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Localization is a principle that is widely used in brain: cytoar-
chitectonically distinct areas form the basis for functional spe-
cialization1. Such parcellation of the cortical tissue into functional
subunits is especially prominent at the level of individual cortical
columns. In visual cortex of mammals, neurons with similar
response properties such as ocular dominance or orientation
preference are clustered into columns, spanning the entire cor-
tical plate from the pia to white matter2–4. Studies of the struc-
ture, function and plasticity of cortical columns using a variety
of traditional mapping techniques, however, suffer from funda-
mental limitations. For example, intra- and extracellular record-
ings yield insufficient field of view, and the 2-deoxyglucose5

technique is not viable for mapping in vivo. The optical imaging
of intrinsic signals allows simultaneous recording of neuronal
activity over large areas of cortex6–9. However, this technique can-
not be considered to be noninvasive, and furthermore, its appli-
cation is limited to the exposed cortical surface9,10.

The progress of blood-oxygenation level-dependent func-
tional magnetic resonance imaging11,12 raises hope that the func-
tional architecture of the living brain can be visualized
noninvasively, avoiding the limitations of the aforementioned
techniques. Using the paramagnetic deoxyhemoglobin as an
endogenous contrast agent11,12, BOLD-based functional images
can be obtained in vivo (in contrast to the 2-deoxyglucose (2-
DG) technique5,13), do not require extrinsic contrast agents (in
contrast to the positron emission technique14,15) and can access
activation signals from the entire brain (in contrast to optical
imaging6–9). Most importantly, the noninvasiveness of MRI ide-
ally suits this technique for studying the human brain during
cognitive and perceptual tasks16–21.

Numerous BOLD studies during cognitive16, motor17 and per-
ceptual18–21 tasks indicate good spatial correlation between neu-
ronal and hemodynamic responses at a coarse scale (several
millimeter to centimeter), and the BOLD signal pointspread is
comparable to that of optical imaging21. The ability of BOLD
fMRI to map the columnar architecture of the brain, however, is
controversial, as the ultimate functional specificity of BOLD is
undetermined. Because optical spectroscopy data predicts a
‘biphasic’ BOLD response following neuronal stimulation22,23

(with each BOLD phase potentially yielding different mapping

resolutions), it becomes imperative to determine the limits of
the functional specificity that can be achieved with BOLD. The
exact temporal kinetics of the BOLD responses in mammalian
brains, however, remain vigorously debated (compare refs. 24–26
with refs. 27, 28); thus it remains to be seen whether the func-
tional specificity of BOLD is sufficient to map the basic compu-
tational units of the brain’s functional architecture, namely, that
of cortical columns.

RESULTS
To resolve the question of whether and to what extent the colum-
nar architecture of the brain can be labeled using the BOLD-
fMRI technique, we used ultra-high field magnets to obtain MR
signals originating from individual orientation columns in cat
visual cortex (area 18). Visual stimuli were optimized to drive
orientation-selective, complex-type area 18 neurons29. In this
study, area 18 was used because the distance between two iso-
orientation columns is greater in this area than in area 17 (ref.
30). Furthermore, area 18 on the lateral gyrus is essentially flat
in the cat and can be covered by a single imaging slice. We carried
out a total of ten semi-chronic experiments in ten hemispheres of
five different animals. Unless otherwise mentioned, similar results
were obtained in all ten experiments. Statistical data for all ten
studies are given in parentheses.

Figure 1a shows an anatomical MR image of cat visual cor-
tex on the lateral gyrus. All activation maps were derived from a
plane tangential to area 18 on the lateral gyrus (green box,
Fig. 1a). Colored pixels indicating regions of increased BOLD-
signal change (Fig. 1c; see Methods) reveal the pattern of cortical
activation in response to a moving grating oriented at 45°. As
indicated in this panel, robust and homogenous activities were
observed in the lateral gyri of both hemispheres. The region of
activity extended several millimeters in anterior–posterior and
medial–lateral directions.

In cat area 18, the average spacing between two neighboring
iso-orientation columns is ∼ 1.2–1.4 mm (ref. 30). Therefore, the
nominal in-plane resolution of 156 × 156 µm2 per pixel achieved
in this study (see Methods) should have been sufficient to resolve
individual orientation columns. As evident in Fig. 1c, however, a
‘columnar’ layout was not obtained. All four activation maps
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obtained in response to moving gratings of four different orienta-
tions (0°, 45°, 90°, 135°) yielded homogeneous spatial distributions
that were hardly distinguishable (data not shown; see also ref. 31).

This result is consistent with optical spectroscopy data22,23,
suggesting that the stimulation of cortical neurons gives rise to
a biphasic hemodynamic response of which only the early
increase of local deoxyhemoglobin (and hence a decrease in MR
signal) reflects increased neuronal activity and oxygen con-
sumption22,23. Subsequent decrease of deoxyhemoglobin (and
hence an increase of MR signal), which forms the basis for con-
ventional BOLD11,12, is hypothesized to originate mainly from
the widespread increase in blood flow, thus making it less suit-
able to discriminate electrically active from inactive columns.

In cat visual cortex, the time evolution of MR signals was indeed
biphasic (Fig. 1b). Following visual stimulation (as indicated by the
gray box behind the time course), the MR signal decreased, reach-
ing a minimum of about –0.2% to –0.4% (–0.28 ± 0.1%, n = 10)
around 3 seconds (2.9 ± 0.7 s, n = 10) after the stimulus onset. The
signal then reversed, yielding a maximum positive signal change of
1.0–2.0% (1.3 ± 0.4%, n = 10) approximately 8–10 seconds after
stimulus onset (8.0 ± 1.3 s, n = 10). Biphasic BOLD responses fol-
lowing visual stimulation were observed in all ten experiments at
two different magnetic fields.

As the early negative signal changes are likely to reflect the
transient increase of local deoxyhemoglobin in parenchymal tis-
sue22,23, their use in generation of a functional map can be

expected to greatly enhance the func-
tional specificity of fMRI. Such an
improvement of functional speci-
ficity was achieved in our study (Fig.
1d). Here, only the ‘negative’ BOLD
percent changes originating within
the first two seconds after the stim-
ulus onset were used to generate
functional maps (see Methods). The
colored pixels indicate regions of sig-
nificant decrease in the MR signals
following visual stimulation. In
sharp contrast to the conventional
fMRI maps based on the positive
BOLD-signal changes (Fig. 1c), the
foci of the negative signal changes are
confined to patchy clusters (Fig. 1d).
In line with the iso-orientation
columns in cat detected with 2-DG30

and optical imaging32,33 techniques,
such semi-ellipsoidal and irregular-
ly shaped clusters were broadly dis-
tributed over the approximated area
18 with an average periodicity of
about 1.34 ± 0.23 mm. Note also that
the areas defined by negative signal
changes were located largely in tis-
sue areas, excluding regions of large
blood vessels such as that surround-
ing the sagittal sinus.

Given the large difference in
absolute amplitude between the neg-
ative and positive signal changes, it
is conceivable that the differences in
spatial pattern between the positive
(Fig. 1c) and negative (Fig. 1d) maps
could be simply due to the difficulty

in equating signal-threshold levels. Therefore, as a control, we
raised the threshold for positive responses to match the num-
ber of activated pixels to that in the negative map (Fig. 1e). The
resulting positive map largely reflects the pattern of surface vas-
culature in visual cortex.

Patterns of negative activity obtained from the same patch of
cortex while the animal viewed four different orientation stimuli
further corroborate functional significance of the negative BOLD
signals (Fig. 2a–d). Analogous to 2-DG30 and optical imaging32,33,
we show regions of high activity (large negative signals) as dark
pixels. Each pattern of negative activity was highly specific to the
respective stimulus orientation. To support this notion, outlines
of the orientation patches for 90° and 135° maps were overlaid
on the maps obtained for the respective orthogonal orientations
(Fig. 2a–d).

It is clear from these panels that the patches for orthogonal
orientations occupied cortical territories that were mostly com-
plementary to each other. The complementarity between maps
of orthogonal orientations was highly significant (linear correla-
tion between 0° and 90° maps, r = −0.4, p < 10–6; between 45° and
135°, r = −0.55, p < 10–6; see Methods). Stimulus-selective respons-
es based on negative BOLD signals were reflected at the colum-
nar scale (Fig. 2e and f); these panels present the signal time
courses obtained from 45° and 135° orientation columns (in green
and in red, respectively; see Methods). MR signals in pixels rep-
resenting 45° columns (green trace) decreased transiently during
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Fig. 1. Improvement of spatial specificity of BOLD using the initial negative signal changes. 
(a) Anatomical image of cat area 18 on the lateral gyrus (image size, 2 × 2 cm2). The green box indicates
the position of the imaging slice used to obtain the activation maps displayed in this study. (b) The bipha-
sic MR signal time course following visual stimulation. Stimulus duration of 10 s is marked by the gray
box ‘behind’ the time course. Scale bar (b), 10 s. (c) Pattern of increased BOLD activity in response to
moving 45° gratings. The positive BOLD percent changes are marked with colors as indicated by the
color scale below. (d) Functional map for which only negative BOLD percent changes occurring within
the first two seconds after stimulus onset were used. The color scale below indicates the negative per-
cent changes. (e) The pattern of positive BOLD responses after the threshold for functional image con-
struction was raised to match the number of the activated pixels to that in panel (d). See text for details.
Scale bar (c–e), 1 mm. A, anterior; P, posterior.
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45° stimulation (Fig. 2e), whereas little or no such decrease was
observed during 135° stimulation (Fig. 2f). Likewise, MR signals
from 135° columns (red trace) decreased transiently in response to
the 135° stimulus (Fig. 2f), but not to the complementary 45°
stimulus (Fig. 2e). The difference between 45° and 135° columns
in magnitude of the early negative signals during the 45° (Fig. 2e)
and 135° (Fig. 2f) stimulation was statistically significant (p <
0.005 and p < 0.003, respectively; paired t-test).

The positive BOLD signals (Fig. 2e and f), on the other
hand, were much less suited to discriminate between 45° and
135° columns, as they yielded largely overlapping time cours-
es for the two orthogonal stimuli. The differences in positive
signals originating from the orthogonal columns were statis-
tically insignificant (p = 0.19, paired t-test). To allow more
direct comparison of the map quality, we also calculated the
45° and 135° maps obtained during the positive BOLD period
(Fig. 3a and b). All functional maps depicted in Figs. 2 and 3
were acquired in the same fMRI studies, and images were
processed with analogous methods (see Methods). In contrast

to the patchy, interdigitized columns of the negative maps, the
domains of the positive BOLD responses were larger, with no
apparent periodicity. The outlines of the 135° map from Fig.
3b were then overlaid on the 45° map (Fig. 3a). The regions of
positive activity for the orthogonal orientations were mostly
overlapping (linear correlation between the two maps, r = 0.69,
p < 10–6). The results in Figs. 2 and 3 indicate, therefore, that
although the amplitudes of the negative signals were far small-
er than those of the positive signals, the stimulus-specific con-
trast of the negative signals was superior to that of the positive
signals. Based on Fig. 2e and f, the stimulus-specific contrast
of the negative signals was calculated to be about 6.5 times larg-
er than that of the positive signals.

The ultimate validation of the veracity of the iso-orientation
columns based on negative BOLD changes would require simul-
taneous single-unit recording. Such simultaneous recording,
however, would require placement of the recording electrodes
in the iso-center of the magnetic bore, resulting in devastating
magnetic field interferences. Furthermore, it would be almost
impossible to change the electrode track or introduce new elec-
trodes without repositioning the animal. Alternatively, the speci-
ficity of the negative BOLD signals at the columnar scale can be
tested by comparing their detailed spatial pattern with that
obtained by using more traditional brain-mapping techniques.
A characteristic and invariant feature of the mammalian orien-
tation system is the presence of ‘topological singularities’32–34,
which are observed in many species using both multi-elec-
trode34,35 and optical-imaging32,33,36–38 techniques. Therefore, to
validate the functional specificity of the negative BOLD maps,
we calculated the ‘composite-angle’ maps through vector sum-
mation of the underlying activation maps obtained for the four
different orientations (see Methods; Fig. 4).

In the composite map based on only the early negative
BOLD signals (Fig. 4a), the colors (preferred orientations)
change smoothly, forming a map of orientation selectivity. The
continuity of orientation preferences is interrupted only at the
singular points (termed orientation pinwheels) where the
domains for all orientations converge, as observed using multi-
electrode34,35 and optical imaging32,33,36–38 techniques. Each ori-
entation is represented only once around such a pinwheel;
therefore each of these topological singularities takes on one of
two rotational chiralities, namely clockwise or counter-clock-
wise pinwheels. Two such pinwheels are enlarged (Fig. 4a, right).
The pinwheel density and the ratio between clockwise and
counter-clockwise singularities found in negative BOLD com-
posite maps were in excellent agreement with those obtained
with optical imaging. We found a pinwheel density of
1.46 ± 0.17 pinwheels per mm2 (n = 4); in comparison, optical
imaging studies32,37 yielded average pinwheel densities of
1.2–1.95 pinwheels per mm2. Likewise, the ratio of clockwise
to counterclockwise pinwheels was found to be roughly 1:1 in
both negative-BOLD (1:0.89, n = 4) and optical imaging37

(1:0.9) data.
Although the above data are in excellent agreement with data

from multi-electrode34,35 and optical imaging studies32,33,36–38,
it is theoretically possible but unlikely that such topological sin-
gularities could arise from a randomly distributed pattern of
activity39. Therefore, as a control, composite maps based on sig-
nals obtained before stimulus onset (Fig. 4b) and those during
the delayed positive BOLD changes (Fig. 4c) were also calcu-
lated. All steps for composite-map construction were performed
exactly as for Fig. 4a (see Methods). Unlike the composite map
based on negative BOLD signals (Fig. 4a), the maps based on
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Fig. 2. Representation of orthogonal orientations in complementary
cortical domains. (a–d) Patterns of negative activity in response to four
orientations (0°, 45°, 90°, 135°). Regions of negative signal changes dur-
ing the first two seconds following visual stimulation are displayed as
dark pixels. For visual inspection of the complementarity between the
orthogonal orientation maps, the patches in panels (b) and (d) are out-
lined (in blue and red, respectively) and overlaid on the maps in panels
(a) and (c), respectively. With few exceptions (marked by yellow arrow-
heads), the maps for orthogonal orientations are complementary to
each other. Scale bar, 1 mm. (e, f) The signal time courses for 45°
(green) and 135° (red) columns during the stimulation with 45° (c) and
135° (d) orientation stimuli. The stimulation duration of ten seconds is
marked by the gray boxes behind the time courses. Scale bar (e, f), 10 s.
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control (Fig. 4b) or delayed positive BOLD signals (Fig. 4c) dis-
played none of the characteristic features of the mammalian
angle maps.

DISCUSSION
Our results indicate that the functional specificity of BOLD at
the columnar scale depends highly on the temporal dynamics
of the underlying signals. If the early negative signals are used,
functional maps at columnar resolution can be obtained without
differential imaging (see below). The delayed positive BOLD
changes, on the other hand, clearly indicated the pattern of the
overall activation per se in the visual cortex, but were less suit-
ed to discriminate between active and inactive columns, as they
were more diffuse21–23 and less specific to the individual stimu-
lus properties.

It is, of course, conceivable that, in principle, even such dif-
fuse positive BOLD signals might yield columnar patterns of
activity if maps of orthogonal conditions were subtracted from
each other. Such differential imaging had been suggested for
analyzing optical imaging40 and conventional (positive) BOLD
data41. Although the use of a differential method for optical-
imaging data might be defendable given the well established ver-
ification of intrinsic signals with extensive single-unit studies37,38,

the use of a differential method for BOLD fMRI data poses
severe difficulties. In differential imaging, one activation map
(for example, of the left eye) is subtracted from the other acti-
vation map (the right eye), with the assumption that the two
maps yield complementary activation patterns. If this assump-
tion is true—such as between left- and right-eye domains—then
the result of the subtraction is tautological, because it was known
in advance. However, if the assumption is not true or simply
unknown, as for most receptive-field properties, then the sub-
traction method will probably give the wrong answer. Without
direct validation of BOLD using simultaneous single-unit
recordings, the applicability of the differential method for BOLD
data remains questionable. The main significance of the ‘nega-
tive BOLD’ imaging is therefore that a columnar pattern of high
functional specificity can be obtained directly, without the need
for such differential methods.

As the T2 and T2*-weighted BOLD contrast predominantly
originates from the regional changes in paramagnetic deoxyhe-
moglobin concentration10,11,42, the early decrease of BOLD signals
can most likely be attributed to the regional increase of deoxyhe-
moglobin following neuronal stimulation. Although alternative
explanations exist43,44, the most parsimonious explanation for such
transient BOLD signal decrease is caused by elevated oxygen con-

sumption44 in the active orientation column without a
commensurate increase in blood flow22,23.

Recently, similar decreases in BOLD signals have been
observed in the visual cortices of awake human24–26,45 and
anesthetized nonhuman primates46 during perceptual
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Fig. 3. Representation of orthogonal orienta-
tions of positive BOLD maps. (a, b) Functional
maps based on positive signal changes obtained
with 45° and 135° stimuli, respectively. High
positive signals are represented by dark pixels
(see text). Maps in Figs. 2 and 3 were obtained
from the same experiment. The domains of
high activity in 135° map (b) are outlined and
overlaid on the 45° map (a). Most of the active
domains in both maps overlapped extensively,
except a few areas as marked with green
arrowheads. Scale bar, 1 mm.

Fig. 4. fMRI-based composite angle maps. (a) The composite
angle map obtained through pixel-by-pixel vector addition of
the four single iso-orientation maps based on negative signal
changes. The color key next to (a) was used for color coding
the resulting orientation preferences. Overall continuity of the
orientation preferences is interrupted at the orientation pin-
wheels where the cortical columns for different orientations
are circularly arranged. The white and black circles in (a) depict
clockwise and counterclockwise pinwheels, respectively. Two
of such pinwheels are enlarged right (a). Scale bar for the
enlarged pinwheels, 200 µm. As a control, the composite maps
based on MR signals obtained before stimulus onset (b) and
during positive BOLD signals (c) are also displayed. Maps in 
(b) and (c) were obtained from the same cortical region as in
(a). The control maps are devoid of topological structures
characteristic of genuine composite angle maps. Scale bar
(a–c), 1 mm. A, anterior; P, posterior; M, medial; L, lateral.
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tasks, indicating that the capability of BOLD-fMRI to label func-
tional columns in vivo should also be applicable in humans and
monkeys. We conclude from our study that noninvasive fMRI of
brain functions can be performed at the columnar levels. Thus
it now becomes possible to study the precise three-dimensional
layouts of columnar structures in mature and developing brains,
regardless of their location in the brain.

METHODS
Animal preparation. All animal experiments were performed with insti-
tutional approval. Animals were initially anesthetized with a ketamine
(10–25 mg per kg, i.v.) and xylazine (2.5 mg per kg) cocktail. The ani-
mals were intubated and artificially ventilated (25–35 strokes per min,
15–30 ml per stroke) under isoflurane anesthesia (0.8–1.5%) in a N2O:O2
mixture of 70:30 throughout the experiment. The animal’s eyes were
refracted and corrective contact lenses used if necessary. The animal was
placed in a cradle and restrained in normal postural position using a cus-
tom-designed stereotaxic frame. Endtidal CO2, respiration rate and rec-
tal temperature were monitored throughout the experiment. Following
the three-to-five-hour MR experiments, gas anesthesia was discontin-
ued, and animals were kept on the respirator until they could breathe
independently. The animals were observed for 0.5–2.0 h before being
returned to their littermates.

Stimulation protocol. Animals were stimulated binocularly. Visual stim-
uli consisted of high-contrast square-wave moving gratings (0.15 cycles
per degree, 2 cycles per s) of four different orientations (0°, 45°, 90°,
135°), optimized to elicit responses from neurons in area 18 of the cat
visual cortex29. During the resting period, a stationary grating pattern
of identical spatial frequency and orientation was presented. A video pro-
jector (Resonance Technology, Northridge, California; resolution,
640 × 480 pixels) was used to project the visual stimuli onto a screen
positioned 15 cm from the animal’s eyes. The screen covered about 37° of
the animal’s visual field.

MR methods. After placing the animal in a cradle, we placed a small sur-
face coil (diameter, 1.2 cm) on top of the animal’s head corresponding
to the Horsley-Clark A3. All MR experiments were performed on an
Oxford (4.7 T, 40 cm in diameter; Oxford, UK) or Magnex (9.4 T, 31 cm
in diameter; Abingdon, UK) horizontal MRI scanner equipped with a
magnetic field gradient of 15 or 30 gauss per cm, respectively. Data
obtained at two magnetic field strengths were analyzed separately. The
amplitude and phase of the biphasic time courses obtained at the two
field strengths however, were averaged together, as they yielded compa-
rable results. BOLD measurements on a single image slice was made using
gradient-echo echo-planar imaging (EPI). The imaging slice was posi-
tioned ∼ 500 µm below the pia to avoid superficial draining vessels. The
MR imaging parameters were data matrix, 64 × 64; single-shot (4.7 T)
or 2-shot (9.4 T) EPI; FOV, 2 cm × 2 cm; slice thickness, 2 mm; TE, 31
ms (4.7 T) or 12 (9.4 T) ms; TR, 0.5 s. A total of 160 images were acquired
during each epoch (60 images before stimulation, 20 images during stim-
ulation and 80 images after stimulation). Images with a 64 × 64 matrix
were zero-filled to a 128 × 128 matrix, resulting in nominal in-plane res-
olution of 156 × 156 µm2 per pixel. Images obtained for the same orien-
tations within a single fMRI session were averaged for signal-to-noise
ratio improvement (usually five to ten epochs).

Functional image construction. To determine the existence of BOLD
activity per se, the MR signals were first cross-correlated with the stimu-
lation protocol47. The cross-correlation coefficient threshold was set at
> 98% confidence level. The percent-change maps within the negative
and positive portions of BOLD time course were averaged into respec-
tive time-binned maps (‘positive’ and ‘negative’ map, respectively). For the
map of the negative response, individual pixels showing negative percent
change ≥ 0.5–1.0 s.d. from the mean baseline percent change were taken
as statistically significant. Because we used clustered pixel analysis with a
cluster size of 4 pixels, the nominal p-value for our threshold was p < 0.2
(ref. 47). The same threshold was used for calculating the four different

iso-orientation maps for each experiment. For the positive response (Fig.
1c), the threshold was raised in proportion to ratio of the maximum pos-
itive to the minimum negative BOLD response for each animal (approx-
imately fivefold). For the negative and positive BOLD maps depicted in
Fig. 1, no subtraction or image filtering method was applied.

Analysis of iso-orientation maps. Similar image-processing methods
were used to construct the iso-orientation maps based on negative or
positive BOLD data. Analogous to the standard analysis of optical-imag-
ing data32,33,37, responses to the four different orientations were obtained
by dividing each ‘single orientation map’ (raw percent-change maps) by
the normalized sum of four orientations (‘cocktail blank’). For display-
ing the maps, the dynamic range of the negative (Fig. 2a–d) and posi-
tive (Fig. 3a and b) maps were ‘clipped’ at the upper and lower three
percent of the distribution and linearly mapped on an eight-bit gray
scale. In both the negative and positive maps, high-frequency noise was
removed using a 3 × 3 pixel Gaussian kernel. The complementarity of
the orthogonal maps was tested by calculating the linear correlation coef-
ficient between the two maps48. Correlation coefficient p-values were
calculated using standard algorithms48. For the MR time courses in Fig.
2, the ROI for the 45° columns was selected on the basis of negative
responses during only the 45° stimulation. The same ROI was then used
to plot the time course of those pixels during the 135° stimulation. Like-
wise, the ROI for the 135° columns was selected on the basis of negative
responses during only the 135° stimulation. This ROI was then used to
plot the time course of the pixels during the 45° stimulation. The differ-
ences in positive signal contrasts during the 45° and 135° stimulations
were therefore independent of the initial pixel selection process.

Analysis of angle maps. Composite angle maps for the negative BOLD
changes (Fig. 4a) were obtained through a pixel-by-pixel vector addition
of the four iso-orientation maps (see above) with the negative percent
changes as vector amplitudes and the respective stimulus orientations as
vector angles7,32,33. Such composite angle maps were obtained for four
different experiments that yielded the best contrast-to-noise ratio. The
resulting angle at each pixel was color-coded using a circular color table.
The positions and densities of the pinwheel centers were detected by cal-
culating the spatial gradients of the composite angle map32,37 and checked
visually. As a control, ‘composite’ maps were also calculated based on
MR signals obtained before visual stimulation (Fig. 4b) and those
obtained during delayed positive BOLD responses (Fig. 4c; 8–20 s after
stimulus onset). For the sake of consistency, the composite maps in Fig.
4a–c were generated using identical methods for the region of interest,
threshold and vector-summation.
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