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A B S T R A C T

A new method is proposed for obtaining cerebral perfusion measurements whereby blood oxygen level dependent (BOLD) MRI is used to dynamically monitor
hyperoxia-induced changes in the concentration of deoxygenated hemoglobin in the cerebral vasculature. The data is processed using kinetic modeling to yield
perfusion metrics, namely: cerebral blood flow (CBF), cerebral blood volume (CBV), and mean transit time (MTT). Ten healthy human subjects were continuously
imaged with BOLD sequence while a hyperoxic (70% O2) state was interspersed with baseline periods of normoxia. The BOLD time courses were fit with exponential
uptake and decay curves and a biophysical model of the BOLD signal was used to estimate oxygen concentration functions. The arterial input function was derived
from end-tidal oxygen measurements, and a deconvolution operation between the tissue and arterial concentration functions was used to yield CBF. The venous
component of the CBV was calculated from the ratio of the integrals of the estimated tissue and arterial concentration functions. Mean gray and white matter
measurements were found to be: 61.6� 13.7 and 24.9� 4.0 ml 100 g�1 min�1 for CBF; 1.83� 0.32 and 1.10� 0.19ml 100 g�1 for venous CBV; and 2.94� 0.52 and
3.73� 0.60 s for MTT, respectively. We conclude that it is possible to derive CBF, CBV and MTT metrics within expected physiological ranges via analysis of dynamic
BOLD fMRI acquired during a period of hyperoxia.
Introduction

Oxygen in air is inhaled through the lungs and diffuses into the blood
where it binds with hemoglobin and is carried throughout the body for
metabolic demands. The differential magnetic properties of oxy- and
deoxy-hemoglobin enables functional MRI (fMRI) based upon blood
oxygen level-dependent (BOLD) contrast technique. Hyperoxia was used
to modulate venous deoxyhemoglobin concentration in the earliest BOLD
fMRI paper (Ogawa et al., 1990). However, while the BOLD signal is very
sensitive to cerebral blood flow (CBF) (Pike, 2012), it does not provide a
quantitative measure of baseline perfusion. Arterial spin labelling (ASL)
or dynamic susceptibility contrast (DSC) MRI, combined with kinetic
modeling, are the primaryMRI methods used to acquire this information.
In this work, we propose using an inhaled oxygen increase and kinetic
modeling of the BOLD time series for estimation of blood flow in the
brain.

Compartmental modeling of blood flow in the brain has been exten-
sively studied (Belliveau et al., 1990; Buckley, 2002; Buxton, 2009;
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Calamante et al., 2000; Chen and Pike, 2010; Frackowiak et al., 1980;
Grubb et al., 1974; Lee, 2002; MacDonald and Frayne, 2015; MacDonald
et al., 2011; Østergaard et al., 1996a, 1996b; Sourbron et al., 2009; Tofts,
1997; Tofts et al., 1999). Metrics related to cerebral perfusion include:
incoming blood flow (cerebral blood flow, CBF), extravascular and
intravascular (cerebral blood volume, CBV) spaces, and metabolic con-
sumption of oxygen (cerebral metabolic rate of oxygen, CMRO2). Oxygen
is transported to the brain either bound to hemoglobin molecules in red
blood cells or dissolved in the plasma of the blood (Severinghaus, 1979).
Unlike most injected contrast agents, oxygen can pass freely through the
blood-brain barrier from the intravascular space to the extravascular
space because of its much smaller molecular size. When oxygen disas-
sociates from hemoglobin in the red blood cells, the deoxygenated he-
moglobin becomes paramagnetic and causes a reduction in T2 and T2*;
this effect is the basis of BOLD contrast (Ogawa et al., 1993). Any excess
oxygen dissolved in blood plasma, such as during hyperoxia, will be
consumed first leaving more hemoglobin bound with oxygen. Thus,
while the dissolved oxygen itself does not have a significant direct effect
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Fig. 1. Overview of experimental design and model. This diagram shows a high-level overview of the experiment. In the top left figure, the subject lays in the MRI
bore wearing a non-rebreathing facemask. Connected to this facemask is a line of mixed incoming gases. Oxygen and carbon dioxide levels in the mask are
continuously measured through a sampling line. In the top right figure, the effective percent of oxygen delivered during the course of the experiment is shown. In the
next graph down, the expected end-tidal values are shown to slowly increase as the oxygen level in the lungs and blood becomes more saturated, and eventually
plateaus at around 350mm Hg partial pressure of oxygen. The BOLD signal also changes over time, but the uptake is delayed from that of the end-tidal values, as
shown in the lower right-hand plot. In the bottom left-hand corner we show the exponential model used to parameterize both the end-tidal oxygen and BOLD signal
time courses. The parameters characterized from our input signals include the baseline, plateau, uptake constant, and decay time constant.
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on the BOLD signal (Berman et al., 2016; Ma et al., 2015), it indirectly
has an effect by changing the oxygen saturation of the venous blood in
direct proportion to the amount of dissolved oxygen delivered (i.e., it
decreases the amount of deoxygenated hemoglobin in the venous blood,
hence increasing the BOLD signal). The changing concentration of
deoxygenated hemoglobin is exploited in the current study to track the
passage of a five-minute bolus of inhaled oxygen.

The kinetics of oxygen are tightly coupled to the kinetics of blood.
Much can be understood about oxygen passage from previous studies
examining the passage of blood through the brain (Frackowiak et al.,
1980; Lee, 2002; Østergaard et al., 1996a, 1996b; Sourbron et al., 2009;
Tofts, 1997; Tofts et al., 1999) and other inhalation experiments where
gases enter the brain (Baron and Jones, 2012; Cui et al., 2013; Haddock
et al., 2013). The methods used in these experiments vary greatly, and
include: 15O2 and H2

15O positron emission tomography (Frackowiak
et al., 1980), arterial spin labeling (ASL) MR imaging (Alsop et al., 2015;
Detre et al., 1992), contrast bolus passage imaging with computed to-
mography (Lee, 2002), and rapid T1 and T2*-weighted MR imaging of
contrast bolus passage (Østergaard et al., 1996a, 1996b; Sourbron et al.,
2004, 2009). In 15O2 positron emission tomography studies, the uptake
rate, CBF and CMRO2 are obtained by monitoring the positron-emitting
15O2. H2

15O positron emission tomography and ASL MR imaging mea-
sure the delivery of water, which also crosses the blood-brain barrier, but
at a different rate than oxygen. Bolus passage imaging with either
computed tomography, or T1-or T2*-weighted MR imaging use injected
contrast agents that do not cross into the extravascular space, unless there
is a pathological disruption in the blood brain barrier. In the bolus pas-
sage imaging experiments, linear time invariance is assumed in order to
use a convolution model. Estimates of tissue perfusion metrics can be
obtained by deconvolving the arterial input function from the tissue
signals.

There are potential confounds with using oxygen as a contrast agent.
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Oxygen is expected to cause mild constriction of the arteriole vessels at
high concentrations (Bulte et al., 2006). There is also evidence to suggest
that hyperoxia might induce hypercapnia (Grandin et al., 2005; Iscoe and
Fisher, 2005) causing vasodilation and increasing the CBF, while more
recent work suggests that an isocapnic hyperoxia prevents confounding
changes in CBV (Croal et al., 2017). Gaseous oxygen, which is para-
magnetic, has also been shown to induce magnetic field perturbations
when high concentrations of oxygen are present in a face mask and si-
nuses (Pilkinton et al., 2011).

The effect of oxygen on the BOLD signal has been examined in several
studies. Reported by Bulte et al. (2006) were signal changes at different
baseline oxygen inhalation levels and end-tidal values. In 2012, Gauthier
& Hoge and Bulte et al. proposed very similar methods for measuring
oxygen extraction fraction (OEF) and CMRO2 from a dual hypercapnia
and hyperoxia stimulus (Bulte et al., 2012; Gauthier and Hoge, 2012).
Further, studies have modeled the oxygen uptake with a first order
exponential function and have shown differences across gray and white
matter regions (Haddock et al., 2013). This was followed by work from
Blockley et al. (2013) who used an oxygen stimulus to quantify venous
CBV by measuring the steady-state BOLD signal change with hyperoxia.
This current work builds on these experiments by modeling the BOLD
signal dynamics during a period of increased inhaled oxygen on a voxel
by voxel basis, and then applying a convolution model to estimate
perfusion parameters. Specifically, we use T2*-weighted BOLD imaging
to rapidly measure the change in deoxygenated hemoglobin concentra-
tion caused by the passage of a 5-min bolus of increased oxygen. The
BOLD time courses are fit to an exponential model and deconvolved from
an arterial input function derived from the end-tidal partial pressure of
oxygen, yielding information about the CBF. This technique is demon-
strated in ten healthy human subjects and gray and white matter he-
modynamic measurements are compared with literature values.
Repeatability is also assessed in three subjects.



Fig. 2. Measured and modeled end-tidal gas concentrations. Here we show the time courses from five subjects during the oxygen stimulus. The green line shows the
measured oxygen from the sampling line, and the blue line shows the measured carbon dioxide. The time corresponding to the local peak carbon dioxide is used to
define the end-tidal gas pressures for both the carbon dioxide and oxygen, red and black circles respectively. The model fit of end-tidal oxygen values is shown with the
black line.
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Theory

A general overview of the experimental methodology is presented in
Fig. 1. The technique uses signal from two sources: the end-tidal partial
pressure of oxygen (PETO2) and the T2*-weighted (BOLD fMRI) time se-
ries. The end-tidal partial pressure is a close approximation to the dis-
solved gas concentration in the arterial blood (Ito et al., 2008). If one
knows the partial pressure of oxygen in the arterial blood (PaO2), one can
also calculate the oxygen saturation (SaO2), the oxygen bound to red
blood cells, and the total oxygen in the blood (Severinghaus, 1979). The
change in the T2*-weighted BOLD signal is dominated by the concen-
tration of deoxygenated hemoglobin. As the blood passes through the
capillary bed, the excess dissolved oxygen is consumed first, leavingmore
oxyhemoglobin (less deoxyhemoglobin), and hence the BOLD signal in-
creases (Bulte et al., 2006). Thus, while the delivered bolus of extra ox-
ygen during a hyperoxia period is not directly detectable with BOLD fMRI
while in the arterial phase, its presence is detectable in the post-arterial
phase since the deoxyhemoglobin concentration will change in direct
proportion to the delivered oxygen, assuming a fixed CMRO2. Consid-
ering the change from a baseline condition of normoxia, the arterial
oxygen input function is given by the ΔPETO2 and the venous oxygen
output function is related to ΔBOLD.
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Following a tracer kinetics modeling approach (Østergaard et al.,
1996a, 1996b; Tofts, 1997; Tofts et al., 1999), the concentration of extra
oxygen in the venous blood of the brain tissue, CT(t), can be related to the
concentration of extra oxygen in the arterial input function, CA(t), with a
linear time invariant convolution model. The normalized impulse
response function R(t) is scaled by CBF and the convolution is expressed
as:

CTðtÞ ¼ CBF CAðtÞ � RðtÞ (1)

The concentration of the oxygen in the arterial blood is estimated
from the end-tidal oxygen measurement, which is equated to the dis-
solved oxygen, PaO2,

CAðtÞ ¼ φ½Hb�SaO2 þ εPaO2 (2)

where φ represents the O2 carrying capacity of hemoglobin (1.34ml O2/
gHb), and ε is the solubility coefficient of oxygen in blood (0.0031 mLO2/
(dLBlood mm Hg)). The concentration of hemoglobin ([Hb]) is assumed to
be 15 g Hb dL�1 blood. The relationship between SaO2 and PaO2 is given
by the Severinghaus equation (Severinghaus, 1979),



Fig. 3. Individual activation maps from the oxygen stimulus. These maps show the t-statistic output from a general linear model of the hyperoxia stimulus. Masks are
thresholded at t> 2.3. Robust whole brain activation is observed. Slices are selected in three orthogonal planes through the center of the acquisition volume.
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SaO2 ¼ 1 ! (3)

23400

ðPaO2Þ3þ150ðPaO2Þ þ 1

Given the BOLD signal's dependence on the concentration of deoxy-
hemoglobin in venous blood and the complementary relationship be-
tween deoxyhemoblogin concentration and blood oxygenation, it is
possible to determine the change in oxygen concentration in the venous
blood of brain tissue using a calibrated fMRI model of the BOLD signal
(Davis et al., 1998; Hoge et al., 1999),

ΔST2�
ST2�j0

� �TE A CBV
�
½dHb�β � ½dHb�β��

0

�
(4)

Where ST2*j0 and ΔST2*(t) are the BOLD signal baseline and change,
respectively, TE is the echo time, A is a scaler and β is a constant of 1.3
(Boxerman et al., 1995; Mark et al., 2011). Each hemoglobin can carry
four O2 molecules, the relationship between the oxygen concentration
and deoxygenated hemoglobin concentration in partially deoxygenated
blood is,

½O2� ¼ 4ð½Hb� � ½dHb�Þ (5)

Combining equations (4) and (5), and rearranging yields
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4
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�1
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þ
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½Hb� � ½O2�j0

4

�β
!1

=β

(6)

To simplify, because we are interested in the relative concentration
changes in oxygenation, so the hematocrit ([Hb]) and baseline oxygen
(½O2�j0) are omitted, and because we are interested in the whole voxel and
not just the fraction of blood, the CBV term is removed. The simplified
relationship between the change in the oxygen concentration from
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baseline, CT(t), and the change in BOLD signal is be approximated as:

CTðtÞ ¼
�

1
TE k2

ΔST2�ðtÞ
ST2�j0

�1
=β

(7)

where k2 is a scaling coefficient derived empirically (see Methods). Once
the concentration functions are obtained from the arterial blood and from
the brain tissue signals, the convolution model (Eq (1)) can be utilized
and solved through spectral division, yielding the CBF estimate,

CBF ¼ max
�
iDFT

�
CTðf Þ
CAðf Þ

	

(8)

Where iDFT is the inverse discrete Fourier transform operator and CT(f)
and CA(f) are the Fourier transforms of CT(t) and CA(t), respectively.

CBV can be calculated from the ratio of the integrals of the tissue and
arterial concentration functions. Scaled by the blood density, ρ
¼ 1.04 gml�1,

CBV ¼
R
CTðtÞdt

ρ
R
CAðtÞdt (9)

This method is similar to that described by Rempp et al., (Rempp
et al., 1994), except that it does not require scaler in the numerator to
account for hemocrit differences between the large and small vessels
because of the use of oxygen in this experiment instead of gadolinium
contrast agent.

The final parameter that we estimate is the mean transit time (MTT)
which represents the average time that a particle takes to pass through
the observation compartment. It is found by taking the ratio of CBV and
CBF.



Fig. 4. Parametric maps. From the fitting process we obtain maps of the baseline and plateau levels, as well as the uptake and decay time constants. The R2 maps,
which illustrate the quality of fit, are shown in the bottom row.
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Methods

Data acquisition

Imaging was performed on a 3T MR scanner (Discovery 750, GE
Healthcare) with a 12-channel neurovascular head coil. A respiration
apparatus was used for manipulating inhaled gases during scanning
(Fig. 1). A non-rebreathing facemask connected to a dual-limb airway
was fitted with unidirectional valves to ensure distinct delivery and
sampling of expired gases. Automatic gas delivery was achieved using a
custom-built system that consisted of a Digital Flo-Box and Mass Flow
Controllers (Sierra Instruments, Monterey, CA) for gas delivery and
Biopac sampling equipment (Modules: TSD160A, C02100C, O2100C,
and MP150 DAC; BIOPAC Systems Inc., Goleta, CA) for continual
recording of expired gases (CO2 and O2). The gas states used were
medical air (21% oxygen and 79% nitrogen) and a mixture of medical air
and oxygen (70% oxygen and 30% nitrogen). The study was approved by
our institutional Research Ethics Board and all 10 subjects provided
informed written consent.

To ascertain the potential changes in CBF and induced macroscopic
field perturbations (e.g. around sinus cavities) between these gas states,
three subjects were imaged using phase contrast (PC) imaging, arterial
spin labeling (ASL), and a multi echo gradient recalled echo sequence
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(used for B0 mapping). For this part of the experiment, an equilibrium
state was achieved with the new gas levels before imaging and main-
tained throughout the acquisition. The PC parameters were TR/TE/α of
8.3 ms/3.8ms/10�, a matrix acquisition size of 256	 192	 192 over a
22.0 cm	 16.5 cm	 19.2 cm field-of-view, and a velocity encoding of
venc¼ 150 cm s�1. The PC acquisition took 10min 40 s. Measurements of
volume flow rate were obtained from the PC data at major cerebral artery
segments and compared between states. A pseudo-continuous ASL
sequence was used with a labeling duration and a post-labeling delay
time of 1.0 s and 2.5 s, respectively. A 3D stack of spirals readout tra-
jectory was used with a slice thickness of 4 mm. The spiral had a readout
bandwidth of 62.5 kHz and acquired 1024 points per arm, and 4 total
arms per slice, yielding an effective resolution of 3.3mm2 in-plane. The
ASL sequence took 4min 21 s. CBF was quantified using the algorithm
outlined in (Alsop et al., 2015), and corrected for deviation in blood T1
during the hyperoxia stimulus (blood T1 of 1.60 and 1.66 s for normoxia
and 70% hyperoxia, respectively (Pilkinton et al., 2012)). Measurements
of CBF were then compared between gas states. For B0 mapping a multi
echo gradient recalled echo sequence was used with TR/α of 29.8 ms/20�

and a unipolar eight-echo train with TEs of 3.912ms–26.656ms sepa-
rated by 2.632ms. The acquisition had a field of view of
25.6 cm	 19.2 cm	 12.8 cm with a matrix acquisition size of
256	 192	 128, yielding 1mm3 resolution. Sensitivity encoding with



Fig. 5. Example AIF, gray and white matter concentration functions. AIF represents the concentration of extra oxygen from the stimulus in the arterial blood (right
axis), and the other two curves show the fitted function from representative gray and white matter voxels (left axis). As expected, a fast uptake is observed in the AIF
and delayed uptake is observed in gray matter with slightly greater delay of the uptake in white matter. The dashed lines indicated the noisy signal from the individual
voxels where the measurements were taken.

Fig. 6. Cerebral blood flow (CBF) maps. Good conspicuity between gray and white matter is observed on the axial (top row) and coronal (middle row). The sagittal
images (bottom row) show high flow, as these images contain large draining veins and high blood volume.
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an acceleration factor of 2 allowed a scan time of 4min 20 s. The B0 field
was calculated by fitting the phase evolution between the echoes, and
these fields were compared between gas states. The results of these
findings about the confounds, CBF and B0, can be found in the supple-
mental data.

T1-weighted anatomical scans were acquired for the purposes of
registration and segmentation. A T1-weighted magnetization prepared
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gradient echo sequence was used, with TI/TR/TE/flip of 650ms/6.6ms/
2.9 ms/10�, and field of view of 256	 256	 192 with 1mm isotropic
resolution. Gradient-echo echo planar images (EPI) were collected in all
ten subjects in order to observe the BOLD signal changes in the brain. The
EPI acquisition parameters were TR/TE/flip of 2000ms/30ms/80� with
an in-plane matrix of 64	 64, over a 224mm	 224mm field-of-view.
Forty-three slices (3.5mm thick) were collected with an interleaved



Fig. 7. Venous cerebral blood volume (CBV) maps. Particularly high blood volume along the midline corresponds to where major draining veins are located.
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Fig. 8. Mean transit time (MTT) maps. MTT is calculated as the ratio between the CBV and CBF.
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Table 1
Individual and group averages of perfusion parameters. Values are reported as mean� standard deviation.

CBF (ml 100 g�1 min�1) CBV (ml 100g�1) MTT (seconds)

GM WM GM WM GM WM

Subject 1 79.2� 31.5 29.0� 17.1 1.68� 0.71 0.92� 0.35 2.03� 0.98 2.89� 0.99
Subject 2 53.3� 26.2 24.0� 16.0 1.79� 0.73 1.13� 0.48 2.84� 1.18 3.64� 1.13
Subject 3 82.9� 36.8 28.5� 20.3 2.17� 0.92 1.22� 0.48 3.20� 1.39 4.26� 1.28
Subject 4 72.2� 31.5 30.1� 18.9 2.09� 0.90 1.19� 0.53 3.29� 1.41 4.10� 1.26
Subject 5 44.6� 24.0 21.2� 13.6 2.06� 0.79 1.42� 0.55 2.82� 1.24 3.54� 1.26
Subject 6 54.3� 28.3 20.6� 14.2 1.42� 0.67 0.85� 0.37 2.53� 1.07 3.21� 0.95
Subject 7 66.5� 29.7 26.0� 16.8 2.19� 0.88 1.25� 0.53 3.69� 1.40 4.63� 1.18
Subject 8 66.9� 32.4 28.3� 20.4 1.27� 0.48 0.83� 0.31 2.60� 1.05 3.19� 0.90
Subject 9 46.2� 23.6 21.6� 13.4 1.68� 0.68 1.09� 0.45 2.76� 1.21 3.40� 1.12
Subject 10 50.0� 26.7 19.4� 13.7 1.92� 0.84 1.10� 0.47 3.65� 1.46 4.43� 1.23
Average 61.6± 13.7 24.9± 4.0 1.83± 0.32 1.10± 0.19 2.94± 0.52 3.73± 0.60
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slice order. A total of 390 vol were collected with a scan time of 13min
during the dynamic gas stimulus (3min normoxia, 5 min hyperoxia,
5 min normoxia). In three of the subjects, the BOLD scan was performed
twice to determine the repeatability of the method.

Data pre-processing

All pre-processing, modeling, and analysis were performed with
purpose-built code using MATLAB (The MathWorks, Natick, MA) except
for registration and segmentation, which were performed with ANTs
(Advanced Normalization Tools). Pre-processing of the end-tidal values
included: correcting for minor delays between the CO2 and O2 re-
cordings; calculation of the autocorrelation between the CO2 and O2 time
courses from the baseline portion of acquisition; and correcting the delay
for the whole series. The local maxima on the CO2 trace were used
throughout the duration of the hyperoxia run to determine the end-tidal
points. Pre-processing of the BOLD data included motion correction and
spatial smoothing with a 5mm FWHM Gaussian kernel. Brain extraction
was performed on the anatomical scans of each subject and then the
tissues were segmented into three tissue types with a k-means classifier
with priors. Rigid-body registration was used to align the mean BOLD
volume with the anatomical acquisition. A transformation was calculated
in order to align data in the anatomical space to the ICBM atlas (Maz-
ziotta et al., 2001) and calculate a group average map.

Kinetic modeling

After preprocessing, the BOLD image data was fit to a piece-wise
exponential response model (Fig. 1, bottom left), which had four pa-
rameters: the normoxic baseline, the hyperoxic plateau, the uptake time
constant, and the decay time constant. Additionally, the exponential
response model included linear and quadratic signal terms to remove
drift artifacts from the BOLD signal. Fitting was performed with initial
conditions based on the geometry of the BOLD signal (i.e., the baseline
signal was initially estimated to be the average of the first three minutes).
A conjugate gradient fitting algorithm was used to minimize the root
mean square (RMS) error between the model and the BOLD time series.
Maps of each of the parameters were generated and the coefficient of
determination (R2) was calculated for the fitted curves to assess the
quality of the fitting process.

Eqs. (2) and (3) were used along with the PETO2 measurements to
determine the total arterial concentration of oxygen over time. This
concentration function was then used as the arterial input function, CA(t),
for modeling the passage of oxygen through the brain. The k2 constant in
Eq (7) was established to be ~0.2 by scanning an additional three sub-
jects and finding the k2 that yielded the expected concentration of oxygen
(120 mLO2/LBlood); when this empirically estimated k2 was applied to the
ten subjects used in the main analysis it provided consistent results. The
tissue signals came from the BOLD image data and the tissue concen-
tration of oxygen, CT(t), was calculated using Eq. (7). Next, the
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concentration functions were resampled from fitted parameters. This
allowed uniform samples of an end-tidal time course matching the
sampling of the BOLD times series, and the BOLD time series were
resampled from the fitted model with the drift term removed. With the
concentration functions, the deconvolution operation was performed
(Eq. (8)) using a low pass filter with a cutoff frequency of 10 Hz to sta-
bilize the spectral division (MacDonald et al., 2011). The peak of the
impulse response was determined to be the CBF. The CBVV measurement
was calculated using Eq (9). Mean transit time (MTT) was calculated as
the ratio between CBVV and CBF.

Analysis

To restrict our analysis to regions with a statistically significant BOLD
response to the hyperoxia stimulus, t-statistic maps were computed using
the general linear model. A boxcar model of the 3-5-5min paradigm was
convolved with a single gamma response function having a full width at
half maximum of 60 s (Bulte et al., 2012; Poulin et al., 1996). This
broader distribution (relative to a typical hemodynamic response func-
tion) was used to accommodate the slow uptake of oxygen (Haddock
et al., 2013). t-maps were computed to confirm the hyperoxia response. A
mask was calculated by removing all voxels with t-statistics < 2.3 to
exclude voxels with non-significant responses. The intersection of this
mask and the gray and white matter regions was computed from the
ICBM atlas. Using these regions, average gray and white matter param-
eters were obtained from the perfusion estimates.

Results

End-tidal response

Fig. 2 shows the continuously measured partial pressures of CO2 and
O2, as well as the end-tidal points andmodel fit. Fitting of the exponential
uptake and decay model to the end-tidal values was very robust (R2

ranging from 0.983 to 0.998, with an average R2 of 0.989). The average
baseline values of PETO2 were 97.6� 5.6mm Hg (ranging from 88.9mm
Hg to 105.9mm Hg), and the average plateau was of PETO2
370.5� 20.1mm Hg (ranging from 323.1mm Hg to 388.2mm Hg). The
average uptake time constant was 152.0� 45.3 s (ranging from 77.6 s to
212.3 s). The decay constants were similar to the uptake constants, the
average was 161.9� 38.4 s (ranging from 95.4 s to 217.1 s). The average
PETCO2 values for the normoxia and hyperoxia states were
29.4� 3.0mm Hg and 29.9� 2.8mm Hg respectively; this difference
was not statistically significant.

Confounds of oxygen stimulus

The volume flow rate, CBF and B0 measurements were significantly
correlated between the normoxia and hyperoxia states (p < 0.001), these
results can be found in the supplemental data. Key linear fits and



Fig. 9. Repeatability analysis. Three subjects were scanned twice and the CBF measurements were calculated for each. Voxel-wise Bland-Altman analysis is used to
assert reliability.
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correlation parameters were found to be: y ¼ 0.745xþ0.963, R2 ¼ 0.803,
ρ ¼ 0.701 for PC; y ¼ 0.947xþ1.798, R2 ¼ 0.925, ρ ¼ 0.928 for ASL; and
y ¼ 0.971xþ0.021, R2¼ 0.931, ρ¼ 0.968 for B0 mapping (x is the nor-
moxia data and y is the hyperoxia data). Bland-Altman analysis showed
small mean differences between gas states, for PC: 0.58� 1.06ml/s; for
ASL: 0.88� 7.85ml 100 g�1 min�1; and for B0 maps: �0.02� 0.43mT.
All three data types therefore showed significant but very small effects of
the 70% oxygen stimulus used in this experiment.
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Stimulus effect

Statistical maps of BOLD response to hyperoxia are shown in Fig. 3
indicating a robust response to the hyperoxia stimulus. In gray and white
matter regions, the t-score values were found to be 18.1� 6.8 and
16.3� 5.8, respectively (mean� standard deviation). The binary masks
calculated from the statistical maps included most of the gray and white
matter but excluded regions where the signal was attenuated from



Fig. 10. Group average maps of CBF, CBV and MTT showing mid plane of the ICBM in the axial, sagittal and coronal orientations.
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susceptibility, such as around the nasal sinus and ear canal. In Fig. 4,
images of the model parameters, which characterize the BOLD signal at
each voxel, are shown. Themean uptake time constants in gray and white
matter were found to be 1.65� 0.54 and 1.78� 0.66min, respectively,
when averaged across all subjects, while the decay time constants were
1.41� 1.13 and 1.45� 1.14min.

Model fitting

The fit parameters (baseline, plateau, uptake and decay times) and
the quality of fit are shown in Fig. 4. Regions of low R2 tended to
correspond to regions of low t-values on the t-statistic maps (Fig. 3).
Using 1st & 2nd order drift correction and fixing the stimulus on and off
times, rather than fitting for them, both substantially improved the
quality of the model fits (data not shown).

In Fig. 5, example modeled concentration functions are shown for the
AIF, gray matter and white matter signals. The baseline oxygen is sub-
tracted in this case and we only plot the change in oxygen content rela-
tive to the baseline physiological levels. These concentration curves
resemble the amplitude ratios of concentration curves found from other
bolus tracking experiments (Calamante et al., 2000; MacDonald and
Frayne, 2015; Sourbron et al., 2007, 2009; Sourbron and Buckley, 2011).
As expected, the AIF oxygen concentration is larger than the tissue sig-
nals, and the gray matter is larger than the white matter.

Perfusion parameters

The CBF maps (Fig. 6) show contrast between gray and white matter
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ranging from a ratio of 2.1–2.9, with a mean and standard deviation of
2.5� 0.3. CBF values were close to the expected values found in literature
(60ml 100 g�1 min�1 in gray matter and 22ml 100 g�1 min�1 in white
matter) (Calamante et al., 2000; Hatazawa et al., 1995; Østergaard et al.,
1996a, 1996b; Roberts et al., 2002; Sourbron et al., 2009). Our measure-
ments, averagedacross participants,were 61.6� 13.7ml100 g�1 min�1 in
gray matter and 24.9� 4.0ml 100 g�1 min�1 in white matter.

The CBVV maps (Fig. 7) were about half what we expect to find for
total CBV, based on the literature (Blockley et al., 2013; Calamante et al.,
2000; MacDonald and Frayne, 2015; Sourbron et al., 2009). Literature
values for total CBV are approximately 5ml 100 g�1 in gray matter and
1.75ml 100 g�1 in white matter. The group-averaged CBVV values that
we measured were 1.83� 0.32ml 100 g�1 in gray matter and
1.10� 0.19ml 100 g�1 in white matter and are within expected physi-
ological ranges for venous blood volume. CBVV map generation was
robustly demonstrated in all subjects; although in regions where the
statistical maps did not show a strong effect of the stimulus, lower than
expected values were observed.

Mean transit time (MTT) maps (Fig. 8), which are the ratio of CBV to
CBF, were also close to what is expected from literature values (Cala-
mante et al., 2000). From those studies, we expect MTTs of 4.0 s in gray
matter and 4.8 s in white matter through the entire arteriole and venule
compartments. We expect the passage to be relatively slower on the
venule side than the arterial side, which should yield MTT values a bit
greater than half of the full compartment. In this study, average values
were measured to be 2.94� 0.52 and 3.73� 0.60 s, respectively. A
summary of perfusion parameters for gray and white matter regions is
shown in Table 1.
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The voxel-wise repeatability analysis comparing three subjects is
presented in Fig. 9. Spearman correlation was used as a conservative
indicator as the data was not normally distributed. All correlations were
statistically significant (p< 0.001), with R2 values of 0.70, 0.55 and 0.83,
and the Spearman rho coefficient was 0.69, 0.57, and 0.86; which
demonstrated a good to excellent repeatability. The mean difference of
the Bland-Altman analysis was small relative to the standard deviation of
the difference of measurements, further indicating consistent repeat-
ability with noise from a non-bias source (see Fig. 10).

Discussion

The theory and methodology presented here demonstrate a new way
to obtain perfusion estimates using BOLD imaging during a hyperoxia
stimulus block. With this technique, we undertook the modeling of an
extended bolus of oxygen dissolved in plasma, which manifests itself as
an increased oxygen concentration bound to red blood cells in the post-
arteriolar vasculature. The increase in delivered O2, which has a negli-
gible effect on the BOLD signal (Berman et al., 2016; Ma et al., 2015), was
measured via end-tidal respiratory sampling and used as the arterial
input function for kinetic modeling. BOLD fMRI was used to monitor the
passage of the additional O2 through the capillary bed, which appears as
a signal increase due to the increase in oxygen bound to hemoglobin. This
is different than PET 15O2 imaging or 17O2 MR imaging where the oxygen
is the source of the signal (Hoffmann et al., 2014; Zhu et al., 2013a,
2013b).

In equation (7), the constant k2 is introduced and was experimentally
estimated in an independent group of subjects to be ~0.2. It is expected
that this parameter will change with field strength, hemoglobin con-
centration of the blood, receiver coil configuration, and the assumed
value of Beta. It is analogous to the constant used in DSC MRI where it is
accepted that an absolute value is unknown (Willats and Calamante,
2012). The constant is a function of several aspects of Eq (6) including the
scaling term ‘A’ from calibrated fMRI. A value of 0.2 was determined to
produce the expected oxygen concentration in three test subjects. When
0.2 was applied to the 10 subjects included in this paper we found that it
provided consistent estimates of the oxygen concentration functions.

This method requires several assumed values, which include: 1) the
baseline oxygen extraction fraction and baseline venous oxygen con-
centration; 2) the coefficients used in the Serveringhaus equation: ε, ϕ,
and the concentration of hemoglobin (hematocrit); 3) the calibrated
fMRI values β and A (the scaling coefficient) (Davis et al., 1998; Hoge
et al., 1999); and 4) the equivalence of PETO2 and PaO2 (Ito et al., 2008).
Several equations were used in the modeling, including the CBV signal
intensity relationship [Eq (9)], the convolution model [Eq (1)], and the
Severinghaus equation [Eq (2)&3]. Some of these assumptions might be
imprecise or vary with pathology. For example, the assumption equating
PETO2 and PaO2 has been demonstrated in humans with standard at-
mospheric pressures and holds well under many conditions such as
varied exercise excretion (Bengtsson et al., 2001), but cases of blood
disorders (sickle cell enema, blood cancers, etc.), respiratory conditions
(emphysema, chronic occlusive pulmonary disease, etc.), or experiments
run under non-standard atmospheric pressure ranges, might violate this
assumption. However, the values and relationships we used have been
widely reported and used in the literature (Blockley et al., 2013; Mac-
Donald et al., 2011; Severinghaus, 1979; Tofts, 1997; Tofts et al., 1999).
A full sensitivity analysis examining the effects of all the parameters is
left for future work.

Some recent work has suggested that arterial constriction occurs
when delivering high concentrations of oxygen (Bulte et al., 2006; Pil-
kinton et al., 2012; Zaharchuk et al., 2008). We had concerns about the
hyperoxia stimulus decreasing CBF and therefore selected a 70% oxygen
mixture which produced a robust BOLD response but a negligible CBF
changes, as measured with ASL and phase contract MRI (supplemental
data). A 100%-hyperoxia stimulus would certainly create a larger BOLD
signal change but an accompanying CBF change would confound the
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experiment. Arterial constriction was one part of the reasoning to not use
a 100% oxygen stimulus, but another reason was to avoid large suscep-
tibility effects from oxygen gas (paramagnetic) in the sinuses and vicinity
of the mask that the subject was breathing through (Pilkinton et al.,
2011). We did observe some susceptibility effects in the anterior-inferior
region of the frontal lobe at 70% O2, but it did not significantly affect the
data quality. Supplemental data also shows that throughout the
remainder of the brain the susceptibility induced field change was
negligible between the gas states.

When performing task-based BOLD fMRI with stimuli presented in
block experimental paradigms, multiple epochs of shorter duration
(~15–30 s) are often performed and averaged together to improve signal
detection. The length of the epochs are typically motivated by the length
of the hemodynamic response function. We selected the 3-5-5min
paradigm as the uptake response to oxygen is much longer (~1min) than
the hemodynamic response function to a task (~5 s), so effective esti-
mation of the plateau from an exponential decay requires a hyperoxia
duration of 3–5min.

The signal characteristics presented in this experiment have funda-
mental differences from other bolus passage experiments performed with
injections. When performing an inhalation bolus passage experiment
there is a much longer uptake delay than when the contrast agent is
injected directly into the blood because of the longer time associated
with the gas state reaching equilibrium in the lungs. With MRI contrast
agent injections, the AIF is typically derived from a voxel in a large vessel
containing incoming blood, but this tends to be a difficult and noisy
measurement. In the deconvolution process, the noisy AIF results in in-
stabilities (Chen et al., 2005a; MacDonald et al., 2011). Having a short
bolus (ideally approximating a Dirac delta function) is desirable because
the AIF then has a broad frequency spectrum and is better able to esti-
mate higher frequency coefficients in the tissue residue function. In our
hyperoxia experiment, the measured PETO2, which is closely related to
the oxygen in blood (Ito et al., 2008), was used to derive the AIF. This AIF
is thus much broader in the time domain, and much narrower in the
Fourier domain. However, the deconvolution instability problem ex-
pected with a broad AIF is mitigated, to a large extent, by the fact that the
end-tidal signal has a very high SNR and is very well fit by an exponential
model, which forms a very stable AIF for deconvolution. This is further
buttressed by model fitting the BOLD signals. Finally, the higher number
of samples, relative to the response time course, aids the model fitting.

There is more than one way to calculate the CBV from the data
collected in this experiment. Here, we used the approach of previous DSC
bolus tracking techniques with CBV calculated as the ratio of the area
under the AIF and the tissue contrast time course (Chen et al., 2005b;
Duhamel et al., 2006; Rempp et al., 1994). An alternative method for
calculating CBV by scaling the difference between the normoxia and
hyperoxia states by the method outlined by Blockley et al. (2013) which
was derived through simulations. Although, using only the measured
difference of the MR signal from the stimulus is robust, especially with
such a long stimulus duration time, we opted to use the bolus ratio
method. We note that if the method of Blockley et al. were used to es-
timate CBV within our proposed framework, the beta value used here
(1.3) would need to adjusted to match that used by Blockley (1.0).

There are several ways to obtain perfusion metrics as described in the
introduction. These methods vary greatly and although they can each
provide similar quantitative CBF measurements, there are nuances that
can cause them to vary under different conditions. For example, ASL is
problematic when the transit time is long, as the method is limited by
longitudinal (T1) relaxation of the label. Bolus tracking MRI is commonly
used to estimate perfusion, but blood brain barrier leakage in pathology
can be a significant confound to CBF estimation. Hyperoxia perfusion
mapping has its own nuances, many already discussed. Given that it uses
the BOLD effect, it is insensitive to the transit time issues that impedes
ASL. It also provides complimentary information to other hemodynamic
techniques, such as: 1) measuring only the venous blood volume
component (important for calibrated BOLD), 2) an extremely slow uptake
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time relative to conventional techniques, which allows for more samples
during the bolus passage, as well as the safety and patient comfort
afforded by 3) using inhaled oxygen to generate a contrast bolus (as
opposed to an injected contrast agent). Although we are using oxygen to
alter the BOLD signal, the increased dissolved oxygen has a negligible
effect on the extravascular tissue compared with the change in signal due
to the deoxygenated hemoglobin change in the blood. This makes
hyperoxia perfusion mapping unlike PET 15O2 imaging where the oxygen
in the tissue has the same effect as in the blood.

The tracer kinetics modeling approach described in the theory section
is similar to the modeling approach used in DSCMRI. The use of indicator
dilution theory requires several assumptions, particularly that the
contrast does not exchange between the intra- and extra-vascular spaces.
O2, however, does exchange between these spaces, which would appear
to violate this requirement, but the real contrast mechanism is from
deoxyhemoglobin, which resides only in the blood. Furthermore, since
the brain is always consuming oxygen, we have normalized the con-
centration functions to the baseline concentration of oxygen, so that the
concentration functions represent only the extra oxygen given by the
hyperoxia stimulus. We do not expect the CMRO2 will be altered by this
oxygen stimulus.

There are pros and cons to using the end-tidal oxygen values to es-
timate the AIF. An assumption is that the oxygen extraction fraction
between the lungs and the arterial inputs to the brain is negligible.
Measuring an AIF directly from the image data, as is done in DSC MRI, is
appealing because it is direct. However, image-based measurement of the
AIF also has many practical limitations, such as voxel selection sensi-
tivity, partial voluming, low SNR, and limited temporal sampling. There
is no concern about partial volume effects with the end-tidal estimation.
The exponential model also fits the end-tidal values very well. Selecting a
single imaging voxel as the AIF can often result in low SNR; this is
ameliorated by selecting several voxels and averaging the outcome
metric, but this can further increase the risk of partial volume errors.
Although there have been some proposed automated methods for
selecting the AIF from image data (Duhamel et al., 2006; Mouridsen
et al., 2006), it is still often done manually which can be time consuming
to an operator, but more worrisome is the sensitivity of the perfusion
metrics to the choice of voxels selected to define the AIF. Using the
end-tidal values to estimate the AIF avoids this issue as there is no user
input required.

In conclusion, we have demonstrated a novel way to measure cerebral
perfusion parameters with an inhaled oxygen passage, making it less
invasive than other bolus passage imaging with injected contrast agents.
CBF, CBV and MTT parameter maps show the expected gray matter and
white matter contrast and ROI based measurements show values in
agreement with known values in healthy participants. This approachmay
have applications in pathologies with long transit times and calibrated
BOLD fMRI studies that include a hyperoxia challenge.
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