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Abstract 27 

This study addresses one long-standing question of whether functional separations are preserved 28 

for somatosensory modalities of touch, heat and cold nociception within primate primary 29 

somatosensory (S1) cortex. This information is critical for understanding how the nature of pain is 30 

represented in the primate brain. Using a combination of submillimeter-resolution fMRI and 31 

microelectrode local field potential (LFP) and spike recordings, we identified spatially-segregated 32 

cortical zones for processing touch, nociceptive heat and cold stimuli in somatotopically 33 

appropriate areas 3a, 3b, 1, and 2 of S1 in male monkeys. The distances between zones were 34 

comparable (~ 3.4 mm) across stimulus modalities (heat, cold, and tactile), indicating the existence 35 

of uniform, modality-specific modules. Stimulus-evoked LFP maps validated the fMRI maps in 36 

areas 3b and 1. Isolation of heat and cold nociceptive neurons from the fMRI zones confirmed the 37 

validity of using fMRI to probe nociceptive regions and circuits. Resting state fMRI analysis 38 

revealed distinct intrinsic functional circuits among functionally related zones. We discovered 39 

distinct modular structures and networks for thermal nociception within S1 cortex, a finding that has 40 

significant implications for studying chronic pain syndromes and guiding selection of 41 

neuromodulation targets for chronic pain management. 42 

 43 
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Significance Statement  55 

1. Primate S1 subregions contain discrete heat and cold nociceptive modules  56 

2. Modules with the same properties exhibit strong functional connection 57 

3. Nociceptive fMRI response coincides with LFP & spike activities of nociceptive neurons 58 

4. Functional separation of heat and cold pain is retained within primate S1 cortex  59 

 60 
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Introduction 79 

In sensory systems, functional separation of different sensory modalities, such as color 80 

vision in visual or light touch in somatosensory systems, permits fast information processing, while 81 

preserving functional specificity. Loss or disruption of the functional specificity during information 82 

processing may contribute to various pathological pain symptoms, such as perceptually distinct 83 

heat or cold allodynia and burning phantom pain (Lorenz et al., 2002; Flor et al., 2006). As a stand-84 

alone sensory modality, whether such a segregated organization is preserved for thermal pain in 85 

the primate brain is still debated. Distinct psychophysical features of the pain sensation evoked by 86 

noxious heat and cold stimuli support the existence of separated channels for the modality (or 87 

nature) of pain (Davis, 1998). We focused this study on the primary somatosensory (S1) cortex 88 

because this region is believed to encode the sensory features (e.g., nature, temporal and spatial) 89 

of heat and cold elicited pain (Davis et al., 1998; Flor et al., 2006; Erpelding et al., 2012; Makin et 90 

al., 2013; Liu et al., 2015). Changes to neuronal activity or somatotopy have also been linked to 91 

phantom and other chronic pain conditions (Flor et al., 2006; Wrigley et al., 2009; Gustin et al., 92 

2012; Kim et al., 2017).  93 

The overall aim of this study is to determine whether the functional separations are 94 

preserved in the S1 cortex of primates for touch and thermal (cold and heat) pain. One effective 95 

way to address this question is to perform a combination of fMRI and electrophysiology studies 96 

under identical experimental conditions. Such an approach is advantageous and necessary in 97 

several respects. First, fMRI has revolutionized our understanding of pain since its inception by 98 

allowing the opportunity to investigate the underlying neural mechanisms of pain sensation. It 99 

permits simultaneous measurements across multiple macroscale brain regions while the system is 100 

engaged in functions related to the perception and modulation of pain in healthy and disease 101 

states (Apkarian et al., 2005; Apkarian, 2010). The fundamental tenet of these imaging studies is 102 

that fMRI Blood Oxygenation Level Dependent (BOLD) signals change in parallel with neural 103 

activity (Logothetis et al., 2001). Recent evidence, however, indicates that the relationships 104 
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between fMRI BOLD and electrophysiological signals indeed vary for different brain regions or task 105 

conditions, perhaps due to differences in the functional organization of neurons within a specific 106 

imaging volume and/or differences in neuron  engagement during each task (Rees et al., 2000; 107 

Logothetis et al., 2001; Mukamel et al., 2005; Shih et al., 2009; Bartolo et al., 2011). In this context, 108 

a better understanding of the neuronal constituents underlying MRI signals with respect to pain 109 

processing is essential for the full appreciation of their clinical and behavioral implications needed 110 

for building an organization-based mathematical model for reliably detecting pain-related fMRI 111 

signal changes in humans (Eklund et al., 2016; Cox et al., 2017; Eklund et al., 2017; Kessler et al., 112 

2017), and for selecting the intervention targets for neuromodulation with higher precision 113 

(Avenanti et al., 2005; Lee et al., 2017). Such multifaceted and mesoscale level (i.e., sub-millimeter 114 

to several millimeters) information is often impossible to obtain in human subjects for both technical 115 

and ethical reasons, but it can be acquired from animal studies. Non-human primates are an ideal 116 

model because their brain closely resembles the human brain in both structure and function, 117 

particularly in primary sensory areas (Hutchison and Everling, 2012; Chen et al., 2017; Shi et al., 118 

2017).  119 

In this study, we employed a combination of submillimeter resolution BOLD fMRI at 9.4T, a 120 

single microelectrode, and 98-channel Utah array electrophysiology. We specifically (1) examined 121 

the spatial relationships of fMRI responses to innocuous tactile, nociceptive heat and cold stimuli, 122 

(2) compared the spatial correspondence between fMRI activations and local field potential (LFP) 123 

maps acquired with a 98-channel Utah array, (3) validated fMRI signal changes with spiking activity 124 

of a single nociceptive neuron, and (4) delineated the local, intrinsic, functional circuits of 125 

innocuous tactile, nociceptive heat and cold regions using seed-based resting-state fMRI signal 126 

analysis. Here we provide fMRI, LPF, and single-unit spiking activity evidence supporting the 127 

presence of separated modules and distinct mesoscale circuits for processing innocuous tactile, 128 

nociceptive heat and cold information within primate S1 cortex.  129 

 130 
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Materials and Methods 131 

Animal preparation 132 

Seven male adult squirrel monkeys (Saimiri sciureus) (SM-BK, SM-BW, SM-C, SM-H, SM-133 

O, SM-R, and SM-V) were included in this study. All subjects underwent multiple fMRI scans and 134 

microelectrode electrophysiology mapping sessions. Two 7x7 (98) channel microelectrode arrays 135 

were used to obtain data in three monkeys (SM-O, SM-V and SM-R). For fMRI experiments, each 136 

animal was initially sedated with ketamine hydrochloride (10mg/kg)/atropine (0.05mg/kg), intubated, 137 

and then maintained with mechanical ventilation and isoflurane anesthesia (0.5-1.1%) delivered in 138 

a 30:70 O2:N2O mixture. During scans, each animal was placed in a custom-designed MR cradle 139 

with head secured by ear and head bars. Physiology was maintained in a stable condition with a 140 

constant anesthetic delivery of isoflurane (between 0.7 or 0.8%). Vital signs, including SpO2 141 

(saturation peripheral oxygenation) and heart rate (Nonin, Plymouth, MN), end-tidal CO2 (22-26 142 

mmHg; SurgiVet), and respiratory pattern (SA instruments) were monitored and recorded. Rectal 143 

temperature was monitored (SA instruments) and maintained between 37.5 - using a 144 

circulating water blanket (Gaymar Industries). Intravenous administration of 2.5% dextrose in saline 145 

(3ml/kg/hr) was given throughout the imaging session to prevent dehydration and provide caloric 146 

energy.  147 

ad was stabilized in a 148 

stereotaxic frame and was maintained at the same physiological conditions as fMRI scans. A round 149 

piece of skull was removed to expose the central and lateral sulci for microelectrode mapping. 150 

Cortex was stabilized and protected with 4% agar or silicone oil. Detailed procedures can be found 151 

in our previous publications (1-3). All procedures were done under aseptic conditions and were 152 

approved by the Institutional Animal Care and Use Committee (IACUC) of Vanderbilt University. 153 

 154 

Stimulus Protocol 155 
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Thermal stimuli: Under anesthesia, fingers were secured by gluing small pegs to the 156 

fingernails and fixing these pegs firmly in plasticine, leaving the glabrous surfaces available for 157 

stimulation. Distal finger pads of digit 2 and 3 (D2 and D3) were stimulated with an ATS thermal 158 

probe (16 × 16 or 30 × 30 mm2, Medoc, ramp rate 8 ºC/s). To map nociceptive cold- and heat-159 

evoked fMRI responses, we alternated blocks of baseline temperature (32 ºC, 30 sec in duration) 160 

with nine blocks of either nociceptive cold (4 and 7 ºC) or heat (47.5 ºC, 21 sec in durations) within 161 

each imaging run. To quantify the cold temperature dependent fMRI signal changes, we randomly 162 

alternated blocks of three temperatures (4, 7, 15 ºC) with baseline (32 ºC) blocks. Each 163 

temperature block was repeated five times in one run. Typically, within one imaging session (day), 164 

multiple imaging runs (3-9) were collected for each imaging paradigm (e.g., single or mixed 165 

temperatures). During fMRI scans, the thermode remained in contact with the skin during 166 

temperature changes.  167 

Tactile stimuli. Innocuous vibrotactile stimuli were provided by a rounded plastic probe with 168 

a diameter of 2 mm connected to a piezoelectric device (Noliac). Piezos were driven by Grass S48 169 

square wave stimulator (Natus Neurology) to indent digits in 0.43 mm vertical displacement at a 170 

rate of 8 Hz (pulse duration: 20 ms). Vibrotactile stimuli were delivered in 30 sec on/off blocks to 171 

individual or combination of distal finger pads (D1-D5). During stimulus off blocks, the probe was in 172 

light touch with the skin. Typically, each stimulus condition (e.g., D2) was repeated seven times 173 

within a single fMRI imaging session. Different digits were stimulated in random sequence, and 174 

typically repeated 3 - 9 times (runs) within one imaging session.   175 

 176 

fMRI data acquisition  177 

All MRI scans were performed on a 9.4 T 21-cm narrow-bore Varian Inova magnet (Varian 178 

Medical Systems) using a 3-cm diameter surface transmit-receive coil positioned over the primary 179 

(S1) and secondary (S2) somatosensory cortices contralateral to the stimulated hand. To maximize 180 

the mapping power, we placed four 2-mm-thick oblique image slices in parallel to the brain surface 181 
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where the central and lateral sulci are located (Fig. 1a). T2* - weighted gradient echo high 182 

resolution (0.156 × 0.156 × 2 mm3) structural images (repetition time (TR) =200 ms; echo time (TE) 183 

=14 ms) were acquired to visualize the blood vessel pattern on the brain surface. T2* - weighted 184 

(BOLD) functional MRI images (in 0.55 × 0.55 × 2 mm3 resolution) were acquired using a gradient 185 

echo planar imaging (EPI) sequence (repetition time (TR) =1500 ms; echo time (TE) =19 ms).  186 

  187 

fMRI data analysis 188 

Pre-processing: Functional MRI signals (stimulation and resting state) went through 189 

standard pre-processing steps of slice timing (3dTshift, AFNI, RRID:SCR_005927) and 3-D motion 190 

correction (3dvolreg, AFNI), and were corrected for physiological noise (respiration and cardiac) 191 

using RETROICOR (4). The stimulus-evoked fMRI EPI data were temporally smoothed with a low-192 

pass filter with cutoff frequency of 0.25 Hz (fslmaths, FSL, RRID:SCR_002823), and then spatially 193 

smoothed using an isotropic Gaussian filter kernel with a full width at half maximum of 0.8 mm 194 

(3dmerge, AFNI). For rsfMRI EPI data, a bandpass filter at 0.009 and 0.08 Hz was applied 195 

(3dTproject, AFNI). The motion parameters were also used as regressors in a general linear model 196 

to reduce their contributions to the rs-fMRI signal. Functional EPI images were up-sampled from 64 197 

x 64 to 256 x 256 mm2 matrix, and co-registered with corresponding T2-weighted high-resolution 198 

anatomical images using a linear image registration tool (flirt, FSL) for display. 199 

FMRI activation maps: FMRI activation maps were created using a cross-correlation 200 

function between the signal time courses of each voxel and the boxcar predictor of the HRF 201 

convolved stimulus presentation paradigm (3dDeconvolve, AFNI). Activation was defined by voxels 202 

that exhibited significantly correlated BOLD signal changes (p < 0.01, FDR corrected) and were 203 

organized in a minimum of five up-sampled continuous voxels (cluster size of 0.78x 0.78x2 mm3). 204 

The same criteria were used for both thermal and tactile activation maps. Thresholded fMRI 205 

activation maps (with statistical t-values, typically threshold t =2) were spatially interpolated and 206 
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then superimposed on the corresponding high-resolution T2*-weighted anatomical images using a 207 

linear image registration tool (FLIRT, FSL) for display purposes.  208 

Generation of activation frequency map: To generalize an activation pattern and evaluate 209 

the across-run reliability of activation maps to cold nociceptive stimuli, we generated frequency 210 

maps by quantifying the frequency of activations detected at each voxel (for details, see (Chen et 211 

al., 2011)). Activation maps of a single run were first thresholded at t value = 2, p<0.01 (FDR 212 

corrected). Then, a binary value of 1 was assigned to activated voxels (p<0.01) and 0 to non-213 

activated voxels (p>0.01). The activation frequency was then calculated for each voxel. The 214 

frequency maps (thresholded at a 30% probability) were used for quantifying the sizes of 215 

activations and the spatial overlaps between nociceptive cold and heat activation clusters. The 216 

spatial separation of different activations was quantified by the cortical distance between the 217 

centers of two activation clusters.  218 

Resting state fMRI data analysis: The selections of tactile, heat and cold seeds were based 219 

on the stimulus-evoked activation maps with anatomically defined area 3b regions or adjacent 220 

regions. Each correlation coefficient map was generated using one voxel as a seed; a statistical 221 

threshold of r > 0.45 was selected for display (Figure 6b & c & d; 3dfim+, AFNI). To investigate the 222 

relationships between different regions within tactile, heat, and cold resting-state functional 223 

connectivity networks, inter-regional correlations were then calculated. Four S1 sub-regions (areas 224 

3a, 3b, 1, and 2) corresponding to each correlation coefficient map were chosen for inter-areal 225 

correlation coefficient analysis.  Selection of ROI location of the face region in area 3b was 226 

estimated by the known somatotopic map and electrophysiology map for each animal. Pearson 227 

correlations among the five main cortical regions within these three networks were calculated on a 228 

single-voxel basis. A 13 x 13 region-region correlation matrix was generated using the mean 229 

correlation coefficient value of each region-region pair. Averaged inter-regional correlation 230 

coefficients with their corresponding standard error (SE) were calculated across all of the 9 resting-231 

state sessions from 4 animals, and are presented as matrix plots in Figure 6i & 6j. The values of 232 
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the correlation coefficients associated with each ROI pair were taken for future statistical analysis 233 

at the group level. The statistical significance of the differences between the correlation coefficient 234 

values of ROI pairs was determined using a one-way ANOVA followed by 235 

result of p < 0.05 was interpreted to be statistically significant (Fig. 6k). 236 

 237 

Quantification of BOLD signal time courses 238 

We extracted the BOLD signal time course from the peak voxel (with a maximal t-value) in 239 

each of the areas 3a, 3b, 1, 2, and M1 to quantify the amplitudes and temporal profiles of the 240 

BOLD responses to stimuli. Measures obtained in each run were then averaged across runs and 241 

animals and were examined for statistical significance using a non-parametric Kruskal-Wallis one-242 

way ANOVA test followed by Dun p < 0.05 was considered 243 

statistically significant. ROI-based BOLD time course results are presented as the mean ± standard 244 

error (SEM) unless stated otherwise.  245 

 246 

Alignment of cross-session fMRI activation and electrophysiology (blood vessel) maps 247 

To compare fMRI activation obtained in different imaging sessions, and to validate fMRI 248 

activation with digit representation maps defined by microelectrode electrophysiology, we have 249 

developed methods to co-register different types of images: structural MRI images across imaging 250 

sessions (MRI MRI), digital blood vessel images to structural MRI image (electrophysiology-MRI), 251 

and histology slices to blood vessel images (histology-electrophysiology). For the first two types of 252 

co-registration, we identified corresponding anatomical and blood vessel landmarks in each 253 

structural image, such as the visible surface vessels (dark strips) and trans-cortical veins (dark 254 

spots, see Figure 1D for an example). These coordinates were then put into a point-based 255 

registration algorithm (implemented in MATLAB, RRID:SCR_001622; for details, see (Chen et al., 256 

2007; Shi et al., 2017)). The registration transformation between these two sets of coordinates was 257 

then applied to the fMRI activation image, thereby coregistering the fMRI activation map to the 258 
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structural MRI image (Hill et al., 1991; Zhang et al., 2007; Zhang et al., 2010; Lecoeur et al., 2011). 259 

The same procedures were applied to align electrophysiology-MRI maps. Both the surface and 260 

transcortical blood vessel features were easily identifiable and used for registration of MRI maps 261 

with surface blood vessel maps obtained later during microelectrode mapping/recording sessions. 262 

The transcortical veins shown on the T2* weighted images (as black dots) as well as electrode 263 

lesions (when were available) were aligned with the vessel marks on the tangential histology 264 

section to co-register MRI-electrophysiology-histology maps.  265 

 266 

Localization of fMRI activations in different cortical areas  267 

We used anatomical, electrophysiological, and histological information obtained in each 268 

animal to localize fMRI activation foci to areas 3a, 3b, 1, 2 and M1 cortex. Identification of fMRI 269 

activation in S1 sub-areas and M1 were usually straightforward after alignments of 270 

electrophysiology and fMRI activation maps. The rich and unique pattern of surface and 271 

transcortical blood vessels in each animal provided landmarks for co-registering maps obtained 272 

with electrophysiology and MRI. We confirmed fMRI and electrophysiology mapping results with 273 

histological evidence of recording sites by referencing the tissue lesion marks produced by the 274 

electrode array (Fig. 1c). The last key validation of fMRI activation came from electrophysiological 275 

microelectrode mapping and recording studies (selected penetrations shown by color dots in Fig. 276 

2a-b) in each animal. Information about neuronal response properties, including receptive field 277 

sizes, preferred stimuli (e.g., brush or light touch), and somatotopic organization, were used to 278 

determine cortical representations of digits and face in areas 3a, 3b, 1, and 2 of S1 (10-14). The 279 

digits (D1-D5) are represented as palm-to-palm pattern at the area 3b-1 border and digit tip-to-tip 280 

at the area 3a-3b and area 1-2 borders. The approximate distance between digit centers in areas 281 

3b and 1 is ~ 1.7 mm. We focused our mapping on all five digit regions in areas 3b and 1 in all 282 

subjects, as well as in areas 3a and 2 in some cases. For nociceptive stimuli-evoked fMRI 283 

activation foci detected at the inter-areal border regions, we did not purposely localize them into a 284 
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single area (e.g., area 3b or area 2), but instead classified them as activation modules at the inter-285 

areal border zones.  286 

 287 

Electrophysiology 288 

Generation of LFP activation maps: Broadband electrical LFP signals were recorded with 289 

two 7x7 (98 channels in total) Utah arrays using a multi-channel Cerebus Neural Signal Processor 290 

system (Black Rock, Millard County, Utah). LFP signals were sampled at 500 Hz, and then band-291 

pass filtered between 0.1 Hz and 150 Hz by a band-pass cheby1 filter for quantification. A 60 Hz 292 

notch filter was also used to remove power frequency interference. Voltage changes were 293 

measured against the signals of one reference electrode within the array. For each digit stimulation, 294 

a total of 6-8 trials were recorded. Within each trial, 10 stimulus trains (each 30 sec in duration) 295 

were presented with 30 sec resting periods between trains. The power spectrums of LFP data 296 

were calculated at two different time periods: resting- and stimulating-states. Frequency spectrum 297 

(1-150 Hz) was computed by fast Fourier Transform. The response magnitude was calculated as a 298 

rate of gamma band power (30-150 Hz) during stimulation versus rest periods. We computed the 299 

locations and spatial extents of LFP to different stimuli (nociceptive heat and cold, and innocuous 300 

touch) responses in areas 3b and 1 (see examples in Fig. 4).  301 

Single unit recording: Before recording, manual palpation with light tapping, nociceptive 302 

heat and cold stimuli was used to map receptive fields representing the hand and digits. To better 303 

localize the nociceptive neurons, the heat and cold fMRI activation maps were used as a reference. 304 

The receptive fields of neurons isolated at each penetration site were measured and recorded. The 305 

LFP signals and multiunit spiking activity were recorded by 8 or 16 channel linear electrodes (V-306 

probe, Plexon, Inc.) using a Plexon multichannel recording system. Single units were isolated 307 

using offline spike sorting with principal component analysis (Plexon Offline Sorter, 308 

RRID:SCR_000012). Peristimulus time histograms were then generated in response to various 309 

stimuli for quantifying latency of onset, the total duration of responses, and maximum amplitudes 310 
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(NeuroExplorer, Nex Technologies, RRID:SCR_0011818). Spiking rate increases that are above 311 

one standard derivation of resting state firing rate are considered as responsive to stimuli. 312 

 313 

Results 314 

Distinct fMRI activation patterns to innocuous tactile, nociceptive heat and cold stimuli  315 

We first mapped fMRI activations to different modalities of thermal nociceptive stimuli (heat 316 

vs. cold) and related nociceptive activations to touch responses in each individual animal. 317 

Nociceptive heat and cold stimuli elicited multiple fMRI activation foci across the S1 sub-areas of 318 

3a, 3b, 1 and 2, as well as in M1 cortex, in all subjects (Figures 1d, 1f, 1g & 1i show two examples), 319 

whereas innocuous tactile stimulation of the corresponding distal finger pads of digits two and 320 

three (D2&D3) evoked fewer and more focal activations in areas 3b and 1 (Figures 1e & 1h). The 321 

zoom-in 3D plots of the cold, tactile, and heat activation zones in area 3b (Figures 1j-1l) illustrate 322 

their discrete patterns. M1 activation was detected predominantly in nociceptive conditions. The 323 

composite maps showed clear spatial separation of the innocuous tactile, nociceptive heat and 324 

cold activation zones (Figure 2). Using the well-established somatotopic representation of digits in 325 

this species as a reference, the majority of nociceptive cold and heat activation zones (blue and 326 

red outlines in Figure 2c) were located predominantly at or near inter-areal borders (e.g., areas 3b 327 

- 1 and areas 1 - 2), with little spatial overlap; neither did they overlap with tactile zones (green 328 

outlines in Figures 2a & 2b, green domains in Figure 2c). As a validation, robust and abundant low-329 

threshold tactile neurons with appropriate D3 receptive fields were isolated (see the greet dots in 330 

Figures 2a & 2b) from the zones where D3 tactile stimulation evoked strong fMRI activation (green 331 

fMRI activation outlines in Figures 2a & 2b). Similarly, nociceptive heat and cold neurons were 332 

isolated from the thermal fMRI activation zones in area 3b (details are shown in Figure 4).  333 

 334 

Spatial profiles and relationships between nociceptive cold and heat activations within S1 cortex 335 

We found comparable sizes of activation zones to different types of stimuli with little spatial 336 
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overlap among them. The mean cortical territory within S1 cortex that responded to nociceptive 337 

cold and heat stimuli of D2 and D3 was about 25.97 (~5.1 x 5.1) mm2 in size, regardless of the 338 

specific area within S1. Nociceptive cold and heat regions occupied 54.41% and 45.59% of the 339 

total nociceptive area, respectively, with a little overlap (4.66%, see Table 1). These quantifications 340 

support the qualitative observations shown in Figure 2. The inter-zone distances between 341 

activation zones of different modalities within area 3b were comparable (2.48  0.87, 2.40  1.21, 342 

and 3.30  1.87 mm (mean  SD) for tactile and cold, tactile and heat, and cold and heat, 343 

respectively). The inter-zone distances between the activation zones of the same modality were 344 

relatively larger than the distances between different modalities within area 3b (Table 2).  345 

 346 

Cold temperature-dependent BOLD fMRI signal amplitude changes in S1 sub-areas  347 

The time course of fMRI signals derived from cold fMRI activation zones showed a typical 348 

3-4 second delay between signal increase and stimulus onset. The responses to 4 and 7 oC stimuli 349 

were sustained during the stimulus presentation periods (21 secs) and lasted more than 10 secs 350 

after the stimulus ramped back to a baseline of 32 oC. The measures of time to peak varied across 351 

areas (15, 25.5, 27, 27, and 27 secs for areas 3a, 3b, 1, 2, and M1, respectively.) The graded 352 

BOLD signal increases to 7 versus 4 oC stimulation (blue and green curves in Figure 3a) were 353 

evident in all areas. Signal changes evoked by innocuous 15 oC cool stimuli were very weak in 354 

general, and fluctuated around the baseline (red curves) in some areas (e.g., areas 3b and 2). 355 

Pooled nociceptive cold (4 and 7 ºC) signal changes were significantly stronger (0.6% - 1.1%) than 356 

innocuous 15 ºC responses (-0.2% - 0.2%) across all areas (Figure 3g). The trends of temperature-357 

dependent signal decreases (4 - 15 oC) are present in all areas expect area 3a, even though the 358 

signal differences between the two levels of nociceptive cold (4 and 7 oC) were not statistically 359 

significant (Figures 3b-f). The strongest responses to 4 ºC stimuli occurred in M1 and area 2 360 

(Figures 3h & 3k). The response magnitudes to 7 ºC were comparable across areas (Figures 3i & 361 

3l), whereas those to 15 oC were marginal (Figures 3j & 3m). 362 
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  363 

Spatial agreement between stimulus-evoked fMRI and LFP responses in areas 3b and 1  364 

To determine whether the distinct fMRI activation patterns to different stimuli are indicative 365 

of underlying neuronal population activities, we compared the 2D-LFP activations directly with the 366 

fMRI activations in response to identical innocuous tactile, nociceptive heat and cold stimuli in 367 

three monkeys. The electrode recordings (left and right array boxes in Figure 4e) revealed an 368 

orderly pattern of LFP power increases to tactile stimulations of D2 and D3 in area 3b (for the D1-369 

D5 activation map, see Figure 5b-5f). In area 3b, LFP response evoked by tactile stimulation of D2 370 

was located medially to that of D3 (Figures 4a & 4b). Cold stimulus-evoked LFP responses were 371 

located at a more medial and posterior location to heat responses and at the border regions of the 372 

recording field of view (see the light blue patches in Figure 4e). In area 1, the LFP activations of 373 

different digits were less well organized, but their locations in general agree with fMRI activations. 374 

Mainly, overlapping D2 and D3 tactile responses were detected in the bottom of the LFP recording 375 

maps (see the area 1 array on the right side in Figures 4a & 4b).  The nociceptive heat and cold 376 

stimulus-evoked LFP activities were detected at the left portions of the area 1 array, and centered 377 

at slightly different locations (compare the right two area 1 arrays in Figures 4c & 4d). Overlays of 378 

the heat, cold, and tactile LFP response maps show good spatial correspondence between fMRI 379 

and LFP responses (Figure 4e). In supporting the robustness of 2D LFP recordings, Figure 5 (b-f) 380 

shows the orderly organized D1-D5 representations in both areas 3b and 1. 381 

 382 

Nociceptive heat and cold neurons were isolated in area 3b regions showing nociceptive heat or 383 

cold stimulus-evoked fMRI responses.  384 

 We performed single microelectrode recordings to determine whether the nociceptive 385 

modality modules identified by fMRI contain heat- or cold-specific nociceptive neurons. In general, 386 

we found a high level of spontaneous activity at these recording sites. This finding drastically 387 

differs from the observation of very low spontaneous activity at the core tactile digit region in area 388 
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3b (compare Figures 6i & 6b). For example, at one heat fMRI activation cluster located at the 389 

border between areas 3b and 1 (see the red outline in Figure 6a), we isolated a total of 80 single 390 

neurons (from two recoding sites: R1 & R2) and ten of them (12.5%) were heat sensitive (47.5 oC) 391 

nociceptive neurons. The receptive fields of these heat nociceptive neurons were fairly large, and 392 

the boundaries were hard to define. Peristimulus time histograms (PSTHs) of four representative 393 

neurons show their response properties and location distribution to either distal pad or palm heat 394 

stimulation (Figures 6b & 6f). At R1 recording site, neurons that responded weakly to tactile stimuli 395 

were also isolated (left two PSTH plots in Figure 6c). The right two PSTH plots in Figure 6c show 396 

the spontaneous firing of units isolated at R2 recording site, which exhibited activities have no 397 

phase relationship to the stimulus presentation. Across animals, we found that the heat fMRI 398 

activation zones contained either heat only or a mix of heat and tactile neurons (see the schematic 399 

illustration in Figure 6i). Table in Figure 6h summarizes the proportion of different modalities of 400 

neurons identified at heat versus cold fMRI activation zones. Similarly, at one zone near the border 401 

between areas 3a and 3b showing nociceptive cold-evoked fMRI activation (see the blue outlines 402 

and yellow dot in Figure 6d), eight nociceptive neurons that responded to cold stimuli presented on 403 

either the distal pad of D2 or the palm were isolated (two units are shown in Figure 6e). No heat 404 

sensitive or tactile neurons were identified at this location. The bottom two green units in Figure 6e 405 

show two examples of isolated spontaneously firing units during heat stimulation.  406 

The temporal characteristics of nociceptive neurons also differed significantly from those of 407 

classic tactile neurons in tactile zones of area 3b. The firing latencies of nociceptive neurons were 408 

generally varied and delayed, ranging from 0.5 to 10 secs, with durations lasting from 5 secs to 409 

beyond the 21-sec duration of the stimuli (Figure 6b). Tactile neurons isolated at the core digit 410 

region in area 3b (see color dots in Figure 6f), however, exhibited strong and transit firing activities 411 

at the stimulus onset and offset (examples shown in Figure 6g). The temporal firing properties were 412 

not different between nociceptive heat and cold neurons, but were significantly different between 413 

tactile and cold nociceptive neurons in all four measures of time to peak, amplitude, duration of 414 
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responses, and ratio of firing/stimulus duration; tactile and heat nociceptive neurons were different 415 

across three measures (Table 3). The firing rates of heat and cold nociceptive neurons increased 416 

and peaked slowly after stimulus onset. The relative ratios of firing/stimulus duration were close to 417 

1.0 for heat (0.83) and cold (1.04) neurons, whereas that of tactile neurons was ~ 0.5.  418 

 419 

Distinct mesoscale intrinsic functional circuits for nociceptive heat and cold within S1 cortex  420 

 Building upon our previous observations that highly associated cortical zones (e.g., D1 421 

touch zones in areas 3b and 1) exhibit strong resting state functional connectivity (rsFC) (Wang et 422 

al., 2013; Wilson et al., 2016), here we examined whether functionally distinct and spatially-423 

separated innocuous tactile, nociceptive heat and cold modules form segregated and functionally-424 

specific mesoscale circuits. To illustrate the distinct rsFC patterns of each modality zone, we 425 

placed three seeds at the voxel showing the strongest responses to nociceptive heat, cold, or 426 

tactile stimulation in area 3b (see the color dots in Figure 7a) and performed a voxel-wise 427 

functional correlation (FC) analysis. The overall correlation patterns of each seed revealed two 428 

features. First, the overall functional connectivity patterns for heat, cold, and touch seeds differed 429 

markedly (see different color patches in Figure 7e) with limited overlap between them. Second, the 430 

rsFC maps of areas 3b heat and cold modules overlapped locally (at area3b/1 seed region) and to 431 

a varying degree in other areas (e.g., areas 3a or 2) to their corresponding fMRI stimulus-evoked 432 

activation zones (compare outlines and patches with the same color in Figure 7f-7h). To quantify to 433 

what degree the rsFC strengths of functionally-matched (e.g., heat to heat) versus functionally-434 

non-matched (e.g., heat to cold) differ, we computed pair-wise correlations across identified cortical 435 

zones by using highly-correlated voxels in each area for each modality (e.g., heat modules in areas 436 

3a or 1, 2 for each modality, 12 total) and a few voxels at face regions as non-hand control seeds 437 

(see color dots in Figure 7e). 2D matrix plots of correlations strengths among all possible 438 

combination of seed pairs revealed several high-correlation clusters within each functional modality 439 

(see each boxed cluster with dotted black outlines in Figure 7i). Pair-wise correlation quantification 440 
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at the group level found that rsFC strengths between the modules with the same functionality (e.g., 441 

area 3b tactile to area 1 tactile) were significantly stronger (p<0.05, one-way ANOVA followed by 442 

Tukey post-test, see the three groups of color shadowed boxes in Figure 7k) than those with 443 

different functionality (the first column groups in Figure 7k). As a control, rsFC of the pairs within 444 

the same functional modality (e.g., touch) in hand regions were also significantly stronger 445 

(p<0.001) than those of somatotopically non-matched hand-face pairs (see the last blue column 446 

and row in Figure 7i and grey columns in Figure 7k). Building upon the group pair-wise correlation 447 

analysis results, we summarize the main findings of the present study with a schematic illustration 448 

in Figure 8. 449 

Discussion 450 

Spatially discrete modules for heat and cold nociceptive information processing within S1 cortex  451 

Emerging evidence from human and animal studies supports the notion that 452 

psychophysically distinct pain sensations evoked by noxious heat, cold, and mechanical stimuli 453 

(Chen et al., 1996; Davis, 1998; Morin and Bushnell, 1998; Green, 2004) are mediated through 454 

functionally-specific peripheral and spinal neurons in ascending pathways (Basbaum and Woolf, 455 

1999; Woolf and Ma, 2007; Lolignier et al., 2016). Whether or to what degree the functional 456 

segregations are preserved for pain generally and for pain modality specifically (evoked by cold, 457 

heat, and mechanical noxious stimuli) in the primate brain is still debated. Clinical studies support 458 

the presence of pain modality preferred brain regions. Lesions limited to the human thalamic 459 

principle somatosensory nucleus (Kim et al., 2007) or infarction of insula alter cold and heat pain 460 

sensation differently (Birklein et al., 2005). Human functional imaging studies have linked different 461 

whole-brain activation patterns to heat- versus cold-elicited pain sensations (Casey et al., 1996). 462 

Given the multifunctional nature of many of the identifiable cortical regions in the human brain 463 

(e.g., S1 cortex), different theoretical models have been proposed to account for the multi-464 

dimensional features of pain perception (Apkarian et al., 2005; Moayedi and Davis, 2013). One of 465 

the remaining key questions is whether the nature of pain (e.g., burning pain evoked by noxious 466 
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heat) is processed by shared or separated cortical regions and/or circuits.  467 

By applying a combination of submillimeter-resolution fMRI, electrophysiology, and 468 

histology methods in individual monkeys, we discovered that innocuous tactile, nociceptive heat 469 

and cold inputs that originate from the same skin location on the body (i.e., digits here) are 470 

processed by spatially discrete neuronal modules within S1 cortex (see Figure 8 for a schematic 471 

illustration). We interpret the activation zones as functional modules based on two findings. First, 472 

the average cortical distances between fMRI activation foci are comparable (~ 3.4 mm) for all 473 

sensory modalities (heat, cold, and tactile). This distance led to the estimated 1.7 mm radius of 474 

each activation module, which is comparable to known inter-areal distances between core digit 475 

touch zones in S1 (Chen et al., 2007). The modular cortical structure permits efficient information 476 

processing while retaining functional specificity. Second, the reasonable spatial correspondence 477 

between fMRI and LPF responses during the processing of different thermal nociceptive inputs 478 

confirms that the nociceptive-stimulus-evoked fMRI signal changes are of neuronal origin, from 479 

both a population (indicated by LFP) and single neuron perspective. To our knowledge, this is the 480 

first evidence supporting the close relationship between fMRI and underlying neuronal population 481 

signal changes during the nociceptive processing at the mesoscale. Lastly, our most recent study 482 

of the same S1 tactile modules demonstrated that the inter-areal differences in rsFC measures at 483 

the modular (or columnar) level covary with those of spontaneous low-frequency LFP activity, and 484 

the local spatial distribution of rsFC signals is in close spatial agreement with that of LFP (Wilson et 485 

al., 2016; Shi et al., 2017). Together, the overall organization features we observed support the 486 

existence of millimeter-sized, functionally discrete modules and thermal nociceptive modality-487 

specific processing circuits within the S1 cortex.  488 

 489 

Distinct mesoscale functional circuits for processing innocuous tactile, nociceptive heat and cold 490 

information within S1 491 
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Numerous studies, including our own, have demonstrated cortical regions that are engaged 492 

in similar brain functions or anatomically connected often exhibit strong rsFC across multiple 493 

spatial scales (Fox and Raichle, 2007; Wang et al., 2013). Functionally (e.g., heat) and 494 

somatotopically matched modules (e.g., digit to digit) are strongly interconnected with each other. 495 

Strong inter-areal rsFC related to strong neuronal functional connectivity measured by the 496 

coherence of local field potentials in early somatosensory areas (Wilson et al., 2016; Wu et al., 497 

2017). One step further, here we discovered that heat, cold, and tactile modules form functionally 498 

distinct circuits. The presence of widely-distributed, spatially-discrete, somatotopically-appropriate 499 

functional modules during stimulation with nociceptive heat and cold supports the hypothesis that 500 

the functional segregations for cold versus heat thermal nociception are retained at the first cortical 501 

station of S1 cortex. The thalamic inputs to these different modality zones within S1 subregions 502 

remain to be determined. It is possible that nociceptive specific inputs may arise from the thalamic 503 

nucleus VMpo discovered by Dr. Craig and colleagues (Craig et al., 1994). 504 

 505 

Engagements of areas 3b and 1 in the representation of the modality and temporal features of 506 

thermal nociceptive inputs 507 

From an evolutionary point of view, complex behaviors exhibited by primates, including 508 

humans, are accomplished by streamlining different information into more specialized cortical 509 

areas for information extraction and integration. Specialized information processing regions and 510 

pathways are the fundamental organizing principle of sensory systems, which permits preservation 511 

of functional specificity and improves information integration efficacy. One such classic example is 512 

the specialization of four highly functionally related but distinct sub-areas of 3a, 3b, 1 and 2 in S1 513 

for haptic function (Kaas, 1993). Cutaneous tactile functions among these four sub-areas, such as 514 

frequency- and spatial-discriminations, are carried out by area 3b (a homologous region of S1 in 515 

rodents) and area 1, whereas area 3a and 2 are responsible for processing inputs from deeper 516 

receptors to form proprioception. The slow temporal features of those isolated heat and cold 517 
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nociceptive neurons suggest that areas 3b and 1 are likely engaged in encoding both the slow and 518 

fast components of thermal pain sensations (Figure 5). The nociceptive neurons do not appear to 519 

be involved in the encoding of the precise locations of the stimuli because thermal nociceptive 520 

neurons exhibited much larger receptive fields than their neighboring low-threshold tactile neurons, 521 

a finding that is in line with previous observations (Kenshalo et al., 1988). This suggests it is 522 

unlikely that the precise localization of nociceptive heat- or cold-evoked sensation on digits is 523 

encoded by nociceptive neurons themselves, but rather by their interacting with nearby low-524 

threshold tactile neurons that encode spatial location with much higher precision. It is possible that 525 

populations of nociceptive neurons may work together to encode the location of painful stimuli.  526 

Future studies are needed to determine this possibility. Another interesting finding is the high level 527 

of tonic spiking activity of the nociceptive neurons in the nociceptive modules. This feature is 528 

remarkably different from the low tonic firing activity exhibited by tactile neurons in core touch 529 

zones. The functional relevance of this high tonic firing activity remains to be explored. One note is 530 

that anesthesia may sharpen the spatial separations of different functional modules. We have 531 

shown with functional optical imaging of intrinsic signal that anesthesia reduces the receptive field 532 

sizes of touch neurons and spatial extent of cortex responds to peripheral stimuli (Chen et al., 533 

2009). We believe that the modular structures revealed under light anesthesia represent the core 534 

information process units in the S1 cortex of monkeys. 535 

 536 

Correspondences of nociceptive stimuli-evoked fMRI, LFP, and single unit responses: implication 537 

for probing nociceptive processing with fMRI  538 

We found that both fMRI and LFP signals are more sensitive than spiking activity in 539 

detecting thermal nociceptive stimulus-evoked cortical responses. Although the unit isolation 540 

efficacy is much improved when a fMRI activation map is used as a guide, the total number of 541 

isolated nociceptive neurons is still relatively low in comparison with the abundance of tactile 542 

neurons in adjacent modules. We attribute these findings to several possible factors. First, the high 543 
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tonic firing activity in the nociceptive domains often masks the stimulus-evoked firing activity, 544 

particularly when the firing onset lags by several seconds. Second, since synaptic activity and 545 

integration are the predominant contributors to fMRI and LFP signals, it is possible that nociceptive 546 

inputs are processed by neurons that are organized differently (e.g., the degree of functional 547 

homogeneity of neurons) or by neurons that belong to different inter-laminar micro-circuits and/or 548 

mesoscale circuits.  Spiking and LFP activities were sampled primarily from the middle layers (3-4), 549 

while the fMRI signals were sampled from the entire depth of cortex. Based on the known 550 

differences in the information flow across cortical layers within and between cortical areas, we 551 

speculate that heat and cold thermal nociceptive inputs, as well as tactile ones, may be processed 552 

by distinct inter-laminar circuitries within and beyond S1 cortex. Future studies focusing on cortical 553 

layer-dependent recordings will provide key information for this speculation.  554 

 555 

Conclusion 556 

Here we report on fMRI and electrophysiology (spiking and LFP) evidence supporting the 557 

existence of discrete ~1.7mm modules and mesoscale functional circuits for the representation of 558 

somatosensory modalities of innocuous touch, nociceptive heat and cold within primate S1 cortex. 559 

Isolation of heat and cold sensitive nociceptive neurons from the fMRI activation zones in border 560 

regions between areas 3b and 1 further support the validity of using fMRI signals to probe thermal 561 

nociceptive stimulus-evoked brain responses and functional circuits. An improved understanding of 562 

the relationships between fMRI, LFP, and spiking activities in the context of pain processing have 563 

important implications for human fMRI studies. An improved understanding of the mesoscale 564 

functional organization and circuits for nociceptive information processing is critical for developing 565 

novel statistical models that can improve the specificity and sensitivity in detecting pain-related 566 

fMRI activity and circuits in the human brain. These findings are significant for both the pain 567 

research and functional neuroimaging communities, particularly for understanding the principles of 568 

nociceptive processing in cortex and the relationship between hemodynamic BOLD signals and the 569 
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electrical activity of neurons at the modular level. 570 
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 698 

Figure Legends 699 

 700 

Figure 1. Spatial relationships of fMRI activations in M1 and S1 cortices in response to the 701 

innocuous tactile, nociceptive cold and heat stimulation in two representative monkeys 702 

(SM-R and SM-H). (a) T2*-weighted anatomical coronal image shows the placement of one 703 

oblique imaging slice centered around central sulcus (CS) for fMRI data acquisition. (b) Side view 704 

of the schematic squirrel monkey brain shows the location of the fMRI image field of view. (c) 705 

Cytochrome oxides stain of tangentially cut tissue section. Insert: zoom-in view of the 706 

microelectrode marks (red sticks) on a more superficial tissue section. Dotted yellow lines: area 3a-707 

3b and area 3b-1 borders. Yellow arrows indicate the hand-face border. (d, f, g, i) Multi-run 708 

activation frequency maps to nociceptive cold (4 oC, d and g) and heat (47.5 oC, f and i) stimulation 709 

of digits 2&3 (thresholded at > 33% probability). Color bar: frequency of activation. 3/5: three out of 710 

five runs. Scale bar: 1 mm. (e & h) Corresponding tactile activation maps in the two animals 711 

(thresholded at t = 3, p<0.001, FDR corrected). Color bar: t-value range. (j-l) 3D views of the cold 712 

(j), touch (k), and heat (l) activation patterns in areas 3b and 1.  713 

 714 

Figure 2. Spatial relationships of innocuous tactile, nociceptive cold and heat activations 715 

within S1 (areas 3a, 3b, 1 and 2) and M1 cortices in four representative monkeys (SM-R, SM-716 

O, SM-BW and SM-H). (a-b) Overlays of nociceptive cold (4 oC), heat (47.5 oC, color patches) and 717 

tactile (green outlines) fMRI activations on the electrophysiological map in monkey SM-R (top) and 718 

SM-H (bottom). Color dots represent the electrode penetration site and receptive field properties of 719 

neurons (see color code for each digit and face). (c) Composite maps of cold (blue), heat (red), 720 

and tactile (green) fMRI activations in four monkeys.  721 

 722 
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Figure 3. Cold temperature dependent % BOLD signal changes in different cortical areas. (a) 723 

Group mean time courses of BOLD signals to nociceptive cold (4 and 7 oC) and innocuous cool (15 724 

oC) stimuli in areas 3a, 3b, 1, 2, and M1 areas. Color shades around the color lines represent the 725 

range of standard errors. Light orange background blocks indicate the stimulus presentation period 726 

(21 sec). (b-f) Plots of the % BOLD signal as a function of cold stimulus intensity (oC) in areas 3a, 727 

3b, 1 and 2 of S1 and M1. (g) Comparison of response amplitudes (% signal changes) to noxious 728 

cold (4 and 7 oC) versus innocuous 15 oC stimuli across areas. * p<0.05; ** p<0.01; *** p<0.001; 729 

**** p<0.0001 (non-parametric Kruskal- -test). (h-m) 730 

Comparisons of the mean BOLD time courses (h-j) and peak (mean standard error) BOLD signal 731 

changes (k-m) to nociceptive cold (4 and 7 oC) and innocuous cool (15 oC) stimuli across cortical 732 

areas.  733 

 734 

Figure 4. 98-channel (two 7x7 arrays) Utah array mapping of local filed potential (LFP) 735 

responses to innocuous tactile (8Hz), nociceptive heat (47.5oC) and cold (4oC) stimulation in 736 

areas 3b and 1. (a-d) Maps of LFP power increases to tactile stimulation of D2 (a) and D3 (b), and 737 

heat (c) and cold (d) stimulation of D2&D3. Hand inserts show the stimulated digit(s). Color scale: 738 

power (mV2). (e) Overlay of fMRI (color patches) and LFP (color outlines) maps with respect to the 739 

740 

properties (color dots). Scale bar: 1 mm.  741 

 742 

Figure 5. Somatotopically organized LFP maps to tactile stimulation of individual digits (D1-743 

D5). 744 

identified by single microelectrode mapping and recording. Colored dots indicate the receptive 745 

fields of different digits. (c-f) Maps of gamma power changes in response to tactile stimulation of 746 

individual digits. Color bar: power ratio between stimulation versus baseline period. Scale bar: 1 747 

mm.  748 
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 749 

Figure 6. Single unit spiking activities to innocuous tactile, nociceptive heat and cold 750 

stimuli at fMRI activation clusters in area 3b in three representative monkeys (SM-H, SM-B 751 

and SM-K)). (a,d) Composite fMRI activation maps of nociceptive heat (red outlines), nociceptive 752 

cold (blue outlines) and innocuous tactile (green outlines) stimuli. Yellow dots labelled with R1 and 753 

R2 indicate the microelectrode recording sites. (b-c) peri-stimulus histogram (PSTH) of isolated 754 

nociceptive heat (b) or tactile (c) units from two penetrations within the heat fMRI activation cluster 755 

(red outline) in area 3b of SM-H. The stimulation sites are illustrated on the insert hands for each 756 

unit. The shapes of isolated signal unit spiking are shown as inserts. Green horizontal lines 757 

indicate the mean firing rate (spikes/bin) at 95% confidence level. (e) Nociceptive heat and cold 758 

units isolated from the cold fMRI activation cluster in area 3b of SM-B. (f) Control microelectrode 759 

recordings (color dots) from the tactile stimulus-evoked fMRI activation cluster. (g) PSTH of 760 

representative low threshold tactile units in response to probe indentations. (h) A table 761 

summarizing the total number of isolated heat, cold, and tactile stimuli sensitive and non-stimulus-762 

locked spontaneous unit activity at different fMRI activation clusters (heat versus cold). (i)  A 763 

schematic illustration of the relationships of the nociceptive heat and cold units isolated (color dots), 764 

the stimulation locations (thenar or digits), and their corresponding fMRI activation clusters (heat or 765 

cold).  766 

 767 

Figure 7. Distinct seed-based resting state functional connectivity patterns of heat, cold and 768 

tactile fMRI activation foci in area 3b of SM-H. (a) Three seeds (colored dots) are selected in the 769 

touch (green), heat (red), and cold (blue) fMRI activation (color outlines) clusters. (b-d) 770 

Corresponding voxel-wise correlation (functional connectivity) patterns for each seed (labeled as *) 771 

(thresholded at r>0.45). Color bars indicate the r value (correlation coefficient) range. (e) Overlaid 772 

heat, cold and tactile seeds functional connectivity maps (color patches). (f-h) overlaid fMRI 773 

activation (colored outline) and functional connectivity maps (color patches) for tactile (f), heat (g) 774 
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and cold (h) respectively. (i-j) 2D matrix plots of pair-wise correlation maps (i) and corresponding 775 

standard error map (j) across all modality and control (face region) seeds. T: tactile seed in area 3b; 776 

T-3a: tactile seed in area 3a; T-a1: tactile seed in area 1; T-a2: tactile seed in area 2.  H: heat seed 777 

in area 3b; H-3a: heat seed in area 3a; H-a1: heat seed in area 1; H-a2: heat seed in area 2. C: 778 

cold seed in area 3b; C-3a: cold seed in area 3a; C-a1: cold seed in area 1; C-a2: cold seed in 779 

area 2. F: face control seed. Color bar: r value range. (k) Box plots of the r values (correlation 780 

coefficient) between different seed pairs. * p<0.05, **** p<0.001 (one-way ANOVA followed by 781 

Tukey post-test). 782 

 783 

Figure 8. Schematic illustration of the functional modular organizations and mesoscale 784 

circuits within S1 cortex. (a) Side view of functional areas of new word monkey and the location 785 

of S1 and M1 cortex. (b) Spatially-segregated modular organization of innocuous tactile, 786 

nociceptive heat and cold processing regions, and their functionally distinct mesoscale networks. 787 

Solid color lines indicate robust connections and dotted color lines represent weak connections. 788 

  789 
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 790 

Table 1. Activation sizes (mm2) to nociceptive cold versus heat stimuli in S1 cortex 791 
Subjects Cold + Heat Cold Heat Overlap 

SM-R 11.98 7.28   (60.77%) 4.70 (39.23%) 0.92 (7.68%) 
SM-H 34.62 26.08 (75.33%) 8.54 (24.67%) 1.36 (3.93%) 
SM-O 24.47 6.12   (25.01%) 18.35 (74.99%) 0.11 (0.45%) 

SM-BW 32.83 17.05 (51.93%) 15.78 (48.07%) 2.45 (7.46%) 
Mean 25.97 14.13 (54.41%) 11.84 (45.59%) 1.21 (4.66%) 

 792 
 793 
Table 2. Inter-area distances (mm) 794 

Areas Heat Cold Tactile 
Areas 3a-3b 3.37 ± 0.60 4.21 ± 1.21  
Areas 3b-1 3.42 ± 1.04 3.82 ± 1.07 3.64 ± 0.74 

mean 3.40 ± 0.86 4.02 ± 1.14 3.64 ± 0.74 
 795 

Table 3. Temporal characteristics of spiking activity 796 
 Time to peak 

(sec) 
Amplitude 
(imp/sec) 

Duration (Sec) 
FWHM 

Duration/stimulus 
ratio 

Tactile 0.06 ± 0.01    *$ 16.09 ± 1.89  $ 0.23 ± 0.02   *$ 0.46 ± 0.03  * $ 
Heat 10.73 ± 2.00  * 16.69 ± 7.61 16.60 ± 3.37 * 0.84 ± 0.17  *  
Cold 14.39 ± 2.55   $ 2.90 ± 0.76    $ 20.69 ± 3.09   $ 1.04 ± 0.16    $ 
Stats  $,* p<0.01  $ p<0.05 *$ p< 0.001 *p<0.05, $p<0.01 

Note: values are presented as Mean ± standard error. The value with a same symbol (* or $) belongs to the 797 
comparison pair. Stats: statistical analysis, one-  798 

 799 

 800 


















