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The magnitude of the blood oxygenation level-dependent (BOLD) signal depends on cerebral blood
flow (CBF), cerebral blood volume (CBV) and cerebral metabolic rate of oxygen (CMRO,). Thus, it is
difficult to separate CMRO, changes from CBF and CBV changes. To detect the BOLD signal
changes induced only by CMRO, responses without significant evoked CBF and CBV changes,
BOLD and CBYV functional magnetic resonance imaging (fMRI) responses to visual stimulation were
measured under normal and hypotension conditions in isoflurane-anesthetized cats at 4.7 T. When
the mean arterial blood pressure (MABP) decreased from 8910 to 501 mm Hg (mean=standard
deviation, n=5) by infusion of vasodilator sodium nitroprusside, baseline CBV in the visual cortex
increased by 28.4%+8.3%. The neural activity-evoked CBYV increase in the visual cortex was 10.8% =
3.9% at normal MABP, but was negligible at hypotension. Positive BOLD changes of +1.8%=%=0.5%
(gradient echo time=25ms) at normal MABP condition became prolonged negative changes of
—1.2%+=0.3% at hypotension. The negative BOLD response at hypotension starts approximately
1 sec earlier than positive BOLD response, but similar to CBV change at normal MABP condition.
Our finding shows that the negative BOLD signals in an absence of CBV changes are indicative of an
increase in CMRO.. The vasodilator-induced hypotension model simplifies the physiological source
of the BOLD fMRI signals, providing an insight into spatial and temporal CMRO, changes.
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Introduction

Neural activity induces metabolic and hemody-
namic responses. Since the metabolic response is
possibly a better indicator of neural activity than the
hemodynamic responses, it has been of great interest
to determine spatiotemporal changes of cerebral
metabolic rate of oxygen (CMRO,). Functional
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magnetic resonance imaging (fMRI) has been used
for determining CMRO, changes (Kim and Ugurbil
1997) because the blood oxygenation level-depen-
dent (BOLD) technique is sensitive to changes in
venous oxygenation level (Ogawa et al, 1998).
Specifically, the BOLD fMRI signal can be approxi-
mately described as o Ay/(1—y)—p ACBVv; where o
and f are constants, Ay is the change in venous
oxygenation level (y) caused by the mismatch
between cerebral blood flow (CBF) and CMRO,
changes, and ACBVv is a change in venous cerebral
blood volume (CBV), respectively (Ogawa et al,
1998). It should be noted that the fractional change
in oxygen extraction fraction (OEF) is equivalent to
—Ay/(1—y). The constants « and f§ can be calibrated
by quantitative measurements of CBF, CBV, and
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CMRO, at the baseline condition (Kida et al, 2000),
or by measurements of BOLD and CBF responses
under hypercapnic conditions that are assumed to
generate BOLD signal changes purely through CBF
alterations (Davis et al, 1998; Hoge et al, 1999; Kim
et al, 1999). The fractional CMRO, change can be
obtained from venous oxygenation level and CBF
changes using the Fick’s principle, ACMRO,/
CMRO,=(1-Ay/(1-y)) x (ACBF/CBF +1)—1. How-
ever, the CMRO, change determined by fMRI studies
is widely varied, ranging from almost none
(Schwarzbauer and Heinke, 1999; Kastrup et al,
1999) to 0.8 times CBF response (Kida et al, 2000).
For example, in the human visual cortex, ratios of
CMRO, to CBF changes were reported to be 0.04
(Kastrup et al, 1999), 0.35 (Davis et al, 1998), and
approximately 0.5 (Hoge et al, 1999; Kim et al,
1999). Similarly, ratios of forepaw stimulation-
induced CMRO, to CBF changes in the rat somato-
sensory cortex are 0.3 (Mandeville et al, 1999), 0.5
(Liu et al, 2004), and 0.8 (Hyder et al, 2000). These
large variations across laboratories are partly due to
different biophysical models and calibration proce-
dures chosen. Additionally, since venous CBV
cannot be measured easily, and is typically inferred
from total CBV, an error in ACMRO,/CMRQO, estima-
tion will occur by the uncertainty of venous CBV
change (see Kim et al, 1999). Thus, it is necessary to
develop an animal model in which the evoked CBF
and CBV responses can be minimized without
changing metabolic responses and neural activities.
In this condition, dynamic changes in OEF respond-
ing to CMRO, increase can be determined directly
from BOLD fMRI with high spatial and temporal
resolution.

When blood vessels dilate significantly, any
further increase in CBF and CBV induced by neural
activity is expected to be reduced. At low blood
pressure (BP) conditions achieved by infusion of
sodium nitroprusside (SNP) as an NO-enhancing
vasodilator, baseline CBV increases by 37% at a
mean arterial blood pressure (MABP) of 44 mm Hg
(Schumann-Bard et al, 2005), while baseline CMRO,,
remains unchanged (Schumann-Bard et al, 2005;
Pinaud et al, 1989). Also, evoked neural activity and
metabolic responses during visual stimulation in the
cat visual cortex are maintained when MABP is
reduced to ~45mm Hg (Fukuda et al, 2004). We
expect that the metabolic responses in the absence
of evoked hemodynamic changes can be obtained
under hypotension using the BOLD fMRI technique.

In this study, the BOLD and CBV responses were
measured under normal and low BP conditions in
isoflurane-anesthetized cats during visual stimula-
tion. Cerebral blood volume changes were measured
by injection of a monocrystalline iron oxide nano-
particle (MION). At normal BP, positive BOLD
signals and increases in CBV were observed. At
low BP induced by infusion of SNP, CBV changes
induced by visual stimulation were minimal in the
visual cortex, and, consequently, prolonged negative
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BOLD signal changes indicative of an increase in
CMRO, were detected. It should be noted that
prolonged negative BOLD signals without changing
CBF/CBYV in this study differ from often-observed
prolonged negative BOLD signals with decreased
CBF and CBV responses (Harel et al, 2002). In our
laboratory’s companion article (Fukuda et al, 2005),
intrinsic optical imaging and neural activities were
measured in the cat visual cortex under similar
experimental conditions.

Materials and methods
Animal Preparation

All animal procedures were approved from the Institu-
tional Animal Care and Use Committee at the University
of Minnesota, and performed within the standards of care
set by the local animal care committee. Detailed animal
procedures have been reported previously (Duong et al,
2001; Harel et al, 2002; Kim et al, 2000; Zhao et al, 2004).
A total of 8 cats, weighing 750 to 1700g, were initially
anesthetized intramuscularly with a ketamine (10 to
25 mg/kg) and xylazine (2.5 mg/kg) cocktail. The animals
were then intubated and mechanically ventilated by a
Harvard ventilator (~25 to 35 strokes/min, 15 to 30 cm?®/
stroke) with 1.5% to 2.0% isoflurane anesthesia in a 7:3
mixture of N,0O:0,. Catheters were surgically placed into
the descending aorta via both femoral arteries for BP and
blood gas monitoring, and in the right femoral vein for
injection of fluid and contrast agent. For blood gas
measurements, ~0.1mL of arterial blood was withdrawn
into syringes. Arterial blood paO,, paCO, and pH were
measured using a blood gas analyzer (Radiometer America
Inc, Westlake, OH, USA). Before the magnetic resonance
(MR) experiments, blood gas paCO, was adjusted to 28 to
32mm Hg, and then end-tidal CO, (EtCO,) was continu-
ously monitored using a capnometer (Ultima, Datex-
Ohmeda, Loisiville, CO, USA) to ensure constant EtCO,
levels. Average pH was 7.37+0.05, paCO, was 30.3+
1.4mm Hg, and paO, was 199.6+13.9mm Hg (n=5
animals used for both BOLD- and CBV-weighted fMRI
studies). This physiological condition is considered to
be normal in cats (Wei and Kontos, 1982, Mitruka and
Eawnsley, 1977). End-tidal CO, and arterial BP levels
were recorded using a multi-trace recorder with a
100Hz sampling frequency (AcqgKnowledge, Biopac Sys-
tems, Santa Barbara, CA, USA). The heart rate and systolic
and diastolic BP were obtained from arterial BP data. Mean
arterial blood pressure was calculated as the sum of 2/3 of
the diastolic BP and 1/3 of the systolic BP. A rectal
temperature probe was connected to a feedback-controlled
water blanket covering the body of animal, which was
maintained at 38.0°C+0.5°C. The animal’s pupils were
dilated with a drop of atropine sulfate solution (Steris Lab,
Phoenix, AZ, USA), and the eyes were refracted and focused
on the stimulus using corrective contact lenses (Danker Lab,
Sarasota, FL, USA). The animal was placed in a custom-
designed stereotaxic frame and restrained in a cradle in a
normal postural position. During stimulation studies, the
isoflurane level was maintained at 1.0% to 1.2%.



Sodium Nitroprusside-Induced Low Blood Pressure

To dilate blood vessels, a vasodilator SNP dehydrate
(Abbott Laboratories, IL, USA) was injected intravenously.
The SNP was infused at a rate of 0.02 to 2mg/kg body
weight/h using a Harvard programmable infusion pump
(model: PHD2000). The infusion rate was dynamically
adjusted to maintain an MABP of ~50mm Hg during
~30mins. After SNP infusion was terminated, an MABP
recovered to the similar levels before the vasodilator
injection.

Visual Stimulation

A binocular 10-secs square-wave black/white moving
grating (0.15 cycle/deg, 2cycle/sec) at a specific orienta-
tion was used. During control periods, a stationary grating
pattern of identical spatial frequency and orientation was
presented. A video projector (Resonance Technology,
Northridge, CA, USA; resolution 640 x 480 pixels) was
used to project visual stimuli onto a screen positioned
~15cm from the animal’s eyes. The screen covered
approximately 37° of the animal’s visual field.

Blood Oxygenation Level-Dependent- and Cerebral
Blood Volume-Weighted Functional Magnetic
Resonance Imaging

All experiments were performed on a 4.7-T, 40-cm bore
MR imaging system (Oxford Magnet; console by Varian
Inc., Palo Alto, CA, USA) with a home-built 15-Gauss/cm
(11-cm inner diameter (ID)) gradient set. After the animal
was placed in the cradle, a surface coil (1.6-cm ID) was
positioned on top of its head corresponding approxi-
mately to Horsley—Clark AP3. Based on anatomical images
obtained using the TurboFLASH technique, a single
2-mm-thick coronal slice perpendicular to the surface of
the visual cortex was selected for the fMRI studies (Harel
et al, 2002; Zhao et al, 2004).

The single-shot gradient echo-planar imaging (EPI)
technique was used for all fMRI studies with field of
view=2 x 2cm® matrix size=64 x 64, and repetition
time = 0.5 secs. To achieve the optimal sensitivity of fMRI
studies, echo time (TE) was set to 25 ms for BOLD images
and 15ms for CBV images, respectively. The power level
of the sinc-shaped RF pulse was adjusted to maximize
signal intensity within the visual cortex. A total of 160
images were acquired for each fMRI run (60 images before
stimulation, 20 images during stimulation, and 80 images
after stimulation). Functional magnetic resonance imaging
data acquisition was synchronized with collection of
physiological data, including arterial BP and EtCO, levels.

For CBV-weighted fMRI studies, a bolus of 10mg/kg
dextran-coated MION contrast agent (Weissleder’s labora-
tory at the Massachusetts General Hospital) was injected
intravenously with ~1.5mL/kg 10% dextran solution. A
steady-state condition was reached within 10 mins after
injection (data not shown). Since the half-life time of
MION in blood is longer than 6 h in cats (Zhao et al, 2003),
CBV measurements of 68 to 83mins (from injection of
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MION to the end of CBV measurements under low BP
condition) were supposed to be performed under similar
MION concentration in blood.

The fMRI experiments were ordered as follows: BOLD
fMRI at normal BP, at low BP, and after recovery, followed
by CBV-weighted fMRI at normal BP, at low BP, and after
recovery. Blood oxygenation level-dependent- and CBV-
weighted fMRI images were acquired before and after
bolus intravenous injection of MION, respectively. To
determine changes in basal R induced by MION without
stimulation (AR3won), baseline MRI data with a TE of
15 ms were acquired before and after MION injection. For
each condition, 15 to 20 fMRI runs were averaged.

Analysis of Functional Magnetic Resonance Imaging
Data

A boxcar cross-correlation analysis (Bandettini et al, 1993)
was used to generate BOLD and CBV maps using
Stimulate software (Strupp, 1996). To have a similar
number of active pixels at normal BP condition, the
thresholds of cross-correlation coefficient (CCC) were
chosen at 0.3 for the BOLD studies and 0.5 for the CBV-
weighted fMRI studies. A minimum cluster size of four
pixels was imposed (Forman et al, 1995). All comparisons
between measurements across animals were carried out by
the region-of-interest (ROI) analysis; all activated pixels of
the initial BOLD study at normal BP within the parench-
yma of visual cortex were selected as an ROI. The same
ROI was used to obtain time courses for the BOLD- and
CBV-weighted fMRI, regardless of whether the pixels were
active under all BP conditions. A linear baseline correc-
tion was performed to minimize signal drifts induced by
unstable BP levels for all time courses. Region-of-interest-
based basal Ry changes induced by MION without any
stimulation (AR$wion) were calculated as In(Sp.e-mon/ Spost-
mion)/ TE, where Sjiomon and Sposemion are the signal
intensities before and after MION injection obtained at TE
15ms. Stimulation-induced ROI-based R3 changes in
CBV-weighted and BOLD fMRI (AR won + stim and AR siim,
respectively) were calculated as In(Scont/Ssum)/ TE, where
Secont and S.um are the average signal intensities of images
acquired during the control period before stimulation and
during the stimulation period, respectively. AR \vion + stim
is related to absolute CBV change as well as to the dose
of contrast agent, but it also includes contributions of
changes in deoxyhemoglobin (dHb). Relative CBV changes
(ACBV/CBYV) can be obtained by (AR3wmon+stim—ARS stim)/
AR¥wion (Kennan et al, 1998).

To obtain temporal dynamics of BOLD and CBV
responses, data with 0.5-sec temporal resolution were
linearly interpolated into 0.1-sec resolution. From these
interpolated time courses, time-to-peak and time points
for 10%, 50%, and 90% of peak signal changes were
determined. All data were reported as mean +standard
deviation (s.d.), and all figures were plotted as mean+
standard error of mean (s.e.m.). One-way analysis of
variance (ANOVA) with repeated measures was performed
on physiological and fMRI parameters; differences were
considered to be significant at P<0.01.
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Results

Blood Oxygenation Level-Dependent- and Cerebral
Blood Volume-Weighted Functional Magnetic
Resonance Imaging Without and With the Infusion
of Vasodilator

Among eight animals studied with the injection of
SNP, one animal was excluded because its BP could
not be maintained at a steady state. Two animals
were used in only BOLD studies. In the remaining
five animals, low BP conditions were achieved at
multiple times, allowing both BOLD- and CBV-
weighted fMRI studies in the same animal. Infusion
of SNP reduced the systolic and diastolic BP, as well
as the difference between the systolic and diastolic
BP (see Figure 1A and 1B); however, infusion at a
constant rate did not result in stable MABP levels.
The infusion rate was therefore dynamically adjus-
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ted to maintain MABP at ~50mm Hg. Table 1
summarizes the vascular physiological parameters
of the five animals under steady-state conditions
when the BOLD- and CBV-weighted fMRI data were
acquired. Heart rate did not change significantly.
Systolic, diastolic and MABP values were similar at
normal BP before the SNP infusion was initiated,
and after the infusion ceased in both the BOLD- and
CBV-weighted fMRI experiments. These parameters
decreased during infusion of SNP (P<0.01) in
both experiments. This suggests that the BOLD and
CBV measurements were performed under similar
physiological conditions, permitting direct compar-
ison between the BOLD and CBV fMRI studies.
The SNP induced an increase in baseline CBV by
28.4% +8.3% (n=5). Interestingly, baseline BOLD
signals had no significant change, which is consis-
tent with previous observation in graded hemor-
rhagic hypotension (Zaharchuk et al, 1999). The

—>

0.5 I -(.9 (.5 -(.0 -0.5 S -(.9

Figure 1 Blood oxygenation level-dependent- and CBV-weighted fMRI responses at normal and low BP conditions. (A, B) Time
courses of arterial BP obtained before, during, and after intravenous infusion of SNP, indicated by solid lines with double arrows. Two
BP modulations were performed before (A) and after (B) injection of contrast agent MION. Dashed double arrows under the BP time
courses indicate where 15 to 20 fMRI runs were averaged for obtaining fMRI maps for each condition. Cross-correlation maps of
BOLD- (C) and CBV-weighted fMRI (D) at normal BP, low BP, and recovery conditions superimposed on the corresponding original
images in the fMRI runs. Red and yellow indicate positive signal changes, while blue and purple indicate negative signal change. In
CBV-weighted fMRI, negative signal change is due to an increase in intravascular agent MION content, which is an increase in CBV.
Color bars indicate cross-correlation values. L: lateral, D: dorsal. Time courses of BOLD- (E) and CBV-weighted (F) fMRI signals for
each condition were obtained from the same ROI, regardless of whether pixels passed statistical thresholds. The ROl was selected
from all active pixels in BOLD fMRI at the normal BP condition shown in the left figure in Figure 2C. Shaded areas indicate 10-sec
stimulus duration. At low BP, stimulation-induced CBV changes were minimal and a negative BOLD signal was observed.
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Table 1 Vascular physiological variables (mean+s.d., n = 5)

BOLD studies CBV studies
Normal BP Low BP Recovery Normal BP Low BP Recovery
Systolic ABP 128.6+£6.9 64.4+7.7* 119.0+12.1 120.6+£8.9 70.0+3.4* 118.2+6.8
Diastolic ABP 82.0+9.8 38.6+2.3* 76.0+6.0 72.8+11.8 40.6+2.2* 68.6+3.1
Mean ABP 97.5+8.5 47.2+3.9* 90.3+7.3 88.7+10.4 50.4+1.4% 85.1+3.5
Heart Rate 179.8+11.9 173.6+15.3 171.2+16.4 176.0+9.4 179.0+14.4 174.6+14.4

Arterial blood pressure (ABP) is in units of mm Hg, and heart rate is beats/min. Heart rate was obtained from arterial blood pressure data. *Significant

differences (single-factor ANOVA) among the six experiments with P < 0.01.
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Figure 2 Time courses of BOLD and quantitative CBV changes at normal and low BP conditions. Blood oxygenation level-dependent
(A) and quantitative relative CBV time courses (B) were determined at normal (blue) and low (red) BP conditions. Time courses from
five animals were averaged. Relative CBV changes were determined by the correction of dHb contribution and normalization of
baseline CBV. Shaded areas indicate 10-sec stimulus duration. For better visualization, error bars are shown on only one side.

fMRI runs were acquired before, during, and after
infusion of SNP, as indicated by the double-arrow
dashed lines, before (Figure 1A) and after (Figure 1B)
MION injection. Under normal BP conditions before
and after SNP infusion, positive BOLD signal changes
(Figure 1C) were detected in the visual cortex (red/
yellow pixels). These positive signal changes became
prolonged negative BOLD signal changes (blue/
purple) at low BP. In CBV-weighted fMRI in the same
animal (Figure 2D), negative signal changes were
observed at normal BP, indicating an increase in CBV.
In contrast, at low BP, changes in CBV-weighed fMRI
signals were very small, suggesting that functional
CBV response was almost eliminated (ca. —5.5%
versus —0.5% at normal and low BP, respectively).
After SNP infusion was discontinued, BP recovered
to normal levels (see Figures 1A and 1B). In contrast
to a quick recovery of BP, functional recovery took
>1h after termination of SNP in some of the
hypotension trials, especially in the second trials
during CBV studies. It is thus most appropriate to
compare fMRI studies before and during SNP infu-
sion, because the two measurements are close in time.

Changes in Blood Oxygenation Level-Dependent and
Cerebral Blood Volume Without and With the Infusion
of Vasodilator

Figure 2 shows averaged time courses, obtained
from an ROI of BOLD (A) and quantitative relative

CBV changes (B) in five animals before (red) and
during (blue) infusion of SNP. Peak amplitude of
BOLD signal, CBV and AR} values are summarized
in Table 2. Positive BOLD changes at normal BP
became prolonged negative changes at low BP. The
relative change in CBV was 10.8% +3.9% (n=5) at
normal BP, while it was negligible (0.04% +0.42%)
at low BP (Figure 2, Table 2). The BOLD and CBV
measurements taken together lead to the conclusion
that the prolonged negative BOLD signals observed
at low BP were due to increased OEF, which
indicates a change in CMRO,. The dynamics of
OEF changes induced only by CMRO, increase can
be directly obtained from BOLD fMRI time courses
at hypotension.

To determine the temporal dynamics of BOLD
and CBV changes at normal BP and negative BOLD
changes at low BP, the peak amplitude of each
measurement was normalized to 1.0. Figure 3 shows
the normalized dynamics of the conventional posi-
tive BOLD at normal BP (red), prolonged negative
BOLD at low BP (blue), and total CBV (green)
responses at normal BP. The time to reach 10%,
50%, 90%, and 100% of the peak magnitude is
summarized in Table 2. The onset of positive BOLD
signals at normal BP was significantly slower than
negative BOLD signals at low BP and CBV at normal
BP. Prolonged negative BOLD and CBV changes
clearly started within 1sec after the onset of
stimulation (Figures 2 and 3).
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Table 2 Temporal dynamics, peak changes (%), and baseline signals of BOLD- and CBV-weighted fMRI at normal and low BP
conditions (mean+s.d., n =5)

Time to % magnitude

10% 50% 90% 100% Peak amplitude AR} amplitude Baseline signal (a.u.)
BOLD
Normal BP 2.94+0.3* 4.3+0.6* 6.1+0.8 7.8+1.2 1.8+0.5 —0.714+0.18 100
Low BP 2.0+04 4.5+0.5*% 7.940.7* 10.3+0.6* -1.24+0.3 0.47+0.14 97.8+4.6
CBV
Normal BP 1.9+0.2 3.3+0.3 6.1+0.4 7.91+0.4 10.8+3.9 4.45+2.22 49.2+11.1
Low BP — — e e 0.04+0.4 0.49+4+0.19 40.0+11.6

Times from onset of stimulation (in secs) to 10%, 50%, 90%, and 100% of the peak magnitude were calculated from time courses of five animals. Temporal
dynamics of CBV changes at low BP were not evaluated due to very small amplitudes. The peak amplitude of BOLD signal and quantitative CBV (%), AR%
induced by visual stimulation (sec™!) and original baseline MRI signals (arbitrary units) at 15 ms of TE are summarized. *Significant differences comparing the
other measurements in time to % magnitude, P < 0.01 (ANOVA).

—— BOLD normal BP
— BOLD low BP
CBY normal BP

e

0.6 4
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Normalized Signal Change (a.u.) >

T B T = T
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Time (sec) Time (sec)

Figure 3 Temporal dynamics of positive BOLD, negative BOLD, and CBV changes of tissue. Peak amplitude for each measurement
and subject was normalized to 1.0. Normalized time courses of individual animal were averaged. (A) Temporal dynamics of positive
BOLD at normal BP (red), negative BOLD at low BP (blue), and CBV at normal BP (green) changes were compared. Error bars are
shown on only one side. The shaded area indicates 10-sec stimulus duration. For better visualization, time courses between 1 sec
before and 3 secs after the onset of stimulation are shown in (B). Both negative BOLD and CBV changes start earlier than the positive
BOLD changes. a.u.: arbitrary unit.

Discussion

Our results provided two main findings. First, a
vasodilator-induced hypotension (low BP) animal
model was developed to minimize the hemo-
dynamic responses induced by visual stimulation.
Second, under hypotensive conditions, there was a
prolonged negative BOLD response during visual
stimulation. This showed that the negative BOLD
signal at low BP is mainly due to an increase in
oxygen consumption.

A Vasodilator-Induced Hypotension Functional
Magnetic Resonance Imaging Model

Under normal conditions, CBF is maintained at a
relatively constant level by the adjustment of vessel
diameters within a fairly broad range of arterial BP,
referred to as CBF autoregulation (Lassen 1959; Sato
et al, 1984). In hemorrhagic hemodilution models,
CBF starts to decrease at an MABP of ~60mm Hg.
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However, in drug-infused hypotension models CBF
remains relatively constant down to ~40mm Hg
partly because the hematocrit level is not altered
(Fitch et al, 1976; Kontos et al, 1978).

Sodium nitroprusside is widely used clinically to
reduce BP, and is known to maintain cerebral
oxidative metabolism (Endrich et al, 1987; Pinaud
et al, 1989; Schumann-Bard et al, 2005; Grubb and
Raichle, 1982) as well as extracellular fluid proton
(H+), potassium (K +) ions (Morris et al, 1983), and
low toxicity (McDowall et al, 1974). In experimental
hypotension conditions induced by SNP with a
MABP of ~50mm Hg, such as those reported
here, baseline CBV is increased by ~30%, which
is consistent with previous findings (Kontos et al,
1978; Schumann-Bard et al, 2005). Furthermore, it
has also been shown that during SNP-induced
hypotension baseline CBF is maintained (Pinaud
et al, 1989), slightly decreased, or increased
(Schumann-Bard et al, 2005) depending on the
level of MABP, type of anesthetics, and depth of



anesthesia. It was also reported that SNP-induced
hypotension with a MABP of ~40 mm Hg does not
alter CMRO, (Schumann et al, 1998, 2005). At our
experimental conditions, baseline CBF and CMRO,
(not measured) might be changed, potentially modi-
fying oxygen tensions in capillary and tissue
compartments. When MABP is reduced below the
lower limit of the auto-regulated range, evoked
neural activity might be reduced due to hypo-
tension-induced hypoxia. However, at SNP-induced
hypotension with an MABP of ~45mm Hg, the
magnitude of spiking activities and orientation
selectivity of neurons in cat visual orientation
columns are preserved (Fukuda et al, 2004, 2005),
suggesting the sufficient availability of local oxygen
transport in tissue. Furthermore, an increase in
orientation-selective  deoxyhemoglobin contents
measured by intrinsic optical imaging is maintained
at SNP-induced hypotension (Fukuda et al, 2005),
implying that CMRO, responses are intact in our
experimental conditions.

At SNP-induced hypotension conditions, nega-
tive BOLD f{MRI signals without evoked CBV
response during visual stimulation can occur by
either an increase in evoked CMRO,, and/or by an
unlikely but theoretically possible decrease in
evoked CBF. In our preliminary studies, we mea-
sured evoked CBF responses at similar hypotension
condition using a laser Doppler flowmeter and
found that the evoked CBF changes were negligible
(data not shown). Thus, we can conclude that the
negative BOLD response without concomitant CBV/
CBF changes indicates an increase in CMRO,;
consequently, this model allows direct measurement
of dynamic OEF changes resulting from metabolic
responses.

Dynamic Responses of Blood Oxygenation
Level-Dependent, Cerebral Metabolic Rate of
Oxygen and Cerebral Blood Volume

At a low BP condition, the observed negative BOLD
signal without evoked CBV response is a direct
index of OEF changes induced by CMRO, increases.
Here, we assumed that the signals originate from
capillaries and small venules, not from large drain-
ing veins. Since an arteriovenous transit time of
blood was reported to be 0.8 secs (Cox et al, 1993),
BOLD signals within the parenchyma ROI at low
BP are not convoluted by ‘slow’ vascular drainage
effects, and represent dynamic OEF changes. Even
though the OEF change can be obtained, dynamic,
quantitative CMRO, changes cannot be determined
because oxygen transport across blood and tissue
compartments, volumes of compartments, and pO,
of each compartment are unknown.

Cerebral blood volume at normal BP and negative
BOLD changes at low BP condition started right
after the onset of stimulation, and reached a 10%
of maximum-time point within 2secs, suggesting
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that initial dynamics in CBV and OEF by metabo-
lism are similar. However, caution should be taken
when comparing the dynamics of CBV and BOLD
responses because of potentially different anato-
mical sources; early CBV response occurs mostly in
arterial blood vessels (Lee et al, 2001; Woolsey et al,
1996; Vanzetta et al, 2005), while the BOLD
response is detected at venous blood vessels. With-
out knowing the transit time of blood in capillaries,
it is difficult to directly compare two different
physiological parameters.

The positive BOLD signal at normal condition
starts slower than the negative BOLD response at
low BP and peaks earlier. Since the dynamics of
BOLD is determined by CMRO, and CBF changes,
our BOLD dynamics can be explained if the CBF
response starts slower than OEF change by CMRO,
and peaks faster. According to earlier dynamic CBF-
weighted fMRI (Kim and Duong, 2002) and laser
Doppler flow measurements (Malonek et al, 1997)
in the cat visual cortex, the CBF response occurs
approximately 2 secs after the stimulation onset. This
can explain the slow start of the positive BOLD
change.

In our BOLD study at normal BP condition, the
early negative dip was extremely small. However, at
the low BP condition with minimal CBV response,
the prolonged negative BOLD signal (‘prolonged
dip’) was detected. This indicates that phase and
magnitude of the BOLD signals are closely related to
animal physiology such as paCO, and basal BP
levels (Cohen et al, 2002; Harel et al, 2002; Kim and
Duong, 2002; Martin et al, 2000). The major
difference between the current and previous studies
(Duong et al, 2000; Kim et al, 2000) is the use of
different EtCO, levels (approximately 28 to 32
versus 35 to 40mm Hg). Physiological parameters
in the previous studies (Kim et al, 2000; Duong et al,
2000) were optimized to enhance the initial dip,
while those in the current study were set to a paCO,
level of ~30mm Hg, which is normal in awake cats
(Wei and Kontos, 1982, Mitruka and Eawnsley,
1977) (see discussion and Figure 4 in Harel et al,
2002). Since the BOLD signals only induced by
metabolic responses can be detected at low BP
conditions, its spatial specificity is potentially
improved to neuronally active sites. However, due
to a limited spatial resolution, the spatial specificity
of the dip was not investigated here. Thus, it is
important to further investigate spatiotemporal
responses of the prolonged BOLD dip.

Estimation of Cerebral Metabolic Rate of Oxygen at
Steady-State Condition

Under steady-state conditions, the ACMRO,/CMRO,
induced by neural activity might be determined
from positive BOLD at normal BP and negative
BOLD at low BP. For this, we assume that baseline
OEF is same at normal and low BP conditions, and
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that baseline and stimulation-induced CBV changes
are predominant at arterial vessels (Endrich et al,
1987; Lee et al, 2001; Ito et al, 2005). Since it is
assumed that a change in venous CBV is minimal,
a change in venous oxygenation level Ay/(1-y)
can be obtained from BOLD signals: BOLD change =
o Ay/(1—y). At low BP conditions, the BOLD signal
is —1.2% without significant CBF responses. Using
the Fick’s equation ACMRO,/CMRO, =(1-Ay/(1-y))
x (ACBF/CBF +1)—1, ACMRO,/CMRO, is found to be
1.20*, where o* is 1/o. We further assume that visual
stimulation-induced ACMRO,/CMRO, is same at
low and normal BP conditions.

Under normal BP conditions, the positive BOLD
signal of 1.8% is related to an increase in venous
oxygenation level induced by the mismatch between
CBF and CMRO, changes; Ay/(1—y) is 1.8x*. Since
the CBV induced by visual stimulation is 10.8% at
normal BP, the fractional change in CBF is expected
to be ~31% according to the relationship between
CBF and CBV (Grubb et al, 1974; Lee et al, 2001). By
inserting ACMRO,/CMRO, of 1.2¢* (this assumes
that the CMRO, contribution to the BOLD signal is
the same under normal BP conditions as under low
BP conditions), Ay/(1—y) of 1.8«*, and ACBF/CBF of
0.31 into the Fick’s equation (Grubb et al, 1974), the
constant o* of 0.087 is determined and consequently
ACMRO,/CMRO, is estimated to be 10%. However,
since ACMRO,/CMRO, is sensitive to ACBF/CBF
(which was not measured here), the ratio ACMRO.,/
CMRO, to ACBF/CBF was calculated; the ratio of
~0.3 agrees reasonably well with that observed in
the human visual cortex (Davis et al, 1998; Hoge
et al, 1999; Kim et al, 1999). Our indirect CMRO,
determination relies on many unknown assump-
tions aforementioned; further studies are required,
including measurements of baseline and evoked
tissue oxygen tensions and CBF at normal and low
BP conditions.

Conclusions

We developed an animal model to isolate metabolic
responses from hemodynamic responses during
neuronal stimulation. Under SNP-induced hypo-
tensive conditions, the conventional positive BOLD
responses became a prolonged negative response
due to a suppressed hemodynamic change during
visual stimulation. Accordingly, we concluded that
the negative BOLD signals under hypotension were
indicative of the dynamics of OEF changes induced
by CMRO, increase. Changes in oxygen consump-
tion induced by neural activity were significant.
Our data showed that the magnitude and time-
to-peak of the BOLD signal are closely dependent
on the dynamics of blood flow and oxygen con-
sumption changes. The hypotension animal model
may provide an insight into how metabolic response
induced by neural activities occurs in space and
time.

Journal of Cerebral Blood Flow & Metabolism (2006) 26, 1043-1051

Acknowledgements

SG Kim thanks Drs C Iadecola, I Kanno, O Paulson,
and L Sokoloff for a helpful discussion of low blood
pressure conditions.

References

Bandettini PA, Jesmanowicz A, Wong EC, Hyde JS (1993)
Processing strategies for time-course data sets in
functional MRI of human brain. Magn Reson Med 30:
161-73

Cohen ER, Ugurbil K, Kim S-G (2002) Effect of basal
conditions on the magnitude and dynamics of the
blood oxygenation-level dependent fMRI response.
J Cereb Blood Flow Metab 22:1042—53

Cox SB, Woolsey TA, Rovainen CM (1993) Localized
dynamic changes in cerebral blood flow in rat barrel
cortex with whisker stimulation. J Cereb Blood Flow
Metab 13:899-913

Davis TL, Kwong KK, Weisskoff RM, Rosen BR (1998)
Calibrated functional MRI: mapping the dynamics of
oxidative metabolism. Proc Natl Acad Sci USA 95:
1834-9

Duong TQ, Kim D-S, Ugurbil K, Kim S-G (2000) Spatio-
temporal dynamics of the BOLD fMRI signals: toward
mapping submillimeter columnar structures using the
early negative response. Magn Reson Med 44:231-42

Duong TQ, Kim D-S, Ugurbil K, Kim S-G (2001) Localized
cerebral blood flow response at submillimeter colum-
nar resolution. Proc Natl Acad Sci USA 98:10904—9

Endrich B, Franke N, Peter K, Messmer K (1987) Induced
hypotension: action of sodium nitroprusside and
nitroglycerin on the microcirculation. A micropuncture
investigation. Anesthesiology 66:605—13

Fitch W, Ferguson GG, Sengupta D, Garibi ], Harper AM
(1976) Autoregulation of cerebral blood flow during
controlled hypotension in baboons. | Neurol Neurosurg
Psychiatry 39:1014-22

Forman SD, Cohen JD, Fitzgerald M, Eddy WF, Mintun
MA, Noll C (1995) Improved assessment of significant
activation in functional magnetic resonance imaging
(fMRI): use of a cluster-size threshold. Magn Reson Med
33:636—47

Fukuda M, Wang P, Moon CH, Tanifuji M, Kim S-G (2004)
Spatial specificity of deoxy-hemoglobin signal as
studied by optical imaging of intrinsic signals. Pro-
ceedings of the 12th ISMRM, 47

Fukuda M, Wang P, Moon CH, Tanifuji M, Kim S-G (2005)
Spatial specificity of the enhanced dip inherently
induced by prolonged oxygen consumption in cat
visual cortex: implication for columnar-resolution
functional MRI. Neuroimage (in press)

Grubb RL, Raichle ME, Eichling JO, Ter-Pogossian MM
(1974) The effects of changes in PaCO2 on cerebral
blood volume, blood flow, and vascular mean transit
time. Stroke 5:630-9

Grubb RL, Jr, Raichle ME (1982) Effects of hemorrhagic
and pharmacologic hypotension on cerebral oxygen
utilization and blood flow. Anesthesiology 56:3—8

Harel N, Lee S-P, Nagaoka T, Kim D-S, Kim S-G (2002)
Origin of negative blood oxygenation level-dependent
fMRI signals. J Cereb Blood Flow Metab 22:908-17

Hoge RD, Atkinson ], Gill B, Crelier GR, Marrett S, GB P
(1999) Linear coupling between cerebral blood flow



and oxygen consumption in activated human cortex.
Proc Natl Acad Sci USA 96:9403-8

Hyder F, Kennan RP, Kida I, Mason GF, Behar KL,
Rothman D (2000) Dependence of oxygen delivery on
blood flow in rat brain: a 7 tesla nuclear magnetic
resonance study. J Cereb Blood Flow Metab 20:485-98

Ito H, Ibaraki M, Kanno I, Fukuda H, Miura S (2005)
Changes in the arterial fraction of human cerebral blood
volume during hypercapnia and hypocapnia measured
by positron emission tomography. J Cereb Blood Flow
Metab 25:852-7

Kastrup A, Kruger G, Glover GH, Moseley ME (1999)
Assessment of cerebral oxidative metabolism with
breath holding and fMRI. Magn Reson Med 42:608—11

Kennan RP, Scanley BE, Innis RB, Gore JC (1998)
Physiological basis for BOLD MR signal changes due
to neuronal stimulation: separation of blood volume
and magnetic susceptibility effects. Magn Reson Med
40:840-6

Kida I, Kennan RP, Rothman DL, Behar KL, Hyder F (2000)
High-resolution CMRO2 mapping in rat cortex: a
multiparametric approach to calibration of BOLD image
contrast at 7 Tesla. ] Cereb Blood Flow Metab 20:847—60

Kim D-S, Duong TQ, Kim S-G (2000) High-resolution
mapping of iso-orientation columns by fMRI. Nat
Neurosci 3:164-9

Kim SG, Ugurbil K (1997) Comparison of blood oxygena-
tion and cerebral blood flow effects in fMRI: estimation
of relative oxygen consumption change. Magn Reson
Med 38:59-65

Kim S-G, Duong TQ (2002) Mapping cortical columnar
structures using fMRI. Physiol Behav 77:641—4

Kim S-G, Rostrup E, Larsson HBW, Ogawa S, Paulson OB
(1999) Simultaneous measurements of CBF and
CMRO2 changes by fMRI: significant increase of
oxygen consumption rate during visual stimulation.
Magn Reson Med 41:1152-61

Kontos HA, Wei EP, Navari RM, Levasseur JE, Rosenblum
WI, Patterson JLJ (1978) Responses of cerebral arteries
and arterioles to acute hypotension and hypertension.
Am ] Physiol (Heart Circ Physiol) 234:H371-83

Lassen NA (1959) Cerebral blood flow and oxygen
consumption in man. Physiol Rev 39:183-238

Lee S-P, Duong T, Yang G, ladecola C, Kim S-G (2001)
Relative changes of cerebral arterial and venous
blood volumes during increased cerebral blood flow:
implications for BOLD fMRI. Magn Reson Med 45:
791-800

Liu ZM, Schmidt KF, Sicard KM, Duong TQ (2004)
Imaging oxygen consumption in forepaw somatosen-
sory stimulation in rats under isoflurane anesthesia.
Magn Reson Med 52:277-85

Malonek D, Dirnagl U, Lindauer U, Yamada K, Kanno I,
Grinvald A (1997) Vascular imprints of neuronal
activity: relationships between the dynamics of cortical
blood flow, oxygenation, and volume changes follow-
ing sensory stimulation. Proc Natl Acad Sci USA 94:
14826-31

Mandeville JB, Marota JJ, Ayata C, Moskowitz MA,
Weisskoff RM, Rosen BR (1999) MRI measurement of
the temporal evolution of relative CMRO2 during rat
forepaw stimulation. Magn Reson Med 42:944-51

Martin E, Thiel T, Joeri P, Loenneker T, Ekatodramis D,
Huisman T, Hennig J, Marcar VL (2000) Effect of

Prolonged negative BOLD without CBV responses
T Nagaoka et al

pentobarbital on visual processing in man. Hum Brain
Mapp 10:132-9

McDowall DG, Keaney NP, Turner JM, Lane JR, Okuda Y
(1974) The toxicity of sodium nitroprusside. Br |
Anaesth 46:327-32

Mitruka BM, Eawnsley HM (1977) Clinical Biochemical
and Hematological Reference Values in Normal Experi-
mental Animals. New York, USA: Masson Publishing

Morris PJ, Heuser D, McDowall DG, Hashiba M, Myers D
(1983) Cerebral cortical extracellular fluid H* and K*
activities during hypotension in cats. Anesthesiology
59:10-8

Ogawa S, Menon RS, Kim S-G, Ugurbil K (1998) On the
characteristics of functional magnetic resonance ima-
ging of the brain. Annu Rev Biophys Biomol Struct
27:447-74

Pinaud M, Souron R, Lelausque JN, Gazeau MF, Lajat Y,
Dixneuf B (1989) Cerebral blood flow and cerebral
oxygen consumption during nitroprusside-induced
hypotension to less than 50mmHg. Anesthesiology
70:255-60

Sato M, Pawlik G, Heiss W (1984) Comparative studies of
regional CNS blood flow autoregulation and responses
to CO, in the cat. Effects of altering arterial blood
pressure and PaCO, on rCBF of cerebrum, cerebellum,
and spinal cord. Stroke 15:91-7

Schumann P, Touzani O, Young AR, Morello R, Baron JC,
MacKenzie ET (1998) Evaluation of the ratio of cerebral
blood flow to cerebral blood volume asan index of local
cerebral perfusion pressure. Brain 121:1369-79

Schumann-Bard P, Touzani O, Young AR, Toutain J, Baron
JC, Mackenzie ET, Schmidt EA (2005) Cerebrovascular
effects of sodium nitroprusside in the anaesthetized
baboon: a positron emission tomographic study. J Cereb
Blood Flow Metab 25:535—44

Schwarzbauer C, Heinke W (1999) Investigating the
dependence of BOLD contrast on oxidative metabo-
lism. Magn Reson Med 41:537—43

Strupp JP (1996) Stimulate: a GUI based fMRI analysis
software package. NeuroImage 3:5607

Vanzetta I, Hildesheim R, Grinvald A (2005) Compart-
ment-resolved imaging of activity-dependent dynamics
of cortical blood volume and oximetry. /| Neurosci
25:2233-44

Wei EP, Kontos HA (1982) Responses of cerebral arterioles
to increased venous pressure. Am J Physiol 243:H442-7

Woolsey TA, Rovainen CM, Cox SB, Henegar MH, Liang
GE, Liu D, Moskalenko YE, Sui J, Wei L (1996)
Neuronal units linked to microvascular modules in
cerebral cortex: response elements for imaging the
brain. Cereb Cortex 6:647—60

Zaharchuk G, Mandeville JB, Bogdanov AA, Jr, Weissleder
R, Rosen BR, Marota JJ (1999) Cerebrovascular dyna-
mics of autoregulation and hypoperfusion. An MRI
study of CBF and changes in total and microvascular
cerebral blood volume during hemorrhagic hypoten-
sion. Stroke 30:2197-204

Zhao F, Wang P, Harel N, Nagaoka T, Kim S-G (2003)
Contrast agent-enhanced functional magnetic reso-
nance imaging at 4.7T and 9.4T. Proceedings of the
11th ISMRM, 355

Zhao F, Wang P, Kim S-G (2004) Cortical depth-dependent
gradient-echo and spin-echo BOLD fMRI at 9.4T. Magn
Reson Med 51:518-24

1051

Journal of Cerebral Blood Flow & Metabolism (2006) 26, 1043-1051



