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Abstract

The somatosensory functional magnetic resonance imaging (fMRI) response to electrical stimulation of the mid-
dle phalange of the second digit of four rats at a spatial resolution of 200 um cubic at 9.4 T is reported. At high
threshold (p <0.002), activated voxels encompass a penetrating vein that passes across the gray matter. These
voxels lie mostly in three contiguous slices perpendicular to the pial surface. This activation is assigned to
the representation in the forepaw barrel subfield (FBS) of a single cortical column of this phalange. In addition,
the activation of the indusium griseum (IG) is visualized robustly. Voxels revealed by fMRI were used to observe
functional connectivity to other voxels of the sensorimotor cortex using fcMRI. Results of this experiment were
analyzed as a function of decreasing threshold, which exhibited spreading connectivity that revealed S2, M1/M2,
and contralateral S1. Noting that every cubic millimeter of tissue contains 125 voxels, connectivity patterns are
complex. It is hypothesized that they reflect connections within gray matter by association fibers. S2 and 1G
revealed connectivities with many voxels across the sensorimotor cortex. These regions also showed subregional
variation of connectivity. A 1-cm-diameter surface coil with a local low-noise RF amplifier was used in these
studies. The usual region of sensitivity (ROS) of such a coil is 1 cm diameter by 0.5 cm depth. Significant con-
nectivity was observed between time courses of voxels that were within the ROS and voxels that were outside,
which extends the volume of tissue that can be observed by the methods of this article.
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Introduction

T HE VIBRISSAE OF THE RAT are represented in the brain by
the whisker barrel cortex. This representation consists of
a rectangular array of barrel-shaped neuronal structures that
correspond to the arrays of vibrissae. Each barrel contains
not only a neuronal apparatus but also a central venule and
a central arteriole. The fact that the microcirculation and
the neuronal architecture of the whisker barrel have a defined
anatomical relationship has made this system a favorite for
mechanistic functional magnetic resonance imaging (fMRI)
studies (Lu et al., 2005). In rat brain, the representation of
the digits is adjacent to that of the vibrissae and is called the
forepaw barrel subfield (FBS). This field is organized as a rec-
tilinear array of cortical columns that correspond to the digits
and to the phalanges of each digit (Waters et al., 1995).
Duvernoy introduced the concept of a venous unit. In
human cortical gray matter, a penetrating vein from the
pial surface and perpendicular to it forms a central anatomi-
cal feature of the venous unit (Duvernoy et al., 1981). Each
penetrating vein is surrounded by lateral veins parallel to the
pial surface that feed the penetrating vein with draining
blood. These laterals are short near the pial surface and

long at depths that correspond to the thickness of the gray
matter. This venous array is conical in shape.

It is the working hypothesis that the blood supply for the
FBS of the rat is of similar structure to that found by Duver-
noy in human brain. Surrounding each penetrating vein is a
ring of numerous penetrating arterioles that supply blood
to the laterals. The authors now term the combination of
veins and arteries that result from the arteriole ring and the
corresponding laterals and penetrating vein, the “‘hemody-
namic’’ unit. It is approximately cylindrical in shape, with
the axis of the cylinder matching the penetrating vein and
oriented perpendicular to the pial surface.

Moreover, the authors have become convinced that each
cortical column of neuronal structure corresponds to a hemo-
dynamic unit. The reading of the whisker barrel literature
suggests that this correspondence has long been assumed,
but proof was difficult to obtain (Berwick et al., 2002, 2008;
Devor et al., 2005). The field of fMRI-driven functional
connectivity magnetic resonance imaging (fcMRI) is based
on the neuronal-hemodynamic architecture in combination.
The authors have imaging tools that permit visualization of
neuronal as well as hemodynamic architecture. Electrical
stimulation of a single phalange of a single digit reveals an
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fMRI response in rat brain that matches the cortical colum-
nar structure found by electrophysiological means (Waters
et al.,, 1995). One can see in high-resolution MR images
exhibiting venous blood contrast that the fMRI response is
centered on a penetrating vein. One can use these activated
voxels as seeds to study connectivity with voxels that contain
venous laterals. The neuronal-hemodynamic linkage in the
microcirculation can be probed in a direct manner in rat
brain using voxels that are of the order of 1/10 of the thick-
ness of gray matter. Studies reported here provide new infor-
mation about the linkage.

To reach the superior resolution in this fMRI study with
the current 9.4 Tesla (T) magnet, the authors made several
improvements to both hardware and software. Single-shot
half k-space gradient-recalled-echo-planar imaging (GR-
EPI) BOLD fMRI at 3T has been applied (Jesmanowicz
et al., 1998). These authors obtained good quality fMRI
data sets with a matrix of 192x192 over 16X 16cm field
of view (FOV). BOLD fMRI in rat brain at a resolution of
156 x 1562000 um (0.049 uL) was achieved at 3T (Lu
et al., 2003). By applying these techniques to rat brain at
9.4T, the authors have succeeded in acquiring high-quality
fMRI and fcMRI data at a resolution of 0.2x0.2x 0.2 mm.
In addition to improving the signal-to-noise ratio (SNR) by
use of 9.4 T, the authors have developed a 1-cm-diameter
surface coil with a local low-noise amplifier (LNA), which
provides an additional increase of the SNR. A high-order
By shim coil has further improved the ability to achieve
high-resolution images. These technological advances are be-
lieved to be critical to acquisition of the data presented here.

The article describes a high-resolution network of brain
regions associated with processing the input and the output
of a single cortical column of the somatosensory cortex. The au-
thors expect that such a network can be identified for each of
the 23 cortical columns of the FBS for each brain hemisphere.

Materials and Methods

Four male Sprague-Dawley rats (SD rats; Charles River
Laboratories, Wilmington, MA), weighing 350-400 g, were
used in this study. All rats were given free access to food
and water and kept in a home cage with 12h of day—night
light alternation for at least 1 week before the experiment.

General surgical protocol

All protocols and procedures were carried out under the
guidance of MCW Institutional Animal Care and Use Com-
mittee. Dexmedetomidine hydrochloride (DexDomitor, Zoe-
tis, Kalamazoo, MI) used successfully in fMRI studies was
used here (Li et al., 2014a, 2014b; Pawela et al., 2009;
Weber et al., 2006). The rat was placed supine, and anesthe-
sia was provided by 1% isoflurane vaporized into 30:70% to
0,:N, during the surgery. Isoflurane was tapered off during
the fMRI portion of the study, and a continuous subcutane-
ous infusion of DexDomitor (0.1 mg/kg/h) was used for the
maintenance of sedation. The rat was placed on a heated
bench and supplied 30:70% to O,:N,.

During fMRI acquisition, pulse oximetry (8600V; Nonin Med-
ical, Plymouth, MN), temperature, respiration rate, and inspired/
expired O, and CO, (POET 1Q2; Criticare Systems, Waukesha,
WI) were monitored (WinDaq Pro; DataQ Instruments, Akron,
OH) and maintained within normal physiological ranges.
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Electrode placement

Figure 1 illustrates an electrode placed on the middle pha-
lange of the second digit of the right forepaw of the rat
(which corresponds to the middle finger of the right human
hand). A cortical column has been identified by electrophys-
iological studies as the somatosensory representation of this
phalange (Waters et al., 1995).

Bipolar stainless steel electrodes (150 um diameter) (Plas-
tics One, Roanoke, VA) were used in this study, modified for
improved precision and contact area as shown in Figure 1.
Each electrode was tested on the bench before and after
placement to ensure that it was in a proper working state.
Mild electrical stimulation at 10 Hz frequency, 1 mA current,
and 1 ms duration was applied to the finger electrode using a
square-pulse electrical stimulator (S88 Square Pulse Stimu-
lator, Grass Telefactor, West Warwick, RI) (Cho et al.,
2007). This stimulation intensity is non-noxious (Weber
et al., 2006). The authors confirmed the non-noxious stimu-
lation state by physiological monitoring. Throughout the
stimulation session, there were no significant changes in res-
piration rate, core temperature, or heart rate. Each stimula-
tion sequence began with an OFF period of 40s followed
by 10 repetitions of ON for 10s and OFF for 20s (total
scan time =3405s).

MRI image acquisition

Each rat was placed on a custom-designed cradle fabri-
cated with G-10 fiberglass material, which has a magnetic
susceptibility similar to air.

A 9.4 T MRI scanner with a 31-cm horizontal bore (Bio-
spec Avance 94/31; Bruker, Karlsruhe, Germany) was
used. The rat was placed in the Bruker linear transmit-coil
(T10325) centered 3 mm anterior to the external ear canal.
Signal acquisition was performed using the self-designed re-
ceiver coil with a local LNA. The coil is a machined copper
loop with ID of 10mm, OD of 10.5mm, and a height of
2mm. An American Technical Ceramics (Huntington Sta-
tion, NY) 800R series, high-Q, nonmagnetic capacitor is sol-
dered directly into a gap cut in the loop. The loop is attached
to a Rogers RT/duroid® 5880 low-loss circuit board with 1
ounce copper trace on both sides. A WanTCom (Chanhassen,
MN) WMAO9RA LNA with an input impedance of 1.5Q and

FIG. 1.
the second digit of a rat. Electrical stimulation was delivered
through this electrode resulting in cortical column functional
magnetic resonance imaging (fMRI) activation at 200 um
scale resolution.

Microelectrode attached to the middle phalange of
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an overall gain of 28 dB is silver-epoxied to the circuit board
at a distance of 2.5 cm from the coil. This small coil was mounted
eccentrically with the coil centered over the left SIFL. A Bruker
RT-shim and gradient system (B-GA 12S RT) was used.

High-order shimming was performed before high-resolution
functional scans. The surface coil was centered on slice 15.
Representative acquisition parameters for the gradient EPI
sequence were TE=10.78 ms, TR=2s, FOV =25.6 mm, slice
thickness =0.2 mm, matrix size=128x 128. Voxels are cubic
200 yum in each dimension (Hyde et al., 2001).

Susceptibility weighted imaging (SWI) was applied in this
study to probe the role of penetrating veins in the neurovas-
cular coupling in the FBS. The resolution of SWI was
100 um in-plane with a slice thickness of 200 um. Two sets
of SWIs with TE of 16 and 17 ms were acquired from each
animal. With 1 ms difference in TE, the authors acquired a
By field map for every animal and performed further distor-
tion correction.

A half k-space gradient-recalled EPI sequence was used
with a bandwidth of 400kHz (Jesmanowicz et al., 1998).
The classic SNR model of BOLD contrast was given by
Eq. [1] (Hyde and Biswal, 1999):

{ef(TE/Tg') _ ef(TE/Tg)}
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The authors define the so-called high threshold as a thresh-
old that approaches a correlation coefficient of 1 in such a
manner that the only voxels revealed in response to electrical
stimulation are, in fact, those voxels that contain a penetrating
vein. Images at high thresholds define laterals that increase in
extent with increasing depth, as expected from the Duvernoy
model of the venous unit. Resulting fMRI activation extends
to a few adjacent slices. Typically, the high threshold is set
to reveal between 10 and 20 voxels across two, or perhaps
three, slices. These voxels define the penetrating vein.

Using each of these voxels, one-by-one, as a seed voxel for
fcMRI and a lower—but still somewhat high—threshold, the
authors show a subset of the resulting 10 to 30 possible im-
ages for each animal. The amount of data resulting from this
single seed-based fcMRI analysis is far too great to display.
Based on the fact that the cortex has been well defined into
cortical layers and that neurons within the same cortical
layer have similar projections and function, the authors per-
formed the high-resolution fcMRI analysis based on cortical
layers. Cortical layers are defined as follows: counting from
the surface of the cortex, layer I: 0-200 um; layer II-III:
200-600 pm; layer IV: 600-800 um; layer V 8001400 um:;
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where Ng, N,,, N7, and Ng¢ stand, respectively, for physiolog-
ical noise of BOLD origin, other physiological noise, thermal
noise (presumed to be white), and scanner noise arising from
system instabilities. Among noise sources, Ng, N, and possi-
bly Ngc are pixel-wise dependent. S, is different for every
pixel. It can be determined by cross-correlation of a pixel
time course with a boxcar waveform.

Reconstruction issues associated with partial k-space ac-
quisition were summarized by Margosian (1985) and further
modified by Jesmanowicz et al. (1998). The same reconstruc-
tion method was used in this study. Although 34 overscan
lines were acquired adjacent to line 64, real acquisition be-
gins with line 31 and proceeds to line 128. The information
in line 1-30 is calculated through complex conjugate forma-
tion of Eq. [2]. Finally, the complex data

raw( — ky, — ky)=raw" (ky, ky) [2]

are transformed to image space.

Data analysis

Due to the highly refined stimulation, the extremely small
voxel size, and intersubject variability, the data cannot be av-
eraged for regular group analysis. EPI scans were registered
to an SWI template and displayed on an individual basis.
Activation was determined at a p value threshold of 0.002.
Voxels were classified as active if the statistic was above
threshold and counted as task-activated. Voxel color-coding
was determined by the amplitude of the cross-correlation
(CC) coefficient. With this method, the degree of brain activa-
tion in different functional areas can be quantified by the area
(or number) of activated voxels. In this study, there was no
global signal regression or smoothing process involved.

* 2
“(EIE)) N, + N+ Nsc > 1/2

(1]

and layer VI: 1400-2000 um (Defelipe, 2011). Data from
layer I were removed from the study because they are on
the surface of the cortex close to the air—tissue interface,
and EPI results were severely affected. The time courses of
seeds within the same layer were averaged to obtain a repre-
sentative time course that is unique to each cortical layer. To
obtain fcMRI information at single voxel level, individual
voxels from S1FL, M1/M2, indusium griseum (IG), and S2
areas across all 20 slices that are revealed as connected in
fcMRI analysis were numbered for matrix analysis.

Results

Figure 2 shows fMRI results from electrical stimulation of
the middle phalange of the second digit of the rat forepaw.
The pattern of fMRI activation has been overlaid on an anatom-
ical image. The threshold is high, and only the most strongly
activated regions of brain tissue are revealed in this figure.
Three regions are identified, one of which is almost certainly
the S1FL representation of the stimulated phalange.

Figure 2A is an SWI image with red arrows pointing to
penetrating veins, which can be clearly observed in the senso-
rimotor cortex. In Figure 2B, the response to fMRI activation
of the middle phalange at a p value of 0.002 is superimposed
on the SWI image without further manipulation of the fMRI
data. It is clear that the fMRI activation overlaps with the pen-
etrating vein, which is the anatomical basis of neurovascular
coupling in a cortical column. Please also note the small acti-
vation area at the center of supracallosal gyrus, deeper toward
the cingulate cortex (blue arrow). This structure is assigned to
the IG nucleus. Activation of this structure is generally ob-
served when the FBS is activated by rat phalange stimulation
under high resolution. Figure 2C is the SWI image viewed



FUNCTIONAL CONNECTIVITY IN RAT BRAIN AT 200 um RESOLUTION

FIG. 2. (A) Susceptibility weighted image (SWI) at
200 um cubic resolution demonstrating penetrating veins
(red arrows) in the sensorimotor cortex. (B) Example of
BOLD fMRI activation of a single cortical column overlap-
ping with a penetrating vein. The blue arrow points to the ac-
tivation of the IG nucleus when a single phalange was
stimulated. (C) SWI showing penetrating veins (red arrows)
passing through the pial surface. These veins mark the cen-
ters of venous units in fMRI studies.

from the top of the rat brain. Numerous penetrating veins can
be observed (red arrows).

Figure 3 shows fMRI results following single phalange
stimulation across all four animals. At 200 um resolution,
BOLD fMRI activation lies in three consecutive slices along
the same venous vasculature. A penetrating vein is more or
less centered in these voxels. The string of activated voxels
seen in the SIFL area is perpendicular to the layers of gray
matter. Each of these voxels will serve as a seed for the
fcMRI studies described below. This “‘string” presents an op-

——

RAT 1

RAT 4
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portunity to investigate layer-specific functional connectivity.
As indicated by the red arrows, columnar cortical activation is
seen in S1FL area of all animals. Results shown in Figure 3
require both a high threshold and high spatial resolution.

Activation under the conditions of Figure 3 results in dis-
plays that are well localized and in accordance with electro-
physiological results (Kandel et al., 2000). Green arrows in
Figure 3 point to the IG nucleus. The activation of this structure
is extremely localized, with 0-3 activated voxels in each slice.

Activated voxels from the fMRI results of Figure 3 were
used as seeds for fcMRI analysis as shown in Figure 4. As
described previously, the rat primary sensory cortex was di-
vided into six layers, and the first layer was removed. Figure
4A-D shows fcMRI results in representative slices across all
animals. An average layer-specific seed was generated for
each image. The correlation coefficient value used in this fig-
ure is 0.4. The slices may not be identical across animals due
to intersubject variation in the fMRI response from which the
seeds are created. In addition, the slices may not correspond
precisely to the established neuronal-layer numbering sys-
tem, which is based on histology.

Several points can be made from Figure 4. When using
seeds from layers II-III of the cortex, the fcMRI network re-
mains local and generally follows the underlying vasculature.
Among all cortical layers, layers V and VI are more con-
nected both locally and globally. The widespread fcMRI in-
terhemispheric network is revealed only when seeds from
these two layers are used for analysis. The primary sensory
network of these two layers (red arrows) forms a columnar
pattern and remains overlapping with the underlying pene-
trating veins in both hemispheres. This phenomenon was
observed in all animals in the study. Green arrows point to

FIG. 3. fMRI activation from
stimulation of a single phalange.
For each animal, over 95% of
BOLD fMRI-activated voxels are
located in three consecutive slices.
The columnar fMRI activation in
S1FL (red arrows) coincides with
penetrating veins and travels across
all layers of cortex. IG activation
(green arrows) can be seen in all
animals, although it occurs in more
slices than S1FL activation
(p<0.002).
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FIG. 4. Layer-specific
fcMRI across four animals.
Layer I was not included in
the analysis. (A-D) Layer-
specific average time courses
were formed for each animal
from fMRI-activated voxels
across all slices. These aver-
age time courses were used as
seeds for functional connec-
tivity magnetic resonance
imaging (fcMRI) analysis.
Red, green, and white arrows
point to the fcMRI network in
S1FL, M1/M2, and S2 areas,
respectively. CC=0.4.

voxels in the primary/secondary motor cortex. These motor
networks emerge when seeds from deep cortical layers are
used for analysis (layers IV-VI). White arrows point to the
secondary sensory (S2) network, which is observed only when
seeds from layer V or VI are used. Although the same thresh-
old (0.4) was used for all images in Figure 4, the extent of
the fcMRI networks varied across animals.

FIG. 5. Single seed-based fcMRI
matrix from a single animal orga-
nized by layers, lying in neuronally
defined regional groups. Voxels
were selected in two ways: by fMRI
at a p value <0.002 or by the fcMRI
method of Figure 4 at a CC value
above 0.4. In this individualized
analysis, results with CC values
between —0.4 and 0.4 are deleted
(assigned the color green).

IIM—S1(L)
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The fcMRI images shown in Figure 4 were constructed
using averages of waveforms from seed voxels that were
layer-specific and exhibited fMRI activation above a selected
threshold. Most of the selected waveforms were from voxels
that were in three contiguous slices, but waveforms from ac-
tivated voxels in other slices were also included in the aver-
age. It is interesting to study interactions between pairs of
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voxels since averaging of waveforms suppresses voxel-wise
connectivity. The complete pairwise cross-correlation matrix
of resting state time courses from voxels defined by fMRI ac-
tivation with time courses from all voxels in regions S1, S2,
M1/M2, and IG, as defined manually, was formed. A repre-
sentative pairwise cross-correlation matrix is shown in Fig-
ure 5, where data have been grouped both by neuronal
region and by layer. The authors further filtered out all CC
values between —0.4 and 0.4 in this matrix analysis, leaving
only the more significant values. A rich pattern of connectiv-
ity between voxels of 200 um cubic dimensions is observed.

Figure 5 shows that within every region, there are a few
voxels that play a dominant role in functional connectivity
and there are a few voxels that are weakly connected. The

Layer II/ITT

Layer IV

CC 0.85
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figure shows a few voxels with negative correlation; these
are rare. Similar displays have been made for all four ani-
mals. Obvious differences among individual voxels within
the same region of interest (ROI) can be found in all four an-
imals. The correlation between voxels in one cortical layer
and voxels in other cortical layers of the same ROI is not al-
ways above the threshold, which results in many blank
(green) areas in the matrix. At the high resolution used in
this study, the tight correlations between sensory and motor
cortex become refined. Sensorimotor network connections be-
come obvious when seeds from deep cortical layers are used
for analysis. At the same time, even within the same cortical
layer of sensory cortex, only a few voxel time courses are
correlated to the motor network.

CCo0.9

FIG. 6.
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CC 0.85

CC0.75

CC0.8 CC0.85

FIG. 6. Effect of the CC value on fcMRI networks. Data were obtained from the same slice of rat 3. Letters refer to pro-
gressively increasing CC values from 0.2 to 0.9 in 0.05 or 0.1 steps. Red and blue arrows point to the ipsilateral and contra-
lateral S1FL, respectively. Purple arrows point to M1/M2 of both sides and white arrows to the S2 area. The 200 um scale
fcMRI network generally follows the underlying penetrating veins, with each network best seen at a selected CC value. Even

at low CC values, information on underlying vasculature can be inferred. It is also apparent that layers V and VI are best
connected to other ROIs..
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On the other hand, voxels from the IG nucleus in each animal
demonstrate significant connections with voxels from sensory
cortex. Overall, the matrix analysis shows a significant amount
of variation among voxels in the same ROI (e.g., SIFL).

Although fcMRI network analysis from both layer V and
layer VI reveals S2 connectivity, this connectivity appears
to involve different voxels in S2. Similarly, neurons in differ-
ent layers of the primary sensory cortex correlated with dif-
ferent parts of the motor cortex as well. Another interesting
finding is that in three out of the four animals, negative cor-
relations between voxels were found. Voxels from the S2
area are commonly involved in this anticorrelated small
fcMRI network, which might be related to the complex phys-
iological characteristics of the secondary sensory cortex.

Figure 6 demonstrates the relationship between the degree
of connectivity and fcMRI networks. Data from animal 3
were used as an example. fcMRI networks from the same
slice are presented at multiple CC threshold values. When
seeds from layers II to III are used for analysis, the result
is a single ipsilateral S1FL network. This network is not
found to be related to other cortical regions even when the
CC threshold is lowered to 0.2. Only a few scattered voxels
were detected on the contralateral S1FL area. Voxels in this
region are fed by the entire venous unit. Tentatively, the au-
thors conclude that the resulting waveform is no longer cor-
related with discrete neuronal activity.

Slightly different observations can be made when fcMRI
in cortical layer IV is studied. At a CC value of 0.4, bilateral
S1FL, S2, and contralateral motor cortex can be clearly
detected. Within these networks, the S1FL network is
quite localized. When the CC value is dropped below 0.3,
new components inside the S1FL area become visible and
branch out from the major f{cMRI network. These branches
become more obvious as the CC value drops lower. These
lateral branches might be related to the vascular structure
around the central penetrating vein of the venous unit
(Duvernoy et al., 1981). The correlation between sensory
and motor cortex remains significant even when the CC
value is increased to 0.6 in this animal. However, when
the CC value is further increased to 0.7, only an isolated
sensory network remains visible in the cortex. From the
layer IV seed results, it is clear that the best threshold to
study the sensorimotor cortex fcMRI interaction is between
CC value of 0.4 and 0.6. If the purpose of the study is to ob-
serve the sensory network precisely, the CC value should be
raised to 0.7.

Data from layers V to VI are also shown in Figure 6.
Results from these two layers are similar to the results
from layer IV. Lateral branches of the venous unit start
to appear when the CC value is below 0.3. Sensorimotor
network interaction remains visible when the CC value is
set to the middle range (0.4-0.8 for layer V seed and
0.4-0.7 for layer VI seed). When the CC value is set
high, a refined sensory network becomes visible in the cor-
tex. From Figure 6, the authors draw a conclusion that the
degree of connectivity is related to the extent of cortical
networks. For each network, there exists an optimal CC
threshold. However, when the CC value is set low, valuable
information on the venous unit and lateral branches can be
acquired. The fcMRI sensory network acquired from seeds
in the deep brain layer generally follows the penetrating
vein structure.
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Discussion

In anatomical imaging using a single-turn surface coil, a
conventional estimate of the region of sensitivity (ROS) is a
cylinder of one coil diameter to a depth of one coil radius,
which is called the “‘near ROS.” It is apparent that the authors
have reported data which were obtained with a 1-cm-diameter
single-turn loop, which are considerably outside the near ROS.
They call this the “far ROS”” and have considered the observed
far ROS phenomena and enumerate several aspects below.

(1) For block-trial fMRI, cross-correlation of a noiseless
block waveform with a somewhat noisy voxel time
course obtained from the far ROS can nevertheless
lead to a significant value. It is overly restrictive to
consider only voxels that lie in the near ROS.

(2) Similarly, for fcMRI using seed analysis, if one mem-
ber of the pairwise cross-correlation coefficient is
obtained in the near ROS where the thermal noise
level is low compared with the functional fluctuations,
and the other member is obtained from the far ROS
where the functional fluctuations are lower, neverthe-
less, the CC coefficient can be significant.

(3) In both fMRI and fcMRI, data in the far ROS are best
observed by systematic variation of the threshold.
Data from the far ROS may be less significant because
of reduced SNR rather than reduced neuronal activity.

(4) A connectivity matrix has been introduced where each
axis contains both single voxels determined by fMRI
and single voxels determined by functional connectiv-
ity with averaged voxel time courses. The voxels that
were determined by fMRI lie in the near ROS. The
other voxels were in the far ROS as determined by
an fcMRI. See the discussion of Figure 5. Connectiv-
ity between single voxels from the near ROS and sin-
gle voxels that lie in the far ROI is natural to consider
when using a surface coil.

(5) It can be hypothesized that connectivity between sin-
gle voxels in the near ROS of a small coil and regions
of voxels that lie in the near ROS of a second large and
distant coil would be a useful avenue of research.

The FBS of the rat is adjacent to the whisker barrel field,
with each digit represented by a row of cortical columns, and
each phalange of each digit represented by a cortical column
in the corresponding row, which results in a 4 x4 rectangular
array of cortical columns for each paw. The representation of
the nascent thumb is less regular and the dorsal and volar
areas have additional representations (Waters et al., 1995).
The FBS extends about 1.5 mm in the anterior—posterior di-
rection and about 1 mm in the lateral direction as determined
by electrophysiological and histological means (Chapin and
Lin, 1984; Waters et al., 1995; Welker and Woolsey, 1974).

The relationship of the anatomy of the microcirculation in
the FBS to the neuronal architecture is less clear than in the
whisker barrel cortex. In a series of pioneering studies,
Mountcastle (1979, 1997) discovered that the cortex is orga-
nized into vertical columns or slabs, 300-600 um wide, span-
ning all six layers from the cortical surface to the white
matter. Waters and colleagues (1995) described the relation-
ship between the FBS in the SD rat and the representation of
the forepaw in layer IV of the rat somatosensory cortex. With
ongoing refinement of methodology, many of the columns
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can be excited one at a time during fMRI scans. In this study,
the authors define voxels associated with a single column by
high-resolution fMRI scans, and fcMRI is used to probe con-
nectivity of the seed voxel with other single column-defined
voxels. Data presented here support the hypothesis that this
relationship is well defined.

One can divide fcMRI experiments into two categories: local
area functional connectivity and connectivity between regions.
Local area functional connectivity can arise from the following
mechanisms: (1) interaction through space because of the bulk
susceptibility of blood in veins, (2) diffusion of vasomodulators
of flow from nearby cortical columns, (3) overlap of lateral
veins associated with two or more penetrating veins, and (4)
closely spaced regions connected by association fibers. Studies
presented here at 200 pum cubic resolution provide some infor-
mation on mechanisms of local connectivity, although it ap-
pears to us that somewhat higher resolution is desirable.

The first mechanism can be probed by the addition of
Gd3+ or MION to the blood. There ought to exist, the au-
thors surmise, a concentration of paramagnetic material in
blood that provides the best contrast and best resolution. It
would follow that lower concentrations would be required
for voxels of smaller size. Use of an optimum concentration
of paramagnetic material in blood would be an appropriate
first step in designing experiments to study local area func-
tional connectivity in greater detail.

A number of fcMRI experiments are described here that
involve regions S1, IG, and S2. Task activation—that is,
electrical stimulation—establishes that these three regions
are part of a brain network. fcMRI studies described here de-
fine other regions that belong to the network, although not
activated by the particular excitation. One might term this
methodology as “tMRI-guided fcMRI.””

The authors report the functional connection between
SIFL and IG areas. In human brain, IG is found in the supra-
callosal gyrus and is made of a thin layer of gray matter. As a
continuation of the hippocampus, it receives laminar-specific
afferent inputs from the entorhinal cortex, the anterior and pos-
terior piriform cortices, and the supramammillary region (Kun-
zle, 2004). This region was previously believed to be related to
the olfactory system, but few studies have been reported. In
this fMRI study, the IG nucleus is observed together with
SIFL activation. And in this fcMRI analysis, some of the vox-
els in the IG area are significantly correlated with primary sen-
sory cortex. With the high spatial resolution employed in this
study, not only have the authors detected this small structure
but also have probed the pattern of connectivity. IG occupies
0-5 voxels in each slice of this fMRI study. They demonstrated
the complexity of the connectivity of voxels of this nucleus
with the voxels lying in the sensory network.

A selected seed shows lateral symmetry about the pene-
trating vein, indicating that the laterals are centered on the
penetrating vein. Moreover, no functional connectivity sig-
nal is seen between a voxel near the pial surface that is cen-
tered on a penetrating vein and a voxel remote from this
voxel but still centered on the same vein. This is a remarkable
finding. The authors hypothesize that physiological fluctua-
tions observed in a voxel centered on a penetrating vein are
determined both by input from upstream blood and by input
from lateral vessels of the microcirculation. These dual inputs
affect the resultant resting-state waveform of that voxel. This
hypothesis provides a model for layer-specific functional con-
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nectivity. Study of fcMRI images as a function of threshold
allows us to probe layer-specific connectivity.

Figure 4 shows that the degree of connectivity is variable
between cortical layers. Cortical layers II-III have a higher
connectivity with layers V and VI but are less connected
with layer IV. Interhemispheric connectivity in the senso-
ry—motor network is observed when seeds from deep cortical
layers are used. There have been several previous fMRI stud-
ies in the whisker barrel cortex that contribute to the under-
standing of the present work in the FBS (Lu et al., 2004;
Pelled and Goelman, 2004; Yu et al., 2012).

Figure 5 is the first effort to demonstrate fcMRI between
single voxels at the 200 um scale level. In conventional
fcMRI studies at, for example, 3 mm cubic, there are in
each voxel, 3375 voxels of 200 um cubic dimensions.
The 3 mm cubic voxels are treated as single, uniform func-
tional volumes that make contributions to specific fcMRI
network. In the present work, the authors found that there
are significant differences between individual voxels even
when these voxels are in the same region of a layer-specific
fcMRI network. Moreover, the resting-state time courses of
only a subset of these 200 um cubic voxels are correlated
with each other. Averaging of time courses that occurs in
3mm cubic voxels can be expected to decrease the CC
values.

The methodology of Figure 6 where resting-state images
are formed as a function of the CC value is recommended.
As the CC threshold was lowered, layer-specific connectiv-
ity was observed to spread first to nearby voxels, then into
motor areas, and finally into the contralateral representation
of the matching phalange and digit of the opposite forepaw.
The authors presume that the experiment of Figure 6 is
probing connectivity that arises from association fibers.
Although not emphasized here, the concept of ‘“‘Degree of
Connectivity”” can be used to discuss the results of Figure
6. An alternative approach would be to study images formed
by CC values that lie between a preset upper limit and a pre-
set lower limit.

The small surface coil used in this work is a key to achieve
200 pm cubic voxels. A consequence of using this coil is that
the sensitivity varies across the ROI. There seems to be no al-
ternative to the analysis of functional connectivity results by
systematic variation of the threshold as illustrated in Figure 6.

Resting-state fluctuations across the sensorimotor repre-
sentation of the digits that were probed here were found to
have greater synchrony between pairs of voxels that were
within layers rather than between layers. Connectivity was
particularly strong in layers V-VI, consistent with known
physiology studies (Feldmeyer et al., 2013; Petreanu et al.,
2007). It also leads to the conclusion that resting-state fluctu-
ations in BOLD contrast from lateral vessels of the micro-
circulation that feed a given penetrating vein, and are in
different layers, are not highly synchronous.

Experiments across animals reveal similar patterns, but
there are differences. Pooling of data across animals does
not seem possible thus far. The authors are able to distinguish
patterns from adjacent phalanges of the same digit and from
adjacent digits. Digit 2 presents a particular problem that
seems to arise from the fact that it is fed by both ulnar and
median nerves. The representation of this digit always con-
tains more voxels, and venography seems to reveal a divided
or split penetrating vein.
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Conclusion

Major conclusions of this study are as follows. (1) These
results indicate that S2 is a special region in the sensory path-
way. Three out of the four animals in this study exhibited a
few voxels with waveforms that were anticorrelated with
other voxel waveforms in this matrix study (Figure 5). (2)
These results also indicate that IG is functionally correlated
with a widespread sensorimotor network. Moreover, the de-
gree of connectivity with the somatosensory network seems
to vary across the voxels of this nucleus. (3) The authors
found that fcMRI networks are customized to each individ-
ual animal at 200 um cubic resolution. Location, size, and
the CC values of the networks can be quite different from an-
imal to animal. Conventional group analysis does not seem
to be appropriate. The method of fMRI-guided fcMRI used
in this article can provide a certain level of control of
fcMRI studies across animals. (4) Within the cortical layers,
voxel time courses obtained at high resolution can have high
CC values, as shown in Figure 5. Electrical stimulation of the
individual phalanges of the individual digits of the rat in
combination with BOLD contrast fMRI and fcMRI of the
representation of these digits, in the part of the somatosen-
sory cortex known as the FBS, at 200 um cubic resolution
has been introduced in this article. A general hypothesis of
the work is that the model can be used in a wide variety of
future studies.
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