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Abstract
High resolution functional magnetic resonance imaging at high field (9.4 Tesla) has been used to
measure functional connectivity between sub-regions within primary somatosensory cortex of the
squirrel monkey brain. The Hand-Face region within SI cortex of the squirrel monkey has been
previously well mapped with functional imaging, electrophysiological and anatomical methods,
and the orderly topographic map of the hand region is characterized by a lateral to medial
representation of individual digits in four subregions of areas 3a, 3b, 1 and 2. With sub-millimeter
resolution we are able to detect not only the separate islands of activation corresponding to
vibrotactile stimulations of single digits but also, in subsequent acquisitions, the degree of
correlation between voxels within SI in the resting state. The results suggest that connectivity
patterns are very similar to stimulus-driven distributions of activity and that connectivity varies on
the scale of millimeters within the same primary region. Connectivity strength is not a reflection
of global larger scale changes in blood flow, and is not directly dependent on distance between
regions. Preliminary electrophysiological recordings agree well with the fMRI data. In human
studies at 7 Tesla, high resolution fMRI may also be used to identify the same sub-regions and
assess responses to sensory as well as painful stimuli, and to measure connectivity dynamically
before and after such stimulations.

Introduction
The identification of patterns of highly correlated low frequency MRI signals in the resting
state potentially provides a powerful approach to delineate and describe neural circuits, and
an unprecedented ability to assess the manner in which distributed brain regions work
together to achieve specific functions. Moreover, observations of altered resting state
connectivity in several disorders suggest these correlations reflect an important level of
brain organization and may play a fundamental role in the execution and maintenance of
various brain functions. However, although resting state correlations are already being
widely used to assess functional connectivity, their precise interpretation remains unclear,
and their biophysical basis as direct indicators of functional connectivity is largely
unsubstantiated. This uncertainty is exacerbated by our incomplete understanding of the
relationship between changes in neural activity and changes in cerebral blood flow, volume
and oxygenation. A more complete understanding of the neuronal basis and characteristics
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of resting state MRI signals is crucial for the interpretation and validation of MR-based
measures of functional connectivity.

Most previous studies of resting state connectivity have examined correlations between
blood oxygen level dependent (BOLD) signals across relatively large-scale networks, and
there is a shortage of data that describe the local extent of correlated hemodynamic changes.
Previous investigators have usually not looked within well-defined functional regions at sub-
millimeter scale, which is the dimension of basic processing units within the cortex. Long
distance correlations between larger regions likely obscure finer scale structure and within-
region functional hetrogeneity. However, it is not practical to address some of the most
relevant questions about connectivity non-invasively in human subjects. We therefore have
used very high-resolution imaging at high field (9.4T) to study cortical networks in
anesthetized non-human primates, extending our previous studies of the somatotopic and
functional organization of the primary somatosensory cortex (SI) in monkeys. We have
thereby been able to explore functional cortical networks in the primate brain in more detail
and at finer-scale than most previous studies. The sub-regions of SI cortex in monkeys are
an excellent experimental model for this work because the functional and anatomical
structures of this region have previously been well investigated with invasive
electrophysiological and histological studies, and our own studies demonstrate that MRI can
provide reliable data on functional activity and connectivity at high spatial resolution.

Resting State Functional Connectivity Signals
Correlations in low frequency BOLD signals from different parts of the brain were first
reported by Biswal [1] and have subsequently become widely adopted as potentially
indicating functional connectivity even in a resting state [2,3]. These inter-regional
correlations are measureable in the absence of any specific stimulus or task manipulation,
though they also may change in the performance of a steady-state task or exercise [4-6] in a
manner that can be related to behavioral or other measures. Correlations in BOLD signals
between specific regions of the brain have been proposed to be a key signature of
consciously driven mental activity e.g. [7-9]). Numerous applications of such measurements
in various normal and disease conditions [10-16] have led to observations of altered resting
state networks, mainly in the so-called large scale ‘default mode network’, in conditions
such as schizophrenia and chronic pain [14, 17-23]. These observations have challenged our
view of brain function in a resting state, and have emphasized the importance of the view
that resting state or baseline brain activities are crucial for the execution and maintenance of
normal brain functions. More importantly, the detection of similar phenomena in different
cortical networks (e.g. oculomotor, somatomotor, and visual cortex) in anesthetized
monkeys [24] has extended this view, suggesting that spontaneous BOLD fluctuations
reflect activities within intrinsic anatomical connections of functionally engaged brain
regions [25,26], so that task-driven neuronal responses could be specific reflections of this
dynamic, ongoing, functional organization of the brain [27-30]. Although the potential
applications of these measurements are well recognized, their validity and the precise
interpretation of their functional significance remain vague, and is made more difficult
because of our limited understanding of how MRI BOLD signals are related to neuronal
activity.

The majority of resting state fMRI studies have examined relatively large-scale networks,
involving relatively large volumes of cortex, and much less is known about the
characteristics of resting state MRI signals at finer scales. For example, the default mode
network has been the focus of numerous studies in which large volumes of cortex (≈ >100
mm3) have been shown to exhibit variations in their average BOLD signals with other
regions several centimeters distant. While these larger scale features are important, the basic
processing units of the brain are organized on a much finer scale, yet we have little
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understanding of the spatial extent of BOLD correlations within a functionally
heterogeneous region. The point spread function (PSF) of BOLD activation has been
reported, but not the point spread function for inter-voxel correlations. We have previously
shown that it is possible to map some brain functions at sub-millimeter resolutions in both
humans and animals [31-34], and that functional connectivity appears inhomogeneous when
comparing voxels that all respond to a stimulus within a region. Increased sensitivity and
spatial specificity at higher MRI field allows us to examine connectivity in greater detail and
at a spatial level that is close to what can be achieved by other standard, invasive methods in
non-human primates.

High resolution fMRI studies in non-human primates: linkage between human and animal
data

Distinct from cats and rodents, the functional regions of the non-human primate brain share
considerable homology with humans [24, 35-38]. Studies of monkeys provide a crucial
linkage between a large existing literature of animal data obtained with invasive methods
and human fMRI data involving higher mental functions. Nearly all previous sub-millimeter
fMRI studies have investigated the visual system, and it is unclear how well those findings
can be generalized. The SI cortex of squirrel monkey is an alternative, unique experimental
model for studies of brain activation and connectivity, with several advantages. The Hand-
Face region within SI cortex of the squirrel monkey has been well mapped with functional
imaging, electrophysiological and anatomical methods. The orderly topographic map of the
primary somatosensory cortex is especially reflected in the hand region which is
characterized by a lateral to medial representation of individual digits in four subregions of
areas 3a, 3b, 1 and 2 (see Figure 1). This has been well established by studies of neuronal
receptive field properties and of the effects of preferred stimuli and histological
characterizations. Each area has distinct stimulus preferences, suggesting their different
roles in specific somatosensory functions. In contrast to the visual system, stimulus evoked
activations in the hand region can easily be detected and quantified in ‘single condition’
maps. This type of quantification eliminates unnecessary ambiguities in designing
orthogonal stimuli that are commonly used to reveal modular structures in the visual system.
The known, distinct, functional roles of individual areas 3a, 3b, and 1 allow us to test
whether each resting state correlation pattern and inter-regional correlation strength is linked
to their functional preferences. For example, areas 3b and 1 are known to be preferentially
engaged in fine touch processing while area 3a is preferentially involved in proprioception
and pain. The orderly somatotopic organization of individual digits within the hand region
also provides a fine-scale topography to examine the point-spread function of correlations.
Furthermore, because the Hand-Face region is characterized by a lack of intrinsic lateral
anatomical connections and there are no overlaps of neuronal receptive fields between the
Hand and Face areas, it allows us to examine the spatial correspondence between neuronal
activity maps and local resting state correlation maps accurately and without other
confounds. We have previously mapped the functional organization of this region at sub-
millimeter scale [32-33, 39] for touch processing (Fig 1 B&C). Our data have demonstrated
that single digit fMRI activations can be reliably mapped, their responses scale with the
magnitude of the vibrotactile stimuli, and confirm that digit activations are organized in a
somatotopic manner (Fig 1B-C). The immediately neighboring face area serves as a useful
control region that allows us to isolate the extent of spatial correlations because we know
from the anatomy that at the ‘Hand-Face’ border there are very limited cross border lateral
intrinsic connections [40, 41-43]. This border's unique cytoarchitectonic feature makes it an
obvious landmark for identifying and separating hand seed voxels from control face seed
voxels in resting state analyses. Finally, the subregions (areas 3a, 3b and 1) of SI cortex have
been intensively mapped with electrophysiological and histological methods in this species.
One example is shown in Figure 1 C & D, where dense electrode penetrations (dots) were
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used to determine the preferences of neuronal responses and inter-areal borders (dotted
black lines).

Methods
Animal preparation and monitoring

Details of the animal preparation and imaging protocols have been described in our previous
papers [32, 33]. Squirrel monkeys were pre-anesthetized with ketamine and atropine sulfate
and then 0.5-2% of isoflurane was administered to maintain a stable physiological condition
for both MRI scans and later electrophysiology experiments. Throughout the procedures, the
animal's vital signs were monitored, including heart rate, temperature (maintained at 38.5
deg), expired CO2 (maintained at 4%), and EEG (for electrophysiology only).

fMRI data acquisitions
All MRI scans were performed on a 9.4T Varian Inova spectrometer (Varian Medical
Systems, Palo Alto, CA), using a 3 cm surface coil. T2* weighted structural images at 78 ×
78 × 1000 μm3 resolution were acquired to identify venous structures on the cortical surface
for locating the central sulcus and SI areas, for coregistration of fMRI maps across imaging
sessions within and across animals, and with blood vessel maps for the later placement of
recording electrodes. FMRI data acquired from the same slices using a Gradient Echo Planar
(GE-EPI) sequence at voxel sizes of 575 × 575 × 1000 μm3 or 275 × 275 × 1000 μm3 were
reconstructed and imported into Matlab (Mathworks, Natick, MA) for analysis. Within each
imaging session, both tactile stimulus driven and resting state BOLD images were acquired.

Results
Resting state BOLD signals reveal distinct functional connectivity patterns within SI cortex

We identified regions in SI that responded to vibrotactile stimulation of individual digits as
well as nearby face regions that serve as “control” areas in all animals. From these ROIs we
selected single seed voxels and then examined their resting state connectivity to nearby
voxels. The BOLD time course of a single voxel was used as the regressor for a GLM
(general linear model) based connectivity analysis. All data processing and connectivity
analyses were performed using in-house software. The connectivity coefficients (β – values)
were normalized and after thresholding the index at 0.7 we overlaid the interpolated
connectivity maps on a high resolution T2* weighted (0.078×0.078×2mm3) anatomic image,
acquired with same imaging geometry (Fig. 2A-C). As an example, seeds in hand regions of
areas 3b (Fig 2A) and area 3a (Fig 2B) and in one control location (face region in Fig 2C)
revealed very different correlation patterns in the resting state (resolution = 0.58×0.58×2 =
0.67 mm3). Here, the seed voxel in the hand regions of areas 3b and 3a were found using
activation maps during tactile stimulation of digit 2 (not shown) that were later confirmed by
electrophysiological mapping (color dots in Fig 2B&D). The seed in 3a shows strong
correlation with area 1/2, but not 3b, and the separation between the islands of correlation in
Figure 2B strongly suggest that this cannot be explained by a global change in blood flow,
and that correlations vary on the scale of millimeters. As validated by subsequent
electrophysiological maps of single digit neurons, area 3b is highly correlated with area 1/2
(yellow to orange voxels in Fig 2A) whereas area 3a is highly correlated with 1/2 but not
area 3b (Fig. 2B). In contrast, a seed voxel in the face region of area 3b correlated only to its
neighboring local voxels with narrower PSF (Fig. 2C). We observed the connectivity index
to be high at area 1 and in the neighborhood of each location. With close examination of the
electrophysiology map (Fig. 2D), we found pair-wise highly correlated voxels were all
located in topographically appropriate locations (e.g. digit 4 in area 3b to digit 4 in area1/2).
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Similar differential correlation patterns were observed at a group level, based on pooling the
data acquired on six squirrel monkeys over 18 runs. Six animal brains were coregistered
manually with respect to the seed ROIs (unlike for humans and other animals there is no
new world monkey brain template for coregistration). Figure 3 confirms our observations of
the differential correlation patterns of area 3b (Fig 3A&C) and area 3a (Fig 3B&D).
Topographic maps showed a progressive variation of connectivity index in the neighborhood
of seed voxels (Fig 3C&D). The group analysis also suggests that the profile of functional
connectivity in the neighborhood of each region is asymmetric in nature. To quantify the
shape of the local correlation profiles, we modeled the PSF for each ROI. The full widths at
0.7 times the peak value, estimated as the major and minor axis of a fitted ellipse, are
presented in Table 1 and clearly describe the asymmetric nature of the profiles at areas 3b,
3a and 1, whereas control regions are found to be more symmetric and near circular in
shape. The wider correlation pattern along the digit representation axis (the major axis) than
the pattern across hand to palm and other cortical areas (the minor axis) indicates that high
correlations exist among cortical regions such as digit regions that share functional
attributes.

To quantify how strongly different sub-regions within SI cortex are functionally connected
to each other, and whether the connectivity of these ROIs with control regions are different,
we derived a group ROI-based correlation matrix, which measures the correlation
coefficient (r-values) between all possible combinations of ROIs. The analyzed ROIs were
areas 3b, 3a, 1/2 and one control region. Figure 4 displays the pair wise r-values (each
symbol represents measures from one imaging run) for 6 pairs of combinations indicating
the group correlations and their p values. Among the ROIs, correlation between area 3b and
area 1 was significantly higher than correlations between area 3a and area 3b (p<0.01).
Additionally, correlations between digit areas were significantly stronger than their
correlations with control ROIs (p<0.001). In order to prove that the spatial separation of
voxels does not confound the results in this study, we plotted the correlation coefficients for
each possible combination of ROIs in each run for each animal vs. the Euclidean distance
between them. The scatter plot was essentially a random pattern (r = -0.043, p > 0.77, data
not shown) which supports our conclusion that differential functional connectivity is not a
function of distance between ROIs.

Similarity between resting state connectivity maps and stimulus-driven activation patterns
To explore whether resting state correlation maps predict the functional preferences of
individual areas, we compared the group average resting state connectivity map for the
voxel in area 3b with the tactile stimulus evoked activations (n = 8) in the same region. The
tactile stimulation elicited activation pattern for a single digit (Fig 5B&D) is very similar to
the resting state connectivity map of the digit region in area 3b (Fig. 5A&C). Tactile
stimulation evoked stronger and larger activation in area 3b than in area 1. The Euclidean
distance between peak activations in area 3b and area 1 is approximately 2.9 mm while the
inter-areal distance of the resting state peak correlations was found to be 2.8 mm. The
similarity between resting state connectivity maps and tactile stimulus driven activations
suggests that cortical regions that have the same stimulus preference also have strong resting
state connectivity.

Discussion
These studies demonstrate that fine scale connectivity within well defined regions of
primary somatosensory cortex in the non-human primate brain can be measured using high-
field MRI. In the hand region of the squirrel monkey brain, sub-regions of SI (areas 3a, 3b,
1) show differential correlation patterns to other sub-regions e.g. 3b-1 stronger than 3b-3a.
These correlations are arranged topographically, connect only to other hand regions, and in
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general resemble evoked activation maps. These correlations exist at fine scale - on the order
of millimeters - with separations between regions. Further studies in this animal model will
permit more complete investigations of the nature of interregional correlations and their
relationship to connectivity assessed by other modalities.

The high signal to noise ratio and high spatial resolution of these studies were made possible
by the use of high fields and several technical refinements. Even though the non-human
primate brain shares similar features to the human, clearly it would be of major interest if
similar studies could be performed in human subjects. To this end, we have attempted
similar studies in human subjects at 7 Tesla. For example, mapping of somatosensory areas
corresponding to SI using simple air puffs on the finger tips as stimuli were reported by
Stringer et al. [34], who recorded fMRI activations from block design paradigms with spatial
resolution of 1×1×2 mm. Single digit representations in area 3b along the posterior bank of
the central sulcus and area 1 on the crest of the postcentral gyrus were readily identified in
individual subjects. In addition, thermal stimuli have been used to identify the areas that
respond to temperature or painful heating by varying the temperature of a stimulating
thermode [44]. By applying blocks of thermal stimuli and recording the subjective ratings of
thermal pain, and then using the latter as regressors in a GLM analysis of the BOLD signal
time course, discrete areas corresponding to regions 3a, 3b, 1 and 2 activated by the stimuli
were resolved [44]. Those same voxels were also examined in the resting state before and
after painful thermal stimuli and pair-wise correlations calculated between them. Again the
correlations between regions was significantly greater than between them and control areas,
and each sub-region revealed a different pattern of connectivity. Moreover, the inter-
regional correlations changed after the stimuli had been applied illustrating that steady state
correlations themselves may be dynamically varying and change with state.

The ability to use smaller voxels at high fields has also allowed the exploration of partial
volume effects and the spatial scale of functional connectivity in human motor cortex.
Studies of connectivity have been performed in the motor system at different spatial
resolutions and have been recently reported by us [45]. A simple finger tapping task was
first used to identify regions activated by finger movements. This was performed 4 times,
and images were acquired at 4 different spatial resolutions (1×1×2, 1.5×1.5×2, 2×2×2,
3×3×2 mm). Activation maps for each condition showed broad agreement in identifying the
regions previously identified as being part of the motor system. These maps were used to
identify a single seed voxel, the most active voxel in the contralateral motor cortex. Resting
state data were acquired also at the same spatial resolutions, and in each data set the resting
state correlation map to the single voxel were calculated. Within each of these 4 maps there
were structures that correspond to the normal regions of connectivity, along with numerous
spurious false positive or negative correlations. From previous experience and the block
design study we were able to construct histograms of the distribution of correlation values to
the seed voxel for those voxels within the motor system and those not involved. We
examined the manner in which the histograms of correlation values for the seed voxel varied
as a function of voxel size. As reported by Newton et al. [45], as the voxel size decreases,
the histogram of correlation values for voxels not in the motor system does not change and
remains symmetric about the value 0; whereas the histogram of values for those voxels
within the motor network systematically shifts to larger positive values as the voxel
decreases in volume. This occurs even as the signal to noise ratio (SNR) of the data also
decreases dramatically. Thus, even though SNR decreases, connectivity values increase as
partial volume effects are reduced and the seed voxel volume decreases. This suggests
strongly that connectivity varies on the scale of the voxel dimension and that it is
heterogeneous on the scale of millimeters. We aim to continue to explore resting state
connectivity in human SI at high resolution, as well as to report more comprehensive
investigations of the fine-scale connectivity in non-human primates.
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Figure 1.
FMRI and electrophysiology of SI cortex of squirrel monkeys. A: Four oblique imaging
slices (red and black boxes) are obtained from SI (top slice, red box) and deeper brain
regions. B: Composite map of individual digit activations to tactile stimulus shows order
representation of D1 (blue patch), D2 (light blue patch), D3 (violet patch), D4 (yellow
patch) and D5 (green patch) in a lateral to medial order in area 3b. Dotted black lines
indicate the estimated inter-areal borders. Green line and arrow indicate the hand-face
border. C: Overlay of fMRI activation map of digits (same color scheme) and dense
electrophysiology maps (blue dots indicate the electrode penetration sites). D: Digit
representation territories in areas 3b and 1 as determined by receptive field properties and
preferred stimuli. E. Digit representation map and organization in areas 3b and 1 as
established by using electrophysiological and histologic evidence. Adapted from [46]. a:
anterior; m: middle; I: lateral; p: posterior.
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Figure 2.
Differential functional connectivity revealed within areas 3a, 3b, 1/2 of SI cortex in
anesthetized monkey. A: highly correlated area at area 1 considering single most activated
voxel in area 3b as the seed (small blue square), but low correlation with area 3a. B:
connectivity map from seed location in 3a. C: connectivity profile for a control face region.
D: exposed slice showing blood vessels and location of electrodes used to map digit fields.
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Figure 3.
Differential functional connectivity patterns in SI cortex. A & B: 3D Correlation patterns of
area 3b seed and area 3a seed, respectively. C&D: 2D plot of thresholded correlation map at
r=0.7 (gray) for both area 3b and 3a. Color scale bar: r-values.
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Figure 4.
Grouped r-values of correlations between 6 pairs of ROIs. Each symbol represents measures
from one imaging run. Correlation between area 3b and area 1 was significantly higher than
correlations between area 3a and area 3b (p<0.01). Additionally, correlations between digit
areas were significantly stronger than their correlations with control ROIs (p<0.001)
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Figure 5.
A & B: 3D Correlation pattern from resting state and stimulus driven activation map for
seed voxel in area 3b. C & D 2D plots thresholded at r = 0.6. Color scale bar: r-values.
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Table 1
Dimensions of point spread function of connectivity in SI (measured as full width at 0.7
times the peak value)

Area Major axis (mm) Minor axis (mm)

3b 4.9 3.4

1 5.4 3.3

3a 5.4 3.7

Control 3.8 3.4
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