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Abstract

Resting-state functional magnetic resonance imaging has been increasingly used for examining connectivity
across brain regions. The spatial scale by which hemodynamic imaging can resolve functional connections at
rest remains unknown. To examine this issue, deoxyhemoglobin-weighted intrinsic optical imaging data were
acquired from the visual cortex of lightly anesthetized ferrets. The neural activity of orientation domains,
which span a distance of 0.7–0.8 mm, has been shown to be correlated during evoked activity and at rest. We
performed separate analyses to assess the degree to which the spatial and temporal characteristics of spontaneous
hemodynamic signals depend on the known functional organization of orientation columns. As a control, artifi-
cial orientation column maps were generated. Spatially, resting hemodynamic patterns showed a higher spatial
resemblance to iso-orientation maps than artificially generated maps. Temporally, a correlation analysis was used
to establish whether iso-orientation domains are more correlated than orthogonal orientation domains. After ac-
counting for a significant decrease in correlation as a function of distance, a small but significant temporal cor-
relation between iso-orientation domains was found, which decreased with increasing difference in orientation
preference. This dependence was abolished when using artificially synthetized orientation maps. Finally, the
temporal correlation coefficient as a function of orientation difference at rest showed a correspondence with
that calculated during visual stimulation suggesting that the strength of resting connectivity is related to the
strength of the visual stimulation response. Our results suggest that temporal coherence of hemodynamic signals
measured by optical imaging of intrinsic signals exists at a submillimeter columnar scale in resting state.
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Introduction

Studies of cerebral spontaneous hemodynamic fluctua-
tions have provided valuable insight into the nature of the

brain’s activity and connectivity in the absence of volitional
tasks. These studies performed at rest are commonly referred
to as resting-state functional magnetic resonance imaging
(rs-fMRI) studies and have revealed the presence of low-
frequency fluctuations (LFFs; <0.1 Hz) in blood oxygenation
level dependent (BOLD) signals that show correlation to
EEG recordings (Liu et al., 2011). The spatiotemporal corre-
lation patterns of resting LFFs reveal connections between
areas that often reflect connected networks in brain activa-
tion studies (Biswal et al., 1995; De Luca et al., 2005;

Smith et al., 2009). Under resting conditions, connected net-
works have been reported across the brain in cortical and
subcortical areas, including motor, auditory, visual, sensori-
motor, limbic systems, hippocampus, and thalamus (Beck-
mann et al., 2005; Biswal et al., 1995, 1997; Cordes et al.,
2000; Damoiseaux et al., 2006; Stein et al., 2000). In some
cases, the degree of activity observed upon stimulation is
similar to that observed at rest (De Luca et al., 2005; Moha-
jerani et al., 2010), implying an interaction in brain activity
that is not clearly understood (Fox and Raichle, 2007).

Similar findings have also been reported in smaller spatial
scales. High resolution fMRI (200 lm/pixel) was used to
identify known interareal connections in the somatosen-
sory cortex, revealing patterns of connectivity present
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upon forepaw stimulation (Hyde and Li, 2014). Similarly,
resting-state high-resolution fMRI in the primary somatosen-
sory cortex of anesthetized squirrel monkeys revealed that
functionally related regions are correlated on a millimeter
scale and that these patterns of connectivity reflect the
local anatomical connections (Wang et al., 2013). Wang
et al. suggested that connectivity patterns at a global scale
are a manifestation of interactions between local microcir-
cuits that are defined by such neuronal connections. Other
studies have examined the correspondence between local
neuronal activity and the fMRI signal at rest (Murayama
et al., 2010; Shmuel and Leopold, 2008), raising the follow-
ing question: If coupling of neuronal activity and hemody-
namics exists at the level of neuronal populations, how
small a scale can hemodynamic imaging resolve functional
connections at rest?

This question can be examined by determining whether
hemodynamic connectivity patterns exist within known
functional networks at a submillimeter scale. The orientation
column architecture in the visual cortex is an ideal candidate
for this purpose. Its properties have been extensively studied
and characterized under visual stimulation and at rest (Blas-
del and Salama, 1986; Bonhoeffer and Grinvald, 1991; Fros-
tig et al., 1990; Grinvald et al., 1986, 1994; Kenet et al.,
2003; Sharon et al., 2007; Ts’o et al., 1990; Tsodyks et al.,
1999). Spacing between iso-orientation columns in primary
visual cortex ranges between 1.4 and 1.8 mm in humans
(Yacoub et al., 2008), 1.0–1.4 mm in cats (Rao et al.,
1997), and 0.7–0.8 mm in ferrets (Chapman et al., 1996;
Rao et al., 1997). Correlated neuronal activity in iso-
orientation columns is present with evoked stimulation and
also at rest, as demonstrated by single-unit recordings (Tso-
dyks et al., 1999) and voltage-sensitive dye imaging (Kenet
et al., 2003). We consider the possibility that resting-state he-
modynamic imaging is capable of resolving these established
patterns of functional connectivity. Optical imaging of in-
trinsic signals (OISs) and fMRI have been used to map orien-
tation columns under visual stimulation (Duong et al., 2001;
Fukuda et al., 2006; Kim and Fukuda, 2008; Kim et al., 2000;
Moon et al., 2007; Yacoub et al., 2008; Zhao et al., 2005).

In this study, we used OIS with similar sensitivity to
BOLD fMRI to image the ferret visual cortex, since its res-
olution is very well suited (10 lm per pixel) to capture hemo-
dynamic changes within and between orientation domains.
We experimented with OIS at two different wavelengths of
light, 620 and 700 nm, both of which have different levels
of sensitivity to deoxyhemoglobin. We also tested for corre-
spondence in our findings between evoked and resting data to
determine if the degree of connectivity observed by evoked
stimulation is related to that observed at rest.

Materials and Methods

Animal preparation

Four female ferrets (7–24 weeks old) were obtained from
Marshall Farms and used to investigate the spatial character
of low-frequency hemodynamic fluctuations in primary vi-
sual cortex. All experimental procedures were approved by
the Institutional Animal Care and Use Committee at the Uni-
versity of Pittsburgh. Each ferret was initially treated with at-
ropine sulfate and quickly anesthetized with ketamine
(30 mg/kg) for intubation. Once the animal was intubated, it

was ventilated by a pressure-driven ventilator (TOPO; Kent
Scientific) using 30% oxygen-enriched air gas and transi-
tioned to isoflurane anesthesia (2%) for surgery. A femoral ar-
tery and vein were catheterized to monitor arterial blood
pressure and for the infusion of maintenance solutions and
drugs, respectively. The animal was paralyzed throughout
the experiment by continuous infusion of pancuronium bro-
mide (0.2 mg/kg/h) in a 5% dextrose ringer’s solution to
avoid unwanted eye movements. The ferret’s pupils were di-
lated by applying atropine (1%) eye drops, and silicon oil was
applied every 30 min to keep the eyes moist. Body tempera-
ture was maintained at 38�C using a thermal probe and heat-
ing pad controlled by a DC feedback unit (40-90-8C; FHC,
Inc.). The ferret was then placed in a stereotaxic apparatus
(Narishige). The skin and muscle over the left hemisphere
were retracted and a 5 mm craniotomy was performed over
areas 17 and 18, which encompass the primary visual cortex
(V1 and V2). The imaging window was stabilized by filling
the exposed craniotomy with 2% agarose and then fastening
a small glass window with dental acrylic. A custom head
post was cemented to the skull anterior to the craniotomy to
securely hold the animal’s head. The ferret’s head was then
rotated, so that the surface of the visual cortex was parallel
to the fixed imaging plane. The stereotaxic frame was then re-
moved and the animal was placed under the optical imaging
system and in front of the visual stimulation computer mon-
itor. The isoflurane level was then decreased to 0.5% to estab-
lish a light anesthetic plane for experimental recording.
Rectal temperature, heart rate, end-tidal CO2, mean arterial
blood pressure, and blood gases were monitored and main-
tained within normal physiological levels during the experi-
ments. At the end of the experiment, the ferrets were
euthanized by administering 0.5 mL of potassium chloride
solution (mg/kg, IV) under 4% isoflurane.

Data acquisition

OIS was performed using a custom-built imaging system
(Fig. 1A). Oblique light guides connected to a halogen
light source (Thermo-Oriel) were used for illumination.
Images covering an area of 6 · 4 mm were recorded using a
macroscope (MVX10; Olympus, Inc.) and an analog CCD
camera (Sony XT-75). An analog-to-digital frame-grabbing
board (Matrox, Inc.) was used to digitize 640 · 480 pixel im-
ages at a rate of 30 Hz over the same field-of-view with pixel
resolution of about 10 lm. To record images sensitive to
changes in deoxyhemoglobin (analogous to BOLD fMRI),
a barrier filter (620 – 7 nm) was placed at the light source
(Horecker, 1943). Images were also recorded at a longer
wavelength (700 – 15 nm) to increase the sensitivity of the
images to scatter and decrease signal from large blood ves-
sels (Frostig et al., 1990; Malonek and Grinvald, 1996; Mc
Loughlin and Blasdel, 1998).

Each experimental run consisted of 10-min OIS acquisi-
tions in one of two conditions, evoked state and resting
state (Fig. 1B). Evoked state OIS (es-OIS) data were
obtained while visual stimulation was presented to the ani-
mal, while resting-state OIS (rs-OIS) data were obtained
without an external visual stimulus (e.g., black monitor). A
10-min black screen period was used during the transition
from evoked to resting experiments to minimize residual he-
modynamic activity. The visual stimulus was isoluminant so

SMALL-SCALE RESTING-STATE FUNCTIONAL CONNECTIVITY 597



no light artifacts would be introduced into the camera im-
ages. A summary of the data acquired from each ferret is
shown in Table 1.

Visual stimulation

Visual responses were evoked by the presentation of con-
tinuously rotating full-field, 100% contrast, square-wave
gratings (Kalatsky and Stryker, 2003) using a 24-inch LCD
computer monitor controlled by a computer with VSG soft-
ware (Cambridge Research Systems). The spatial frequency
of the gratings was 0.1 cycles/deg and they drifted at a veloc-
ity of 2 cycles/sec. Stimulation was synchronized with the
optical imaging acquisition system. The visual stimulus com-
pleted a full rotation (360 deg) in 60 sec and each visual stim-
ulation run lasted 10 min for a total of 10 rotations per
stimulation run.

Data analysis

The following preprocessing strategy was performed on
the data from all experimental runs using custom routines

implemented in MATLAB (MathWorks, Inc.). Each image
was binned spatially by a factor of 4 in both dimensions
for a final pixel resolution of 40 lm. The temporal resolution
was also reduced to 2 Hz by averaging consecutive 15 image
blocks to improve signal-to-noise ratio (SNR) and reduce
computational time. A 2D rigid body motion correction algo-
rithm was then used to register the images from each exper-
imental run to the first recorded image. Performing this step
before spatial and temporal binning did not alter the results
obtained, but required significantly more computational
time. A band-pass Fermi filter with passband between 0.03
and 0.2 Hz and transition bandwidth for each cutoff fre-
quency of 0.005 and 0.05 Hz, respectively, was then applied
to eliminate baseline drifts and high frequency noise. A mask
was created to ensure that image locations within the brain
and devoid of surface vasculature were analyzed further.
Hence, a brain region of interest (ROI) was selected for
each animal to exclude the skull bone, and surface vessels
were excluded by applying an intensity threshold to the aver-
age image of each experimental run.

OIS data from each experimental run were inspected for
artifacts by subtracting the mean image from each experi-
mental run and observing the resulting movie. Data from
one ferret consistently showed widespread oscillations in
intensity at a frequency of 0.08 Hz under both evoked
and resting conditions. These changes were large in magni-
tude and widespread, typical of vasomotion (Mayhew
et al., 1996). Data from this ferret were thus excluded
from analysis. Hence, 18 experiments from three animals
were further analyzed (10 evoked and 8 resting for Ferrets
1, 2, and 3; Table 1) for each imaging wavelength (36 data-
sets in total).

Generation of orientation preference maps. Maps of ori-
entation preference for each ferret were generated by
Fourier analysis of the evoked-state OIS data (Kalatsky
and Stryker, 2003). The rotating visual stimulus evoked a he-
modynamic response with a prominent spectral component

FIG. 1. Imaging setup and modes
of recording. (A) Cortical absorp-
tion of red light (620 or 700 nm)
over time was recorded using a
CCD camera. (B) OIS data were
acquired in evoked and resting
conditions with a rotating grating
stimulus and a blank screen, re-
spectively. Orientation preference
maps (bottom panel) were gener-
ated by taking the phase of the
evoked response signal at twice the
frequency at which the visual stim-
ulus rotated. Colored bars on the
side indicate the orientation prefer-
ence angle. OIS, optical imaging of
intrinsic signal.

Table 1. Experimental Design: Number and Type

of Experiments Performed on Each Animal

Ferret Mode of acquisition Number of experimentsa

1 Evoked 2
Resting 2

2 Evoked 4
Resting 3

3 Evoked 4
Resting 3

4b Evoked 4
Resting 4

aEach experiment consisted of continuous optical imaging of in-
trinsic signal acquisition for 10 min at both 620 and 700 nm.

bExcluded ferret.
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at the frequency of rotation and its harmonics (Kalatsky and
Stryker, 2003). Since each orientation stimulus is presented
twice in a rotation of the grating pattern, the frequency at
which the orientation columns are activated is twice the fre-
quency of rotation (two cycles per minute or 0.0333 Hz).
Thus, the image of the Fourier component at this frequency
was used as the functional map. The phase portion of this
complex image corresponds to the orientation preference of
each brain location. The ratio of the magnitude of this
image relative to the mean image intensity (over time) corre-
sponds to the contribution of the evoked hemodynamic re-
sponse to the total signal. The mean value of this ratio over
the different locations in the visual cortex was used as the
evoked response amplitude. For each ferret, individual orien-
tation preference maps were generated from data acquired at
620 and 700 nm (Supplementary Fig. S1; Supplementary
Data are available online at www.liebertpub.com/brain).

To test for dependencies on the actual organization of ori-
entation columns, pseudorandom orientation preference
maps were generated (e.g., Supplementary Fig. S2). These
control orientation preference maps were generated from
the actual functional maps of each ferret; however, two addi-
tional steps were performed. First, the functional map was
spatially band-pass filtered to restrict the ‘‘patchy’’ appear-
ance over the range of the actual orientation preference
map. Second, the phase portion of the functional map was
shuffled to randomize the orientation preference of the
patches.

Examination of connectivity patterns. Two types of anal-
ysis were performed to assess the degree to which resting-
state hemodynamic patterns resemble the functional organi-
zation of orientation domains. For both types of analysis, a
mask was applied to exclude the skull, blood vessels, and
other nonbrain regions.

Spatial correlation analysis. Although single-condition
(orientation) experiments were not conducted, analogous
iso-orientation maps (IOMs) representing single-orientation
activation patterns at 0�, 45�, 90�, and 135� orientations
were estimated for each animal (e.g., Supplementary
Fig. S2C) by multiplying the magnitude of the evoked stim-
ulus response at each location by the cosine of the orientation
preference with an appropriate phase shift corresponding to
the orientation angle of interest. For each rs-OIS dataset,
the images were converted to percent change using the aver-
age image over time for normalization. The pixel intensities
of each IOM were then correlated with their respective nor-
malized OIS image intensities for each instance of time, and
a time series of correlation coefficients was obtained for each
IOM. Instances of hemodynamic difference images that have
a spatial pattern that resemble the orientation response will
yield higher spatial correlation coefficients. Thus, when plot-
ting the distribution of all spatial correlation coefficients over
time, greater similarity to the IOMs is represented by a wider
distribution in correlation coefficients. The standard devia-
tion of the distribution of spatial correlation coefficients
was computed and used as a similarity metric for each re-
cording. This approach was used to determine whether spon-
taneously arising changes in resting state images within
known orientation column domains look similar to patterns
that reflect the observed organization of orientation columns

(Kenet et al., 2003). The analysis was repeated with es-OIS
data to verify that the expected pattern is indeed present. In
addition, as a negative control, this analysis was repeated
using the IOMs generated from pseudorandom orientation
maps (e.g., Supplementary Fig. S2D).

Temporal correlation analysis. A temporal correlation
analysis was performed using the time series of each pixel
in the image. This yielded a square correlation matrix with
more than 8 million elements where entry (i, j) is the corre-
lation between the time series of locations i and j. This metric
was complemented by the orientation preference difference
(OPD), which was calculated as the difference in angular
orientation preference between locations i and j, as well as
with interpixel distance (IPD), calculated as the Euclidean
distance between locations i and j in millimeters. Low-
frequency hemodynamic fluctuations are known to have a
relatively large spatial extent (Grinvald et al., 1994; Stettler
et al., 2002). Therefore, pixels that are close to each other are
likely to be correlated and might make it difficult to establish
an association in orientation preference. A simple linear
model was used to account for contributions of IPD on hemo-
dynamic correlation [Eq. (1)]. The correlation matrix was
vectorized and binned by the difference in the orientation
preference (8 bins, 11.25 degrees per bin) and IPD (10
bins, 0.2 mm per bin, roughly half the width of a single
iso-orientation domain) and averaged. This step reduced
the computational burden of evaluating the model.

Correlation½ � = A · OPD½ � þB · IPD½ � þC (1)

The binned correlation data were plotted against OPD and
IPD to check for linearity and appropriateness of the afore-
mentioned linear model. Although correlation data are typi-
cally distributed in a sigmoidal manner, the differences in
correlation were not large (<10%) and the linear model
was able to describe the trends in the data. We then tested
for significant relationships between correlation and differ-
ence in orientation preference (slope A) and between correla-
tion and IPD (slope B) using a one-sided t-test ( p < 0.05). We
hypothesized that correlation would decrease with increasing
difference in orientation preference (A < 0) and that correla-
tion would decrease with increasing distance (B < 0). The
same analysis was also performed for es-OIS data for com-
parison. As a control, rs-OIS was also analyzed using the
pseudorandom orientation preference map to generate a
false OPD vector.

Comparison between spatial correlation and temporal
correlation analyses. From the spatial correlation and tem-
poral correlation analyses, two separate metrics were com-
puted to determine the degree to which hemodynamic
changes reflect the functional architecture of the orientation
columns: (1) the standard deviation of spatial correlation co-
efficient and (2) the OPD coefficient (A) obtained from tem-
poral correlation analysis. Agreement between these metrics
would be indicated by a relatively high standard deviation
along with a corresponding relatively high A (negative
slope). These two metrics were compared using a linear
model and the slope parameter was tested for significance
(one-sided t-test with p < 0.05). Since these data are inher-
ently correlated, the degrees of freedom were adjusted as-
suming 50% dependence (Sen and Srivastava, 1997).
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Relationship between orientation-related changes under
evoked and resting conditions. To determine if the degree
of connectivity at rest is related to the magnitude of the
evoked response, we compared orientation preference coeffi-
cients calculated from evoked data and those calculated from
resting data. In addition, we also compared the mean ampli-
tude of the es-OIS response to visual stimulation to the ori-
entation preference coefficients calculated from the es-OIS
data, as well as those from the rs-OIS. This was done to
check for the presence of an association or tendency between
the magnitude of the detected evoked hemodynamic change
and the degree of connectivity observed under evoked and
resting conditions.

Results

Stimulation of the ferret visual cortex recorded by OIS at
wavelengths of 620 and 700 nm elicited detectable re-
sponses. Maps of orientation domains were obtained from
all ferrets exhibiting typical columnar organization where
all orientations are clustered around a pinwheel location (a
central pivot for each column; Fig. 1B). The average separa-
tion between iso-orientation domains was calculated to be
739 lm for the three ferrets, in line with previous reports.
The average change in signal evoked by visual stimulation
was consistently larger at 620 nm compared to 700 nm, on
average by 85.3% (Fig. 2). The signal from blood vessels
was also relatively larger at 620 nm than at 700 nm, on aver-
age larger by 122% (Supplementary Fig. S3). To reduce the
large vessel contributions, we excluded pixels that were
identified as lying within blood vessels (based on an intensity
threshold) for all of our analyses. The average signal increase
evoked by visual stimulation between wavelengths was
maintained across ferrets, with higher responding ferrets
doing so for both wavelengths. Orientation maps obtained
using 620 and 700 nm were consistent for each animal (Sup-
plementary Fig. S1). Due to the greater sensitivity to hemo-
dynamic signals at 620 nm, we focused on the results at this
wavelength.

Spatial correlation analysis

To qualitatively illustrate the spatial correlation results,
the OIS image from the instance of time showing the maxi-
mal correlation to one of the IOMs from one subject is shown
in Figure 3B and C for the es- and rs-OIS data, respectively,
recorded using 620 nm light. Corresponding images for all
three ferrets are provided in Supplementary Figure S4.
These are images of percent change in the OIS signal at
the point of maximal spatial correlation compared to the
mean OIS signal over time at each respective pixel, thus
serving as a map of hemodynamic activation for a given ori-
entation. Dark patches that reflect the underlying organiza-
tion of orientation domains (marked by red arrows in
Fig. 3A) were visible not only in the evoked case but also
in resting state, although not as clearly. This effect is cap-
tured in the histograms of the distribution of the spatial cor-
relation coefficients for each image (Fig. 3D), where the
spread of the correlation coefficients is higher for the es-
OIS data compared to the rs-OIS data. As expected, the
spread is narrowest for the IOM generated using a random
orientation preference map indicating very little correlation
(Fig. 3D bottom panel).

The standard deviation of the distribution of spatial corre-
lation coefficients was used as a measure of similarity to the
IOMs for each animal. A summary of these results for all
three ferrets is shown in Figure 3E for the 620 nm data. As
expected, the standard deviation of the correlation coeffi-
cients was larger for the es-OIS data compared to the rs-
OIS data, on average by 128%. Compared to the control
test (pseudorandom map), resting state trials showed a larger
standard deviation (85% larger on average), indicating that
the spatial distribution of low-frequency fluctuations is
more likely to resemble the intrinsic functional architecture
of the orientation columns than a pseudorandom structure.
These results were consistent with the qualitative findings
in Supplementary Figure S4 showing difference images
with high spatial correlation for all animals. All three ferrets
showed patchy areas that appear spatially similar to the IOM
for es-OIS data. Rs-OIS data showed similar patterns for fer-
rets 1 and 3, although the effect size was less apparent com-
pared to es-OIS data. No such patterns were visually
apparent for ferret 2 in resting state, consistent with the find-
ing that the degree of distribution in spatial correlation coef-
ficients was similar for rs-OIS data and control analysis for
the animal in Figure 3E. Spatial correlation analysis of
700 nm data yielded similar results as those observed in
620 nm.

Temporal correlation analysis

To illustrate the spatial properties of temporal correla-
tions, a typical ROI-based temporal correlation analysis is
shown for data from one of the ferrets. The ROI was com-
prised of pixels with similar orientation preference and is in-
dicated by the arrow in Figure 4A. The mean signal from the
ROI was correlated to data from the rest of the brain under
evoked and resting conditions and the results are shown in
Figure 4B and C, respectively. For the evoked data
(Fig. 4B), areas of high correlation tended to fall within re-
gions of similar orientation preference to the ROI (within
the black outlines in Fig. 4A) although the strength of the
correlation appears to decrease with increasing distance.

FIG. 2. Comparison of hemodynamic response to visual
stimulation recorded by OIS at 620 nm (blue bar) and
700 nm (red bar). The magnitude of the OIS signal at twice
the frequency of stimulus rotation (0.0333 Hz) was isolated
and used to compare the sensitivity to the hemodynamic re-
sponse for these two wavelengths. We consistently observed
a larger response in brain tissue areas at 620 nm compared to
700 nm.
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This pattern is also evident in the correlation map obtained
from the resting data; however, the correlation strength
with similar orientation preference areas is not as clear. It
is possible that orientation domains are correlated, but this
effect is obscured by a distance effect.

Hence, to determine if iso-orientation domains are asso-
ciated with larger correlation, the linear model in Equation
(1) was developed to account for a distance effect. A sche-
matic of this model and data is shown in Figure 4D and it
revealed trends in correlation that reflect the patterns ob-
served in vectors of difference in orientation preference
and IPD. Plotting this correlation data separately against
each covariate (Fig. 4E) shows that decreases in correlation
with respect to these two variables are well described by a
linear model.

The model coefficients and their significance are pre-
sented in Figure 5 for 620 nm data. All datasets at 620 nm
for all animals (18 trials total) yielded significant val-
ues for the orientation preference coefficient (A < 0 with
p < 0.05) in both evoked and resting states. Furthermore,
significant differences ( p < 0.05) were observed in the mag-
nitude of the orientation preference coefficient between es-
OIS and rs-OIS data and between rs-OIS data and con-
trol analysis for all three ferrets. Imaging at 700 nm yielded
values for the orientation preference coefficient that were
smaller in magnitude for both evoked and resting condi-
tions, but nonetheless significant in more than half the
cases (10 out of 18).

Comparison between spatial correlation
and temporal correlation analyses

While the spatial correlation analysis provides informa-
tion about the resemblance to the functional architecture at
each instance of time, the temporal correlation analysis di-
rectly assesses whether signal fluctuations are coherent be-
tween areas with similar orientation preferences. To test
whether the findings from these two types of analysis are
consistent, we examined the relationship between the stan-
dard deviation of spatial correlation coefficients and the
OPD model coefficient (A) calculated from the temporal cor-
relation analysis (Fig. 6). Results from all experimental runs
acquired with 620 nm under evoked and resting conditions
were included. A significant negative slope of �0.0026
was obtained indicating that a larger spread in spatial corre-
lation coefficients is associated with a stronger or more neg-
ative OPD coefficient.

Relationship between orientation-related changes
under evoked and resting conditions

The strength of iso-orientation connectivity, indicated by
the OPD coefficient, was compared between the evoked
and resting data (Fig. 7A). A positive relationship (slope of
0.383 resting/evoked, R = 0.756) suggests that the degree of
connectivity under resting conditions is related to that ob-
served in evoked conditions. We did not test for signifi-
cance due to the small number of samples. Nonetheless,

FIG. 3. Spatial correlation analysis (620 nm data). (A) Sample IOM from one ferret (Ferret 1). (B, C) Images of the percent
change from the mean OIS signal at the time point of maximal spatial correlation to the IOM for evoked and resting condi-
tions, respectively. The red arrows indicate patches reflecting the structure of orientation domains that are common in all
three images. (D) Histograms of the values of spatial correlation to the IOMs for all images and orientations analyzed in
evoked (top panel) and resting states (middle panel) from this animal are shown. Similarly, the histogram of spatial corre-
lation values of all resting state images to pseudorandom IOMs is shown in the bottom panel. Difference images that resemble
the IOM will produce relatively high correlation coefficients and yield overall histograms with wider spread. (E) Grouped
results from all animals. IOM, iso-orientation map.
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FIG. 4. Temporal correlation analysis. (A) A sample orientation preference map within the ferret visual cortex with the
different colors corresponding to functional responsiveness at specific angular orientations. A group of iso-orientation
patches, outlined in black, were segmented. One of these patches was selected as a ROI. The mean signal from this ROI
was correlated to the rest of the image to generate correlation maps for evoked (B) and resting (C) data. These maps reveal
a temporal dependence on distance that obscures the connectivity between common orientation domains. The color map for
(A), (B), and (C) is provided to the right of (C). Further analysis of temporal correlation data was performed by binning the
correlation data by OPD and IPD. (D) The vectorized correlation data were supplied to the model in Equation (1) along with
the corresponding OPD and IPD vectors. Variations in the correlation vector resemble patterns observed in both OPD and
IPD vectors. (E) Binned correlation data from a single experiment are plotted and reveal decreasing linear trends against
both OPD and distance. This behavior was also apparent in the other animals. IPD, interpixel distance; OPD, orientation pref-
erence difference; ROI, region of interest.

FIG. 5. Temporal analysis results. Contributions of orientation preference difference (OPD; A) and interpixel distance
(IPD; B) to changes in hemodynamic correlation for 620 nm data. A strong inverse relationship between hemodynamic cor-
relation and OPD was observed in both evoked and resting cases for the three ferrets. Resting OIS data analyzed with a pseu-
dorandom orientation preference map were used as a control (*model coefficient was significantly <0 with p < 0.05. Bar
indicates paired comparison with significance *of p < 0.05.)
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these results are consistent with previous findings comparing
strength of functional connectivity between evoked and rest-
ing states (De Luca et al., 2005; Mohajerani et al., 2010) on
larger spatial scales. An inverse relationship was observed
between the mean es-OIS signal amplitude as a result of vi-
sual stimulation and mean orientation preference coefficient
values under both evoked (slope =�0.0620, R =�0.815) and
resting conditions (slope =�0.0344, R =�0.893), respec-
tively, (Fig. 7B, C, respectively). Hence, these findings sug-
gest that larger evoked stimulation signal changes are
associated with higher magnitude (more negative) orienta-
tion preference coefficients.

Discussion

This work aimed to determine whether low-frequency he-
modynamic fluctuations inherently persist within small-scale

functional circuits. The ferret visual cortex was used for this
purpose, and spatial and temporal correlation analyses were
used to determine the significance of these potential relation-
ships. We found that hemodynamic activation patterns at
rest tend to spatially resemble the functional architecture of ori-
entation columns and that the temporal correlation of the hemo-
dynamic signal is stronger between areas of similar orientation
preference compared to areas with orthogonal orientation pref-
erence. These findings were more apparent in data acquired
during visual stimulation compared to the data acquired at
rest. Our results suggest that hemodynamic data are sensitive
to the functional connection within and between iso-orientation
domains at rest that has been reported in neural data using volt-
age sensitive dye imaging (Kenet et al., 2003). To observe
orientation-related changes in temporal correlation, the analy-
sis required accounting for a decrease in correlation as a func-
tion of distance as part of our temporal correlation model. We
tested whether the orientation preference coefficient of the
model from rest data (i.e., slope of correlation coefficient vs.
orientation difference for a given pair) was related to that
under visual stimulation and found a clear tendency. Alto-
gether, the results from the spatial and temporal analyses
were consistent although both analyses required knowing the
underlying functional organization of orientation domains
(measured using a visual stimulus with known orientation).
The data suggest that coherent low-frequency hemodynamic
fluctuations are present within small-scale connected networks.

Although the number of animals is limited, we performed
multiple experiments under different wavelengths and condi-
tions that yielded robust and consistent results for both spa-
tial and temporal analyses. Although these results are
statistically significant in all resting and evoked data ac-
quired at 620 nm, the small number of animals prevents us
from drawing direct inferences on reproducibility and effect
size. Rather, we focus on the consistency of our findings. To
substantiate our findings, control analyses were performed
using pseudorandom orientation maps and no significant re-
lationships were found. These results indicate that hemody-
namic data in resting state contain sufficient information to
identify orientation-specific changes in activity, as reported
in other studies using neural measures of activity (Anand
et al., 2005; Kenet et al., 2003; Tsodyks et al., 1999).

FIG. 6. Comparison between standard deviation of corre-
lation coefficients from spatial correlation analysis and the
OPD coefficients from temporal correlation analysis for
each OIS recording. A significance of p < 0.01 was obtained
after adjusting for the degrees of freedom to account for de-
pendencies in the data (df = 11).

FIG. 7. (A) OPD coefficient A from evoked condition data (Aevoked) plotted against the OPD coefficient A from resting
condition data (Aresting) showing an association between evoked and resting states for each experiment. Orientation prefer-
ence coefficients also appear to depend on the sensitivity to hemodynamic response for each ferret and wavelength for both
evoked (B) and resting (C) conditions. The sensitivity to the hemodynamic response is indicated by magnitude of the OIS
signal upon visual stimulation (Fig. 2). Error bars represent one standard deviation in each direction.
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OIS was used to achieve high spatial resolution and sensi-
tivity. OIS at 620 nm is very well suited to detect hemody-
namic changes that correspond to visual stimulation. It
provided better contrast than imaging at 700 nm. On average,
the orientation selective oscillatory es-OIS was nearly twice
as large under 620 nm in comparison to 700 nm (Fig. 2).
These results are in agreement with previous observations
(Frostig et al., 1990) and are in line with the recommenda-
tions of Bonhoeffer and Grinvald (1996), who propose that
the best functional maps tend to be obtained when perform-
ing optical imaging at the wavelength corresponding to the
peak difference between oxy- and deoxyhemoglobin
(*600 nm). There is consideration that using longer wave-
length light in optical imaging studies provides the advan-
tage of fewer blood vessel artifacts, greater sensitivity to
scatter, and greater penetration depth (Mc Loughlin and
Blasdel, 1998). However, analysis of the 620 nm data consis-
tently showed more evident patterns of orientation-selective
functional connectivity under temporal correlation analysis
compared to 700 nm data. This is likely due to the lower sen-
sitivity of the 700 nm data.

Hemodynamic-based optical imaging has been exten-
sively used to map orientation column domains in different
mammalian species, including ferrets, and its correspon-
dence with the underlying neuronal architecture has been
demonstrated (Bosking et al., 2002; Chapman et al., 1996;
Grinvald et al., 1986; Maldonado et al., 1997; Niessing
et al., 2005; Rao et al., 1997). The sensitivity of our measure-
ments was sufficient to observe resting fluctuations in the fer-
ret visual cortex and test for significant changes within and
between orientation domains. Temporal correlation analysis
of the 620 nm data revealed a statistically significant associ-
ation between correlation and difference in orientation pref-
erence for every trial in every ferret in evoked and resting
states (18 trials in total) and not for any control analyses (8
trials). The association between correlation and orientation
was less apparent at 700 nm with 8 of the 18 trials not show-
ing a significant relationship (3 evoked trials and 5 resting
trials). This is likely due to the lower sensitivity of this
method. We also performed temporal correlation analyses
on data collected postmortem for one of the ferrets (not
shown) as a control and found no association to its actual ori-
entation preference map.

Examination of connectivity patterns

Resting-state functional connectivity patterns that reveal
the orientation specificity of visual cortex have been identi-
fied using nonhemodynamic means (Kenet et al., 2003; Tso-
dyks et al., 1999). There is evidence from anatomical studies
that horizontal axonal projections tend to preferentially con-
nect columns of similar orientation preference (Gilbert and
Wiesel, 1989; Stettler et al., 2002) and also that these con-
nections are physiologically active (Weliky et al., 1995).
These findings suggest the presence of an intrinsic functional
network that reflects the orientation selectivity of the visual
cortex.

Spatial correlation analysis. The spatial correlation results
indicate that resemblance to the IOMs is more apparent in the
evoked condition than at rest for all three ferrets, which is

expected. However, instances in resting state data also tended
to show resemblance to the IOMs in two of the three ferrets as
measured by the spread of spatial correlation coefficients
(Fig. 3E), as well as visual inspection of maximally correlated
OIS images (Fig. 3C), suggesting that while orientation-
specific hemodynamic changes can be observed spatially
using OIS with visual stimulation, this effect is not consistently
large at rest. Data from a larger sample size of animals would
be needed to examine this variability and optimize the detec-
tion of orientation-specific spatial patterns at rest.

The spatial correlation results are in agreement with sim-
ilar analysis performed on voltage-sensitive dye imaging
data (Kenet et al., 2003). Optical imaging with voltage-
sensitive dyes is a more direct measure of neuronal electrical
activity and offers superior temporal resolution in compari-
son to OIS; however, use of voltage-sensitive dyes can also
lead to pharmacological side-effects, phototoxicity, and
bleaching (Frostig et al., 1990). The ability to detect func-
tionally relevant resting-state hemodynamic patterns of acti-
vation within cortical columns using OIS indicates a
correspondence between resting hemodynamic fluctuations
and previously reported columnar neural activity patterns.

Temporal correlation analysis. Analysis of the temporal
correlation patterns of hemodynamic signals consistently
showed orientation specificity (Fig. 5B) in both evoked and
resting states. These findings are strengthened by their con-
sistency with spatial correlation analysis (Fig. 6). Correlation
maps obtained using a mean time series from an iso-
orientation ROI showed a strong dependence between corre-
lation and distance, especially for the rs-OIS data (example
in Fig. 4C). Even in the evoked stimulation data, there was
a general decrease in temporal correlation with increasing
distance from the ROI with local bright spots corresponding
to other iso-orientation regions (Fig. 4B). The distance effect
on correlation under both evoked and resting conditions mo-
tivated our decision to include IPD as a covariate within our
general linear model.

Physiological and nonphysiological factors can contribute
to the distance effect. Nonphysiological effects might include
nonuniform illumination of the ferret brain or a curved brain
sample where not all of the imaging area are in focus, impact-
ing SNR. Including image intensity into the linear model as an
additional covariate did not significantly impact the relation-
ship (slope) between correlation and OPD. In addition, remov-
ing global signal fluctuations did not significantly alter the
findings. Another possibility is that although many orientation
domains are present in the imaged area, the field-of-view
might include a portion of area V2, which also limits the extent
of horizontal connections. Although area V2 also has orienta-
tion domains, the cortex is curved and not easily visible.

Known horizontal connections between iso-orientation do-
mains in the visual cortex are likely responsible for these
small but significant connectivity findings (Grinvald et al.,
1994; Stettler et al., 2002). In addition, because these horizon-
tal connections span a few orientation domains, they would
also contribute to the distance effect observed. Distance de-
pendence of temporal correlation patterns has been demon-
strated using multiple imaging modalities. Optical imaging
using voltage-sensitive dyes revealed that anatomical connec-
tions corresponding to retinotopic organization are distance
dependent on the scale of millimeters (Grinvald et al., 1994)
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and that the observed decrease in correlation with increasing
distance was steeper than the decrease associated with in-
creasing difference in orientation preference (Sharon et al.,
2007), in agreement with our findings (jBj> jAj). Similar find-
ings have also been demonstrated by Wang et al. (2013) in that
interareal connections in resting state within the somatosen-
sory cortex reflect local anatomical connections. Analysis of
local field potential signals acquired from the primate visual
cortex under task and resting conditions showed linear de-
creases in coherence with increasing distance between elec-
trodes on the scale of millimeters (Leopold et al., 2003).
Our findings agree with these studies, which underscore the
importance of accounting for IPD in delineating the relation-
ship between similarity in orientation preference and signal
correlation.

Finally, we observed correspondence between OPD coef-
ficients (A) in evoked and resting states (Fig. 7A). This sug-
gests that functional connectivity as measured using
hemodynamic methods in the evoked state is related to the
connectivity strength at rest. This might be due to a consis-
tent neurovascular coupling mechanism for rest and evoked
stimulation conditions. Associations between measures of
functional connectivity under stimulation and at rest have
been made in other studies (De Luca et al., 2005; Mohajerani
et al., 2010; Smith et al., 2009) and the implication of these
associations is unclear as they could indicate that evoked ac-
tivity shapes spontaneous activity or vice-versa.

A noted limitation of this study is the relatively small sam-
ple size of three animals. The goal of this study was to dem-
onstrate the novel finding that orientation-specific activity
can be identified in resting state using hemodynamic meth-
ods. A study with more animals would be required to make
this finding generalizable and to further optimize the exper-
imental conditions to detect small-scale hemodynamic
changes in resting state. Another limitation is the use of
OIS as the hemodynamic imaging modality. Despite being
sensitive to changes in blood oxygenation, OIS has superior
resolution, but smaller effect sizes (signal changes) com-
pared to fMRI. A proper fMRI study is necessary to deter-
mine the sensitivity requirements for fMRI to capture these
local effects. In addition, the use of OIS requires a craniot-
omy and use of anesthesia, both of which can affect the he-
modynamic physiology of the animals.

Conclusions

Our results suggest that spatial and temporal coherence
metrics measured from hemodynamic signals using OIS
can reflect known connectivity patterns at submillimeter
scales at rest. Detection of functional connectivity at such
small scales required knowing the functional organization
of orientation columns and is complicated by the presence
of signal changes that are not associated with functional or-
ganization, whether physiological or not. In this study, we
used a linear model to account for these relationships. The
findings in this study take us one step closer to the possibility
of imaging small-scale functional structures in humans using
noninvasive hemodynamic techniques like fMRI.

Acknowledgments

The authors thank Dr. Apostolos Georgopoulos and
Dr. James Oliver for critical discussion. This work was sup-

ported by NIH grants EB003324, NS066131, NS07391, and
NS079143, as well as IBS grant IBS-R015 and the Alz-
heimer’s Association.

Author Disclosure Statement

No competing financial interests exist.

References

Anand A, Li Y, Wang Y, Wu J, Gao S, Bukhari L, et al. 2005.
Activity and connectivity of brain mood regulating circuit
in depression: a functional magnetic resonance study. Biol
Psychiatry 57:1079–1088.

Beckmann CF, DeLuca M, Devlin JT, Smith SM. 2005. Investi-
gations into resting-state connectivity using independent
component analysis. Philos Trans R Soc Lond B Biol Sci
360:1001–1013.

Biswal B, Yetkin FZ, Haughton VM, Hyde JS. 1995. Functional
connectivity in the motor cortex of resting human brain using
echo-planar MRI. Magn Reson Med 34:537–541.

Biswal BB, Van Kylen J, Hyde JS. 1997. Simultaneous assess-
ment of flow and BOLD signals in resting-state functional
connectivity maps. NMR Biomed 10:165–170.

Blasdel GG, Salama G. 1986. Voltage-sensitive dyes reveal a
modular organization in monkey striate cortex. Nature 321:
579–585.

Bonhoeffer T, Grinvald A. 1991. Iso-orientation domains in cat
visual cortex are arranged in pinwheel-like patterns. Nature
353:429–431.

Bonhoeffer T, Grinvald A. 1996. Optical imaging based on in-
trinsic signals: the methodology. In: Toga AW, Mazziotta
JC (eds.) Brain Mapping: The Experimental Procedures.
San Diego: Academic Press; pp. 55–97.

Bosking WH, Crowley JC, Fitzpatrick D. 2002. Spatial coding
of position and orientation in primary visual cortex. Nat Neu-
rosci 5:874–882.

Chapman B, Stryker MP, Bonhoeffer T. 1996. Development of
orientation preference maps in ferret primary visual cortex.
J Neurosci 16:6443–6453.

Cordes D, Haughton VM, Arfanakis K, Wendt GJ, Turski PA,
Moritz CH, et al. 2000. Mapping functionally related regions
of brain with functional connectivity MR imaging. AJNR Am
J Neuroradiol 21:1636–1644.

Damoiseaux JS, Rombouts SA, Barkhof F, Scheltens P, Stam
CJ, Smith SM, Beckmann CF. 2006. Consistent resting-
state networks across healthy subjects. Proc Natl Acad Sci
U S A 103:13848–13853.

De Luca M, Smith S, De Stefano N, Federico A, Matthews PM.
2005. Blood oxygenation level dependent contrast resting
state networks are relevant to functional activity in the neo-
cortical sensorimotor system. Exp Brain Res 167:587–594.

Duong TQ, Kim DS, Ugurbil K, Kim SG. 2001. Localized cere-
bral blood flow response at submillimeter columnar resolu-
tion. Proc Natl Acad Sci U S A 98:10904–10909.

Fox MD, Raichle ME. 2007. Spontaneous fluctuations in brain
activity observed with functional magnetic resonance imag-
ing. Nat Rev Neurosci 8:700–711.

Frostig RD, Lieke EE, Ts’o DY, Grinvald A. 1990. Cortical
functional architecture and local coupling between neuronal
activity and the microcirculation revealed by in vivo high-
resolution optical imaging of intrinsic signals. Proc Natl
Acad Sci U S A 87:6082–6086.

Fukuda M, Moon CH, Wang P, Kim SG. 2006. Mapping iso-
orientation columns by contrast agent-enhanced functional

SMALL-SCALE RESTING-STATE FUNCTIONAL CONNECTIVITY 605



magnetic resonance imaging: reproducibility, specificity, and
evaluation by optical imaging of intrinsic signal. J Neurosci
26:11821–11832.

Gilbert CD, Wiesel TN. 1989. Columnar specificity of intrinsic
horizontal and corticocortical connections in cat visual cor-
tex. J Neurosci 9:2432–2442.

Grinvald A, Lieke E, Frostig RD, Gilbert CD, Wiesel TN. 1986.
Functional architecture of cortex revealed by optical imaging
of intrinsic signals. Nature 324:361–364.

Grinvald A, Lieke EE, Frostig RD, Hildesheim R. 1994. Cortical
point-spread function and long-range lateral interactions
revealed by real-time optical imaging of macaque monkey
primary visual cortex. J Neurosci 14:2545–2568.

Horecker BL. 1943. The absorption spectra of hemoglobin and
its derivatives in the visible and near infra-red regions. J
Biol Chem 148:173–183.

Hyde JS, Li R. 2014. Functional connectivity in rat brain at
200 lm resolution. Brain Connect 4:470–480.

Kalatsky VA, Stryker MP. 2003. New paradigm for optical im-
aging: temporally encoded maps of intrinsic signal. Neuron
38:529–545.

Kenet T, Bibitchkov D, Tsodyks M, Grinvald A, Arieli A. 2003.
Spontaneously emerging cortical representations of visual at-
tributes. Nature 425:954–956.

Kim DS, Duong TQ, Kim SG. 2000. High-resolution mapping of
iso-orientation columns by fMRI. Nature Neurosci 3:164–169.

Kim SG, Fukuda M. 2008. Lessons from fMRI about mapping
cortical columns. Neuroscientist 14:287–299.

Leopold DA, Murayama Y, Logothetis NK. 2003. Very slow ac-
tivity fluctuations in monkey visual cortex: implications for
functional brain imaging. Cereb Cortex 13:422–433.

Liu X, Zhu XH, Zhang Y, Chen W. 2011. Neural origin of
spontaneous hemodynamic fluctuations in rats under burst-
suppression anesthesia condition. Cerebral cortex 21:374–384.

Maldonado PE, Godecke I, Gray CM, Bonhoeffer T. 1997. Ori-
entation selectivity in pinwheel centers in cat striate cortex.
Science 276:1551–1555.

Malonek D, Grinvald A. 1996. Interactions between electrical
activity and cortical microcirculation revealed by imaging
spectroscopy: implications for functional brain mapping. Sci-
ence 272:551–554.

Mayhew JE, Askew S, Zheng Y, Porrill J, Westby GW, Redgrave P,
et al. 1996. Cerebral vasomotion: a 0.1-Hz oscillation in reflected
light imaging of neural activity. NeuroImage 4:183–193.

Mc Loughlin NP, Blasdel GG. 1998. Wavelength-dependent dif-
ferences between optically determined functional maps from
macaque striate cortex. NeuroImage 7:326–336.

Mohajerani MH, McVea DA, Fingas M, Murphy TH. 2010. Mir-
rored bilateral slow-wave cortical activity within local cir-
cuits revealed by fast bihemispheric voltage-sensitive dye
imaging in anesthetized and awake mice. J Neurosci
30:3745–3751.

Moon CH, Fukuda M, Park SH, Kim SG. 2007. Neural interpre-
tation of blood oxygenation level-dependent fMRI maps at
submillimeter columnar resolution. J Neurosci 27:6892–
6902.

Murayama Y, Biessmann F, Meinecke FC, Muller KR, Augath
M, Oeltermann A, Logothetis NK. 2010. Relationship be-
tween neural and hemodynamic signals during spontaneous
activity studied with temporal kernel CCA. Magn Reson
Imaging 28:1095–1103.

Niessing J, Ebisch B, Schmidt KE, Niessing M, Singer W,
Galuske RA. 2005. Hemodynamic signals correlate tightly
with synchronized gamma oscillations. Science 309:948–951.

Rao SC, Toth LJ, Sur M. 1997. Optically imaged maps of orien-
tation preference in primary visual cortex of cats and ferrets. J
Comp Neurol 387:358–370.

Sen AK, Srivastava MS. 1997. Regression Analysis: Theory,
Methods, And Applications. New York: Springer.

Sharon D, Jancke D, Chavane F, Na’aman S, Grinvald A. 2007.
Cortical response field dynamics in cat visual cortex. Cereb
Cortex 17:2866–2877.

Shmuel A, Leopold DA. 2008. Neuronal correlates of spontane-
ous fluctuations in fMRI signals in monkey visual cortex: im-
plications for functional connectivity at rest. Hum Brain
Mapp 29:751–761.

Smith SM, Fox PT, Miller KL, Glahn DC, Fox PM, Mackay CE,
et al. 2009. Correspondence of the brain’s functional architec-
ture during activation and rest. Proc Natl Acad Sci U S A
106:13040–13045.

Stein T, Moritz C, Quigley M, Cordes D, Haughton V, Meyerand
E. 2000. Functional connectivity in the thalamus and hippo-
campus studied with functional MR imaging. AJNR Am J
Neuroradiol 21:1397–1401.

Stettler DD, Das A, Bennett J, Gilbert CD. 2002. Lateral connec-
tivity and contextual interactions in macaque primary visual
cortex. Neuron 36:739–750.

Ts’o DY, Frostig RD, Lieke EE, Grinvald A. 1990. Functional
organization of primate visual cortex revealed by high reso-
lution optical imaging. Science 249:417–420.

Tsodyks M, Kenet T, Grinvald A, Arieli A. 1999. Linking spon-
taneous activity of single cortical neurons and the underlying
functional architecture. Science 286:1943–1946.

Wang Z, Chen LM, Negyessy L, Friedman RM, Mishra A, Gore
JC, Roe AW. 2013. The relationship of anatomical and func-
tional connectivity to resting-state connectivity in primate so-
matosensory cortex. Neuron 78:1116–1126.

Weliky M, Kandler K, Fitzpatrick D, Katz LC. 1995. Patterns of
excitation and inhibition evoked by horizontal connections in
visual cortex share a common relationship to orientation col-
umns. Neuron 15:541–552.

Yacoub E, Harel N, Ugurbil K. 2008. High-field fMRI unveils
orientation columns in humans. Proc Natl Acad Sci U S A
105:10607–10612.

Zhao F, Wang P, Hendrich K, Kim SG. 2005. Spatial specificity
of cerebral blood volume-weighted fMRI responses at co-
lumnar resolution. NeuroImage 27:416–424.

Address correspondence to:
Alberto L. Vazquez

Department of Radiology
University of Pittsburgh

3025 E Carson Street
McGowan Institute Room 159

Pittsburgh, PA 15203

E-mail: alv15@pitt.edu

Seong-Gi Kim
Center for Neuroscience Imaging Research

2066 Seobu-ro, Jangan-gu
Suwon 440-746

Korea

E-mail: seonggikim@skku.edu

606 VASIREDDI ET AL.


