthy controls.

Limitations

This method employed the RIPTiDe pipeline to estimate CVR, and
differences in temporal delays between hypercapnia and hyperoxia.
RIPTiDe quantifies time lags based on a fit between the BOLD response
signal and the probed regressor. Even though the regressor is refined
using RIPTiDe, the quality of this synchronization is limited in hyperoxia
given the lower SNR in the data (Fig. 5D), and smaller changes in BOLD
during the step stimulus. The BOLD contrast to noise of the hyperoxia
response could be enhanced by acquiring additional blocks of hyperoxic
measurements, as seen in calibrated fMRI studies (Bulte et al., 2012;
Germuska et al., 2016). This would lead to a reduction in noise contri-
butions and therefore, better correlations and more accurate delay esti-
mations. Under step hypercapnia, the partial volume effects of CSF (not
reactive) reduces the BOLD signal change, and thus lowers the R2 coef-
ficient in the ventricles and towards the top of the brain. Additionally,
lower SNR in the WM may also limit estimation of both temporal delays
and CVR, especially towards deeper tissue layers. Moving to ultra-high
(7 Tþ) field strength could yield similar benefits.

Temporal delays in vascular reactivity were calibrated with an indi-
rect measure of arrival time, estimated using O2 as an endogenous tracer.
This is based on the assumption that O2 has limited vasoconstrictive ef-
fects, although this remains a point of debate (Bulte et al., 2007a, b; Floyd
et al., 2003; Tajima et al., 2014). The use of simultaneous peripheral
NIRS (Near Infrared Spectroscopy) to characterize vascular contributions
to the BOLD signal delays would improve this method by providing
measures of cerebral blood volume changes, although this presents
additional methodological limitations. These phenomena may be more
complex in clinical populations where systematic prolonged arrival de-
lays will limit the pCASL signal (based on the length of the PLD), and thus
results in underestimation of the BOLD and CBF data.

This method cannot differentiate whether regions have low CVR due
to their resting vascular tone being closer to their maximal dilated state,
impaired arteriolar vasodilatory capacity (inability to respond), or low
regional arteriolar density (Moody et al., 1990). In the future, data from a
normoxic hypercapnic ramp, where PETCO2 is progressively increased to
a maximum target (i.e. 15–20 mm Hg above baseline), could be used to
provide additional information about the vessels’ vasodilatory reserve
(Bhogal et al., 2014). Combined with the calibrated TTP map from the
hypercapnic step, which is ideal to model speed of response, this should
give a complete picture of the cerebrovascular physiology, and potential
CVR impairments.

While the RespirAct™ provided a consistent delivery system to target
different end-tidal pressures, its sensitivity in indirectly estimating
physiological parameters such as changes in arterial oxygen content and
saturation is limited. More accurate instruments such as pulse oximeters
will improve those readings. Furthermore, other possible delivery sys-
tems could be used to implement this calibrated analysis, provided that
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normocapnia and normoxia can be properly maintained during each gas
manipulations.

Conclusion

We expand on previously introduced techniques to highlight transient
differences in cerebrovascular reactivity between cortical GM and WM
tissues at varying depth. By combining hypercapnic and hyperoxic gas
mixtures, this novel design provided additional information about bolus
arrival time and reactivity timing differences, which helped differentiate
possible causes for longer temporal delays during hypercapnia. Cali-
brated TPP maps are an important addition to providing insights about
the cerebrovascular physiology, and better distinguish between areas
with impaired vascular reactivity, and others with healthy CVR, that may
be delayed due to blood flow redistribution, a direct consequence of the
global vasoactive hypercapnic stimulus.
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