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a b s t r a c t 

Tool understanding and use are supported by a dedicated left-lateralized, intrinsically connected network in 
the human adult brain. To examine this network’s phylogenetic and ontogenetic origins, we compared resting- 
state functional connectivity (rsFC) among regions subserving tool processing in human adults to rsFC among 
homologous regions in human neonates and macaque monkeys (adolescent and mature). These homologous 
regions formed an intrinsic network in human neonates, but not in macaques. Network topological patterns were 
highly similar between human adults and neonates, and significantly less so between humans and macaques. The 
premotor-parietal rsFC had most significant contribution to the formation of the neonatal tool network. These 
results suggest that an intrinsic brain network potentially supporting tool processing exists in the human brain 
prior to individual tool use experiences, and that the premotor-parietal functional connection in particular offers 
a brain basis for complex tool behaviors specific to humans. 
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. Introduction 

Complex and flexible tool making and tool use are argued to
e unique to homo sapiens ( Ambrose, 2001 ; Gibson et al., 1994 ;
akley, 1956 ; Vaesen, 2012 ; Laland and Seed, 2021 ). Such abilities are
ligned with observations of a dedicated left-lateralized network in hu-
an adult brain that is particularly relevant for processing tools (e.g.,
ammers, axes, scissors), which includes left lateral occipital-temporal
ortex (LOTC), inferior and superior parietal lobule, inferior frontal
yrus, and premotor cortex. These regions are preferentially activated
hen human adults view pictures of tools relative to other types of ob-

ects (e.g., faces, animals, and large, non-manipulable objects), listen to
ool names, imagine tool use, or pantomime tool use ( Chao and Mar-
in, 2000 ; Chouinard and Goodale, 2012 ; Lewis, 2006 ; Peelen et al.,
013 ; Wang et al., 2018 ; for a review see Bi et al., 2016 ). Also, they
ave been observed to be both structurally and functionally connected
 Bi et al., 2015 ; Konkle and Caramazza, 2017 ; Peelen et al., 2013 ) and
esions to these regions and/or to their underlying white matter connec-
ions can lead to deficits in tool understanding and use ( Bi et al., 2015 ;
uxbaum et al., 2014 ; Garcea et al., 2020 ; Tarhan et al., 2015 ). It is as-
umed that these regions contribute multiple types of computations to
ool processing, with the LOTC, as part of the ventral visual pathway, in-
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olved in visual shape analysis and, optimally connected to the parietal
nd frontal regions to support grasping, manipulating and (conceptual)
nderstanding tools ( Mahon, 2020 ). 

What are the phylogenetic and ontogenetic origins of the tool pro-
essing network observed in human adults? Is its formation simply
he result of associative learning, based on individual experiences of
ool manipulation, which bridge sensory and motor representations
f tools? Or is this network (partly) innate, predisposed in the hu-
an brains prior to any individual object use experience, and poten-

ially human-specific, given its evolutionary significance in homo sapi-
ns? One way to tackle this fundamental question is to compare this
rain system in human adults with that in human neonates and non-
uman animals. However, it is difficult to perform tool-processing ex-
erimental tasks with human neonates not only for practical reasons
ut also because of highly limited cognitive/motor skills (only reflec-
ive motor responses, without grasping/manipulating abilities). The ap-
roach we took here, motivated by the notion that brain function is
etermined by connection patterns ( Passingham et al., 2002 ), is to
ake advantage of resting-state functional connectivity (rsFC) data and
xamine whether the intrinsic brain connection pattern among the
omologous brain regions of interest are already in place in human
arning, Beijing Normal University, Beijing 100875, China. 
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Regarding nonhuman primates, similarities and differences to hu-
ans have been reported on both behavioral and neural levels. The sim-
ler forms of tool use and even tool making are not unique to humans.
nimals have visual and motor experiences with objects such as gasping
 stick, and some have even demonstrated simple tool use (e.g., apes and
rows use sticks to forage for insects, Bentley-Condit and Smith, 2010 ;
ayet et al., 2020 ; Shumaker et al., 2011 ). Nevertheless, humans are
rguably the only species that can make and use sophisticated tools
ased on causal (mechanical) understanding of the relationship be-
ween its physical properties, use and function ( Johnson-Frey, 2003 ;
aland and Seed, 2021 ; Osiurak and Reynaud, 2020 ; Penn et al., 2008 ;
aesen, 2012 ; Visalberghi and Limongelli, 1994 ), which allows them to
onvert ordinary objects into tools for flexible functional use as early as
wo years of age ( Kastner et al., 2017 ). Neurally, in the macaque brains,
bject grasping or simple-tool-use is supported by a lateral network en-
ompassing the parietal cortex, premotor area and inferior frontal gyrus
e.g., Borra et al. 2017 , Obayashi et al. 2001 ), regions in proximity to
he tool-processing areas in human adults; yet, species-differences were
bserved in the left inferior parietal cortex associating with tool-use-
ctivities ( Peeters et al., 2009 ). The characteristics of brain connectivity
attern among these homologous brain regions, however, have not been
ompared across species and developmental trajectories. 

Here, we empirically tested the phylogenetic and ontogenetic ori-
ins of the intrinsic tool processing network observed in human adults
y comparing resting-state functional connectivity (rsFC) pattern among
ool processing regions in human adults ( n = 100) to rsFC among homol-
gous regions in human neonates with little motor experience ( n = 118)
nd in macaque monkeys with ample visual/motor experiences (adoles-
ent and mature, n = 25). If the emergence of the intrinsically connected
ool processing network in human adults is driven by learnt sensory-
otor association based on the visual-motor/manipulation experiences
ith objects, then similar intrinsic connectivity pattern among the ho-
ologous regions are not predicted in human neonates, who have not
eveloped any nonreflective motor skills and thus no object use experi-
nce, but predicted in macaques, who have extensive motor experience
ith objects. Alternatively, the tool network observed in human adults
ay be innate and (at least partly) unique to homo sapiens, supporting

he human-unique complex tool making/use behaviors, and we would
xpect to observe similar intrinsic connectivity pattern already present
mong the homologous regions in the human neonate brain, and not in
he macaque brain. A brain network supporting face processing (hence-
orth face processing network), which has been reported for both hu-
ans ( Wang et al., 2016 ) and macaques ( Schwiedrzik et al., 2015 ), was

lso assessed in these three populations as a reference point for the po-
ential tool processing network. 

. Methods 

.1. Participants 

Human adults. Resting-state images of human adults were ob-
ained from the WU-Minn Human Connectome Project (HCP) carried
ut at Washington University in St. Louis ( Van Essen et al., 2013 ,
ttps://www.humanconnectome.org/study/hcp-young-adult ). For the
urrent study, 100 individuals (55 females, 28.3 ± 3.4 years old), com-
ng from different families (i.e., not related), were randomly selected
rom the 1200 Subjects Data Release. The fMRI data of all selected par-
icipants met the following inclusion criteria: (1) had less than 10% of
olumes with framewise displacement (FD) ≥ 0.3 mm (see details in
.2 Image preprocessing) and (2) exhibited good coverage ( > 50% over-
ap) of the functional Regions of Interest (ROIs) selected (see details in
.4 ROI selection and cross-population registration). This project was
eviewed and approved by the Institutional Ethics Committee of Wash-
ngton University in St. Louis, Missouri. All participants signed written
nformed consent. 
2 
Human neonates. Imaging data of human neonates were ob-
ained from the Developing Human Connectome Project (dHCP)
onducted at the Newborn Imaging Center at Evelina Lon-
on Children’s Hospital, London, UK ( Makropoulos et al., 2018 ,
ttps://www.developingconnectome.org ). 118 neonates (57 females,
irth age = 39.7 ± 1.9 weeks; scan age = 40.9 ± 2.1 weeks, birth
eight = 3.1 ± 0.66 kg) were selected from the two data releases
vailable at the time of data analysis for the present study based on
he following inclusion criteria: (1) images were acquired within the
rst month (i.e., ≤ 4 weeks) after birth; (2) structural images showed
o clinical concerns when evaluated by a perinatal neuroradiologist
i.e., radiology score ≤ 3); (3) ≤ 10% of scans contained excessive
ead movement, defined as ≥ 0.3 mm FD; (4) there was good coverage
 > 50% overlap) of the functional ROIs selected. Among them, 12
eonates were born pre-term (birth age range: 31.7–36.9 weeks), while
he remaining 106 participants were born full-term. The dHCP was
pproved by the UK health Research Authority. Informed parental
onsent was obtained for imaging acquisition and data release. 

Adolescent and adult macaques (macaca mulatta). Macaque 
maging data were obtained from the PRIMatE Data Ex-
hange (PRIME-DE) consortium ( Milham et al., 2018 ,
ttp://fcon_1000.projects.nitrc.org/indi/indiPRIME.html ). Two co-
orts of macaques were included in the present study. One of them was
ewcastle data, where macaques were awake during resting-state image
cquisition. Resting-state fMRI images were available for 10 macaques
 Baumann et al., 2015 , 2011 ; Poirier et al., 2017 ; Rinne et al., 2017 ;
chönwiesner et al., 2015 ; Slater et al., 2016 ; Wilson et al., 2015 ),
ut data from one macaque was removed due to poor coverage of
he functional ROIs ( < 30% overlap; see 2.4 ROI selection and cross-
opulation registration for details and Fig. S3 for replication using
he same > 50% exclusion criteria as the human subjects), resulting in
 macaques (2 females, age = 8.4 ± 2.5 years, weight = 11.6 ± 3.6
g) whose data were entered in the final analysis. The other one
as Oxford data, where macaques were anesthetized during imaging
ata collection. The original dataset consisted of 20 rhesus macaque
onkeys ( Noonan et al., 2014 ). However, data of four macaques were

xcluded due to poor normalizations ( n = 1) or insufficient coverage
f functional ROIs ( < 30% overlap; n = 3), resulting in a final set of 16
acaques (all males, age = 3.7 ± 0.69 years, weight = 5.9 ± 1.4 kg).
ogether, there were 25 macaques ( n = 25, mean age = 5.4 ± 2.7 years,
ange 2.4–13.1) whose fMRI images were included in the current study
see Table S1 for the full list of subject IDs). 

.2. Image acquisition 

Human adults. Images were collected using a 3T Siemens Skyra mag-
etic resonance scanner with a 32-channel head coil ( Van Essen et al.,
013 ). Resting-state images were collected while participants fixated
eyes open) on a bright cross-hair projected on a dark background (and
resented in a darkened room). A gradient-echo echo planar imaging
GE-EPI) sequence was applied with the following parameters: repeti-
ion time (TR) = 720 ms, echo time (TE) = 33.1 ms, flip angle (FA) = 52°,
andwidth = 2290 Hz/pixel, field of view (FOV) = 208 × 180 mm 

2 , ma-
rix = 104 × 90, voxel size = 2 × 2 × 2 mm 

3 , multi-band (MB) factor = 8,
lices = 72, and total scan time of 1200 frames = 14.6 min ( Smith et al.,
013 ). Two sessions (i.e. REST1 and REST2) were collected on two con-
ecutive days, each including two runs with both phase encoding di-
ections (i.e. left-to-right and right-to-left). All four runs were used in
he present study. High-resolution T1-weighted images were also ac-
uired for all participants using a magnetized rapid gradient-echo imag-
ng (MPRAGE) sequence with TR = 2400 ms, TE = 2.14 ms, reversal time
TI) = 1000 ms, FA = 8°, FOV = 224 × 224 mm 

2 , voxel size = 0.7 mm
sotropic, and total scan time = 7.7 min. 

Human neonates. Images were collected using a 3T Philips Achieva
ith a dedicated neonatal imaging system, including a neonatal 32-

hannel phased array head coil ( Hughes et al., 2017 ). All neonates

https://www.humanconnectome.org/study/hcp-young-adult
https://www.developingconnectome.org
http://fcon_1000.projects.nitrc.org/indi/indiPRIME.html
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ere scanned during natural sleep without sedation. A multiband EPI
equence was utilized with TR = 392 ms, TE = 38ms, FA = 34°,
oxel size = 2.15 × 2.15 × 2.15 mm 

3 , MB factor = 9, and total scan
ime = 2300 volume (15.05 min). T2-weighted (TR = 12 s; TE = 156
s; sensitivity encoding (SENSE) factor: axial = 2.11, sagittal = 2.58)

nd inversion recovery T1-weighted (TR = 4795 ms; TI = 1740 ms;
E = 8.7 ms; SENSE factor: axial = 2.26, sagittal = 2.66) multi-slice fast
pin-echo images were also collected for all neonates (in-plane resolu-
ion = 0.8 × 0.8 mm 

2 , 1.6 mm slices overlapped by 0.8 mm, see details
n Fitzgibbon et al. (2020) . 

Macaque monkeys (macaca mulatta). The Newcastle data were col-
ected on a Vertical Bruker 4.7T primate dedicated scanner with a single
hannel or a 4–8 channel parallel imaging coil. All monkeys included
n the current study were awake during resting-state imaging acquisi-
ion. Two resting-state sessions were collected for each monkey with
.2 × 1.2 × 1.2 mm 

3 resolution, TR = 2600 ms, TE = 17 ms, 10.8 min
250 volumes) per scan. T1-weighted images were also acquired us-
ng a modified driven equilibrium Fourier transform (MDEFT) sequence
ith the following parameters: TR = 750 ms, TE = 6ms, inversion de-

ay = 700 ms, FOV = 12.8 × 9.6 cm 

2 on a grid of 256 × 192 voxels,
oxel size = 0.5 × 0.5 × 2 mm, number of slices = 22. Additionally, no
ontrast agent was used during scanning. 

The Oxford data were collected on a 3T scanner with a 4-channel
oil when macaques were under anesthesia. Again, no contrast agent
as used. The acquisition parameters for the resting-state images were
 × 2 × 2 mm 

3 resolution, TR = 2s, TE = 19 ms, FA = 90°, and total
can time = 53.3 min (1600 volumes). T1-weighted images for all mon-
eys were also acquired using a MPRAGE sequence with the following
arameters: TR = 2500 ms, TE = 4.01ms, TI = 1100 ms, FA = 8°, voxel
ize = 0.5 × 0.5 × 0.5 mm. 

.3. Image preprocessing 

Human adults . We used the HCP’s minimally preprocessed resting-
tate data ( Glasser et al., 2013 ), which were distortion and motion
orrected and registered to MNI templates via structural images us-
ng non-linear transformations. These images were further denoised
sing independent component analysis (ICA) with the FMRIB’s ICA-
ased X-noiseifier (FIX) tool ( Salimi-Khorshidi et al., 2014 ) to effec-
ively identify and remove the components of spatiotemporal signals
aused by non-neuronal or structural noise, including head movement
 Smith et al., 2013 ). Moreover, volumes with ≥ 0.3 mm FD ( Power et al.,
012 ) were identified as outlier scans with excessive motion. All human
dults included in the current analyses had no more than 10% outliers
2.7% ± 0.025). Preprocessing procedures subsequently performed us-
ng the DPABI toolbox ( Yan et al., 2016 ) included: (1) linear detrend-
ng to minimize the effects of low-frequency drift; (2) regression of nui-
ance variables, including the mean white matter (WM) and the cere-
rospinal fluid (CSF) signals, continuous head movement (Friston-24
arameters, i.e., models of motion including 6 head motion parameters,
 head motion parameters one time point before, and the 12 correspond-
ng squared items, Friston et al., 1996 ) and outlier scans, to further
educe non-neuronal contributions, (3) temporal band-pass (0.01–0.1
z) filtering to decrease non-neurophysiological noise, and (4) spatial

moothing (Gaussian filter, FWHM = 6 mm). 
Human neonates. Similar to the HCP dataset, the resting-state func-

ional images of the neonates first underwent a minimally preprocessed
ipeline developed by the dHCP team specifically for this age range
 Fitzgibbon et al., 2020 ). This pipeline included motion and distortion
orrection, registration of the functional images with corresponding T2-
eighted images, as well as ICA-FIX denoising. Deformational matrices

or aligning individual structural images in native space to a 40-week
2 template were also generated, and subsequently applied to the mini-
ally preprocessed functional images to normalize them to the 40-week

tandard space. Images with excessive motion, defined as ≥ 0.3 mm FD,
ere identified and all neonates included in the current analyses had
3 
ewer than 10% of outliers (5.1% ± 0.028). Similar to the human adults,
he images of the neonates were subsequently preprocessed using the
PABI toolbox for linear detrending, removal of nuisance effects (mean
M and CSF time series, Friston-24 parameters and outlier scans), tem-

oral band-pass filtering (0.01-0.1Hz), and spatial smoothing (Gaussian
lter, FWHM = 6 mm). 

Macaque monkeys. Images of both awake ( Newcastle data ) and anes-
hetized ( Oxford data ) monkeys were fully preprocessed using the DPABI
oolbox with the following steps: (1) discarding the first five time points
or signal equilibrium and adaptation to the scanning noise (this was
ot done for the human data because the downloaded images were al-
eady minimally preprocessed), (2) correcting for head movement, (3)
emoving the signal trend linearly, (4) identifying outliers defined as ≥
.3 mm FD, (5) normalizing to the 112RM-SL template (the volume-
ased atlas, McLaren et al. (2009 , 2010) ) using unified segmentation
n T1-weighted images, (6) regressing out the nuisance variables, in-
luding the mean WM and CSF time series, Friston-24 parameters and
utlier scans, (7) band-pass (0.01–0.1 Hz) filtering, and (8) spatial
moothing (Gaussian filter, FWHM = 3 mm; a smaller FWHM was used
ere compared to that for humans because the acquisition voxel size
as smaller in the awake macaque group). The anesthetized macaques

howed minimal head movement during scanning with no outlier im-
ges. The awake macaques showed a variable number of outlier images
3%-29%, mean = 13% ± 0.11) with four macaques having more than
0% of outlier images. Due to the small sample of awake macaques, their
mages were still included in the current study. Nevertheless, main re-
ults obtained based on the whole macaque group were replicated in
wake and anesthetized macaques separately, ensuring the reliability of
he current findings (Figs. S1 and S2). 

.4. ROI selection and cross-population registration ( Fig. 1 A) 

Nodes (ROIs) of the neural networks underlying tool (and face as
 control domain) processing in human adults were objectively gener-
ted from meta-analyses based on the Neurosynth database incorporat-
ng 14,371 fMRI studies in total ( https://neurosynth.org , version 0.7
eleased July, 2018, Yarkoni et al., 2011 ). Association maps based on
he terms “tools ” and “face ” were generated respectively using the de-
ault threshold at false discovery rate (FDR) corrected, p < 0.01 with
 = 50 voxels. 

The tool processing network, derived from 115 studies, contained
hree regions in the left hemisphere: left lateral occipitotemporal cortex
LOTC), left inferior frontal gyrus (LIFG), and left inferior and superior
arietal lobule (LIPL/SPL). Given the frequently reported involvement
f the left premotor area (LPreG) in tool-relevant tasks ( Brandi et al.,
014 ; Lewis, 2006 ), including simply viewing ( Chao and Martin, 2000 ),
n additional ROI located in the LPreG was further obtained using a
enient threshold at z = 3.09. Note that the specific roles in tool process-
ng for these regions are not without controversy. For instance, the LIFG
luster has been shown to activate during multiple tasks such as view-
ng tools, pantomiming tool use, and imaging tool use ( Lewis, 2006 ),
nd hypothesized to play important roles in the neural representation of
he action kinematics ( Buxbaum et al., 2014 ), action selection/planning
rocesses critical for tool use ( Randerath et al., 2010 ), and/or semantic
rocessing more generally ( Carota et al., 2017 ). This approach, based
n Neurosynth, allows to cover the brain regions supporting broad pro-
esses involved in tool understanding and use (e.g., perception, manip-
lation, function, semantics), which, as a network, is our question of
nterest. 

The face processing network was derived from 896 studies and ini-
ially revealed five cerebral ROIs, including left superior temporal gyrus
LSTG), right inferior frontal (RIFG), and three large clusters in the left
 k = 3229 voxels) and right ( k = 4728 voxels) ventral visual pathways,
s well as the right anterior temporal lobe (RATL), which extended into
he subcortical areas ( k = 1156 voxels). For the two clusters in the ven-
ral visual pathways, more stringent thresholds were applied to iden-

https://neurosynth.org
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Fig. 1. Flow chart of resting-state functional connectivity (rsFC) analyses for tool and face processing networks in human adults, human neonates and macaques. A. 
Tool and face processing nodes are presented in slice views on standard templates for human adults (T1-weighted), human neonates (T2-weighted), and macaques (T1- 
weighted). These nodes were initially derived from task-based fMRI meta-analyses using the Neurosynth database and then registered to human neonate and macaque 
spaces using non-linear registration and functional alignment approaches, respectively. B. Intrinsic networks were first evaluated by comparing rsFC between nodes 
of the same network to that of nodes belonging to different networks. C. A step-by-step procedure is illustrated for computing network topology similarity between 
groups (using the tool processing network as an example). D. Additional characterization of nodal and path contributions to the formation of the tool processing 
network using the leave-one-out approach. Slice views and projected brain images were prepared in Mricron ( https://www.nitrc.org/projects/mricron ) and BrainNet 
Viewer ( Xia et al., 2013 ), respectively. LOTC: left lateral occipitotemporal cortex; LIPL/SPL: left inferior and superior parietal lobule; LPreG: left premotor gyrus; 
LIFG: left inferior frontal gyrus; L/ROFA: left and right occipital face areas; L/RFFA: left and right fusiform face areas; RATL: right anterior temporal lobe; L/RSTG: 
left and right superior temporal gyrus; RIFG: right inferior frontal gyrus. 
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ify functionally distinctive ROIs, resulting in right fusiform face area
RFFA), right occipital face area (ROFA) and right superior temporal
yrus (RSTG) on the right ( z = 5 for RSTG; z = 11 for ROFA and RFFA)
nd left fusiform face area (LFFA) and left occipital face area (LOFA) on
he left ( z = 8). The stricter threshold ( z = 5) also helped to confine the
ATL to the cerebral cortex. Overall, we identified a left-hemispheric

ool network and a bilateral face network ( Fig. 1 A, Table S2) that con-
ained key regions commonly reported in previous meta-analyses and
eview papers ( Lewis, 2006 ; Wang et al., 2020 ). 

For neonates, these tool and face processing ROIs identified in human
dults in MNI152 space were then transformed onto 40-week templates
vailable on the dHCP- website ( https://gin.g-node.org/BioMedIA/
hcp-volumetric-atlas-groupwise ), using Advanced Normalization Tools
ANTs, Avants et al., 2009 , https://stnava.github.io/ANTs , Fig. 1 A).
ereafter, the transformed ROIs were referred to as tool (or face) homol-
gous nodes or regions, emphasizing that they are brain regions homol-
gous to those showing tool processing sensitivity in human adults, and
ot directly functionally defined in human neonates (and macaques). 
4 
For macaques, registration of the ROIs was achieved using the
andmark-based functional connectivity approach recently developed
y Xu et al. (2020 ) . Specifically, volumetric ROIs identified in human
dults for tool and face processing were first mapped onto a standard
urface (i.e., 32k_fs_LR) using the registration fusion approach in ANTs
RF-ANTs, Wu et al., 2018 ). They were then transferred from the hu-
an surface to the macaque space (Yerkes 19 atlases, Donahue et al.,
016 ) using a joint-embedding technique. This approach represents the
unctional organization of macaques and humans in a high-dimensional
ommon space which enables establishing the cortical transformation
etween these two species ( Xu et al., 2020 ). The transformed ROIs,
ow in macaque surface space, were then converted into volumetric
pace using the HCP workbench command (label-to-volume-mapping,
ibbon constrained mapping algorithm) and registered to the volume-
ased 112RM-SL template (DPABI defaults, McLaren et al., 2009 , 2010 )
sing ANTs. 

Finally, we checked whether the individual images had optimal cov-
rage of the selected ROIs. A binary brain mask was generated based

https://www.nitrc.org/projects/mricron
https://gin.g-node.org/BioMedIA/dhcp-volumetric-atlas-groupwise
https://stnava.github.io/ANTs
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n the preprocessed functional images of each participant using the
PABI automask function, and the overlap between such binary mask
nd each selected ROI was calculated, as an indication of ROI coverage.
ll human adults and neonates met the inclusion criteria ( > 50% over-

ap, see 2.1 Participants), showing optimal coverage of each ROI (over-
ap: human adults: 96% ± 0.06, human neonates: 96% ± 0.09). Note
hat a lenient inclusion threshold ( > 30%) was applied to the macaque
roups to maximize the sample sizes, which still resulted in overall
ood coverage (awake: 1 excluded, remaining 95% ± 0.12; anesthetized,
 excluded, remaining: 96% ± 0.13). Replication analyses were per-
ormed based on the data of 17 macaques using the same inclusion cri-
erion as humans ( > 50%), which did not alter the main result patterns
Fig. S3). 

.5. Resting-state functional connectivity (rsFC) analyses 

For each individual from all the three groups (i.e. human adults,
uman neonates, and macaques), the node-based timecourse was cal-
ulated by averaging across all voxels included in each ROI. Pearson
orrelations were then performed on the node-based timecourse for
ach ROI pair and the resulting correlation coefficients were trans-
ormed to Fisher Z scores. This procedure generated an rsFC matrix
or each subject. Network analyses included three major steps. First,
he intrinsic tool and face processing networks were evaluated in each
roup by comparing the rsFC between nodes belonging to the same do-
ain with that between nodes from different domains ( Fig. 1 B). To

his aim, a one-way repeated measures ANOVA was first performed
ithin each group to examine the potential differences among the three

ets of rsFC: the mean rsFC of the six within-tool-domain connections
mong the four tool processing nodes, the mean rsFC of the 28 within-
ace-domain connections (eight face processing nodes), the mean rsFC
f the 32 between-domain connections each connecting one tool and
ne face processing node. Upon significant ANOVA effects, paired t -
ests were then carried out to evaluate the differences between the
sFC of the within-domain connections and that of the between-domain
onnections for the tool and face processing networks, respectively.
n intrinsic network was deemed present in a specific group if the t -

ests revealed significantly higher within-domain than between-domain
sFC. 

A set of validation analyses were subsequently performed to ensure
he observed network effects were not due to potential confounding
ariables of nodal distance, sample size, temporal signal-to-noise ratio
tSNR), and ROI selection methods (see Supplementary Materials 1.1
nd 1.2 for details). 

The second analysis focused on the network topology similarity be-
ween different groups. Pearson correlations were conducted on the rsFC
alues across paths within the tool (or face) processing network for each
ubject pair across all three groups ( Fig. 1 C), which were converted
nto Fisher Z scores for significance testing. One-sample t -tests were
pplied to evaluate whether each of the between-group pattern simi-
arities were significantly greater than 0. A one-way ANOVA analysis
as then performed to evaluate whether the between-group similarities
iffered among the three group pairs, and post-hoc comparisons were
ubsequently carried out upon a significant main effect. The r values
or the corresponding Fisher Z scores were further reported ( Fig. 3 C) to
ore transparently present the correlation magnitudes of the network

opology similarity between different groups. 
In the final analysis, the contribution of each node and each path to

he intrinsic tool network observed in human adults and neonates was
nvestigated. A leave-one-node/path-out approach was applied, where
he comparisons of within- and between- domain rsFC were re-evaluated
hen one node or path was removed at a time ( Fig. 1 D). 

The Bonferroni correction for multiple comparisons was performed
or all the analyses included in the current study. The Cohen’s d and
he partial 𝜂2 effect sizes were additionally computed for the significant
 -test and ANOVA test results, respectively, for clearer interpretation. 
5 
. Results 

.1. Intrinsic functional connectivity results 

Human adult tool network characterization . Using the human adult
esting-state dataset available in the HCP, we demonstrated that these
egions being consistently activated by tools (or faces) constituted
ightly connected networks, replicating previous literature ( Peelen et al.,
013 ; Stevens et al., 2015 ; Wang et al., 2016 ). Specifically, the
NOVA analysis revealed significant group differences ( F 2,198 = 118.27,
 < 0.001, partial 𝜂2 = 0.54) among the within-tool-domain, within-face-
omain and between-domain rsFC. Post-hoc analyses further demon-
trated significantly greater rsFC among the tool processing nodes and
mong the face processing nodes than the rsFC between tool and face
rocessing nodes (within-tool-domain > between-domain: t 99 = 15.4,
 corrected < 0.001, Cohen’s d = 1.54; within-face-domain > between-
omain: t 99 = 15.4, p corrected < 0.001, Cohen’s d = 1.54, Fig. 2 A). 

Tool homologous intrinsic network structure present in human neonates .
ased on the resting-state images of human neonates available from
HCP, significant differences among the within-tool-domain, within-
ace-domain and between-domain rsFC were first revealed by the
NOVA analysis ( F 2,234 = 126.3, p < 0.001, partial 𝜂2 = 0.52). Post-hoc
nalyses further demonstrated that the within-domain rsFC for the tool
omologous network was significantly greater than between-domain
sFC ( t 117 = 12.4, p corrected < 0.001, Cohen’s d = 1.1, Fig. 2 A), sug-
esting the presence of an intrinsic functional network among the tool
omologous regions in human neonates. The same results held when
he pre-term and full-term neonates were analyzed separately (full-
erm neonates: t 105 = 11.4, p corrected < 0.001, Cohen’s d = 1.1; pre-term
eonates: t 11 = 6.3, p corrected < 0.001, Cohen’s d = 1.8, Fig. S1A). No co-
erent face homologous network was observed in neonates, as within-
ace-domain rsFC was not stronger than between-domain rsFC ( t 117 = 
4.5, p corrected < 0.001; i.e., in the reverse direction of the face-network
resence). 

Tool homologous intrinsic network structure absent in macaques . The
NOVA analysis based on the macaque dataset available in the
RIME-DE consortium revealed a significant main effect for the differ-
nces among the within-tool-domain, within-face-domain and between-
omain rsFC ( F 2,48 = 22.5, p < 0.001, partial 𝜂2 = 0.48). Post-hoc anal-
ses showed that the within-tool-domain rsFC was not stronger than
etween-domain rsFC ( t 24 = -3.95, p = 0.001; i.e., in the reverse direc-
ion of the tool-network presence, Fig. 2 A), indicating that the homol-
gous regions derived from the tool processing ROIs in human adults
id not form an intrinsic brain network structure in the macaque brain.
n contrast, a face homologous network was observed using the same
pproach, as within-face-domain rsFC was significantly greater than
etween-domain rsFC ( t 24 = 4.5, p corrected < 0.001, Cohen’s d = 0.90,
ig. 2 A). The presence of the face homologous network in macaques was
urther replicated both in a subsample of 9 macaques who were awake
uring scanning ( t 8 = 5.6, p corrected = 0.001, Cohen’s d = 1.9) and 16
acaques who were anesthetized during imaging acquisition ( t 15 = 2.5,
 corrected = 0.048, Cohen’s d = 0.63, Fig. S1A). 

Validation analyses controlling for nodal distance, sample size, tSNR,

nd ROI selection methods. The result patterns above were robust across a
eries of validation analyses that controlled for potential effects of nodal
istance across networks ( Fig. 2 B), sample size difference across groups
 Fig. 2 C), tSNR differences across populations (Fig. S4), and methods of
OI selection (see Supplementary Materials 1.1 and 1.2 for details). 

.2. Network topology results: Highly similar tool homologous network 

opology between human adults and neonates, but not between humans and 

acaques 

In addition to the network-level rsFC analyses above, we further
haracterized and compared every network connection among the tool
rocessing nodes (or their homologues) across the three population
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Fig. 2. The human adult tool-network intrinsic connectivity structure is present in human neonates, but not in adolescent/mature macaques. A. Bar graphs illustrate 
resting-state functional connectivity (rsFC) values for within-domain and between-domain connectivity in all three groups. Effect sizes (Cohen’s d) are shown for 
comparisons in which significantly greater within-domain than between-domain rsFC was observed (all p corrected < 0.001). Error bars indicate standard errors. B. Bar 
graphs depict replication results for the network analysis using only left-hemispheric nodes. The tool processing nodes lying in the left hemisphere showed shorter 
path length of the within-tool-domain connections compared to that of the between-domain connections in all three groups (all p < 0.05), which might confound 
with the observed tool network effects. A validation analysis was thus conducted with only ROIs in the left hemisphere to ensure balanced within-tool-domain and 
between-domain nodal distances (see Supplementary Materials 1.1 for details). Effect sizes (Cohen’s d) are shown for comparisons in which significantly greater 
within-domain than between-domain rsFC was observed (all p corrected < 0.001). Error bars indicate standard errors. C. Distribution maps show network effects from 

the bootstrapping analysis (n = 10,000) in human adults and neonates, which were calculated as within-domain minus between-domain rsFC (rsFC differences) for tool 
and face processing networks based on subgroups of randomly selected human adults and neonates ( n = 25, equal to the sample size of macaques, see Supplementary 
Materials 1.1 for details). A single line is used to indicate the rsFC differences for macaques, since no bootstrapping analyses were performed in this group. The grey 
line represents 0. 

6 
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Fig. 3. High topological similarities for the tool (homologous) network between human adults and neonates, but not between humans and macaques. A. Path-specific 
connectivity strengths (Fisher Z scores) of the tool (homologous) network in all three groups. Significant group comparisons between human adults and human 
neonates are marked in , whereas significant group differences between human neonates and macaques are marked in . The left premotor-left inferior/superior 
parietal path was species-specific, since it was the only path that was comparable between human adults and human neonates, but different between human neonates 
and macaques. ∗ p corrected < 0.05, ∗ ∗ p corrected < 0.01, ∗ ∗ ∗ p corrected < 0.001. B. The correlational matrix for the network topology similarities in all three populations for 
the tool processing network. C. Bar graphs show tool network topology similarities for participants belonging to different groups. Effect sizes (Cohen’s d) are shown 
for comparisons in which significant differences in between-group pattern similarities were observed (all p corrected < 0.001). Error bars indicate standard errors. 
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roups. Fig. 3 A visualizes the topological pattern of the tool (homolo-
ous) network for each group by showing the path-wise rsFC strengths.
he stronger similarity between the human adult and human neonate
roups shown in the figure was further confirmed by the topological
imilarity results on the tool (homologous) processing network (see
ig. 1 C for the method and Fig. 3 B for the cross-subject correlation
atrix across all subjects). Specifically, the topological patterns of the

ool (homologous) networks in human adults and neonates were signifi-
antly correlated with large effect sizes ( r = 0.52 ± 0.48, one-sample
 11799 = 119.3, p corrected < 0.001, Cohen’s d = 1.1, Fig. 3 C). By con-
rast, the similarities between the macaque group and either human
7 
roup were, although statistically significant, very low (human adults-
acaques: r = 0.054 ± 0.49, one-sample t 2499 = 5.1, p corrected < 0.001,
ohen’s d = 0.10; human neonates-macaques, r = 0.080 ± 0.48, one-
ample t 2949 = 8.4, p corrected < 0.001, Cohen’s d = 0.15, Fig. 3 C). The
NOVA analysis on the between-group similarities among the three
roup pairs further revealed a significant main effect ( F 2,17247 = 1742.8,
 < 0.001, partial 𝜂2 = 0.17). Post-hoc analyses showed that the sim-
larity between the two human groups was significantly higher than
ach of the between-species similarities (human adults-human neonates
s. human adults-macaques: t 14298 = 45.0, p corrected < 0.001, Cohen’s

 = 0.99; human adults-human neonates vs. human neonates-macaque:



H. Wen, T. Xu, X. Wang et al. NeuroImage 258 (2022) 119339 

t  

l
0

 

p  

a  

p  

j  

r  

M
 

f  

m  

s  

m  

C  

t  

a  

g  

p  

l  

b  

m  

w  

a  

T  

p  

a

3

t

n

 

a  

t  

a  

r  

b  

g  

(  

F  

w  

i  

p  

w
<  

o  

a  

t  

n  

n  

r  

b  

L  

h  

f  

n
 

p  

L  

a  

h  

f  

w  

f  

l  

g  

b  

L  

t  

(  

t

4

 

i  

o  

p  

h  

r  

o  

t  

i  

e  

m  

T  

w  

n  

a  

m  

g  

p  

i
 

n  

d  

c  

p  

T  

i  

a  

a  

f  

q  

i  

t  

p  

i  

r  

t  

n  

b  

c  

t  

e  

u  

i  

T  

T  

m  

t  

c  

d  

l  

c  

1  

e  

i
 

p  
 14748 = 46.0, p corrected < 0.001, Cohen’s d = 0.95, Fig. 3 C), while the
atter two did not differ significantly from each other ( t 5448 = 1.8, p = 
.07). 

To deal with the limited number of connections (n = 6) in the tool
rocessing network that might impact the topological similarity results,
 validation analysis was conducted, in which the time series of each
articipant was split into 10 bins, resulting in 60 data points per sub-
ects for the topological similarity computation. This validation analysis
evealed the same result pattern as reported here (see Supplementary
aterials 1.3 for details). 

For the face homologous network, all between-group correlations
or the face (homologous) network were significant with large or
edium effect sizes (human adults-neonates: r = 0.51 ± 0.26, one-

ample t 11799 = 234.0, p corrected < 0.001, Cohen’s d = 2.2; human adults-
acaques: r = 0.47 ± 0.21, one-sample t 2499 = 116.7, p corrected < 0.001,
ohen’s d = 2.3; human neonates-macaques, r = 0.43 ± 0.25, one-sample
 2949 = 100.0, p corrected < 0.001, Cohen’s d = 1.8, Fig. S5). The ANOVA
nalysis demonstrated significant group differences in the between-
roup similarities among the three group pairs ( F 2,17247 = 229.9,
 < 0.001, partial 𝜂2 = 0.03). Post-hoc analyses showed that the topo-
ogical patterns for the face (homologous) network were more similar
etween human adults and neonates than between human adults and
acaques ( t 14298 = 11.1, p corrected < 0.001, Cohen’s d = 0.25), which
ere in turn were more similar than those between human neonates
nd macaques ( t 5448 = 6.6, p corrected < 0.001, Cohen’s d = 0.18, Fig. S5).
he network topology results mostly remained for both the tool and face
rocessing networks when pre-term and full-term neonates and when
wake and anesthetized macaques were analyzed separately (Fig. S2). 

.3. Nodal and path results: Strong contributions of premotor connectivity 

o the formation of the intrinsic tool homologous network in human 

eonates 

Is the formation of the tool (homologous) network in human adults
nd neonates driven by any particular region(s) or functional connec-
ion(s)? This question was addressed using leave-one-node/path-out
nalyses ( Fig. 1 D). In human adults, when any single node/path was
emoved, the remaining network still showed stronger within- than
etween-domain rsFC (all ts > 5, all p corrected < 0.001, Fig. S6A), sug-
esting that the tool processing network was robust in human adults
see the same result patterns derived from the left-hemispheric nodes in
ig. S6B). By contrast, in human neonates, when the left premotor node
as removed, the remaining tool processing nodes no longer formed an

ntrinsic network ( t 117 = 1.2, p = 0.24). Removal of any other node or
ath did not affect the presence of the tool homologous network (i.e.,
ithin-tool-domain - between-domain rsFC > 0, all t s > 4, all p corrected 

 0.001, Fig. 4 A). Furthermore, the same analyses were repeated using
nly the left-hemispheric nodes, to ensure balanced within-tool-domain
nd between-domain nodal distances. All results were replicated except
hat the removal of the left inferior/superior parietal node or its con-
ection with the left premotor node made the tool homologous network
o longer observable (node removal results: t 117 = 0.24, p = 0.81; path
emoval results: t 117 = 1.9, p = 0.06, Fig. 4 B). That is, the connection
etween left premotor and left inferior/superior parietal nodes (LPreG-
IPL/SPL) is particularly important for the presence of the intrinsic tool
omologous network at birth in humans (see replication of the results
or nodal and path contributions in subsamples of pre-term and full-term
eonates in Fig. S7). 

The path results were further corroborated by the direct group com-
arisons on the rsFC of each path, as visualized in Fig. 3 A. The LPreG-
IPL/SPL connection was the most comparable between human adults
nd neonates, with smallest t value in two-sample comparisons between
uman adults and neonates (Table S3) and significantly lower rsFC dif-
erences when compared with most of other paths (Table S4). Mean-
hile, this LPreG-LIPL/SPL connection also revealed the strongest dif-

erences between human neonates and macaques ( Fig. 3 A), with the
8 
argest t value in two-sample comparisons (Table S3) and significant
roup x path interaction effects when contrasted with other paths (Ta-
le S4). In addition, while the LPreG was significantly connected to the
IPL/SPL in both human adults and neonates ( ts > 5, p corrected < 0.001),
his connection was not significantly above zero in the macaque brain
 t 24 = 1.54, p = 0.14), further suggesting the species-specific nature of
his path. 

. Discussion 

To test whether the intrinsic brain connectivity structure support-
ng tool processing observed in human adults is driven by individual
bject manipulation experience or is predisposed in humans, we com-
ared their resting-state functional connectivity (rsFC) in this network to
omologous networks in human neonates (without manipulation expe-
ience) and mature/adolescence macaques (with motor experience with
bjects), using face (homologous) networks as references. We found that
he brain regions that are homologous to those supporting tool process-
ng in human adults were more strongly intrinsically connected with
ach other than with other nodes (face homologous regions) in the hu-
an neonate brain, thereby forming an intrinsic functional network.
he homologous regions in macaques did not, however, show a greater
ithin-tool-domain rsFC when compared to the between-domain con-
ectivity. The overall topological patterns among these regions were
lso highly similar between human adults and human neonates, and
uch less similar between humans and macaques. The left premotor re-

ion, especially its functional connection with the parietal cortex, was
articularly important in the formation of the tool homologous network
n human neonates. 

It should first be acknowledged that the nodes evaluated in human
eonate and macaque brains were transformed from regions-of-interest
efined in human adult brains using advanced registration methods, in-
luding the recently developed cross-species functional alignment ap-
roach ( Xu et al., 2020 ) and tools offered by ANTs ( Avants et al., 2009 ).
he transformation to neonates’ and other species’ brains is not a triv-

al task, and is more than a technical challenge. Precise transformation
pplies if a structure is fully conservative – having the same anatomical
nd functional correspondence across species (and developmental stage
or the case of neonate-adult comparison), which is actually exactly the
uestion at stake here – to what extent the brain system supporting tools
s conservative across species and/or “innate ” in humans. The approach
aken here is to use the state-of-art transformation approach for each
opulation of interest, and the same approach for regions/networks of
nterest (tool cognition) and for regions that previously have shown to be
elatively conservative (as control; face regions). The cross-species func-
ional alignment approach we adopted here uses a joint-embedding tech-
ique that represents the functional organization of human and macaque
rains in a high-dimensional common space. This method allows for
ortical transformation between species, which had been suggested as
he state-of-art transformation approach ( Liu et al., 2021 ; Van Essen
t al., 2019 ). The face homologous nodes in the macaque brain obtained
sing this transformation approach were largely consistent with those
dentified based on task-based fMRI studies in macaques ( Hesse and
sao, 2020 ; Ku et al., 2011 ; Landi and Freiwald, 2017 ; Tsao et al., 2008 ).
he observation of the significant similarity of the face network between
acaques and humans, and not the tool network derived from the same

ransformation approach, suggests the “human tool network ” was not as
onservative. Furthermore, convergence was also obtained using ROIs
erived from the anatomically-defined atlas available for each popu-
ation that approximated the functional ROIs, which, although less pre-
ise, circumvent the transformation processes (Supplementary Materials
.2). These different types of cross-species brain mapping rely on differ-
nt sets of assumptions, and the convergence across different approaches
ncreases the confidence of the findings. 

Our main observations were that the tool homologous network is
resent in human neonates, but not significantly identified in macaques,
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Fig. 4. Critical contributions of the premotor region and its connectivity with the parietal region to the formation of the intrinsic tool homologous network in human 
neonates, as revealed by leave-one-node/path-out analyses. A. Bar graphs illustrate network effects, calculated as within-domain minus between-domain rsFC, for the 
full tool network and when each of the constituent nodes (left column) or path (right column) is removed. B. Bar graphs exhibit results of the leave-one-node/path out 
analysis derived from left-hemispheric nodes with balanced within-tool-domain and between-domain path length. Effect sizes (Cohen’s d) are shown when the rsFC 
of the remaining tool network were still significantly higher than that of the between-domain connections (all p corrected < 0.001). Error bars indicate corresponding 
standard errors. LOTC: left lateral occipitotemporal cortex; LIPL/SPL: left inferior and superior parietal lobule; LPreG: left premotor gyrus; LIFG: left inferior frontal 
gyrus; rsFC: resting-state functional connectivity 
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nd that the intrinsic functional connectivity pattern of this network
s more similar between human adults and human neonates than be-
ween human adults and macaques. This composite pattern suggests
hat the tool processing network may be (at least partly) specific to
umans, and is in place early in human development. This network
s not (fully) driven by simple sensorimotor experiences per se, as for
uman neonates, the voluntary grasping is not developed until 2–6
onths old ( Touwen, 1995 ), let alone to manipulate tools. By contrast,

lthough there are no documented data on object interaction experi-
nces of the macaques in the current dataset, they were mature or ado-
escent in age, typically with developed sensorimotor skills at least for
rasping objects such as food. Worth emphasizing is that we are not
laiming that this network is not associated with sensorimotor experi-
nce at all. In human adults, the tool processing network showed ro-
ust within- than between-domain rsFC after the removal of any node
r path, revealing that the tool network effect in human adults is not
riven by any single node/path but rather is a composite pattern where
he overall connectivity is tight to support tool use. Moreover, the
unctional connectivity for the tool processing network tended to be
tronger for human adults than for neonates, indicating the sculpting ef-
ects of postnatal experiences. Nevertheless, the developmental changes
f the tool network are not at odds with its presence in neonates, as
he latter suggests that sensorimotor experiences, at least in primary
orms such as grasping, are not fully necessary (in neonates) or suffi-
9 
ient (in macaques) for this network structure to emerge at the first
lace. 

In macaques, a brain network supporting hand grasping abilities has
een identified, including AIP, F5, m12r/m46v, and TEa/m ( Borra et al.,
017 ; Howells et al., 2020 ; Premereur et al., 2015 ). The tool ho-
ologous network discussed here partly overlaps with this grasp-

ng network (Fig. S8) and their relationship is worth specific discus-
ion. Cognitively, tool processing in humans certainly involves grasp-
ng, but goes beyond simple grasping an object and entails an under-
tanding of how to manipulate it in a way appropriate for functional
se, based on the causal/mechanical relationship between its physical
roperties, use, and function (e.g., Watson and Buxbaum 2015 ). Neu-
ally, various kinds of properties about tools such as shape, grasping,
nd manipulation knowledge, are preferentially represented by differ-
nt brain regions in the human adult brain (e.g., parietal cluster for
hape/grasping/manipulation; frontal cluster for manipulation; see e.g.,
ang et al. 2018 , Wu et al. 2020 ). Species differences were observed in

he left inferior parietal cortex, with IPL typically being activated dur-
ng tool activity viewing in humans and not macaques ( Kastner et al.,
017 ; Peeters et al., 2009 ), and showing significant differences between
umans and macaques in terms of anatomical ( Cheng et al., 2021 ) and
unctional connectivity patterns ( Xu et al., 2020 ). Aligning with these
revious findings, we also found that the functional connectivity of the
arietal cluster (with premotor cluster) was most saliently different be-
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ween species (humans and macaques) and similar within species (hu-
an adults and neonates). 

It is thus tempting to associate the observed intrinsic functional net-
ork pattern showing species difference, the parietal-premotor connec-

ion in particular, to those cognitive components showing species differ-
nce, i.e., the causal (mechanic) understanding (as opposed to similar
omponents such as grasping and/or simple sensorimotor associations).
he current consensus from the cognitive/behavioral studies is that
hile macaques are capable of grasping and using simple tools based on

urface property associations, they lack an understanding of the causal
echanic mechanisms related to tools and are incapable of generalizing

unctions of objects ( Vaesen, 2012 ). Although numerous studies have
eported the ability to learn tool-use behaviors in captive macaques,
rained macaques still differ from human adults in tool use behavior
i.e., causal reasoning behavior, Johnson-Frey, 2003 ; Visalberghi and
imongelli, 1994 ) and neural activities ( Peeters et al., 2009 ). This spec-
lation is also in line with the contemporaneous emergence of flexi-
le tool use behaviors and perceptual and motor skills at early devel-
pmental stages ( Kastner et al., 2017 ), and with lesion studies in hu-
an adults, which showed significant associations between damage to
arietal-premotor white matter connections and difficulty understand-
ng and using tools ( Bi et al., 2015 ). However, we fully acknowledge
hat this speculation is inferred by bridging several separate lines of
vidence, and further studies are invited to directly assess this hypoth-
sis, to elucidate whether the tool network emerges from networks of
rerequisite cognitive processes such as the grasping network, whether
nd to what extent the development of tool use and training with tools
ay modulate the tool processing network, and the white matter struc-

ural connectivity in human neonates and nonhuman primates. The rsFC
ndings in the present study are well-suited to guide such future stud-

es, given the tight coupling between neural connectivity and function
 Mars et al., 2018 ; Passingham et al., 2002 ). 

For human neonates, the functionality and connectivity patterns of
egions that become tool-sensitive were poorly understood. To date,
ost studies investigating rsFC in infants have focused on primary (e.g.,

ensorimotor and visual) functional networks and higher-order func-
ional networks underlying domain-general cognition ( Gilmore et al.,
018 ), and have reported protracted maturation of the default-mode and
ttention networks such that they do not reach adult-like topology until
ge two ( Fiske and Holmboe, 2019 ; Gao et al., 2015 ). More broadly,
he identified large-scale brain networks in infancy using parcellation
pproaches do not correspond well with the tool homologous network
e observed here ( Doria et al., 2010 ; Fransson et al., 2007 ; Gao et al.,
015 , except for Fitzgibbon et al. (2020) , in which one of the 16 sub-
etworks is visually similar). Thus, the tool network studied here is not
o be explained by those broader networks such as the somatosensory
nd visual attention networks. The results for the face homologous net-
ork in human neonates are worth further discussion. While the over-
ll network topology among the face (homologous) nodes was signifi-
antly similar between human adults and neonates, more so than that
etween human and macaque species, we did not observe a robust in-
rinsic face homologous network based on within-face-domain versus
etween-domain comparisons. That is, on the whole brain level the face
omologous regions were not robustly segregated from the tool homol-
gous nodes in neonates. Previous studies focusing on the visual cortex
ave reported the emergence of adult-like face-relevant profiles in hu-
an neonates/infants. Specifically, similar to adults, intrinsic functional

onnections among the homologues of occipital face areas, fusiform face
reas, and foveal V1 areas were observed in neonates ( Kamps et al.,
020 ). Moreover, face-preferring topography present in the ventral vi-
ual cortex of adults during face-viewing were similarly observed in
nfants 4-6 months of age ( Deen et al., 2017 ). Together, these results
uggest that while the intrinsic functional wiring potentially supporting
ace processing within the visual cortex is at least partly present at birth,
he large-scale functional network associated with adult face recogni-
ion, especially beyond the visual cortex, is under-developed (see also
10 
rcaro et al. 2017 ). Consistent with this interpretation, we also found
hat the OFA-FFA connectivity (i.e. mean rsFC of the LFFA-LOFA and
FFA-ROFA connections) was stronger than the intra-hemispheric con-
ectivity between OFA/FFA and ROIs outside the visual pathway cor-
ex (i.e. mean rsFC of the LFFA-LSTG, LOFA-LSTG, RFFA-RSTG, RFFA-
ATL, RFFA-RIFG, ROFA-RSTG, ROFA-RATL, and ROFA-RIFG connec-

ions, t 117 = 21.6, p < 0.001, Cohen’s d = 2.0). 
To conclude, for the brain network supporting tool processing in

uman adults, the intrinsic functional connectivity network structure
s absent among the homologous regions in our evolutionary cousins,
acaque monkeys, but is present in humans at birth before they have
ad individual experiences interacting with objects. The functional con-
ection between premotor and parietal nodes, in particular, is important
or the formation of the tool homologous network connectivity in hu-
an neonates and thereby constitutes a strong candidate for the neural

asis of complex tool use specific to humans. These results contribute
mpirical evidence to the broad issue of which neural aspects are human
pecific, and highlight the need for further research to understand the
eural and computational underpinnings of tool use. 
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