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Although blood oxygenation level-dependent (BOLD) fMRI has been
widely used to map brain responses to external stimuli and to
delineate functional circuits at rest, the extent to which BOLD signals
correlate spatially with underlying neuronal activity, the spatial
relationships between stimulus-evoked BOLD activations and local
correlations of BOLD signals in a resting state, and whether these
spatial relationships vary across functionally distinct cortical areas are
not known. To address these critical questions, we directly compared
the spatial extents of stimulated activations and the local profiles of
intervoxel resting state correlations for both high-resolution BOLD at
9.4 T and local field potentials (LFPs), using 98-channel microelectrode
arrays, in functionally distinct primary somatosensory areas 3b and
1 in nonhuman primates. Anatomic images of LFP and BOLD were
coregistered within 0.10 mm accuracy. We found that the point
spread functions (PSFs) of BOLD and LFP responses were comparable
in the stimulus condition, and both estimates of activations were
slightly more spatially constrained than local correlations at rest. The
magnitudes of stimulus responses in area 3b were stronger than
those in area 1 and extended in a medial to lateral direction. In
addition, the reproducibility and stability of stimulus-evoked activa-
tion locations within and across both modalities were robust. Our
work suggests that the intrinsic resolution of BOLD is not a limiting
feature in practice and approaches the intrinsic precision achievable
by multielectrode electrophysiology.

BOLD fMRI | local field potential | point spread function | resting state
correlations | primary somatosensory cortex

Functional MRI (fMRI) is well established as a neuroimaging
technique for detecting and delineating regions in the brain

that change their levels of activity in response to specific experi-
mental conditions (1–3). In addition, the discovery and analysis of
synchronized fluctuations of low-frequency MRI signals between
different brain regions at rest have provided a powerful approach
to probe functional connectivity between regions and to delin-
eate functional circuits (4–7). However, stimulus-evoked fMRI
responses usually rely on detecting blood oxygenation level-
dependent (BOLD) signal changes, which reflect hemodynamic
processes, and thus are indirect indicators of neuronal activity.
The measured extents of BOLD activations depend on the in-
tegrated contributions from the intrinsic spatial distributions of
the neural activity involved, the effects of converting neural elec-
trical activity to spatial distributions of metabolic and hemody-
namic changes that then affect MRI signals, and the effects of
image acquisitions and reconstruction with limited resolution, but
the relative contributions of these to detected signals remain ob-
scure. Precise interpretations of fMRI studies require a better
understanding of the quantitative relationships between BOLD
signal changes and their corresponding electrophysiological sig-
natures. Several previous studies have focused on understanding
what types of electrophysiological signals [e.g., spike vs. local field
potential (LFP)] drive (or correlate) with fMRI signals (8–11) and

have confirmed that fMRI signals are reliable indicators of associ-
ated neuronal activity (12, 13). Few studies, however, have examined
the relationships between fluctuations of fMRI signals and sponta-
neous electrophysiological signal variations at rest (14, 15). No study,
to our knowledge, has directly compared the spatial distributions of
BOLD and LFP signals in both information processing (to external
stimuli) and their correlation profiles in a resting state. The ultimate
spatial resolution and functional specificity of connectivity metrics
depend on the local spread of BOLD signals beyond those of un-
derlying neural activity, especially at the mesoscopic level of func-
tional specialization. Here we report the use of high-resolution fMRI
at high field strength (9.4 T) to measure the spatial extents of BOLD
activations in response to stimuli with high spatial specificity, as well
as the spatial profiles of single-voxel local correlations in a resting
state, in the primary somatosensory cortex of nonhuman primates.
We then compare these with the extents of LFPs, and their in-
terelectrode correlations, in the same conditions and the same brain
region. Our results shed light on the intrinsic limits of BOLD fMRI
at high field and the relationship of BOLD signal changes to un-
derlying electrophysiological activity.
In the experiments described, we directly compared the spatial

extents or point spread functions (PSFs) of stimulated activa-
tions in response to minimal vibrotactile stimulation of single
digits and the profiles of intervoxel resting state correlations of
responding voxels. The locations and extents of activations and
resting state correlation profiles for high-resolution BOLD at 9.4 T

Significance

We found that blood oxygenation level-dependent (BOLD)
signal changes within single-digit representation columns in
the primary somatosensory cortices of areas 3b and 1 aligned
spatially very closely with local field potential (LFP) signals in
response to tactile stimulation. Moreover, resting state BOLD
fMRI and LFP signals also exhibited very similar intervoxel
spatial correlation profiles. These findings indicate that at a
columnar level, BOLD signals faithfully reflect underlying
neuronal activity both during information processing and at
rest. Importantly, the spread of BOLD activity and correlations
at high field are no greater than the extent of LFP signals.
These results demonstrate that high-field fMRI has the ability
to delineate brain activity at the columnar level, and BOLD
signals faithfully reflect electrophysiological activity.
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and LFPs, using two 7 × 7 multichannel microelectrode arrays
include the digit representation regions of two functionally dis-
tinct somatosensory subregions 3b and 1 in individual monkeys.
We found that the mean full widths at half maximum (FWHMs)
of the fitted PSFs of BOLD and LFP responses to tactile stim-
ulation in both areas 3b and 1 for stimulus-evoked conditions
were around 1 mm, and the magnitudes of stimulus responses in
area 3b were stronger than those in area 1 and extended in a
medial to lateral direction. The intervoxel correlation profiles of
resting state BOLD and spontaneous LFP signals for individual
voxels or electrodes were slightly wider than those produced by
stimulation. In addition, we found that the estimated widths of
the PSFs of the BOLD responses were significantly smaller at
resolution of 0.274 × 0.274 mm2 than at lower resolution of
0.547 × 0.547 mm2, indicating residual partial volume effects
even at this scale. We found no differences in the widths of the
PSFs between LFP and BOLD fMRI at a high resolution at 9.4 T
in both stimulus and resting state conditions. BOLD fMRI sig-
nals obtained at submillimeter resolution at high field are thus
reliable and accurate indicators of underlying neural activity in
both stimulation and resting state conditions.

Results
Comparable Spatial Profiles of BOLD and LFP Responses to Tactile
Stimulation in Areas 3b and 1. To compare spatial response pro-
files to external stimuli between fMRI and LFPs, we estimated
the FWHMs along the major and minor axes and the area and
ratio of axes for each BOLD activation and the corresponding
LFP responses. Fig. 1 A–D shows examples of fMRI and LFP
activation maps to D3 tactile stimulation in both areas 3b and
1 of the same subject. Fig. 1 C and D shows 3D plots of the
overall activation patterns in areas 3b and 1 and their local
spatial profiles. By comparing measurements across all studies,
we found no significant differences between BOLD and LFP
estimates of the FWHMs along major and minor axes (Fig. 1 E
and G), areas (Fig. 1F), or major/minor axis ratio (Fig. 1H,
comparing blue and green columns in Fig. 1 E–H) in both area
3b and area 1. For both BOLD and LFP responses, activation
foci in area 3b have an elongated oval shape, with the major axis
orientated in a lateral to medial direction that is along the line of
digit tip-to-tip representations. In contrast, activation foci in area
1 are aligned in an anterior to posterior direction, along the line
distinguishing digit bottom from top and orthogonal to the
interareal border. For BOLD responses (n = 6 subjects), the
FWHM of the major axis (1.08 ± 0.13 mm) of single-digit acti-
vation in area 3b was statistically significantly (P < 0.001, Wil-
coxon signed-rank test) larger than that of the minor axis (0.71 ±
0.21 mm), whereas the FWHM of the major axis (0.95 ±
0.21 mm) in area 1 was not significantly different (P > 0.05) from
that of the minor axis (0.81 ± 0.09 mm). For stimulus-evoked
LFP responses (n = 4 subjects), the FWHM of the major axis
(1.07 ± 0.16 mm) was statistically significantly (P < 0.001) larger
than that of the minor axis (0.78 ± 0.20 mm) in area 3b; again, in
area 1, the FWHM of the major axis (0.96 ± 0.12 mm) was not
significantly different (P > 0.05) from that of the minor axis
(0.84 ± 0.16 mm). Activation areas of area 3b (BOLD: 0.61 ±
0.23 mm2; LFP: 0.69 ± 0.15 mm2) and area 1 (BOLD: 0.61 ±
0.18 mm2; LFP: 0.68 ± 0.23 mm2) did not differ (P > 0.05). For
both BOLD and LFP signals, Table 1 summarizes these results.

Comparable Local Voxel–Voxel Correlation Profiles of Resting State
BOLD and LFP Signals. We next measured the FWHM, area, and
major/minor axis ratio of intervoxel correlation profiles of
resting state BOLD signals for foci of stimulus-evoked activa-
tions and compared these with corresponding resting state LFP
signals. We selected single voxels that showed the strongest
responses to tactile stimuli as seeds in areas 3b and 1 (Fig. 2).
Within a single-digit representation in areas 3b and 1, the local

intrinsic functional connectivity profiles of resting state BOLD and
LFP signals are very similar. FWHMs of the major and minor axes
of the resting state intervoxel BOLD correlation profiles were,
respectively, 1.16 ± 0.15 mm and 0.83 ± 0.14 mm in area 3b and
1.07 ± 0.17 mm and 0.90 ± 0.08 mm in area 1. For resting state
LFP signals, FWHMs of the major and minor axes of the resting
state intervoxel LFP correlation profiles were 1.14 ± 0.20 mm and
0.89 ± 0.17 mm in area 3b and 1.11 ± 0.19 mm and 0.97 ± 0.16 mm
in area 1. These LFP measures were not significantly different
from resting state BOLD estimates.

Fig. 1. Spatial extents of tactile stimulus-evoked BOLD and LFP activation in
areas 3b and 1. One case is shown in A–D; entire population data are given in
E–H. (A) BOLD activations in response to vibrotactile stimulation of digit
3 distal fingertip in areas 3b and 1. Activation map is thresholded at 0.7 of
normalized percentage signal changes, with a peak value of 1. Dotted line
represents estimated interareal border between areas 3b and 1. (B) Corre-
sponding LFP activation map in response to identical stimulation used in
fMRI experiment shown in A. (C) 3D illustration of the BOLD activation map
shown in A. The x and y axes represent the location of the voxel in milli-
meters, whereas the z axis represents the normalized percentage of signal
change between the prestimulus and stimulus periods. (D) 3D illustration of
the LFP activation map shown in C. (E) FWHM of area 3b, significance at *P <
0.001 (Wilcoxon signed-rank test). (F) The area values of 3b and 1. (G) FWHM
of area 1. (H) The ratio of major and minor axis of 3b and 1. A total of
30 runs from six monkeys were acquired for BOLD measurements, and
30 runs from four monkeys were acquired for LFP measurements.
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Local Spatial Extents of Resting State Functional Connectivity Are
Wider than Those of Cortical Responses to Stimuli for BOLD and LFP
Signals. Direct comparisons of the FWHM measures between
stimulation and resting states revealed that the PSF of resting
state voxel–voxel correlations is significantly wider than that of
stimulation responses (P < 0.05; Fig. 3), regardless of specific
area examined (area 3b or area 1). For example, in both areas 3b
and 1, the FWHM of the major axis (1.16 ± 0.15 mm and 1.07 ±
0.17 mm) and that of the minor axis (0.83 ± 0.14 mm and 0.90 ±
0.08 mm) of the resting state BOLD correlations were larger
than both the major axis (1.08 ± 0.13 mm and 0.95 ± 0.21 mm)
and minor axis (0.71 ± 0.21 mm and 0.81 ± 0.09 mm) in the

stimulated BOLD activation maps. Moreover, in both areas 3b and 1,
the FWHM of the major axis (1.14 ± 0.20 mm and 1.11 ± 0.19 mm)
and that of the minor axis (0.89 ± 0.17 mm and 0.97 ± 0.16 mm) of
the resting-state LFP electrode–electrode coherence were larger than
both the major (1.07 ± 0.16 mm and 0.96 ± 0.12 mm) and minor
(0.78 ± 0.20 mm and 0.84 ± 0.16 mm) axes in the stimulated LFP
activation maps.

Reproducibility and Spatial Agreement Between Activation Locations
Measured by BOLD and LFP. Last, we examined the reproducibility
of the activation centers of area 3b and area 1 of stimulus-evoked
BOLD and LFP across runs and the spatial relationships between

Fig. 2. Spatial extent of resting-state fMRI and LFP connectivity within areas 3b and 1. One case is shown inA–H, and the entire population data are given in I–L. (A) BOLD
correlation map in the resting state condition. Seed voxel was placed in the digit region in area 3b for voxel-wise correlation analysis. Correlation map was thresholded at
r> 0.5, with a peak of 1. Dotted line represents estimated interareal border between areas 3b and 1. (B) Corresponding LFP correlationmap of seed area 3b in the resting-
state condition. (C) BOLD correlation map of seed area 1. (D) Corresponding LFP correlation map of seed area 1. (E–H) 3D plots of correlation spatial profiles of BOLD and
LFP in areas 3b and 1, with x and y axes representing the location of the voxel (mm), and z axis representing the correlation values. (I) FWHMof area 3b in the resting state
condition, significance at *P < 0.001. (J) FWHM of area 1. (K) The area values of 3b and 1 in the resting-state condition. (L) The major and minor axis ratio of 3b and 1 at
rest. A total of 18 runs from six animals were acquired for BOLD measurements, and 22 runs from four monkeys were acquired for LFP measurements.

Table 1. FWHM from all subjects for stimulated and resting-state BOLD and LFP

Modality

Stimulated* Resting state*

Area 3b (mm) Area 1 (mm) Area 3b (mm) Area 1 (mm)

Major axis** Minor axis** Major axis Minor axis Major axis Minor axis Major axis Minor axis

BOLD 1.08 ± 0.13 0.71 ± 0.21 0.95 ± 0.21 0.81 ± 0.09 1.16 ± 0.15 0.83 ± 0.14 1.07 ± 0.17 0.90 ± 0.08
LFP 1.07 ± 0.16 0.78 ± 0.20 0.96 ± 0.12 0.84 ± 0.16 1.14 ± 0.20 0.89 ± 0.17 1.11 ± 0.19 0.97 ± 0.16

*indicates significance (P < 0.05) between resting-state and stimulated conditions;
**indicates significance (P < 0.001) between major and minor axes of area 3b of both modalities in the stimulated condition.
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BOLD and LFP activation maps in each individual animal. Within
each fMRI session, we determined the center of mass of each
activation focus and then calculated the means and SDs of dis-
tances between corresponding centers on separate stimulus runs
for all runs within each session and looked at the variation across
study sessions and subjects (n = 6 animals, 30 runs). The inter-
center distance variation for BOLD was 0.23 ± 0.05 mm for area
3b, and 0.24 ± 0.05 mm for area 1. The spatial variation of acti-
vation centers was thus close to the size of one voxel (in-plane
resolution of 0.274 × 0.274 mm2). For stimulus-evoked LFP acti-
vation maps (n = 4 animals, 30 runs), the intercenter distance was
0.10 ± 0.03 mm for area 3b and 0.12 ± 0.04 mm for area 1, re-
spectively. The intercenter distance was smaller than the spatial
spacing (0.4 mm) between two adjacent electrodes. Direct com-
parisons between BOLD and LFP maps revealed that the inter-
center distance variation between modalities was 0.32 ± 0.06 mm
for area 3b and 0.35 ± 0.09 mm for area 1. The spatial agreement
was close to the range of a single BOLD (0.274 × 0.274 mm2) and
LFP (0.40 × 0.40 mm2) mapping voxel. Anatomic images of both
modalities were coregistered within 0.10 mm accuracy.

Discussion
This study aimed to determine to what extent the local spatial
profile of BOLD fMRI signals corresponds to underlying neu-
ronal activity at a submillimeter, cortical modular scale. We
compared the spatial extents (FWHMs of major and minor axes,
area, and major/minor axis ratio) and activation center locations
of BOLD signal changes with those of ‘gold standard’ electro-
physiological LFP measurements during tactile stimulation, and
the local correlation profiles in a resting state, in the primary
somatosensory cortex of New World monkeys. Using 0.274 ×
0.274 mm2 in-plane resolution BOLD fMRI at 9.4 T and LFP
recordings with 98-channel (two 7 × 7) microelectrode arrays
(0.40 × 0.40 mm2 in spacing), we compared BOLD and LFP
measures in four cases: stimulus-evoked BOLD versus LFP re-
sponses, resting state BOLD versus spontaneous LFP signal
changes, stimulus-evoked versus resting-state maps in each mo-
dality, and areas 3b versus 1. We found that the FWHM of PSFs
of BOLD and LFP responses to tactile stimuli were comparable
and around 1 mm, which is the size of one single digit repre-
sentation. Both modalities captured elongated stimulus responses

in the lateral to medial direction in area 3b, a feature that was
absent in area 1. In addition, the PSFs of intervoxel local correlation
profiles of both resting state BOLD and LFP signals were slightly,
but significantly, wider (P < 0.05) than those of stimulus activations.
The elongated spatial profiles of digit representations in area 3b
were also present in resting state correlations. Moreover, variation
in activation centers for repeated measurements by BOLD was less
than 0.25 mm and was smaller for LFPs, whereas the separation of
activation centers between modalities was very similar, indicating
the stability and reproducibility of stimulus activation locations
within and across two modalities. Extending previous observations
of the closely correlated signal increases of LFP and BOLD signals
to stimuli (9, 12), here we provide further evidence of a close and
strong spatial correspondence between BOLD and LFP signals in
response to stimulation and in a resting state. The strong agreement
between BOLD and LFP in stimulation and resting states indicates
that local extents of activation and correlation profiles of resting
state BOLD signals are constrained by neuronal properties, and not
other factors. BOLD fMRI at high field and at submillimeter res-
olution directly and faithfully reflects the spatial distribution of
underlying neural activity.

Implications for High-Resolution BOLD fMRI at High Field. The PSF of
BOLD mapping signals sets the theoretical limits of spatial spec-
ificity and resolution of functional imaging. The width of the
measured BOLD PSF is a convolution of the contributions from
the intrinsic spatial distribution of the neural activity involved, the
effects of converting neural electrical activity to a spatial distri-
bution of metabolic and hemodynamic changes that affect MRI
signals, and the effects of image acquisition and reconstruction
with finite resolution. The PSF that we report in S1 cortex is
narrower than those reported previously [3.5 mm at 1.5 T (16),
3.9 mm at 3 T (17), and 2 mm at 7 T (18)]. We attribute this
difference to the effects of magnetic field on the functional
mapping signals used and to our use of relatively high-resolution
acquisitions. The BOLD response at lower magnetic fields (e.g.,
1.5 T) may be dominated by signals from larger draining veins with
little contribution from microvasculature. At high fields, the rel-
ative contributions of both intravascular signals and the effects of
larger vessels on extravascular dephasing to the overall fMRI
signal changes are substantially diminished (19, 20). The increase
in the intrinsic width of the PSF of BOLD signals at 1.5 T and 3 T
may be attributed to the presence of greater large vessel contri-
butions to signal dephasing of the extravascular water at those
lower fields (21, 22). Moreover, it is likely that measurements
acquired at lower field and resolution also reflected the intrinsic
resolution limitations of the image acquisitions. The higher reso-
lution that we used made it possible to reduce partial-volume ef-
fects and more closely approach the intrinsic limits of BOLD.
Functional images acquired with an in-plane resolution of 0.547 ×
0.547 mm2 yielded PSFs significantly wider than those obtained
from higher-resolution functional images with an in-plane reso-
lution of 0.274 × 0.274 mm2, indicating that partial volume aver-
aging may broaden regions of activation even at this scale, and
confirming that higher-resolution functional images increase the
spatial specificity of BOLD fMRI so that the intrinsic BOLD PSF
need not be a limiting feature in practice. This suggests that the
spatial specificity of submillimeter resolution BOLD fMRI at high
magnetic field provides a reliable tool for the investigation of
cortical micro-organization.

Spatial Extents of BOLD and LFP Signals in S1 Cortex. In this study,
we pushed the fMRI spatial resolution to submillimeter (0.274 ×
0.274 mm2) and compared it directly with LFP recordings from
the same region with a resolution of 0.40 × 0.40 mm2. We found
that the FWHMs of BOLD activations at 9.4 T were around
1 mm, which is four times the acquired voxel size. We found

Fig. 3. Comparison of point-spread functions of BOLD and LFP signals in
areas 3b and 1, between resting state and stimulation. (A) FWHM of major
axis for areas 3b and 1. (B) FWHM of minor axis for both areas. (C) The area
values of 3b and 1 in both resting and stimulus conditions. (D) The major and
minor axis ratio of 3b and 1 in both conditions.
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excellent spatial agreement between stimulus-evoked BOLD and
LFP responses in both area 3b and area 1.
Despite their widespread adoption as measures of functional

connectivity, little is known as to how the low-frequency tem-
poral fluctuations of resting state BOLD signals vary locally, and
whether correlated fluctuations actually reflect synchronized
spontaneous LFP signal variations at rest. Our previous studies
in monkeys demonstrated that the strength of resting state
BOLD signal correlations between brain regions was related
closely to the strength of anatomic connections and whether
those areas coactivated to the same stimuli (23). These obser-
vations suggest that neurons that share similar functions and
anatomically dense connections exhibit highly synchronized sig-
nal fluctuations at rest. A residual question is whether the extent
of the activity of functionally homogeneous neurons is accurately
reflected by resting state fMRI correlations. In this study, we
assessed the spatial relationship between resting state BOLD
and LFP measurements and between stimulus response and local
correlation profiles in a well-described cortical modular struc-
ture, the single-digit representations in areas 3b and 1 in mon-
keys. Our data demonstrate that the spatial extents of high
correlations of both BOLD and LFP signals are constrained
tightly to the anatomic boundaries of neurons receiving inputs
from the same digit region-tips in a similar manner. The different
PSF shapes identified in area 3b versus area 1 (elongated vs.
round) further support the correspondence between neural
electrical signals and BOLD signal fluctuation at rest at the
submillimeter to millimeter scale. The high degree of agreement
between PSFs of BOLD and LFP signals in both stimulation and
resting states supports the notion that synchrony within a func-
tionally homogeneous population of neurons determines the
strength of local resting state correlation measures in either
modality. The close coupling between columnar structures and

local microvasculature likely also contributed to the high spatial
agreement between two modalities (24). The tactile stimulus we
used is subtle and activates only a small (∼1 mm) piece of cortex
compared with much broader activation previously reported in
the visual cortex (25). It is very likely the 8-Hz digit stimuli ac-
tivate only a fraction of each digit column, as this stimulus drives
predominantly slow-adapting neurons (26, 27). If the spontane-
ous fluctuations in the resting state are driven by common inputs
[e.g., from thalamus or cortical–cortical connections (28)], then
the wider FWHMs for correlation profiles could reflect that
more neurons were engaged by these common inputs. What
these inputs are and to what extent the differences in common
input are reflected in the resting state functional connectivity
signals are of great interest for further investigation. Together
with our recent findings of the close relationship between in-
terregional BOLD and LFP correlations (29), the tight local
spatial relationship between BOLD and LFP signals shows that
resting state BOLD signals are reflective of underlying neu-
ronal electrical activity, and therefore, can be used to probe
functional connectivity.

The Primary Somatosensory Cortex of New World Monkeys. Studies
of nonhuman primates provide a crucial linkage between a large
existing literature of animal data obtained with invasive methods
and human fMRI data involving higher mental functions. We
studied the digit representation regions in primary somatosensory
areas 3b and 1 of monkeys at 9.4 T. This preparation is a unique
experimental model for studies of brain activation and connec-
tivity, with several advantages. First, single-digit representation is
an example of classical modular functional structures, which are
the basic information processing units of neocortex. Second, the
anatomic connections and receptive field properties of neurons in
the digit regions areas 3b and 1 have been intensively mapped with
functional imaging, electrophysiological, and anatomic methods

Fig. 4. Experimental set up for mapping areas 3b and 1 of S1 cortex with
submillimeter-resolution fMRI and 98 channel Utah array. (A) Major land-
marks used to identify digit regions in areas 3b and 1 of S1 are visible on the
postmortem squirrel monkey brain. The red box indicates the imaging field
of view. (B) In an oblique coronal image acquired with T2* weighting, sulci
and surface and transcortical vessels appear as dark lines and dots. (C) Blood
vessel map shows the two 7 × 7 multichannel electrode arrays were inserted
in the digit regions of areas 3b and 1 under surgical microscope in one
representative monkey. (D) Corresponding BOLD fMRI activation map to
vibrotactile stimulation of the D3 distal finger pad in areas 3b and 1 of
S1 cortex. Normalized percentage signal change maps were thresholded at
0.7. Dotted black line indicates the approximate border between areas 3b
and 1. Blue boxes show the selected seed voxels used in resting state func-
tional connectivity analysis. (Scale bar, 1 mm.) a, anterior; m, medial.

Fig. 5. Representative BOLD and LFP signal changes to vibrotactile stimuli.
(A) Time series of BOLD signal changes to 8 Hz vibrotactile stimuli of single
digit extracted from area 3b voxel. (B) Recordings of raw broadband LFP in
response to the identical tactile stimulation as applied in BOLD mapping
experiment shown in A. Blue box shows the sampling window.
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(23, 30, 31). Third, our previous studies have established qualita-
tive spatial relationships between BOLD responses to tactile
stimuli and neuronal responses (assessed through spiking activi-
ties) and underlying intrinsic horizontal connections (32).

Methods
Animal Preparation. Six squirrel monkeys (Saimiri bolivians) were included in
this study, and all underwent fMRI scans. Four of the six monkeys underwent
98-channel microelectrode array recording sessions. Detailed procedures
have been described in previous publications (33) and SI Text. All procedures
were in compliance with and approved by the Institutional Animal Care and
Use Committee of Vanderbilt University and followed the guidelines of the
National Institutes of Health Guide for the Care and Use of Laboratory
Animals (34).

fMRI Data Acquisition and Analysis. MRI was performed with a 9.4-T, 21-cm
bore Varian Inova magnet (SI Text). Scout images obtained using a fast
gradient-echo sequence were used to define a volume covering the primary
somatosensory cortex (Fig. 4 A and B). For stimulation runs, we computed
activation maps based on the percentage of BOLD signal change between
prestimuli periods (seven of ten imaging volumes before stimulus onset) and
stimuli presentation periods (Fig. 5A).

LFPs Recording and Analysis. Guided by MRI maps and blood vasculature
pattern, two 7 × 7 multichannel Utah electrode arrays (Fig. 4C; 98 channels in
total, spacing between each electrode, 400 μm) were carefully inserted into
area 3b and area 1 cortex (SI Text). LFP signals were sampled at 500 Hz and
then band-pass filtered between 1 and 150 Hz for quantification. Fig. 5B
shows an example of LFP broadband (1–150 Hz) raw data, including 30 s of
prestimulus period and 30 s of stimulus presentation.

Measurements of the PSF of BOLD fMRI Signals in Stimulation and Resting
State. We identified activation foci in areas 3b and 1 whose shapes could
be well approximated as elliptical (SI Text). The spatial distributions of per-
centage of BOLD signal changes along the major and minor axes were then
fit with Gaussian functions. For resting state fMRI runs, region of interest
(ROI) seeds were identified on the basis of the stimulus-evoked activation
maps. The voxels with the highest percentage BOLD signal change were
chosen as the seeds for each digit in either area 3b or area 1 (Fig. 4D).
Correlation coefficients were computed for each voxel surrounding the seed.
Identical spatial fitting procedures were applied to derive the FWHM, area,
and major/minor axis ratio of Gaussian PSFs of fitted local correlation pro-
files. The same spatial ellipsoid fitting method was used to quantify the PSFs
of LFP signals.

Comparison of Locations of BOLD Versus LFP Activations. Coregistrations of
fMRI activation maps with LFP activation maps were accomplished using
anatomic landmarks, surface blood vessel patterns, and a point-based cor-
egistration algorithm. Forty to 80 pairs of reference points were used as
landmarks in the 2D geometric nonlinear transformation. Apparent black
dots on the T2* MR structural images were caused by transcortical vessels.
Their corresponding landmarks were visible on the LFP blood vessel maps as
well. After coregistration, the point-to-point spatial offsets (square dis-
tances) of the predefined 40–80 reference pairs were computed as coregis-
tration accuracy. For both BOLD and LFP foci, the stabilities of the activation
centers were quantified by the spatial shifts (distance) between the centers
from all stimulus runs within each session (SI Text).
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