bioRxiv preprint doi: https://doi.org/10.1101/2023.11.20.567885; this version posted November 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Multiple focal pulvinar projection fields in the macaque cortex

Mathilda Froesel’, Simon Clavagnier*, Quentin Goudrad®, Qi Zhu*°, Wim Vanduffel>**,

Suliann Ben Hamed*

1. Institut des Sciences Cognitives Marc Jeannerod, UMR5229, CNRS-University of Lyon 1,

France

2. Department of Neurosciences, Laboratory of Neuro- and Psychophysiology, KU Leuven

Medical School, 3000 Leuven, Belgium

3. Athinoula A. Martinos Center for Biomedical Imaging, Massachusetts General Hospital,
Charlestown, MA 02129, USA

4. Department of Radiology, Harvard Medical School, Boston, MA 02144, US

5. Cognitive Neuroimaging Unit, INSERM, CEA, Université Paris-Saclay, NeuroSpin Center,
91191 Gif/Yvette, France

Corresponding authors: Mathilda Froesel: mathilda.froesel@isc.cnrs.fr; Suliann Ben Hamed:

benhamed@isc.cnrs.fr

Abstract

The pulvinar, the largest nucleus of the thalamus, is functionally heterogeneous and involved
in multiple cognitive functions. It has been proposed to act as a functional hub of cortical
processes due to its extensive reciprocal connectivity with the cortex. However, its role in
cognition is not fully understood yet. Here, we posit that an improved understanding of its
functional connectivity with the cortex is needed to better capture the cognitive functions of
this nucleus. To address this question, we characterize the pulvino-cortical functional
connectivity along the ventro-dorsal, antero-posterior and medio-lateral axes, using awake
resting state data from ten adult macaques. We first report two global cortical functional
connectivity gradients along the antero-posterior and ventro-dorsal pulvinar gradients, that
match remarkably well the structural connectivity gradients described by anatomical
approaches. In addition to these global gradients, multiple local cortical pulvinar projection
fields can be identified at the sulci level such as in the lateral sulcus (LS), the intraparietal
sulcus (IPS), the principal sulci (PS) and the anterior cingulate cortex (ACC). For most sulci,
we show that functional pulvino-cortical projection fields follow the major anatomical axis of

these different sulci (e.g. the ventro-dorsal axis for the LS and the antero-posterior axis for
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the IPS). Other sulci, such as the superior temporal sulcus, the posterior cingulate cortex or
the central sulcus, display multiple projection fields from the pulvinar. Although substantial
inter-individual differences exist, the general functional connectivity patterns are remarkably
consistent across hemispheres and individuals. Overall, we propose that these multiple
pulvinar projection fields correspond to a fundamental principle of pulvino-cortical
connectivity and that a better understanding of this connectional organization will shed light
on the function of pulvino-cortical interactions and the role of the pulvinar in cognition at

large.
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1 Introduction

N

The pulvinar, the largest and most posterior nucleus of the thalamus, is characterized by
widespread anatomical connections with the rest of the brain. Based on the highly complex
cortico-pulvino-cortical connectivity and the pulvinar's synaptic organization with typical
feedback and feedforward projections, the pulvinar has been proposed to act as a functional
hub or modulator of cortical processes (Benarroch, 2015; Rouiller & Welker, 2000; Saalmann
& Kastner, 2011; Sherman, 2007; Sherman & Guillery, 2006; Shipp, 2003). The anatomy of

this higher-order subcortical nucleus is also very heterogeneous. It is classically divided in
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10 several sub regions based on their specific cytoarchitectonic and chemoarchitectonic
11  properties, namely the anterior, medial, lateral and inferior subdivisions of the pulvinar, each
12  containing even smaller subdivisions (Gutierrez et al., 1995, 2000; Olszewski et al., 1952;
13 Stepniewska & Kaas, 1997; Walker, 1938). For example, the medial pulvinar is divided in
14 medio-lateral and medio-medial nuclei, the lateral pulvinar is divided in a ventro-lateral and
15 dorso-lateral pulvinar. The inferior pulvinar is divided in the posterior, medial and central
16 inferior pulvinar. In humans, functional pulvinar parcellations have mostly relied on meta-
17 analyses of task-related neuroimaging studies and resting state-based clustering analyses
18 (Barron et al.,, 2015; Guedj & Vuilleumier, 2020). Both studies describe five pulvinar
19 functional clusters, though they do not locate them at the exact same anatomical position.
20 The meta-analysis defines an inferior, lateral, medial, anterior and superior pulvinar cluster
21  (Barron et al., 2015) while the resting state analysis splits the pulvinar into a dorso-medial,
22 ventro-medial, lateral, anterior and inferior cluster (Guedj & Vuilleumier, 2020). These results
23 demonstrate that, functionally and anatomically, the subregions of the pulvinar are complex
24 to define.

25 In the present study, we analyzed functional pulvino-cortical connectivity at the spatial
26  resolution of individual fMRI voxels along the ventro-dorsal, antero-posterior and medio-
27 lateral axis. Based on the literature, we predict that the pulvinar follows a functional
28  connectivity gradient with the cortex that matches the anatomical pulvino-cortical connectivity
29  organization, namely a ventro-dorsal pulvinar gradient that maps onto an antero-posterior
30 cortical functional gradient (Froesel et al.,, 2021). We also predict locally-specific
31 topographically organized projections from the pulvinar to the cortex. Such local pulvinar
32  projection patterns have been reported in specific cortical regions such as the superior
33 temporal sulcus or MT (Grimaldi et al., 2016; Mundinano et al., 2019). To investigate both
34 global and local functional connectivity patterns between the pulvinar and the cortex, we
35 performed resting state fMRI analyses from ten awake fixating monkeys using single voxels

36 as seeds for whole brain functional connectivity analyses. We report that, globally, as
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37  predicted by the literature, the pulvino-cortical connectivity mainly follows a ventro-dorsal and
38 antero-posterior gradient. Most importantly, we additionally show multiple focal functional
39 pulvinar projection fields at the cortical level, mostly organized around the main sulci. Such
40 focal functional pulvinar projection fields were found in the lateral sulcus, the superior
41  temporal sulcus, the intraparietal sulcus, the prefrontal cortex, the orbito-frontal cortex, the
42  central sulcus and the anterior cingulate cortex. Although there are substantial inter-
43 individual differences, these focal projection fields are consistently observed across
44  hemispheres and multiple subjects. This calls for a reappraisal of the organization of pulvino-

45  cortical functional connectivity loops.

46 Material and methods
47  Subjects

48 10 rhesus monkeys (Macaca mulatta) participated in the study (6 females, 4 males). Animal
49  care procedures met all Belgian and European guidelines and were approved by the KU

50 Leuven Medical School.

51 Experimental setup

52  During the scanning sessions, monkeys sat in a sphinx position in a plastic monkey chair
53 (Vanduffel et al., 2001) facing a translucent screen. Visual stimuli were retro-projected onto
54  this translucent screen. Eye position (X, Y, right eye) was monitored thanks to a pupil-
55  corneal reflection tracking system (RK-726PCI Iscan) at 120 Hz. During the resting state
56  acquisitions, animals were required to maintain fixation into a 2x3 visual degrees tolerance

57  window around a small red cross and were rewarded with apple juice for it.

58 Scanning procedures

59 In this study, in-vivo MRI scans were performed with a 3T MR Siemens Trio scanner and

60 PrismaFit in Leuven, Belgium.

61  Anatomical MRI acquisitions:

62  Accompanying T1-weighted anatomical images were obtained during different sessions
63  using a magnetization-prepared rapid gradient echo (MP-RAGE) sequence (TR=2200 ms,
64 TE=4.06 ms, voxel size=0.4 mm by 0.4 mm by 0.4 mm). During the anatomical scans, the
65 animals were sedated using ketamine/xylazine (ketamine 10 mg/kg .M. 1 xylazine 0.5 mg/kg

66  I.M., maintenance dose of 0.01-0.05 mg ketamine per minute I.V.).

67 Functional MRI acquisitions
68 Functional MRI acquisitions were as follows. Before each scanning session, a contrast

69 agent, composed of monocrystalline iron oxide nanoparticles, Molday ION™ or Feraheme,
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70  was injected into the animal's saphenous or femoral vein to increase the signal to noise ratio
71  (Leite et al.,, 2002; Vanduffel et al., 2001). We acquired gradient-echo planar images
72 covering the whole brain (40 slices, 84-by-84 in-plane matrix, flip angle=75°, repetition time
73 (TR):2.00 s or 1.4s depending on the monkey; echo time (TE): 17-19 ms; resolution:
74  1.25x1.25x1.25 mm voxels) with an eight-channel phased-array receive coil; and a saddle-
75  shaped, radial transmit-only surface coil (MRI Coil Laboratory, Laboratory for Neuro- and
76  Psychophysiology, Katholieke Universiteit Leuven, Leuven, Belgium, see Kolster et al.,

77  2014). Specific parameters varied across monkeys (Table 1).

78  Functional volumes were corrected for head motion within and across sessions and slice
79 time. They were linearly detrended, coregistered on the anatomical image and then
80 normalized to the template space F99 with the resolution 1mm isotropic
81  (http://sumsdb.wustl.edu/sums/macaquemore.do). A spatial smoothing was then applied with
82 a2-mm FWHM Gaussian Kernel.

83 Table 1: detailed acquisition parameters for each of the ten monkeys.

Monkeys Number of | Number of | Run length | TR Total (min)
sessions runs (pulses) (sec)
Monkey CH 2 31;16 301 2 471.56
Monkey FE 1 8 305 2 81
Monkey FI 2 24;11 301 2 351.16
Monkey IN 1 13 300 2 130
Monkey JA 2 41;20 422 1.4 600.64
Monkey KA 2 23;9 301 2 321.06
Monkey LA 2 20;12 301 2 321.06
Monkey LE 2 21;9 300 2 300
Monkey NA 3 37;5;13 422 1.4 541.56
Monkey TH 1 9 905 2 271.5

84

85 Data analysis

86  Runs were analyzed using AFNI (Cox, 1996) and FSL (FSL,RID:birnlex_2067; Jenkinson et
87  al., 2012 http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/).

88 The pulvinar of both hemispheres was drawn by hand for each monkey on their data
89 registered and normalized to the F99 template (Figure 1). Individual functional voxels
90 composing the pulvinar were defined as individual regions of interest. These ROIs were then

91 used as seeds for a seed-to-whole-brain analysis. We performed this type of analysis for
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92 each ROI (voxel) and each run of each monkey. A Fisher’s r-to-z transformation was applied
93 to the obtained correlation matrix. We then performed a t-test on the resulting maps of all the
94  runs for each ROI. This statistical analysis resulted in a single correlation map (z-score) for
95 each pulvinar ROI and each monkey, showing only the voxels that significantly correlated
96 across all runs (p<0.001).

97  All these correlation maps were compared to define for each voxel of the cortical map the
98 pulvinar ROI with which the functional correlation value was highest (winner take all -within
99 individual subjects). This “winner take all” analysis resulted in a single correlation map for
100 each monkey where each cortical voxel was associated with the pulvinar ROI it correlated
101 the most with (or no ROI if the statistical threshold in the z-score map was not reached).
102  Thus, this map shows with high spatial resolution, the region of the pulvinar with which each
103  cortical voxel correlates most. This is not an exclusive map, in the sense that it does not

104  mean that cortical voxels do not also correlate with other pulvinar ROIs.

105 For visualization purposes, three color gradients have been created. The functional
106  connectivity of pulvinar ROIs were grouped by slices defined along the latero-medial axis, the
107  antero-posterior axis and the ventro-dorsal axis such that their color corresponded to a
108  specific slice in the pulvinar along the specified axis (Figure 1). Each slice could thus include
109 voxels from several sub parts of the pulvinar. The proportion of voxels belonging to each
110  pulvinar sub parts, i.e. anterior, medial, lateral and inferior pulvinar, per slice are indicated in

111  supplementary figure S1.

112  To observe the overall correlation across monkeys we computed a weighted average of the
113 individual monkey correlation maps. To do so, we summed the maps across all monkeys and
114  then divided the value of each voxel by the number of monkeys for which functional
115 connectivity with the pulvinar was significant. In addition, we kept only voxels for which at

116 least half of the monkeys presented a significant correlation.

117  To investigate the orientation of the pulvino-cortical connectivity at the local scale, i.e. at the
118 scale of the sulcus, we attributed to each pulvinar slice or cortical location along a given
119 sulcus a value describing its relative position along the ventral to dorsal (lower values for
120 ventral and higher value for dorsal), the posterior to anterior, and the medial to lateral axes.
121  We then performed linear regressions between the position within a given sulcus and the
122  position of the most correlating pulvinar slices, across monkeys, for each hemisphere
123 independently. This allowed us to investigate the spatial organization of the projections from
124  the pulvinar to a given sulcus, addressing for example if the most dorsal slices of the pulvinar
125 correlated most with the most dorsal slices of a given sulcus, or whether the most ventral

126  slices of the pulvinar correlated most with the most ventral slices of this same sulcus.
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127  Supplementary table T1 summarizes the statistical outcome of these linear regressions for all

128  selected sulci and both hemispheres.

129 Results

130 The anatomical organization of the pulvinar in well-established sub-nuclei does not fully
131  account for the functional organization of the pulvinar, nor for its functional connectivity with
132  the cortex (reviewed in Froesel et al., 2021). Therefore, we investigated the topographical
133  organization of pulvino-cortical functional connectivity. Ideally, one would like to describe
134  pulvino-cortical functional connectivity at single-voxel resolution. However, this poses
135 important visualization issues. In order to circumvent this, we decided for a more
136 approximative approach. Specifically, we manually segmented the main pulvinar nuclei
137  (figure 1, left panels), and we subdivided them in 2mm thick slices along the latero-medial
138 (figure 1, top panel), ventro-dorsal (figure 1, middle panel) and antero-posterior axes (figure
139 1, bottom panel). We computed the functional connectivity of each of these slices with the
140 rest of the brain and projected the winner-take-all voxels of this functional connectivity
141  analysis on the corresponding semi-inflated brains. We used the same color code as in figure
142 1 (see methods; please note that only ipsilateral pulvino-cortical connectivity is considered).
143  We first report a global organization of pulvino-cortical functional connectivity, which is
144  observed at whole brain level and that can be precisely captured along the different axes
145  described in figure 1. We then report local functional connectivity patterns that are observed
146  in most individuals, though with some degree of inter-individual variability.
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Anatomical subdivisions Gradient axis
coronal view latero-medial gradient

147

148 Figure 1: Anatomical pulvinar subdivisions and definition of latero-medial, ventro-dorsal and antero-posterior
149 analysis gradients. The gradients are not based on anatomical subdivisions but can partially match with them
150 depending on the chosen analysis gradient. For example, due to the shape of the pulvinar, Pul and PuM sub-
151 regions will share the same color code along the ventro-dorsal gradient while PuM will be associated with lighter
152 colors than PuL, along the latero-medial and antero-posterior gradients (See supplementary figure S1 for
153 guantitative evaluations of this). PuL and PuA are respectively captured by the latero-medial gradient and antero-
154 posterior gradient. Pul: inferior pulvinar; PuL: lateral pulvinar; PuM: medial pulvinar; PuA: anterior pulvinar.

155  Global pulvino-cortical functional connectivity gradients

156  The distinct functional connectivity patterns of the pulvinar with the cortex along the three
157 aforementioned axes are presented in figure 2, for an individual subject (figure 2A) and
158 averaged over all subjects (see methods, figure 2B). Individual subjects are present in
159  Supplementary figure S2. The correlation maps represent the winner-take-all correlations
160 between each voxel of the cortex and a unique pulvinar slice. This analysis is somewhat
161 misleading as any given cortical voxel can be functionally connected to multiple pulvinar
162 slices, but with varying functional connectivity strength. Lowering the criterion of maximal

163 functional connectivity (winner-take-all approach) changed only marginally the reported
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164  observations (figure S3). This analysis leads to the description of complex functional
165 connectivity gradients between the pulvinar and the cortex. It is important to note that due to

166 the shape of the pulvinar, these gradients are not independent one from the other.

167 Latero-medial gradient. Both for a single subject (figure 2A, left panel, see also figure S2)
168 and the group data (figure 2B, left panel), the sensorimotor cortex, the premotor cortex, the
169 dorsal cingulate cortex and the insula are robustly correlated with the medial pulvinar. This is
170 in line with the anatomical literature (Kaas & Lyon, 2007; Mufson & Mesulam, 1984; Padberg
171 et al.,, 2009; Rosenberg et al.,, 2009; Wilke et al., 2018; Yeterian & Pandya, 1988). The
172  medial pulvinar also shows reproducible functional connectivity with the inferior prefrontal
173  cortex and the medio-posterior part of the superior temporal sulcus as well as a patchy
174  connectivity with extrastriate cortex. In contrast, the lateral pulvinar has strongest functional
175  connectivity with the anterior part of the superior temporal sulcus as well as with the dorsal
176 lateral prefrontal cortex. These connectional features are better visible for individual brains
177  and become less prominent in the group data, likely due to inter-individual differences. Note
178 that this latero-medial parcellation of the pulvinar is partially overlapping with the anterior-

179  posterior and ventral-dorsal parcellations, due to the specific 3D shape of the pulvinar.

180 Antero-posterior gradient. Similarly to the previous gradient, both on the single exemplar
181  brain (figure 2A, middle panel, see also figure S2) and the group data (figure 2B, middle
182  panel), the sensorimotor cortex, the premotor cortex, the dorsal cingulate cortex and the
183 insula are functionally correlated with the anterior pulvinar (yellow) which is in line with the
184  anatomical literature (Kaas & Lyon, 2007; Mufson & Mesulam, 1984; Padberg et al., 2009;
185 Rosenberg et al., 2009; Wilke et al., 2018; Yeterian & Pandya, 1988). On the other hand,
186  occipital areas and a large part of the posterior medial wall of the cortex are functionally more
187  connected with the posterior pulvinar. Interestingly, the most anterior part of the brain, i.e.
188  prefrontal and orbitofrontal cortex, shows stronger connectivity with the posterior and central
189 parts of the pulvinar than with its anterior part, thus disrupting the antero-posterior gradient.
190 Specifically, the prefrontal cortex correlates more with slices containing more medial pulvinar
191 than anterior pulvinar, whether analyzing functional connectivity along the ventro-dorsal or

192 the antero-posterior gradient (see Figure S1).

193  Ventro-dorsal gradient. In both single subject (figure 2A, right panel, see also figure S2,)
194 and group data (figure 2B, right panel), strong functional connectivity can be observed
195  between the dorsal part of the pulvinar and dorsal extrastriate cortex, the ventral part of the
196 intraparietal sulcus, dorsal lateral sulcus, ventral sensorimotor cortex and ventral prefrontal
197  cortex (yellow). More ventral pulvinar regions, on the other hand are functionally more

198 connected with ventral occipital and temporal cortex. This ventro-dorsal functional gradient of
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199 the pulvino-cortical functional connectivity is also in agreement with the literature (Arcaro et
200 al., 2015, 2018; Dominguez-Vargas et al., 2017; Shipp, 2003; Wilke et al., 2010).

A Latero-medial 2 Antero-posterior ¥, Ventro-dorsal
z
S' %’ axis (Z) %I

axis (X) v axis (Y)

lateral posterior ventral

201

202 Figure 2: Global functional connectivity gradient of the pulvinar with the cortex. The pulvinar is subdivided
203 into slices of 2mm thickness. These slices are used as seeds for a seed-to-whole brain functional connectivity
204 analysis. A winner-take-all procedure is then applied to associate (color code) each cortical voxel with the pulvinar
205 slice it maximally correlates with. Only ipsilateral correlations are presented. A) Winner-take-all functional
206 connectivity map for a single subject. B) Mean winner-take-all functional connectivity maps across the 10
207 monkeys. C) Pulvinar slice seeds used in the functional connectivity analysis, for each of the analysis axes of

208 interest. Details are provided in figure 1.

209 A spatial correlation analysis between The “winner take all” spatial maps from the different
210  subjects were significantly correlated across subjects (p < 0.001), indicating a consistency for
211 the pulvino-cortical connectivity across subjects despite inter-individual differences
212  (Spearman correlation coefficient (p): antero-posterior gradient: mean of both hemispheres =
213  0.46; latero-medial gradient : mean = 0.38; ventro-dorsal gradient: mean = 0.4). Overall,

214  pulvino-cortical connectivity predominantly follows the ventro-dorsal and the antero-posterior
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215 gradient (except for the most anterior part of the cortex). It is interesting to note that the
216  strongest correlation coefficients between subjects are reached by the antero-posterior
217 gradient indicating a stronger inter-individual consistency along this axis (Friedman non-
218  parametric test, X2(38) = 22.9, p < 0.001; post-hoc: antero-posterior axis vs latero-medial
219  axis: p= 0.0001; antero-posterior axis vs ventro-dorsal axis: p= 0.0019; latero-medial axis vs
220  ventro-dorsal axis: p=0.5938).

221  Local connectivity gradients and multiple functional pulvino-cortical projection
222 fields

223  While common global functional connectivity patterns can be identified between the pulvinar
224  and the cortex characterized by both a ventro-dorsal and antero-posterior gradient, inter-
225 individual differences do exist and some regions such as the prefrontal cortex escape these
226  global functional connectivity patterns. This can be considered either noise, or a signature of
227  specific local functional connectivity patterns between the pulvinar and the cortex. We
228 addressed the latter hypothesis. In Figure 3, we focus on the functional connectivity of the
229  pulvinar within restricted regions of the brain to investigate local connectivity gradients and to
230 identify possible common functional connectivity patterns across different regions.
231  Specifically, we focused on seven sulci and selected the functional connectivity axis of the
232  pulvinar that resulted in statistically most robust topographic patterns (decision criterion:
233  significant correlation in both hemispheres reflecting pulvino-cortical connectivity gradient

234  along the same anatomical orientation, Supplementary Table 1).

235 Intraparietal sulcus. The intraparietal sulcus, which is mainly oriented along an antero-
236  posterior axis, shows a functional connectivity pattern with the pulvinar, which follows an
237  antero-posterior gradient, i.e. a gradient organized along the same axis as the sulcus (L IPS:
238  p=19.9x107; r=0.33; R IPS: p=5.5x10""*; r=0.463, figure 3A, supplementary table S1).

239 Cingulate sulcus. The anterior cingulate cortex, which is also oriented along an antero-
240  posterior axis, shows a pattern of functional connectivity with the pulvinar, again following an
241  antero-posterior gradient, i.e. a gradient organized along the same axis as the sulcus (L
242  ACC: p=2.4x10": r=0.46; R ACC: p=0.0002; r=0.285, figure 3B, supplementary table S1).
243  However, contrary to the IPS, the ACC shows inverted connectivity with the pulvinar,
244 whereby its most anterior part correlated more with the posterior sectors of the pulvinar. This
245  indicates that the spatial organization of functional pulvinar projections to the cortex is not an
246  artefact of distance from the nucleus. In comparison, the posterior cingulate cortex (PCC)
247  does not present a clear orientation for its connectivity with the pulvinar (see supplementary
248  table 1).
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249  Central sulcus. The central sulcus, which is also oriented along an antero-posterior axis,
250 shows a functional connectivity pattern with the pulvinar, again following an antero-posterior
251 gradient, i.e. a gradient organized along the same axis as the sulcus (L CS: p=1,36x10"%
252  r=0.52; R CS: p=0.0004; r=0.27, figure 3C, supplementary table S1).

253  Prefrontal cortex. In the prefrontal cortex, the tip of the anterior principal sulcus was
254  consistently connected with anterior pulvinar slices, and the pattern of functional connectivity
255  gradually shifted towards more posterior pulvinar slices more posteriorly along this sulcus (L
256  PS: p=0.04; r=0.36; R PS: p=0.001; r=0.23, figure 3D, supplementary table S1). The arcuate
257  sulcus showed a reversed ventro-dorsal functional connectivity pattern with the pulvinar, with
258 the pulvinar dorsal part correlating with the ventral most part of the arcuate sulcus (L AS: p=
259  2,336x10° r=0.46; R AS: p= 1.13x10% r=0.35, figure 3E, supplementary table S1). The
260 orbitofrontal cortex demonstrated a ventro-dorsal connectivity pattern with the pulvinar (L
261 OFC: p:7,06x10'3; r=0.51; R OFC: p:9,2x10'13; r=0.51, figure 3F, supplementary table S1).
262 These diverse functional connectivity patterns in prefrontal cortex might explain why this

263  region does not demonstrate a clear global functional connectivity pattern with the pulvinar.

264  Lateral sulcus. In the LS, the dorsal tip of the sulcus is mostly connected with dorsal
265 pulvinar, and functional connectivity consistently shifted towards more ventral pulvinar slices
266  as we moved anteriorly along the sulcus. This linear trend was disrupted when reaching the
267  dorsal insula, anteriorly. This region expresses strong functional connectivity with the dorsal
268 and medial pulvinar slices. A linear regression was performed to investigate the orientation of
269 the pulvinar functional connectivity along these sulci. For both the left and right LS, the
270 functional connectivity significantly followed a ventro-dorsal gradient (L LS: p=6.8x10"%
271  r=0.4; R LS: p=8.87x10™; r=0.44, figure 3G, supplementary table S1).

272  Superior temporal sulcus. In the STS, the dorsal part of the sulcus is functionally
273  connected most strongly with the dorsal pulvinar, and functional connectivity patterns
274  consistently shifted to more ventral pulvinar slices as we moved anteriorly along the sulcus.
275  This linear trend was disrupted when reaching the ventral part STS that shows a preferential
276  connectivity with the dorsal pulvinar. This functional connectivity is in line with the literature
277  showing functional connectivity between the most anterior AM face patch and the dorsal
278  pulvinar (Schwiedrzik et al., 2015). Additionally, the medial pulvinar is functionally connected
279  with the dorsal part of the STS and the lateral pulvinar with the ventral part of the STS. Thus,
280 a dual functional connectivity gradient can be identified in this sulcus. As the STS shows this
281 dual gradient along the ventro-dorsal axis (see supplementary figure S4), the linear
282  regression along this axis was not significant (L STS: p=0.23; r=0.06; R STS: p=0.11;
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283  r=0.01), though the linear regression reached significance along the antero-posterior axis (L
284  STS: p=0,007; r=0.02; R STS: p= 1,06x10™; r=0.4, figure 3H, supplementary table S1).
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286 Figure 3: Local functional connectivity gradients of the pulvinar with specific brain regions. The pulvinar
287 connectivity is retrieved for selected sulci and gyri: i.e., the intraparietal sulcus (A), anterior cingulate cortex (B),
288 central sulcus (C), principal sulcus (D), arcuate sulcus (E), orbitofrontal cortex (F), lateral sulcus (G) and the
289 superior temporal sulcus (H). Only ipsilateral correlations are presented. Sulci correlating with the pulvinar along
290 the ventro-dorsal axis are colored in red and in yellow when the correlation follow the antero-posterior axis. These
291 correlations are retrieved on the graph for each subject (grey) and the mean of the all the subjects (red) together

292 with linear regressions (black). Note that only one anatomical axis is significant for both hemispheres for each
293  sulcus.

294  Overall, this suggests that, beyond the global gradients described in the previous sections,
295  multiple pulvinar projection fields can be identified at cortical level. These projection fields,
296 though systematic, are subject to substantial inter-individual variability and thus disappear on
297 group average analyses. This observation, however, is expected to have profound
298 implications on our understanding of the functional interactions between the pulvinar and the
299  cortex.

300 Discussion

301 Our results provide fine-grained functional connectivity patterns of the pulvinar with the
302 cortex at several spatial scales. First, we show a global topographical connectivity pattern
303 that can be captured along ventro-dorsal and antero-posterior pulvinar gradients and to a
304 lesser extent along a medio-lateral gradient. We additionally describe more refined local

305 functional connectivity patterns that capture multiple cortical pulvinar projection fields.

306 The goal of this work was to characterize more precisely the functional connectivity of the
307 pulvinar with the cortex, in order to anatomically constrain its role in a variety of cognitive
308 functions. In monkey fMRI studies, the cohort size is often a strong limitation (Milham et al.,
309 2020, 2021). Here, we characterized pulvino-cortical functional connectivity patterns at rest,
310 relying on ten awake fixating macaques. We confirm previous observations that the pulvinar
311 has widespread connections with the cortex supporting its involvement in multiple cognitive
312  functions (Barron et al., 2015; Froesel et al., 2021). Additionally, we show that the functional
313 connectivity patterns we revealed resemble previously described anatomical connectivity
314  thus describing a connectivity following a mix of the antero-posterior and ventro-dorsal axis
315 (figures 4A and 4B present the functional connectivity as predicted by anatomical studies).
316 These findings are in line with the neuronal recording and microstimulation literature (Kagan
317 et al, 2020). We confirm the functional connectivity of the medio-dorsal pulvinar with
318 attentional fronto-parietal networks (Fiebelkorn et al., 2019; Gutierrez et al., 2000; Kastner et
319 al., 2020; Romanski et al., 1997). Indeed, the frontal eye field (FEF) and the lateral
320 intraparietal area (LIP) represented in orange-yellow in both ventro-dorsal and latero-medial
321 maps confirm their strongest functional correlations with the dorso-medial part of the

322  pulvinar. The highly robust connectivity between the anterior part of the pulvinar and the
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323  sensorimotor and premotor cortex is also in agreement with previous studies (Kaas & Lyon,
324  2007; Mufson & Mesulam, 1984; Padberg et al., 2009; Rosenberg et al., 2009; Wilke et al.,
325 2018; Yeterian & Pandya, 1988). The disruption of the anterior-posterior connectivity gradient
326  inthe prefrontal cortex is therefore also predicted by the literature, the anterior pulvinar being
327 more connected with the motor and premotor regions whereas the medial pulvinar is
328 described as interacting with the more anterior region of the brain such as the FEF, the
329 DLPFC or the OFC (Froesel et al., 2021). Overall, the reported functional connectivity in the
330 present work thus reliably reproduces observations collected with a diversity of methods and
331 sets the stage for the analysis of pulvino-cortical functional connectivity at a more resolved

332  spatial granularity.

333 A maijor result of this work is that beyond the global connectivity gradients described above,
334  multiple local pulvinar projections fields can be identified in multiple cortical regions. The
335 organization of these pulvinar projections fields is reproduced across animals and
336 hemispheres. Such local topographical organization of pulvinar connectivity has been
337  occasionally reported in specific cortical regions such as the superior temporal sulcus or MT
338 (Grimaldi et al., 2016; Mundinano et al., 2019), but to the best of our knowledge, never in
339 such detail as here. We propose that this is a fundamental principle of pulvino-cortical
340 connectivity and that a better description of these connectional principles will be crucial to
341  fully understand the function of pulvino-cortical connections, as well as the role of the
342  pulvinar in cognition. This organization, although preserved across individuals, is susceptible
343 to some degree of inter-individual variability. We propose that this inter-individual variability
344  that mostly takes place at the extremes of the sulci reflects morphological differences in the
345  shape of the pulvinar and the sulci, which gets altered by the normalization onto the common
346  reference brain. Supporting this interpretation, the segmentation of the pulvinar onto the

347 individual brains improved the identification of the local pulvinar projection fields.

348 The local pulvinar projection fields are summarized in figure 4C. Using a color code, we
349 indicated the dominant orientation of the functional connectivity patterns between the
350 pulvinar and the different sulci. The orientation of the functional connectivity gradients is
351 dominated by ventro-dorsal and antero-posterior pulvinar projections, often matching the
352 dominant orientation of the sulci. It is interesting to highlight that the sulci from the posterior
353 part of the brain that tend to follow the antero-posterior axis, matching the global gradient,
354  while the sulci from the prefrontal region show more diverse preferred orientations of the
355  connectivity. Please also note that while the color reflects dominant functional connectivity
356  orientation, it does not indicate the polarity of the projections. For example, the anterior
357 cingulate cortex has a reversed antero-posterior pulvinar mapping relative to the other sulci

358 dominated by antero-posterior pulvinar projections. This reversed connectivity pattern is also
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359 found in the central sulcus and the arcuate sulcus, possibly suggesting a very specific and
360 more refined organization of the connectivity between the pulvinar and the anterior part of the
361 cortex ad compared to the posterior part of the brain. The dual functional connectivity
362  gradient double gradient observed within the STS, is yet another expression of the complex
363  organization of the pulvino-cortical functional connectivity. While this sulcus follows a global
364  antero-posterior gradient of functional connectivity with the pulvinar two ventro-dorsal
365 gradients are observed thus determining to pulvinar projections field along the STS. We
366  hypothesize that this rich connectivity allows a very refined interaction between the
367  subcortical nucleus and the superior temporal sulcus. Fine multimodal studies combining
368  high resolution fiber tracking (Tounekti et al., 2018) and voxel-based functional connectivity

369 analysis are expected to clarify the origin of these multiple cortical pulvinar projection fields.
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371 Figure 4: Summary of the global and local pulvino-cortical connectivity orientation. A: Results of the seed-
372 to-whole brain functional connectivity analysis for the antero-posterior gradient (left) and the ventro-dorsal
373 gradient (right), from figure 2. B. Attended mixed orientation of the functional connectivity based on the
374 anatomical literature (based on the review Froesel et al.,, 2021). C. Summary of the local pulvino-cortical
375 connectivity orientation. Dashed lines represented reversed connectivity pattern with the anatomical axis (ACC,
376 AS and CS). PS: principal sulcus; ACC: Anterior cingulate sulcus; PCC: Posterior cingulate sulcus; OFC:
377 orbitofrontal cortex; CS: central sulcus; AS: Arcuate sulcus; LS: lateral sulcus; STS: Superior temporal sulcus;

378 IPS: intraparietal sulcus.
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379 The description of these functional gradients characterizing the local cortical pulvinar
380 projection fields does not exclude the possibility that any given cortical region can receive
381 input from multiple pulvinar sectors. For example, a correlation of the STS and others cortical
382  regions can be described with both ventral and dorsal pulvinar (data not shown), confirming
383  the microstimulation results recently reported by Kagan and colleagues (Kagan et al., 2020).
384  These projections from multiple pulvinar nuclei in specific brain regions has been a core
385 argument in support of the role of the pulvinar as a modulator (Benarroch, 2015; Saalmann &
386  Kastner, 2011). The pulvinar can thus be a part of several networks and can be recruited
387 differentially as a function of sensory modality or the ongoing cognitive demand (Froesel et
388 al., 2022), thus supporting cognitive flexibility. As a result, another important aspect to keep
389 in mind is that the winner-take-all maps we report here from monkeys at rest could be
390 different during active tasks involving either sensory stimulation or the production of complex
391 behaviors. We hypothesize that at rest, the winner-take-all maps will follow more closely the
392 anatomical structural connectivity (Honey et al., 2007, 2009), while in contrast, during
393  systemic localizer studies (Russ et al., 2021) or active behavior, the correlations would be
394  more pronounced in specific functional networks, the functional connectivity with other
395 subregions being possibly attenuated. Last, when interpreting the current observations,
396 technical aspects need to be kept in mind in addition to the interpretation of the winner-take-
397 all approach and the possibility of overlapping connectivity fields from different pulvinar
398 subregions. Some of these aspects pertain to the spatial resolution of the data and
399 associated possible partial volume effects, possibly obscuring a finer grained anatomical
400 organization. Other aspects pertain to the very measure of functional connectivity from
401 resting state data used here, that lacks directionality information and that might occasionally
402  describe second order rather than first order connectivity. Fine-grained multimodal studies

403  combining rs-fMRI, DTI and anatomical tracing will be needed to resolve these issues.

404 Conclusion

405  Two scales of functional connectivity between the pulvinar and the cortex are described. A
406  global topographical functional connectivity pattern that can mainly be captured along the
407  antero-posterior and ventro-dorsal axes, and multiple local topographically organized
408  pulvinar projections fields in multiple cortical regions such as the lateral sulcus, the superior
409 temporal sulcus, anterior cingulate cortex and the intraparietal sulcus. In spite of the inter-
410 individual differences, the local functional gradients are consistently described across
411  individuals and in both hemispheres and follow the anatomical orientation of the sulci. We
412  propose that these multiple pulvinar projection fields correspond to a fundamental principle of
413  pulvino-cortical connectivity and that a better understanding of this organization will help

414  clarifying the function of pulvino-cortical connectivity and functions.

18


https://doi.org/10.1101/2023.11.20.567885
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.20.567885; this version posted November 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

415  Author contribution

416  Conceptualization: S.B.H., M.F; Data Curation: W.V., M.F., Q.Z.; Formal Analysis: M.F., Q.G.
417 and S.B.H.; Funding Acquisition: S.B.H.; Investigation: M.F., and S.B.H.; Methodology: M.F.,
418 Q.G., C.S,, and S.B.H.; Resources: W.V.; Supervision: S.B.H.; Validation: S.B.H.;
419  Visualization: M.F., C.S., Q.G.; Writing-Original draft: M.F. and S.B.H.; Writing -review &
420 editing: M.F., C.S., Q.G., W.V., and S.B.H.

421  Conflicts of interest

422  The authors declare no conflict of interest.

423  Ethical statement

424  Animal care and experimental procedures were performed in accordance with the National
425 Institute of Health’s Guide for the Care and Use of Laboratory Animal, the European
426  legislation (Directive 2010/63/EU) and were approved by the Animal Ethics Committee of the
427 KU Leuven. Weatherall reports were used as reference for animal housing and handling. All
428 animals were group-housed in cages sized 16-32 m*, which encourages social interactions
429  and locomotor behavior. The environment was enriched by foraging devices and toys. The
430 animals were fed daily with standard primate chow supplemented with fruits, vegetables,
431  bread, peanuts, cashew nuts, raisins and dry apricots. The animals were exposed to natural
432  light and additional artificial light for 12 h every day. On training and experimental days, the
433 animals were allowed unlimited access to fluid through their performance during the
434  experiments. Using operant conditioning techniques with positive reinforcers, the animals
435 received fluid rewards for every correctly performed trial. During non-working days, they
436  received water in their living quarters. Throughout the study, the animals’ psychological and
437  veterinary welfare was monitored daily by the veterinarians, the animal facility staff and the
438 lab’s scientists, all specialized in working with non-human primates. The animals were
439  healthy at the conclusion of our study. M1 and M2 are currently still employed in other
440  studies.

441  Acknowledgments

442  S.B.H. was funded by the French National Research Agency (ANR) ANR-16-CE37-0009-01
443  grant and the LABEX CORTEX funding (ANR-11-LABX-0042) from the Université de Lyon,
444  within the program Investissements d’Avenir (ANR-11-IDEX-0007) operated by the French
445  National Research Agency (ANR). This work received funding from KU Leuven C14/21/111,
446  IDN/20/016, C3/21/027; Fonds Wetenschappelijk Onderzoek-Vlaanderen (FWO-Flanders)
447  GOEO0520N, GOC1920N. We thank also thank Thomas Perret, Johan Pacquit and Marco

448  Bimbi for help with the hardware computational resources.

19


https://doi.org/10.1101/2023.11.20.567885
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.20.567885; this version posted November 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

449

20


https://doi.org/10.1101/2023.11.20.567885
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.20.567885; this version posted November 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

450 References
451

452  Arcaro, M. J., Pinsk, M. A., Chen, J., & Kastner, S. (2018). Organizing principles of pulvino-
453 cortical functional coupling in humans. Nature Communications, 9(1), 5382.
454 https://doi.org/10.1038/s41467-018-07725-6

455  Arcaro, M. J., Pinsk, M. A., & Kastner, S. (2015). The Anatomical and Functional
456 Organization of the Human Visual Pulvinar. Journal of Neuroscience, 35(27),
457 9848M9871. https://doi.org/10.1523/INEUROSCI.1575-14.2015

458  Barron, D. S., Eickhoff, S. B., Clos, M., & Fox, P. T. (2015). Human Pulvinar Functional
459 Organization and Connectivity. Human brain mapping, 36(7), 2417@2431.
460 https://doi.org/10.1002/hbm.22781

461 Benarroch, E. E. (2015). PulvinarZ: Associative role in cortical function and clinical
462 correlations. Neurology, 84(7), 7380747.
463 https://doi.org/10.1212/WNL.0000000000001276

464  Cox, R. W. (1996). AFNIT: Software for analysis and visualization of functional magnetic
465 resonance neuroimages. Computers and Biomedical Research, an International
466 Journal, 29(3), 162@173. https://doi.org/10.1006/cbmr.1996.0014

467 Dominguez-Vargas, A.-U., Schneider, L., Wilke, M., & Kagan, |. (2017). Electrical

468 Microstimulation of the Pulvinar Biases Saccade Choices and Reaction Times in a
469 Time-Dependent Manner. The Journal of Neuroscience, 37(8), 2234R2257.
470 https://doi.org/10.1523/JINEUROSCI.1984-16.2016

471  Fiebelkorn, I. C., Pinsk, M. A., & Kastner, S. (2019). The mediodorsal pulvinar coordinates
472 the macaque fronto-parietal network during rhythmic spatial attention. Nature
473 Communications, 10(1), 215. https://doi.org/10.1038/s41467-018-08151-4

474  Froesel, M., Cappe, C., & Ben Hamed, S. (2021). A multisensory perspective onto primate
475 pulvinar functions. Neuroscience & Biobehavioral Reviews.

476 https://doi.org/10.1016/j.neubiorev.2021.02.043

21


https://doi.org/10.1101/2023.11.20.567885
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.20.567885; this version posted November 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

477  Froesel, M., Gacoin, M., Clavagnier, S., Hauser, M., Goudard, Q., & Ben Hamed, S. (2022).

478 Macaque amygdala, claustrum and pulvinar support the cross-modal association of
479 social audio-visual stimuli based on meaning (p. 2022.09.28.509981). bioRxiv.
480 https://doi.org/10.1101/2022.09.28.509981

481  Grimaldi, P., Saleem, K. S., & Tsao, D. (2016). Anatomical Connections of the Functionally
482 Defined « Face Patches » in the Macaque Monkey. Neuron, 90(6), 1325mM1342.
483 https://doi.org/10.1016/j.neuron.2016.05.009

484  Guedj, C., & Vuilleumier, P. (2020). Functional connectivity fingerprints of the human
485 pulvinarll: Decoding its role in cognition. Neurolmage, 221, 117162.
486 https://doi.org/10.1016/j.neuroimage.2020.117162

487  Gutierrez, C., Cola, M. G., Seltzer, B., & Cusick, C. (2000). Neurochemical and connectional
488 organization of the dorsal pulvinar complex in monkeys. The Journal of Comparative
489 Neurology, 419(1), 61186.

490  Gutierrez, C., Yaun, A., & Cusick, C. G. (1995). Neurochemical subdivisions of the inferior
491 pulvinar in macaque monkeys. The Journal of Comparative Neurology, 363(4),
492 545[562. https://doi.org/10.1002/cne.903630404

493 Honey, C. J., Kotter, R., Breakspear, M., & Sporns, O. (2007). Network structure of cerebral

494 cortex shapes functional connectivity on multiple time scales. Proceedings of the
495 National Academy of Sciences, 104(24), 10240210245.
496 https://doi.org/10.1073/pnas.0701519104

497  Honey, C. J., Sporns, O., Cammoun, L., Gigandet, X., Thiran, J. P., Meuli, R., & Hagmann,

498 P. (2009). Predicting human resting-state functional connectivity from structural
499 connectivity. Proceedings of the National Academy of Sciences, 106(6), 2035@2040.
500 https://doi.org/10.1073/pnas.0811168106

501 Jenkinson, M., Beckmann, C. F., Behrens, T. E. J., Woolrich, M. W., & Smith, S. M. (2012).

502 FSL. Neurolmage, 62(2), 782@790. https://doi.org/10.1016/j.neuroimage.2011.09.015

22


https://doi.org/10.1101/2023.11.20.567885
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.20.567885; this version posted November 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

503 Kaas, J. H., & Lyon, D. C. (2007). Pulvinar contributions to the dorsal and ventral streams of
504 visual processing in primates. Brain Research Reviews, 55(2), 285r1296.
505 https://doi.org/10.1016/j.brainresrev.2007.02.008

506 Kagan, I., Gibson, L., Spanou, E., & Wilke, M. (2020). Effective connectivity and spatial
507 selectivity-dependent fMRI changes elicited by microstimulation of pulvinar and LIP.
508 bioRxiv, 2020.09.16.298539. https://doi.org/10.1101/2020.09.16.298539

509 Kastner, S., Fiebelkorn, I. C., & Eradath, M. K. (2020). Dynamic pulvino-cortical interactions
510 in the primate attention network. Current Opinion in Neurobiology, 65, 10@19.
511 https://doi.org/10.1016/j.conb.2020.08.002

512 Kolster, H., Janssens, T., Orban, G. A., & Vanduffel, W. (2014). The retinotopic organization

513 of macaque occipitotemporal cortex anterior to V4 and caudoventral to the middle
514 temporal (MT) cluster. The Journal of Neuroscience: The Official Journal of the
515 Society for Neuroscience, 34(31), 10168210191.
516 https://doi.org/10.1523/JNEUROSCI.3288-13.2014

517 Leite, F. P., Tsao, D., Vanduffel, W., Fize, D., Sasaki, Y., Wald, L. L., Dale, A. M., Kwong, K.

518 K., Orban, G. A., Rosen, B. R, Tootell, R. B. H., & Mandeville, J. B. (2002). Repeated
519 fMRI using iron oxide contrast agent in awake, behaving macaques at 3 Tesla.
520 Neurolmage, 16(2), 2832294. https://doi.org/10.1006/nimg.2002.1110

521 Milham, M., Petkov, C., Belin, P., Ben Hamed, S., Evrard, H., Fair, D., Fox, A., Froudist-

522 Walsh, S., Hayashi, T., Kastner, S., Klink, C., Majka, P., Mars, R., Messinger, A.,
523 Poairier, C., Schroeder, C., Shmuel, A., Silva, A. C., Vanduffel, W., ... Zuo, Z. (2021).
524 Toward next-generation primate neuroscience ™ ': A collaboration-based strategic plan
525 for integrative neuroimaging. Neuron. https://doi.org/10.1016/j.neuron.2021.10.015

526  Milham, M., Petkov, C. I., Margulies, D. S., Schroeder, C. E., Basso, M. A., Belin, P., Fair, D.
527 A., Fox, A., Kastner, S., & Mars, R. B. (2020). Accelerating the evolution of nonhuman
528 primate neuroimaging. Neuron, 105(4), 6002603.

529  Mufson, E. J., & Mesulam, M. M. (1984). Thalamic connections of the insula in the rhesus
530 monkey and comments on the paralimbic connectivity of the medial pulvinar nucleus.

23


https://doi.org/10.1101/2023.11.20.567885
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.20.567885; this version posted November 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

531 The Journal of Comparative Neurology, 227(1), 109@120.
532 https://doi.org/10.1002/cne.902270112

533 Mundinano, I.-C., Kwan, W. C., & Bourne, J. A. (2019). Retinotopic specializations of cortical
534 and thalamic inputs to area MT. Proceedings of the National Academy of Sciences,
535 116(46), 23326M23331. https://doi.org/10.1073/pnas.1909799116

536 Olszewski, J., Assistant Professor of Neuro-anatomy, D. of N., & Neuro-surgery, M. U.

537 (1952). The thalamus of the Macaca, mulatta. An atlas for use with the stereotaxic
538 instrument. The Thalamus of the Macaca, Mulatta. An Atlas for Use with the
539 Stereotaxic Instrument. https://www.cabdirect.org/cabdirect/abstract/19522203025

540 Padberg, J., Cerkevich, C., Engle, J., Rajan, A. T., Recanzone, G., Kaas, J., & Krubitzer, L.

541 (2009). Thalamocortical connections of parietal somatosensory cortical fields in
542 macaque monkeys are highly divergent and convergent. Cerebral Cortex (New York,
543 N.Y.: 1991), 19(9), 2038[22064. https://doi.org/10.1093/cercor/bhn229

544  Romanski, L. M., Giguere, M., Bates, J. F., & GoldmanTIRakic, P. S. (1997). Topographic

545 organization of medial pulvinar connections with the prefrontal cortex in the rhesus
546 monkey. Journal of Comparative Neurology, 379(3), 313r1332.
547 https://doi.org/10.1002/(SICI)1096-9861(19970317)379:3<313::AID-CNE1>3.0.CO;2-
548 6

549  Rosenberg, D. S., Mauguiére, F., Catenoix, H., Faillenaot, I., & Magnin, M. (2009). Reciprocal

550 Thalamocortical Connectivity of the Medial Pulvinar™: A Depth Stimulation and
551 Evoked Potential Study in Human Brain. Cerebral Cortex, 19(6), 1462R@1473.
552 https://doi.org/10.1093/cercor/bhn185

553 Rouiller, E. M., & Welker, E. (2000). A comparative analysis of the morphology of
554 corticothalamic projections in mammals. Brain Research Bulletin, 53(6), 727@741.
555 https://doi.org/10.1016/S0361-9230(00)00364-6

556 Russ, B. E., Petkov, C. I., Kwok, S. C., Zhu, Q., Belin, P., Vanduffel, W., & Ben Hamed, S.

557 (2021). Common functional localizers to enhance NHP & cross-species neuroscience

24


https://doi.org/10.1101/2023.11.20.567885
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.20.567885; this version posted November 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

558 imaging research. Neurolmage, 237, 118203.
559 https://doi.org/10.1016/j.neuroimage.2021.118203

560 Saalmann, Y. B., & Kastner, S. (2011). Cognitive and Perceptual Functions of the Visual
561 Thalamus. Neuron, 71(2), 209@223. https://doi.org/10.1016/j.neuron.2011.06.027

562  Schwiedrzik, C. M., Zarco, W., Everling, S., & Freiwald, W. A. (2015). Face Patch Resting
563 State Networks Link Face Processing to Social Cognition. PLOS Biology, 13(9),
564 €1002245. https://doi.org/10.1371/journal.pbio.1002245

565 Sherman, S. M. (2007). The thalamus is more than just a relay. Current Opinion in
566 Neurobiology, 17(4), 4172422. https://doi.org/10.1016/j.conb.2007.07.003

567 Sherman, S. M., & Guillery, R. W. (2006). Exploring the thalamus and its role in cortical
568 function, 2nd ed (p. xxi, 484). MIT Press.

569  Shipp, S. (2003). The functional logic of cortico-pulvinar connections. Philosophical
570 Transactions of the Royal Society B: Biological Sciences, 358(1438), 1605(1624.
571 https://doi.org/10.1098/rstb.2002.1213

572  Stepniewska, ., & Kaas, J. H. (1997). Architectonic subdivisions of the inferior pulvinar in
573 New World and Old World monkeys. Visual Neuroscience, 14(6), 1043%1060.
574 https://doi.org/10.1017/S0952523800011767

575 Tounekti, S., Troalen, T., Bihan-Poudec, Y., Froesel, M., Lamberton, F., Ozenne, V., Cléry,

576 J., Richard, N., Descoteaux, M., Ben Hamed, S., & Hiba, B. (2018). High-resolution
577 3D diffusion tensor MRI of anesthetized rhesus macaque brain at 3T. Neurolmage,
578 181, 149m161. https://doi.org/10.1016/j.neuroimage.2018.06.045

579 Vanduffel, W., Fize, D., Mandeville, J. B., Nelissen, K., Hecke, P. V., Rosen, B. R., Tootell,

580 R. B. H., & Orban, G. A. (2001). Visual Motion Processing Investigated Using
581 Contrast Agent-Enhanced fMRI in Awake Behaving Monkeys. Neuron, 32(4),
582 565[577. https://doi.org/10.1016/S0896-6273(01)00502-5

583  Walker, A. E. (1938). The thalamus of the chimpanzee(l: IV. Thalamic projections to the

584 cerebral cortex. Journal of Anatomy, 73(Pt 1), 37293.

25


https://doi.org/10.1101/2023.11.20.567885
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.20.567885; this version posted November 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

585 Wilke, M., Schneider, L., Dominguez-Vargas, A.-U., Schmidt-Samoa, C., Miloserdov, K.,

586 Nazzal, A., Dechent, P., Cabral-Calderin, Y., Scherberger, H., Kagan, I., & Bahr, M.
587 (2018). Reach and grasp deficits following damage to the dorsal pulvinar. Cortex; a
588 Journal Devoted to the Study of the Nervous System and Behavior, 99, 135R£1149.
589 https://doi.org/10.1016/j.cortex.2017.10.011

590 Wilke, M., Turchi, J., Smith, K., Mishkin, M., & Leopold, D. A. (2010). Pulvinar inactivation

591 disrupts selection of movement plans. The Journal of neurosciencell: the official
592 journal of the Society for Neuroscience, 30(25), 8650718659.
593 https://doi.org/10.1523/JINEUROSCI.0953-10.2010

594  Yeterian, E. H., & Pandya, D. N. (1988). Corticothalamic connections of paralimbic regions in
595 the rhesus monkey. Journal of Comparative Neurology, 269(1), 130(146.
596 https://doi.org/10.1002/cne.902690111

597
598
599
600
601
602
603
604
605
606
607
608
609
610
611

26


https://doi.org/10.1101/2023.11.20.567885
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.20.567885; this version posted November 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

612

613

614

27


https://doi.org/10.1101/2023.11.20.567885
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.20.567885; this version posted November 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

615
616

available under aCC-BY-NC-ND 4.0 International license.

Supplementary data

L ACC | rvalue 0,125 R r value 0,15
X p value 0,34 ACC p value 0,2
Lin. Coef. 0,0324 X Lin. Coef. | 0,077
L Acc | rvalue 0,46 R r value 0,285
8 Y p value 2,4E-19 ACC p value 0,0002
< Lin. Coef. -0,06 v Lin. Coef. |-0,018
L ACC | rvalue 0,105 R r value 0,5774
7 p value 0,2 ACC p value 0,0077
Linear 0,056 7 Lin. Coef. | 0,0414
r value 0,54 R AS | rvalue 0,33
LASX 5value 2,09E-15 | p value 1,37E-06
Lin. Coef. 0,1188 Lin. Coef. | -0,0639
r value 0,25 R AS | rvalue 0,07
(<’() LASY p value 0,0020 v p value 0,32
Lin. Coef. -0,05 Lin. Coef. |-0,01
r value 0,46 R AS | rvalue 0,35
LASZ hvalue 2,36E08 |5 p value 1,13E-06
Lin. Coef. -0,13 Lin. Coef. | -0,1094
r value 0,51 R CS | rvalue 0,28
LCSX p value 2,52E-19 X p value 1.8E-06
Lin. Coef. -0,16 Lin. Coef. 0,0618
r value 0,52 R CS | rvalue 0,27
A LCSY p value 1,36E-12 |y p value 0,004
Lin. Coef. -0,1 Lin. Coef. | -0,0136
r value 0,18 R CS | rvalue 0,14
LCSZ p value 0.007 z p value 0,03
Lin. Coef. -0,008 Lin. Coef. | 0,0388
L STS | rvalue 0,022 R STS | rvalue 0,175
X p value 0,68 X p value 0,01
Lin. Coef. -0,005 Lin. Coef. | 0,023
L STS | rvalue 0,13 R STS | r value 0,4
g v p value 0,007 v pvalue | 1,06E-15
Lin. Coef. 0,02 Lin. Coef. | 0,028
L STS | rvalue 0,06 R STS | rvalue 0,08
b p value 0,23 7 p value 0,11
Lin. Coef. 0,001 Lin. Coef. 0,01
on | LIPS X | rvalue 0,0038 R IPS r value 0,04
o p value 0,93 p value 0,51
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Linear Coef -0,02 X Linear -0,0106
r value 0,3351 R IPS | rvalue 0,46
LIPSY 5value 19807 |y pvalue | 5,53E-014
Lin. Coef. 0,029 Lin. Coef. | 0,05
r value 0,059 R IPS | rvalue 0,14
LIPS 2 p value 0,47 7 p value 0,09
Lin. Coef. 0,007 Lin. Coef. | 0,045
r value 0,055 R LS | rvalue 0,38
LLS X p value 0,4739 X p value 1,03E-0705
Lin. Coef. -0,02 Lin. Coef. | 0,1075
r value 0,0686 R LS | rvalue 0,104
0 LLS ¥ p value 0,21 v p value 0,054
Lin. Coef. 0,007 Lin. Coef. | 0,008
r value 0,4 R LS | rvalue 0,44
LLSZ  Hvalue 6,8E-122 | 5 pvalue | 8,87E-14
Lin. Coef. 0,1 Lin. Coef. | 0,109
L OEC | rvalue 0,15 R r value 0,067
X p value 0.01-06 OFC p value 0,32
Lin. Coef. 0,038 X Lin. Coef. | -0,00633
L OFcC | rvalue 0,02 R r value 0,164
ﬁ_) Y p value 0,69 OFC p value 0,017
© Lin. Coef. -0,01 Y Lin. Coef. | 0,01986
L OFC | rvalue 0,514 R r value 0,51
b p value 7,06E- OFC p value 9,28E-13
Lin. Coef. 0,17 7 Linear 0,17
r value 0,122 R PS | rvalue 0,06
LPS X p value 0,1019 X p value 0,38
Lin. Coef. 0,05 Linear 0,01
r value 0,36772 R PS  rvalue 0,23
4 LPSY p value 0,042 Y p value 0.001
Lin. Coef. 0,0173 Lin. Coef. | 0,042
r value 0,108 R PS | rvalue 0,07
LPSZ hValue 0,283 . pvalue | 0,406
Lin. Coef. -0,014 Lin. Coef. | -0,043
L PCC | rvalue 0,45 R r value 0,105
X p value 0,0002 PCC p value 0,352
Lin. Coef. 0,2662 X Lin. Coef. -0,0694
8 L PCC | rvalue -0,0267 R r value 0,088
- v p value 0,714 PCC p value 0,18
Lin. Coef. 0,015 v Lin. Coef. | -0,016
L PCC | rvalue 0,128 R r value 0,013
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Z p value 0,09 PCC p value 0,866
Lin. Coef. 0,052 7 Lin. Coef. | 0,0037

617

618 Supplemental Table 1: Detailed statistics of the linear regression analysis. Significative
619 correlations are indicated in bold. Anatomical orientation presenting a significant correlation
620 in both hemispheres with the same orientation for any given sulcus is indicated in bold red
621 and highlighted against a grey background. X: latero-medial axis. Y: antero-posterior axis. Z:

622  ventro-dorsal axis.

623
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626  Figure S1: Proportion of voxels belonging to each pulvinar sub parts, i.e. anterior, medial,

627 lateral and inferior pulvinar, per slice.
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631 Figure S2: Winner take all functional connectivity maps for each individual monkey. All else
632 asinfigure 2. Only ipsilateral correlations are presented.
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(A)X gradient 19

637

638  Figure S3: Winner take all functional connectivity maps for individual monkeys as a function
639  of percent of correlation strength distance to the second best correlating voxel. The maps are
640 the winner take all functional connectivity maps displaying only the correlation that are 1, 2
641 ,3, 5 or 10% higher than the second best correlation. Four exemplar monkeys. Only

642 ipsilateral correlations are presented.
643
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647 Figure S4: Local functional connectivity gradients of the pulvinar with the superior temporal sulcus.
648  Only ipsilateral correlations between the STS and the pulvinar are presented for the STS along the
649  ventro-dorsal axis. Individual subject (grey) and mean across all the subjects (red) correlations are

650 presented as well as the group linear regression (black).
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