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CBF, BOLD, CBV, and CMRO2 fMRI Signal
Temporal Dynamics at 500-msec Resolution

Qiang Shen, PhD, Hongxia Ren, PhD, and Timothy Q. Duong, PhD*

Purpose: To investigate the temporal dynamics of blood
oxygenation level-dependent (BOLD), cerebral blood flow
(CBF), cerebral blood volume (CBV), and cerebral metabolic
rate of oxygen (CMRO2) changes due to forepaw stimulation
with 500-msec resolution in a single setting.

Materials and Methods: Forepaw stimulation and hyper-
capnic challenge on rats were studied. CBF and BOLD
functional MRI (fMRI) were measured using the pseudo-
continuous arterial spin-labeling technique at 500-msec res-
olution. CBV fMRI was measured using monocrystalline iron-
oxide particles following CBF and BOLD measurements in the
same animals. CMRO2 change was estimated via the biophys-
ical BOLD model with hypercapnic calibration. Percent
changes and onset times were analyzed for the entire forepaw
somatosensory cortices and three operationally defined corti-
cal segments, denoted Layers I–III, IV–V, and VI.

Results: BOLD change was largest in Layers I–III, whereas
CBF, CBV, and CMRO2 changes were largest in Layers
IV–V. Among all fMRI signals in all layers, only the BOLD
signal in Layers I–III showed a poststimulus undershoot.
CBF and CBV dynamics were similar. Closer inspection
showed that CBV increased slightly first (P � 0.05), but was
slow to peak. CBF increased second, but peaked first.
BOLD significantly lagged both CBF and CBV (P � 0.05).

Conclusion: This study provides important temporal dy-
namics of multiple fMRI signals at high temporal resolution
in a single setting.
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THE INTRICATE NEURAL-VASCULAR COUPLING (1)
associated with changes in neural activity forms the

basis for many modern neuroimaging modalities, in-
cluding positron emission tomography, intrinsic optical
imaging, and functional MRI (fMRI). Following stimu-
lus-evoked changes in neural activity, cerebral blood
flow (CBF), cerebral blood volume (CBV), and oxygen-
ation in different vascular compartments change with
different spatial and temporal dynamics. These hemo-
dynamic changes coupled with oxygen metabolic
changes give rise to the blood oxygenation level-depen-
dent (BOLD) signals (2). The precise temporal dynamics
(such as onset times and times to peak) and spatial
dynamics (such as arterioles, capillaries, and venules)
of these fMRI signals remain an active area of research
(3–6).

Combined intrinsic optical imaging and laser Doppler
flow (7) techniques can dynamically measure stimulus-
evoked changes in CBF, CBV, and deoxyhemoglobin
concentration on the cortical surfaces at very high tem-
poral resolution. The deoxyhemoglobin optical signal
had been consistently shown to precede CBF, CBV, and
oxyhemoglobin signals (8–10). Reports of relative CBV
and CBF dynamics have been controversial. Malonek et
al. (8) reported that CBV increased before CBF, whereas
Sheth et al. (11) reported CBV lagged CBF and Jones et
al. (9,10) reported CBV and CBF had similar onset
times and times to peak.

Functional MRI signals measuring CBV and CBF
changes also show similar controversy, although the
literature is sparse, limited by the low temporal resolu-
tion of current CBF MRI techniques. Stimulus-evoked
CBV onset, measured using the monocrystalline iron-
oxide nanocalloid (MION) MRI contrast agent, has been
reported to lag BOLD onset in a rat forepaw stimulation
model under �-chloralose anesthesia (12), whereas
CBV onset precedes the BOLD onset in the same rat
model (13). The typical temporal resolution of CBF fMRI
is a few seconds, insufficient to resolve differences in
CBF and CBV temporal dynamics. High temporal reso-
lution measurements of CBF, CBV, and BOLD fMRI in
the same pixels in a single setting could therefore offer
the potential to resolve this inconsistency as well as
provide a better understanding of the temporal dynam-
ics of these hemodynamic responses. Moreover, CBF,
CBV, and BOLD fMRI offer the opportunity to investi-
gate layer-specific-dependent effects that are not feasi-
ble with optical imaging techniques.
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In this study we implemented BOLD, CBF, and CBV
fMRI measurements in a single setting with a 500-msec
temporal resolution. Rat forepaw stimulation under
isoflurane anesthesia was used in which the animals
breathed spontaneously and autoregulated their own
physiology over a relatively long time (as opposed to
mechanical ventilation, which requires frequent blood-
gas sampling) (14–16). High temporal resolution CBF
fMRI was made possible by using the pseudo-continu-
ous arterial spin-labeling technique (17) where labeled
and nonlabeled time-series images were acquired se-
quentially instead of in a pairwise fashion. BOLD signal
was taken from the nonlabeled images of the CBF mea-
surements. CBV fMRI was measured using MION fol-
lowing CBF and BOLD measurements in the same an-
imals. Changes in the cerebral metabolic rate of oxygen
(CMRO2) were estimated using Davis’ biophysical BOLD
model with hypercapnic calibration (14,18,19). fMRI
signal percent changes, onset times, and poststimulus
undershoots were analyzed for the entire forepaw so-
matosensory cortices and for three operationally de-
fined cortical layers denoted Layers I–III, IV–V, and VI.

MATERIALS AND METHODS

Animal Preparation

Eight male Sprague-Dawley rats (300–375 g) were
anesthetized with 2% isoflurane during placement of a
femoral vein catheter for MION injection (14 mg/kg)
and stimulation needle electrodes under the forepaw
skin. This MION dosage is sufficient to yield negligible
BOLD contributions (20,21). Rats were secured in an
MR-compatible rat stereotaxic headset. Isoflurane was
reduced to 1.1% to 1.2% during MRI. The forepaw stim-
ulation model using isoflurane had been described and
discussed in detail elsewhere (14,15) and recently rep-
licated by others, albeit with slightly different stimula-
tion parameters (22). Rats breathed spontaneously
without mechanical ventilation. One advantage of this
preparation is that all animals were able to maintain
their physiological parameters (blood gases, respira-
tion, and heart rates and oxygen saturation) as docu-
mented previously under normal conditions (14, 15, 22)
and cerebral ischemia (16). Oxygenation saturation,
respiration rate, heart rate, and rectal temperature
were monitored and maintained within physiological
ranges, but invasive blood-gas sampling was not used.

Hypercapnic Challenge and Forepaw Stimulation

Hypercapnic challenge (5% CO2 in air) was used for
calibration to estimate CMRO2 change associated with
the forepaw stimulation (14,18). Hypercapnic challenge
consisted of 120 seconds of baseline condition followed
by 120 seconds of hypercapnia. For forepaw somato-
sensory stimulation, needle electrodes were inserted
under the skin of the left and right forepaw, such that
both forepaws were stimulated simultaneously in series
at a constant current. The stimulation current was 6
mA with 0.3 msec pulse duration at 3 Hz as optimized
previously for this model (14). These stimulation pa-
rameters had twice the current but three times shorter
pulse duration than a recent report using isoflurane

anesthesia (22). The forepaw stimulation consisted of 3
epochs of 60 seconds OFF and 20 seconds ON. Two to
three repeated trials were made on each animal. Breaks
of at least 15 minutes were given between trials.

MRI Experiments

MRI experiments were performed on a 4.7T/40-cm
magnet, a Biospec Bruker console (Billerica, MA), and a
20-G/cm gradient insert (ID � 12 cm, 120-�s rise time).
A surface coil (2.3-cm ID) was used for brain imaging
and a neck coil (23) for arterial spin labeling. Coil-to-coil
electromagnetic interaction was actively decoupled.
High-resolution anatomical images were acquired us-
ing the fast spin-echo pulse sequence with TR � 2
seconds (90° flip angle), 16 echo trains, effective TE �
104 msec, matrix � 128 � 128, FOV � 2.56 cm � 2.56
cm, two 2-mm slices, and 16 averages.

To achieve high temporal resolution, CBF measure-
ments were made using the pseudo-continuous arterial
spin-labeling technique (17) with single-shot, gradient-
echo, echo-planar-imaging (EPI) acquisition. MRI pa-
rameters were: labeling duration � 416 msec, data ma-
trix � 64 � 64, FOV � 2.56 cm � 2.56 cm, two 2.0-mm
slices, TE � 16 msec, and TR � 500 msec. An Ernst flip
angle was used to minimize in-flow effect. Time series of
labeled and nonlabeled images were acquired consecu-
tively in two separate scans (not in pairs). The nonla-
beled images were taken as BOLD images. A relatively
short TE was chosen to increase CBF signal-to-noise
ratio (SNR) to approximate the BOLD SNR in the com-
bined CBF and BOLD measurements. While the BOLD
data at such short echo time could accentuate the
blood signal, as this is very near the blood T2*, it is not
expected to significantly compromise the temporal dy-
namics and our conclusions. Continuous arterial spin
labeling was employed in the presence of 1.0 G/cm
gradient along the flow direction for adiabatic inversion.
The sign of the frequency offset was switched for non-
labeled images.

After forepaw stimulation and hypercapnic BOLD
and CBF measurements, MION was injected and CBV
fMRI were measured associated with forepaw stimula-
tion. The MRI parameters were identical to those of the
CBF measurements except only the nonlabeled images
were acquired.

Data Analysis

Data analysis employed codes written in Matlab (Math-
Works, Natick, MA) and the STIMULATE software (Uni-
versity of Minnesota). CBV-weighted and CBV images
were determined at each timepoint based on Ref. 12.
BOLD images were obtained from the nonlabeled im-
ages of the CBF measurements. CBF images (SCBF) with
intensities in ml/g/min were calculated at each time-
point (23). Subtraction of non-labeled and labeled im-
ages in the CBF measurement is expected to remove
essentially all BOLD contributions from the CBF signal.

The pseudo-continuous arterial spin-labeling tech-
nique (17) resulted in mixing of CBF changes and T1
effect which needed to be deconvolved. Deconvolution
was applied on the CBF time courses to remove the T1
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effect in which the time constant was obtained from the
first few timepoints of the MRI measurements. The tem-
poral deconvolution of the CBF time course was per-
formed using a polynomial fit constrained from 1 to 20
seconds following the stimulation onset. No assump-
tion was made regarding the hemodynamic response
function.

CMRO2 Calculation

CMRO2 changes were calculated from the average of
BOLD, CBF, and CBV time courses by using the bio-
physical BOLD model (18, 19, 24):

�BOLD
BOLD0

� M�1 � � CMRO2

CMRO2�0
� �� CBV

CBV0
�� CBF

CBF0
���� (1)

Conversion of CBV/CBVo to CBF/CBFo via Grubb’s
factor was not necessary because CBV/CBVo was mea-
sured (18,19,24). The proportionality constant M relat-
ing BOLD, CBF, and CBV changes reflects the maxi-
mum BOLD response that can be expected from a given
region; the measured group-average M value in the
forepaw somatosensory cortices from the hypercapnic
data was used (see Results). � is the proportionality
constant relating deoxyhemoglobin concentration to
the BOLD signals and a value of 1.5 was used (18,25).
The effects of different constants on the CMRO2 calcu-
lation and uncertainties of CMRO2 estimations have
been addressed and Monte Carlo simulations showed
that CMRO2 are weakly dependent on these constants
over the physiological ranges (14,18,19).

Percent Change Analysis

Region of interest (ROI) analysis of percent changes was
performed. To minimize bias in the ROI analysis, the

BOLD, CBF, and CBV cross-correlation maps were av-
eraged and ROIs enclosing the primary somatosensory
cortices (	9 pixels, as shown in Fig. 1) were carefully
drawn on the averaged fMRI maps with reference to
anatomical images. Percent changes of individual
(BOLD, CBF, CBV, and CMRO2) fMRI signals in each
animal were obtained from the same ROIs. In addition,
ROI analysis was also performed on three operationally
defined layers (Layers I–III, IV–V, VI) within the forepaw
somatosensory cortices as shown in Fig. 4, similar to
the definition employed previously (26).

Time courses were first averaged across repeated
measures, left and right primary somatosensory cortex.
CBF time courses were deconvolved before averaging
across animals.

Onset Times and Times to Peak

Percent changes and normalized percent changes
were plotted. Normalized percent changes from 0 to 1
allowed fair comparison of onset times and times to
peak among signals that have very different percent
changes. Onset time was defined at 30% of maxi-
mum. The time to peak was defined as 90% of maxi-
mum. Percent changes, onset times, and times to
peak were tabulated. Values in the text are mean 

SD and values in the graphs were SEM for n � 8 rats.
A paired t-test was used to test for statistical differ-
ences.

RESULTS

For hypercapnic (5% CO2) challenge, the group-average
BOLD and CBF percent changes were 4.9 
 0.1% and
114 
 54%, respectively. The group-average M value in
the entire forepaw somatosensory cortices was 0.12 


Figure 1. a: Single-animal CBF,
BOLD, CBV-weighted, and CBV
activation maps. Color bars are
cross-correlation coefficient. b:
Group-average percent-change
time courses associated with
forepaw stimulation in rats. Er-
ror bars are SD. Stimulation par-
adigm consisted of three epochs
of 60-second baseline and 20-
second stimulation. Typical ROIs
for the entire somatosensory cor-
tices are shown. The ROIs were
drawn based on averaged activa-
tion maps of the three modalities
to avoid bias to any particular
activation map. The same ROIs
were used for all three fMRI sig-
nals in each animal.
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0.03, which was used in the CMRO2 calculations (M
values across these three operationally defined layers
were not statistically different).

CBF, CBV, and BOLD activation maps of bilateral
forepaw stimulations from a representative animal are
shown in Fig. 1a. The group-average percent-change
time courses are shown in Fig. 1b. The average CBF,
BOLD, and CBV percent changes were 37 
 11%, 1.1 

0.3%, and 6.4 
 2.0%, respectively. Figure 2 shows the
normalized CBF, BOLD, and CBV time courses of the
forepaw stimulations, with the expanded time courses
showing the detailed onset times. Although the CBF
and CBV temporal dynamics were quite similar, there
was a trend that CBV increased first but grew slower
over time relative to CBF. CBF started out slightly later
than CBV but peaked faster than CBV. The biggest
difference between CBF and CBV onset time was at 30%
of maximum (P � 0.05) and time to peak was at 90% of
maximum (P � 0.1).

BOLD signal showed the slowest onset and peaked
last, as expected, and its onset and time-to-peak were
statistically different from those of the CBV (P � 0.01)
and CBF (P � 0.05) signals. The group-average onset
times and times to peak are summarized in Table 1 with
comparison of data obtained from different laborato-
ries. Note that the onset times and times to peak were
not the multiple of 500 msec due to the averaging
across multiple animals.

To investigate the laminar dependency of these fMRI
signals, the group-average BOLD and CMRO2 time
courses from three operationally defined cortical seg-
ments, approximating Layers I–III, IV–V, and VI, are

plotted (Fig. 3). The largest BOLD changes were de-
tected in Layers I–III. Only the BOLD time courses from
Layers I–III showed a poststimulus undershoot. No
poststimulus undershoot was observed for the CMRO2

fMRI signals in any cortical layer. In fact, CMRO2 ap-
peared to remain slightly elevated in Layers IV–V and
VI. CBV and CBF in all layers quickly returned to base-
line poststimulus and no stimulus-undershoots were
observed for CBV and CBF signals (data not shown).
Quantitative percent changes of all fMRI signals in the
three cortical segments are summarized in Fig. 4. The
largest CBF, CBV, and CMRO2 changes were detected
in Layers IV–V, whereas the largest BOLD changes were
detected in Layers I–III. The ratio of CBF:CMRO2 change
was 3:1 for Layers I–III and 2:1 for Layers IV–V and VI.

DISCUSSION

The major findings of this study are: 1) CBV and CBF
dynamics are similar. Closer inspection revealed that,
in the early phase, CBV increases slightly before CBF.
2) While CBF increases second, it overtakes CBV and
peaks first, consistent with the notion that the arterial
spin-labeling CBF technique is predominantly sensitive
to changes in the arteriole compartment and is less
sensitive to changes in large veins due to the loss of
contrast associated with T1 recovery as spins traversed
from the arteries to the draining veins. The slow-peak-
ing CBV signal suggests increasing draining vein con-
tribution during the steady-state phase. This biphasic
CBV response is consistent with previous studies (12,
24). 3) The onset time and time to peak of the BOLD

Figure 2. Normalized percent
changes of CBF, BOLD, and
CBV group-average time
courses. Three epochs were av-
eraged together to form one ep-
och. Error bars are standard er-
ror of the means (n � 8). Error
bars in the expanded view are
not shown for clarity.

Table 1
Group-Average Onset Times and Times to Peak (TTP) (n � 8 Rats, Two Paws per Rat)

This study Silva et al 2000 b Silva et al 2004 c

Onset times a TTP Onset times TTP Onset times TTP

CBF 1.7 
 0.2 s** 4.5 
 1.1 s 0.6 
 0.4 s 4.5 
 2.2 s — —
BOLD 2.0 
 0.1 s 5.8 
 2.6 s 1.1 
 0.3 s 5.9 
 3.8 s �1.0 s 2.7 
 0.6 s
CBV 1.4 
 0.2 s*,** 5.0 
 2.3 s — — �0.7 s 1.9 
 0.3 s
aOnset times were obtained at 30% of maximum. Onset times obtained at 15% maximum showed similar results (not shown) but slighly more
variable.
bData were obtained from �-chloralose-anesthetized and mechanically ventilated rats at 9.4T. The stimulation duration was similar to this
study (22 s) (20).
cData were obtained from �-chloralose-anesthetized and ventilated rats at 11.7T where the stimulation duration was 0.5 s or 1 s (13). While
absolute TTP values are dependent on stimulation duration as expected, the differences in TTP between BOLD and CBV (2.7 s � 1.9 s �
0.8 s) is identical to this study (5.8 s � 5.0 s � 0.8 s).
*P � 0.05: Onset times were significantly different from that of the CBF signals.
**P � 0.01: Onset times were significantly different from that of the BOLD signals.
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fMRI signal significantly lag those of CBF and CBV fMRI
signals due to large venule and venous BOLD contribu-
tion, where the stimulus-evoked deoxyhemoglobin sat-
uration changes are most pronounced. 4) The magni-
tudes of the fMRI signals are cortical-depth-dependent.
The BOLD signal from the cortical surface (Layers I–III)
shows the highest changes and only the BOLD signal
from Layers I–III exhibits a poststimulus undershoot. In
contrast, CBF and CBV fMRI signals show the largest
changes in Layers IV–V and these signals showed no
poststimulus undershoots. 5) The estimated CMRO2

signals show the largest changes in Layers IV–V, con-
sistent with being the most metabolically active layer.
CMRO2 remains slightly elevated poststimulus in Lay-
ers IV–V, and VI, but not Layers I–III, with no evidence
of CMRO2 poststimulus undershoot. While fMRI does
not have sufficient spatial resolution to physically re-
solve different vascular compartments, the temporal
latencies of the BOLD, CBF, and CBV fMRI signals
could provide valuable information regarding their fMRI
signal sources and their spatial specificity.

Potential Confounding Factors

There are a few factors and assumptions that could
potentially confound the interpretation of these data.
First, there could be an error associated with stimulus-
evoked change in transit time, which affect the CBF
value per se as well as deconvolution accuracy because
CBF calculation did not take into account the stimulus-
evoked changes in transit time. Measuring the mean
transit time is difficult and is beyond the scope of this
work. Second, to obtain the improved temporal resolu-
tion, labeled and nonlabeled images were acquired se-
quentially to achieve higher temporal resolution (as op-
posed to pairwise interleaved fashion) which could be
more susceptible to intertrial variations of the forepaw
fMRI responses. Third, isoflurane, a strong vasodilator,
could cause sluggish blood flow changes and thus
could affect the onset times and times to peak. None-
theless, relative differences in onset times and times to
peak among different fMRI signals should remain valid.
Temporal dynamics under different anesthetics are un-
der investigation. Fourth, three operationally defined

Figure 3. Group-average per-
cent changes of the BOLD and
CMRO2 time courses for three
operationally defined cortical
segments. Poststimulus BOLD
undershoot was observed for
Layers I–III. Poststimulus CMRO2

was elevated in Layers IV–V
and VI.

Figure 4. Group-average of
CBF, BOLD, and CBV percent
changes for three operationally
defined cortical segments (Lay-
ers I–III, IV–V, VI). The inset
shows the typical ROIs for the
three operationally defined cor-
tical layers. *P � 0.05.
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layers, similar to those defined by Silva et al. (26), were
obtained to demonstrate layer-specific differences. The
need for very high temporal resolution is unfortunately
incompatible with the use of segmented EPI to increase
spatial resolution. The spatial resolution herein, al-
though typical, precluded the analysis of individual cor-
tical layers and resulted in some partial-volume effects
on the three operationally defined layers. Thus, caution
must be exercised when interpreting these cortical lay-
ers. Improved spatial resolution would help to better
distinguish cortical layers. Fifth, although there is a
difference between CBF and CBV temporal dynamics,
this difference is small and improved temporal resolu-
tion would be helpful. Jittered stimulus timing in which
the stimulus is presented with different time delays
within a TR (4) could also be used to achieve high
temporal resolution but it is subject to intertrial errors.

Finally, CMRO2 changes are estimates based on the
biophysical BOLD model that assumes that CBF, CBV,
and BOLD signals come from the same vascular
sources and occur at the same time (valid for low spatial
and temporal resolution data). While CMRO2 changes
taking into account different vascular contribution has
been attempted (27), fitting a large number of parame-
ters is susceptible to errors and additional assumptions
need to be made. Given the small differences in both
percent changes and temporal latencies, estimating the
CMRO2 change using the original Davis’ biophysical
model (18) appeared justified because at this spatial
resolution a voxel contains a large mixture of different
vessel sizes and types. Moreover, estimation of CMRO2

using the biophysical model assumed that mild hyper-
capnia did not change oxygen metabolism, but this
assumption has been questioned (28). Despite some
shortcomings, Davis’ biophysical BOLD model offers a
means to gain insight into the dynamics of CMRO2

changes associated with increased neural activities. A
key contribution of this study is that CBF, CBV, BOLD,
and CMRO2 fMRI signals were obtained from the same
ROIs in the same settings and using a single modality
(MRI), in contrast to previous studies.

Cross-Laboratory Comparisons

The magnitudes of BOLD and CBF percent changes are
consistent with those reported in the literature
(20,21,24) and those reported previously using the
same isoflurane-anesthetized forepaw stimulation
model (14–16). CBV changes were slightly smaller than
those reported previously (20,21). This is likely because
of the differences in stimulus durations. In our study,
CBV did not reach a plateau for our 20-second stimu-
lation, whereas CBF and BOLD appeared to have
reached the plateaus. This is interesting in and of itself
and could be due to physiology of CBV response or the
use of MION, requiring further investigation.

Although the difference was small, CBV onset was
slightly earlier than the CBF onset during the early
phase (at 30% of maximum, P � 0.05). This observation
is consistent with that of Malonek et al. (8) but differs
from that of Sheth et al. (11). Careful inspection of
Jones et al.’s data (9,10) indicate that CBV also slightly
precedes CBF at the early onset but slow to peak rela-

tive to the CBF signal, in good agreement with our data.
Our results are also in good agreement with those re-
ported by Huppert et al. (4), in which CBF was mea-
sured using ASL MRI with jittered stimulus presenta-
tions to achieve high temporal resolution and CBV was
measured using near infrared spectroscopy. More re-
cently, Vanzetta et al. (6) employed oxygen-sensitive
fluorescent and intrinsic optical imaging to resolve dif-
ferent vascular compartments in terms of blood volume
and oximetric changes. They found that vascular re-
sponses began at the arteriolar level rapidly spreading
toward capillaries and venules. Our data are consistent
with Vanzetta et al.’s findings, although our MRI could
not resolve different vascular compartments. Taken to-
gether, there are strong experimental data that support
CBV indeed increases slightly before CBF increases.

While these cross-modality comparisons are informa-
tive and encouraging, it is important to note that optical
imaging and fMRI may not be measuring the same sig-
nal sources (arteriole, capillary, venule, or vein). fMRI
measurements generally report changes in deep corti-
cal layers, in contrast to optical imaging, which mea-
sures changes on the cortical surfaces. Our data indi-
cate that hemodynamic changes vary with cortical
depth. Thus, caution must be exercised when compar-
ing optical and fMRI data.

Our data are in good agreement with the MRI data of
Silva et al. (13), who measured CBV and BOLD at high
temporal resolutions using MRI. CBF was not mea-
sured. Although the absolute times to peak were differ-
ent between the two studies, as expected due to differ-
ences in stimulation durations, the relative difference
in times to peak between BOLD and CBV in Silva et al.’s
study (2.7 seconds – 1.9 seconds � 0.8 seconds) was
essentially identical to those in our study (5.8 seconds
– 5.0 seconds � 0.8 seconds) (Table 1).

Poststimulus BOLD Undershoot

Poststimulus BOLD undershoot has been widely ob-
served. There is, however, no consensus on what
causes a poststimulus BOLD undershoot. Both meta-
bolic and hemodynamic origins of the poststimulus
BOLD undershoot have been suggested. The metabolic
origin hypothesis states that after stimulus is turned
off, metabolism remains slightly elevated to replenish
the neurotransmitter pools and other housekeeping
functions after CBF has returned to baseline (29–33).
The hemodynamic origin hypothesis states that venous
blood volume is slow to return to baseline (balloon
model (34)) after CBF has returned to baseline
(24,34,35). Our results indicated that CMRO2 changes
remained elevated poststimulus for Layers IV–V and VI,
supporting the metabolic hypothesis. Moreover, both
CBF and CBV returned to baseline poststimulus, argu-
ing against the hemodynamic hypothesis.

Earlier studies suggested that CBV levels slowly re-
turning to baseline can cause the poststimulus BOLD
undershoot, supporting the hemodynamic origin hy-
pothesis (24,34). Some recent studies suggested that
the poststimulus BOLD undershoot has a metabolic
origin. For example, Tuunanen et al. (36) concluded
that CBV is not elevated during poststimulus under-
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shoot. Furthermore, their data demonstrated that cur-
tailed oxygen availability (via mild hypoxia) has no ef-
fect on BOLD undershoot characteristics. These
findings support the idea of a metabolic rather than
hemodynamic origin for the BOLD undershoot. Simi-
larly, Lu et al. (33) concluded that poststimulus in-
creases in oxygen metabolism cause the BOLD under-
shoot using the vascular occupancy (VASO) technique.
Still others suggested that both mechanisms are oper-
ative but at spatially distinct locations (29). It would not
be surprising that the signal sources of the poststimu-
lus BOLD undershoot is cortical layer-specific as well
as dependent on stimulus type and duration.

Indeed, we observed that the ratio of CBF:CMRO2

change was 3:1 for Layers I–III, whereas it was 2:1 for
Layers IV–V and VI. This observation is indicative of
different metabolic-vascular coupling in different corti-
cal layer. Another potential explanation is that Layers
I–III have higher vascular density, resulting in larger
changes in CBF and BOLD signals. It would be of in-
terest to investigate whether the CBF:CMRO2 ratios
also have cortical depth dependence in other brain re-
gions.

Finally, it is important to note that CBF, CBV, and
BOLD fMRI signals have very different vascular compo-
nents (i.e., artery, arterioles, capillary, venules, and
veins) and MRI does not have the spatial resolution to
resolve these different vascular compartments. For ex-
ample, CBF fMRI signal change is presumably arterial,
depending on postlabeling delays (37). MION CBV fMRI
signal change appears to be mostly from arterial or
arteriole vessels (38). BOLD fMRI signal is mostly from
venules and veins at 4.7T. The temporal dynamics
could provide qualitative insights into the different vas-
cular contributions and spatial specificity of these com-
plicated brain-mapping fMRI signals. Indeed, the onset
times reported herein are consistent with the interpre-
tations that MION CBV signal is largely from the ac-
tively dilating arterioles, followed closely by CBF signal.
BOLD signal, which lagged behind both CBV and CBF
signals significantly, is mostly from venules and veins.

These results have implications in the biophysical
modeling of the BOLD signals and in functional brain
mapping of columnar and laminar structures using he-
modynamic-based fMRI techniques. The temporal dy-
namics of the CBF and CBV fMRI signals relative to the
BOLD signals are in agreement with the capability of
CBF fMRI (37) and CBV fMRI (39) to map cortical col-
umns, whereas conventional gradient-echo BOLD fMRI
appeared to be less suited to this purpose. There is also
recent evidence that spin-echo BOLD and diffusion-
weighted fMRI have high spatial specificity (40). The
temporal dynamics of the spin-echo fMRI and the dif-
fusion-weighted fMRI is under investigations.

In conclusion, this study reported the dynamic evo-
lution of CBF, CBV, BOLD and estimated CMRO2 fMRI
responses with a 500-msec temporal resolution. The
key contribution of this study is that CBV, CBF, and
BOLD were measured at high temporal resolution from
the same pixels without depth limitation using a single
modality (MRI). Although small, the differences in tem-
poral dynamics among different fMRI signals were con-
sistently detected. Moreover, layer-specific differences

in CBF, CBV, BOLD, and estimated CMRO2 fMRI re-
sponses were observed. Temporal latencies of these
fMRI signals have the potential to provide insights into
signal sources and spatial specificity.
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