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Abstract 24 

The common marmoset (Callithrix jacchus) is a small New World primate species that has been 25 

recently targeted as a potentially powerful preclinical model of human prefrontal cortex 26 

dysfunction.  Although the structural boundaries of frontal cortex were described in marmosets at 27 

the start of the 20th century (Brodmann, 1909) and refined more recently (e.g., Paxinos et al., 28 

2012), the broad functional boundaries of marmoset frontal cortex have yet to be established.  In 29 

this study, we sought to functionally derive boundaries of marmoset lateral frontal cortex (LFC) 30 

using ultra-high field (9.4 T) resting state functional magnetic resonance imaging (RS-fMRI).  31 

We collected RS-fMRI in seven (4 females, 3 males) lightly anesthetized marmosets and 32 

employed a data-driven hierarchical clustering approach to derive subdivisions of LFC based on 33 

intrinsic functional connectivity.  We then conducted seed-based analyses to assess the 34 

functional connectivity between these clusters and the rest of the brain. The results demonstrated 35 

seven distinct functional clusters within LFC. The functional connectivity patterns of these 36 

clusters with the rest of the brain were also found to be distinct and organized along a rostro-37 

caudal gradient, consonant to that found in humans and macaques. Overall, these results support 38 

the view that marmosets are a promising preclinical modelling species for studying LFC 39 

dysfunction related to neuropsychiatric or neurodegenerative human brain diseases.   40 

 41 
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Significance statement 47 

The common marmoset is a New World primate that has garnered recent attention as a powerful 48 

complement to canonical Old World primate (e.g., macaques) and rodent models (e.g., rats, 49 

mice) for preclinical modelling of the human brain in healthy and diseased states. A critical step 50 

in the development of marmosets for such models is to characterize functional network 51 

topologies of frontal cortex in healthy, normally functioning marmosets – i.e., how these 52 

circuitries are functionally divided, and how those topologies compare to human circuitry.  To 53 

our knowledge, this is the first study to demonstrate functional boundaries of LFC and the 54 

corresponding network topologies in marmoset monkeys.   55 

 56 
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Introduction 70 

 Primate lateral frontal cortex (LFC) is critical for integrating neuronal processes that 71 

result in complex and flexible behavior (Fuster, 2001; Miller and Cohen, 2001; Tanji and Hoshi, 72 

2008).  With dysfunction of LFC implicated across a range of neuropsychiatric disorders (e.g., 73 

schizophrenia; Shenton et al., 2001), the ability to model LFC dysfunction in non-human 74 

mammalian species is critical for investigating the etiology of these disorders. The common 75 

marmoset (Callithrix jacchus) is a small New World primate species that has been recently 76 

targeted as a potentially powerful preclinical model of human prefrontal cortex dysfunction 77 

(Okano et al., 2016). With a granular frontal cortex (Reser et al., 2017) and the advent of 78 

transgenic modification techniques (Sasaki et al., 2009; Park et al., 2016; Tomioka et al., 2017), 79 

marmosets are well positioned to serve as neuropsychiatric models of prefrontal cortex 80 

dysfunction (Okano et al., 2016).  A critical step in the development of marmosets for such 81 

models, however, is to characterize functional network topologies of LFC that are homologous 82 

(and thus potentially comparable) with the human brain. Here, we sought to characterize the 83 

intrinsic functional boundaries of LFC in marmosets using resting state functional magnetic 84 

resonance imaging (RS-fMRI) in lightly anesthetized marmosets at ultra-high field (9.4 T).    85 

 Structurally, marmosets share the same basic architectonic organization of LFC with 86 

humans and macaques (Petrides, 2005; Paxinos et al., 2012; Reser et al., 2013).  Although these 87 

regions share the same architectonic designations (Brodmann’s areas 10, 9, 46, 47, 8, 45, 6, and 88 

4 exist across the three species), the criteria to delineate the areas has varied across primate 89 

studies (see Petrides, 2005 for review).  Further, structural connectivity studies in humans and 90 

macaques suggest that fiber endpoints exhibit patterns that are distinct from those delineated 91 

through cytoarchitecture (Yeterian et al., 2012; Sallet et al., 2013).  The functional boundaries of 92 
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these regions also seem to differ, as it has been shown that the functional clusters of LFC may 93 

not strictly overlap with cytoarchitectonic boundaries (Sallet et al., 2013; Hutchison and 94 

Everling, 2014). As such, it is important to map the functional boundaries of these regions 95 

directly, rather than inferring function from structural organization.  96 

Resting state functional magnetic resonance imaging (RS-fMRI) has allowed for 97 

functional mapping of broad LFC boundaries in both humans and macaques (Cohen et al., 2008; 98 

Goulas et al., 2012; Sallet et al., 2013; Hutchison and Everling, 2014).  To date, however, little is 99 

known about the functional boundaries of LFC in marmosets.  A clear benefit of using RS-fMRI 100 

to map functional boundaries is that it is blind to cytoarchitectonic boundaries and thus not 101 

constrained by a priori hypotheses about LFC organization (e.g., those based on structural 102 

organization). Because RS-fMRI is task-independent, it thus relieves the burden of task-103 

matching across species and the need for extensive training protocols in nonhuman primates.  As 104 

such, RS-fMRI is well suited for identifying similarities or differences in integrated functional 105 

networks across primate species (e.g., between New and Old World primates).  106 

In this study, we sought to functionally derive boundaries of marmoset LFC using RS-107 

fMRI.  We collected RS-fMRI in seven lightly anesthetized marmosets and employed a data-108 

driven hierarchical clustering approach to identify subdivisions of LFC based on intrinsic 109 

functional connectivity.  We then conducted seed-based analyses to assess the functional 110 

connectivity between these clusters and the rest of the brain.  Given that marmosets are poised to 111 

become a leading transgenic primate model of preclinical human neuropsychiatric diseases 112 

(Sasaki et al., 2009; Kishi et al., 2014; Okano and Mitra, 2015; Okano et al., 2016), 113 

understanding the functional organization of LFC will be important as researchers leverage the 114 

phylogenetic similarity of marmosets to model such intractable diseases.   115 
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Materials and Methods 116 

Image acquisition 117 

 Data were collected from seven (4 females, 3 males) adult marmosets (Callithrix jacchus) 118 

aged 1-6 years weighing from 300-500 g.  Prior to each imaging session, anesthesia was induced 119 

with ketamine hydrochloride at 20 mg/kg.  During scanning, marmosets were lightly 120 

anesthetized with isoflurane and maintained at a level of 1.5 % throughout the scan by means of 121 

inhalation.  Oxygen flow rate was kept between 1.75 and 2.25 l/min throughout the scan.  122 

Respiration, SpO2, and heart rate were continuously monitored via pulse oximeter and were 123 

observed to be within the normal range throughout the scans. Body temperature was also 124 

measured and recorded throughout, maintained using warm-water circulating blankets, thermal 125 

insulation, and warmed air.  All animals were head-fixed in stereotactic position using a custom-126 

built MRI bed with ear bars, eye bars, and a palate bar housed within the anesthesia mask (see 127 

Figure 1 for design). All imaging was performed at the Centre for Functional and Metabolic 128 

Mapping at the University of Western Ontario. Experimental procedures were in accordance 129 

with the Canadian Council of Animal Care policy and a protocol approved by the Animal Care 130 

Committee of the University of Western Ontario Council on Animal Care. 131 

 Data were acquired using an 9.4 T 31 cm horizontal bore magnet (Varian/Agilent, 132 

Yarnton, UK) and Bruker BioSpec Avance III console with the software package Paravision-6 133 

(Bruker BioSpin Corp, Billerica, MA) and a custom-built high performance 15-cm-diameter 134 

gradient coil with 400-mT/m maximum gradient strength (xMR, London, CAN; Peterson et al., 135 

2018). A geometrically optimized 8-channel phased array receive coil was designed in-house, for 136 

SNR improvement and to allow for acceleration of the echo planar imaging of marmoset cohorts 137 

(see Gilbert et al., 2019 for open-source computer-aided design files), with two open elements 138 



MARMOSET FUNCTIONAL CLUSTERING 

 

7 

7 

around the ear bars which were electrically closed after the animal was head-fixed via a brass 139 

screw (see Figure 1). Preamplifiers were located behind the animal and the receive coil was 140 

placed inside a quadrature birdcage coil (12-cm inner diameter) used for 141 

transmission. Functional imaging was acquired during one session for each animal, with 4-6 142 

functional runs (at 600 volumes each) with the following parameters: TR = 1500 ms, TE = 15 143 

ms, flip angle = 35 degrees, field of view = 64  64 mm, matrix size = 128  128, voxel size = 144 

0.5  0.5  0.5 mm, slices = 42, bandwidth = 500 kHz, GRAPPA acceleration factor: 2 (anterior-145 

posterior). T2-weighted structural scans were acquired for each animal with the following 146 

parameters: TR = 5500 ms, TE = 53 ms, field of view = 51.2  51.2 mm, matrix size = 384  147 

384, voxel size = 0.133  0.133  0.5 mm, slices = 42, bandwidth = 50 kHz, GRAPPA 148 

acceleration factor: 2.  149 

Image preprocessing 150 

 Data was preprocessed using AFNI (Cox, 1996) and FSL (Smith et al., 2004). Raw 151 

functional images were converted to NifTI format using dcm2niix (Li et al., 2016) and reoriented 152 

from the sphinx position using FSL (see Figure 1 for example raw functional volume).  The 153 

images were then despiked (AFNI’s 3dDespike) and volume registered to the middle volume 154 

(AFNI’s 3dvolreg).  The motion parameters from volume registration were stored for later use 155 

with nuisance regression.  Images were smoothed by a 1.5 mm full-width at half-maximum 156 

Gaussian kernel to reduce noise (AFNI’s 3dmerge).  An average functional image was then 157 

calculated for each session and registered (FSL’s FLIRT) to each animal’s T2-weighted image – 158 

the 4D time series data was carried over using this transformation matrix. T2-weighted images 159 

were manually skull-stripped and this mask was applied to the functional images.  160 
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T2-weighted images were non-linearly registered to the NIH marmoset brain atlas (Liu et 161 

al., 2018) using Advanced Normalization Tools (ANTs; Avants et al., 2011) and the resultant 162 

transformation matrices were applied to the functional images. The olfactory bulb was manually 163 

removed from the T2-weighted images of each animal prior to registration, as it was not included 164 

in the template image.  165 

 166 

Experimental Design and Statistical Analysis 167 

Hierarchical clustering 168 

 Once all images were in template space, the time series data were imported into 169 

MATLAB (The Mathworks, Matick, MA) for hierarchical clustering analysis.  Because we were 170 

explicitly interested in the LFC, we limited the clustering analysis to frontal areas 10, 46D, 46V, 171 

47L, 9, 8b, 8aD, 8aV, 8C, 45, 6M, 6DR, 6DC, 6Va, 6Vb, 4ab, and 4c as defined in the Paxinos 172 

marmoset atlas (Paxinos et al., 2012), which is registered and included with the NIH template 173 

files (Liu et al., 2018).  A cross correlation matrix between all voxels within the LFC mask 174 

(consisting of 1,587 voxels) was calculated for each run using MATLAB’s “partialcorr” function 175 

– explicitly, partial correlation coefficients were calculated between pairs of voxels within the 176 

time series matrix, while controlling for the remaining voxels within the matrix. Motion 177 

parameters, linear and nonlinear trends, and mean white matter time courses were used as 178 

nuisance regressors. Following a Fisher z-score transformation, the average z-score was 179 

calculated across scans (runs) within each animal, then the average across all animals was 180 

calculated. The result of this was the average pairwise correlation (i.e., 1 matrix) between all 181 

voxels within the LFC mask; hierarchical clustering was then conducted to extract discrete 182 

functional clusters within the LFC mask.  Because hierarchical clustering does not require the 183 
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specification of a number of clusters, we iterated from 2 through 20 clusters. To estimate the 184 

optimum number of clusters for our data, we calculated a silhouette index (Matlab’s 185 

“evalclusters” function; higher values indicate more optimal cluster solutions). This method has 186 

been applied previously in RS-fMRI-based functional clustering of macaque prefrontal cortex 187 

(Hutchison and Everling, 2014). Based on this analysis, we chose to conduct a seed based 188 

analysis with 7 clusters.   189 

 190 

Cluster seed-based analyses 191 

 Using the seven discrete functional clusters derived from the normalized group map, seed 192 

analyses were conducted between each region (i.e., the mean time course within each cluster) 193 

and every other voxel in the brain (with the nuisance regressors described above; FSL’s FEAT).  194 

A group functional connectivity map (Z score map) was then calculated for each of the seven 195 

clusters and corrected for multiple comparisons with Gaussian random field theory (Z > 2.3; 196 

cluster significance: p < 0.05, corrected).  The group cluster maps were then projected to surface 197 

space with CARET (Van Essen et al., 2001); a surface-based version of the volume template was 198 

generously provided by the authors of the NIH marmoset brain template (Liu et al., 2018).  199 

 200 

Results 201 

Hierarchical clustering 202 

  Hierarchical clustering was run on the functional connectivity values between all of the 203 

voxels within the LFC (cytoarchitectonically defined areas 10, 46, 47, 9, 8, 45, 6, and 4; Paxinos 204 

et al., 2012).  As shown in Figure 2, the clustering analysis yielded solutions for 2 through 20 205 

clusters based on the functional connectivity data.  To determine a potential optimum number of 206 
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clusters, we conducted a silhouette analysis which demonstrated an optimum 11 clusters.  The 207 

plot of these values, however, suggests that the silhouette values start to level off after 7 clusters 208 

and remain relatively stable up to 20 clusters (see Figure 3).  Given that hierarchical clustering 209 

simply subdivides existing clusters as the cluster number increases (i.e., all cluster solutions are 210 

subsets of the 2 cluster solution; Figure 3B), we also considered whether the seed-based 211 

connectivity maps of the subclusters provided additional information when choosing the optimal 212 

cluster number of seven. Given that right and left hemispheres yielded similarly placed clusters 213 

(see Figure 4), we report results from the right hemisphere only.   214 

 215 

Cluster seed-based analyses 216 

 Mean time courses were extracted from each of the seven clusters and functional 217 

connectivity was calculated with each voxel across the rest of the brain.  As shown on surface 218 

maps in Figure 5 (Figure 6 for subcortical regions), seven distinct functional connectivity maps 219 

emerged (albeit with some regions of overlap).  The most rostral cluster (cluster “6”) 220 

corresponded well to area 10 and showed connectivity that was largely constrained to prefrontal 221 

cortex (see Figure 5 for specifically labelled regions).  Cluster “3” corresponded to areas 46D, 222 

46V, the anterior portion of 47L and the anterior portion of 8aD. The functional connectivity of 223 

cluster “3” extended more caudally than cluster “6” into anterior cingulate (areas 32 and 24) and 224 

lateral temporal areas (temporo-parieto-occipital association area; parietal area PGa).   Similarly, 225 

cluster “4” included multiple cytoarchitectonic areas (8b, 6DR, and the posterior half of 8aD) 226 

and showed strong functional connectivity with anterior and midcingulate (areas 24, 32, and 23) 227 

as well as temporo-parieto-occipital association area, lateral intraparietal area, and temporo-228 

parietal transitional area.  Cluster “1” included 8aV, 45, and the majority of 47L, which was 229 
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clearly delineated from the cytoarchitectonic border of area 6V which was almost entirely 230 

covered by cluster “2”.  Clusters “1” and “2” generally showed similar patterns of connectivity, 231 

but cluster “1” showed greater connectivity with temporo-parieto-occipital association area and 232 

temporo-parietal transitional area. Cluster “5” encompassed areas 6DC, 8C, 4C, and the posterior 233 

portion of 6DR and was connected most strongly to area 4ab, mid cingulate, lateral intra-parietal 234 

area, and temporo-parietal transitional area. Cluster “7” encompassed area 4ab, but also included 235 

area 6DC and 6M and was most strongly connected to lateral temporal, midcingulate, and 236 

parietal areas.  237 

 238 

Discussion 239 

In this study, we delineated intrinsic functional boundaries of marmoset LFC using ultra-240 

high field RS-fMRI data and a data-driven hierarchical clustering analysis approach.  The results 241 

demonstrated seven distinct functional clusters within LFC, with several of the clusters 242 

overlapping well with cytoarchitectonic LFC boundaries (e.g., areas 6Va, 6Vb, and 10), whereas 243 

other functional clusters were not constrained by the cytoarchitectonic boundaries (e.g., those 244 

spanning areas 46, 47, 8, 45). Functional connectivity of these clusters with the rest of the brain 245 

was also found to be distinct, with seven patterns of functional connectivity that were organized 246 

in a rostro-caudal pattern consonant to that found in humans and macaques (Goulas et al., 2012; 247 

Hutchison and Everling, 2014). Overall, these results support the view that marmosets are a 248 

promising preclinical modelling species for studying LFC function in healthy and diseased 249 

states.  250 

 To determine the functional boundaries of LFC, we applied a hierarchical clustering 251 

approach to the group-wise functional connectivity values within marmoset LFC (i.e., voxels 252 
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within cytoarchitectonically defined LFC areas 10, 46, 47, 9, 8, 45, 6, and 4; Paxinos et al., 253 

2012).  As shown in Figure 2, this analysis yielded 2 through 20 cluster solutions in LFC.  254 

Although we found the optimal cluster solution to include 7 clusters (see Figure 3C for silhouette 255 

values), we believe that valuable information exists among other cluster solutions as well.  For 256 

example, the 2 cluster solution seemed to clearly demarcate lateral frontal and lateral prefrontal 257 

cortex, showing what likely corresponds to a caudal “sensorimotor” cluster and a dorsal 258 

“prefrontal” cluster.  As these clusters were further subdivided (see Figure 3B), we found that 259 

potentially valuable functional boundaries were revealed with each iteration. With cluster 260 

solutions above 7, however, we found that further subclustering did not yield sufficiently distinct 261 

functional connectivity maps with the rest of the brain (despite similar or even higher silhouette 262 

values; see Figure 3). Even with the 7 cluster solution, the lateral surface maps of clusters 263 

numbered “4” and “5” were strikingly similar and only showed differences on the medial surface 264 

(see Figure 5).  Based on these considerations, we chose a 7 cluster cutoff for this study, but as 265 

future studies leverage these RS-fMRI based functional boundaries, the optimal cluster solution 266 

may depend on scientific question at hand.  267 

The patterns of functional connectivity between mean time courses from the 7 clusters 268 

and voxel time courses across the rest of the brain (shown in Figure 5) suggest a LFC network 269 

topology that is generally organized along a rostro-caudal gradient (Petrides, 2005; Passingham 270 

and Wise, 2012).  This pattern corresponds well to what has been previously reported in humans 271 

and macaques (e.g., see Sallet et al. 2013 for cluster-based patterns of activation in both humans 272 

and macaques). For example, when comparing connectivity of the present data (Figure 5) 273 

between rostral clusters (i.e., clusters “1”, “3”, & “6”) and caudal clusters (i.e., “4”, “5”, & “7”), 274 

it is clear that the rostral clusters have greater connectivity with the anterior portion of cingulate 275 
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and lateral temporal areas, whereas the caudal clusters have greater connectivity with 276 

midcingulate and parietal regions. 277 

The rostro-caudal functional LFC network topology shown here is intriguing from a 278 

translational perspective as it suggests evolutionary preservation of the functional organization of 279 

LFC in New World marmosets.  Indeed, histochemical tracing studies of marmosets suggest that 280 

structural connectivity of LFC is arranged along the same general rostro-caudal gradient as in 281 

humans and macaques (Roberts et al., 2007; Majka et al., 2016).  When comparing studies of 282 

human and macaque functional connectivity to the present marmoset data, there are some 283 

striking similarities in both cluster location within LFC and the corresponding functional 284 

connectivity with the rest of the brain.  For instance, Goulas et al (2012; humans), Sallet et al. 285 

(2013; humans and macaques, based on DTI clustering), and Hutchison et al. (2014; macaques) 286 

all report the following: 1) a rostral cluster corresponding well to area 10 (shown by cluster “6” 287 

here; Figure 5), 2) caudal clusters corresponding to areas 8aD/8aV (split by clusters “4” and “1” 288 

here, and corresponding to areas 8aD/8aV, respectively), 3) dorsal clusters corresponding to 289 

areas 8b and extending into area 6.  The Goulas et al (2012; humans) and Hutchison et al (2014; 290 

macaques) studies also show ventral clusters corresponding areas 45 and 47 (cluster “1” here).   291 

Although generally consistent, there are some notable differences between these reported 292 

functional boundaries in Old World primates and our present data – for instance, these studies 293 

(Goulas et al., 2012; Sallet et al., 2013; Hutchison and Everling, 2014) also show clusters 294 

corresponding to area 9/46 (shown by cluster “3” here), but area 46 seems to subcluster into 295 

three discrete (and more extensive) clusters, especially in humans.  This is not surprising given 296 

the relative size of area 46 in marmosets (e.g., size of cytoarchitectonic area 46 relative to area 8) 297 

compared to Old World primate species (Petrides, 2005; Paxinos et al., 2012). Additionally, 298 
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areas 9 and 46 have been shown to further subdivide in humans (Rajkowska and Goldman-299 

Rakic, 1995). In area 10 (cluster “6” here), we found that the patterns of connectivity were more 300 

similar to that of macaques than to humans (Sallet et al., 2013), with the connectivity largely 301 

constrained to frontal cortex – this pattern fits well with recent evidence suggesting that there is 302 

not a clear functional connectivity “fingerprint” supporting a homogolous area 10 in macaques 303 

(Neubert et al., 2015).  It is important to take heed of these differences (e.g., differences in areas 304 

46 or 10), as these disparities may have implications for the suitability of marmosets as a non-305 

human primate comparator of human cognition.  Given that the density of pyramidal cells in 306 

human prefrontal cortex is ~4 times more than in marmosets (e.g., area 10) and the marmoset 307 

granular prefrontal cortex only occupies ~9 % of the total brain volume (whereas the human 308 

granular prefrontal cortex is ~30 % of the total volume; see Elston, 2013 for review), there are 309 

clear morphological differences that are likely reflected in cognitive ability, such as working 310 

memory (Goldman-Rakic, 1995).   311 

Although the functional clusters of LFC are described above with reference to 312 

cytoarchitectonic boundaries, these boundaries do no strictly overlap in our data.  When viewed 313 

on the medial wall (Figure 5B), the functional boundaries appear to overlap well with the areas 314 

10, 9, and 8b, with areas 6M and 4ab grouped as one cluster.  When viewed on the lateral wall 315 

(Figure 5A), however, it is clear that cluster “3” subsumes areas 46D, 46V, the anterior portion 316 

of 47L and the anterior portion of 8aD.  Similarly, cluster “4” included area 8b, 6DR, and the 317 

posterior half of 8aD.  Cluster “1” included 8aV, 45, and the majority of 47L, which was clearly 318 

delineated from the cytoarchitectonic border of area 6V which was almost entirely covered by 319 

cluster “2”.   Cluster “7” encompassed area 4ab, but also included area 6DC and 6M – it is 320 

interesting, however, that these functional boundaries seem to overlap better with 321 
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cytoarchitectonic boundaries at higher cluster solutions (see Figure 2).  The intermingling of 322 

functional and cytoarchitectonic boundaries has also been shown to occur in Old World primates 323 

(Sallet et al., 2013; Hutchison and Everling, 2014) and is consistent with evidence suggesting 324 

that prefrontal cortex function relies on the interaction of regions, rather than subregions per se 325 

(Miller and Cohen, 2001).  A distinct advantage of studying the prefrontal cortex of the New 326 

World marmoset brain is that it is lissencephalic, which makes it amenable for laminar 327 

electrophysiology or two-photon calcium imaging (i.e., allows for perpendicular electrode/lens 328 

placement).  This is in contrast to macaques, where the arcuate and principle sulci prevent such 329 

recordings across the entirety of prefrontal cortex (Bastos et al., 2018).  As such, we expect that 330 

further details regarding the functional boundaries and behavioral implications of those 331 

boundaries will be elucidated as marmoset neuroscience research continues to burgeon. For 332 

example, the existence of an area 44 homologue (not identified here, but has been identified in 333 

macaques; Petrides, 2005; Goulas et al., 2017) may be of particular intrigue for those interested 334 

in the evolution of language regions.  It seems plausible that our data does not have sufficient 335 

spatial resolution to detect a cluster corresponding to area 44 (see 20 cluster solution, Figure 3A), 336 

as the homologue would be quite small in marmosets. As suggested by electrophysiology, 337 

however, it could also be the case that vocalization in the marmoset is represented more widely 338 

across LFC (i.e., lateral frontal recordings during antiphonal calling; see Figure 4; Miller et al., 339 

2015).  340 

 Understanding the network topology of marmoset frontal cortex is critical for the 341 

development of preclinical models of human brain diseases.  Although the structural boundaries 342 

of LFC were described in marmosets at the start of the 20th century (Brodmann, 1909) and 343 

refined more recently (e.g., Paxinos et al., 2012), the broad functional boundaries of marmoset 344 
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LFC have yet to be delineated (although lesion, electrophysiology, and fMRI studies have been 345 

informative in this regard; Ghahremani et al., 2017; Hung et al., 2015; Miller et al., 2015; Shiba 346 

et al., 2015). Here, we demonstrate that the functional network topology of marmoset LFC can 347 

be subdivided into discrete functional subregions using RS-fMRI, a non-invasive measure.  We 348 

expect that these functional boundaries will be useful as models of neuropsychiatric diseases of 349 

marmoset are developed (Oikonomidis et al., 2017).  350 
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Figure 1. Computer-aided design (CAD) drawings of the stereotactic marmoset holder and 483 

radiofrequency coil former (in-house designs). Panel (A) shows the marmoset tray with the 484 

radiofrequency coil installed via an adjustable coil arm. The coil was designed to be installed 485 

after the marmoset is head-fixed in the stereotactic frame via tightening brass screws that 486 

electrically close the coil elements around the ear bars.  Panel (B) shows the tray with the coil 487 

removed to show the ear bars, eye bars, and pallet bar (integrated with anesthesia mask).  These 488 

designs can be 3d-printed and will be described in detail in Gilbert et al. (2019; along with open-489 

source CAD drawings).  Panel (C) shows the data quality of a single raw functional volume (i.e., 490 

after converted to NIfTi format and reoriented, but before any preprocessing; single volume 491 

randomly chosen from the 5th marmoset imaged) acquired using the stereotactic frame and 492 

radiofrequency receive coil shown in panels (A) and (B). Panel (D) shows a group temporal 493 

singal-to-noise (SNR) map overlaid on the NIH T2-weighted template. The group temporal SNR 494 

map shows that signal in LFC was relatively high and homogenous across LFC – generally, the 495 

coil was placed more anteriorly (biasing LFC over posterior visual regions).   496 
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Figure 2. Hierarchical clustering solutions of functional connectivity data within LFC.  Upper 506 

left shows cytoarchitectonic boundaries (white lines) and labels of LFC (Paxinos et al., 2012) 507 

displayed on the NIH marmoset brain template surface (Liu et al., 2018).  The number images 508 

display 2 through 20 hierarchical cluster solutions based on the functional connectivity (i.e., time 509 

course correlations) within the LFC. These cluster solutions are available for download at 510 

https://web.gin.g-node.org/everling_lab_marmosets/Marmoset_LFC_funcitonal_boundaries. 511 

Colors indicated separate clusters for each cluster solution.  512 
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Figure 3. Hierarchical clustering dendrogram and silhouette analysis. Panel (A) shows the 20 529 

cluster solution displayed on a surface model (from Figure 2); the cluster numbers correspond to 530 

the x-axis in panel (B), which shows the dendrogram of the 20 cluster solution. Panel (C) shows 531 

the silhouette values for each cluster solution, with higher values demonstrating a more optimal 532 

cluster solution. 533 
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Figure 4. Seven cluster solutions, conducted separately for each hemisphere. Colors correspond 552 

to separate clusters in each hemisphere.  When conducting the hierarchical clustering analysis on 553 

each hemisphere independently, the spatial distribution is quite similar, suggesting reliability. 554 

Note that the left hemisphere results are displayed on a right hemisphere surface model (x-555 

direction swapped), as a left hemisphere surface model was not created. Cytoarchitectonic labels 556 

are shown on a lateral surface at the top of the figure for reference. 557 
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Figure 5.  Whole-brain connectivity of LFC clusters. Panel (A) shows the labeled lateral surface 575 

(Paxinos et al., 2012; Liu et al., 2018) in the center and the resultant connectivity maps (z 576 

transformed) surrounding the cluster image (numbers in the center correspond to surrounding 577 

functional connectivity maps).  Panel (B) shows the same maps, but on the medial surface.  578 
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Figure 6.  Subcortical connectivity of the seven functional clusters. Panel (A) shows the seven 598 

cluster solution (same as Figure 4A).  Panel (B) shows slice selections (blue lines) against a 599 

sagittal slice. Panel (C) shows these slices with functional connectivity values overlaid (same 600 

results as shown in Figure 4, but displayed volumetrically to show subcortical connectivity); the 601 

numbers to the left of the slices in panel (C) correspond to the cluster number shown in panel 602 

(A). The numbers above the slices correspond to the distance (in mm) from anterior commissure.   603 














