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Spatiotemporal Dynamics of the BOLD fMRI Signals:
Toward Mapping Submillimeter Cortical Columns Using

the Early Negative Response

Timothy Q. Duong, Dae-Shik Kim, Kamil Ugurbil, and Seong-Gi Kim"

The existence of the early-negative blood-oxygenation-level-
dependent (BOLD) response is controversial and its practical
utility for mapping brain functions with columnar spatial spec-
ificity remains questionable. To address these issues, gradient-
echo BOLD fMRI studies were performed at 4.7 T and 94 T
using the well-established orientation column model in the cat
visual cortex. A robust transient early-negative BOLD response
was consistently observed in anesthetized cat (-0.35 = 0.09%,
mean = SD, n = 8 at 2.9 = 0.5 sec poststimulus onset for 4.7 T,
TE = 31 ms; -0.29 = 0.10%, n = 4 at 3.0 + 0.8 sec poststimulus
onset for 9.4 T, TE = 12 ms). In addition to its temporal evolu-
tion, the BOLD response also evolved dynamically in the spatial
domain. The initially spatially localized early-negative signal
appeared to dynamically drain from the active sites toward
large vessels, followed by a wave of the delayed positive signal,
which exhibited similar spatiotemporal dynamics. Only the ear-
ly-negative BOLD response within 2 sec of the stimulus onset
(not the entire dip) yielded columnar layouts without differential
subtraction. The functional maps of two orthogonal orienta-
tions using the first 2-sec dip were indeed complementary. On
the other hand, the delayed positive BOLD response appeared
diffused and extended beyond the active sites. It was thus less
suitable to resolve columnar layouts. These results have impli-
cations for the design and interpretation of the BOLD fMRI at
columnar resolution. Magn Reson Med 44:231-242, 2000.
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Blood oxygenation level dependent (BOLD) functional
MRI (fMRI) (1) has been extensively used to noninvasively
map human brain processes (2—4), ranging from sensory
perception to cognitive function. The stimulus-induced
BOLD contrast arises from regional changes in paramag-
netic deoxyhemoglobin concentration and, thus, can be
detected in "H,0 T%-weighted images (1). Despite the in-
dispensable role of the BOLD fMRI technique in mapping
human brain functions (typically on the coarse scale of a
few millimeters), the source of the BOLD signal in relation
to the site of neuronal activity remains poorly understood
and controversial (5,6). Further, it is unclear whether the
conventional BOLD response has sufficient spatial speci-
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ficity to map submillimeter functional structures (e.g., cor-
tical columns) (7,8).

At the heart of this spatial limitation is the hemody-
namic response per se. Recent optical spectroscopy stud-
ies of orientation columns in the cat visual cortex sug-
gested that the delayed hemodynamic response of the oxy-
hemoglobin increase is diffused and extends far beyond
the true activated site, resulting in a fundamental spatial
limitation of 2—3 mm resolution (9,10). Based on such
findings, it was concluded that signals from the delayed
oxyhemoglobin increase are insufficient to resolve func-
tionally active, individual orientation columns (~500 pm
in diameter) that are ~1.3 mm apart (11). On the other
hand, the initial “metabolism-based” deoxyhemoglobin
signal increase was reported to be spatially confined to the
site of increased neuronal activity. “Patchy” orientation
column layouts, consistent with the 2-deoxyglucose (2-DG)
autoradiographic data (11) and single-unit recording (12),
were resolved by using this transient deoxyhemoglobin
signal increase (9). These results have strong implications
for the BOLD fMRI technique, which is based on similar
hemodynamic and metabolic principles for detection of
neuronal activity. Essentially all BOLD studies aimed at
mapping brain function to date employ the delayed posi-
tive BOLD response, corresponding to the delayed in-
crease in the optical oxyhemoglobin signals. Therefore, in
principle the conventional BOLD technique also suffers
from a fundamental limitation in spatial resolution of sim-
ilar magnitude. Engel et al. (7) and Menon and Goodyear
(8) recently demonstrated that this is indeed the case.

Interestingly, mapping ocular dominance columns in
human using the delayed positive BOLD response has
been attempted by using the “differential imaging” method
in which functional maps were generated by subtracting
the BOLD signals of two complementary stimuli (i.e., left
and right eye visual stimuli) (8,13). While the use of the
differential subtraction method in optical imaging studies
has been well established via extensive verifications with
the single-unit (12) and 2-DG (11) technique, the validity
and implications of this method on the BOLD fMRI data at
columnar resolution, however, remain unresolved and
poorly understood. Further, this subtraction approach can
only be used with the assumption that the activation areas
are complementary (i.e., exact knowledge of the hypothe-
sis under test). Consequently, this method cannot be
readily used to map most cerebral functions, as the major-
ity of the functional units in the brain are not complemen-
tary. It is thus desirable to obtain columnar structures
using a single-stimulus condition (“single-condition”
map) without using the differential imaging method.
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Prompted by the optical spectroscopy data that the ini-
tial deoxyhemoglobin increase following increased neuro-
nal activity is spatially more localized than the subsequent
oxyhemoglobin increase, several fMRI studies have been
carried out to search for the initial increase in regional
deoxyhemoglobin, which is expected to give rise to an
early negative BOLD response (“dip”). To date, the exis-
tence of the early negative BOLD response remains de-
bated. A small, transient negative BOLD response has been
detected in the human visual cortex (14-19) and, very
recently, in the monkey visual cortex (20). On the other
hand, Jezzard et al. (21) reported no early negative BOLD
response in the cat visual cortex. Similarly, the dip was
not observed in the rat somatosensory cortex (22,23).
These discrepancies regarding the existence of the dip
remain largely unexplained and raise the question of
whether the early negative BOLD signal has the same
biophysical basis as the intrinsic deoxyhemoglobin optical
signal. Furthermore, the practical significance of the initial
negative BOLD response, namely, whether it can be used
to noninvasively map brain functions with columnar res-
olution, remains elusive. This is because of the small am-
plitude (percent change) of the dip in combination with
the need to achieve high spatial and temporal resolution
for columnar mapping.

Herein, we present a BOLD fMRI study using the well-
established orientation-column model in cat in which the
initial increase in the stimulus-induced deoxyhemoglobin
signal was originally observed using the optical spectros-
copy technique (9,24). The aims of this study were to use
this cat model to: 1) determine whether an early-negative
fMRI BOLD response can be robustly detected; 2) evaluate
the spatial specificity of different temporal phases of the
BOLD response; and 3) examine their ability to map brain
functions at columnar resolution (i.e., to resolve function-
ally activated structures of ~500 pm in size that are
~1.3 mm apart) by using a “single-stimulus” condition.
High spatiotemporal resolution BOLD measurements at
high magnetic fields of 4.7 and 9.4 T were made. A
robust transient early-negative BOLD response was ob-
served, consistent with the interpretation that there was
an initial increase in cerebral metabolic rate of oxygen
(CMRO,) following increased neuronal activity (25).
Functional maps generated using the early-negative re-
sponses (only within 2 sec following the stimulus onset)
were consistent with the layout of orientation columns
and functional maps of orthogonal stimuli were highly
complementary. Both the delayed negative BOLD (i.e.,
2—4 sec poststimulus onset) and delayed positive BOLD
responses, on the other hand, appeared diffused and less
suitable to resolve columnar structures. The neuro-
science application of this methodology has recently
appeared in a companion article (26).

METHODS

Animal Preparations

All animal experiments were performed with institutional
approval. A total of 12 independent studies were per-
formed on 6 cats (IMRI was done more than twice in some
animals, while only once in others). Female adolescent
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cats (0.5-1.1 kg, 6—10 weeks old) were treated with atro-
pine sulfate (0.05 mg/kg, i.m.) and anesthetized with a
ketamine (10-25 mg/kg) and xylazine (2.5 mg/kg) cocktail
(i.m.). The forepaw vein was catheterized for fluid supple-
ment. The animal was orally intubated and mechanically
ventilated using a Harvard ventilator (~35-45 stroke/min,
15—30 ml/stroke) under isoflurane anesthesia (1.0-1.3%
v/v) in a 1:1 N,0:0, mixture throughout the experiment.
End-tidal pCO, was continuously monitored using a cap-
nometer (Datex-Ohmeda, Louisville, CO) and kept within
normal physiological ranges (3—4%). The animal’s pupils
were dilated with a drop of atropine sulfate solution
(Steris Lab, Phoenix, AZ) and the animal’s eyes were re-
fracted with corrective contact lenses (Danker Lab, Sara-
sota, FL). The animal was then placed in a cradle and
restrained in normal postural position using a head-holder
consisting of eye, ear, and mouth bars. The animal’s rectal
temperature was maintained at 38 = 1°C throughout the
experiments. At the end of the 3—5-h MR study, the isoflu-
rane anesthesia was discontinued and the animal was kept
on the respirator until she could breath on her own. The
animal was observed for 0.5-2.0 h before being returned to
her littermates.

Stimulation Paradigm

The stimulation paradigm employed herein was essen-
tially identical to that used in optical spectroscopy studies
(9,24). The visual stimuli (presented to both eyes) con-
sisted of high-contrast, drifting square-wave gratings (0.15
cycle/degree, 2 cycle/s) of four different orientations (0°,
45°, 90°, and/or 135°). Stationary gratings of identical spa-
tial frequency and orientation were presented during the
resting period. The stimulus parameters were optimized to
activate orientation selective neurons in area 18 of the cat
visual cortex (which is functionally homologous to the
primary visual cortex, area V1, in human and monkey).
The visual stimuli were projected onto a screen from the
back of the magnet using a video projector (with 640 X 480
pixel resolution, Resonance Technology Co., Northridge,
CA). The screen was positioned ~15 cm from the animal’s
eyes, covering about 37° of the visual field. Visual stimu-
lation and image acquisition were synchronized using a
home-built TTL-I/O device.

MR Experiments

MR experiments were performed on a 4.7 T/40-cm (Oxford
Magnet Technology, Oxford, UK) or a 9.4 T/31-cm (Mag-
nex Scientific, Abingdon, UK) horizontal magnets. The
former was equipped with a home-built 15 G/cm gradient
of 300 ws risetime (ID = 11 cm) and the latter with a
30 G/cm gradient (11.0 cm ID, 300-ps risetime; Magnex
Scientific). The two MR scanners were independently
driven by two identical "™ INOVA consoles (Varian Inc.,
Palo Alto, CA). Protocols and parameters used at both
magnetic fields were identical unless otherwise specified.
After placing the animal in a cradle, a small, high-sensi-
tivity surface coil of 1.2 cm (at 4.7 T) or 1.4 cm (at 9.4 T)
diameter was placed on top of the cat brain. By using a
small surface coil, the field-of-view (FOV = 2 X 2 cm? and
data matrix = 64 X 64) was reduced without aliasing,
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resulting in improved spatial resolution for a given data
matrix. A single 2-mm horizontal slice, ~0.5 mm below
the cortical surface, was chosen to target the columnar
structure in area 18 with minimal superficial vessel con-
tamination. Area 18 on the lateral gyrus is essentially flat
and, thus, can be covered by a single imaging slice. The
parameters at 4.7 T were: single-shot gradient-echo (GE)
echo-planar images (EPI), TR = 0.5 sec, TE = 31 ms,
spectral width = 100 kHz, and flip angle = 40°. The
parameters at 9.4 T were: two-segment GE EPI , TR =
0.5 sec (0.25 sec each segment), TE = 12 ms, spectral
width = 170 kHz, and flip angle = 30°. For each BOLD
fMRI measurement, a total of 160 images were acquired: 60
images prestimulation, 20 images during stimulation, and
80 images poststimulation.

Data Analysis

The EPI images were zero-filled from a data matrix of 64 X
64 to 128 X 128, yielding a nominal in-plane resolution of
156 X 156 pm? (310 X 310 wm? before zero filling). Mul-
tiple BOLD measurements from each imaging session were
averaged together before further analysis. Image data anal-
ysis employed Stimulate (27) and software codes written
in PV-WAVE (Visual Numerics, Houston, TX).

The first 30 images (15 sec) were discarded because the
signal intensities were not yet at equilibrium. For im-
proved efficiency, calculations were not done for pixels
with very poor SNR (i.e., pixels outside the brain). These
pixels were distinguished based on the standard deviation
(SD) maps, which were calculated using the baseline im-
ages from 0—15 sec before stimulus onset. Only pixels with
intensity SD < 1.5% were used for subsequent calculation.
Two types of activation maps were computed, namely:
cross-correlation maps and representative 2-sec “time-
binned” percent-change maps. First, cross-correlation (CC)
activation maps were computed using the boxcar cross-
correlation method (28) with the CC coefficient threshold
set at 98% confidence level (corresponding to a CC value
of 0.3 (29)). Second, the BOLD time course from 0-10 sec
after the stimulus onset was divided (“time-binned”) into
five segments to obtain representative detailed spatiotem-
poral information on the BOLD response. The 2-sec image
segments were: early-negative segment (0.5-2.0 sec after
the stimulus onset), late-negative segment (2.5-4.0 sec),
early-positive segment (4.5—6.0 sec), late-positive segment
(6.5—8.0 sec), and late-late-positive segment (8.5-10.0 sec).
For each “time-binned” map, individual pixels displaying
percent changes (both positive or negative) with at least
0.6—1.0 SD away from the baseline were taken to be sta-
tistically significant (at least 73—84% confidence level),
except for the late-positive and late-late-positive segment,
where the statistical threshold for the positive percent
change was raised in proportion to the contrast-to-noise
ratio (CNR) of the maximum positive to the minimum
negative BOLD response. Since the percent-change ampli-
tudes of the late- and late-late-positive responses were
larger than those of the early-negative and early-positive
responses, correspondingly raising the statistical thresh-
olds was justified because the activation maps with the
smaller percent changes (i.e., early-negative segment)
would otherwise falsely yield improved spatial localiza-
tion.
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A minimal cluster size of four pixels was further used to
construct all activation maps, resulting in an improved
statistical significance of at least 80-94% confidence level
(30). The computed activation maps were overlaid on an-
atomical images. All reported values were in mean * SD
and all statistical tests employed Student’s paired t-test
unless otherwise specified.

RESULTS

Extensive measures were taken to enhance the stability
and reproducibility of the BOLD responses. The end-tidal
CO, was found to be critical for obtaining a stable and
consistent BOLD response. Optimal and robust BOLD re-
sponse was elicited with the end-tidal CO, maintained at
3.5-3.8% (within the normal physiological range) and
isoflurane level at 1.1-1.2%. Note that the anesthesia level
used herein was generally higher than that (<0.9%) typi-
cally used in some optical imaging studies, presumably
because of the gradient acoustic noise, which left the ani-
mal at a more conscious state. Notably, the BOLD response
was markedly attenuated at 1.5% isoflurane and was es-
sentially abolished at >1.8% isoflurane.

In a typical fMRI study session, 5-10 fMRI measure-
ments were made, essentially all of which yielded excel-
lent/good early-negative responses. The SD of the signal
fluctuation obtained from a 1-cm?® ROI during the control/
nonstimulated period was 0.10 £ 0.05% of the signal (in a
single measurement without signal averaging). Figure
la—c shows the anatomical images and the slice positions
used for the fMRI studies. Figure 1d shows a representa-
tive cross-correlation activation map of the cat visual cor-
tex following visual presentation of a single (0°) orienta-
tion. The fMRI image is an oblique view of area 18 of the
primary visual cortex, tangential to the cortical surface.
The stimulus evoked a BOLD response in area 18, consis-
tent with those reported in the optical spectroscopy liter-
ature (9,24) and an fMRI study (21) in cat. These CC maps
are highly reproducible under test and retest conditions
acquired at least 3 h apart. The CC maps, however, were
relatively uniform, without the characteristic “patchy” ap-
pearance of the columnar structures. Rather, the activity
was heavily concentrated along large vessels, particularly
the superior sagittal sinus, which are presumably distant
from the active sites. In fact, the CC maps of four different
orientations (0°, 45°, 90°, and 135°) in the same study
session yielded roughly homogeneous spatial distribu-
tions that were hardly distinguishable from each other
(data not shown), in agreement with an earlier finding (21).
These observations are also consistent with the optical
literature (9), which demonstrated that the delayed in-
crease of oxyhemoglobin optical signal was less suitable
for discriminating columnar layouts. The nominal in-
plane resolution of ~156 X 156 pm? (~310 X 310 pm?
before zero filling) herein should have been sufficient to
resolve the functionally activated, individual columns of
~500 X 500 wm? that are ~1.3 mm apart.

Figure 2 displays three representative BOLD time-
courses obtained from all the activated pixels of the CC
maps (i.e., from Fig. 1) in three independent studies at 4.7
T (similar data quality was obtained at 9.4 T). The tempo-
ral evolution of the BOLD response was clearly bipha-
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sic—an initial decrease, followed by a zero crossing and a
delayed increase of the BOLD response is evident. The
early-negative BOLD response shows a signal decrease of
~-0.4% and reached its minimum ~3.0 sec after the stim-
ulus onset. The conventional positive BOLD response
shows a signal increase of ~1.5% and reached its maxi-
mum ~13 sec after the stimulus onset. The time to mini-
mum of the early-negative BOLD and the time to maxi-
mum of the positive BOLD for each fMRI study at 4.7 T and

Percent BOLD changes

-10 0 10 20 30 40
Time after stimulus onset (seconds)

FIG. 2. Representative time-courses of the BOLD responses from
the CC maps obtained from three independent studies. The time-
courses were obtained with signal averaging of six (red dashed line),
eight (green dotted line), and ten (blue solid line) measurements. The
black rectangular block indicates the 10-sec stimulus duration. The
temporal evolution of the BOLD response clearly showed a biphasic
behavior—an initial decrease, followed by a zero crossing and a
delayed increase of the BOLD response.
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FIG. 1. Anatomical images and slice positions for
the fMRI studies are shown in a-c. A representa-
tive cross-correlation (CC) map of the BOLD re-
sponses to a single orientation stimulus is shown in
d. An expanded cross-correlation activation map
of the BOLD response is overlain on the anatomical
image with the region of expansion shown in ¢,
indicating area 18 of the visual cortex. A robust
BOLD response in area 18 of the visual cortex was
observed. Pixels with the highest statistical signif-
icance tended to align along the superior sagittal
sinus. The signal of these activated pixels, how-
ever, were not of intravascular origin; rather, they
arose from the bulk magnetic susceptibility effect
around the sinus since the chosen slice lay
~0.5 mm inferior to the superficial vessels. The
colored bar shows the scale of the cross-correla-
tion coefficients. Scale bar in d is 1 mm. The ar-
rowheads indicate the position of the midline. L,
left hemisphere; R, right hemisphere; A, anterior; P,
posterior; D, dorsal; and V, ventral. Note that the
anatomical images in a,b were obtained with a
volume coil using a 3D-MDEFT sequence (40) on a
different animal. All BOLD studies and the anatom-
(' ical image in ¢ were obtained with a surface coil.

0.8

9.4 T are summarized in Table 1. These data are in good
agreement with the optical imaging results in cat (9,24),
BOLD fMRI results in humans (14—-19), and a recent BOLD
fMRI result in monkeys (20). Detailed quantitative cross-
laboratory comparisons of the time-to-peak and percent
changes of the negative BOLD responses and optical im-
aging data are summarized in Table 2.

In regard to the field dependence of the BOLD response,
the time to minimum and time to maximum of the negative
and positive BOLD responses and their percent changes
were consistent between the two magnetic fields (P > 0.2).
The ratios of the negative to the positive BOLD magnitudes
were essentially identical (0.23 at 4.7 T and 0.22 at 9.4 T),
suggesting similar spatial specificity was achieved at the
two magnetic fields. The SNR and CNR at 9.4 T were
slightly lower than 4.7 T, likely due to the shorter repeti-
tion time per segment at 9.4T.

Spatiotemporal Characteristics of the BOLD Responses

As a first step to characterize the spatiotemporal dynamics
of the BOLD response, 2-sec “time-binned” activation
maps were generated (Fig. 3). In sharp contrast to the CC
maps, the early-negative segment map showed predomi-
nantly patchy activation patterns (blue/purple pixels) in
area 18 but not around the sinus (Fig. 3a). These patchy
patterns appeared to be column-like based on column size
and spacing. The average cluster size of the activated pix-
els was ~300-500 pm and the distance between neighbor-
ing pixel clusters was ~1.3 * 0.2 mm, consistent with the
dimensions of orientation columns visualized with the
2-DG technique (~500 pm and ~1.2—1.4 mm, respectively
(11)). The clustered pixels are irregularly shaped, also
consistent with those observed using the 2-DG (11,31) and
optical imaging (32) methods. The late-negative segment
map shows that the active (blue/purple) areas have moved
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Table 1A

Percent Changes and Time-to-Peak of the Early-Negative and Delayed Positive BOLD Responses at 4.7 T (n = 8)2

Study® Time to min® Time to max® Min % change Max % change
1 2.0 10.0 —0.40 1.4
2 25 10.0 —-0.38 1.4
3 3.0 12.0 -0.43 1.6
4 3.5 9.5 —-0.28 1.1
5 3.0 8.0 —-0.20 1.1
6 25 6.0 -0.47 1.6
7 3.5 12.0 —-0.30 1.1
8 3.0 8.5 —0.30 2.3
Mean + SD 29 £ 0.5 9.5+ 2.0 —0.35 = 0.09 1.5+ 04

2Data obtained from the CC maps with the minimum CC coefficient of ~0.3, demonstrating that the early dip was observed across the entire
the area 18 of the cat primary visual cortex. The CNR for the positive BOLD was 16 = 5 (ranging from 11 to 18) at 4.7 T and ~10 for

9.4T.

PAt 4.7 T, study #1-5 were obtained from Cat #1, study #6-7 from Cat #2, and study #8 from Cat #3. At 9.4 T, study #1-2 were obtained
from the same cat while study #3 and #4 were obtained from two different cats.
°Time to min. or max. are the time (in sec) it took to reach the minimum or maximum.

toward the region of the sagittal sinus (Fig. 3b). This drain-
ing characteristic toward other large vessels was also ob-
served in the time-frame movies (not shown) but was not
as obvious as that toward the sagittal sinus. These obser-
vations suggest that the regional accumulations of deoxy-
hemoglobin in active tissue were dynamically drained
from capillaries into venules and veins. For consistency,
pixels with positive percent changes during the first 4 sec
after the stimulus onset were also computed. These pixels,
shown as red/yellow in Fig. 3a,b, were most likely due to
noise fluctuation and were not further analyzed.

As the late-negative response disappeared into the si-
nus, the early-positive response map started to show a
patchy activation pattern in area 18 but not around the
sinus (Fig. 3c, red/yellow pixels). The spatial dynamics of
the positive response mimicked that of the negative re-
sponse; namely, the patchy pattern appeared and subse-
quently disappeared as large positive changes became de-
tectable in the draining sinus (Fig. 3c—e). However, the
activated areas of the late- and late-late-positive segments
were consistently and considerably larger than those of the
negative segments. This is particularly apparent during the
late-late-positive segment (Fig. 3e). Similarly, for consis-
tency, pixels with negative percent changes during the
4-10 sec after the stimulus onset were computed. These
pixels, shown as blue/purple in Fig. 3c—e, were most

Table 1B

likely due to noise fluctuation and were not further ana-
lyzed.

Note that even though the BOLD response lasted longer
than 10 sec after stimulus onset, the BOLD responses be-
yond 10 sec after the stimulus onset were not presented
here because the activation maps were very poorly local-
ized (worse than that in Fig. 3e) and predominantly in
large vessels. Similarly, activation maps generated by
time-binning the poststimulus undershoot was not robust
because the poststimulus onsets were highly variable and
not consistently observed in all fMRI studies. Therefore,
the BOLD responses beyond 10 sec after the stimulus onset
were not further analyzed.

Complementary Test of Orthogonal Orientation Maps

Since the activation maps constructed by both the early-
negative and early-positive segment showed patchy pat-
terns consistent with columnar organization, further anal-
ysis was performed to evaluate their veracity. Activation
maps were generated for two orthogonal orientation stim-
uli (i.e., 0° and 90°, or 45° and 135°). Based on the optical
imaging (9,10) and single-unit recording (12) data, func-
tional maps of two orthogonal orientations should be com-
plementary. Figure 4a,b shows the combined maps of the
two orthogonal orientations (45° and 135°) using the early-

Percent Changes and Time-to-Peak of the Early-Negative and Delayed Positive BOLD Responses at 9.4 T (n = 4)2

Study® Time to min® Time to max® Min % change Max % change
1 3.4 10.3 -0.17 0.9
2 4.0 9.0 —0.40 1.5
3 2.4 6.4 -0.33 1.7
4 2.3 8.1 —0.26 1.0
Mean 3.0 0.8 85 +1.6 -0.29 + 0.10 1.3 +04

@Data obtained from the CC maps with the minimum CC coefficient of ~0.3, demonstrating that the early dip was observed across the entire
the area 18 of the cat primary visual cortex. The CNR for the positive BOLD was 16 + 5 (ranging from 11 to 18) at 4.7 T and ~10 for
9.4T.

PAt 4.7 T, study #1-5 were obtained from Cat #1, study #6-7 from Cat #2, and study #8 from Cat #3. At 9.4 T, study #1-2 were obtained
from the same cat while study #3 and #4 were obtained from two different cats.

°Time to min. or max. are the time (in sec) it took to reach the minimum or maximum.
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Table 2
Cross-Laboratory Comparison of the Early-Negative BOLD Responses®
Species Time to min (sec) Min % change TE (field) Reference
Anesthetized cat 2.7 (2.9° —0.60 (—0.35)° 31ms (477) This study
2.8 (3.0° —0.55 (—0.29)° 12ms (94T This study
2.0-25 — optical imaging 9, 24)
Awake human 2.0 -1.0 30ms (4.0T) (15, 16, 19)
1.2 -0.4 60ms (1.5 (18)
1-2 -0.5~ —-1.0 20ms (2.0T) (17)
Anesthetized monkey 2.5 -1.0 20ms 4.77) (20)

2The stimulus duration employed in all studies summarized here was =2 sec. It has been shown that the magnitude and the time-to-
minimum of the early dip are essentially independent of stimulus duration for duration longer than ~3 sec in human (16). The magnitude
and the time-to-maximum of the positive BOLD response, on the other hand, vary depending on the stimulus duration.

PTwo values for the time-to-minimum as well as minimum percent-change are presented. One was obtained from the CC method (i.e., from
Table 1) and the other was obtained from pixels that showed an early response between 0 and 4 sec (the entire dip) after stimulus onset.

The former is showed in parentheses.

negative segments. Regions responding to the 45° stimulus
appeared to be interdigitized and interleaved with those
responding to the 135° stimulus—that is, the 45° and 135°
“columns” appeared to cover complementary cortical
spaces. The overlapped pixels (yellow) between the two
stimuli were also observed. This is expected since the
functional maps of these two orthogonal stimuli form only
a subset of possible orientations, and the tuning curves for
the orientation columns are broad (32). Note that these
orthogonal functional maps were obtained using a single
stimulus for each condition; no differential subtraction of
one stimulus from its orthogonal counterpart was em-
ployed. Figure 4c,d showed the BOLD time courses ob-
tained from the 45° stimulus (red time course, obtained
from red + yellow pixels) and the 135° stimulus (green
time course, obtained from green + yellow pixels). MR
signals of the pixels representing the 45° “columns” show
a large negative BOLD response during the 45° stimulus
(red trace of Fig. 4c), but little or no negative response
during the 135° stimulus (red trace of Fig. 4d). Similarly,
those pixels representing the 135° “columns” (green trace
of Fig. 4d) showed a large negative BOLD response during

Early neg.

Early pos.

Late pos.

Late neg.

Late-late pos.

the 135° stimulus, but little or no negative response during
the 45° stimulus (green trace of Fig. 4c). Taken together,
the interdigitized columnar maps of two orthogonal orien-
tations and their temporal BOLD responses as well as the
columnar size and spacing strongly indicate that columnar
layouts were resolved based on the early-negative re-
sponse without using the differential subtraction method.

Similarly, combined maps of two orthogonal orienta-
tions were generated using the early-positive segments
(Fig. 5a,b). In marked contrast to the combined maps of the
early-negative segments, the combined maps of the early-
positive segments are clearly neither interleaved nor com-
plementary. Rather, areas responding to similar orienta-
tions are grouped together into large regions with poor
interdigitization. For example, in contrast to Fig 4b, the
expanded view of Fig. 5b shows large clusters of red pixels
with poor interdigitization with the green pixels. Figure
5¢,d shows the BOLD time courses obtained from the 45°
stimulus (red time course, obtained from red + yellow
pixels) and the 135° stimulus (green time course, obtained
from green + yellow pixels). The red traces show larger
positive magnitudes at the plateau than the green trace

=3.0%a

FIG. 3. Representative 2-sec time-binned, per-
cent-change maps following a single orientation
stimulus. A high-resolution anatomical (FLASH) im-
age, tangential to the cortical surface shows the
region of expansion of area 18 of the cat primary
visual cortex. The dotted vertical line indicates the
midline of the brain. a: “Time-binned” activation
maps were obtained from the early-negative seg-
ment (0.5-2.0 sec after stimulus onset). b: Late-
negative segment (2.5-4.0 sec). c: Early-positive
segment (4.5-6.0 sec). d: Late-positive segment
(6.5-8.0 sec). e: Late-late-positive segment
(8.5-10 sec). Arrowheads indicate the position of
the midline. The blue/purple and red/yellow col-
ored bars indicate the negative and positive per-
cent changes, respectively.

-0.2%

30%

- | mm
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Early-

FIG. 4. Combined activation maps of two orthog-
onal orientations using the early-negative segment.
Activation maps from the 45° and 135° stimuli (a)
and an expanded view (b) are shown in red and
green, respectively. The common, overlapped pix-
els are shown yellow. Regions responding to the
45° stimulus appear to be highly interdigitized and
spatially complementary with those responding to
the 135° stimulus. c: BOLD time courses obtained
from the 45° stimulus. The red (solid) time course
was obtained from 45° columns (red + yellow pix-
els) during the 45° stimulus. The green (dashed)
time course was obtained from the 135° columns
(green + yellow pixels) during the 45° stimulus. d:
Similar to ¢, except the stimulus was 135°. The
green (dashed) time course was obtained from
135° columns (green + yellow pixels) during the
135° stimulus. The red (dashed) time course was
obtained from the 45° columns (red + yellow pix-
els) during the 135° stimulus.

BOLD pereent changes

negative maps of 459+ [35°

RO percent changes

=

Thme after simulation, seconds

during both 45° and 135° stimulus. In other words, func-
tional signal contrast reflecting the orthogonality of the
stimulation condition was not readily discernable. In
short, the early-positive response could not be readily
used to resolve columnar layouts without using the differ-
ential subtraction method.

The test of complementary criterion was also applied to
the late-positive BOLD responses of two orthogonal stim-
uli. Figure 6 shows the late-positive percent-change maps
of 45° (a) and 135° (b) stimuli and their spatial overlaps.
Pixels in and around large blood vessels (i.e., the superior

T T T
0 w2

T
{ 13
Thme afier simulation, seconds

T
g

sagittal sinus) were discarded by disregarding pixels with
large percent changes (>2.1%) to avoid potential bias due
to the large BOLD contrast around large vessels. Note that
the same conclusions were reached without discarding
these pixels. When the activation maps of two orthogonal
stimuli were overlaid on top of each other, most pixels are
common (yellow) pixels (Fig. 6c). The two orthogonal
stimuli are clearly not complementary, even with a high
threshold (Fig. 6d) and elimination of the large-vessel con-
tribution. Similar analysis was also done for the CC maps
(data not shown) and the same conclusions were reached.

Early-positive maps of 45° + [ 35

FIG. 5. Combined activation maps of two orthog-
onal orientations using the early-positive segment.
Identical to Fig. 4 except the maps and time
courses were generated using the early-positive
segment instead of the early-negative segment. In
marked contrast to the combined maps of the
early-negative segment, the combined maps here
are clearly not complementary. The corresponding
time courses also show poor functional contrast
for distinguishing “columns” responding the two
orthogonal orientations.

BOYLDY percent changes

BOLI pereent changes

Time after simulation, secends
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These data clearly indicate that the delayed positive BOLD
response is unsuitable for resolving columnar layouts un-
der at least a single-stimulus condition without using the
differential subtraction method.

Comparison of the Early-Negative and the
Early-Positive Responses

Although the early-positive BOLD response was less
suited for resolving columnar structures, it may yield im-
portant additional information to the early-negative re-
sponse. We thus compared the activation maps generated
using the early-negative and early-positive responses. Fig-
ure 7 shows a representative activation map generated by
overlapping the early-negative segment (Fig. 3a) and the
early-positive segment (Fig. 3c). The overlapped pixels are
shown in yellow. The spatial registration of the early-
negative and early-positive segment was significantly dif-
ferent, indicating that these two maps yielded different
insight into the metabolic and hemodynamic responses
associated with increased neuronal activity. The overlap-
ping pixels constituted 22 * 6% of the total active (col-
ored) pixels.

Figure 7 also shows the corresponding BOLD time-
courses of the activation maps generated with the early-
negative (green, solid line) and early-positive segment
(red, dashed line). The common pixels (yellow) between
the two maps were excluded when generating these time-
courses. The early-negative response curve shows a larger
negative percent changes of —0.5% (average values:
-0.77 = 0.43% at 4.7 T and -0.94 = 0.20% at 9.4 T) while
the early-positive response curve showed little or no neg-
ative percent changes (average of <-0.08% for both fields).
On the other hand, the early-negative response curve
shows a smaller positive percent change of ~1.0% (aver-
age values: 1.07 = 0.37% at 4.7 T and 1.00 * 0.33% at 9.4
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FIG. 6. Percent-change activation maps of two or-
thogonal orientations generated using the delayed
positive BOLD response. Pixels in and around
large blood vessels (i.e., the sagittal sinus) were
discarded by cutting off pixels with large percent
changes (2.1%) (a,b). Activation maps of the two
orthogonal orientations (45° and 135°) were over-
laid with the overlapped pixels shown in yellow
(c,d). The two orthogonal stimuli are clearly not
complementary at low (c) and high (d) statistical
thresholds (0.7% and 1.0% changes, respectively).

T) relative to the early-positive response curve of ~1.5%
(average of 1.41 = 0.32% at 4.7T and 1.34 = 0.44% at
9.4T). The onset time toward positive magnitude of the
early-negative response curve (~4 sec at both fields) is
consistently and significantly longer than that of the early-
positive response curve (~3 sec at both fields).

DISCUSSION

The results presented herein demonstrate that high spatio-
temporal resolution BOLD studies of the cat visual cortex
could be readily achieved by using EPI at 4.7 T and 9.4 T.

(carly-pos. + carly-neg.)

early-pos.

Percent changes

-0 0 i 20 30 a0
Time after stimulus onset (seconds)

= | mm -l

FIG. 7. (Left) A representative spatial “overlap” map between the
early-negative and the early-positive segment and their correspond-
ing time courses. The early-negative segment (purple/blue pixels of
Fig. 3a) is shown in green and the early-positive segment (red/yellow
pixels of Fig. 3c) is shown in red. The common pixels are shown in
yellow. The spatial registration of the early-negative and early-pos-
itive segment was significantly different. The arrowhead indicates
the position of the midline. (Right) Expanded time courses for the
pixels that exhibit early-negative (green pixels, solid line) and early-
positive response (red pixels, dashed line). The common pixels
between the two maps were not included in the time courses.
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This was made possible by the combination of hardware
stability, animal physiology stability, small surface coil,
and the time-efficient, high-contrast EPI technique. A tran-
sient early-negative BOLD response in area 18 of the cat
primary visual cortex was consistently observed in essen-
tially all BOLD fMRI measurements. The early-negative
response peaked at ~3.0 sec following the stimulus onset,
in excellent agreement with the optical imaging data (2.0—
2.5 sec) obtained by using the identical animal model and
stimulation paradigm, albeit different anesthetics (9,24).
The negative-to-positive ratio of the BOLD percent change
was ~0.22, consistent with the negative-to-positive ratio
(~0.33) of the deoxyhemoglobin signal reported in the
optical imaging study (9). Since the BOLD contrast pre-
dominantly arises from the regional changes in deoxyhe-
moglobin, these consistencies with optical imaging data
strongly indicate that the signal source of the BOLD re-
sponse is identical to that of the optical deoxyhemoglobin
signal. With the use of oxygen-sensitive phosphorescence
dye, Vanzetta and Grinvald (25) recently demonstrated
that the transient increase of intrinsic optical signal does
indeed arise from a decrease in vascular oxygen tension.
Therefore, the early-negative BOLD response is likely to
reflect the initial metabolic CMRO,, increase associated
with functional stimulation before the cerebral blood flow
(CBF) increase overcompensates for the needed metabolic
demand.

It should, however, be noted that signal decreases in
BOLD contrast could, in principle, also arise from an in-
crease in cerebral blood volume (CBV) (5,33). An explana-
tion of the early dip in terms of this mechanism was
suggested by the “balloon” model (34). According to this
model, the stimulus-induced CBF increase passively in-
creases the CBV on the venous side. To date, there are no
experimental data directly supporting or disproving this
hypothesis. Indirect evidence from our laboratory (35,36),
however, showed that the hypercapnia-induced CBV in-
crease was found to be predominantly on the arteriole
side, which does not give rise to significant BOLD contrast
since the arterial side of the circulation does not contain
significant deoxyhemoglobin (5,6). The hypercapnia-in-
duced venous CBV increase, which is predominantly re-
sponsible for the BOLD contrast, was small (36). Thus, the
delayed passive CBV increase downstream is unlikely to
contribute significantly to the early-negative BOLD re-
sponse. Interestingly, an active CBV increase resulting
from capillary dilation immediately following increased
neural activity has been suggested (24). This active CBV
increase is likely to be more spatially specific compared to
the passive CBV change. In any event, the CBV contribu-
tion to the early-negative BOLD response remains to be
evaluated.

Although our cat data on the early dip are in general
agreement with the human dip data, there were some
major differences that are worth mentioning. The early-
negative BOLD response in our dip data is more robust
than that in human dip data. The early dip was observed
without the use of a cross-correlation model to specifically
pick out pixels exhibiting the early-negative response; in
fact, the early dip was observed with an ROI containing
essentially the entire area 18 of the cat visual cortex for the
given imaging slice. This is in contrast to the human dip
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data of Menon et al. (15), Hu et al. (16), and Yacoub et al.
(18,19), who reported that the early dip was completely
averaged out if all pixels that showed a positive response
were considered. Second, the poststimulus undershoot
was not consistently observed in our study. On the other
hand, the poststimulus undershoot was quite consistently
observed in human BOLD fMRI. The discrepancy between
the human data and our cat data could be due to the
difference in the relative stimulus strength. For example,
the relatively mild drifting-grating stimulus used in our cat
study compared to the relatively strong flashing-light stim-
ulus (with darkness as the baseline) used in human may
evoke a weaker neuronal, and thus a lower BOLD re-
sponse. This notion is consistent with the relatively small
positive percent change observed in our study in compar-
ison to other BOLD studies in human. Other factors, in-
cluding differences in stimulus duration and species,
could contribute to this discrepancy. Third, the onset time
of positive BOLD response in the anesthetized cats was
about 4 sec, which is longer than the 2—3 sec onset time
observed in awake humans. This difference could be due
to the effect of anesthesia, which could result in a delay in
the stimulus-induced CBF increase.

Interestingly, a previous BOLD study at 4.7 T in the cat
visual cortex using the same stimulation paradigm and
under essentially identical conditions as reported herein
failed to detect the early dip (21). This discrepancy be-
tween Jezzard et al.’s (21) and our results may be due to
differences in experimental parameters, CNR, SNR, instru-
ment stability, physiological stability, and/or animal age.
Notably, a FLASH imaging sequence was used in contrast
to the EPI sequence used in our study. EPI is known to be
much less sensitive to signal fluctuations induced by phys-
iological processes (such as respiration-induced motion)
and yields a higher sensitivity to the BOLD contrast. The
temporal resolution was also coarser in their study and
may have been inadequate to sample the early-negative
response.

Similarly, BOLD fMRI studies of the forepaw stimula-
tion in rat under a-chloralose anesthesia from this (22) and
other (23) laboratories did not detect an early dip response.
Instruments and methods used in our rat study were the
same as in the cat study reported here and, thus, can be
excluded as a cause of this discrepancy. Differences in
functional task, anesthesia, and/or species may be respon-
sible for the difference. In particular, the negative BOLD
response may be more readily detectable in the visual
cortex than in other cortical areas. It is also possible that
different anesthetics may delay the CBF increase to a dif-
ferent extent, which modulated the initial deoxyhemoglo-
bin accumulation. These and other hypotheses regarding
the nature of the negative response remain to be vigorously
tested.

Field-Dependence Comparison

Due to the significant difference in the measurement pa-
rameters used in this study, quantitative and direct com-
parisons of the BOLD responses at the two magnetic field
strengths are not possible. For example, a single-shot EPI
sequence was used at 4.7 T, whereas a two-shot EPI se-
quence was used at 9.4 T. Since the tissue T3 values at the
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magnetic fields are different, a quantitative measure of the
T3 changes associated with neural stimulation should
yield a more robust field-dependence comparison. Never-
theless, despite these differences in parameters the ratio of
the negative to positive BOLD response can be qualita-
tively compared based on the available data. The ratios of
the negative to positive BOLD response at 4.7 T and 9.4 T
were very similar, suggesting that the signal sources (and
thus the spatial specificity) of the BOLD response are sim-
ilar at both magnetic fields. Interestingly, in a recent study
by Yacoub et al. (19), in which only the pixels exhibiting a
negative response were considered (different from our
analysis), the ratios of the negative-to-positive BOLD re-
sponse were found to increase with increasing field
strengths (~0.12 at 1.5 T, ~0.32 at 4.0 T). This is consistent
with the notion that improved spatial specificity could be
obtained at higher field (5,6). Differences in method of
analysis and species prevent direct comparison between
Yacoub et al. (19) and our study.

Spatiotemporal Dynamics and Specificity of the
BOLD Response

Based on the “time-binned” percent-change maps, it could
be demonstrated that the early-negative BOLD response (of
the first 2 sec after stimulus onset) was spatially more
confined than the late-late-positive or the conventional
BOLD response. First, the activated pixels of the early-
negative response were predominantly not in or around
large vessels, while those of the late-late-positive BOLD
response showed the highest level of activity in and
around large vessels. Second, the number of activated
pixels of the early-negative response was significantly less
than that of the late-late-positive BOLD response after ad-
justing the statistical threshold for the CNR differences,
suggesting that the former is less diffused than the latter.
Finally, in marked contrast to the late-late-positive re-
sponse the activation maps of the early-negative response
appeared column-like and the maps of orthogonal orien-
tations appeared complementary.

The regional deoxyhemoglobin signal as detected by the
first 2 sec poststimulus onset appeared to drain from cap-
illaries toward venules and into sinus, indicating that the
entire dip did not necessarily yield high spatial specificity.
In fact, the spatial specificity of the late-negative response
was quite poor, similar to that of the late-late-positive
response. Therefore, only the first ~2 sec of the early-
negative response following the stimulus onset showed
high spatial specificity that approximated columnar reso-
lution. This conclusion is in marked contrast to previous
studies (14-19), that generally stated that the entire dip is
highly spatially localized.

Both the early-negative and the early-positive responses
appeared to be well localized in comparison to the delayed
positive BOLD response. However, only the columnar lay-
outs obtained using the early-negative response were gen-
uine based on the complementary criterion of orthogonal
orientation stimuli and their corresponding BOLD time
courses. Although the early-positive maps appeared
patchy, their orthogonal orientation maps were not com-
plementary. In some cases, complementary layouts from
the early-positive BOLD responses of the two orthogonal

Duong et al.

stimuli were observed by using the differential subtraction
method. However, composite-angle (“pinwheel”) maps us-
ing four orientation stimuli did not exhibit the well-known
characteristics of the orientation columns, as shown in our
companion article (26). Based on these preliminary obser-
vations, the use of the differential subtraction method on
the BOLD fMRI data should be used with caution, as it
might not yield columnar layouts even though orthogonal
maps might appear complementary. We further deter-
mined herein that the early-negative maps showed partial
complementarity with the early-positive maps, suggesting
that the activation map of the early-positive segment at
least included “partial” inactive columns. This prelimi-
nary observation needs to be further investigated.

The entire BOLD signal dynamically evolves in the spa-
tial domain as blood drains from active sites toward
venules and large veins. The delayed positive response is
most likely to be contaminated with large draining veins
(which are reproducible but not functionally specific) un-
less measures are taken to eliminate the large-vessel con-
tributions to the BOLD responses, i.e., by using high field,
spin echo (37) and/or bipolar gradient (37,38). Therefore,
to improve the spatial specificity of the BOLD response in
general (whether or not an early-negative BOLD signal is
observed) the first few seconds of the BOLD response
should be used since they are likely to yield better spatial
specificity relative to the later phase of the BOLD response.

Our data demonstrate that columnar layouts were not
resolved using the late-positive BOLD responses, consis-
tent with the optical imaging literature (9,24). This con-
clusion may appear to be inconsistent with that drawn by
Yang et al. (39), who showed the conventional BOLD re-
sponse could be used to localize activity to a single whis-
ker barrel in the rat. This discrepancy between the whisker
barrel and orientation column data, however, can be
readily explained. Consider a hypothetical model of two
different columnar spacings as shown in Fig. 8. The black
rectangular box indicates the active column of ~500 pm.
The CBF response is assumed to have a point-spread func-
tion (PSF) centered around the active structure. The BOLD
response further depends on the CMRO, response in ad-
dition to the CBF PSF. In the whisker barrel study (39),
only one whisker was selectively stimulated at a time and,
thus, there was no overlap in the CBF PSF of neighboring
active structures. This is analogous to Case I where the
spacing between activated columns is large compared to
the CBF PSF (d > a). Therefore, as long as the late BOLD
and CBF responses showed the highest activity around the
active sites, hemodynamic-based fMRI techniques can be
readily used to localize a single column if neighboring
columns were not activated at the same time. This conclu-
sion still holds even if the hemodynamic response to the
stimulus is diffused and/or become diffused with time.

On the other hand, orientation columns are generally
not selectively stimulated one at a time but are stimulated
in groups. The hemodynamic response of activated col-
umns (~1.3 mm apart) could potentially overlap, resulting
in the failure to resolve individual active columns. Indeed,
our data indicate this to be the case for the delayed posi-
tive BOLD response. Thus, the orientation column system
is consistent with Case II in Fig. 8, where the distance
between neighboring activated columns is on the order of
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FIG. 8. Cartoons of the hypothetical CBF and BOLD responses for
two different columnar spacings. The black rectangular box ideally
symbolizes of the size of the active column (~500 pm). The CMRO,
increase, as reflected in the early-negative BOLD response, is highly
spatially specific to the active column (based on 2-DG data). The
distance between activated columns is characterized by “d” and the
CBF PSF is characterized by “a.” CBF response is assumed to have
a point-spread function (PSF) around the active structure. The ex-
tent of the CBF PSF depends on the precise mechanism by which
the task-induced CBF is upregulated and dissipated at the colum-
nar level. The delayed BOLD response depends on the precise
quantitative relationship among the intercolumnar spacings, the
CBF PSF, and the CMRO,, response. In Case |, the distance be-
tween columns responding to similar orientation stimulus is large
compared to the CBF PSF (d > a). In Case Il, the intercolumn
distance is on the order of the CBF PSF (d ~ 2a). Case Il is
consistent with the data on our cat orientation columns.

the CBF (and BOLD) PSF. The CBF responses in the active
and inactive regions, and thus their ability to resolve in-
dividual active columns, depend on the quantitative rela-
tionship between the intercolumn distance and the intrin-
sic hemodynamic response per se (CBF PSF). It is likely
that active columns have a larger CBF changes than inac-
tive columns and, thus, the use of the differential subtrac-
tion method or a high threshold could potentially be used
to resolve individual columns. The BOLD responses fur-
ther depend on the CMRO, response and the PSF of the
BOLD susceptibility effect, in addition to the intrinsic
hemodynamic PSF. It is possible that the larger BOLD
response comes from the inactive columns. Interestingly,
the use of the conventional BOLD response to map ocular
dominance columns in human visual cortex has been at-
tempted by using the differential subtraction method (13).
The BOLD PSF and the intercolumn distance were esti-
mated to be ~0.7 mm and ~1 mm, respectively (8). Based
on the above discussions, there is a distinct possibility that
the assignment of the left and right ocular dominance
columns may be reversed. This remains to be validated by
simultaneously measuring the BOLD and CBF response.
Finally, we would like to reiterate the potential chal-
lenges of using the early-negative BOLD signal for routine
brain mapping at columnar resolution. Not only are good
SNR and CNR as well as spatial and temporal resolutions
necessary, but also the animal’s physiological stability is
absolutely critical in eliciting a robust and consistent neg-
ative BOLD response. The early-negative BOLD technique
developed herein is in principle applicable to mapping
human functional columns. Its feasibility in practice, how-
ever, could potentially face considerable difficulty. Unlike
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studies of anesthetized and mechanically ventilated ani-
mals, human studies pose the additional problem of head
motion, which causes pixel misregistration. The magni-
tude of this dilemma is realized when one considers the
dimensions of the pixels and the fact that both physiolog-
ical variables (such as respiratory and heart beat) and
conscious motion can easily cause image misalignment at
columnar resolution. Further, since the entire BOLD signal
is dynamically evolving in the temporal as well as the
spatial domain as blood drains from the active sites toward
the venules and large veins, a temporal threshold (i.e., the
first 2 sec after the stimulus onset) must also be deter-
mined. Based on the aforementioned problems, mapping
functional columns in the human brain using the early-
negative BOLD signal is expected to be challenging.

CONCLUSIONS

Following the stimulus onset, a transient early-negative
BOLD signal was observed in the cat primary visual cortex.
The initially spatially localized early-negative BOLD sig-
nal appeared to dynamically drain from tissue areas into
large veins. Only the early-negative response within 2 sec
of the stimulus onset can achieve columnar resolution. By
using the first 2 sec of the early-negative BOLD response,
columns of ~500 pm size separated by ~1.3 mm can be
resolved. The MR-derived orientation columns obtained
using two orthogonal stimuli are complementary. In a
companion article (26), we further demonstrate that the
MR-derived orientation columns are genuine by cross-val-
idating with other quantitative key characteristics.

The delayed positive BOLD response appeared diffused
and extended beyond tissue areas. The functional map
generated using the delayed BOLD response thus has fun-
damental limitations in spatial resolution. Consequently,
it is less suitable for mapping brain functions at columnar
resolution if the distances between neighboring active col-
umns are on the order of the BOLD PSF. The results
presented herein have strong implications for the design
and interpretation of BOLD fMRI experiments at the co-
lumnar level.
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