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Modern functional neuroimaging techniques, including
functional magnetic resonance imaging (fMRI), positron
emission tomography (PET), and optical imaging of intrin-
sic signals (OIS), rely on a tight coupling between neural
activity and cerebral blood flow (CBF) to visualize brain
activity using CBF as a surrogate marker. Because CBF is
a uniquely defined physiological parameter, fMRI tech-
niques based on CBF contrast have the advantage of being
specific to tissue signal change, and the potential to pro-
vide more direct and quantitative measures of brain acti-
vation than blood oxygenation level-dependent (BOLD)- or
cerebral blood volume (CBV)-based techniques. The
changes in CBF elicited by increased neural activity are an
excellent index of the magnitude of electrical activity. In-
creases in CBF are more closely localized to the foci of
increased electrical activity, and occur more promptly to
the stimulus than BOLD- or CBV-based contrast. In addi-
tion, CBF-based fMRI is less affected by confounds from
venous drainage common to BOLD. Animal studies of brain
activation have yielded considerable insights into the ad-
vantages of CBF-based fMRI. Based on results provided by
animal studies, CBF fMRI may offer a means of better
assessing the magnitude, spatial extent, and temporal re-
sponse of neural activity, and may be more specific to
tissue state. These properties are expected to be particu-
larly useful for longitudinal and quantitative fMRI studies.
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MEASUREMENT OF CEREBRAL BLOOD FLOW (CBF)
is a very important way of assessing brain tissue viabil-
ity, metabolism, and function. Due to the tight coupling
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between neural activity and CBF, functional neuroim-
aging techniques such as positron emission tomogra-
phy (PET), optical imaging of intrinsic signals (OIS), and
functional magnetic resonance imaging (fMRI) tech-
niques are having a significant impact in defining re-
gions of the brain that are activated in response to
specific stimuli (1). As reviewed in the ISMRM Work-
shop on Quantitative Cerebral Perfusion Imaging using
MRI (March 2004), CBF can be measured noninvasively
with MRI by using arterial water as a perfusion tracer
(refer to papers by Dr. David C. Alsop and Dr. Eric C.
Wong in this issue). With the possibility of measuring
CBF with MRI techniques came the measurement of
CBF changes elicited by changes in neuronal electrical
activity. Because CBF is a uniquely defined physiolog-
ical parameter, CBF-based fMRI has the advantage
among the different fMRI techniques of being specific to
functional changes that occur in the tissue, a critical
feature for quantitative measurements within subjects
and across subjects, and for high-resolution functional
mapping. Unlike the conventional blood oxygenation
level-dependent (BOLD) technique, the CBF change is
an excellent index of magnitude of neural activity
change. Thus, CBF-based fMRI is the tool of choice for
longitudinal functional imaging studies.

The use of animal models has been of fundamental
importance to the development of MRI techniques ded-
icated to the measurement of CBF. Prior to the use of
endogenous water as a perfusion tracer, CBF could be
measured following the dynamics of exogenously ad-
ministered MR-detectable tracers, such as deuterium
(2,3), fluorine (4,5), or gadolinium chelates (6,7). The
advantages of using an endogenous tracer led to the
development of arterial spin labeling (ASL) techniques.
The first demonstrations of ASL for measuring regional
blood flow were in the rodent brain (8,9). Indeed, the
rodent model has been the workhorse for the develop-
ment of theoretical issues, as well as experimental ap-
proaches aimed at elucidating quantification of regional
blood flow. For example, issues such as the effects of
magnetization transfer (10,11), the transit time from
the labeling plane to the detection voxels (12,13), the
perfusion territory of specific arterial vessels (14), and
complex issues related to the exchange of arterial water
with tissue water (10,15-18) have all been studied in
the rodent brain. More recently, animal models of func-
tional activation of the brain have been employed with
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Figure 1. High temporal and spatial correlation between BOLD-
and CBF-based fMRI. a: GE-BOLD (top row) and CBF (bottom
row) activation maps of the rat brain at 9.4 T upon electrical
stimulation of the right forepaw. b: Time-course of a nine-pixel
ROI placed on the center of the active areas (middle slice in a) of
the BOLD and CBF maps. The temporal correlation coefficient
between the BOLD and the CBF time-courses was 0.92. (Adapted
from Silva AC, Lee SP, Yang G, ladecola C, Kim SG. Simulta-
neous blood oxygenation level-dependent and cerebral blood flow
functional magnetic resonance imaging during forepaw stimula-
tion in the rat. J Cereb Blood Flow Metab 1999;19:871-879, with
permission of Lippincott Williams & Wilkins.)
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great success (19-28) to demonstrate the spatial local-
ization of ASL, the magnitude of signal changes as a
function of stimulation parameters, and the temporal
aspects of the CBF functional time-course. While simi-
lar issues have been studied in humans, the use of
animal models in CBF-based fMRI has the advantage of
utilizing high-field magnets and state-of-the art scan-
ners with specialized hardware. With the continued im-
provement of MRI hardware, both the spatial and the
temporal resolutions of fMRI have improved. The higher
spatial resolution means better spatial localization of
fMRI signal changes. Better temporal resolution also
means better spatial localization, as early hemody-
namic events are likely to occur close to the site of
increased neuronal activity. This paper is aimed at de-
scribing the most prominent insights in CBF-based
fMRI techniques that have been obtained by the use of
animal models.

SPATIAL SPECIFICITY OF CBF SIGNAL CHANGES

Because of the widespread use of BOLD to map brain
function, it is important to compare this type of con-
trast to well-established physiological functional mark-
ers, such as CBF. Animal studies comparing BOLD and
CBF regions of activation using fMRI have been recently
reported in the rat somatosensory cortex (20-22,29)
and in the cat visual cortex (23). These animal studies
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Figure 2. Spatial localization of fMRI responses with respect to cortical layers and underlying neuronal activity. a: CBF
cross-correlation activation maps obtained in the rat at 9.4 T and overlaid on CBF image (left); close-up view of BOLD percent
changes shows the highest signal changes in the superficial cortical laminae (middle); and close-up view of CBF percent changes
shows the highest signal changes in the middle cortical laminae (right). b: Spatial overlap of GE-BOLD and CBF vs. calcium-
dependent activity. Left: BOLD (red), CBF (green), and overlap (yellow). Middle: BOLD (red), T1 (green), and overlap (yellow).
Right: CBF (red), T1 (green), and overlap (yellow). (Adapted from Duong TQ, Silva AC, Lee SP, Kim SG. Functional MRI of
calcium-dependent synaptic activity: Cross correlation with CBF and BOLD measurements. Magn Reson Med 2000;43:383-392,
with permission of Wiley-Liss Inc., Wiley Publishing Inc., a subsidiary of John Wiley & Sons, Inc.)
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have established important considerations regarding
the spatial localization of BOLD with respect to CBF
and to the expected site of increased electrical activity.
For example, Fig. 1 shows gradient-echo BOLD (GE-
BOLD) and CBF functional maps of the rat primary
somatosensory cortex obtained at 9.4 T during forepaw
stimulation. It was determined that the mean separa-
tion between the center of the BOLD and the CBF active
regions was less than one pixel (~500 pm) (29). Thus,
good agreement in the spatial location of activation re-
gions was observed. The number of pixels in the BOLD
region was strongly correlated to the number of pixels
in the CBF region, indicating that CBF is a major driver
of positive BOLD signal changes at high magnetic field
strengths.

While the localization of the center of mass of BOLD
and CBF regions agreed well, the highest CBF changes
during somatosensory stimulation (20,22) were ob-
served in cortical layer IV, and not at the surface of the
cortex, whereas GE-BOLD images presented the high-
est changes at the cortical surface, where the large
vessels are located (20,30). This can be observed in Fig.
2a, which shows the spatial localization of BOLD- and
CBF-based fMRI responses to somatosensory stimula-
tion with respect to the rat cortical layers. Figure 2b
shows a comparison of the overlap of BOLD, CBF, and
calcium influx, the latter as probed by T;-weighted im-
ages sensitive to the calcium analog Mn™" (20). There
was a strong agreement between areas showing the
highest CBF change and areas showing the highest
calcium influx change, both located in layer IV of the
somatosensory cortex, suggesting a close correspon-
dence between CBF and synaptic activity. Indeed, the
laminar specificity of the CBF response reproduces re-
sults obtained with [**C]-deoxyglucose and ['*C]-io-
doantipyrine autoradiographic studies in the barrel
cortex (31,32).

Such spatial characteristics of ASL-measured CBF
response were further examined in cat primary visual
cortex by means of the FAIR technique (23). Figure 3
displays representative CBF maps during l-minute
moving gratings of two orthogonal orientations. The rat
and cat data demonstrate that stimulus-evoked CBF
response is spatially confined to individual submillime-
ter cortical columns and laminae. Due to the absence of
large draining vessel contribution, perfusion-based
fMRI signals are more specific to tissue when compared
with conventional BOLD contrast. While CBF main-
tains its high spatial specificity at all magnetic field
strengths, the same cannot be said of the BOLD con-
trast. The functional CBF maps measured with FAIR in
response to single-orientation stimulation of the cat
visual cortex at 4.7 T were specific to submillimeter
columnar structure, in contrast to GE-BOLD, which
could not resolve columnar structures (23). This indi-
cates that perfusion-based fMRI provides higher spatial
specificity than BOLD fMRI at medium and low mag-
netic fields such as 4.7 T.

MAGNITUDE OF SIGNAL CHANGES

The CBF contrast mostly reflects truly perfusing spins
that have permeated the capillary walls and entered the
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extravascular space (15). Since relative CBF changes
are linearly correlated to metabolic changes (33,34),
under normal physiological conditions, CBF can play
the role of a gold standard for quantifying neuronal
activity, as long as quantification of CBF in itself is
reasonably accurate. The quantification of absolute
CBF values requires suppression of large vessel arti-
facts, in particular those originated from large arteries.
We have observed a 10% to 20% reduction in measured
resting CBF values with the use of small to moderate
(b = 20-500 seconds/mm?) diffusion-sensitizing gradi-
ents in rats (15,22). However, the use of diffusion-sen-
sitizing gradients has no effect on quantifying relative
CBF changes during somatosensory stimulation in the
rat (22), suggesting that the arterial vasodilatation is
proportional to the CBF changes. This is consistent
with previous findings of significant arterial cerebral
blood volume (CBV) changes during increased CBF
(35). Taken together, the contribution of large vessels to
functional CBF changes, as measured by the continu-
ous ASL technique, does not alter tissue-level relative
CBF changes.

The relative magnitude of CBF and BOLD signal
changes during somatosensory stimulation in rat have
been extensively compared at 9.4 T (19-22,29). Figure
4 shows a plot of the percent change in the spin-echo
BOLD (SE-BOLD) signal vs. the percent change in CBF.
Individual diffusion-sensitized {MRI data obtained from
10 animals were plotted. The relationship between rel-
ative BOLD and CBF changes was identical in all
groups, indicating that the presence of diffusion-
weighting gradients did not affect either the percent
BOLD change or the percent CBF change. This result is
consistent with previous observations that the SE-
BOLD contrast has its origin in extravascular dynamic
averaging effects around small vessels (36), and there-
fore our results show excellent correlation between SE-
BOLD and CBF changes during functional stimulation
at high spatial resolution. When the large vascular
component is suppressed, CBF- and BOLD-based fMRI
signals are closely coupled spatially and originate from
a similar anatomical location, within a single submilli-
meter voxel. However, the relationship between BOLD
and CBF changes is highly nonlinear (Fig. 4), especially
at high CBF changes. This nonlinear relation should be
taken into account when trying to use BOLD-based
fMRI as a quantitative method for mapping neuronal
activity. Such a relationship can also be found in CBF
and GE-BOLD signals obtained from a large region of
interest (ROI), but not on a pixel-by-pixel basis (37).

TEMPORAL CHARACTERISTICS

The temporal resolution of ASL methods for quantifying
CBF is inherently low. Proper perfusion contrast is
achieved only when enough time is allowed for the la-
beled spins to travel into the ROI and exchange with
tissue spins. In addition, it is necessary to acquire two
images — usually in an interleaved manner — to deter-
mine CBF: one with spin labeling and another as a
control. Thus, the typical temporal resolution of ASL
methods is about a few seconds. In order to obtain
dynamic CBF changes with high temporal and spatial
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Figure 3. Spatial characteristics of
CBF-based fMRI response in cat primary
visual cortex. a: FAIR maps of the CBF
response in cat primary visual cortex to
two orthogonal moving grating stimuli at
4.7 T. CBF-activated pixels responding
to the 45° stimulus were marked with +
signs (blue). CBF-activated pixels re-

45° stimuli

CBF signals (au)

resolution, we have recently devised a novel MRI tech-
nique, coined pseudocontinuous ASL (PCASL) (19). The
PCASL technique consists of using a short ASL radio
frequency (RF) pulse in conjunction with an ultrafast
imaging sequence, such as echo planar or spiral imag-
ing. The ASL RF pulse is made short to allow for high
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Figure 4. Comparison of relative SE-BOLD and CBF signal
changes during electrical stimulation of the rat forepaw. The
relative changes in BOLD and CBF (ArBOLD and ArCBF) at 9.4
T were respectively calculated as the percent of BOLD or CBF
change relative to the resting value. Data were grouped into
three diffusion-weighting ranges. There was no difference in
the correlation between SE-BOLD and CBF at different diffu-
sion weightings. The solid curve shows the fit of the data to the
function indicated on the graph. The b-values are given in
seconds/mm?. (Adapted from Lee SP, Silva AC, Kim SG. Com-
parison of diffusion-weighted high-resolution CBF and spin
echo BOLD fMRI at 9.4 T. Magn Reson Med 2002;47:736-741,
with permission of Wiley-Liss Inc., Wiley Publishing Inc., a
subsidiary of John Wiley & Sons, Inc.)

135° stimuli

sponding to the 135° stimulus were
marked with - signs (red). b: The dotted
trace (blue) shows the CBF response
from pixels activated by the 45° stimu-
lus. The thick trace (red) shows the CBF
response from pixels activated by the
135° stimulus. (Adapted from Duong
TQ, Kim DS, Ugurbil K, Kim SG. Local-
ized cerebral blood flow response at sub-
millimeter columnar resolution. Proc Natl
Acad Sci USA 2001;98:10904-10909,
with permission of the National Academy
of Sciences.)

temporal resolution, but long compared to the imaging
time so that high labeling duty cycles (and thus effi-
ciency) can be maintained. For example, PCASL has
been implemented using 78-msec ASL pulses in con-
junction with a 30-msec EPI sequence (19,21). Under
these conditions, CBF images could be formed every
108 msec with a labeling efficiency of 59% (« = 0.59). In
PCASL, two separate experiments are performed: one
with spin labeling and the other as a control. Once the
CBF images are formed, an analysis of the temporal
characteristics of the CBF time-course is desired. For
this, a temporal deconvolution of the CBF time-course
becomes necessary. This deconvolution is necessary
because instantaneous changes in CBF cause slow
variations in the MRI signal. The basic principle of the
ASL technique is the transfer of the longitudinal mag-
netization state of the arterial water spins to the tissue
spins. This transfer is limited by Tiq,p, TR, and the RF
flip angle 6 and cannot occur instantly. Therefore, step
changes in perfusion (and consequently in T, are
only reflected a few seconds later in the tissue magne-
tization. By performing a deconvolution of the MRI-
measured CBF signal with the initial magnetization de-
cay curve, this latency in the MRI-measured CBF
response can be removed. After this deconvolution pro-
cess, the resulting CBF time-course reflects accurately
the dynamics of the actual CBF changes.

Figure 5a shows the MRI-estimated CBF time-course
(gray) and the deconvolved CBF time-course (black) ob-
tained during somatosensory stimulation in rat using
the PCASL technique. The MRI-estimated CBF curve
was deconvolved with the initial 10 seconds of the con-
trol magnetization decay, generating the deconvolved
CBF signal. It can be clearly seen how the CBF response
measured with MRI is delayed with respect to the de-
convolved curve. It can be noticed from Fig. 5a that the
deconvolution adds oscillatory noise to the resulting
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Figure 5. Temporal response of CBF and BOLD fMRI signals. a: Raw (gray) and deconvolved (black) CBF response curves
obtained using pseudocontinuous ASL at 108-msec temporal resolution during electrical stimulation of the rat forepaw. The raw
CBF curve was obtained at 9.4 T and was deconvolved with the tissue T1 decay curve to produce the true CBF response. b:
Averaged onset times of CBF and GE-BOLD at 9.4 T in the surface (gray bars) and deep (white bars) regions of the somatosensory
cortex. *, The onset of the BOLD response in the cortical surface was significantly later than deeper in the cortex (P < 0.03). **,
CBF changes in the deep cortex occurred earlier than the corresponding BOLD changes (P < 0.003). *** The onset of superficial
CBF changes was significantly delayed compared to deep in cortex (P < 0.004). ¢: Averaged time to peak of CBF and BOLD. There
were no significant time-to-peak differences across regions within either BOLD (P > 0.28) or CBF (P> 0.39). t, However, the CBF
peak response occurred faster than the BOLD response in both regions (P < 0.001). Error bars = 1 SD. (Adapted from Silva AC
and Kim SG. Pseudo-continuous arterial spin labeling technique for measuring CBF dynamics with high temporal resolution.
Magn Reson Med 1999;42:425-429, with permission of Wiley-Liss Inc., Wiley Publishing Inc., a subsidiary of John Wiley & Sons,
Inc., and Silva AC, Lee SP, Iadecola C, Kim SG. Early temporal characteristics of cerebral blood flow and deoxyhemoglobin
changes during somatosensory stimulation. J Cereb Blood Flow Metab 2000;20:201-206, with permission of Lippincott, William

& Wilkins.)

curve. However, the CBF changes elicited by this model
of activation are very robust, to the point that the re-
sults presented here are not compromised by the addi-
tional noise introduced by the deconvolution process.
Since we used GE-EPI as the readout imaging sequence
in our PCASL technique, BOLD signal changes could be
measured from the control series of images and directly
compared to the corresponding CBF changes. Figure 5b
shows the onset time of BOLD and CBF in the superfi-
cial and deep regions of the somatosensory cortex fol-
lowing the onset of stimulation. The onset of CBF
changes in the deep layers of the somatosensory cortex
occurred earlier than the corresponding BOLD changes
(P < 0.003). However, in the superficial layers, the onset
of the CBF response was delayed and it was similar to
the latency of the superficial BOLD signal changes.
Figure 5C shows the BOLD and CBF times to peak. The
CBF peak response occurred faster than the BOLD re-
sponse in both regions (P < 0.001).

SUMMARY OF PERFUSION-BASED FMRI

Perfusion-based fMRI is specific to the signals caused
by functional changes in tissue, a critical feature for
proper quantification of the functional response and for
high-resolution functional mapping. Unlike the con-
ventional BOLD technique, the CBF change is an excel-
lent index of magnitude of changes in neural activity.
Perfusion-based fMRI provides high spatial specificity
because contribution of draining veins to CBF-weighted
signal is minimal. The perfusion changes induced by
neural activity are faster than the BOLD response. By
combining ASL with the BOLD technique, both CBF
and venous oxygenation level can be obtained, which
can be used for examining the sources of the BOLD
contrast. Since slow baseline changes can be elimi-
nated by pair-wise subtraction of images, CBF-based
functional images can be obtained even when baseline
signals modulate due to system instabilities, different
gain setting, or physiological changes. Thus, perfusion-
based fMRI is the tool of choice for longitudinal func-

tional imaging studies. The use of animal models has
been of fundamental importance in providing the
above-mentioned insights into this excellent tool for
monitoring brain function.
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