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Determination of Relative CMRO2 From CBF and BOLD
Changes: Significant Increase of Oxygen Consumption
Rate During Visual Stimulation
Seong-Gi Kim,1* Egill Rostrup,2 Henrik B.W. Larsson,2 Seiji Ogawa,3 and Olaf B. Paulson2
The blood oxygenation level-dependent (BOLD) effect in functional magnetic resonance imaging depends on at least partial
uncoupling between cerebral blood flow (CBF) and cerebral
metabolic rate of oxygen (CMRO2) changes. By measuring CBF
and BOLD simultaneously, the relative change in CMRO2 can be
estimated during neural activity using a reference condition
obtained with known CMRO2 change. In this work, nine subjects
were studied at a magnetic field of 1.5 T; each subject underwent
inhalation of a 5% carbon dioxide gas mixture as a reference and
two visual stimulation studies. Relative CBF and BOLD signal
changes were measured simultaneously using the flow-sensitive alternating inversion recovery (FAIR) technique. During
hypercapnia established by an end-tidal CO2 increase of 1.46
kPa, CBF in the visual cortex increased by 47.3 ⴞ 17.3%
(mean ⴞ SD; n ⴝ 9), and ⌬R*2 was ⴚ0.478 ⴞ 0.147 secⴚ1, which
corresponds to BOLD signal change of 2.4 ⴞ 0.7% with a
gradient echo time of 50 msec. During black/white visual stimulation reversing at 8 Hz, regional CBF increase in the visual
cortex was 43.6 ⴞ 9.4% (n ⴝ 18), and ⌬R*2 was ⴚ0.114 ⴞ 0.086
secⴚ1, corresponding to a BOLD signal change of 0.6 ⴞ 0.4%.
Assuming that CMRO2 does not change during hypercapnia and
that hemodynamic responses during hypercapnia and neural
stimulation are similar, relative CMRO2 change was determined
using BOLD biophysical models. The average CMRO2 change in
the visual cortex ranged from 15.6 ⴞ 8.1% (n ⴝ 18) with significant cerebral blood volume (CBV) contribution to 29.6 ⴞ 18.8%
without significant CBV contribution. A weak positive correlation between CBF and CMRO2 changes was observed, suggesting the CMRO2 increase is proportional to the CBF increase.
Magn Reson Med 41:1152–1161, 1999. r 1999 Wiley-Liss, Inc.
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It is well accepted that during increased neural activity, the
cerebral metabolism rate of glucose (CMRglu) is increased
and concurrently, cerebral blood flow (CBF) and cerebral
blood volume (CBV) are elevated (for review, see ref. 1).
CMRglu and CBF increase to a similar extent following
neural stimulation (2,3), in agreement with the close
coupling between metabolism and CBF. However, the
relative change in cerebral metabolic rate of oxygen
(CMRO2) during neural activity is still controversial. Two
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opposite views exist: one (referred to as ‘‘uncoupling’’) is
that CMRO2 change during neural activity is very small and
the other (referred to as ‘‘coupling’’) is that CMRO2 increase
and CBF/CMRglu change are of similar magnitude. The
notion of uncoupling between CBF and CMRO2 was reported by Fox et al. (2,3), who found that CBF increased by
50% during neural stimulation, while CMRO2 increased
only by 5%. When the CBF increase is higher than the
CMRO2 increase, modulation of blood oxygenation leveldependent (BOLD) contrast would be expected due to the
excess of diamagnetic oxyhemoglobin concentration in
capillaries and venous vessels (4). This phenomenon is the
basis of the most commonly used fMRI technique. BOLD
signal changes have been observed in various fMRI studies
of visual stimulation and performance of other sensory and
cognitive tasks (e.g., refs. 5–7), suggesting there is at least
partial mismatch between CBF and CMRO2. However, this
belief is not universally accepted. Tight coupling between
CBF and CMRO2 during neural stimulation has been
proposed (8). Roland and coworkers (9) observed complete
coupling between CBF and CMRO2 in the prefrontal cortex,
frontal eye fields, parietal lobe, and thalamus during pure
mental activity. Similarly, Marrett et al. (10) reported 25%
CBF and 28% CMRO2 increases in the primary visual
cortex during red/black reversing circular checkerboard
stimulation. As an extreme case, Brodersen et al. (11)
found that CBF and CMRO2 increased by 111% and 100%,
respectively, during seizure. Recently, Hyder et al. (12)
found that CMRO2 measured by 1H spectroscopy increased
by 200–400% during forepaw stimulation in rat. To examine these controversial findings regarding the relationship
between CBF and CMRO2 changes during neural stimulation, it is necessary to develop a simple MRI method that
can be easily repeated and that will faithfully reflect the
change in CMRO2.
Since BOLD is related to a mismatch between CBF and
CMRO2 increases (13,14), CMRO2 can be calculated from
BOLD and CBF measurements (15,16). To calibrate the
relationship between BOLD and CBF/CMRO2, hypercapnia
(known to provoke an increase in CBF) can be used as a
‘‘control’’ reference, assuming that there are no metabolic
changes involved in the transition to and from hypercapnia
(17–19). An additional underlying assumption is that
hemodynamic responses during neural activation and hypercapnia conditions are similar. Then, using hypercapnia
studies, oxygen consumption change can be estimated
during increased neural activity.
In this paper, we focused on two specific goals; one was
to develop a methodology for determining relative CMRO2
change from simultaneously measured CBF and BOLD,
and the other was to obtain relative CMRO2 changes during
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the well-established visual stimulation in humans. We
measured CBF and BOLD changes simultaneously during
hypercapnia and black/white visual stimulation using the
flow-sensitive alternating inversion recovery (FAIR) technique (20–23). Hypercapnia conditions in which subjects
breathed 5% CO2 gas mixture were employed to determine
the mechanism of BOLD. The CMRO2 change in the visual
cortex during visual stimulation was determined from
BOLD and CBF changes using a BOLD biophysical model
(14).
THEORY
BOLD Biophysical Model
Various theories that assess the BOLD effect in terms of
hemodynamic parameters have been presented (13,14).
According to these models (13,14), the BOLD signal can be
altered by changes in CBV and concentration of blood
deoxyhemoglobin; the latter solely depends on CBF and
CMRO2. A decrease in venous deoxyhemoglobin concentration increases the BOLD signal intensity, while an increase
in CBV decreases the BOLD signal. Since the BOLD signal
intensity is proportional to exp (⫺R*2 · TE) where R*2
(⬅ 1/T*2) is the apparent transverse relaxation rate induced
by local susceptibility effect and TE is the echo time, the
BOLD signal increase corresponds to a decrease in R*2.
Quantitatively, R*2 induced by local susceptibility effect
can be approximated in a given voxel by R*2 ⫽ ␣ · BOLD ·
(1 ⫺ y)␤, where BOLD is the part of the total venous volume
fraction that contributes to the BOLD signal, y is the venous
oxygenation level, and ␣ and ␤ are constants. BOLD varies
between imaging sequences (such as gradient-echo and
spin-echo), imaging parameters, and magnetic fields. ␣ is
related to vessel orientation, vessel size, hematocrit level,
magnetic field strength (B0), and the susceptibility difference between completely deoxygenated and completely
oxygenated blood (13,14). The power term ␤ is related to
vessel size, ranging between 1.0 and 2.0 (13,14).
Transient CBV changes cannot be measured repeatedly
using clinically approved contrast agents in humans. However, relative CBF changes can be easily measured using
arterial spin tagging techniques (20,24). CBV changes can
be obtained from CBF changes by using the relationship
between CBF and CBV changes established in monkeys
during hypercapnia (25):
⌬


⫽

1 f ⫹12
⌬f

0.38

⫺1

[1]

where ⌬/ and ⌬f/f are relative CBV and CBF changes. To
examine whether this relationship can be applied to humans during neuronal activity, we relied on previously
published positron emission tomography (PET) measurements of CBF and CBV changes during functional activity
(2,3). The calculated CBV changes obtained from measured
CBF values of 50% during visual stimulation and 29%
during somatosensory stimulation using Eq. [1] were 17%
and 9%, and they agree well with the experimental data,
16% and 7%, respectively. Thus, we assumed that Eq. [1]
can be used to calculate CBV changes during both hypercapnia and neural stimulation. In the case that blood volume
changes are not uniform across vessels with different sizes

and types, the CBV change related to BOLD signal of a
specific MR technique, ⌬BOLD/BOLD, is not the same as the
⌬/ calculated from Eq. [1]. We assume that the relative
increase in blood volume contributing to BOLD, ⌬BOLD/
BOLD, is proportional to the actual relative increase in
blood volume, ⌬/, by a constant : ⌬BOLD/BOLD ⫽  ·
⌬/.  is likely to be less than 1.0 because blood volume
increases are higher in arterial vessels than in (BOLDsensitive) venous vessels.
Defining ⌬y as the change in venous blood oxygenation
level upon neural activation and ⌬BOLD as the change in
blood volume upon activation, the apparent relaxation rate
during activation is given by ␣(BOLD ⫹ ⌬BOLD)(1 ⫺ y ⫺
⌬y)␤. Thus, change in R*2 upon activation (⌬R*2) is given by
⌬R*2 ⫽ ␣(BOLD ⫹ ⌬BOLD)(1 ⫺ y ⫺ ⌬ y)␤ ⫺ ␣BOLD(1 ⫺ y)␤.
Since the change in venous blood oxygenation level is
relatively small, the term (1 ⫺ y ⫺ ⌬y)␤ can be approximated by first-order Taylor expansion: (1 ⫺ y ⫺ ⌬y)␤ ⬇
(1 ⫺ y)␤[1 ⫺ ␤⌬y/(1 ⫺ y)]. Since contribution from a multiplication term, ⌬y/(1 ⫺ y) times ⌬BOLD, is much less than
the first-order terms, only first-order terms are included.
When ⌬R*2 is small enough, the relative increase in T*2weighted BOLD signal upon activation (⌬BOLD/BOLD) is
approximated by ⫺TE · ⌬R*2. Then, ⌬R*2 is approximately
⌬R*2 ⫽ ⫺

⫽ ⫺␣*

⌬BOLD
BOLD

·

1
TE

5 1 ⫺ y ⫺ ␤ ·  6 ⫽ ⫺␣* 5 1 ⫺ y ⫺ ␤*  6
⌬y

1 ⌬BOLD

⌬y

⌬

[2]

BOLD

where ␣* is ␣␤(1 ⫺ y)␤BOLD, and ␤* is /␤. Since ␣* is
closely related to parameters such as y, ␣* is region and
subject specific. However, ␤* is less variable than ␣*
because it is only related to vessel size. Regardless of
subjects, vessels with similar size will have the same
contribution to BOLD when the same imaging sequence is
used at a given magnetic field. Thus, ␤* is constant across
subjects (13,14).
The utilization of O2 in tissue is the arteriovenous
difference of O2 multiplied by flow, and thus CMRO2 is
dependent on CBF · (1 ⫺ y) assuming an arterial oxygen
saturation of 1.0. Using the conservation of matter, the
relative change of CMRO2 in tissue, ⌬CMRO2/CMRO2, can
be determined from the relative changes of both CBF and y
in the following manner (14):
⌬CMRO2
CMRO2

⫽

1 f ⫹ 12 · 11 ⫺ 1 ⫺ y 2 ⫺ 1.
⌬f

⌬y

[3]

Calculation of CMRO2 Change From BOLD and CBF Data
Figure 1 shows a flow chart used to calculate the constants
␣* and ␤* of the BOLD biophysical model described above
(left column) and to determine CMRO2 change during
neural stimulation using these constants (right column).
Numbers inside circles represent steps for determining
⌬CMRO2/CMRO2. From constants obtained under hypercapnic conditions (steps 1–3), ⌬CMRO2/CMRO2 can be
determined from simultaneously obtained BOLD and CBF
values during neural stimulation, using biophysical mod-
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To calculate ⌬CMRO2/CMRO2 with the obtained constants, a straightforward approach was adopted. Initially,
Eq. [1] was used to calculate ⌬/ from ⌬f/f using data
obtained during neural stimulation (step 4). Then, ⌬y/
(1 ⫺ y) was determined from BOLD and ⌬/, ␣* and ␤*
using Eq. [2] (step 5). Finally, the change in oxygen
consumption rate was calculated directly using Eq. [3]
(step 6).
MATERIALS AND METHODS
MRI Studies

FIG. 1. Scheme to calculate calibration constants (␣* and ␤*) using a
hypercapnia model and to determine relative CMRO2 changes
(⌬CMRO2/CMRO2) during mental activity. ⌬ f/f represents relative
CBF change; ⌬BOLD/BOLD, relative BOLD change; ⌬/, relative
CBV change; and ⌬y/(1 ⫺ y), relative venous oxygenation level
change. Arrows indicate directions of each calculation step. Numbers
inside circles represent steps for determining ⌬CMRO2/CMRO2.

els (steps 4–6). The underlying assumptions of this methodology are the following:
1. A major physiological source of BOLD is the susceptibility change induced by venous oxygenation level
and CBV modulations.
2. CMRO2 does not change during hypercapnia.
3. Relationships between CBF and CBV changes during
hypercapnia and neural stimulation are similar.
To calculate the constants ␣* and ␤* from hypercapnia,
two measurements are needed. We previously measured
global CBF increases and ⌬BOLD/BOLD during inhalation
of 5% and 7% CO2 gas mixtures (26). The CBF changes
were 58% and 108%, while the corresponding ⌬BOLD/
BOLD were 4.96% and 8.59% in the cortical gray matter
and 3.24% and 4.80% in the central gray matter with a TE
of 60 msec. ⌬/ calculated from Eq. [1] were 0.19 and 0.32
(step 1). ⌬y/(1 ⫺ y) values calculated using Eq. [3] were
0.37 and 0.52 (step 2). Constants ␣* and ␤* were determined using Eq. [2] (step 3); values of ␣* were 1.76 and
1.55 sec⫺1, and those of ␤* were ⫺0.07 and 0.01 for cortical
and central gray matter areas, respectively. Therefore we
assumed that ␤* ⫽ 0.0, and ␣* was determined for each
individual subject (referred to as Model 1). Since determinations of calibration constants and consequently ⌬CMRO2/
CMRO2 are closely dependent on the biophysical model
used, ⌬CMRO2/CMRO2 was also calculated by assuming
␤* ⫽ 1.0 (referred to as Model 2) (27). In this model, a
higher oxygenation level (and consequently lower oxygen
consumption rate change) than in Model 1 are required to
have the same magnitude of BOLD change. Therefore,
Model 2 gives a lower estimate of magnitude change in
oxygen consumption rate. Since we assumed that ␤*
equals either 1.0 or 0.0, only a single hypercapnia condition is needed in order to calculate ␣*.

Nine normal subjects (24.4 ⫾ 1.9 years old, six men and 3
women) were studied on a Siemens 1.5 T Vision system
with a homogenous head coil. This protocol was approved
by the local ethical committee. A 1-cm-thick oblique
imaging slice was selected along the calcarine fissure to
cover the primary visual cortex. As described previously
(15,20,21,28), the FAIR technique was used to detect CBF
and BOLD signal changes simultaneously. Typical imaging
parameters were a matrix size of 64 ⫻ 64, a field of view of
23 ⫻ 23 cm2, slice thickness of 1 cm, inversion slab of 1.9
cm, TI of 1.4 sec, TE of 50 msec, and TR of 3.16 sec. The
temporal resolution was 6.32 sec. Every subject performed
one hypercapnia and two visual stimulation studies.
For hypercapnia studies, a gas mixture with 5% CO2,
21% O2, and 74% N2 was used. FAIR images were acquired
initially during inhalation of normal atmospheric air, then
during inhalation of the CO2 gas mixture, and finally
during inhalation of atmospheric air. At each condition,
40–43 images were acquired. End-tidal CO2 levels (pCO2)
were measured continuously using a capnometer (Ohmeda, model #4700). Experimental details were previously
described (26).
For each fMRI study, four control and four stimulation
periods were alternated. In each period, 10 images were
acquired. Visual stimulation consisted of a circular black
and white checkerboard, reversing at 8 Hz. A small fixation
dot was used during whole fMRI studies. Typically two
studies were performed during inhalation of atmospheric
air; one before and one after hypercapnia.
Data Analysis
Images of 64 ⫻ 64 matrix size were interpolated to 128 ⫻
128. FAIR images were obtained from subtraction of nonslice-selective IR images from slice-selective IR images
(15,20,21,28). Since we used echoplanar imaging (EPI) for
data collection, the BOLD effect contributes to both sliceselective and non-slice-selective IR images (15,20,21,28).
BOLD change was obtained from non-slice-selective IR
images. Relative CBF change was calculated by taking into
account the BOLD effect: ⌬f/f ⫽ (1 ⫹ fractional signal
change of FAIR)/(1 ⫹ fraction signal change of BOLD) ⫺ 1.
Head motion was corrected using an automatic image
registration algorithm (29).
Functional maps were calculated using a boxcar cross
correlation method (30) with a cross-correlation threshold
of 0.3 in the STIMULATE program. Regions with less than
eight contiguous active pixels were not included (31)
because of interpolation. Since multiple comparisons were
performed, modified Bonferroni correction was performed
with a cross-correlation value of 0.3, an image number of
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80, and a minimal cluster size of 8 (32); a corresponding P
value is less than 1.1 ⫻ 10⫺6. In each subject, a region of
interest (ROI) was chosen from active pixels within the
visual cortex in CBF-weighted fMRI maps obtained before
hypercapnia. Since signal change in FAIR was not observed in areas with fast inflowing component (15,20,21),
large vessels were not included in the ROI. Within the ROI,
BOLD signals originate from capillaries and venous vessels, and nearby tissue. Two images (12.6 sec) at the start of
each period of visual stimulation and five images at the
start of each period of hypercapnia were excluded from
further analysis due to a hemodynamic response delay.
The calibration constant ␣* and CMRO2 change were
calculated on a ROI basis for quantitative analysis and on a
pixel-by-pixel basis for visualization (Fig. 1). Since the
same ROI for each subject was used for visual stimulation
and hypercapnia, CBF and BOLD changes during both
conditions were compared directly. Data are presented as
means and their standard deviations.
RESULTS
Figure 2 shows a representative result during inhalation of
5% CO2 gas mixture, which increased the end-tidal pCO2
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level from 4.47 to 5.69 kPa. An anatomic image (Fig. 2A) is
a non-slice-selective IR image with an inversion time of 1.4
sec obtained as a part of a FAIR image. The gray matter area
has less signal intensity in this T1-weighted image than the
white matter area because T1s of gray and white matter are
1.0 and 0.7 sec, respectively (33). FAIR (subtraction) images during normocapnia and hypercapnia are shown (Fig.
2B,C). Clearly, in FAIR images, signal intensity is higher in
gray than in white matter due to higher CBF and longer T1
in the gray matter area. CBF-weighted signals increased
globally during hypercapnia. Relative CBF and BOLD
maps are shown in Fig. 2D and E, respectively. Both CBF,
less evident, and BOLD changes were larger in the gray
matter than in the white matter. Areas with pronounced
BOLD signal change were located at the outer edge of the
brain. Relative CBF change within the visual cortex was
44.6% (Fig. 2D), and corresponding BOLD signal change
was 3.3% (Fig. 2E) with a gradient echo time of 50 msec.
Assuming no CMRO2 change, ⌬y/(1 ⫺ y) was 30.8% (step
2). The calibration constant ␣* within the visual cortex was
2.17 sec⫺1 using Model 1 and 4.23 sec⫺1 using Model 2
(step 3). Figure 2F shows a map of ␣* values using Model 1.
A similar spatial distribution of ␣* values was observed
when Model 2 was used.

FIG. 2. Representative hypercapnia study of one subject (#4618). A: Anatomic image with an inversion recovery time of 1.4 sec, which is a
non-slice-selective IR image as a part of the FAIR image. B and C: CBF-weighted FAIR images during breathing of atmospheric air and 5%
CO2 gas mixture, respectively. Signal intensities in B and C are 20 times less than those in A. D and E: Relative CBF and BOLD signal changes
during hypercapnia, respectively. Gray scale bar ranges from ⫺10% to 100% for CBF and from ⫺1% to 5% for BOLD, respectively. F:
Calibration constant map of ␣* using Model 1. The gray scale bar ranges from ⫺1 to ⫹6 sec⫺1. For better visualization, smoothing was
performed, and a nominal resolution is 1.6 mm.
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Average end-tidal pCO2 levels breathing atmospheric air
(normocapnia) and 5% CO2 gas mixture (hypercapnia)
were 4.89 ⫾ 0.45 and 6.35 ⫾ 0.33 kPa (n ⫽ 9), respectively.
The corresponding average CBF and BOLD increases in the
visual cortex were 47.3 ⫾ 17.3% and ⫺0.447 ⫾ 0.171 sec⫺1,
respectively (Table 1). Average ⌬y/(1 ⫺ y) was 31.3 ⫾ 7.7%.
Average ␣* determined using Model 1 was about half of
that determined using Model 2.
In all subjects, CBF increased significantly in the visual
cortex during visual stimulation. The average CBF increase
within the visual cortex was 43.6 ⫾ 9.4% (n ⫽ 18), and ⌬R*2
was ⫺0.114 ⫾ 0.086 sec⫺1 (n ⫽ 18) (Table 1). BOLD and
CBF changes measured during visual stimulation before
and after hypercapnia condition were not significantly
different (P ⬍ 0.05). Except for one subject (#d4887), CBF
was highly reproducible for each subject. While CBF
increase during hypercapnia and visual stimulation was
not different, BOLD change was much smaller during
neural stimulation than during hypercapnia (P ⬍ 6 ⫻ 10⫺6).
Two representative fMRI studies during visual stimulation
are shown in Fig. 3. CBF, BOLD, and CMRO2 maps were
compared using the same ROI. The CMRO2 maps were
calculated using Model 1 with hypercapnia-calibrated ␣*.
Red color represents high percent change in each physiological parameter. Hot spots of CBF correspond well with
those of CMRO2, while hot spots of BOLD are alienated
from those of CBF and CMRO2. To compare dynamic
responses during hypercapnia and visual stimulation, averaged CBF and BOLD time courses of all hypercapnia and
visual stimulation studies within visual cortex ROI are
shown in Fig. 4.

Individual data of ⌬f/f and ⌬R*2 during hypercapnia and
visual stimulation are shown in Table 1 and Figure 5. The
calibration constant ␣* and ⌬CMRO2/CMRO2 (shown in
Table 1) were calculated using both BOLD biophysical
models. The relative CMRO2 change calculated using
Model 1 was about twice that using Model 2. The relationship between CBF and CMRO2 changes is shown in Figure
6. A weak positive correlation was observed between
relative CBF and CMRO2 changes (r ⫽ 0.51, P ⬍ 0.05), and
a weak negative correlation was observed between BOLD
and calculated CMRO2 changes (r ⫽ 0.71, P ⬍ 0.005).

DISCUSSION
BOLD and CBF Measurements
We have successfully measured CBF and BOLD changes
simultaneously during hypercapnia and visual stimulation. During hypercapnia, the CBF change is consistent
with that measured previously using the exact same setup
by our group, 58% (26), and agrees well with earlier
reported values, 59% by Kety and Schmidt (17), and 40%
by Novack et al. (19). The ⌬R*2 change in the gray matter is
similar to that measured previously, ⫺0.83 and ⫺0.54 sec⫺1
(26). Spatial distributions of BOLD and CBF signal changes
during hypercapnia are not homogenous, similar to that
reported by Rostrup et al (26); gray matter area has higher
CBF and BOLD changes than white matter. In particular,
the outer edge of the brain has a higher BOLD signal change
than the inner gray matter area because the surface of the
cortex is more likely to have large vascular contributions.

Table 1
CBF, ⌬R2,* and ␣* During Hypercapnia, and CBF, ⌬R2,* and CMRO2 During Visual Stimulation
Visual stimulation2

Hypercapnia

Subject
ID no.

No. of
pixels1

CBF (%)

d4616

249

39.0

d4617

164

d4618

(sec⫺1)3

CBF (%)

⌬R2* (sec⫺1)

CMRO2 (%)3

⫺0.579

2.13–4.06

54.1

⫺0.564

1.61–3.27

235

44.6

⫺0.668

2.17–4.23

d4880

399

25.8

⫺0.371

1.81–3.25

d4881

394

36.2

⫺0.321

1.21–2.27

d4882

263

81.8

⫺0.210

0.47–1.08

d4883

321

56.9

⫺0.504

1.39–2.86

d4884

232

29.6

⫺0.518

2.27–4.15

d4887

303

57.6

⫺0.552

1.51–3.12

Mean4

284 (78)

47.3 (17.3)

⫺0.447 (0.171)

1.62 (0.57)–3.14 (1.01)

41.6
49.7
54.1
57.8
46.2
35.9
31.3
31.3
39.9
32.9
51.0
40.3
39.1
40.0
52.3
46.4
62.2
32.6
43.6 (9.4)

⫺0.032
⫺0.056
⫺0.022
0.014
⫺0.096
⫺0.114
⫺0.079
⫺0.159
⫺0.071
⫺0.018
⫺0.138
⫺0.192
⫺0.290
⫺0.278
⫺0.068
⫺0.200
⫺0.168
⫺0.094
⫺0.114 (0.086)

39.5–20.5
45.8–22.9
52.0–25.6
59.2–28.6
39.7–20.2
28.8–15.6
25.6–13.8
19.7–10.6
31.7–16.5
31.0–16.7
6.3–6.0
⫺17.4–⫺4.0
10.1–6.4
12.0–7.3
47.7–23.4
33.5–16.5
44.2–20.8
24.3–13.6
29.6 (18.8)–15.6 (8.1)

⌬R2*

(sec⫺1)

␣*

*Nine subjects performed hypercapnia and two visual stimulation studies before and after hypercapnia. All measurements were based on the
ROI analysis.
1ROI was obtained in the active pixels with significant signal changes of CBF during visual stimulation before hypercapnia.
2Two repeated measurements were listed separately for CBF, ⌬R ,* and CMRO during visual stimulation. The first row in each subject shows
2
2
values during stimulation before hypercapnia, and the second row shows those after hypercapnia.
3Two BOLD models were used; the first number was obtained using Model 1, and the second number was obtained using Model 2.
4Values in parentheses were standard deviations of their means.
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FIG. 3. Representative CBF (a and d), BOLD (b and e), and CMRO2 (c and f) maps of two subjects (abc for subject #d4618 and def for subject
#d4883) before hypercapnia. Only active pixels in CBF were used for calculation. Each color represents a 10% increment starting from 30% for
CBF and CMRO2 and a 0.15% increment starting from 0.5% for BOLD.

Although a vacuum pillow was employed to minimize
head motion, and images were aligned by using motion
correction method, the effect of head motion may still
contribute to BOLD and CBF. ROI with multiple pixels was

less affected by head motion than single pixel, and thus
ROI was employed here for quantitative analysis.
During black and white visual stimulation, CBF in the
visual cortex increased by 44%, which is consistent with

FIG. 4. Averaged time courses of relative CBF and BOLD changes during hypercapnia (a) and visual stimulation (b). Time courses were
obtained by averaging across all subjects. Boxes below time courses indicate hypercapnic (a) and task (b) periods.
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FIG. 5. Plot of ⌬R*2 vs. CBF changes during hypercapnia and visual
stimulation. Closed circles correspond to hypercapnia, and open
circles represent visual stimulation. Closed and open rectangles
represent means of hypercapnia and visual stimulation data, respectively. Bars indicate standard deviations. Individual data points are
tabulated in Table 1.

previous PET and fMRI studies using similar paradigms
(3,15,16,34). Active pixels in the visual cortex including
the primary and associative visual areas from CBF images
were used in determining the region of interest for each
subject. Average ⌬R*2 was ⫺0.11 sec⫺1, corresponding to a

FIG. 6. Relationship between CBF and CMRO2 changes during
visual stimulation. Open circles represent data determined from
Model 1; closed circles represent data calculated using Model 2. The
dashed line is the best fit of open circles; CMRO2 ⫽ 1.04 · CBF ⫺
15.5 (r ⫽ 0.52). The solid line is the best fit of closed circles;
CMRO2 ⫽ 0.44 · CBF ⫺ 3.63 (r ⫽ 0.51).
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0.6% change with a gradient echo time of 50 msec at 1.5 T.
This BOLD signal change is lower than values reported by
others (6,7). Since we used non-slice-selective IR images
with a typical inversion time of 1.4 sec, signal contribution
from vessels and CSF was significantly reduced by nulling
long T1 components. We acquired gradient-echo BOLD
with and without an inversion pulse in one subject (all
other parameters were the same) and found that BOLD
without the inversion pulse had a much higher percent
change than that with the inversion pulse (data not shown).
Thus, suppression of intravascular BOLD component leads
to a reduction of the observed signal change in T1-weighted
images. To suppress vascular contributions to BOLD further, bipolar crushing gradients may be used (13,35). Even
if vascular contribution is significant, the comparison
between BOLD and CBF during hypercapnia and visual
stimulation is appropriate because the same ROI and the
same imaging sequence were used.
The CBF values reported here, measured during hypercapnia and visual stimulation, agree well with those in
previous studies (3,15–17,19,26,34). However, the FAIR
technique has potential problems for accurate quantification of CBF due to effects of vascular component, mean
transit time, and water extraction fraction. Although gradient train in EPI can suppress fast moving components,
significant intravascular components will contribute to
CBF-weighted MR signals, causing an error in the measurement of relative CBF change (21,36,37). During visual
stimulation, mean transit time will shorten due to increase
of flow, overestimating relative CBF (24,36). Since water is
not freely diffusible at high flow, the water extraction
fraction will decrease when CBF increases (37). This effect
will underestimate relative CBF change by the ratio of
extraction fractions. In our previous animal studies (23),
we found that CBF measured by FAIR (without correcting
the above-mentioned components) agrees extremely well
with that measured using freely diffusible 14C-iodoantypirine at normocapnia and hypercapnia under the same
experimental condition in a rat model. This good agreement may occur because the above-mentioned effects
cancel out (23,36). Thus, these effects were not included in
the calculation of relative CBF. Since relative CBF changes
during both hypercapnia and visual stimulation are similar, errors in their quantification will not affect the accuracy of relative CMRO2 calculation.
Recently, it was reported that neural activity-induced
CBF response was influenced by hypercapnia, even long
after the cessation of hypercapnia; in animal studies during
somatosensory stimulation, CBF change was affected by
hypercapnia, while BOLD was not affected (38). To examine post-hypercapnia changes in CBF and BOLD, we
measured BOLD and CBF changes during visual stimulation before and after hypercapnia condition. The second
measurement was performed within 5 min after hypercapnia studies. The BOLD responses before and after hypercapnia were not significantly different. This is also true for
CBF. Differences of neural activity-induced CBF responses
after hypercapnia between humans and animals may be
due to (1) anesthesia used in animal models; (2) different
stimulation paradigm; and/or (3) different species.
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BOLD Biophysical Model
It was assumed that the major signal sources of BOLD are
oxygenation level and blood volume changes. In Eq. [2], a
multiplication term of CBV and oxygenation level changes
was ignored. In our case, this multiplication term was less
than 10% of combined ⌬y/(1 ⫺ y) and CBV terms. Thus,
the approximation is justified. However, if ⌬y/(1 ⫺ y) ·
⌬/ term is significant (39), ⌬R*2 should be described by
⌬R*2⫽ ⫺␣*

5 1 ⫺ y ⫺ ␤*  ⫹  1 ⫺ y ·  6 .
⌬y

⌬

⌬y

⌬

[4]

The calibration constants can be determined by multiple
CBF and BOLD measurements obtained during different
hypercapnic (pCO2) conditions; all three parameters in Eq.
[4] can be calculated by a minimum of three independent
measurements. If a steady-state condition is achieved
during the progress of hypercapnia dynamically in the MRI
time domain of seconds, dynamic BOLD and CBF data
such as those shown in Fig. 4 can be used to determine the
calibration constants. However, in our case, the dynamic
data were not well fitted to current BOLD models. Further
studies are needed to investigate whether the dynamic data
can be utilized for modeling.
In the BOLD model, relative CBV changes play an
important role. We derived CBV from CBF using the global
relationship in monkeys obtained during hypercapnic
conditions. Based on PET studies (see above), this relationship can be applied to regional changes during neural
activity. Even if this CBF-CBV relationship is applicable to
both global and regional changes, relative CBV change
contributing to BOLD is not known. The constant ␤* is
calibrated with CBV calculated from hypercapnia-induced
CBF using Eq. [1]. Then this constant is used for determining BOLD effect contributed from relative CBV change that
was calculated from neural activity-induced CBF using Eq.
[1]. Thus, the fitted constant will compensate for the error
induced by using Eq. [1] as long as CBF and CBV increases
have a monotonic relationship within the range of CBF
change. It is not critical to use Eq. [1] or other formulae
(such as ⌬/ ⫽ ␥ · ⌬f/f) if CBF changes during reference
and neural stimulation conditions are comparable.
The constant ␤* varies between 0.0 and 1.0. ␤* depends
on the vessel size, which is closely related to imaging
parameters such as gradient echo or spin echo, and magnetic field strength. In the case of ␤* ⫽ 0.0, which was
obtained from previous measurements (26), the average
regional CMRO2 change determined from CBF and BOLD
during visual stimulation was 30%, while the CBF change
was 44%. In other models, which assumed that CBV
contribution is significant (14–16), the calculated CMRO2
is approximately half of the value estimated with Model 1.
The accuracy of the calculated CMRO2 change is dependent on that of the calibration constants. Therefore, we
calculated the range of relative CMRO2 change, rather than
a single value.
No Metabolic Change During Hypercapnia
Another important assumption is that CMRO2 does not
change during hypercapnia. In human studies, CMRO2
does not change in mild hypercapnia (up to arterial blood

CO2 tension of 60 mmHg) such as from 43 to 52 mmHg (17),
from 40 to 45 mmHg (18), and from 43 to 50 mmHg (19).
According to our previous measurements with exactly the
same experimental setup, CO2 tension of arterial blood
increased from 41 to 46 mmHg during inhalation of 5%
CO2 (26). In our study we did not measure pCO2 levels
directly from arterial blood, but used end-tidal pCO2
values obtained via capnometer. End-tidal pCO2 measurements in the current studies increased from 37 to 48
mmHg. With this small increase of arterial pCO2 tension
during inhalation of 5% CO2 gas mixture, it is expected
that CMRO2 does not change, supporting the validation of
the assumption of no metabolic change during hypercapnia.
CBF-CBV Relationship During Hypercapnia
and Neural Stimulation
We assumed that CBF-CBV relationships during hypercapnia and neural activity are similar. PET data suggest that
the CBF-CBV relationship (Eq. [1]) is similar during hypercapnia and neural activity, as discussed in the Theory
section. CBF regulatory mechanisms of both conditions are
different, and thus calibration of constants using hypercapnia may not be valid for neural stimulation. However,
hypercapnia is so far the only approach for easy modulation of CBF without changing metabolism. If our assumption is not correct and accurate measurement of relative
CMRO2 change is not feasible, qualitative comparison is
still possible. For example, with similar CBF changes
during hypercapnia and visual stimulation, BOLD signal
change during neural stimulation was 25% of that during
hypercapnia (Figs. 4, 5). This suggests that mismatch of
BOLD between hypercapnia and visual stimulation is
mainly due to significant oxygen consumption increase
during visual stimulation.
CMRO2 During Visual Stimulation
We previously proposed the current approach to measure
CMRO2 change (15). Initially, we measured BOLD and CBF
changes simultaneously during visual stimulation and
finger opposition (15,28). Since we did not measure BOLD
and CBF during hypercapnia, calibration constant values
were based on simulation and physiological data reported
in the literature (15,28). Relative CMRO2 changes, 5–8%,
calculated by this method were underestimated due to the
underestimation of ␣*. During the course of our present
studies, similar studies of visual stimulation and hypercapnia were performed by others (16). CBF and BOLD signal
changes were measured separately during visual stimulation at 12 Hz. Calculated CMRO2 increased by 16 ⫾ 2%
when ␤* was assumed to be 1/1.5 based on simulation,
while CBF increased by 45% (n ⫽ 10). CBF increase was
negatively correlated to CMRO2 change (r ⫽ ⫺0.50). When
we set ␤* ⫽ 1/1.5 in our data, the resultant CMRO2 increase
was 23 ⫾ 9% (n ⫽ 18). In this report, CBF and BOLD were
measured simultaneously, not separately, reducing the
experimental time. CBF increase was positively correlated
to CMRO2 change, consistent with a conventional concept
of coupling between CBF and CMRO2 (8,9,11). Furthermore, visual stimulation was performed before and after
hypercapnia, showing that hypercapnia does not affect
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post-hypercapnia hemodynamic response during mental
activity.
CMRO2 measured by the BOLD/CBF method during
black/white visual stimulation increased between 15.6 ⫾
8.1% and 29.6 ⫾ 18.8% (n ⫽ 18). These values are higher
than the values measured by Fox et al (3) during red/black
circular checker reversing at 10 Hz, and by Ribeiro et al (34)
during black/red 8 Hz stimulation using goggles, whereas
CBF changes are similar to those obtained in these studies.
On the other hand, the ratio of 0.3–0.7 found between
CMRO2 and CBF changes agrees well with that determined
by Iida et al (40), which was 0.3 in the visual cortex during
visual stimulation (40). The wide discrepancy among
CMRO2 measurements using PET is partly due to the
de-convolution of multiple PET measurements with the
usage of different kinetic models. Furthermore, due to
technical difficulties, only a few such PET studies have
been reported (2,3,9,34). An alternative method is to use
NMR spectroscopy measuring turnover of the tricarboxylic
acid cycle after injection of 13C-labeled glucose (12). However, spatial resolution of this technique is low. The
CBF/BOLD method used here can be used to determine
relative CMRO2 changes with high spatial resolution, but
may not provide an absolute CMRO2 value. To validate the
current method, comparison of relative CMRO2 changes
measured by both imaging and PET/NMR spectroscopy
methods may be needed.
Although we did use ROI analyses for quantification, it
is interesting to compare CBF, BOLD, and CMRO2 maps on
a pixel-by-pixel basis. Spatial discrepancy between BOLD
and CBF/CMRO2 was observed, which may be due to
BOLD dependency on multiple physiological and anatomical parameters including vascular structure. For high spatial resolution studies, BOLD-based fMRI maps with a
certain threshold are more likely to contain areas with high
percentage change, which may be less active in CBF and
CMRO2-based fMRI maps. Since the extent of CBF modulation correlates well with metabolic activity (1), CBF and
CMRO2 techniques may provide a reasonably more accurate localization of neuronal activity. Thus, the fMRI
method for simultaneous acquisition of CBF and BOLD can
be used for either qualitative or quantitative high-resolution studies of CBF and CMRO2.
In summary, we have developed a methodology to
measure relative CMRO2 change from BOLD and CBF
measurements using hypercapnia as a reference in conjunction with a biophysical model of BOLD. Relative CMRO2
increased significantly during black and white visual
stimulation, and its magnitude change was 0.3–0.7 times
the CBF change. A weak positive correlation between CBF
and CMRO2 changes was observed, suggesting that the
CMRO2 increase is proportional to the CBF change.
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