Magnetic Resonance in Medicine 61:391–398 (2009)

Comparison of Hypercapnia-Based Calibration
Techniques for Measurement of Cerebral Oxygen
Metabolism With MRI
Daniel P. Bulte,1* Knut Drescher,1,2 and Peter Jezzard1
MRI may be used to measure fractional changes in cerebral
oxygen metabolism via a metabolic model. One step commonly
used in this measurement is calibration with image data acquired during hypercapnia, which is a state of increased CO2
content of the blood. In this study some commonly used hypercapnia-inducing stimuli were compared to assess their suitability for the calibration step. The following stimuli were investigated: (a) inspiration of a mixture of 4% CO2, 21% O2 and
balance N2; (b) 30-s breath holding; and (c) inspiration of a
mixture of 4% CO2 and 96% O2 (i.e., carbogen). Measurements
of BOLD and cerebral blood ﬂow made on nine subjects during
the different hypercapnia-inducing stimuli showed that each
stimulus leads to a different calibration of the model. We argue
that of the aforementioned stimuli, inspiration of 4% CO2, 21%
O2 and balance N2 should be preferred for the calibration as the
other stimuli produce responses that violate assumptions of the
metabolic model. Magn Reson Med 61:391–398, 2009. © 2009
Wiley-Liss, Inc.
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Obtaining structural images of the brain with MRI is a
well-established clinical tool. Functional MRI (fMRI)
methods are mostly used to localize neuronal activity, by
computing how well the measured signal ﬁts to a predicted response (1). Such approaches show “activation”
images based on the statistical signiﬁcance of the ﬁt,
thresholded at an arbitrarily level. This localization of
neuronal activity is not directly related to the magnitude of
the response (2,3). In addition, the signals that are used in
fMRI are only indirectly related to the underlying neuronal
activation. In clinical applications, however, it is of great
interest to have quantitative information about parameters
that are directly related to neuronal activation or its associated metabolic demand (4).
A mathematical model that uses MRI data to calculate
fractional changes in the cerebral metabolic rate of oxygen
consumption (CMRO2) has been proposed (5,6). The
CMRO2 response is closely related to neuronal activation
because the increased energy demand of the activated
neurons is met by an increase in the metabolic rate of O2
consumption (2). The MRI CMRO2 model requires a cali-
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bration step that effectively estimates the maximum possible BOLD fMRI signal change. Typically this is achieved
by imaging during a hypercapnia challenge in which the
CO2 content of the blood in increased, although recently
an alternative method based on hyperoxia has been suggested and shown to give a higher signal to noise ratio (7).
Hypercapnia is chosen because it is assumed that it
increases the cerebral blood ﬂow (CBF) without changing
the metabolism (i.e., the CMRO2), thereby providing ideal
conditions for the calibration, as outlined below. Several
different techniques for inducing hypercapnia have been
used in the literature, including (a) breathing CO2-enriched air (with 21% O2) (5,8 –10); (b) various breath holding tasks (11,12); and (c) breathing a CO2/O2 mixture without nitrogen (13,14). However, these techniques may not
be equally suitable for calibration of the CMRO2 model. A
study that directly compared methods (a) and (b) found
that both methods are equally suitable for the calibration
of the CMRO2 model (15), yet that study drew this conclusion from CBF measurements that are not in agreement
with those reported in references (5,8 –10). We, therefore,
studied each of these hypercapnia challenges in detail to
determine their suitability as a calibration step for CMRO2
measurements with MRI. In particular, we made simultaneous measurements of BOLD and CBF responses during
each stimulus, as well as measurements of the end-tidal
CO2 and O2 levels to determine whether the stimuli induced markedly different states and calibrations in the
subjects. The different stimuli were also compared theoretically by considering the physiological implications of
each stimulus in relation to the MRI CMRO2 model.

BACKGROUND THEORY
Model for Estimating Cerebral Oxygen Metabolism using
MRI
A model that allows a calculation of the CMRO2 from
BOLD and cerebral blood ﬂow (CBF) image data was proposed in references (5,6). Brieﬂy, Fick’s principle states
that:
CMRO 2 ⫽ CBF ⫻ 4关Hb tot兴共Y art ⫺ Y ven兲,

[1]

where [Hbtot] is the total concentration of hemoglobin in
the blood, and Yart and Yven are the O2 saturation fractions
of arterial and venous blood, respectively (2). Because Yart
⬵ 1, the concentration of deoxyhemoglobin (deoxyHb) in
the venous blood, can be interpreted as being [Hbtot] (1 ⫺
Yven), which is proportional to CMRO2/CBF. If it is assumed that the magnetic susceptibility difference between
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blood and tissue (⌬) is proportional to [deoxyHb] (5),
then:
⌬⬁CMRO 2/CBF.

[2]

Previous studies (5,16) have shown that it is possible to
empirically relate the change in effective transverse relaxation rate during neuronal activation, ⌬R*2 ⫽ ⌬共1/T*2 兲, to
the cerebral fractional blood volume (CBV) and ⌬ as:
⌬R *2⬀CBV⌬ ␤ ⫺ CBV 0⌬ 0␤,

[3]

where the “0” subscripts indicate baseline values and the
exponent parameter ␤ has been reported as 1.5 at 1.5 Tesla
(T), but is estimated to be 1.3 when scaled for its ﬁeld
dependence at 3T (17–19) for this study. By then expressing the BOLD signal equation as a Taylor expansion it is
possible to combine the above equations to give (5):
1⫺

冋 冉 冊冉

BOLD
CBV CBF
⬀
BOLD 0 CBV 0 CBF 0

⫺␤

CMRO 2
CMRO 2兩 0

冊 册
␤

⫺1 .

[4]

Grubb’s formula, given by CBV/CBV0 ⫽ (CBF/CBF0)␣
(and for which previous studies have found ␣ ⫽ 0.38)
(20 –22) may then be used to eliminate CBV/CBV0 from
Equation [4]. Deﬁning the fractional change in BOLD signal with respect to baseline as ⌬BOLD/BOLD0 ⬅ BOLD/
BOLD0⫺1, and similarly ⌬CBF/CBF0 ⬅ CBF/CBF0⫺1,
gives:

冋 冉

⌬BOLD
⌬CBF
⫽M 1⫺
⫹1
BOLD 0
CBF 0

冊 冉
␣⫺␤

CMRO 2
CMRO 2兩 0

冊册

␤

.

[5]

In this equation, M is the maximum theoretical BOLD
signal change. By inspection it may be seen that once M is
determined, it is possible to evaluate changes in CMRO2
from measurements of CBF and BOLD signal changes. To
determine this calibration constant, M, ⌬CBF/CBF0, and
⌬BOLD/BOLD0 must be recorded during some stimulus
that does not lead to a change in neuronal activation (so
that ⌬CMRO2/CMRO20 ⬅ CMRO2/CMRO20⫺1 ⫽ 0), but
does lead to changes in the CBF and BOLD signal. Such
iso-metabolic changes may be caused by hypercapnia.
During hypercapnia the BOLD signal increases due to the
CBF increases, which dilute the concentration of paramagnetic deoxyHb in the venous blood, thus providing the
necessary calibration data.

subject gave informed consent and the protocol was approved by the appropriate research ethics committee.
Stimulus Protocol
Details of the stimulus protocol are illustrated in Figure 1.
The three CO2 stimuli were (a) breathing of a mixture of
4% CO2, 21% O2 and balance N2 (“4% CO2 in air”) for
3 min, (b) repeated periods of breath holding/normal
breathing for 30 s/30 s, and (c) breathing of 96% O2 and 4%
CO2 (“carbogen”) for 3 min. Longer breath holds would
have been desirable because they would have allowed
more arterial spin labeling (ASL) images to be acquired
during the stimulus (only one ASL pair is acquired every
9 s). However, some subjects already had difﬁculties when
practicing their 30-s breath holds. To enable an estimation
of end-tidal expired O2 and CO2o at the end of the breath
hold, subjects were instructed to hold their breath after an
inspiration. Each stimulus was executed twice during the
42 min 9 s of data recording for each subject. This yielded
additional signal-to-noise and ensured that any drifts in
the apparatus would be detected. The gas stimuli were
chosen to have a duration of 3 min to be comparable to
previous studies (9). The order of stimulus presentation
was pseudo-randomized across the group so that each
subject received each stimulus during both the ﬁrst and
second half of the scan time, but in different orders across
the group, for example, abccab, cbaacb, etc.
Breath hold instructions were given by means of a visual
cue (Presentation, Neurobehavioral Systems Inc., Albany,
CA) with well-controlled timing (correct to 1 ms), which
was projected onto a screen at the end of the MRI scanner.
A 30-s count down was given for the ﬁrst breath hold in a
series of six breath holds, and a 5-s warning for the subsequent breath holds. The details of the gas delivery system are illustrated in Figure 2. Subjects wore a mask that
covered their nose and mouth (8920 Series, Hans Rudolph
Inc., Kansas City, MO), connected to a ﬁlter (A). A small
tube (B) delivered samples of the expired and inspired
gases to CO2 and O2 analyzers (not shown; Models CD-3A
and S-3A, AEI Technologies, Pittsburgh, PA). The respiratory data were recorded at intervals of 0.05 s, and showed
that there was no measurable re-breathing. Tubes C, D, E,

MATERIALS AND METHODS
A total of 13 nonsmoking healthy volunteers were recruited to the study. Of these individuals, only nine (all
male, aged 26 ⫾ 6) have been included in the study. For
the other four subjects a variety of problems were encountered that related to the demanding stimulus protocol: two
subjects experienced claustrophobia in the MRI scanner; a
third subject continuously hyperventilated such that the
level of CO2 in his blood did not increase during the
stimuli; and the fourth subject was eliminated due to head
movement that correlated with the stimulus protocol. Each

FIG. 1. A: An example time course of the stimuli, which are (a) 4%
CO2, 21% O2 and balance N2 for 3 min (“4% CO2 in air”), followed
by 3 min of normal air, (b) six periods of 30-s breath holds each
followed by a 30-s normal breathing (giving a total breath hold time
of 3 min), (c) 4% CO2 and 96% O2 (“carbogen”) for 3 min, followed
by 3 min of normal air. B: The interleaved BOLD-CBF pulse sequence during one breath hold: Every 9 s, two BOLD images are
acquired (separated by 4.5 s) as well as one CBF-“tag” and one
CBF-“control” image.
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FIG. 2. Respiratory monitoring and gas delivery system in relation to
the scanner hardware and stimulus presentation. See text for a full
description.

and F delivered the following gases: CO2/O2/N2 at 5%/
21%/74%, CO2/O2 at 5%/95%, pure O2, and normal air
with negligible CO2 content. Tubes were ﬂooded with
gases before each scan. The relative rate at which each of
these gases was delivered determined the overall gas mixture that the subject breathed. The mixture of gases was
administered at a total rate of 30 L/min (more than twice
the rate of normal inhalation of air), so that excess gases
built up in the exhaust path G and no re-breathing occurred. The ﬁve slices that were imaged are also indicated
in the ﬁgure.
Details of Pulse Sequence
Images were acquired on a 3T MRI scanner (TIM Trio,
Siemens Medical Solutions, Erlangen, Germany), using a
12-channel head radiofrequency receive coil. An interlaced BOLD/pulsed ASL sequence was used to collect
T2*-weighted conventional EPI images and macrovascular-crushed Q2TIPS (23,24) cerebral perfusion images in
the following scheme: [ASL tag image/BOLD image/ASL
control image/BOLD image]n. 281 repetitions of this cycle
(562 total BOLD and 281 ASL difference images) were
acquired per run. BOLD measurements had TR/TE ⫽ 4.5
s/32 ms, and ASL experiments had TR/TE/TI ⫽ 4.5
s/23 ms/1.4 s. In both BOLD and ASL, 5 slices were acquired per TR, with 4 ⫻ 4 ⫻ 6 mm3 voxel dimensions and
a 64⫻64 imaging matrix. MP-RAGE T1-weighted images
were acquired for registration of the EPI information to
anatomical data, with 1 ⫻ 1 ⫻ 1 mm3 voxel dimensions
and a 192 ⫻ 256 imaging matrix.
Data Analysis
The data were analyzed with tools from the FMRIB Software Library (FSL). This software (i) aligned the images
and corrected for head motion (25); (ii) extracted those
voxels that correspond to brain matter from images that
also contain the skull and skin (26); (iii) ﬁltered the time
course signal such that only frequencies with a period
shorter than 6 min were retained to reduce scanner and
subject-speciﬁc drift; and (iv) ﬁtted an expected BOLD
response curve to the BOLD data for every voxel using a
General Linear Model (27,28). The regions of interest
(ROIs) were deﬁned as all activated voxels with Z⬎3 for
the BOLD data, and Z⬎1 for the ASL data during the 4%
CO2 in air stimulus, and these 2 ROIs were then applied to
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the other 2 stimuli (BOLD ROI to BOLD data, ASL ROI to
ASL data) so that the number of voxels for each dataset
was constant. Activated voxels for each image set were
selected rather than the union or intersection so as not to
bias the results by including spurious data or omitting
signiﬁcant voxels. The thresholds were selected to create
ROIs of as similar size as possible for each sequence taking
into account the difference in SNR. The activations are
limited primarily to grey matter regions, and due to the
low SNR of the ASL data it would not be practical to
further reduce the ROIs to speciﬁc brain regions as then
the total number of voxels would be too small for an
analysis such as this. The median percentage signal
change in the ROIs was then found for each stimulus.
Using the median rather than the mean gives a lower
weighting to artifactual outlier activations.
The predicted responses were calculated by convolution
of a top-hat function of unit height (nonzero only during
the stimulus, as in Fig. 1A) with a gamma-variate hemodynamic response function, as described in reference (29).
The parameters that were used for the gamma-variate hemodynamic response function were as follows: mean lag
of 60 s and a SD of 60 s for gas stimuli, and a mean lag of
30 s and a SD of 10 s for the breath holds. Respiratory
tasks, and breath holding in particular, are known to have
stimulus correlated motion as a potential confound, thus
during the motion correction phase of the analysis, any
subject who exhibited any stimulus-correlated-motion
event of greater than 0.5 mm in the x- or y-directions or
greater than 1.0 mm in the z-direction was excluded from
the study. One volunteer exhibited head motion that correlated signiﬁcantly with the breath hold paradigm, and
their data were, therefore, excluded from further analysis.
None of the other subjects exhibited signiﬁcant head motion that correlated with breath holding, although the majority of subjects exhibited some small motions with some
of the breath holding events. Bite bars could potentially be
used to reduce the possibility of these motions acting as a
confound.
Analysis of the ASL data was split into two separate
steps. First, the region of interest was deﬁned as all activated voxels, which were identiﬁed in a similar manner to
that described above for the BOLD data, except that the
regressors were modiﬁed by including an additional term
that alternated between ⫾1 to account for the tag/control
nature of the ASL data, and the statistical threshold for
activation was lowered to Z ⫽ 1.0. This lowering accounted for the lower signal-to-noise ratio of the ASL data
compared with the BOLD data, and enabled a comparable
number of activated voxels to be produced.
Second, the ASL images were loaded into Matlab after
steps (i) and (ii) had been performed and after the ASL
difference data had been calculated. In Matlab, the median
signal change from baseline of the activated voxels was
then found by (a) computing the median signal of all
activated voxels at every time point, (b) computing the
mean of the median signal during stimulus periods and (c)
comparing this mean signal to the baseline signal to give
dS, the percent change in raw ASL difference-signal. For
the CO2 in air and breath hold epochs ⌬dS/dS is equivalent
to the ⌬CBF/CBF0 (30).
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Table 1
End Tidal Values for Oxygen and Carbon Dioxide for Each Subject During Normal Breathing and Each Gas Stimulus*
Air

4% CO2 in air

Breath hold

Carbogen

Subject
1
2
3
4
5
6
7
8
9
mean

ET CO2

ET O2

ET CO2

ET O2

ET CO2

ET O2

ET CO2

ET O2

5.15 ⫾ 0.10
5.85 ⫾ 0.18
5.40 ⫾ 0.19
5.10 ⫾ 0.17
5.63 ⫾ 0.23
5.27 ⫾ 0.37
5.30 ⫾ 0.01
5.75 ⫾ 0.19
5.38 ⫾ 0.05
5.43

15.03 ⫾ 0.45
14.35 ⫾ 0.46
15.40 ⫾ 0.45
15.63 ⫾ 0.34
14.80 ⫾ 0.91
16.10 ⫾ 0.65
16.17 ⫾ 0.15
14.83 ⫾ 0.43
16.03 ⫾ 0.06
15.37

5.98 ⫾ 0.08
6.53 ⫾ 0.05
6.45 ⫾ 0.10
6.28 ⫾ 0.15
6.68 ⫾ 0.21
6.15 ⫾ 0.26
5.70 ⫾ 0.06
6.40 ⫾ 0.32
6.35 ⫾ 0.24
6.28

15.42 ⫾ 0.33
15.10 ⫾ 0.46
15.27 ⫾ 0.36
15.38 ⫾ 0.31
15.43 ⫾ 0.51
15.83 ⫾ 0.36
16.67 ⫾ 0.15
15.57 ⫾ 0.69
16.80 ⫾ 0.55
15.72

6.22 ⫾ 0.20
6.73 ⫾ 0.24
6.63 ⫾ 0.08
6.27 ⫾ 0.20
6.60 ⫾ 0.19
6.22 ⫾ 0.19
6.13 ⫾ 0.06
6.38 ⫾ 0.08
6.23 ⫾ 0.16
6.37

12.18 ⫾ 0.88
12.37 ⫾ 0.79
12.57 ⫾ 0.79
13.03 ⫾ 0.28
13.22 ⫾ 0.53
13.82 ⫾ 0.62
13.77 ⫾ 1.67
13.48 ⫾ 0.81
14.08 ⫾ 1.31
13.17

5.60 ⫾ 0.06
5.95 ⫾ 0.05
6.03 ⫾ 0.08
5.78 ⫾ 0.10
5.98 ⫾ 0.08
5.52 ⫾ 0.26
5.83 ⫾ 0.26
6.37 ⫾ 0.16
6.65 ⫾ 0.23
5.97

78.65 ⫾ 1.42
78.23 ⫾ 3.11
79.38 ⫾ 3.79
83.63 ⫾ 0.55
90.82 ⫾ 0.53
74.93 ⫾ 1.15
57.00 ⫾ 0.57
70.48 ⫾ 1.10
94.08 ⫾ 0.81
78.58

*Values are means for the two blocks of stimulus per subject ⫾ SD. The bottom row is the mean of the tabulated mean values across all
subjects above.

The conversion from changes in ASL signal to changes
in CBF is further complicated for the data collected during
carbogen, because this stimulus changes the level of O2 in
the blood, leading to changes in the relaxation times of the
net magnetization in blood (31). Because the ASL signal
equation is sensitive to blood relaxation times (32) the
⌬CBF/CBF0 calculated in steps (i–iii) for carbogen was,
therefore, corrected as described in Bulte et al. (33).
RESULTS
The mean end tidal values for oxygen and carbon dioxide
are presented in Table 1. All three stimuli led to hypercapnia, indicated by a statistically signiﬁcant increase (P ⬍
0.05) in the percentage of end-tidal expired CO2 (which is
an indicator of the level of CO2 dissolved in the blood
(34)). The breath holds and 4% CO2 in air result in similar
end tidal CO2 levels, as designed, however, the same fraction of inspired CO2 (FiCO2) in balance oxygen results in a
lower end tidal CO2 value. This is likely due to the tendency toward hyperventilation induced by hyperoxia
which would blow off more CO2. The different effects of
each stimulus on the end tidal oxygen levels display the
signiﬁcant differences between the techniques, most notably that breath holding induces a signiﬁcant decrease in

comparison to normal air and 4% CO2 in air, whereas
carbogen induces a substantial increase.
The resulting changes in the CBF and BOLD signal with
respect to baseline are listed in Table 2 and plotted in
Figure 3. Activation in response to the different stimuli
occurred predominantly in grey matter for BOLD and CBF
images, as reported previously for gas stimuli and hypercapnia (11,29,33). Example activation maps for a single
slice from a single representative subject are shown in
Figure 4. From this it can been seen that the number of
activated voxels is of a similar order across the three conditions and between the two imaging techniques, the
trends discussed in the following paragraph can also be
discerned.
The data from the individual subjects, as well as the
intersubject mean values, showed that each hypercapnic
state had a distinctive signature: The BOLD signal change
was largest during inspiration of carbogen and smallest
during breath holding. The observed differences in ASL
signal change between the different states of hypercapnia
are less distinct than the BOLD values as a result of the low
signal-to-noise ratio in the CBF images (and the resulting
need to lower the Z-score threshold for activation as described in the data analysis section), yielding large SDs in
the calculated ⌬CBF and dS values. Nevertheless, a trend

Table 2
Fractional Changes in BOLD Signal, ASL Signal (for Carbogen Only), and CBF With Respect to Baseline in Percent for Each Stimulus*
Carbogen
Subject
1
2
3
4
5
6
7
8
9
Mean

4% CO2 in air

Breath hold (BH)

BOLD

⌬ASL

⌬CBF

BOLD

⌬CBF

BOLD

⌬CBF

3.70
4.41
2.89
4.00
4.71
2.76
3.58
4.00
4.11
3.8 ⫾ 0.65

7.70
7.70
16.30
16.30
14.00
13.60
4.40
9.88
11.12
11.22 ⫾ 4.15

19
19
28
28
27
26
15
20
23
22.78 ⫾ 4.74

2.60
1.86
2.54
2.52
2.89
2.25
2.11
2.38
2.74
2.43 ⫾ 0.32

46.00
21.10
33.20
33.50
33.30
26.20
31.34
21.28
27.90
30.42 ⫾ 7.61

1.00
⫺0.81
1.45
1.23
1.41
1.38
1.70
1.45
1.57
1.15 ⫾ 0.76

19.90
8.70
22.30
21.70
23.40
15.50
11.90
1.09
12.94
15.27 ⫾ 7.41

*In this study “carbogen” is the gas mixture of 96% O2 and 4% CO2, and “4% CO2 in air” is the gas mixture of 4% CO2, 21% O2, and balance
N2. Value and error are intersubject mean ⫾1 SD of the intersubject variation.
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in the ⌬CBF and dS of the individual subjects is present:
the ⌬CBF was smallest during breath holding and largest
during inspiration of 4% CO2 in air. In Figure 3, the line
with ⌬CMRO2/CMRO20 ⫽ 0 has been drawn (in grey). The
M value (deﬁned in Eq. [5]) used for this plot was calculated from the intersubject mean of the 4% CO2 in air
stimulus.
DISCUSSION
The results in Figure 3 obtained at 3T can be compared
with other hypercapnia studies at other ﬁeld strengths
such as those presented in Figure 5, all of which were
performed at 1.5T. These cannot be displayed on the same
set of axes as the BOLD responses (⌬R2*) are not directly
comparable at different ﬁeld strengths, however, the positions of each data point relative to the zero metabolic
change contour can be determined. The isometabolic contour for zero change in metabolism in Figure 5 was calculated using the values for 5% FiCO2 by Kastrup et al. (15).
The results of studies by Kim et al. (10), Davis et al. (5), and
Stefanovic et al. (8), although spanning a range of FiCO2
values, are all very close to the calculated ⌬CMRO2/
CMRO20 ⫽ 0% contour, as would be expected for isometabolic stimuli. Signiﬁcantly, the data from Kastrup et al.
(15) suggest that breath holding (data point marked with a
E) and inspired 5% CO2 in air (•) have the same effect on
⌬R2* and CBF within experimental error.
In the present study, there is a clear distinction between
the BOLD and CBF responses to the three different hypercapnia stimuli. To interpret exactly what the cause of these
differences is, it is essential to consider the physiological
effects of each, as well as the different effects that each will

FIG. 3. Individual subject data from Table 2 is shown. Error bars
correspond to ⫾1 SD; black, red, and blue markers correspond to
measurements during inspiration of carbogen, 4% CO2 in air, and
breath holding, respectively. The nine different markers represent
the nine different subjects. Large circles indicate the intersubject
mean of each stimulus. The gray line is a plot of Equation [5] at zero
change in CMRO2. The calibration constant M was calculated from
the intersubject mean of the 4% CO2 in air.

FIG. 4. BOLD and ASL activation maps in a single slice for a single
representative subject. The top row are the BOLD activation maps
for the three stimuli, and the bottom row are the ASL activation
maps. The scales on the right show the color range of the Z-scores
for each sequence’s results.

have on magnetization relaxation. Figure 6 shows the
mean end tidal measurements averaged across the 9 subjects and the error bars show 1 SD (these results are also
given in tabular form in Table 1). As can be seen in this
ﬁgure, all three stimuli cause an increase in the end tidal
partial pressure of carbon dioxide (PCO2) to very similar
degrees, all within experimental error, as the experiment
was designed to achieve. The signiﬁcant difference between the stimuli is only apparent upon inspection of the
end tidal oxygen levels shown in the lower panel of Figure
6. Here we can observe that although the 4% CO2 in air
causes only minimal change in the partial pressure of
oxygen (PO2), both breath holding and carbogen (off the
scale in Fig. 6) signiﬁcantly alter the measured PO2.
The mean result across all subjects from the 4% CO2 in
air stimulus was used to calculate the isometabolic curve
in Figure 3. For this stimulus, the results for all subjects lie
close to the isometabolic curve, which may be representative of the differences between subjects individual physiologies and breathing patterns. This supports the link between isometabolic changes in CBF and their effect on the
BOLD signal. As the end tidal oxygen levels for this stimulus were essentially unchanged from normal air, there
should be minimal effect on relaxation times, the BOLD
signal, or independent effects of the oxygen on ﬂow or
metabolism.
Conversely, when considering the carbogen results it is
easy to see that the large increase in PO2, causes a substantial increase in the venous saturation, resulting in a substantial additional increase in the BOLD signal. Likewise
the similar CO2 levels cause a similar increase in CBF to
the 4% CO2 in air stimulus, however, the vasoconstrictive
effect of the excess oxygen causes this response to be
slightly muted in comparison (33). The CBF changes calculated for the carbogen stimulus have taken the changes
in relaxation times due to the dissolved oxygen into account. The BOLD signal measured when using carbogen as
a stimulus thus violates the assumption that the signal
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FIG. 5. ⌬R2* versus ⌬CBF/CBF0 data from
studies at 1.5T from Stefanovic et al. (8) who
used 2% and 4% CO2 in air, Kim et al. (10)
who used 5% CO2 in air, Davis et al. (5) who
used 5% CO2 in air, and Kastrup et al. (15)
for which breath holds are marked with E,
5% CO2 in air with •. The gray line illustrates
the iso-metabolic contour for ⌬CMRO2/
CMRO20 ⫽ 0% as in Figure 3, calculated
from the 5% CO2 data by Kastrup et al.
Error bars are ⫾1 SD of the intersubject
variation.

changes are purely a result of an isometabolic change in
CBF, and so carbogen is not suitable as a calibration agent.
The most interesting result presented here is the data
from the breath hold stimulus. Our result shows the mean
breath hold response lying directly on the zero metabolism

FIG. 6. Mean end tidal measurements of carbon dioxide (top) and
oxygen (bottom), expressed as percentages of atmospheric pressure averaged across all 9 subjects, error bars represent ⫾1 SD for
the group. The oxygen result for carbogen is off the scale as shown
by the arrow, the exact vales for these are shown in Table 1.

change curve calculated using the data from the 4% CO2 in
air stimulus. Upon comparison with results from other
studies (Fig. 5), it can be seen that breath hold data by
Kastrup et al. lies similarly close to the isometabolic line,
however, the error bars show it to be statistically indistinguishable from their result for 5% CO2 in air, suggesting
that breath holding is an equivalent challenge for calibration purposes. In contrast, our results show breath holding
to be statistically different to the 4% CO2 in air stimulus.
Most importantly though, the end tidal measurements
show that the levels of PCO2 achieved during the breath
hold were equivalent to the 4% CO2 in air stimulus, which
would suggest that the BOLD and CBF responses should
have been the same. The difference between the two challenges may be revealed in the end tidal oxygen measurements which show the that breath hold challenge results
in a signiﬁcant reduction in PO2. Figure 7 shows the measured respiratory gases from a single subject during one
30-s inspiration breath hold. The increase in CO2 is apparent, however, so is the associated decrease in O2. Just as
the difference in the oxygen levels in the blood dominate
the location of the carbogen data on the BOLD-CBF plane,
so the location for the breath hold must be likewise affected. If this is the case then the decreased oxygen could
be artifactually decreasing the measured BOLD response,
which would otherwise be equivalent to the 4% CO2 stimulus. However, one would expect that a decrease in arterial PO2 (PaO2) would induce a further increase in CBF in
response, rather than a lower CBF increase.
The reason for this discrepancy is most likely the physical differences between a 3-min inspiration gas stimulus
and a series of six 30-s breath holds. The temporal response of the respiratory and vascular systems is quite
slow, it can take up to 2 min for changes in end tidal
oxygen and carbon dioxide to plateau even at mild levels
of change, and the greater the degree of change, the longer
it takes to stabilize. Also the change in partial pressures
during a breath hold are constantly changing as more CO2
is being produced and more oxygen extracted throughout
the breath hold, whereas the FiCO2 and FiO2 are constant
during a gas challenge. As a result, although the analysis of
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FIG. 7. Measured respiratory gas
traces for a single subject during
a single 30-s inspiration breath
hold, showing the measured
changes in oxygen (top) and carbon dioxide (bottom) expressed
as percentages of atmospheric
pressure, and the signiﬁcant
changes in the gases in the ﬁrst
exhalation after the breath hold.

the expired gases after a breath hold showed a similar CO2
level to the 4% gas challenge, the dynamics of both the
PCO2 and the vascular changes in response to this may
have been very different, and after only 30 s the response
is possibly never given a chance to reach the same level as
it would over 3 contiguous minutes. There is also the
possibility that the reduction in oxygen is causing a
change in metabolism, and this change is being masked
from the BOLD signal due to the signal change being
caused by changes in venous oxygen saturation.
To properly investigate the differences between short
and long duration respiratory challenges it would be necessary to use a technique called end-tidal forcing (35),
possibly combined with controlled or forced breathing,
which would drive the partial pressures to a plateau as
quickly as possible so that changes over shorter periods
could be compared fairly. Further problems of using
breath hold data for calibration of the CMRO2 model are an
increased sensitivity to head motion, and discrepancies
between whether subjects hold their breath after expiration or inspiration, where the former group will already
have a higher level of CO2 in the blood at the beginning of
the breath hold (36). It is also important to recognize the
differences between different duration breath holds. Not
only will shorter breath holds be easier to tolerate, they
will also be less susceptible to correlated head motion.
When not using a sequence like the interleaved BOLD/
ASL one used here, sufﬁcient data points may be obtained
within a shorter period (37,38); however, the degree of
change in the partial pressures of oxygen and carbon dioxide will also be reduced. As a result breath holds of
different durations cannot be directly compared.
There is also a general concern when using hypercapnia
as a calibration agent as recent work has indicated that
hypercapnia is not an isometabolic stimulus at all (39). An
alternate option is to not use hypercapnia as a calibration

step, but to use hyperoxia instead. This is a technique
introduced by Chiarelli et al. (7) which involves the inspiration of increased fractions of oxygen to alter the venous
oxygen saturation levels. The beneﬁts of this technique,
beyond the improved tolerability in comparison to hypercapnia, include the removal of the dependence on the
relatively low SNR CBF measurements, and the possibility
of using nasal cannula to deliver the oxygen. Cannulae are
more comfortable than face masks and allow for the use of
bite bars to further reduce the possibility of motion artifacts.
CONCLUSIONS
The most commonly used stimuli for inducing hypercapnia were compared to determine their suitability for calibration of the CMRO2 model. The comparison was based
on simultaneous acquisition of BOLD and ASL data during
the different stimuli. It was found that if a CO2-based
calibration method is used, the CMRO2 model should be
calibrated with measurements of BOLD signal and CBF
changes during the inspiration of CO2-enriched air. On
theoretical grounds, neither breath holding nor inspiration
of a CO2/O2 mixture without nitrogen should be used, as
both stimuli can potentially lead to BOLD signal changes
that cannot be accounted for within the CMRO2 model.
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