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INTRODUCTION

In the mammalian brain cytoarchitectonically distinct areas form the basis for
functional specialization (1). Such parcellation of the cortical tissue into func-
tional subunits is especially prominent in the primary visual cortex of cats. Here,
neurons with similar response properties, such as ocular dominance (2, 3), orien-
tation (4, 5), and direction (6, 7) preferences, are clustered into “columns,” span-
ning the entire cortical plate from the pia to the white matter.

Since the pioneering works of Hubel and Wiesel (2), the temporal and spatial
properties of cortical columns in cat primary visual cortex have been studied
extensively using a variety of techniques. Understanding of the temporal proper-
ties of the cortical columns promises to reveal the “neural code” of the brain’s
information processing, and elucidation of its spatial properties will shed light on
how such codes are physically implemented across the cortex.

To this end, however, the applicability and fidelity of the traditional techniques
to achieve this goal differ markedly. The use of single and multiunit recordings
provides a good tool for assessing the temporal properties of cortical columns;
finding a technique that can yield the spatial properties of cortical columns with
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comparable accuracy, convenience, and applicability proved to be a much more
difficult task.

In this chapter, we describe recent advances in functional magnetic resonance
imaging (fMRI) we have made that will enable the functional organization of the
cat visual cortex to be studied at “columnar” level, thereby approximating the spa-
tial resolution of multielectrode and optical imaging techniques, but without their
limitations. These advances should lay the foundation for future noninvasive explo-
ration of animal and human brains at the fundamental level of its columnar archi- .

Chaz(’le( ff,' tecture noninvasively. In Shapter-S; we describe the imaging principles and tech-
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niques of this new method and present the first MRI studies of the functional
activity in cat primary visual cortex at columnar resolution (see also Kim et al. [8]).

LIMITATIONS OF CURRENT TECHNIQUES, OR
WHY WE NEED ANOTHER MAPPING
TECHNIQUE

The spatial layout of the functional architecture in cat primary visual cortex
has been studied extensively using a variety of different techniques (see LeVay
and Nelson [9] and Chapter 1 for review). Although these techniques have pro-
vided pivotal insights, each of the traditional mapping techniques suffers from a
fundamental limitation. For example, the multielectrode mapping method lacks
*Sufficient field of view and spatial resolution (7), G the 2-deoxyglucose method
is not viable for in vivo mapping (10). The more recently developed “optical
imaging of intrinsic signals” allows the simultaneous recording of neuronal activ-
ity over large areas of cortex (11,12). For example, in cat primary visual cortex,
this technique has been utilized extensively to examine the tangential organiza-
tion of multiple cortical maps and their topological relationships to each other at
a columnar resolution 13, 14) (see Chapter 2). However, optical imaging at this
spatial resolution is an invasive technique, because a craniotomy has to be made
to expose the cortical surface. Furthermore, the applicability of optical imaging is
limited to the superficial layers of the cortical surface only (15-17), thus failing to
reveal activation signals originating from deeper cortical layers or from subcorti-
cal structures.

FUNCTIONAL MAGNETIC
RESONANCE IMAGING

To further facilitate our understanding of the cortical information processing in
adult and developing animals, it is imperative to devise a novel method that can
visualize the functional architecture of the living brain without the aforemen-
tioned limitations. The rapid progress of blood oxygenation level-dependent
(BOLD) functional magnetic resonance imaging (fMRI) in recent years has
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raised the hope that this could be achieved. Using the paramagnetic deoxyhemo-
globin as an endogenous contrast agent (18, 19), BOLD-based functional images
can be obtained in vivo (in contrast to the 2-deoxyglucose technique) without the
use of extrinsic contrast agents (in contrast to the positron emission technique),
and from the entire brain (in contrast to the optical imaging of intrinsic signals).
Most importantly, the noninvasiveness of MRI suits it well for studying the func-

. tional architecture of both the human and animal brains, thus enabling direct com-
“parisons of putative homolog functions between humans and animals.

Despite these advantages, crucial questions must be answered before func-
tional MRI can be utilized for addressing neurophysiological questions. For
example, numerous BOLD studies during cognitive (20), motor (21), and percep-
tual (22-25) tasks indicate a good spatial correlation between neuronal and hemo-
dynamic responses at a scale of several millimeters to centimeters. With this
coarse scale, however, it is impossible to discriminate between the cortical
columns representing individual receptive field properties, as the average period-
icity between two adjacent isofunctional columns is about Imm in most mam-
malian species (26). Furthermore, the ultimate functional specificity of fMRI
remains highly controversial because the BOLD signal represents a complex con-
volution of metabolic and hemodynamic processes that is poorly understood (27).

Recent results from our laboratory and other laboratories now suggest that
there is an intriguing relationship between the details of cortical hemodynamic
responses and the ultimate spatial resolution of functional MRI. If utilized prop-
erly, this information will enable us to improve the functional specificity of fMRI
far beyond what is achievable today.

Nuclear Magnetic Resonance and Magnetic Resonance Imaging

As the majority of the readers of this volume may not have a firsthand experi-
ence with high-field fMRI, it is worthwhile to start our discussion with a brief
description of the theoretical and technical foundations of fMRI.

The phenomenon of nuclear magnetic resonance (NMR) was described in
landmark articles more than 50 years ago (28, 29). The proton nucleus of the
hydrogen atom, which is used for most imaging studies, possesses a small mag-
netic moment. When placed in a strong and homogenous magnetic field (“static
field”, Bo), the atoms align themselves with this field and reach a thermal equilib-
rium. The nuclei precess about the static field at a characteristic frequency (Lar-
mor frequency), but at a random orientation with respect to each other. Applica-
tion of a brief radio frequency excitation pulse (RF pulse) with Lamor frequency
induces a rotating magnetic field orthogonal to the static field, thus causing the
nuclei to precess away from the equilibrium. Using a “receiver coil,” the resulting
rotating magnetic moment of the combined nuclei can then be observed as a time-
dependent electromagnetic signal. Three of the parameters that can be observed
in NMR are (1) the longitudinal relaxation time constant (“spin-lattice relax-
ation”); T1, is the constant that characterizes the nuclei reapproaching the thermal
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within and surrounding the vessels, which in turn results in decreases in the trans-
verse relaxation times (T, and $%) (18, 36). During the activation of the brain, this
process is reduced: an increase in neuronal and metabolic activity results in a
reduction of the relative deoxyhemoglobin concentration owing to an increase of
blood flow (and hence increased supply of fresh oxyhemoglobin) that follows.
Consequently, in conventional BOLD fMRI, brain “activity” can be measured as

* an increase in T, or To* weighted MR signals (19, 33, 34).

Vasculature Issues

BOLD fMRI is founded on the pioneering discovery of Roy and Sherrington
(37), that changes in electrical activity are coupled to hemodynamic responses in
the vasculature system. Consequently, for a proper understanding of the BOLD
signals, the size, geometry, and location of the cortical vasculature surrounding
the neural tissue must be considered. For the sake of further discussion, we define
a microvascular/tissue component as an area of rapid exchange between blood
water and tissue water (i.e., capillaries and adjacent tissues). In the parenchymal
tissue of the cat cerebral cortex, such capillaries form a dense network with an
average spacing of about 20 m (38). By contrast, the macrovascular component
is composed of arteries, small arterioles, small venules, and veins, where such an
exchange does not exist.

It is well known that, with typical fMRI acquisition parameters, the BOLD
response is particularly sensitive in and around large “draining veins,” which are
usually distant from the sites of elevated neuronal activity (27, 39, 40). Thus it is
reasonable to assume that conventional BOLD-based fMRI may overrepresent
the “non-functional” large-vessel contribution, whereas the functional signals
from small capillaries may be masked. Furthermore, recent optical spectroscopy
data (41, 42) also suggest that there is an intimate relationship between the source
of the hemodynamic signal and its spatial specificity. In particular, signals from
large draining vessels were found to be spread out up to 3 to 7 mm from the actual
site of electrical activity (43).

In any kind of brain mapping method based on hemodynamic activity, it is
imperative to minimize the pertubative effect of draining vessels. To this end, our
attempt to visualize cortical columns with functional MRI is aided by the fact that
the vascular origin of the BOLD effect depends heavily on magnetic field
strength. BOLD response is expected to behave according to the following equa-

tions (27, 44): x (O
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FIGURE 4-1. High-field cat MR experimental setup. Anesthetized cat was placed in a custom
designed, MR-compatible stereotaxic holder and inserted into the isocenter of a 4.7 or 9.4 Tesla hori-
zontal bore magnet. A video projector was used to stimulate the animal with moving gratings of four
different orientations. Stimulus presentation was synchronized with MR data acquisition. See text for
details.

135°) optimized to sékenghy activate neurons in cat area 18 (48). We have used

area 18 for our studies because the distance between two iso-orientation columns

in this area is wider than in area 17, thus maximizing our chance of resolving

individual columns. Furthermore, the cat area 18 on the mergmal gyrus is essen- [,\‘t'QYwe
tially flat and can be covered by a single imaging slice. Area 17 is curved around

the occipital pole and causes more susceptibility artifacts in MR images.

A small surface coil, 1.2 cm in diameter, was placed on top of the animal’s
head corresponding to the Horsley-Clark A3. All MR experiments were per-
formed on a 4.7-T/40 cm (Oxford, UK) or 9.4-T/31 cm (Magnex, UK) horizontal
MRI scanners equipped with a 15-G/cm or 30-G/cm magnetic field gradients,
respectively. Figure 4-2 shows mid-sagittal (Fig. 4-2A), coronal (Fig. 4-2B), and
axial (Fig. 4-2C) anatomical images of the cat brain obtained with a 9.4 Tesla
magnet. The sulcus cruciatus, sulcus splenialis, and sulcus suprasplenialis are
readily detectable on the mid-sagittal image. The white and gray matters in coro-
nal and axial images are visible as bright and dark areas, respectively. Panel d dis-
plays the surface image of the left and right lateral gyri (left and right half of the
image). The center of this surface image was at the anteroposterior 3 of the Hors-
ley-Clark coordinate system, corresponding to the central visual field of the area
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FIGURE 4-2. Mid-sagittal (A), coronal (B), and axial (C) anatomical images of the cat brain
obtained with high-field magnet. The sulcus cruciatus, sulcus splenialis, and sulcus suprasplenialis are
readily detectable on the mid-sagittal image. The white and gray matters in coronal and axial images
are visible as bright and dark areas, respectively. Panel D displays the surface image of the left and right
lateral gyri (left and right half of the image). The white box indicates the region of interest that has been
used for the functional MR studies as described in this chapter. A17, area 17; A18, area 18.

18. The curved line at the right side of the panel is the lateral sulcus of the right
hemisphere. Based on the pattern of sulci on the cortical surface, this particular
cat was classified as to be a Otsuka-Hassler Type I cat (49).

All functional images described in this chapter were obtained from a region of
interest (ROI) that corresponded to the white rectangle in Fig. 4-2D. BOLD mea-
surements on a single image slice were made using gradient-echo, echo-planar
imaging (EPI) technique (50,51). The imaging slice was positioned ~500 pm
below pia to avoid superficial draining vessels. The MRI parameters weresdata
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FIGURE 4-3. Functional MR images in cat primary visual cortex during stimulation of the ani-
mal with moving gratings of four different orientations. The regions of increased BOLD signal change
are gray scale coded (bright = maximum BOLD signal). The numbers at the gray-scale key represent
cross correlation coefficients. Robust and homogenous activities were observed in the lateral gyri of
both hemispheres. The region of activity extended several millimeters in anterorposterior and medio-
lateral directions. All four activation maps obtained in response to moving gratings of four different
orientations (0°, 45°, 90°, 135°) yielded homogeneous spatial distributions that were hardly distin-
guishable from each other. Scale bar: 1 mm.

Temporal Dynamics of BOLD

The most parsimonious explanation for these results can be found in the nature
of the hemodynamic events during BOLD signal acquisition. Figure 4-4 summa-
rizes, in a cartoon, the events following a hypothetical sensory stimulation.

Stimulation of the animal with moving gratings of a particular orientation, in this
case 90°, will increase both the subthreshold and suprathreshold electrical activity
among neurons located in the respective iso-orientation domains (see the left panel
of Fig. 4-4). For the sake of simplicity, we assume the level of electrical activity in
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FIGURE 4-4. A “cartoon” summarizing the hemodynamic events following sensory stimula-
tion. (Left panel) The hemodynamic events during the initial deoxygenation period. (Right panel)
Hemodynamic events during the delayed oxygenation period. See text for details.

other columns—disregarding the lateral spread of activity through the plexus of
horizontal connections—# to remain more or less unchanged. The proposed
hypothesis here is that the first event following increased neuronal activity will be a
prolonged increase in oxygen consumption, caused by an elevation in oxidative
metabolism of active neurons (58). Based on 2-DG data (26), we can assume the
increase in oxidative metabolism in cat primary visual cortex to be colocalized with
the site of electrical activity (see Chapter 3). The increase in oxidative metabolism
will naturally elevate the local deoxyhemoglobin content in the parenchyma of

i uming there is no immediate commensurate change in cerebral
blood flow (59). In T, off T} weighted BOLD fMRI images, such increase in para-
magnetic deoxyhemoglobin should be detectable as a transient decrease in observ-
able MR signals (see the hypothetical time course in the left panel of Fig. 4-4).

Such an initial deoxygenation of the local cortical tissue (left panel) lasts only
for a short time, as fresh blood (fresh oxyhemoglobin) rushes into capillaries in
response to the increased metabolism (i.e., Roy and Sherrington’s microcircula-
tion response; see the right panel). Such increase in “fresh” oxyhemoglobin can
be assumed to reverse the local ratio of hemoglobin in favor of oxyhemoglobin,
thus resulting in an increase in observable MR signals. Obviously, this delayed
oxygenation of the cortical tissue represents one of the bases for conventional
BOLD signals (19).

Several lines of recent optical spectroscopy studies (41,42,60) suggest that,
after sensory stimulation, such a “biphasic” response does indeed take place.
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Their results indicate that the local deoxyhemoglobin concentration increases
immediately after stimulation, yielding the maximum concentration about 2 to 3
seconds after stimulus onset. Oxygen consumption increase appears to be, at least
in part, if not entirely, responsible for this early deoxyhemoglobin increase (61).
The local deoxyhemoglobin concentration is subsequently reversed, ultimately
resulting in a relatively large decrease in overall deoxyhemoglobin content.

The crucial question here is the “where” of the biphasic hemodynamic processes.
To this end, it has been proposed that the two distinct hemodynamic events (initial
deoxygenation followed by the delayed oxygenation) ought to result in funda-
mentally different functional specificity (41). It is assumed that the initial deoxy-
genation, as a consequence of an increase in oxidative metabolism, should be
coregistered with the site of electrical activity up to the level of individual cortical
columns. In fact, the well-established optical imaging of intrinsic signals (11,12),
which has been cross-validated with single unit techniques (62—64), is similarly
based on measuring the local transient increase of deoxyhemoglobin. The delayed
oxygenation of the cortical tissue, on the other hand, is suggested to be far less
specific. The assumption here is that the “fidelity” of the cortical vasculature is
not sufficient to provide fresh oxyhemoglobin selectively to the active columns
only. Instead, the entire local vicinity of the active column is flooded with fresh
blood. Consequently, such delayed oxygenation signals, as detected with conven-
tional BOLD technique, may surpass the spatial extent of the actual activated area
by several millimeters (41,42).

Both the existence of “biphasic” BOLD response per se and the suggested dif-
ferences in functional specificity continue to be debated. Although the initial
deoxygenation signal in fMRI (termed initial dip) has been reported in humans
(65-67) and monkeys (68), studies in rodents failed to detect any significant ini-
tial decrease in BOLD signal after sensory stimulation (69,70). Likewise, the spa-
tial specificity of this dip remains unknown because most fMRI studies examin-
ing this phenomenon so far have been conducted in humans (65-67), thereby, by
necessity using relatively coarse spatial resolution. In this context we need to
address two crucial questions: (1) Are BOLD responses in cat primary visual cor-
tex biphasic? (2) If so, does the initial deoxygenation signal label the layout of the
cortical columns accurately, while the delayed oxygenation signals fail to dis-
criminate individual cortical columns?

Cat Primary Visual Cortex—Biphasic responses?

Figure 4-5 demonstrates that, in cat primary visual cortex, the time evolution
of MR signals is clearly biphasic. The temporal dynamics of the BOLD responses
in cat primary visual cortex was in excellent agreement with optical spectroscopy
data. After visual stimulation, the MR signal decreases, reaching a minimum of
about -0.2 to -0.4% approximately 3 seconds after the stimulus onset. The signal
then reverses, yielding a maximum positive signal change of 1.0 to 2.0% approx-
imately 8 to 10 seconds after stimulus onset. Such biphasic BOLD responses after
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FIGURE 4-5. Biphasic time evolution of MR signals obtained in cat pri i cortex. 0.4/
After visual stimulation, the MR signal decreases, reaching a minimum of abouf-0.2~—0.4% gpprox-= = 0,2~ =9 :
" imatelyj‘z;econds after the stimulus onset. The signal then reverses, yielding a maximufi positive sig-

nal change of 1.0-2.0% approximately 8 to 10 seconds after stimulus onset. Scale bar: 10 seconds.
(Adapted from Kim et al. [8].)

the visual stimulation were observed in all 10 experiments during the stimulation
of the animal with moving gratings of different orientations (see Fig. 4-6). Fur-
thermore, similar results were obtained at two different magnetic fields used for
our studies (4.7 and 9.4T).

As the early negative signal changes are assumed to reflect the transient
increase of local deoxyhemoglobin in parenchymal tissue, their use for functional
map generation can be expected to greatly enhance the functional specificity of
fMRI. To this end, to determine the time-dependent spatial layout of BOLD sig-
nals, the percent change maps within the negative and positive portions of BOLD
time course were averaged into respective time-binned maps (positive and nega-
tive map, respectively). For the map of the negative response, individual pixels
displaying negative percent change with at least 0.5 to 1.0 standard deviation
away from the mean baseline percent change were taken to be statistically signif-
icant. For the positive response, the threshold was raised in proportion to contrast-
to-noise ratio (CNR) of the maximum positive to the minimum negative BOLD
response for each animal (i.e., about 5 times).

Figure 4-7 shows that the initial deoxygenation and the delayed oxygenation sig-
nals yield a fundamentally different pattern of activity in response to identical visual
stimulus. Panel A depicts the spatial pattern of increased BOLD activity in response
to moving gratings of 45° orientation. The positive BOLD percent changes are coded
with gray scales as indicated by the respective key below. Similar to activation maps
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FIGURE 4-6. Biphasic BOLD responses following the visual stimulation were observed in all
10 experiments at two different magnetic fields. The depicted MR time courses represent the biphasic
responses obtained during the stimulation of the animal with moving gratings of different orientations.
The stimulus duration is marked by the inset rectangle. (Adapted from Duong et al. [73].)

based on conventional cross-correlation analysis (Fig. 4-3), robust and homogenous

activities were observed from the entire yius ol both hemispheres. The
region of activity extended several millimefers in anteriorposterior and mediolateral
directions. The pattern of activity based negative BOLD percent changes (Fig. 4-7B),
on the other hand, yielded strikingly different spatial layout. Here, the gray-scale
coded pixels represent regions of significant decrease in MR signals after visual
stimulation. In sharp contrast to the conventional fMRI maps based on positive
BOLD signal changes, the foci of the negative signal changes are confined to patchy

clusters. In line with the iso-orientation colu in cat primary visual cortex
observed using 2-DG (26) and optical imaging@rmfniques, such semiellip-

soidal and irregularly shaped clusters are distribufed all over the approximated area
18, with an average periodicity of about 1.34 £ 0.23 mm. Note also how the areas
defined by negative signal changes are located largely in tissue areas only, avoiding
regions of large blood vessels including the region around the sagittal sinus.

Although the data in Fig. 4-7 indicate that the initial deoxygenation signals
yield a far more column-like pattern of activity compared with those based on
conventional positive BOLD signals, important questions remain to be addressed.
For example, given the large difference in absolute amplitude between the nega-
tive and positive signals (Fig. 4-5), it is conceivable that the differences in spatial
pattern between the positive (Fig. 4-7A) and negative (Fig. 4-7B) maps could be
due simply to the difficulty in equating the signal threshold levels. We have
addressed this possibility by raising the threshold for the positive response to
match the number of “activated” pixels in both maps. The resulting positive map
(Fig. 4-8B) largely reflects the surface vasculature pattern of the visual cortex,
with the strongest signals originating from the sagittal sinus.
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FIGURE 4-7. Improvement of spatial specificity of BOLD using the initial negative signal
changes. (A) The pattern of increased BOLD activity in response to moving gratings of 45° orientation.
The positive BOLD percent changes are marked with gray scales as indicated by the gray scale key
below. For the functional map displayed in panel (B), only negative BOLD percent changes occurring
within the first 2 seconds after stimulus onset were utilized. The gray-scale key below indicates the neg-
ative percent changes. See text for details. Scale bar for panels: 1 mm. (Adapted from Kim et al. [8].)

These results clearly demonstrate that the differences in spatial pattern between
the map of negative and positive responses are genuine. Furthermore, results in
Figs. 4-7 and 4-8 show that there is no method of linear thresholding that will yield
columnar pattern of activity based on positive BOLD responses. If a low threshold
is used, the resulting map will be homogenous, with no differences between func-
tional maps obtained for different receptive field properties (Fig. 4-3). Choosing a

FIGURE 4-8. Differences in spatial layout of activity based on negative (A) and positive (B)
BOLD responses. For this comparison, the threshold for the positive response was raised to match the
number of activated pixels in the negative map (A). The resulting positive map (B) refiects largely the
surface vasculature pattern of the visual cortex. Scale bar: 1 mm. (Adapted from Kim et al. {8].)
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FIGURE 4-9. Expanded time courses for the pixels that exhibit early negative (solid line) and
no early negative (dash line) responses, respectively. Stimulus duration is marked with the black box.
Note that the pixels, which did not exhibit an early negative response, produced a much larger delayed
positive response than those with an early negative response. See text for more details. (Adapted from
Duong et al. [73].)

high threshold on the other hand results in activated pixels that represent predomi-
nantly nonfunctional draining vessels (Fig. 8B). This notion is further corroborated
in Fig. 4-9. Here, the image pixels were classified into two disjoint sets: pixels
exhibiting an initial dip response (dip-pixels) and those with no such responses
(nodip-pixels). If we plot the entire signal time courses for these two groups of pix-
els (Fig. 4-9), it is clear that the nodip-pixels exhibit a much larger positive BOLD
response than those from dip-pixels. If we assume the nodip-pixels to largely rep-
resent draining vessel signals, then choosing a high threshold in conventional
BOLD fMRYI, for the sake of improved statistics, may do just the opposite of what
was intended, namely, selecting non-functional signals only.

Functional Properties of ‘“Negative BOLD” Signals in Cat
Primary Visual Cortex

We have found that the initial negative BOLD signals yield, in sharp contrast
to positive signals, a column-like pattern of activity in which activated pixels are
clustered into isofunctional domains with a periodicity of about 1 mm (Fig. 4-7).
The crucial question is whether those column-like domains represent genuine iso-
orientation domains. To this end, the ultimate validation of the veracity of the 4, -4
fMRI-based iso-orientation columns requires simultaneous recording of single unt acti Vi )’ ’
vt Such simultaneous recording requires the recording setup to be placed
around the isocenter of the magnetic bore, resulting in devastating magnetic field
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interferences. Furthermore, in such a design, it is almost impossible to change the
electrode track or 1ntroduce new electrodes without reposmonmg the animal.

Although many groups (mcludmg our own group) are vigorously trying to

overcome the technical difficulties to ensure a direct electrophysiological valida-

. tion of the functional MR data, we reasoned it worthwhile to attempt a more
“indirect” validation of our MR-derived columns. We took advantage of the fact
that the spatial layout of the orientation columns in cat primary visual cortex dis-
plays a set of characteristic features that is well established (13,14). For example,
it is well known that the orientation domains for orthogonal orientations are com-
plementary. In fact we have used this complementary criteria in our assessment of
the positive BOLD maps (Fig. 4-3).

Figure 4-10 depicts the results of such a complementarity test for negative
BOLD data. Panels A through D display patterns of negative activity obtained
from the same patch of cortex during the stimulation of the animal with the four
different orientation stimuli. Analogous to 2-DG (26) and optical imaging (16),

FIGURE 4-10. 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 during the first 2 seconds after 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 outlined and overlaid on the maps in panels (A) and (C), respectively. Other
than a few exceptions (marked with a arrowhead), the maps for orthogonal orientations are comple-
mentary to each other. Scale bar: 1 mm. (Adapted from Kim et al. [8].)
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regions of high activity (i.e., large negative signals) are displayed as dark pixels.
For removing the effects of uneven MR signals across the cortical surface, the
conventional “cocktail blank™ method was used (16). It is evident that each pat-
tern of negative activity is highly specific to the respective stimulus orientation.
To corroborate this notion, the outlines of the orientation patches for 90° and 135°
maps are overlaid on the maps obtained for the respective “orthogonal” orienta-

tations-Ligwmd@¥. It is clear from these panels that the patches for orthogonal ori-
entations occupy cortical territories that are mostly complementary.

The ability of the negative BOLD signals to reflect the stimulus selective
responses at columnar scale is further elucidated in Fig. 4-11. Here, the left and
right panels represent,the signal time courses obtained from 45° (sotieh-tinre
courses) and 135° ( time courses) orientation columns, respectively. It is
clear that MR signals in pixels representing 45° columns decreased transiently
during the 45° stimulation (left panel), while little or no such decrease was
observed during the 135° stimulation (right panel). Likewise, MR signals from
135° columns decreased transiently during the 135° stimulation, but not during
the complementary 45° stimulation.

The positive BOLD signals, on the other hand, were much less suited to dis-
criminate between 45° and 135° columns, as they yielded largely overlapping
times courses for both stimulus conditions (see the overlapping signals in either
panels during the positive periods).

Finally, to permit a more direct comparison of the map quality, we have also cal-
culated the 45° and 135° maps obtained during the positive BOLD period (Fig. 4-

Y
FIGURE 4-11. The signal time courses for 45° (dashed time course) and 135° (solid time
course) columns during the stimulation with 45° (left panel) and 135° (right panel) orientation stimuli.
The stimulation duration of 10 seconds is marked in both panels by the gray boxes behind the time
courses. See text for more details. Scale bar: 10 seconds. (Adapted from Kim et al. [8].)
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12). All functional maps depicted in Figs. 4-10 and 4-12 were acquired in the same
fMRI studies, and analogous methods of image processing have been applied. In
contrast to the patchy and interdigitized columns in negative maps, the domains of
the positive BOLD responses are larger with no apparent periodicity. The outlines of
the 135° map from Fig. 4-3B were then overlaid on the 45° map (Fig. 4-12A). The
regions of positive activity for the orthogonal orientations were mostly overlapping.

The results shown in Figs. 4-10 through 4-12 are interesting for two reasons.

First, the complementarity of the negative BOLD maps obtained during the stim-

ulation with orthogonal orientation further corroborates the notion that the MR-
based “columns” may indeed represent genuine iso-orientation columns. Further-
more, the results in Figs. 4-10 through 4-12 suggest that, although the nominal
amplitude of the negative signals is far smaller than that of the positive signals
(Fig. 4-5-6), the stimulus specific contrast of the negative signals was found to be
far superior to that of the positive signals. Based on Figs. 4-10 through 4-12, we
estimate the stimulus-specific contrast of the negative signals to be about 6.5
times larger compared with that of the positive signals.

fMRI-Based Pinwheels

Finally, as a further way of indirect validation, we attempted to derive the dis-
tinct topology of the composite orientation map in cat primary visual cortex using

FIGURE 4-12. Representation of orthogonal orientations in positive BOLD maps. (A,B)
Functional maps based on positive signal changes obtained during the stimulation of the animal with
45° and 135°, respectively. High positive signals are represented by dark pixels. 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 are overlapping extensively. However, a few prominent exceptions exist (marked with
arrowheads). Scale bar: 1 mm. (Adapted from Kim et al. [8}.)
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our negative BOLD maps. A characteristic and invariant feature of the mam-
malian orientation system is the existence of topological singularities (16) that
were observed across many mammalian species using both multielectrode (7,71)
and optical imaging (16) techniques.

With the use of our negative BOLD fMRI data, we obtained composite angle
maps for the negative BOLD changes through a pixel-by-pixel vector addition of
the four iso-orientation maps with the negative percent changes as vector ampli-
tudes and the respective stimulus orientations as vector angles. The resulting
angle at each pixel was then coded using a gray-scale code (Fig. 4-13).

In the composite map based on the early negative BOLD signals only (Fig. 4-
13A), the preferred orientations change smoothly, forming a map of orientation

FIGURE 4-13. 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 gray scale key next to (A) was used for gray-scale coding the resulting orientation pref-
erences. The overall continuity of the orientation preferences is interrupted at the orientation pin-
wheels where the cortical columns for different orientations are arranged in a circular manner. The
white and black circles in panel (A) depict such clockwise and counterclockwise pinwheels, respec-
tively. Two of such pinwheels are displayed, enlarged right to panel (A). Scale bar for the enlarged
pinwheels: 200 pm. As a control, the composite maps based on MR signals obtained before stimulus
onset (B) and during positive BOLD signals (C) are also displayed. The maps in (B) and (C) were
obtained from the identical cortical region as displayed in panel (A). The control maps are devoid of
topological structures that are characteristic for genuine composite angle maps. Scale bar for (A-C): 1
mm. A, anterior; P, posterior; M, medial; L, lateral. (Adapted from Kim et al. {8].)
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selectivity. The continuity of orientation preferences is interrupted only at the sin-
gular points (termed orientation pinwheels) where the domains for all orientations
converge, in a way analogous to that obtained using multielectrode and optical
imaging techniques. Each orientation is represented only once around such a pin-
wheel, thereby forming two types of topological singularities according to their
rotational chiralities. Two of such pinwheels are depicted enlarged to the right of
- Fig. 4-13A. The pinwheel density and the ratio between clockwise and counter-
“clockwise singularities found in negative BOLD composite maps were in excel-
lent agreement with those obtained with optical imaging techniques. In our study,
a pinwheel density of 1.46 + 0.17 pinwheels/mm? was found, and optical imaging
studies (5,62) yielded average pinwheel densities between 1.2 and 1.95 pin-
wheels/mm?. Likewise, the ratio between clockwise and counterclockwise pin-
wheels was found to be roughly 1:1 in both negative-BOLD and optical imaging
data (see Chapter 2).

Although the preceding data agree with data from multielectrode and optical
imaging studies, it is theoretically possible, that topological singularities could
arise from a randomly distributed pattern of activity (72). Therefore, as a control,
composite maps based on signals obtained before stimulus onset (Fig. 4-13B),
and those during the delayed positive BOLD changes (Fig. 4-13C) were also cal-
culated. All steps for composite map construction were performed identical to
that for Fig. 4-13A. Unlike the composite map based on negative BOLD signals
(Fig. 4-13A), the maps based on control (Fig. 4-13B) or delayed positive BOLD
signals (Fig. 4-13C) displayed none of the characteristic features of the mam-
malian angle maps.

CONCLUSIONS

Our results from cat primary visual cortex clearly indicate that the functional
specificity of BOLD at columnar scale depends highly on the temporal dynamics of
the underlying signals (73). If the early negative signals are used, functional maps at
columnar resolution can be obtained without the need of differential imaging (see
later). The delayed positive BOLD changes, on the other hand, were clearly indica-
tive for the pattern of the overall activation per se in the visual cortex, but were less
suited to discriminate between the active and inactive columns, as they were more
diffused and were less specific for the individual stimulus properties.

It is conceivable that, in principle, even such diffused positive BOLD signals
could yield columnar pattern of activity, if maps of orthogonal conditions are sub-
tracted from each other. Such differential imaging had been suggested for analyz-
ing optical imaging (74), and conventional (i.e., positive} BOLD data (75).
Although the use of differential method for optical imaging data might be defend-
able given the well-established verification of intrinsic signals with extensive sin-
gle unit studies (62,64), the use of differential method for BOLD fMRI data, how-
ever, poses severe difficulties. In differential imaging, one activation map (e.g., to
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the left eye) is subtracted by the activity map that is assumed to give the comple-
mentary activation pattern (e.g., to the right eye). If this assumption is true—such
as between left- and right-eye domains—then then the result of the subtraction is
tautological, as it was known in advance. If the assumption is not true, however,
or simply not known, as for most receptive field properties, then the subtraction
method may give the wrong answer. Lacking the direct validation of BOLD using
simultaneous single unit recordings to date, the applicability of the differential
me OLD _data must remain questionable.

As the T; an eighted BOLD contrast predominantly originates from the
regional changes in paramagnetic deoxyhemoglobin concentration (18,27), the
early decrease of BOLD signals can most likely be attributed to the regional
increase of deoxyhemoglobin after neuronal stimulation. Although alternative
explanations exist (76), the most parsimonious explanation for such a transient
deoxygenation is a transient increase in oxygen gradients from the capillaries to
the tissues caused by an increase in oxygen consumption within the active orien-
tation column without a commensurate increase in blood flow (41,42,61).

Early, transient decrease in BOLD signals has also been observed in the cor-
tices of awake human (65-67,77) and anesthetized nonhuman primates (68) dur-
ing perceptual tasks, indicating that, in principle, the capability of BOLD-fMRI
to label functional columns in vivo should be applicable also in humans and mon-
keys. The upcoming challenge in human studies will be to attain stable and suffi-
cient signal-to-noise-ratio from subcolumnar sized voxels, which is more difficult
to achieve in awake humans than from anesthetized small animals.

Future studies in cat visual cortex will take full advantage of this novel MRI
method (e.g., noninvasivity and depth resolution) to elucidate the layer-specific
development and plasticity of the functional organization in multiple visual areas
within the same animal. Furthermore, recent advances in diffusion tensor MRI
(78) promises that high-resolution mapping of the axonal connectivity in cat visual
cortex can be achieved in a completely noninvasive manner (79). Combined with
columnar-resolution fMRI (8,73), this would pose a powerful new paradigm that
would make it possible for the pattern of functional activity to be directly corre-
lated with that of the underlying neuronal circuitry in a living animal.

As with any new technique, this novel method for noninvasive visualization of
cortical columns by fMRI will naturally need further improvements and cross-vali-
dations (see Kim et al. [80] for initial attempts). We can conclude from our study,
however, that noninvasive fMRI of brain functions can now be performed at colum-
nar levels, thus bridging the gap between neurophysiology and cognitive sciences.
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