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The negative blood oxygenation level-dependent (BOLD) signal
following the cessation of stimulation (post-stimulus BOLD under-
shoot) is observed in functional magnetic resonance imaging (fMRI)
studies. However, its spatial characteristics are unknown. To investi-
gate this, gradient-echo BOLD fMRI in response to visual stimulus was
obtained in isoflurane-anesthetized cats at 9.4 T. Since the middle
cortical layer (layer 4) is known to have the highest metabolic and
cerebral blood volume (CBV) responses, images were obtained to view
the cortical cross-section. Robust post-stimulus BOLD undershoot was
observed in all studies, and lasted longer than 30 s after the cessation of
40—-60 s stimulation. The magnitude of post-stimulus BOLD under-
shoot was linearly dependent on echo time with little intercept when
extrapolating to TE=0, indicating that the 73 change is the major
cause of the BOLD undershoot. The post-stimulus BOLD undershoot
was observed within the cortex and near the surface of the cortex, while
the prolonged CBYV elevation was observed only at the middle of the
cortex. Within the cortex, the largest post-stimulus undershoot was
detected at the middle of the cortex, similar to the CBV increase during
the stimulation period. Our findings demonstrate that, even though
there is significant contribution from pial vessel signals, the post-
stimulus undershoot BOLD signal is useful to improve the spatial
localization of fMRI to active cortical sites.
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Keywords: fMRI; Post-stimulus undershoot; BOLD; Hemodynamic
response; CMRO,; Cortical layers; CBV; Spatial localization

Introduction

Blood oxygenation level-dependent (BOLD)-based (Ogawa and
Lee, 1990) functional magnetic resonance imaging (fMRI) has been
a method of choice for visualizing neuronal activity in humans.
Neuronal activation within the cerebral cortex leads to a series of
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physiologic alterations, including localized increase in cerebral
blood flow (CBF), cerebral blood volume (CBV), and cerebral
metabolic rate of oxygen (CMRO,). These hemodynamic responses
form the basis of this fMRI technique. Hence the spatial localization
of fMRI maps is dependent on these physiological sources and the
contribution of non-specific macrovessels. It is well-known that
positive BOLD signal spreads out beyond neuronal active sites and
is sensitive to large draining vessels (Lai et al., 1993; Duong et al.,
2000a,b; Menon, 2002; Zhao et al., 2004, 2006).

In addition to the positive BOLD signal, the post-stimulus
BOLD undershoot is usually observed (Kwong et al., 1992; Frahm
et al., 1996; Kruger et al., 1996; Buxton et al., 1998; Mandeville et
al., 1999b; Yacoub et al., 2006). This can be attributed to one or a
combination of three possible physiological sources: (i) an
increased oxygen extraction rate due to the sustained post-stimulus
elevation in CMRO, (Frahm et al., 1996; Kruger et al., 1996;
Ances et al., 2001; Lu et al., 2004a; Yacoub et al., 2006), (ii) CBF
undershoot after the cessation of stimulation (Hoge et al., 1999;
Uludag et al., 2004), and (iii) the delayed recovery in venous CBV
(Buxton et al., 1998; Mandeville et al., 1999a,b). Even though the
source of the post-stimulus BOLD undershoot has been extensively
investigated, its spatial characteristics have not been examined
possibly due to limited spatial resolution of previous fMRI studies.
Spatiotemporal dynamics of post-stimulus BOLD signals can
provide insight to the source of the post-stimulus BOLD signals
and its potential utility for high-resolution brain mapping.

The primary aim of this work is to investigate the spatial
localization of post-stimulus BOLD undershoot in the visual cortex
of isoflurane-anesthetized cats at 9.4 T. To view the cortical cross-
section with in-plane resolution of 312x312 um?, a 2-mm thick
imaging slice was selected perpendicular to the cortical surface.
Since the middle cortical layer is known to have the highest
cytochrome oxidase activity, neural activity, and density of
synapses (Woolsey et al., 1996) at baseline, and the highest
stimulation-induced changes in metabolism (Woolsey et al., 1996),
CBF (Woolsey et al., 1996; Duong et al., 2000b), and CBV (Lu et
al., 2004b; Harel et al., 2006; Zhao et al., 20006), the highest signal
changes should occur at the middle of the cortex if the post-
stimulus BOLD undershoot signals are specific to metabolic
response and/or CBV response. To investigate whether post-
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stimulus BOLD undershoot signals indeed originate from a change
in R¥(=1/T%), four gradient-echo times (TEs) were used. To
further investigate the spatial characteristics of the post-stimulus
BOLD undershoot, the spatial localization of post-stimulus BOLD
undershoot was compared with CBV response by re-processing the
previously reported data with 156x156x 1000 pm® resolution
(Zhao et al., 2006).

Materials and methods
Animal preparation

Ten female adolescent cats (weight: 0.76—1.6 kg, 10—-16 weeks
old) were studied with approval from the Institutional Animal Care
and Use Committee at the University of Pittsburgh Medical
School. Cats were anesthetized with a ketamine (10-25 mg/kg) and
xylazine (2.5 mg/kg) cocktail (i.m.). The cat was orally intubated
and mechanically ventilated using a pressure-driven Kent venti-
lator (model: RSP-1002, CT) (~29-30 strokes/min) under
isoflurane anesthesia (1-1.3% v/v) in a 2:1 N,:0, mixture. An
intravenous catheter was inserted into the cephalic veins to
continuously infuse ~0.2 mg/kg/h pancuronium bromide mixed
in 5% dextrose Ringer’s solution by infusion pump. The cat was
placed in a cradle and restrained in normal postural position by a
head holder, consisting of ear bars and bite bar. End-tidal CO,
(Datex Omeda, Helsinki, Finland) was maintained in the range of
3.0-3.8%. During MRI experiments, end-tidal CO, was continu-
ously recorded (MP150, BIOPAC Systems Inc., Goleta, CA).
Rectal temperature was maintained at 38.5+0.5°C with a feedback
hot water circulator.

Visual stimulation

Binocular visual stimuli were presented from a video projector
(NEC, model #: MT1055; resolution 1040x890) onto a rear-
projection screen. The screen was positioned ~ 15 cm from the cat’s
eyes, covering about ~37° of the visual field. Visual stimuli
consisted of square-wave high-contrast moving gratings (2 cycles/s)
with low spatial frequency (0.2 cycles/degree) at a selected
orientation. During the pre- and post-stimulus periods, a stationary
grating pattern with the same orientation was presented.

General MRI experiments

All NMR experiments were performed on a 9.4 T/31-cm
horizontal MRI system (Varian, Palo Alto, CA, USA). The actively
shielded 12-cm-diameter gradient insert (Magnex, UK) operates at
a maximum gradient strength of 40 gauss/cm and a rise time of
130 ps. A 1.6-cm diameter surface coil positioned on top of the cat
head provided radiofrequency (RF) transmission and reception.
The visual cortex was positioned in the iso-center of the magnet,
and the magnetic field homogeneity was optimized by manual
shimming. From multi-slice GE BOLD ‘scout’ fMRI and
anatomical images, a 2-mm thick oblique coronal slice orthogonal
to the surface of the visual cortex was chosen. This ensured that
cortical depth-dependent structures would be similar at the
posterior—anterior direction within this imaging slice. All subse-
quent experiments were conducted on this slice with a 2x2 cm?
field of view (FOV) and a 2-mm thickness. T;-weighted
anatomical images were obtained to identify brain structures by
the four-shot spin echo (SE) planar imaging (EPI) technique with

an inversion time of 1.4 s, TE of 17 ms, and repetition time (TR)
for each segment of 5.4 s.

All four-TE fMRI images (n=35 animals) were acquired with
matrix size of 64 x 64 by single-shot GE EPI technique. The power
level of the sinc-shaped RF pulse was adjusted to maximize signal
intensity within the visual cortex. Echo times of 10, 15, 20, and
25 ms were interleaved in each run, which consisted of 30x4
(60 s) control, 30x4 (60 s) stimulation, and 60x4 (120 s) post-
stimulus image acquisitions with TR of 0.5 s.

To compare post-stimulus responses of BOLD and CBV, we
used high-resolution BOLD and CBV-weighted fMRI data
presented previously (n=5 animals) (Zhao et al., 2006). The
method to acquire the data was described in detail elsewhere (Zhao
et al., 2006). Briefly, high resolution (0.16x0.16 mm? in-plane
resolution) of BOLD and CBV-weighted fMRI data were acquired
in the same cat before and after 10 mg/kg MION injection with
four segmented GE EPI. Each run consisted of 10 control, 10
stimulation, and 10 control image acquisitions with TR=4 s. The
rest time between each run is >2 min for raw data saving,
reconstruction, and cat recovering. The long time (>3 min)
between the subsequent stimulation warranted the hemodynamic
responses’ return to baseline (Jin et al., 2006).

Data analyses

Data were processed using Stimulate (Strupp, 1996) and
MATLAB routines (Mathworks, Natick, MA). Color fMRI maps
were overlaid on original baseline EPI images. Graphs were plotted
with standard errors of means (SEM), and all others were reported
as mean+standard deviation (SD).

Image data from all repeated fMRI scans were averaged. Images
with different TEs were acquired at different time points, and thus
linear temporal interpolation was performed to take into account their
different time origins. Statistical #-value maps were computed by
comparing the experimental fMRI data acquired during the initial
control period vs. data acquired during stimulation. The ROI inclu-
ding all activated pixels from BOLD fMRI with TE=20 ms was used
for quantitative analysis of four-TE data. Percent changes of averaged
signals were plotted as a function of echo time. Since the percent
signal change can be approximated as AS/S=—ARj¥ x TE+ intercept,
the slope of the linearly fitted line is stimulation-induced —AR% and
the intercept is the non-7% effect.

In order to examine spatiotemporal characteristics of BOLD
and post-stimulus BOLD responses, four TE data were averaged
(the rationale will be given later). Both TE-averaged data and high-
resolution data were analyzed by two different approaches without
any statistical threshold: generation of time-dependent subtraction
maps (AS) and profile analysis of region of interest (ROI). AS maps
were obtained by subtraction of average baseline image from
stimulation-induced images on a pixel-by-pixel basis, and then
displayed as a gray scale. To generate a signal profile in the cortical
depth dimension, two quadrangular regions within the visual
cortex were independently selected (one within each hemisphere)
based on T,-weighted anatomical images. Each ROI was ~3 pixels
(~6 pixels for high-resolution data) wide along the dorsal flat
surface of the cortex and ~6 pixels (~12 pixels for high-resolution
data) in the cortical depth dimension (perpendicular to the dorsal
surface). These ROIs were placed along the medial side of the
white matter at the position where the cortical curvature was least
and where the variations of the cortical profile along the depth
dimension were minimal. The average distance within these
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quadrangular ROIs from the surface of the cortex to the gray/white
matter boundary was determined in each animal. The signals at the
same relative cortical depth, regardless of statistical criteria for
activation, were averaged along the surface dimension. One profile
was generated for each animal from the quadrangular ROIs in area
18. Cortical layer locations were assigned based on relative
distances of those layers in area 18 (Payne and Peters, 2002).

Results
TE dependence of the post-stimulus BOLD undershoot

To investigate the TE dependence of BOLD fMRI, data were
obtained with TE=10, 15, 20, and 25 ms. Figs. 1A and B show
anatomical T,-weighted EPI image and conventional positive
BOLD f-value map at TE=20 ms of one animal. From the
anatomical image (Fig. 1A), cortical surface (the green contours)
and anatomical boundaries between gray and white matter (the
black contours) were determined and then overlaid on Fig. 1B
(background GE EPI image with activation map). No obvious
spatial mis-registration was observed between Fig. 1A (which was
acquired with four-shot SE EPI technique) and Fig. 1B (which was
acquired with single-shot GE EPI technique) because they have a
similar gradient train. However, in some regions, as indicated by
cyan arrow in Fig. 1B, low signal intensity at the dorsal surface of
the cortex in the single-shot GE image appears, which is likely due
to susceptibility-induced dephasing around the large surface veins.
The largest conventional positive BOLD signal changes (yellow
pixels) were seen near the surface of the cortex (the green contours)
and the lower cortical regions near the white matter (the black
contours). This observation is consistent for all TE studies in five

cats and with the previous high-resolution GE BOLD studies at
9.4 T (Harel et al., 2006; Zhao et al., 2006).

Time courses of four-TE BOLD fMRI signals were obtained
from the same ROI (all activated pixels at TE=20 ms, as shown in
Fig. 1B). Average time courses from all five cats are shown in
Fig. 1C. TE-dependent BOLD signal changes were observed. The
conventional positive BOLD signal reached its peak at 9.1+£0.8 s
(n=5) following the stimulus onset, and the post-stimulus BOLD
undershoot reached the negative peak at 12.7+1.5 s (n=5)
following the cessation of the stimulus, which was significantly
longer than the time-to-peak (»<0.002). To recover the post-
stimulus BOLD signal to a pre-stimulus baseline level, >40 s is
needed. This long recovery time is consistent with previous
observations (Janz et al., 2001; Lu et al., 2004a).

To examine possible sources of the post-stimulus BOLD
undershoot, Fig. 1D displays the plots of percentage signal changes
vs. TE for all five cats. Both conventional positive BOLD (average
signal of 8 ~60 s after stimulus on) and post-stimulus undershoot
(average signal of 12 ~36 s after cessation of stimulation) signals
demonstrate linear TE dependence (7=5 animals, where R* values
for individual data were all >0.97). The average R¥ change is
—0.31+0.06 s ' (n=>5) for the conventional positive BOLD signal
and +0.26+£0.07 (n=35) for the post-stimulus BOLD undershoot.
The average intercept of conventional positive BOLD signal is
0.32+0.13% (n=5), while the average intercept of BOLD post-
stimulus undershoot is —0.07+0.04% (n=5). For post-stimulus
undershoot, the contribution from intercept is much smaller than
the contribution from R¥ change. Thus, the post-stimulus BOLD
undershoot signal originates mostly from a change in R%.

Since spatiotemporal characteristics were independent of TE
(data not shown), all four-echo data were averaged for further
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Fig. 1. TE dependence of BOLD fMRI signals. T;-weighted anatomical image (A) and conventional positive functional #-value map (B) of one animal are
shown. The cortical surface is outlined in green contours and white matter boundaries are delineated by black contours from anatomic image. These were overlaid
on images in panel B and Figs 2 and 3. A cyan arrow in panel B indicates signal intensity loss due to susceptibility-induced dephasing around the large surface
veins. The statistical 7-value threshold was set to 2.0 with a minimum cluster size of 4 pixels (»p<0.01). D: dorsal, L: lateral. (C) Average time courses of five
animals were plotted for four different TEs. A red bar under the time courses indicates the 60 s visual stimulation period. (D) The percentage signal change vs. TE
for positive BOLD and post-stimulus BOLD undershoot is shown in individual animals (n=5). Additionally, linearly fitted lines are also drawn. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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studies. Statistical z-value maps of positive BOLD and post-
stimulus BOLD undershoot were calculated by comparing the pre-
stimulus control images with the images acquired during the
stimulation (8—60 s) and the images acquired during 12-36 s after
cessation of stimulation. Direct comparison of 7-value maps by the
same threshold is biased due to the different contrast-to-noise ratios
(CNRs) of positive BOLD and BOLD undershoot signals, and thus
250 pixels with the highest t-value were chosen by adjusting their
thresholds individually. Fig. 2 shows #-value maps of positive
BOLD and post-stimulus BOLD undershoot from two cats.
Consistent with previous observations (Fig. 1), pixels with high
t-value in positive BOLD maps (yellow pixels Fig. 2) are in the
area near the surface of the cortex (green contour) and in the lower
cortical regions near the white matter (the black contours). Pixels
with high #-value for post-stimulus undershoot are in the middle
cortical region and the cortical surface (purple pixels in Fig. 2). The
middle cortical area indicated by the red arrow has lower BOLD
signal change, but higher post-stimulus undershoot.

Spatial localization of post-stimulus BOLD undershoot

To determine the spatiotemporal evolution of the BOLD signal,
time-dependent AS maps were obtained. Fig. 3 shows time-
dependent BOLD AS maps obtained from TE-averaged data
during stimulation and post-stimulation periods, and Fig. 4 shows
time-dependent BOLD and CBV-weighted AS maps obtained from
high-resolution data. As previously shown, the highest positive
BOLD signals were observed near the surface of the cortex (bright
pixels near green contours) during the visual stimulation period
(left column of Figs. 3 and 4A). Within the cortex, relatively
uniform BOLD signal changes were initially observed (see
Fig. 3A), but at later time points during 60-s stimulation, the
BOLD signal in the middle of the cortex decreased almost to a pre-

Positive BOLD

Cat No. 1

Cat No. 2

tvalue 4 20

stimulus baseline level (see Fig. 3E). This can be due to dynamic
uncoupling-to-coupling changes between CBF and CMRO, as
observed by Frahm et al. (1996) and/or a slow venous CBV
increase (Buxton et al., 1998; Mandeville et al., 1999a,b). After the
cessation of stimulation (right column of Figs. 3 and 4B-D), the
post-stimulus undershoot appears in the middle of the cortex (dark
pixels indicated by the red arrow) and near the surface of the
cortex (see dark pixels near green contours). The significant
undershoot is observed within 36 s after cessation of stimulation
(corresponding to Figs. 3F-H and 4B-D), which is consistent with
the time courses of Fig. 1C. In all animals, similar results were
observed.

In order to examine whether regions with large post-stimulus
undershoots are at the middle of the cortex, CBV-weighted fMRI
maps were compared (Figs. 4E-H). As shown previously, the
maximum CBV-weighted fMRI signal changes (white pixels in
Fig. 4E indicated by red arrow) followed the middle of the visual
cortex, where the highest post-stimulus undershoot occurs
(compare Figs. 4C-D and E). After cessation of stimulation, the
sustained small CBV increase was observed in the middle cortex
until 24-s post-stimulation (see Figs. 4F and G). At ~28-36 s after
the offset of stimulation, CBV-weighted signal recovered to pre-
stimulus baseline (Fig. 4H), while small post-stimulus BOLD
signal was still detected (Figs. 4D and 3H).

To further examine the spatial localization of the conventional
positive BOLD and post-stimulus BOLD undershoot fMRI maps,
profiles of signal changes across cortical layers were obtained
from ROIs without any statistical threshold. Averages of results
from five animals’ TE-average data were plotted as a function of
depth from the surface of the cortex (Fig. 5A). Similarly, profiles
of stimulation and post-stimulation results from high-resolution
BOLD and CBV data (n=5) are shown in Figs. SB—C. Post-
stimulus BOLD undershoot (Figs. SA and C green triangles) has a

Post stimulus undershoot

-4 I -D()

Fig. 2. BOLD maps vs. post-stimulus BOLD undershoot maps. 7~value maps of positive BOLD (left) and post-stimulus BOLD undershoot (right) were obtained
from TE-averaged data in two cats. Images acquired during a stimulation period except initial 8 s and during 12—36 s after cessation of stimulation were used for
positive and post-stimulus BOLD maps, respectively. To minimize the influence of different CNRs for positive BOLD and post-stimulus BOLD undershoot, 250
pixels with highest #-values were chosen by adjusting the threshold individually. D: dorsal, L: lateral.
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Positive BOLD Post-stimulus BOLD
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50-60s

AS -40 N | 40

Fig. 3. Time-dependent subtraction maps of conventional positive BOLD and post-stimulus BOLD signals. Functional subtraction maps are absolute changes
from the pre-stimulus baseline level. Maps were calculated during the different time periods (indicated by the numbers left of the maps) after onset (left column)
and cessation (right column) of stimulation. Red arrows indicate the middle of the cortex. Clearly, highest post-stimulus BOLD undershoot is observed in middle
of the cortex, as well as the cortical surface (dark pixels in panels F-I). Green contour: cortical surface; black contour: white matter boundary; D: dorsal; L:
lateral. The unit of gray scale bars is the multiple of the standard deviation within the noise area outside the brain. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

peak at the middle of the cortex, where the highest CBV change stimulus period (blue circles in Fig. 5C), indicating the CBV
occurs (Fig. 5B blue circles). Interestingly, the CBV-weighted decreases after cessation of stimulation at the surface of the
signal was positive at the surface of the cortex during the post- cortex.
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Discussion
Physiological source of post-stimulus BOLD undershoot

Our results of TE dependence show that post-stimulus BOLD
undershoot is linearly dependent on TE, with a very small negative
intercept when TE is linearly extrapolated to 0, indicating that the
apparent transverse relaxation rate change induced by blood
susceptibility effect is a major source. Such blood susceptibility
effect can be due to a sustained venous blood volume increase,
and/or a decrease in venous oxygenation level. To determine which
one is the dominant source of the post-stimulus BOLD undershoot,
high-resolution BOLD and CBV-weighted fMRI were conducted
in the same animal before and after MION injection. Even though

BOLD fMRI

56-64s 44 -52 s 12-40s

68-76s

the CBV-weighted fMRI signal reflects changes in total CBV
(venous and arterial) rather than pure venous CBV change, the
dominant source of post-stimulus BOLD undershoot can still be
estimated by analysis of spatial characteristics of post-stimulus
BOLD and CBV-weighted fMRI signals. Our results indicate that
the detected post-stimulus undershoot of cat visual cortex is
dominated by blood oxygenation decrease.

During the post-stimulus BOLD undershoot period, an
increased CBV was observed at the middle of the cortex, while a
decreased CBV change (see blue circles in Fig. 5C) was detected in
the surface of the cortex. However, post-stimulus BOLD under-
shoots were observed at the middle and surface of the cortex. This
indicates that the prolonged venous CBV recovery is not a major
source of the post-stimulus BOLD undershoot at the surface of the

CBV-weighted fMRI

Fig. 4. Time-dependent subtraction maps of BOLD vs. CBV-weighted fMRI. BOLD (left column) and CBV-weighted (right column) subtraction maps are shown
as absolute signal changes from pre-stimulus baseline levels. Maps were calculated during the steady-state stimulation condition (12 s—40 s after the onset of 40-s
long stimulation, the red bar indicates stimulation) (A and E), an initial post-stimulus period (44—52 s) (B and F), and two later post-stimulus periods (56—64 s
and 6876 s after the termination of stimulation) (C and G, D and H, respectively). Bright pixels in BOLD indicate positive signal changes, while those in CBV-
weighted fMRI indicate a decrease in MRI signal and consequently an increase in CBV. The unit of gray scale bars is the multiple of the standard deviation within
the noise area outside the brain. Red arrows indicate the middle of the cortex. Clearly, post-stimulus BOLD undershoot was observed (C and D). Green contour:
cortical surface; yellow contour: white matter boundary; D: dorsal; L: lateral. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 5. Average profiles of BOLD and CBV-weighted fMRI signals across the cortex. Cortical depth-dependent profile was generated for each animal from the
quadrangular ROIs in area 18 (e.g., two red quadrangular ROIs in inset image), then data were averaged across all animals. Post-stimulus data were obtained from
12 to 36 s after the cessation of stimulation, while stimulation data were obtained from entire stimulation period except initial 8 s. TE-average data are shown in
panel A, while high-resolution BOLD and CBV data during stimulation and post-stimulation periods are shown in panels B and C, respectively. The surface of
the cortex is at zero, with cortical depth represented by increasing distances. Approximate location of cortical layers was determined by relative distances of those
layers in area 18 (Payne and Peters, 2002) and is differentiated by colored bands. Negative change in CBV-weighted fMRI indicates an increase in CBV. The
middle of the cortex has the highest stimulation-induced CBV increase as well as highest post-stimulus BOLD undershoot. For clarity, only one side of the error
bars (SEM) is shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

cortex. Otherwise, a large arterial blood volume decrease is needed
to compensate the venous blood volume increase, which has been
suggested to not be the case (Yacoub et al., 2006). Furthermore,
based on the measurement of CBF and CBV response in the visual
cortex of cat (Jin et al., 2006), CBF and CBV responses in the
cortical surface are similarly fast, indicating that the CBV response
is dominated by arterial vessel dilation in the cortical surface. This
MR observation is also supported by recent in vivo microscopic
measurements of pial vessels during increased neural activity,
which detect large stimulation-induced dilation in arterial blood
vessels, but not in venous vessels (Tian et al., 2006). Since no
venous vessel dilation is detected during stimulation in the cortical
surface, there should be no post-stimulus elevated venous CBV
there. Taken together, our observed post-stimulus BOLD under-
shoot in the surface of the cortex is not dominated by venous CBV
increase.

In the middle cortical area, even if a delayed CBV recovery was
observed after the cessation of stimulation, the CBV signal recovered
more quickly to a pre-stimulus baseline level than the post-stimulus
BOLD undershoot. Comparing Figs. 4C and D with Figs. 4G and H, it
is obvious that there is a strong post-stimulus BOLD undershoot at
>12 s after the cessation of the stimulation while the post-stimulus CBV
response is very weak. When considering the BOLD signal
contribution to CBV-weighted fMRI (Kennan et al., 1998), the actual

post-stimulus CBV response is less than the observed CBV-weighted
change. Thus, we can conclude that the prolonged venous CBV
increase is not a major source of the post-stimulus BOLD undershoot in
the middle cortical area under our experimental and physiological
conditions in the cat visual cortex.

Alternatively, the post-stimulus BOLD undershoot can be due
to a decrease in venous oxygenation level which can be caused by
prolonged elevation of oxygen extraction which would be likely to
occur in the middle cortex (Frahm et al., 1996; Ances et al., 2001;
Lu et al., 2004a; Yacoub et al., 2006) and/or the post-stimulus CBF
undershoot. Since deoxyhemoglobin from active sites drains into
downstream vessels including intra-cortical and pial veins, the
large post-stimulus BOLD undershoot was also observed at the
surface of the cortex where the large pial veins reside. This post-
stimulus undershoot behaves in the same manner as the positive
BOLD response—highly oxygenated venous blood originates
mostly in the middle cortical area, and then is drained to the
cortical surface where the highest signal change is observed.

Spatial specificity of post-stimulus BOLD undershoot
The improved localization of the post-stimulus BOLD under-

shoot to the middle cortical layers was observed. The post-stimulus
BOLD undershoot is likely due to an increase in blood
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deoxygenation, which can be caused by combination of increased
oxygen extraction and/or post-stimulus CBF undershoot, and a
contribution from sustained venous CBV response. Thus, the
spatial localization of post-stimulus BOLD undershoot is related to
the specificity of CMRO,, CBF and venous CBV signals. It is
well-known that CMRO, response is specific to active sites (Lowel
et al., 1987; Thompson et al., 2003; Lu et al., 2004a). Stimulation-
induced CBF and CBV increases are also proved to have high
spatial specificity (Duong et al., 2001; Lu et al., 2004b; Vanzetta et
al., 2004; Zhao et al., 2005). Hence the contribution from post-
stimulus elevated venous CBV should also be expected to have
high spatial specificity. A post-stimulus elevated CMRO, causes a
BOLD signal decrease, a post-stimulus elevated venous CBV
causes a BOLD signal decrease, and a post-stimulus CBF decrease
also causes a BOLD signal decrease. So all these three effects
enhance each other to provide the high spatial specificity of post-
stimulus BOLD undershoot within the cortex.

Careful observation of positive BOLD signal shows that the
middle of the cortex has smaller signal changes than the upper and
lower cortical layers. This has been commonly observed in our high-
resolution BOLD studies (Zhao et al., 2006) and shown in high-
resolution BOLD data reported by Harel et al. (2006) even though it
was not mentioned. The spatial profile of BOLD signal across the
cortex is dependent on spatial extents and profiles of the functional
changes of CBF, CMRO,, and venous CBV. Since an increase in
CMRO, causes a decrease in BOLD signal, while an increase in
CBF causes an increase in BOLD signal, the specificity of
conventional positive BOLD signal is worse than that of CMRO,,
CBF, or CBV signals (see also Duong et al., 2000a). Combination of
high CMRO, and CBV responses at the middle of the cortex may
explain a low BOLD response at the middle of the cortex.

In our studies, isoflurane was used as an anesthesia. Isoflurane’s
effect on isolated cerebral arterioles and intraparenchymal arterioles
is known to cause vasodilation (Flynn et al., 1992; Farber et al.,
1997), hence to increase baseline CBF (Masamoto et al., in press). It
is also found that isoflurane reduces neural response (Martin et al.,
2006; Masamoto et al., in press) to stimulation. All these effects are
likely to cause the BOLD fMRI response to be reduced compared to
that under awake condition (Pectersa et al., 2001; Cohen et al.,
2002). However, the general pattern of BOLD fMRI response under
anesthesia is similar to that of awake condition (Martin et al., 2006),
so our interpretation of animal studies is likely to be applicable to
awake human studies. Since the post-stimulus BOLD undershoot
originates mostly from a decrease in venous oxygenation level
induced by an elevated oxygen consumption, its localization should
be more specific than positive BOLD signals. Improved spatial
localization to the parenchyma is likely to be achieved in human
studies by using the post-stimulus BOLD undershoot. However,
when the gradient-echo technique is used, extravascular signals
around the large draining vessel are also contributed to the BOLD
undershoot, reducing the spatial specificity. Thus, to remove
extravascular BOLD signals around the large vessels, the spin-echo
approach can be implemented at high magnetic fields (Lee et al.,
1999; Zhao et al., 2006).

In conclusion, regardless of the signal source, the post-stimulus
BOLD undershoot improves the spatial specificity to the middle
cortical layers compared to the conventional positive BOLD signal.
Although its magnitude and duration are closely dependent on the
type and duration of stimuli, the post-stimulus BOLD undershoot
is often observed in human fMRI studies and may be used for the
improvement of spatial specificity.
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