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Abstract
Changes in cerebral blood flow (CBF), volume (CBV), and oxygenation (blood-oxygenation level
dependent (BOLD)) during functional activation are important for calculating changes in cerebral
metabolic rate of oxygen consumption (CMRo2) from calibrated functional MRI (fMRI). An
important part of this process is the CBF/CBV relationship, which is signified by a power-law
parameter: γ=ln (1+ΔCBV/CBV)/ln (1+ΔCBF/CBF). Because of difficulty in measuring CBF and
CBV with MRI, the value of γ is therefore assumed to be ∼0.4 from a prior primate study under
hypercapnia. For dynamic fMRI calibration, it is important to know if the value of γ varies after
stimulation onset. We measured transient relationships between ΔCBF, ΔCBV, and ΔBOLD by
multimodal MRI with temporal resolution of 500 ms (at 7.0 T) from the rat somatosensory cortex
during forepaw stimulation, where the stimulus duration ranged from 4 to 32 secs. Changes in CBF
and BOLD were measured before the administration of the contrast agent for CBV measurements in
the same subjects. We observed that the relationship between ΔCBF and ΔCBV varied dynamically
from stimulation onset for all stimulus durations. Typically after stimulation onset and at the peak
or plateau of the ΔCBF, the value of γ ranged between 0.1 and 0.2. However, after stimulation offset,
the value of γ increased to 0.4 primarily because of rapid and slow decays in ΔCBF and ΔCBV,
respectively. These results suggest caution in using dynamic measurements of ΔCBF and ΔBOLD
required for calculating ΔCMRo2 for functional stimulation, when either ΔCBV has not been
accurately measured or a fixed value of γ during hypercapnia perturbation is used.
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Introduction
For quantitative functional MRI (fMRI), the relationship between stimulus-induced changes
in cerebral blood flow (CBF) and volume (CBV) are important because changes in cerebral
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metabolic rate of oxygen consumption (CMRo2) can be calculated from calibrating the blood-
oxygenation level-dependent (BOLD) contrast (Kida et al, 2000; Hyder et al, 2001). The
relationship between ΔCBF and ΔCBV signified by γ =ln(1+ΔCBV/CBV)/ln(1+ΔCBF/CBF)
is an important part of the calibration because in many studies it is either not measured or
cannot be easily measured (e.g., in humans). Although recent human fMRI studies (Davis et
al, 1998; Kim et al, 1999; Hoge et al, 1999) have calculated ΔCMRo2 using ΔBOLD and
ΔCBF measured during stimulation, these predictions were generated using the fixed value of
γ of 0.38 obtained from a prior PET study in primates under hypercapnia (Grubb et al, 1974).
Several groups have observed different values of γ when measured by MRI and other non-MRI
methods during functional challenges as opposed to hypercapnia (Jones et al, 2001; 2002;
Mandeville et al, 1999a; Ito et al, 2001).

For dynamic fMRI calibration, it is essential to know how the value of γ varies after stimulation
onset. Very few studies have examined the transient relationships between ΔCBF and ΔCBV
because of difficulties in measuring CBF and CBV from the same subject with high temporal
resolution. For example, studies in both humans (Feng et al, 2003) and rats (Liu et al, 2004)
have reported the prediction of ΔCMRo2 by measuring high temporal resolution ΔCBF, but
had to use a fixed value of γ derived from the PET hypercapnia study. A more direct prediction
of ΔCMRo2 had been made by Mandeville et al (1999a) using MRI measurement for ΔCBV
with a superparamagnetic contrast agent and laser-Doppler flowmetry (LDF) measurement for
ΔCBF. While optical imaging techniques can measure changes in CBV (from oxy-and
deoxyhemoglobin) and CBF (from LDF) concurrently in the same subject to estimate
ΔCMRo2 (Jones et al, 2001, 2002), the approach suffers from restricted field of view of the
cortical surface (i.e., surface pial vessels) and potential partial volume effects between optical
imaging and LDF techniques. Here we measured transient relationships between stimulation-
induced ΔCBF, ΔCBV, and ΔBOLD with temporal resolution of 500 ms from the rat
somatosensory cortex in the same subjects, using multimodal MRI. A preliminary account of
this work has appeared earlier (Kida and Hyder, 2004).

Materials and Methods
Animal Preparation

Experiments were conducted on 8 male Sprague-Dawley rats (Charles River, Wilmington,
MA, USA) weighing between 220 and 260 g. Rats were initially anesthetized with 1.5%
halothane in 70%/30% N2O/O2 and then tracheotomized for artificial ventilation and
maintained on ∼1% halothane in 70%/30% N2O/O2 for all surgical procedures. A femoral
artery was cannulated with a polyethylene catheter (PE-50) to withdraw blood samples for
blood gas analysis and to monitor blood pressure. A femoral vein was cannulated with a
polyethylene catheter (PE-10) to inject contrast agent (AMI-227, Advanced Magnetics Inc.,
Cambridge, MA, USA). Intraperitoneal catheters (PE-50) were placed for the administration
of drugs. Ventilation parameters were adjusted to maintain arterial blood gas tension within
normal range for all animals in this study (pH 7.38±0.05, pCO2 38.7±5.2 mm Hg, pO2 138±28
mm Hg). The scalp was retracted and removed to reveal the skull around the bregma. A pair
of needle copper electrodes was inserted beneath the skin of the forepaw. All whiskers of rats
were cut to avoid contaminating a signal from whisker region of somatosensory. A temperature-
controlled water blanket was placed under the rat's torso to maintain body temperature (∼37°
C) throughout the experiments.

After all surgical procedures, halothane anesthesia was discontinued and anesthesia was
maintained with an 80 mg/kg intraperitoneal bolus of α-chloralose, followed by every half hour
intraperitoneal injection at 20 mg/kg, and as shown previously (Mandeville et al, 1999a,
1999b; Kida et al, 2001; 2006), maintains stable physiology for repeated scans on the same
subject. Rats were immobilized with d-tubocurarine chloride (initial 0.5 mg/kg; supplemental
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0.25 mg/kg/h; intraperitoneally). Before fMRI measurement, approximately 2 h was allowed
for clearance of halothane (Venkatasubramanian et al, 1996) after switching anesthesia to α-
chloralose. A block design of forepaw stimulation (intensity 2 mA, pulsed duration 0.3 ms,
frequency 3 Hz) was applied with different durations (4, 8, 16, and 32 secs).

MRI Experiments
All fMRI data were obtained on a modified 7.0 T horizontal-bore spectrometer (Bruker
Instruments, Billerica, MA, USA) using an 80 mm volume-coil for homogeneous transmission
and 10 mm surface-coil for local reception. Multislice gradient echo images were acquired to
adjust the fMRI slice positioning over the somatosensory cortex. After positioning, shimming
was performed manually with waterline band width of <20 Hz across a 10 mm slice.

Single-shot gradient echo echo planar imaging (EPI) for BOLD fMRI experiment were used:
data matrix=32 ×32, in-plane resolution=430 ×430 μm, slice thickness=2 mm, echo time (TE)
=20 ms, and repetition time (TR) =500 ms. Multislice fMRI data were obtained with two flip
angles, lower 20° and higher 60°, providing BOLD- and CBF-weighted data, respectively
(Smith et al, 2002; Kida et al, 2004).

The absolute CBF under resting condition was acquired with arterial spin labeling technique
(Schwarzbauer et al, 1996) using gradient echo EPI data and multiple inversion recovery times
ranging from 100 to 2000 ms to calculate slice-selective and nonslice-selective maps for
longitudinal relaxation time: slice excitation=2 mm, slice inversion= 10 mm, data matrix=32
×32, in-plane resolution= 430 ×430 μm, TE=20 ms, and TR=8 secs. A single-exponential
recovery fit to the inversion recovery time data was used to create slice-selective and nonslice-
selective tissue water longitudinal relaxation time images (Hyder et al, 2000). The BOLD data
with the two flip angles in conjunction with the arterial spin labeling data provided the
magnitude of CBF change (Kida et al, 2004).

Changes in CBV were measured by a superparamagnetic contrast agent after the CBF and
BOLD measurements. Blood volume susceptibility was raised through serial injections (2 mg/
kg ×4≈8 mg/kg) of an iron oxide contrast agent AMI-227, which remains in the intravascular
space for several hours (Kennan et al, 1998), and errors associated with this CBV technique
have been discussed in the past (Kida et al, 2000). The magnitude of CBV change was
calculated by combining the absolute and relative values of apparent transverse relaxation time
(T2*) during forepaw stimulation without and with administration of contrast agent (Kida et
al, 2000; Hyder et al, 2001). Absolute values in T2* were obtained by gradient echo EPI data
and multiple TE values ranging from 10 to 100 ms: slice excitation=2 mm, a data matrix=32
×32, in-plane resolution=430 ×430 μm, and TR=8 secs. A single-exponential fit to the TE data
provided observed values of T2*. The relative change in T2* during forepaw stimulation was
obtained from the equation, ΔS/S∼ –TE ×Δ(1/T2*), where ΔS/S is the change in the BOLD
signal and Δ(1/T2*) is the change in relaxation rate. The low flip angle BOLD data were used
for the magnitude of CBV change because inflow effects from large blood vessels are minimal
with this contrast at high field (Menon, 2002; Kida et al, 2004).

Data Analysis
All fMRI data were processed with MATLAB software and programs written in-house (Math
Works, Natick, MA, USA). For each fMRI experiment, t-statistic and ΔS/S maps were created
on a pixel-by-pixel basis from images in the prestimulation and the stimulation periods. Head
movement artifacts were identified by a center-of-mass analysis and data with movement
artifacts were discarded from analysis (Yang et al, 1998).
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High temporal resolution data for ΔBOLD (low flip angle) and ΔCBV were analyzed without
any additional postprocessing of the respective data, as shown previously (Mandeville et al,
1999a). However, the high temporal resolution CBF-weighted data were subject to a
deconvolution process with a previously measured transfer function for each given stimulus
duration, as shown previously (Kida et al, 2004), to obtain high temporal resolution data for
ΔCBF. For each rat, three or four voxels located in the middle layers of the somatosensory
cortex were selected, averaged, and compared. The chosen voxels, based on high statistical
threshold, had to be contiguous and be present for all stimulus durations in all modalities. The
peak values of ΔCBF, ΔCBV, and ΔBOLD responses were used to calculate ΔCMRo2 as
described previously (Kida et al, 2000; Hyder et al, 2001). Since the current experiments were
conducted at high field, the intravascular contributions to BOLD calibration are negligible, as
discussed previously (Kida et al, 2000; Hyder et al, 2001). All data are presented as mean=s.d.

Results
We measured ΔCBF, ΔCBV, and ΔBOLD responses to forepaw stimulation in the rat
somatosensory cortex with temporal resolution of 500 ms. Figure 1 shows the time courses of
ΔCBF, ΔCBV, and ΔBOLD for the same voxels, in a single rat, for all stimulus durations.
These time courses were averaged over three voxels, located in the central layers of the
somatosensory cortex, which showed significant changes to forepaw stimulation. The increases
in the ΔCBF and ΔBOLD reached peak levels faster than the ΔCBV. The averaged peak values
of changes in CBF, BOLD, and CBV from all stimulus duration were 98±31%, 2±1%, and 11
±4%, respectively. The greatest mismatch of time course between ΔCBF, ΔCBV, and ΔBOLD
were detected after stimulation offset: the CBF signal reached baseline levels the fastest (<5
secs); the CBV signal reached baseline levels the slowest (>30 secs); and the BOLD signal
showed a prolonged poststimulation undershoot (>20 secs). It should be noted, however, that
the contrast-to-noise ratio of the undershoot portion of the BOLD signal was lower than the
overshoot and was detected with significance by averaging across subjects (data not shown).
The slow poststimulus dynamics of CBV with MRI contrast agent, as described in the past
(Kennan et al, 1998;Mandeville et al, 1999a), is attributed to a delayed venous compliance
(Mandeville et al, 1999b). Comparison of values of ΔCMRo2 calculated with γ determined
experimentally in this study (see below) or γ set to 0.38 obtained from the prior PET study
shows that ΔCMRo2/CMRo2 has the potential to be underestimated by as much as 30% if γ is
not measured directly (data not shown).

The concurrent measurements of ΔCBF and ΔCBV in the same subjects allowed us to compare
directly the flow–volume relationship with the value of γ. Figure 2 represents the detailed
comparison between changes in CBF and CBV during the different stimulus durations from
all animals (i.e., 12 data sets from 8 rats where 4 rats had both forepaws stimulated but each
individually). Since after stimulation onset and offset ΔCBF always preceded ΔCBV, the γ
value was initially small and gradually increased. For a clearer illustration of these trends, the
time course of CBF changes was divided into three regimes, as shown in Figure 3: periods I,
II, and III represented the phases of CBF rise, CBF peak or plateau (≥4 secs), and CBF decline,
respectively. In period I, the values of γ, ranging from 0.13 to 0.17, were assessed to be
independent of the stimulus duration as the differences were not statistically significant.
Similarly in period II, the values of γ, ranging from 0.19 to 0.23, were also determined to be
independent of the stimulus duration because the differences were not statistically significant,
but absolute values increased in magnitude slightly from period I. Note that for period II, the
stimulus duration of 4 secs was not included because the peak value had not been reached. In
period III, the values of γ, ranging from 0.17 to 0.39, were found to be dependent on the stimulus
duration and the values increased as the stimulus duration increased from 4 to 32 secs. Between
the stimulus durations of 4 and 8 secs, no significant differences were found in the γ values for
the different periods I, II, and III. However, for stimulus durations of 16 and 32 secs, the values

Kida et al. Page 4

J Cereb Blood Flow Metab. Author manuscript; available in PMC 2010 April 14.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of γ increased between periods I, II, and III quite significantly (P<0.03; P<0.01, respectively).
The most marked changes were found in the 32 secs stimulation protocol between periods I to
II and II to III (P<0.01).

Discussion
In the present study, we have shown the temporal relationships between changes in CBF, CBV,
and BOLD responses to forepaw stimulation in the rat (Figure 1). Of particular importance is
the relationship between time courses of CBF and CBV (Figures 2 and 3). These dynamic
measurements are critical for the steps needed to estimate CMRo2 changes from calibrated
fMRI. The observed changes in CBF (Silva et al, 2000;Kida et al, 2004), CBV (Kennan et
al, 1998;Mandeville et al, 1999a), and BOLD (Silva et al, 1999;Kida et al, 2004) are similar
to prior observations from the rat brain made with similar MRI methods as used in this study.
However, in this study, we report the different measurements, all by MRI, in the same subject
for various stimulus durations in the α-chloralose anesthetized model.

While MRI contrast agent-based CBV method measures changes in total blood volume, it is
the venous fraction that is needed for ΔCMRo2 calculations with BOLD calibration. A first-
order assumption is that the venous fraction is the dominant factor contributing to the total
change. If the arterial fraction does contribute in the same extent as the venous fraction, then
the venous CBV contribution for the ΔCMRo2 calculations (from calibrated fMRI) would be
reduced by approximately half and which in turn would increase the value of ΔCMRo2 even
more than present estimations. In partial support of this proposal, there are recent PET (Ito et
al, 2005) and MRI (Lee et al, 2001) studies under hypercapnia, which show that the dominant
changes in the vascular bed are in the arterial side, and in addition, there is a recent suggestion
that during neural stimulation the arterial side may be quite dominant (Kim et al, 2006).

Using the steady-state BOLD model suggested by Ogawa et al (1993), several groups (Davis
et al, 1998; Hoge et al, 1999; Kim et al, 1999) have calculated ΔCMRo2 for functional
activation using ΔCBF and ΔBOLD measurements. The approach is, first, to obtain a
calibrating factor (or constant) under hypercapnia, where it is assumed that ΔCMRo2 is
negligible, by measuring ΔCBF and ΔBOLD. Similarly, ACBF and ΔBOLD are measured
again, but during functional activation. However, in both experiments, the ΔCBV is assumed
from a fixed γ value, usually 0.38. When these different ΔCBF and ΔBOLD measurements are
used together, ΔCMRo2 can be calculated during functional activation. However, the approach
with hypercapnia perturbation for calibration of fMRI must be treated with caution because
two critical assumptions are used. To obtain the calibrating factor (or constant), the approach
applies hypercapnia perturbation with the assumption that CMRo2 is unchanged (Yang and
Krasney, 1995). However, other reports have shown significant increases in CMRo2 during
hypercapnia (Hovarth et al, 1994; Berntman et al, 1978; Hemmingsen et al, 1979), although
these studies were performed under anesthesia. In addition, it is well known that there are
astrocytic enzymes that can use CO2 as an alternative energy source when it is present in
abundance (Hyder et al, 2006) and hypercapnic levels that exceed the normal CO2
arteriovenous difference, even by a few units of mm Hg, can be considered in excess of what
the tissue needs because of the high solubility of CO2 (Ursino et al, 1989a, 1989b).

If the CMRo2 increases by even 10% during mild hypercapnia, the calibrating factor may be
miscalculated, resulting in the underestimation of change in CMRo2 during functional
activation. The other assumption in this approach is that the value of γ of 0.38 obtained during
hypercapnia perturbation is fixed to calculate change in CMRo2 for functional stimulation. In
the current study, the value of γ during forepaw stimulation was found to be significantly
smaller than the value during hypercapnia. Under steady-state condition, if the value of γ of
0.38 is used for estimation of CMRo2, the ratio of changes in CMRo2 to CBF is ∼0.4 (Davis
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et al, 1998; Hoge et al, 1999; Kim et al, 1999), as opposed to when the measured values of γ
are used and the ratio is ∼0.7. It should be pointed out that the latter approach (i.e., the ratio of
changes in CMRo2 to CBF is ∼0.7) has been validated by 13C-MRS measurements previously
(Kida et al, 2000; Hyder et al, 2001). These results clearly indicate that the use of higher γ
value, that is, overestimation of changes in CBV, during functional stimulation, significantly
underestimates changes in CMRo2 by calibrating fMRI.

The value of γ during functional challenge (i.e., sensory stimulation) has been measured by
MRI and other methods in the rat. Mandeville et al (1999a) reported the values of γ ranged
from 0.18 and 0.36 using CBV changes measured by MRI contrast agents and CBF changes
measured by LDF. Recently, Jones et al (2001, 2002) have shown the values of γ ranged from
0.25 to 0.30 (i.e., for 20 secs whisker stimulation and 60 secs CO2 perturbation) using optical
imaging for CBV and LDF for CBF under similar anesthetized conditions, but slightly higher
stimulation frequency than in the present and prior MRI studies investigating flow–volume
relationship of the same model (i.e., Mandeville et al, 1999a; Silva et al, 1999). It is well known
that the dynamic CBF changes measured by LDF are quantitative (Kida et al, 2004), but it may
underestimate the actual fractional change in CBF because the technique does not allow
absolute measure of CBF (Silva et al, 1999). Thus, the value of γ may be potentially
overestimated using LDF for ΔCBF in conjunction with other methods for ΔCBV during
functional challenges. Despite these technical differences, the γ values for short stimulus
durations are comparable between our current MRI results and the prior optical studies in this
animal model. While our results are more directly applicable for rodent studies, it is valuable
to compare with some prior human studies.

A PET study has also reported smaller values of γ, ∼0.3, during visual stimulation in human
(Ito et al, 2001). More recently, a new MRI method that measures a complex mixture of oxygen
extraction and blood volume has shown CBV-related dynamics (Lu et al, 2003) mimic the time
courses of CBF. Although these variations from different studies may be, in part, because of
varied spatial resolutions for the different methods (i.e., MRI, PET, LDF, and optical imaging)
and the actual source for the measurement of CBV (i.e., hemoglobin content versus plasma
content), these studies and the current study suggest that the value of γ during functional
challenge is significantly smaller than the prior hypercapnia PET results (Grubb et al, 1974).
In part, because of these concerns and others, there has been a revived interest in developing
new MRI methods for CBV measurements, which do not completely rely on contrast agents
(Lu et al, 2003; Stefanovic and Pike, 2005; Kim and Kim, 2005). However, these methods do
not provide the temporal resolution for dynamic values of γ, but future studies will have to
address the implications of possible hematocrit changes associated with CBV measurements.
In addition, the issue of varying flow–volume relationship with the stimulus frequency (Ito et
al, 2001) has to be studied more closely in animal models.

Because the event-related fMRI studies using repeatedly short stimulus duration are widely
employed in cognitive studies, dynamic calibration of fMRI for changes in CMRo2
representing fast responses in neuronal activity requires a detailed understanding of transient
changes in CBF and CBV in conjunction with BOLD. Temporal mismatch between CBF and
CBV after stimulus offset was found for long stimulus durations, which is in agreement with
prior observations in the anesthetized rat (Mandeville et al, 1999a, 1999b) and the awake
primate (Leite et al, 2002). Since short stimulus durations of 4 secs, which is usually used in
event-related studies, indicates that the similar trend was observed in the period after onset and
offset of stimulation, the usage of the single value of γ, but smaller than traditionally used, may
be reasonable for estimation of transient changes in CMRo2. Because the steady-state BOLD
model assumes that CMRo2 is proportional to CBF and the arteriovenous oxygen difference,
the steady-state model cannot be directly applied for transient changes in CMRo2 unless more
information about direct tissue oxygen measurements are used. Since dynamic changes in CBF
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and CMRo2 are mediated by oxygen transport processes (Herman et al, 2006) within the
capillary, between the capillary and the tissue, and within the tissue, new approach will be
needed for transient calibration of fMRI (Maciejewski et al, 2004).
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Figure 1.
Time courses of (a) ΔCBF, (b) ΔCBV and (c) ΔBOLD during forepaw stimulation from a
single rat. Time courses were averaged from three significant voxels in the middle layers of
the somatosensory cortex. The different colors indicate the different stimulus durations (——
4 s, —■— 8 s, —▲— 16 s, and —●— 32 s).
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Figure 2.
Detailed comparison between ΔCBF and ΔCBV for all stimulus durations in terms of the γ
value. The relationships are shown for (a) 0 to 4 s, (b) 4 to 12 s, (c) 12 to 24 s, and (d) 24 to
44 s after stimulation onset. Data were averaged over all animals (n = 12 from 8 animals). The
dotted contour lines indicate the theoretical relationship between ΔCBF and ΔCBV for different
γ values (i.e., 0.1, 0.2, 0.3, and 0.4). The different colors indicate the different stimulus
durations (—— 4 s, —■— 8 s, —▲— 16 s, and —●— 32 s).
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Figure 3.
The averaged values of γ in three periods following stimulation onset (n = 12 from 8 animals).
Periods I, II, and III represent the phases of CBF rise, CBF plateau, and CBF decline,
respectively. Note there were no γ values reported period II for the 4 s duration stimulation
because of rapid rise and fall of the signal. The different colors indicate the different stimulus
durations (filled 4 s, checkered 8 s, horizontal lines 16 s, and vertical lines 32 s).
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