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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 pres.00ed in slice views on standard templates for human adults (T1-weigh0ed), human neonates (T2-weigh0ed), and macaques (T1- 
weigh0ed). Thes.  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 evalua0ed 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 

https://www.nitrc.org/projects/mricron
https://gin.g-node.org/BioMedIA/dhcp-volumetric-atlas-groupwise
https://stnava.github.io/ANTs


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

o  

D  

a  

A  

l  

l  

t  

g  

g  

3  

f  

t  

(

2

 

h  

c  

c  

e  

f  

f  

t  

g  

m  

t  

w  

s  

a  

f  

o  

o  

t  

r  

c  

A  

t  

r
 

t  

v  

(  

a
 

t  

v  

s  

i  

a  

l  

w  

d  

s  

f  

m  

t
 

t  

i  

t  

w
 

f  

t  

t

3

3

 

r  

r  

t  

2  

A  

p  

d  

s  

a  

p  

p  

d
 

B  

d  

f  

A  

a  

h  

r  

g  

h  

t  

t  

n  

h  

f
-  

p
 

A  

P  

e  

d  

y  

b  

t  

o  

d  

I  

a  

b  

F  

f  

d  

m

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. 
. 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 macaqueswhowho
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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

m

  
 

 d

 

 

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 
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 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). 
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