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Abstract: Calibrated MRI techniques use the changes in cerebral blood flow (CBF) and blood oxygen-
ation level-dependent (BOLD) signal evoked by a respiratory manipulation to extrapolate the total
BOLD signal attributable to deoxyhemoglobin at rest (M). This parameter can then be used to estimate
changes in the cerebral metabolic rate of oxygen consumption (CMRO2) based on task-induced BOLD
and CBF signals. Different approaches have been described previously, including addition of inspired
CO2 (hypercapnia) or supplemental O2 (hyperoxia). We present here a generalized BOLD signal model
that reduces under appropriate conditions to previous models derived for hypercapnia or hyperoxia
alone, and is suitable for use during hybrid breathing manipulations including simultaneous hypercap-
nia and hyperoxia. This new approach yields robust and accurate M maps, in turn allowing more reli-
able estimation of CMRO2 changes evoked during a visual task. The generalized model is valid for
arbitrary flow changes during hyperoxia, thus benefiting from the larger total oxygenation changes
produced by increased blood O2 content from hyperoxia combined with increases in flow from hyper-
capnia. This in turn reduces the degree of extrapolation required to estimate M. The new procedure
yielded M estimates that were generally higher (7.6 � 2.6) than those obtained through hypercapnia
(5.6 � 1.8) or hyperoxia alone (4.5 � 1.5) in visual areas. These M values and their spatial distribution
represent a more accurate and robust depiction of the underlying distribution of tissue deoxyhemoglo-
bin at rest, resulting in more accurate estimates of evoked CMRO2 changes. Hum Brain Mapp 00:000–
000, 2012. VC 2012 Wiley Periodicals, Inc.
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INTRODUCTION

The blood oxygenation level-dependent (BOLD) MRI
signal reflects local changes in blood flow, blood volume,
and oxygen consumption. The amplitude of the signal
measured depends on both the baseline value and the
reactivity of these physiological quantities. Increases in
neuronal signaling are associated with local increases in
arterial blood flow, which in turn cause a reduction in
deoxygenated hemoglobin (dHb) concentration in the ve-
nous circulation serving the activated region. This increase
in the local arterial blood flow raises the mean O2 satura-
tion along the capillary bed, increasing the diffusion-lim-
ited delivery of O2 to neural tissues [Buxton et al., 1997].
Given that virtually all dHb in the venous circulation of
healthy individuals is generated as a result of metabolic
O2 extraction, the relative change in venous dHb level
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measured through BOLD during stimulation should
depend partly on the relative change in the cerebral meta-
bolic rate of O2 consumption, or CMRO2 [Buxton et al.,
1997].

The dependence of the BOLD signal on baseline physiol-
ogy complicates the comparison of BOLD response ampli-
tudes between groups or individuals. This is particularly
problematic for groups expected to have different vascular
tone and reactivity (such as elderly populations or cardio-
vascular patients), because baseline blood flow, oxygen-
ation, and cerebrovascular reactivity (CVR) will greatly
affect the dynamic range of the BOLD signal [Gauthier
et al., 2011]. The dissociation of metabolic and vascular
factors contributing to the BOLD response is thus essential
for meaningful comparisons between populations with dis-
parate physiology.

If the vascular contribution to the BOLD signal can be
quantified and factored out, then in theory it should be
possible to obtain a quantitative estimate of the fractional
change in CMRO2 evoked by stimulation. This notion is
the foundation for various MRI-based methods for CMRO2

estimation [Chiarelli et al., 2007b; Davis et al., 1998; Gauth-
ier et al., 2011]. The BOLD signal change observed during
activation is not itself sufficient to determine the relative
change in venous dHb concentration. Such a determina-
tion requires expressing the activation-induced BOLD sig-
nal as a fraction of the total attenuation of T2*-weighted
signal attributable to dHb at baseline (equivalent to the
maximum possible BOLD signal increase, usually denoted
M). For this reason, various calibration methods have been
proposed in which the maximal BOLD increase M is esti-
mated through extrapolation of BOLD signal increases
observed during mild hypercapnia [Davis et al., 1998],
hyperoxia [Chiarelli et al., 2007b], or a combination of the
two [Gauthier et al., 2011]. Note that, although M is com-
monly referred to as the ‘‘maximal BOLD signal,’’ it could
also be described as the ‘‘resting BOLD signal’’ in the
same sense that the baseline ASL difference signal repre-
sents resting cerebral blood flow. That is, it is the factor by
which activation-induced changes must be normalized to
recover the fractional change in a specific physiological
quantity (i.e., blood flow or venous deoxyhemoglobin con-
tent). Unlike ASL, however, there is no simple subtractive
scheme allowing isolation of the T2*-weighted signal com-
ponent associated specifically with deoxygenated hemoglo-
bin at rest (although methods based on T2’ show some
promise [Blockley et al., 2011]). Current quantitative BOLD
approaches thus rely on extrapolative blood-gas manipula-
tion techniques.

In the hypercapnia method, small amounts of carbon
dioxide (typically 5–10% CO2 by volume) are added to the
air breathed by subjects during acquisition of BOLD and
CBF image series. The vasodilatory properties of CO2 lead
to increases in cerebral blood flow and tissue oxygen
delivery, producing BOLD signal increases throughout
gray matter as well as in large veins. The maximal BOLD
signal M at a given location can then be extrapolated using

the Davis model of BOLD as a function of CBF, assuming
a constant arterial saturation of 100% and unchanged me-
tabolism during hypercapnia. This is the original calibra-
tion method, introduced by Davis et al. and since used in
a number of studies [Ances et al., 2008, 2009; Bulte et al.,
2009; Chen et al., 2009b; Davis et al., 1998; Hoge et al.,
1999b; Leontiev et al., 2007b; Lin et al., 2008; Mark et al.,
2011; Perthen et al., 2008; Stefanovic et al., 2006].

In the hyperoxia method, subjects inhale high levels of
oxygen (typically 50–100% O2 with balance nitrogen where
applicable) during acquisition of BOLD image series and
recordings of expired oxygen concentration (a surrogate
for the arterial partial pressure of O2). The enriched O2

raises the total oxygen content of the arterial blood, lead-
ing to increases in venous hemoglobin saturation SVO2)
and hence increases in BOLD signal. The maximal BOLD
signal M can then be extrapolated using the hyperoxia cal-
ibration model of BOLD as a function of SVO2, with an
approximated correction for the small decreases in CBF
known to occur during hyperoxia [Chiarelli et al., 2007b;
Goodwin et al., 2009; Mark et al., 2011]. Because of the dif-
ficulty of measuring small CBF changes with the some-
what noisy ASL method, a fixed value for the hyperoxia-
induced CBF decrease is generally assumed.

The hyperoxia model [Chiarelli et al., 2007b] can be gen-
eralized for arbitrary changes in cerebral blood flow dur-
ing hyperoxia [Gauthier et al., 2011], rendering it valid for
conditions such as simultaneous hyperoxia and hypercap-
nia (as would be produced during breathing of carbogen,
a mixture composed largely of O2 with a balance of 5–10%
CO2). This article presents a detailed description of this
generalized calibration model (GCM), examines the sensi-
tivity of the different methods to errors in CBF measure-
ment, and compares values of visually evoked CMRO2

change obtained using the different calibration
approaches.

Theory

Oxygen is a mild vasoconstrictor, and hyperoxia during
inhalation of 100% O2 has been associated with small
reductions in cerebral blood flow [Bulte et al., 2007]. The
hyperoxia calibration method introduced by Chiarelli et al.
[2007b], was thus derived for conditions where cerebral
blood flow would be expected to undergo little or no
change. To generalize the model to be valid under an arbi-
trary change in cerebral blood flow, Eq. (12) in Chiarelli
et al. can be replaced with the following expression:

CBF � CvO2 ¼ CBF � CaO2 � CBF0 � ðCaO2 j0 �OEF0Þ (1)

where, as in Chiarelli et al., CBF is the cerebral blood flow
in milliliters per second, CvO2 is the venous oxygen con-
tent in milliliters of O2 per deciliter of blood, CaO2 is the
arterial oxygen content (also in ml O2/dl blood), and OEF
is the oxygen extraction fraction (dimensionless, and
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assumed here to be 0.3 as in Chiarelli et al.). The subscript
‘‘0’’ is used to denote resting values for CaO2, OEF, and
CBF. The value OEF0 used in this equation reflects the
resting value, which is assumed to be constant throughout
the brain and across individuals [Ashkanian et al., 2008;
Bremmer et al., 2010; Frackowiak et al., 1980; Ito et al.,
2004; Sedlacik et al., 2010]. Whereas the expression pro-
posed by Chiarelli et al. balances O2 concentrations, the
new expression balances the temporal fluxes of O2 at the
level of the capillaries. The above expression can be read-
ily solved for the venous O2 content during an arbitrary
change in blood flow and oxygenation:

CvO2 ¼ CaO2 �
ðCaO2 j0 �OEF0Þ

CBF
CBF0

� � (2)

Values for CaO2 at baseline and during the breathing
manipulations are obtained using the end-tidal O2 meas-
urements as in Chiarelli et al. End-tidal O2 values are used
here as a surrogate for PaO2, the arterial partial pressure of
O2. The total arterial O2 content during carbogen inhala-
tion is obtained from Eq. (11) of Chiarelli et al.:

CaO2
¼ ðu � ½Hb� � SaO2

Þ þ ðPaO2
� eÞ (3)

where u is the O2 carrying capacity of hemoglobin (1.34
mlO2/gHb), [Hb] is the concentration of hemoglobin in
blood (15 gHb/dl), SaO2 is the hemoglobin saturation, and
e represents the solubility of O2 in plasma (0.0031 mlO2/
(dlblood 3 mm Hg)). The constants used here are the same
as those in Chiarelli et al. The measured end-tidal O2 val-
ues were considered equivalent to PaO2, and used to deter-
mine SaO2 using the Severinghaus equation:

SaO2 ¼
1

23;400

ðPaO2
Þ3þ150ðPaO2

Þ þ 1

� � (4)

The value for CaO2|0, used above in Eq. (2), is deter-
mined using the PaO2 value at normoxia, the OEF0 value
of 0.3 is assumed from literature, and the baseline-normal-
ized CBF value is measured during pCASL imaging.

As a penultimate step, we can estimate the venous O2

saturation using Eq. (14) from Chiarelli et al. (assuming
that plasma O2 content in venous blood is zero as long as
there is any dHb available for binding) and the CvO2 value
computed above:

SvO2
¼ CvO2 � ðPvO2 � eÞ

u � ½Hb� (5)

We can now estimate an M value based on values for
SvO2, BOLD signal increase, and CBF increase during si-
multaneous hypercapnia and hyperoxia. With variable
CBF incorporated explicitly in our revised expression for
CvO2, we no longer need the CBF correction term ‘‘C’’

from Eq. (8) in Chiarelli et al., and the expression
becomes:

DBOLD

BOLD0
¼ M 1� CBF

CBF0

� �a ½dHb�
½dHb�0

� �b
 !

¼ M 1� CBF

CBF0

� �a ð1� SvO2Þ
ð1� SvO2 j0Þ
� �b

 ! (6)

where the term (CBF/CBF0)
a is used to model cerebral

blood volume, assuming a ¼ 0.38 [Grubb et al., 1974], and
b ¼ 1.5 is used to model the influence of deoxygenated he-
moglobin on transverse relaxation [Boxerman et al., 1995].
The above expression can be readily solved for M:

M ¼
DBOLD
BOLD0

1� CBF
CBF0

� �a ð1�SvO2
Þ

ð1�SvO2
j0Þ

� �b (7)

Calculation of relative CMRO2 during a task can then be
performed using the expression proposed by Davis et al.
[1998]:

CMRO2 ¼ CBF

CBF0

� �1�a=b

1�
DBOLD
BOLD0

� �
M

0
@

1
A

1=b

(8)

A detailed theoretical comparison of the different mod-
els is given in the Appendix.

METHODS

Acquisitions were conducted in eight healthy subjects
(seven male and one female, aged 21–38 years) on a Sie-
mens TIM Trio 3T MRI system (Siemens Medical Solu-
tions, Erlangen, Germany) using the Siemens 32-channel
receive-only head coil for all acquisitions. All subjects gave
informed consent and the project was approved by the
Comité mixte d’éthique de la recherche du Regroupement
Neuroimagerie/Québec.

Image Acquisition

Sessions included an anatomical, 1 mm3 MPRAGE ac-
quisition with TR/TE/alpha ¼ 2,300 ms/3 ms/9�, 256 �
240 matrix and a GRAPPA acceleration factor of 2 [Gris-
wold et al., 2002].

Functional image series were acquired using a dual-echo
pseudo-continuous arterial spin labeling (pCASL) acquisi-
tion [Wu et al., 2007] to measure changes in cerebral blood
flow (CBF). The parameters used include: TR/TE1/TE2/
alpha ¼ 3,000 ms/10 ms/30 ms/90� with 4 � 4 mm2 in-
plane resolution and 11 slices of 7 mm (1 mm slice gap)
on a 64 � 64 matrix (at 7/8 partial Fourier), GRAPPA
acceleration factor ¼ 2, post-labeling delay ¼ 900 ms, label
offset ¼ 100 mm, Hanning window-shaped RF pulse with
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duration/space ¼ 500 ls/360 ls, flip angle of labeling
pulse ¼ 25�, slice-selective gradient ¼ 6 mT m�1, tagging
duration ¼ 1.5 s [Wu et al., 2007].

In one subject, five susceptibility-weighted images (SWI)
[Rauscher et al., 2005; Reichenbach et al., 2001] were
obtained to provide a qualitative assessment of the venous
oxygenation increase with each breathing manipulation.
One image was acquired during inhalation of, respectively:
air, 7% CO2/93% air (HC), 100% O2 (HO), 7% CO2/93%
O2 (HO-HC 7%), and 10% CO2/90% O2 (HO-HC 10%). For
all images, the acquisition was started after an initial 1-
min period of gas breathing to allow oxygen saturation
and vasodilation to reach a plateau. Parameters used for
the SWI acquisition were: TR/TE/alpha ¼ 27 ms/20 ms/
15� with 0.9 � 0.9 mm2 in-plane resolution with 56 slices
of 1.5 mm on a 256 � 192 matrix.

Manipulations

Each session consisted of four functional runs: one run
with visual stimulation and three runs each including a
different gas manipulation. During each gas manipulation
run, a single 3-min block of gas inhalation was preceded
with 1 min and followed by 2 min of medical air breath-
ing. The three gas manipulations used were: 100% O2

(hyperoxia, or HO), 7% CO2/93% air (hypercapnia, or HC)
and 7% CO2/93% O2 (simultaneous hyperoxia and hyper-
capnia, or HO-HC). The latter gas is a specific formulation
of carbogen, which in general may contain different O2/
CO2 ratios.

Visual stimulus

The visual stimulus used was a black and white radial
checkerboard, with annuli scaled logarithmically with ec-
centricity, luminance modulated in a temporal squarewave
at 8 Hz (equivalent to 16 contrast reversals per second)
presented using an LCD projector (EMP-8300, Epson, To-
ronto, ON, Canada) onto a translucent screen viewed by
subjects through a mirror integrated into the Siemens head
coil. This stimulation was initiated 1 min into the acquisi-
tion and lasted 3 min, followed by 2 min of rest.

Gas manipulations

At the beginning of the experiment, subjects were fitted
with a nonrebreathing face mask (Hudson RCI, #1059,
Temecula, CA). To avoid discomfort from outward gas
leakage blowing into the subject’s eyes, skin tape (Tega-
derm Film, #1626W, 3M Health Care, St-Paul, MN) was
used to seal the top of the mask to the face. Plastic tubing
(AirlifeTM Oxygen tubing #001305, Cardinal Health,
McGraw Park, IL) and a series of two Y-connectors were
used to connect pressure/flow-meters for medical air,
100% O2 (hyperoxia, or HO), 7% CO2/93% air (hypercap-
nia, or HC) and 7% CO2/93% O2 (simultaneous hyperoxia
and hypercapnia, or HO-HC) tanks (Vitalaire, Missisauga,

ON, Canada) to the mask. Gas flows were adjusted man-
ually on the pressure/flow-meters (MEGS, Ville St-Lau-
rent, QC, Canada) to keep a total flow rate of 16 L min�1.
Gas flow was kept at 16 L min�1 at all times except during
administration of the HO-HC and the HC gas mixtures.
To accommodate the hyperventilation caused by CO2

breathing, gas flow rates were increased to the maximal
possible rate (25 L min�1) achievable with our pressure/
flowmeters. Pulse rate and arterial O2 saturation were
monitored in all subjects using a pulse-oximeter (InVivo
Instruments, Orlando, USA) as a safety measure and to
observe the effects of carbogen breathing.

End-tidal O2 and CO2 values were monitored during all
acquisitions. Gases were sampled via an indwelling nasal
cannula (AirlifeTM Nasal Oxygen Cannula #001321, Cardi-
nal Health, McGraw Park, IL) using the CO2100C and
O2100C modules of the MP150 BIOPAC physiological
monitoring unit (BIOPAC Systems, Goleta, CA). Calibra-
tion of the unit was done by taking into account an
expired partial pressure of water of 47 mm Hg [Severin-
ghaus, 1989]. Subjects were instructed to breathe through
their nose, which ensured that only expired gas was
sampled by the nasal cannula. End-tidal CO2 and O2 val-
ues were selected manually from continuous respiratory
traces sampled at 200 Hz. The first 10 breaths of the first
baseline period and the last 10 breaths of the gas-inhala-
tion block were averaged to give baseline values and gas
manipulation values, respectively.

Following acquisition, all subjects were debriefed to
assess the level of discomfort associated with the manipu-
lation. The subjects were asked to rate the air hunger and
breathing discomfort associated with the HO-HC and HC
mixtures on a french language version of the scale pro-
posed by Banzett et al. [1996].

Data Analysis

Individual subject analyses for ROI quantifications, abso-
lute CBF, M and CMRO2 mapping were done using the
NeuroLens data analysis software package (www.neuro-
lens.org). Time-series data from each echo were motion
corrected [Cox et al., 1999] and spatially smoothed with a
6-mm 3D Gaussian kernel. ASL data were similarly proc-
essed, and the CBF signal was isolated from the first echo
(TE ¼ 10 ms) through surround subtraction using linear
interpolation between neighboring points [Liu et al., 2005].
A BOLD time series was isolated through surround addi-
tion using linear interpolation of neighboring points of the
second echo (TE ¼ 30 ms). A general linear model (GLM)
including a single-block response, a linear drift, and con-
stant offset terms was applied, to obtain effect sizes and T-
maps for each condition. The first 60 s after each transition
in gas composition were excluded from the analyses by
zeroing out relevant rows in the GLM computational mat-
rices, to select responses at (or close to) steady-state.
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Fractional changes were then calculated by dividing
effect sizes over the visual ROI by the constant DC term
from the GLM averaged within the same region. Group
average values � standard deviation are reported.

Uncertainties on the estimates for M and CMRO2 were
computed through numerical propagation of errors. This
was performed by evaluating M and CMRO2 for all com-
binations of input values evaluated at the upper and lower
bounds of their respective confidence intervals (based on
� SE). The resultant ranges of M and CMRO2 values were
then taken as the uncertainty for the respective parameter.

Absolute CBF maps were generated as in [Wang et al.,
2003]. A binary mask was generated from the absolute
flow map to remove all voxels with an absolute baseline
CBF below 25 mL/100 g/min, as a means of selecting cort-
ical gray matter. Percent CBF and BOLD maps in response
to the breathing manipulations as well as the visual task
were multiplied by this mask to exclude white matter and
CSF, as the low resting CBF levels in these tissue compart-
ments preclude stable estimation of fractional CBF changes
required by the model.

Arterial spin-labeling measurements acquired during
hyperoxia alone and combined hyperoxia and hypercapnia
were corrected for T1 changes using the approach
described in [Chalela et al., 2000; Zaharchuk et al., 2008].
Arterial blood T1 values were estimated based on meas-
ured PETO2

(partial end-tidal pressure of O2) values for
each subject and T1 vs. PETO2

values tabulated in Bulte
et al. [2007]. Because the T1 depends specifically on the
level of dissolved O2 in the plasma, and since we obtained
different PaO2 (arterial partial pressure of O2) values at a
given FiO2 (fraction of inspired O2) than the latter study
(their PaO2 values were higher, likely due to the use of a
tightly sealed face mask), the values were interpolated to
account for this difference (i.e., the table from Bulte et al.
was converted to T1 vs. group average PaO2, and the T1
corresponding to each subject’s PETO2

during hyperoxia
manipulations was interpolated). Values for the absolute

blood flow at the air-breathing baseline were computed
using Eq. (1) from Wang et al. [2003], assuming the same
constant values as in this reference.

The resultant values of percent change in ASL and BOLD
signals (and where appropriate PETO2

) were input to the ap-
plicable BOLD signal models to generate maps of the M pa-
rameter. More specifically, ASL and BOLD responses
during hypercapnia were input to the hypercapnia model
[Davis et al., 1998], while BOLD, and PETO2

data were input
to the hyperoxia model [Chiarelli et al., 2007b] with an
assumed flow decrease of 5% (based on PETO2

values
obtained in our subjects and the flow decrease observed by
Bulte et al. for similar PETO2

levels [Bulte et al., 2007]. The
generalized calibration model (GCM) was applied to ASL,
BOLD, and PETO2

data for all manipulations.

Visual

Regions of interest (ROIs) were derived from the inter-
section of the flow and BOLD thresholded (P = 0.01 cor-
rected), [Worsley et al., 2002] visual activation T-maps for
each individual subject from the NeuroLens analysis. One
subject (Subject 1) fell asleep during the visual task and
was therefore excluded from all analyses requiring a vis-
ual ROI.

Gray matter

A gray matter ROI was defined for each subject using
the automatic tissue segmentation functionality of the
CIVET software package [Tohka et al., 2004].

Analysis of sensitivity to errors in CBF

One of the limiting factors in the application of cali-
brated MRI methods has been the low signal-to-noise ratio
of ASL measurements. To assess the sensitivity of different
M estimation methods to possible errors in cerebral flow

TABLE I. End-tidal values for each breathing manipulation

Subject Subject Subject Subject Subject Subject Subject Subject
1 2 3 4 5 6 7 8 Average

PETCO2
baseline 37.7 41.7 38.3 41.9 39.3 42.0 40.4 34.5 39.5

PETCO2
HC 51.2 52.2 47.5 46.9 51.9 46.9 47.8 42.3 48.3

PETO2
baseline 113.9 114.1 113.0 139.0 125.4 125.0 92.3 106.3 116.1

PETO2HO 578.4 621.6 509.3 569.8 583.6 380.0 560.8 513.1 539.6

PETCO2
baseline 41.8 42.0 37.2 40.8 41.2 41.3 40.1 35.1 40.0

PETCO2HO-HC 48.9 51.0 46.1 46.9 50.8 46.7 45.9 45.5 47.7
PETO2

baseline 102.9 104.0 135.7 125.2 114.0 130.3 106.4 105.4 115.5
PETCO2

HO-HC 447.5 480.8 400.8 425.1 486.7 303.8 403.5 375.6 415.5

Average end-tidal values for individual subjects. The top subsection shows end-tidal partial pressures of CO2 (PETCO2) for the hypercapnia
(HC) breathing manipulation during baseline (top row) and during the hypercapnia block (second row). The second subsection shows end-
tidal partial pressures of O2 (PETO2) for the hyperoxia (HO) breathing manipulation during baseline (third row) and during the hyperoxia
blick (fourth row). The third section shows (PETCO2) and (PETO2) (baseline and block) for combined hypercapnia and hyperoxia (HO-HC).
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change, we computed M values based on group average
ROI and respiratory measures with simulated errors in the
gas-induced CBF response. In these simulations, the input
value of baseline-normalized CBF was varied over a range
corresponding to the measurement uncertainty exhibited
by our data while other input parameters (BOLD response
and, where applicable, end-tidal O2 values) were held con-
stant. This computation was carried out for the Davis
model with HC data, for the Chiarelli model with HO
data, and for the GCM with HC, HO, and HO-HC data.

RESULTS

End-tidal partial pressures of O2 (PETO2
) and CO2

(PETCO2
) achieved during each gas manipulation for each

subject are shown in Table I. While PETCO2
values were

very similar between HC and HO-HC, PETO2
values tended

to be lower for HO-HC than for HO alone (possibly
reflecting the 90% vs. 100% O2 content of the two gases).
The changes in blood oxygenation resulting from these
three gas manipulations can be appreciated from the ROI-
average values for BOLD signal change (Fig. 1B), while
the vasodilatory effect of CO2 is demonstrated by the CBF
changes within the same ROIs (Fig. 1A). Percent changes
in CBF (Fig. 1A) for HC and HO-HC were not found to be
significantly different (paired two-tailed Student’s t test, P
> 0.3) in both visual and GM ROIs. Average CBF changes
in the visual ROI were 63.3% � 6.7% and 68.9% � 12.2%,
while average changes throughout GM were 37.3% � 4.8%
and 40.7% � 3.7% for HC and HO-HC, respectively. Aver-
age flow changes for HO in visual and GM ROIs were,

Figure 1.

Group average percent CBF and BOLD for each breathing manipulation. Group average percent

CBF (A) and percent BOLD (B) changes over visual and gray-matter ROIs for hyperoxia (HO),

hypercapnia (HC), and combined hypercapnia and hyperoxia (HO-HC).

Figure 2.

Individual and average M values over the visual and gray-matter ROIs for each breathing manipu-

lation. Individual and group average M values over visual (A) and gray-matter (B) ROIs for hyper-

oxia (HO), hypercapnia (HC), and combined hypercapnia and hyperoxia (HO-HC). The Chiarelli,

Davis and GCM formulae were used to process data from the respective gas manipulations.
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respectively, -7.3% � 3.7% and -3.1% � 3.1%. BOLD per-
cent changes (Fig. 1B) for HC and HO were similar, with
averages of 2.3% � 0.2% and 1.9% � 0.2% in the visual
ROI and 2.3% � 0.1% and 1.7% � 0.2% in GM for HC and

HO, respectively. Average ROI values for HO-HC were
about double those of HO and HC alone, with averages of
4.1% � 0.4% and 3.6% � 0.4%, respectively for visual and
GM ROIs.

TABLE II. Calibrated fMRI results

Subject Subject Subject Subject Subject Subject Subject
1 2 3 4 5 6 7 Average

Reactivity HC 6.5 8.5 8.3 6.0 8.7 10.7 6.1 7.8
Reactivity HO-HC 9.3 10.3 2.3 8.3 8.4 10.1 2.9 7.4

M HC 3.8 3.1 6.1 5.1 6.8 6.2 8.3 5.6
M HO 4.0 3.3 2.7 3.9 7.1 5.6 4.9 4.5
M HO-HC 5.0 4.3 12.6 6.7 8.9 6.4 9.1 7.6

CMRO2 HC 26.5 6.7 7.9 28.2 28.2 40.8 36.8 25.0
CMRO2 HO 27.3 8.7 �30.8 21.6 29.1 36.1 25.6 16.8
CMRO2 HO-HC 31.6 17.5 21.7 32.9 33.1 42.3 38.3 31.1

n HC 2.7 9.4 6.1 2.4 2.5 3.0 2.0 4.0
n HO 2.6 7.2 �1.6 3.2 2.4 3.4 2.9 3.0
n HO-HC 2.2 3.6 2.2 2.1 2.1 2.9 2.0 2.4

Individual subjects’ and average values for vascular and metabolic parameters. The first section shows vascular reactivity (% change
CBF/mm Hg change in PETCO2

) values for hypercapnia (HC) and combined hypercapnia and hyperoxia (HO-HC). The second section
shows average M values over the visual ROI for each breathing manipulation. The third section shows estimates of visually evoked
CMRO2 using M values calculated with the M value associated with each breathing manipulation. Finally, the fourth section shows the
coupling constant between CBF and CMRO2 associated with the estimates obtained from each breathing maniplation.

Figure 3.

Individual M maps for each breathing manipulation. Individual M maps for hyperoxia (HO) (top

row), hypercapnia (HC) (second row) and combined hypercapnia and hyperoxia (HO-HC) (third

row). The Chiarelli, Davis, and GCM expressions were used to process data from the respective

gas manipulations. Display window levels have been adjusted to emphasize detail in all maps.
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Individual subjects’ ROI-based M values for visual cor-
tex are summarized in Figure 2A and Table II. Values of
M are shown for each gas manipulation (HC, HO, and
HO-HC), calculated with the original model for that
manipulation. Group average M values were 5.6% � 1.8%,
4.5% � 1.5%, and 7.6% � 2.6% for HC, HO, and HO-HC,
respectively over the visual ROI. The M values estimated
using the HO-HC technique were generally found to be
the highest, while HO tended to give the lowest values.
Application of the GCM to ROI-average CBF and BOLD
signals as well as PETO2

values measured during hypercap-
nia yielded slightly lower values than those of the Davis
model (M values with GCM were on average lower by
0.5% � 0.2%). On the other hand, application of the GCM
to the BOLD and PETO2

values recorded during hyperoxia
(with an assumed flow decrease of 5%) yielded systemati-
cally higher M values than the Chiarelli model (M values

with GCM were on average 1.7% � 1.1% higher; data not
shown).

Some similarities were observed when M was estimated
over all gray matter (Fig. 2B). Group average M values
were 7.9% � 0.8%, 4.0% � 0.8%, and 7.9% � 0.6% for HC,
HO, and HO-HC, respectively. The tendency toward higher
M values with HO-HC and lower M values with HO is
clearer here with a lower intersubject variability. Applica-
tion of the GCM to data obtained during HC yielded lower
M values than the Davis model (values computed with
GCM were on average 0.8% � 0.3% lower than those from
the Davis model). On the other hand, M values estimated
using the GCM during HO were higher than those obtained
using the Chiarelli model (1.3% � 0.4% higher for GCM as
compared to the Chiarelli model; data not shown).

Maps of M for each breathing manipulation using the
model originally derived for the respective procedures are

Figure 4.

Spatial heterogeneity of M maps. Maps of M from one subject for HC and HO-HC (using Davis

model and GCM, respectively). The display window levels have been adjusted to highlight the dif-

ferences in the magnitude of M estimates within local enhancements.
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shown in Figure 3. A similar pattern may be observed
between subjects whereby HO yields lower and more uni-
form maps of M values, with few localized enhancements
compared to HC and HO-HC. The maps created using HC
show a speckled pattern of focal M hotspots, some of
which appear (based on placement with respect to sulcal
anatomy) to be veins, while others appear artifactual,
likely from instabilities in the model under high CBF
errors (Fig. 4). Maps from HO-HC exhibit an intermediate
pattern with more uniform M values throughout cortex
combined with local enhancements associated with larger

veins. The reduced prevalence of questionable hot spots in
the HO-HC maps, as compared to the HC maps can be
appreciated in the example maps shown in Figure 4. In
this figure, the window display levels were adjusted to
highlight the differences in the high amplitude local
enhancements in these maps, as opposed to the scale used
in Figure 3, chosen to show general trends over all techni-
ques and subjects.

The susceptibility-weighted venograms acquired in one
subject provide a qualitative depiction of the venous satu-
ration provided by each breathing manipulation (Fig. 5).

Figure 5.

Susceptibility-weighted venograms during each breathing manipulation. Susceptibility-weighted

venograms acquired in a single subject during breathing of either air, 100% O2 (HO), 7% CO2/

93% air (HC), 7% CO2/93% O2 (HO-HC 7%) and 10% CO2/90% O2 (HO-HC 10%).
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In this subject, the prominent veins visible in the baseline
image acquired during air breathing can be seen to fade
due to increasing levels of oxygen saturation for 100% O2

(HO) breathing and 7% CO2/93% air (HC) mixtures. While
a carbogen mixture with 10% CO2/90% O2 (HO-HC 10%)
composition yields a complete loss of venous contrast, the
carbogen mixture with 7% CO2/93% O2 (HO-HC 7%)
shows an intermediate pattern with complete loss of ve-

nous contrast in smaller veins, but some residual contrast
in the largest veins.

Simulations of the effect of CBF error on apparent M
value are shown in Figure 6. Estimates of M based on
manipulations including hypercapnia exhibited greater-
than-linear increases in the error on M as a function of
CBF underestimation (for both Davis model and GCM).
However this nonlinearity and resultant errors on M were
far smaller, over the entire range of CBF errors examined,
for GCM in combination with HO-HC than for other
methods (Fig. 6A). Estimates of M based on hyperoxia
alone exhibited marked instabilities for relatively small
errors in CBF (for both the Chiarelli model and GCM)
(Fig. 6B).

Percent changes in CMRO2 over visual cortex were com-
puted for each subject using ROI-average values for CBF
and BOLD increases during the visual task and M values
obtained from each breathing manipulation (Fig. 7 and Ta-
ble II). While group average values for each technique
were similar and a pattern for large intersubject variability
can be seen, some patterns nevertheless emerge from this
analysis. The HO-HC technique yielded physiologically
plausible estimates of relative CMRO2 change in all sub-
jects. HC, on the other hand, yielded very low and non-
physiological D%CMRO2 estimates in two subjects
(subjects 2 and 3 in Fig. 7). HO also resulted in a nonphy-
siological, negative D%CMRO2 estimate in one subject
(subject 3 in Fig. 7).

Calibrated fMRI parameters, including cerebrovascular
reactivity during HC and HO-HC, M, CMRO2 and the
coupling parameter n are shown for each subject in Table

Figure 6.

Effect of CBF errors on M estimates from different models and

breathing manipulations. Solid lines show M estimates as a func-

tion of the error in CBF, while the broken lines (nearly overlap-

ping) show the values of the actual M estimates from the group

average visual ROI flow response (i.e., without error) for the

different methods. All estimates use group average values for

BOLD and respiratory measures, as well as for the central (zero

error) value of CBF. For manipulations and models with a HC

component (A), HC/Davis, HC/GCM and HO-HC/GCM,

greater-than-linear error occurs with progressive underestima-

tion of the flow response to hypercapnia. The combination of

HO-HC with the GCM yielded M estimates with the greatest

immunity to errors in CBF. The hyperoxia-only manipulation,

when used with either the GCM and Chiarelli model (B) shows

a singularity at flow estimates within the typical error bounds

on ASL measurements.

Figure 7.

Individual and average CMRO2 estimates over the visual ROI.

Individual and group average evoked CMRO2 estimates for the

visual task, calculated using M values from hyperoxia (HO),

hypercapnia (HC) and combined hypercapnia and hyperoxia

(HO-HC) manipulations (and respective models).
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II. Vascular reactivities were similar in most subjects for
HC and HO-HC, except in Subjects 3 and 7, who exhibited
lower flow responses to HO-HC than to HC alone. The
coupling constant n is defined here as the magnitude of
the fractional flow change during a stimulus divided by
the corresponding fractional change in CMRO2. Values for
n are expected to be between 2 and 4 (Buxton 2010). While
most n values fall within this range, some values obtained
using either HC or HO calibration exhibited physiologi-
cally suspect values with either very high (Subjects 2 and
3) or one negative value (Subject 3) in the case of HO
calibration.

DISCUSSION

Estimation of M Parameter

Comparison of functional MR calibration methods based
respectively on hypercapnia, hyperoxia, and combined
hypercapnia and hyperoxia indicates that the hybrid tech-
nique may yield more robust and accurate M estimates
thanks to the reduced range of extrapolation required from
the higher measured BOLD signals. In the latter assessment
we define robustness as the relative immunity from physi-
cally invalid results such as negative, imaginary, or artifac-
tually large values, and accuracy in terms of agreement
with the lower bound on M values set by previous direct
measures in which high levels of venous saturation were
produced. Estimates of M based on HO-HC show a trend
toward higher values than the individual HC and HO
approaches (the latter yielding the lowest values).

ROI Analysis

Group average M values obtained with the HO-HC
method in visual cortex (7.6 � 2.8) were similar to the aver-
age value of 7.5 � 1.0 measured directly in a previous
study using simultaneous hypercapnia and hyperoxia with
a higher CO2 content (10% CO2/90% O2) to reach very high
venous O2 saturation from a larger flow response [Gauthier
et al., 2011]. The value of 7.5% BOLD signal increase meas-
ured in Gauthier et al. can be considered a direct measure-
ment of (or at least a lower bound on) M, as venous
saturation levels exceeding 90% were reached in this experi-
ment. Both the HC and HO calibration techniques, on the
other hand, yielded M estimates of 5.6 � 1.8 for HC and 4.5
� 1.5 for HO, well below the directly measured lower
bound for M cited above. The agreement between directly
measured BOLD signal changes at very high venous satura-
tions and the M value extrapolated here from the smaller
HO-HC changes provided by the 7%CO2/93%O2 carbogen
mixture used here indicates that the values obtained with
this technique may be more accurate.

The accuracy of M has been shown to have an impor-
tant impact on the validity of task-induced CMRO2

responses estimated through calibrated MRI [Chiarelli

et al., 2007a]. The higher BOLD signal values obtained
from the combined sources of increased oxygen saturation
and the larger (and thus more readily measurable) flow
values obtained from the 7% CO2 content reduce the range
of extrapolation required to estimate the maximal BOLD
response.

Susceptibility-Weighted Venograms

The distance of measured BOLD responses from (or
their proximity to) the maximal BOLD signal change can
be demonstrated qualitatively by SWI venograms acquired
during the different breathing manipulations. In one sub-
ject we acquired venograms during breathing of the fol-
lowing gases: air, 100% O2 (HO), 7%CO2/93% air (HC),
7% CO2/93% O2 (HO-HC 7%) and 10% CO2/90% O2 (HO-
HC 10%), (Fig. 5). This last mixture, 10% CO2/ 90% O2

has been shown in previous studies [Gauthier et al., 2011;
Sedlacik et al., 2008] to yield an almost complete loss of
venous contrast in SWI due to a very large increase in ve-
nous oxygenation. This supports use of the BOLD change
produced by this manipulation as a direct measurement of
M and a ground truth against which to compare other
manipulations (including carbogen breathing at lower CO2

levels). The SWI venograms in Figure 5 demonstrate dif-
ferent degrees of reduced susceptibility contrast in veins,
with the effect of HO-HC at 7% CO2 exceeding those of
HC or HO alone by a considerable margin. The venogram
acquired during HO-HC at 10% CO2 demonstrates a com-
plete loss of susceptibility contrast.

M mapping

Estimates of M have, in the past, typically been
expressed as average values over regions of interest. Here
we show maps of M values over all voxels in which an
absolute baseline CBF above 25 mL/100g/min was meas-
ured (chosen to exclude CSF and white matter), allowing
an investigation into the spatial distribution of M values.

Maps of M obtained from the hypercapnia manipulation
included numerous isolated voxels with very high M val-
ues (Figs. 3 and 4). While M values in larger veins are
expected to be high, some of these high values obtained
with this approach appear to be artifactual. This may be
due to amplification of noise inherent in the broad range
over which extrapolation is required, as well as an inher-
ent instability of the model for low flow estimates (see Ap-
pendix and Fig. 6). Maps of M generated using hyperoxia
alone with the hyperoxia model (Fig. 3) showed a tend-
ency toward lower M values and appeared to underesti-
mate the values in larger veins (which were essentially
absent in the maps). Note that many of the hyperoxic M
maps included large zones in which the gray-matter M
was negative, which are shown as fully transparent in the
image overlays of Figure 5.
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Spatial heterogeneity of M values

Mark et al. have compared the hypercapnia and hyper-
oxia manipulation techniques. They found the M values
obtained with the hyperoxia technique to show less inter-
subject variability than hypercapnia. Given that the hyper-
oxia technique assumes a fixed flow value in response to
hyperoxia and a uniform venous saturation based on end-
tidal PO2 measurements, the main contribution to noise
comes from the BOLD measurement. The hypercapnia
method, on the other hand, uses the noisier flow response
to hypercapnia in its model.

Though the greater uniformity of hyperoxia-derived M
values could be viewed as an advantage, it may in fact
reflect bias in the technique—particularly where large
veins are concerned. It is known a priori that veins must
have a higher M value than parenchyma, since their dHb
content is higher. Such veins do in fact show higher BOLD
increases than gray matter during hyperoxia, but applica-
tion of the hyperoxia model results in M values consider-
ably below those detected using the other techniques. This
may be due to the assumption of a single fixed flow
change throughout the brain, or a breakdown of the model
in regions with a high venous blood volume fraction.

The M parameter maps generated from the combined
hypercapnia–hyperoxia manipulation with GCM analysis
accurately captured the high M values in large veins while
remaining free of the artifactual hot spots due to model
instability seen in the hypercapnia maps and the zones of
negative M value observed in the hyperoxia maps.

Robustness of M estimates

As noted above, maps of M generated using the GCM
in conjunction with the HO-HC manipulation appeared to
be relatively immune to artifactual hot spots compared
with maps generated using the Davis model and the
hypercapnia manipulation. Detailed analysis of M maps
together with input maps of CO2-induced BOLD and CBF
responses indicated that improbably high M values in the
Davis/HC maps tended to occur in voxels where the
apparent CBF change was atypically low compared with
surrounding voxels. Such low flow values in individual
voxels may reflect a combination of noise excursions from
the ‘‘true’’ gray-matter value and bias caused by partial
volume with white matter or large veins. The simulation
results presented in Figure 6 reveal that estimates of M ex-
hibit nonlinear errors for increasing errors in CBF. The
degree of error was found to depend both on the model
used and the gas manipulation employed.

Both the Davis model and the GCM can be used to com-
pute M from data acquired during hypercapnia. Simula-
tion results indicated that hypercapnic M estimates using
the GCM were somewhat more stable (i.e., nonlinearity of
the error in M was reduced) than those obtained using the
Davis model (Fig. 6A). This is due to the moderating effect
of terms in the GCM reflecting arterial O2 content at rest

and during hypercapnia. While the details of this are pre-
sented in the appendix, it is interesting to note that inci-
dental increases in arterial PO2 from CO2-induced
hyperventilation actually tend to stabilize estimates of M
derived from hypercapnic measures with the GCM.

Data acquired during pure hyperoxia can be analyzed
using either the Chiarelli model or the GCM. Although the
Chiarelli model is often applied using an assumed value
of the O2-induced CBF decrease, it was important to assess
the impact of any misassignment of this parameter
(whether through measurement error or incorrect assump-
tion). Our simulations showed that relatively modest
errors in the O2-induced CBF change could result in
extremely large bias in the apparent M value (culminating
in singularities at CBF errors well within the typical stand-
ard deviation). This was the case for both the Chiarelli
model and the GCM formulation, although the specific
range of CBF errors where singularity arose was different
for the two models (Fig. 6B). As discussed in the Appen-
dix, this instability is due to the lower range of flow values
obtained in the hyperoxia manipulation, which fall in
regimes for both models where division by zero can read-
ily occur with typical values of other parameters. It should
be noted that practical applications of the hyperoxia
approach typically use a fixed value for the O2-induced
decrease in CBF that lies within the stable range for both
models.

The simulation results for the GCM in conjunction with
the combined hypercapnia/hyperoxia manipulation dem-
onstrate the relative immunity of this approach to typical
errors in CBF. The mathematical basis for this stability is
discussed in the appendix, but it can also be understood
on intuitive grounds by considering that, in the limit, com-
plete saturation of venous blood would completely elimi-
nate the dependence of M on the CBF and CBV terms.
Because the combined effects of simultaneous hypercapnia
and hyperoxia drive the venous system considerably closer
to this endpoint than other manipulations, and because
the GCM is valid for such simultaneous manipulations, it
offers improved accuracy and robustness in the estimation
of M over previous methods.

CMRO2

The M parameters obtained using each breathing manip-
ulation were used as intermediate results in the estimation
of fractional CMRO2 changes evoked during a visual task.
While most CMRO2 estimates fell within the range
reported in the literature for similar visual paradigms
[Ances et al., 2008; Davis et al., 1998; Hoge et al., 1999a;
Leontiev et al., 2007a,b; Lin et al., 2008; Perthen et al.,
2008; Stefanovic et al., 2006], some physiologically implau-
sible estimates of CMRO2 were also calculated using the
hypercapnia and hyperoxia calibration methods (Fig. 7,
Table II). In Figure 7, Subjects 3 and 4 have either nonphy-
siological (Subject 4) or atypically low (Subject 3) CMRO2
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responses associated with the visual task. In these two
subjects, M values estimated with combined hypercapnia
and hyperoxia were larger than those estimated using the
other two methods. In the case of subject 3, the M value
from HO-HC was about 1% higher than with the other
two methods and this led to the estimation of a CMRO2

value around 17.5%, much closer to the expected range
(between 15 and 35%) than the values of 6.7 and 8.7%
found by HC and HO, respectively. In Subject 4, the very
high estimate for M obtained by HO-HC (12.6%) is how-
ever the only value for M that, when coupled with the
task-related signal changes in CBF and BOLD, yields a
plausible CMRO2 estimate (21.7% as opposed to 7.9 or -
30.8% for HC and HO, respectively). Furthermore, this
high M value is within the range of values reported in
previous studies [Perthen et al., 2008] and is not inconceiv-
able for an individual endowed with unusually prominent
venous anatomy.

Limitations of the Study

Breathing manipulations

High inspired CO2 concentrations are known to be asso-
ciated with air hunger and dyspnea [Banzett et al., 1996].
In the present study, we used 7% CO2 for both the HC
and HO-HC conditions. While this CO2 content is some-
what higher than the 5% CO2/air mixture often used in
the calibrated fMRI literature, it was chosen here to ensure
high flow increases and venous saturation levels. The dis-
comfort associated with this CO2 concentration was, fur-
thermore, found to be mild with an average discomfort
rating of 2.1 � 0.6 on a seven-point scale [Banzett et al.,
1996]. In the future, the high flow and BOLD signal
responses measured with combined hypercapnia and
hyperoxia could be utilized, in frail populations, to reduce
CO2 concentrations while achieving sufficient BOLD and
ASL signal levels for adequate sensitivity.

Previous studies have, for similar fixed inspired gas con-
centrations, detected higher end-tidal values during hyper-
oxia [Bulte et al., 2007; Chiarelli et al., 2007b] than those
reported here. This is probably due to air being entrained
into the partially unsealed mask used here, especially dur-
ing breathing manipulations involving CO2 and therefore
leading to increased minute ventilation. A setup allowing
the accommodation of larger breathing volumes and rates
(including a mask with a larger bag and flow regulators
allowing larger volumes to be given) would allow the
mask to be sealed and prevent contamination from room
air. This would be desirable as it would provide higher
oxygenation increases for the same inspired gas O2 and
CO2 gas concentrations. However the validity of the meth-
ods presented here depends only on the ability to accu-
rately record the evoked changes in end-tidal O2 and CO2,
which is ensured by instructing subjects to exhale through
their nose and sampling via an indwelling nasal cannula.
The requirement for breathing through the nose could be

removed in future patient studies using a more closely
sealed mask and the use of a one-way valve to prevent
mixing of inspired and expired gases.

M value confounds

The dual-echo pCASL technique used here gave reliable
flow and BOLD estimates in the gray matter that allowed
the GCM to provide consistently plausible M values. The
relatively higher noise levels in flow and BOLD signal
changes measured in white matter voxels however yield
clearly invalid estimates of M and CMRO2. This technique
(like the pure hypercapnia and hyperoxia methods) is thus
not currently suitable for calculating maximal BOLD signal
or CMRO2 in white matter.

Because of the low spatial resolution, bias in flow and
BOLD estimates from partial volume effects is clearly a
concern at the interfaces between gray matter and white
matter or cerebrospinal fluid. Inspection of the M parame-
ter maps indicates that there is indeed a zone in which M
falls smoothly to zero along the gray-white matter inter-
face. Parameter estimates in regions of homogeneous gray
matter are thus likely to be more quantitative. Also, cau-
tion is needed when interpreting the M values that appear
to fall in pure white matter as seen in Figure 3, since these
in fact arise from a partial volume effect of adjacent slices
during the resampling of the functional data to the ana-
tomical resolution.

A potential advantage of the combined hyperoxia and
hypercapnia calibration is the reduced dependence on the
assumptions of a fixed flow-volume coupling relationship
and that CMRO2 does not change during changes in arte-
rial O2 or CO2 levels [Chen et al., 2010a; Hino et al., 2000;
Horvath et al., 1994; Jones et al., 2005; Kety et al., 1948;
McPherson et al., 1991; Xu et al., 2011; Zappe et al., 2008].
This can be appreciated by considering the limiting case in
which concurrent flow and oxygenation increases drive ve-
nous O2 saturation to 100%. Under such conditions, ve-
nous blood volume is no longer relevant since venous
blood does not contain any deoxygenated hemoglobin.
Moreover if venous oxygenation is driven to 100%, this
means that all metabolic oxygen consumption has been
satisfied by a combination of O2 carried on hemoglobin
and dissolved in blood plasma, regardless of whether
CMRO2 was constant during the calibration. While this is
not the case for the submaximal values of venous satura-
tion achieved in the present study, it is clear that the influ-
ence on M of systematic errors in the CBV term (estimated
from CBF) and CMRO2 change (assumed to be zero) must
become progressively smaller with increasing venous satu-
ration (ultimately having no effect at 100% saturation as
mentioned above). The group average venous saturation
during combined hyperoxia and hypercapnia in the pres-
ent study was computed to be 87% � 4% in visual cortex,
leaving relatively little deoxyhemoglobin (� 13% desatura-
tion) and thus considerably reducing the impact of venous
blood volume. A modest decrease in CMRO2 caused by
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the administered CO2 [Xu et al., 2011] would imply a
slightly higher true saturation value, with minimal effect
on the computed M value.

In the present study, the model parameters alpha and
beta were assigned the same values as in prior calibrated
MRI literature (e.g. Davis, Chiarelli), [Chiarelli et al.,
2007b; Davis et al., 1998]. While the purpose here was to
highlight the different model formulations, it should be
noted that recent studies have attempted to refine these
parameters to values that more specifically reflect venous
blood volume and its regional variations (alpha), and
more realistically describe the concentration-relaxation
behavior applicable in gradient-echo EPI at 3 Tesla (beta),
[Buxton, 2010; Chen et al., 2009a,b; Mark et al., 2011]. As
noted above, the higher venous saturation values attained
during combined HO-HC reduce the impact of slight mis-
specifications of alpha and beta.

CONCLUSION

The combined hypercapnia and hyperoxia procedure
with the generalized model was found to yield M values
that were robust at the individual voxel level and consist-
ent with the lower bound determined in a previous study
in which M was determined during near-complete arterial-
ization of venous blood.

The combined sources of increased venous saturation, in
conjunction with the added stability of the GCM over pre-
vious models, allow a more robust estimation of M, with a
reduced range of extrapolation. We believe that this pro-
vides more accurate and robust estimates of stimulus-
evoked increases in CMRO2 than previous methods.
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APPENDIX

The Davis, Chiarelli, and generalized models all use the
same basic expression, originally derived by Davis, to
compute the resting BOLD signal M from CBF and BOLD
changes measured during a respiratory manipulation:

M ¼
DBOLD
BOLD0

1� CBV
CBV0

� �
½dHb�
½dHb�0

� �b
:

(9)

All approaches use Grubb’s relation to model the
change in venous cerebral blood volume:

CBV

CBV0
¼ CBF

CBF0

� �a

(10)

where the exponent a may be assigned a value of 0.38 as
in the original Grubb study, or an alternate value to better
reflect the venous portion of blood volume [Chen et al.,
2009a,b].
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Where the models differ is in how they express the
baseline-normalized concentration of deoxygenated hemo-
globin (dHb) in Eq. (9). To consider how the models differ,
we introduce the variable D to represent this dHb term:

D ¼ ½dHb�
½dHb�0

(11)

In the discussion that follows, we will use the term
desaturation to describe the fraction of hemoglobin that is
deoxygenated (equivalent to one minus the saturation
expressed as a decimal fraction). We can now proceed to
analyze the different models.

Davis Model With Hypercapnia Manipulation

We start by considering the original Davis model, which
was intended for use with data acquired during a hyper-
capnic manipulation without changes in arterial oxygen
tension. In the Davis model, it is assumed that there is no
deoxygenated hemoglobin in arterial blood (i.e., arterial O2

saturation is 100%), and that metabolic oxygen extraction
does not change during hypercapnia. In this case the rela-
tive level of dHb can be expressed simply as

DDavis ¼ CBF0
CBF

(12)

That is, doubling CBF will reduce the venous concentra-
tion of dHb by a factor of two. There has been consider-
able discussion of whether oxygen extraction can really be
assumed to be constant during hypercapnia [Chen et al.,
2010a; Hino et al., 2000; Horvath et al., 1994; Jones et al.,
2005; McPherson et al., 1991; Zappe et al., 2008]. Moreover,
typical arterial O2 saturation values in young volunteers
are actually slightly less than 100%, and this value could
be considerably lower in individuals with impaired cardio-
pulmonary function (e.g., the elderly, respiratory patients).
Finally it is possible that arterial O2 tension will increase
during a hypercapnic manipulation, due to CO2-induced
hyperventilation.

Chiarelli Model With Hyperoxia Manipulation

The Chiarelli model was conceived for use during a
hyperoxic manipulation, during which metabolic oxygen
extraction is also assumed constant. In this formulation of
the model, the relative concentration of deoxygenated he-
moglobin is expressed as the sum of two additive terms:

DChiarelli ¼
1� 1

u½Hb� ðCaO2
� ðCaO2

j0 �OEF0ÞÞ
1� 1

u½Hb� � CaO2
j0 � ð1�OEF0Þ

 !
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

B

þ CBF0
CBF

� 1

� �
|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}

C

(13)

where u is the O2 capacity of hemoglobin in ml O2/g Hb,
[Hb] represents the concentration of hemoglobin in the

blood in g Hb/dl blood, OEF0 is the oxygen extraction
fraction at rest, and CaO2 is the total arterial oxygen con-
tent in ml O2/dl blood (determined from measurements
of end-tidal O2). The above expression groups D into two
key terms depending, respectively, on end-tidal gas meas-
ures (B) and cerebral blood flow (C). The term B repre-
sents the increase in saturation attributable directly to the
rise in arterial O2 content from breathing the hyperoxic
gas mixture, while C reflects variable dilution of venous
dHb associated with reduced CBF during hyperoxia.

Generalized Calibration Model (GCM) With

Hyperoxia and Hypercapnia

While the expression for DChiarelli above is reasonably
accurate for the small changes in CBF expected during nor-
mocapnic hyperoxia, the GCM incorporates arbitrary CBF
changes in a modified version of the B term, resulting in a
more general and accurate expression for relative deoxyhe-
moglobin concentration and obviating the need for term C.
With some reorganization, the modified expression that
distinguishes the GCM can be expressed as

DGCM ¼
CaO2

j0�OEF0
u½Hb�

1� CaO2
j0

u½Hb� ð1�OEF0Þ

0
@

1
A

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
X

CBF0
CBF

� �
þ

1� CaO2

u½Hb�

1� CaO2
j0

u½Hb� ð1�OEF0Þ

0
@

1
A

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Y

:

(14)

In the above expression, the term X is equivalent to the
hemoglobin desaturation due specifically to resting metab-
olism, expressed as a fraction of the total resting hemoglo-
bin desaturation in the venous compartment. It thus
serves to modulate the CBF term of the Davis model,
accounting for the fact that the arterial O2 saturation may
not be 100% (if resting arterial saturation is 100% then all
venous dHb comes from metabolism and the term X
reduces to unity).

The term Y, which is equivalent to the hyperoxic arterial
desaturation as a fraction of total resting venous desatura-
tion, reflects additional oxygen available from hyperoxic
arterial blood for augmenting venous saturation. During
hyperoxia, it is possible for the effective arterial desatura-
tion (the numerator in Y) to be negative, which reflects the
fact that even at 100% arterial Hb saturation, additional O2

dissolved in arterial plasma will eventually bind to venous
dHb (thus reducing the venous desaturation). If the total
arterial O2 content during the respiratory manipulation
corresponds exactly to 100% saturation, then the term Y
reduces to zero.

Because the X and Y terms, respectively reduce to unity
and zero for a constant arterial O2 content corresponding
exactly to 100% arterial saturation, the GCM is equivalent
to the Davis model under the specific assumptions of that
model. The GCM is also equivalent to the Chiarelli model
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in the specific case where there is no change in CBF dur-
ing hyperoxia.

Stability of the Models During Hypercapnic

Manipulations

The largest source of error in estimates of M obtained
from hypercapnia data is the high noise level of the CBF
measurements. Because all of the models examined here
include a CBF term in the denominator of the expression
for M, moderate in CBF result in very high errors on M
due to the nonlinearity inherent in the reciprocal function.
However the degree of nonlinearity and resultant stability
under noisy CBF data vary between the different models.

Both the Davis model and GCM can be used to estimate
the resting BOLD signal based on measurements during
hypercapnia (end-tidal O2 measurements are additionally
required for the GCM). In the case where end-tidal O2

measurements indicate an unchanging arterial saturation
of exactly 100%, both models will yield identical results.
As illustrated in Figure 6A, the Davis model results in a
significant overestimation of M when CBF is sufficiently
underestimated. When the GCM is used to analyze the
same data, as shown in Figure 6A, the nonlinearity of M
with CBF underestimation is considerably less pro-
nounced. This is due to a slight attenuation of the CBF fac-
tor in DGCM from the X term (since resting arterial
saturation is slightly less than 100%) and to the damping
effect of the additive Y term (which is slightly negative
since arterial O2 content actually increases slightly due to
hyperventilation during CO2 breathing).

This finding has the interesting consequence that small,
incidental increases in arterial PaO2 during hypercapnia
may actually be advantageous (helping to stabilize the
model) if they are recorded and input to the GCM. As dis-
cussed below, the same effect accounts for the dramatic
improvement in estimation stability when the GCM is
used in conjunction with simultaneous hypercapnia and
hyperoxia.

Note that, while it is theoretically possible to apply the
Chiarelli model to measurements of hypercapnically
induced changes in CBF, BOLD, and end-tidal O2, the

resultant estimates of M are physiologically implausible
(negative for the input data used here).

Stability of the Models During Hyperoxia

Manipulations

Either the Chiarelli model or GCM can be used to com-
pute M from data acquired during a hyperoxic manipula-
tion. Figure 6B indicates that M estimates produced in this
way are also vulnerable to significant bias from measure-
ment errors on CBF, regardless of the model used. In this
case, the problem arises due to an interaction between the
lower range of flow values encountered with the hyper-
oxia manipulation and the form of the denominator for M
in Eq. (9). Moderate excursions in CBF can result in a com-
bination of terms for baseline-normalized CBV and [dHb]
which lead to division by zero. With the Chiarelli formula-
tion, this only occurs for values of baseline-normalized
CBF exceeding one. Because such values may readily arise
in noisy ASL measures of small CBF changes, a physiolog-
ically plausible fixed value is typically assumed.

Stability of GCM During Combined Hyperoxia

and Hypercapnia Manipulations

As noted above in the comparison with the Davis
model, small increases in arterial O2 content tend to mod-
erate the sensitivity of M to errors in CBF when the GCM
is used to process data from hypercapnia manipulations.
While this is a somewhat subtle effect when hypercapnia
is induced under near-normoxic conditions, the stabilizing
influence of increased arterial PaO2 becomes considerable
in a combined hyperoxia/hypercapnia manipulation due
to the influence of the additive Y term (negative) in Eq.
(14). The hypercapnia component of such manipulations
tends to reduce the term (CBF0/CBF), further increasing
the relative importance of the term based on relatively sta-
ble end-tidal measurements. These effects lead to consider-
ably lower values of D than can be achieved with
hypercapnia or hyperoxia alone. Because the term (CBV/
CBV0) in Eq. (9) is multiplied by D, low values of D also
serve to reduce the impact of uncertainty on the exact
exponent a used in Eq. (10).
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