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Abstract
Tools represent a special class of objects, because they are processed across both the dorsal and ventral visual object processing
pathways. Three core regions are known to be involved in tool processing: the left posterior middle temporal gyrus, the medial
fusiform gyrus (bilaterally), and the left inferior parietal lobule. A critical and relatively unexplored issue concerns whether, in
development, tool preferences emerge at the same time and to a similar degree across all regions of the tool-processing
network. To test this issue, we used functional magnetic resonance imaging to measure the neural amplitude, peak location,
and the dispersion of tool-related neural responses in the youngest sample of children tested to date in this domain (ages 4–8
years). We show that children recruit overlapping regions of the adult tool-processing network and also exhibit similar patterns
of co-activation across the network to adults. The amplitude and co-activation data show that the core components of the toolprocessing network are established by age 4. Our ﬁndings on the distributions of peak location and dispersion of activation
indicate that the tool network undergoes reﬁnement between ages 4 and 8 years.
Key words: category-speciﬁcity, conceptual processing, fMRI, parietal cortex, tools

Introduction
Visual object processing in the brain is divided across multiple
parallel processing streams that originate at subcortical and
early cortical levels (Ungerleider and Mishkin 1982; Felleman
and van Essen 1991; Goodale and Milner 1992; Merigan and Maunsell 1993). The ventral stream, which projects from early visual
areas to inferior temporal and lateral occipital areas, processes
visual information in the service of categorizing and identifying
objects (e.g., shape, texture, and color; Gainotti et al. 1995; Miceli
et al. 2001; Grill-Spector et al. 2001; Capitani et al. 2003; Rogers
et al. 2005; Cant and Goodale 2007). The dorsal stream, which projects to posterior parietal cortex, processes information relevant
for acting on objects (e.g., object orientation and volumetric properties; Perenin and Vighetto 1988; Jeannerod et al. 1994; Pisella
et al. 2006; for reviews see Milner and Goodale 1995; Goodale
and Humphrey 1998; Kravitz et al. 2011). Although the dorsal

stream processes visual information for action, to act upon manipulable objects requires the successful integration of processing
represented across the dorsal and ventral visual pathways. As a
result, cortical regions within both pathways are involved in processing manipulable objects. These regions are recruited for processing tools even without explicit instructions to act upon or
prepare to act upon the objects (Chao and Martin 2000; Fang and
He 2005; Mahon et al. 2007; Dekker et al. 2011; for reviews see
Lewis 2006; Martin 2007), suggesting that both high-level visual
(ventral stream) and action (dorsal stream) knowledge are automatically activated during tool processing. Therefore, studying
tools can provide a window into how the brain integrates visual
and action knowledge. This is important for understanding the
principles that govern communication among distant brain regions generally and provides clues about the constraints that
shape object representations in ventral temporal cortex.
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of the adult tool network develop in parallel. In the present study,
we study the emergence of tool preferences in younger children
(4- to 6-year olds) and test for developmental correlations in neural
responses across the tool network.

Materials and Methods
Participants
Twenty-nine typically developing children (4.11–8.77 years, mean
age = 6.6 years, 12 females) and 29 adults (18.44–28.09 years, mean
age = 22.0 years, 16 females) participated in this study. Adult participants served as a reference group for the developed tool network and thus represented the “end-point” of development. All
participants had normal or corrected to normal vision and no history of neurological impairments. All participants or their parents
gave informed written consent in accordance with the University
of Rochester’s Research Subjects Review Board.

fMRI Session
Prior to scanning, children completed a 30-min training session
in the mock scanner to familiarize them with the scanner environment and experimental task and to practice staying as still as
possible. During scanning, children’s heads were stabilized with
headphones, foam padding, and medical tape. Adults simply received verbal instructions prior to entering the scanner room and
completed a brief practice session during the anatomical scan.
Following an anatomical scan, participants’ BOLD contrast in
response to pictures of faces, letters, tools, and numbers was measured. Stimuli were presented two at a time, one to the left and one
to the right of center as gray-scale (faces) or white (letters, tools,
Arabic numerals/dot arrays) images on a green background. Tool
stimuli were silhouettes because we wanted children to focus
on the global shape properties of the tool stimuli, rather than
on internal details. Participants compared pairs of stimuli within-category and pressed a response button when the stimuli
matched. Matches were always made across orientation (face,
tools) or notation (words, numbers). Faces were presented as a
frontal shot paired with an oblique view (45° to the left). Pairs of
tool images consisted of one upright image and one image rotated
45 or 90°. Number stimuli (ranging from 1 to 9) were presented as
an Arabic numeral paired with a dot array. Pairs of words consisted
of one word in capital letters, normally oriented, and one word in
capital letters presented as a mirrored image. Example stimuli
from each of the 4 categories are shown in Figure 1A.
Participants completed 2 4.4-min runs of this task. Stimuli were
presented in a miniblock design, with each miniblock consisting of
three 2-s comparison trials from the same stimulus condition. Between each comparison trial, participants ﬁxated on a central crosshair with a “thumbs-up” image (inter-trial interval duration = 2 s).
Eight seconds of ﬁxation occurred between miniblocks.

MR Parameters
Whole-brain BOLD imaging was conducted on a 3-Tesla Siemens
MAGNETOM Trio scanner with a 12-channel head coil at the Rochester Center for Brain Imaging. High-resolution structural T1 contrast images were acquired using a magnetization prepared rapid
gradient echo pulse sequence at the start of each session [repetition time (TR) = 2530 ms, echo time (TE) = 3.44 ms ﬂip angle = 7°,
ﬁeld of view (FOV) = 256 mm, matrix = 256 × 256, 192 or 176 [depending on head size] 1 × 1 × 1 mm sagittal left-to-right slices].
An echo-planar imaging pulse sequence with online motion
correction was used for T2* contrast (TR = 2000ms, TE = 30 ms,
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Neuroimaging studies have revealed a network for processing
tools that includes three principal regions: the inferior parietal
lobule, the medial fusiform gyrus (bilaterally), and the posterior
middle temporal gyrus (Chao et al. 1999; Chao and Martin 2000;
Noppeney et al. 2006; Mahon et al. 2007; for a review see Martin
2007). Each of these 3 regions represents a distinct type of knowledge about tools. For instance, the left posterior middle temporal
gyrus has been found to be involved in tool naming, and damage
to this structure can result in a loss of lexical-semantic knowledge for tools (Martin et al. 1996; Tranel et al. 2003; Brambati
et al. 2006; Campanella et al. 2010). The left inferior parietal lobule is involved in representing high-level action knowledge associated with complex object manipulation (e.g., how to grasp and
swing a hammer in order to pound a nail; Binkofski et al. 1999;
Rumiati et al. 2004; for a review see Johnson-Frey 2004). By hypothesis, communication among these regions should be instrumental for the successful integration of the different types of
information that are necessary to direct the correct actions at
the correct objects (for discussion, see Wu 2008). Prior work has
shown that the amplitudes of neural responses across participants are correlated between the left fusiform gyrus and the
left inferior parietal lobule for tool stimuli, but are not correlated
for other stimuli (Mahon et al. 2007). Similar ﬁndings have been
observed using time-course-based functional connectivity (Noppeney et al. 2006; Mahon et al. 2007, 2013; Almeida et al. 2013;
Garcea and Mahon 2014; Stevens et al. 2015 see also Simmons
and Martin 2012; Hutchison et al. 2014 for relevant functional
connectivity results), suggesting that these regions of parietal
and temporal cortex are fundamentally linked. Thus, the tool
network includes regions that not only express stimulus preferences for tools but also are functionally coupled with each
other (for relevant theoretical discussion, see Martin and Chao
2001; Barsalou et al. 2003; Noppeney et al. 2006).
Functional coupling among brain regions may shape the
organization of object representations. According to a “connectivity-constrained account” of the organization of the ventral visual pathway, neural speciﬁcity for manipulable objects in the
medial fusiform gyrus is caused by that brain region having an
innate bias to be connected with action-relevant information in
parietal cortex (Mahon et al. 2007, 2009; Mahon and Caramazza
2011; Stevens et al. 2015; for discussion, see Chen and Rogers
2015; Riesenhuber 2007). A similar proposal in the domain of
word processing has argued that connectivity with left hemisphere language regions constrains the location of the visual
word form area (Dehaene et al. 2005; Martin 2006; Plaut and
Behrmann 2011; Bouhali et al. 2014).
Despite the abundance of research on the tool network in
adults, there is little evidence from children regarding the development of the tool network. However, knowing the developmental
trajectory of tool preferences in the brain could elucidate the organizational constraints of the tool network and the organizational constraints of other networks that exhibit stimulus selectivity.
To date, only one previous study examined neural responses to
tools in children. Dekker et al. (2011) used functional magnetic
resonance imaging (fMRI) to compare the neural responses of
6- to 8-year-old children and adults as they passively viewed intact
and scrambled images of tools and animals. They found that, by
6 years of age, children showed a neural preference for tools over
animals in regions that were also tool preferring in adults, suggesting that the adult tool network develops tool preferences by at
least 6–8 years of age. That study did not test whether there are
correlated neural responses across regions of the tool network,
nor how stimulus preferences might change (or emerge) over
development. Thus, at present we do not know if all of the regions
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Results
Behavior

Figure 1. (A) Example stimuli and (B) accuracy from fMRI matching task.

ﬂip angle = 90°, FOV = 256 mm, matrix 64 × 64, 30 axial oblique
slices, parallel to the AC–PC plane, voxel size = 4 × 4 × 4 mm).
There were 2 functional runs of 132 volumes each of the matching task. Total scanning time was approximately 17 min.

Preprocessing
fMRI data were analyzed using BrainVoyager (Goebel et al. 2006)
and in-house scripts drawing on the BVQX toolbox (wiki2.brainvoyager.com/BVQXtools). The ﬁrst 6 volumes of functional data
in each run were discarded prior to analysis. Preprocessing consisted of slice scan time correction (cubic spline interpolation),
motion correction with respect to the ﬁrst volume in the ﬁrst
run, and linear trend removal in the temporal domain (cutoff: 2
cycles within the run). Functional data were registered to highresolution anatomy on a participant-by-participant basis in native space. Echo-planar and anatomical volumes were then
transformed into Talairach space (Talairach and Tournoux
1988). Adult and child data were normalized into Talairach
space by ﬁrst aligning images with the stereotactic axes and
then transforming them to the Talairach grid using a piecewise
afﬁne transformation based on manual identiﬁcation of anatomical landmarks. Analyses were performed on preprocessed data
in Talairach space. A Gaussian spatial ﬁlter was applied to each
volume of functional data at 1.5 voxels (6 mm) FWHM.
Functional data were analyzed using the general linear
model. Experimental events in the matching task were convolved
with a standard dual gamma hemodynamic response function.
The general linear model included 4 regressors of interest corresponding to the 4 stimulus conditions, 1 regressor of no interest
for the button press, and 6 regressors of no interest that corresponded to motion parameters obtained during preprocessing.
A random-effects analysis was used to analyze the group data.
Adult and child data were modeled separately.

Tool Preferences
The adult tool-preferring network was identiﬁed with a wholebrain statistical contrast of tool stimuli versus nontool stimuli
(faces, numbers, and words weighted equally against tool stimuli). This revealed tool-preferring regions in the bilateral medial
fusiform gyrus, bilateral posterior middle temporal gyrus, and
left inferior parietal lobule (P < 0.005; Fig. 2A), replicating previous
work (e.g., Chao et al. 1999; Chao and Martin 2000; Noppeney et al.
2006; Mahon et al. 2007). The same contrast performed on data
from children revealed that children recruited a network of regions that overlapped with the adult network. Speciﬁcally, like
adults, children recruited regions of the inferior parietal lobule,
posterior middle temporal gyrus, and medial fusiform gyrus
(Fig. 2B). Thus, adults and children recruited a common tool-processing network (Fig. 2C). In addition, children demonstrated tool
preferences in larger regions around the fusiform gyrus as well as
more superior regions of the parietal lobule. Table 1 presents a
full list of tool-preferring regions from adults and children. Although whole-brain analyses revealed bilateral activation of the
fusiform gyrus and posterior middle temporal gyrus, the remaining analyses will focus on left hemisphere regions because the
left hemisphere is known to be critical for mature, adult tool processing (for reviews see Johnson-Frey 2004; Lewis 2006; Martin
2007). We suggest that the bilateral recruitment seen in the
main contrast of tool stimuli over nontool stimuli is driven by
the bilateral presentation of stimuli during the fMRI sessions,
and thus the development of tool processing should be assessed
by the maturity of the left hemisphere tool representations.
To test for developmental changes in the strength of tool-preferring activation, contrast-weighted t-values for the contrast of
tool stimuli over nontool stimuli were extracted from adult-deﬁned regions of interest (ROIs) (left fusiform gyrus, left posterior
middle temporal gyrus, and left inferior parietal lobule). A leaveone-out strategy was adopted to extract contrast-weighted t-values for adults without introducing bias between voxel selection
and the extracted contrast-weighted t-values (for discussion, see

Downloaded from http://cercor.oxfordjournals.org/ at The Edward G Miner Library on August 7, 2016

Children and adults both performed well above chance on the
matching task. To compare performance between groups, we performed a 2 (age group: adults/children) by 2 (stimulus type: tool
stimuli/nontool stimuli) ANOVA on task accuracy. This ANOVA
revealed a main effect of age group (F1,56 = 20.3, P < 0.01), a main
effect of stimulus type (F1,56 = 50.2, P < 0.01), and a signiﬁcant
interaction between age group and stimulus type (F1,56 = 17.2,
P < 0.01; Fig. 1B). Post hoc t-tests revealed that adults (mean
accuracy = 0.98) were signiﬁcantly more accurate than children
(mean accuracy = 0.88; t (63) = 5.3, P < 0.01) and that accuracy was
higher for tool stimuli (mean accuracy = 0.96) compared with
nontool stimuli (mean accuracy = 0.90; t (57) = 6.5, P < 0.01). Adults
were better at identifying matches for tool stimuli (mean accuracy
= 0.99) compared with nontool stimuli (mean accuracy = 0.96;
t (28) = 5.6, P < 0.01), and children showed a greater difference in
accuracy for tool stimuli (mean accuracy = 0.94) compared with
nontool stimuli (mean accuracy = 0.83; t (28) = 5.8, P < 0.01). Outside
of the scanner children’s accuracy on a tool-naming task, for
which the stimulus set largely overlapped with the stimuli from
the fMRI task, was on average much lower (mean naming
accuracy = 0.70) than their performance during the tool-matching
task. This suggests that children were better at matching images of
tools than they were at naming similar tool stimuli.
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Kriegeskorte et al. 2009). Speciﬁcally, n − 1 (i.e., 28) adults were
used to deﬁne at the group level (random effects) all regions of
the tool network, and then the contrast-weighted t-values for
those regions were extracted for the adult who had been left out
of the group analysis. This procedure was iterated 29 times, each
time leaving a different adult participant out of the analysis. This
ensures that all contrast-weighted t-values were extracted from regions deﬁned without bias. Children were split into 2 age groups:
one consisting of younger children (4–6 years) and one consisting
of older children (6–8 years). We performed one-way ANOVAs
across age (4–6 years, 6–8 years, adults) within each ROI to determine if there were any differences in the strength of tool preferences (contrast-weighted t-values) across age groups (Fig. 2D). No
effect of age was found in any ROI (fusiform gyrus: F2,55 < 1; posterior middle temporal gyrus F2,55 = 1.2, P > 0.1; inferior parietal
lobule: F2,55 < 1), suggesting that the strength of tool preferences
in adult regions of the tool network are relatively adult-like by
4 or 5 years. Because no age-related differences were found, the
remaining analyses collapse the data across all children.

Co-activation of the Tool Network
To test whether adults exhibit co-activation in tool-preferring regions, we extracted β values from our 3 ROIs: the left inferior parietal lobule, the left fusiform gyrus, and the left posterior middle
temporal gyrus. We then tested for inter-region correlations in
β values across subjects for tool as well as for nontool stimuli.

Inter-region correlations were found for tool stimuli between
the left inferior parietal lobule and the left medial fusiform
gyrus (r = 0.43, P < 0.02), between the left inferior parietal lobule
and the left posterior middle temporal gyrus (r = 0.56, P < 0.01),
and between the left medial fusiform gyrus and the left posterior
middle temporal gyrus (r = 0.49, P < 0.01). No signiﬁcant correlations were found for nontool stimuli between the inferior parietal
lobule and the fusiform gyrus or between the fusiform gyrus
and the posterior middle temporal gyrus (Ps > 0.1). There was a
nonsigniﬁcant trend toward signiﬁcant co-activation for nontool
stimuli between the left parietal lobule and the left posterior
middle temporal gyrus (r = 0.33, P = 0.08) (Fig. 3, top row of panels
A, B, C).
We repeated this analysis in children by extracting children’s
β weights from the same 3 regions of the adult tool-processing
network. Inter-region correlations revealed that children show
similar patterns of co-activation as adults. Children’s neural responses to tools in the left inferior parietal lobule were signiﬁcantly correlated with their neural responses to tools in the left
medial fusiform gyrus (r = 0.36, P = 0.05) and the left posterior
middle temporal gyrus (r = 0.42, P < 0.03). In contrast, children’s
neural responses to nontool stimuli in the left inferior parietal
lobule were not correlated with their nontool neural responses
in the left medial fusiform gyrus (P > 0.1) or left posterior middle
temporal gyrus (P > 0.1). This replicates the patterns of co-activation seen in adults. Interestingly, children’s neural responses in
the left medial fusiform gyrus were signiﬁcantly correlated
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Figure 2. Tool-preferring regions identiﬁed by a contrast of tools > faces, numbers, and words at P < 0.005. (A) The tool-preferring network in adults. (B) The tool-preferring
network in children. (C) Overlap of the adult and child tool-preferring networks. (D) Contrast weights in the adult tool network.

Development of Tool Representations

Kersey et al.

| 3139

Table 1 Regions recruited during Tools > Else at P < 0.005 in adults and children
Region

Adults
Frontal lobe
Inferior temporal cortex

Parahippocampal gyrus
Cingulate gyrus
Occipital lobe

Claustrum
Temporal lobe

Children
Cerebellum
Frontal lobe

Inferior temporal cortex
Parahippocampal gyrus
Uncus
Occipital lobe
Occipital lobe and inferior
Temporal cortex
Parietal lobe
Parietal lobe and claustrum
Claustrum
Insula
Temporal lobe

Number of voxels

TAL coordinates
Peak X

Peak Y

Peak Z

Left
Left
Right
Right
Left
Right
Right
Right
Right
Right
Left
Left
Left
Left
Left
Left
Right
Right
Right

12
303
1601
433
2141
602
386
2
754
33
4474
762
11
1127
6
38
2877
140
8

−19
−26
23
21
−27
28
13
17
44
44
−46
−54
−29
−35
−31
−38
38
42
62

−14
−54
−47
−66
−24
−16
−24
−17
−66
−77
−61
−29
−35
−15
−21
−9
−22
−8
8

47
−15
−19
−13
−19
−26
44
35
−9
−5
−6
33
39
0
9
−14
5
−12
−3

Right
Left
Left
Left
Right
Right
Right
Right
Right
Left
Left
Left
Left
Right
Left
Right
Left
Right
Left
Right
Left
Right
Left
Left
Left
Left
Left
Right
Right
Right

24
849
642
196
213
84
67
9
6
155
3
304
219
1239
2124
1455
10 814
10 154
36
178
14 459
2412
7
26
8
4
3
6023
296
22

20
−20
−6
−21
17
6
60
53
2
−46
−52
−28
−31
31
−20
16
−47
32
−43
23
−55
34
−43
−39
−40
−46
−46
61
59
65

−70
49
60
−21
55
61
2
31
58
−8
−11
−28
−15
−14
−88
−85
−69
−49
−41
−48
−23
−4
−20
6
−22
−2
10
−11
11
−14

−33
26
17
58
30
16
7
5
33
−22
−27
−18
−19
−25
23
13
−4
−6
60
55
28
1
12
−27
9
−13
−24
12
−4
−3

with their responses in the left posterior middle temporal gyrus
for tool stimuli (r = 0.71, P < 0.01) and nontool stimuli (r = 0.74,
P < 0.01) (Fig. 3, bottom row of panels A,B,C), indicating that
co-activation of these regions is not restricted to tool stimuli.
This suggests that the pattern of co-activation seen for these
regions in adults (i.e., co-activation of the left medial fusiform
gyrus and the left middle temporal gyrus for tool stimuli, but

not for nontool stimuli) develops later than the tool-preferring
co-activation of other regions of the tool-processing network.
A regression analysis was conducted to determine whether
the correlation of neural responses between the medial fusiform
gyrus and the inferior parietal lobule was present only for tool
stimuli. This analysis was conducted over the subject-level
β estimates for tool and nontool stimuli. Neural responses in

Downloaded from http://cercor.oxfordjournals.org/ at The Edward G Miner Library on August 7, 2016

Parietal lobe

Hemisphere

3140

| Cerebral Cortex, 2016, Vol. 26, No. 7

and the three-way interaction of age group × parietal activation ×
stimulus type. The model was signiﬁcant overall (R 2 = 0.22,
F6, 109 = 5.06, P < 0.01) with a signiﬁcant main effect of stimulus
type (β = 0.18, P < 0.05) and a signiﬁcant interaction between
stimulus type and activation in the left parietal lobule (β = 0.96,
P = 0.056). Follow-up tests revealed that activation in the left
parietal lobule signiﬁcantly predicted activation in the left
fusiform gyrus for tool stimuli (R 2 = 0.20, F1, 56 = 13.70, P < 0.01),
but not for nontool stimuli (R 2 = 0.02, F1, 56 = 1.15, P > 0.1). There
was no main effect of age group or an interaction between age
group, stimulus type, and parietal activation (all Ps > 0.16). This
replicates the pattern of results we observed from the correlation
analyses and indicates that the left inferior parietal lobule
and the left medial fusiform gyrus exhibit co-activation in their
neural responses only for tool stimuli, and beginning, at least,
at 4–5 years of age.

Figure 3. Inter-region correlations for adult data between the left inferior parietal
lobule and the left fusiform gyrus (A), the left posterior middle temporal gyrus (B),
and between the left fusiform gyrus and the left posterior middle temporal gyrus
(C) for tool stimuli (column 1) and nontool stimuli (column 2). Correlation values
(r) are indicated on each scatterplot. Signiﬁcant correlations are indicated by
asterisks following the R-values. Adult data are depicted in the top row of each
panel, and the data from children are in the bottom row of each panel. Within
the adult tool network, signiﬁcant correlations were observed for tool-related
stimuli in children and adults. Nontool stimuli were only correlated for children
between the left posterior middle temporal gyrus and the left fusiform gyrus.

the left medial fusiform gyrus were the dependent variable, and
neural responses in the left inferior parietal lobule, age group
(child, adult), and stimulus type (tool stimuli, nontool stimuli)
were predictors. Also included as predictors in the model were
the interaction between stimulus type and parietal activation,

To quantify the degree of overlap between children and adults,
we calculated the distances among each individual’s peak voxel
and every other individual’s peak voxel in each left hemisphere
ROI. If adults and children recruit similar regions, then the distances among peak voxels when comparing an adult’s peak to
a child’s peak should be no different than when comparing within adults. In contrast, if adults and children consistently recruit
somewhat different regions, then the distances among peak voxels when comparing adults’ peaks to children’s peaks should be
signiﬁcantly greater than when comparing within adults.
As in the extraction of contrast weights above, to maintain independence, peaks were extracted from ROIs deﬁned by an n − 1
subset of adult data that excluded the adult whose peaks we
were currently extracting. Children’s peaks were extracted from
each of the ROIs, for each iteration of the n − 1 strategy in adults,
and averaged across the 29 data folds, for each child. Distances
were calculated from each adult’s peak to every other adult’s
peak and from each adult’s peak to every child’s peak. Figure 4
plots the distributions of distances from each adult’s peak to
every other adult’s peak and from each adult’s peak to every
child’s peak by region of interest. These density plots suggest
that the distances between one individual’s peak to every other individual’s peak were fairly consistent across calculation type (i.e.,
adult-to-adult and adult-to-child distance calculations) (It should
be noted that, particularly in the left inferior parietal lobule, the
distribution seems to be bimodal. This suggests that there may
be subgroups of participants that systematically differ in the location of their peak tool-preferring voxels within the tool-preferring
ROIs. For present purposes, what is relevant is that the same pattern is observed in adults and children. For a discussion of different approaches for parcellating tool-responsive areas of parietal
cortex, and an empirical demonstration of why there may be subclusters within the large parietal tool-preferring ROI, see Garcea
and Mahon (2014)). This suggests that the distances among locations of peak activations for each adult to every other adult are
similar to the distances when comparing the locations of peak activity in each adult to those of individual children.
To explore this similarity, we conducted one-way ANOVAs on
data from each of the three ROIs. The ANOVAs tested for variation
in peak locations for each calculation type (adult–adult, adult–
child, and for completeness we also included child–child calculations of distance between each child’s peak to every other child’s
peak). These ANOVAs revealed a main effect of calculation type in
the left fusiform gyrus (F2,1650 = 11.7, P < 0.01), such that adult-to-
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peak distance distributions were similar to adult-to-adult peak distance distributions in the inferior parietal lobule. In the medial fusiform gyrus, average adult-to-child
distance was lower than the average for adult-to-adult. However, in the left posterior middle temporal gyrus, the average of adult-to-child was larger than the average for
adult-to-adult.

adult distance calculations were signiﬁcantly greater than both
the adult-to-child distance calculations (t (856) = 2.2, P = 0.03) and
the child-to-child distance calculations (t (639) = 5.7, P < 0.01),
while the adult-to-child distance calculations were signiﬁcantly
greater than the child-to-child distance calculations (t (1237) = 4.0,
P < 0.01). This indicates that the peak voxels within the fusiform
gyrus were signiﬁcantly more variable when comparing within
the group of adults than when comparisons were made between
adults and children or between individual children. Because the
distances calculated from adult to child were smaller than those
calculated from adult to adult, this indicates overlap among adult
and child peaks in the fusiform gyrus. A signiﬁcant effect of
calculation type was also found in the left middle temporal
gyrus (F2,1650 = 12.4, P < 0.01), but here the adult-to-adult variability was signiﬁcantly less than both the adult-to-child calculations(t (833) = −4.2, P = 0.03) and the child-to-child calculations
(t (783) = −4.2, P < 0.01). There was no difference between the
child-to-child distance calculations and the adult-to-child distance calculations (t (984) = −0.9, P > 0.1). This indicates that
although the locations of peak voxels in the left posterior middle
temporal gyrus are closer together in adults than in children, the
variability in distances between adults and children and within
children is similar. The lack of a signiﬁcant difference in the
distance calculated from adults to children compared with the
distances calculated form child to child, suggests a high degree
of similarity in the peak responses for adults and children.
There was no signiﬁcant effect of distance calculation type in
the left inferior parietal lobule (F2,1650 = 2.0, P > 0.10), suggesting
that the locations of peak voxels have similar variability across
children and adults.

Quantitative Analysis of the Extent of Tool-Preferring
Activation
Visual inspection of group contrast maps (see Fig. 2) suggests that
tool preferences are more diffuse (i.e., spread out) in children compared with adults. To test this in individual participants, we used
the same contrast-weighted t-values from the analysis of tool

preferences, and then extracted additional contrast-weighted
t-values from voxels adjacent to, but outside of, the original
adult ROIs. These 1-voxel thick “shells” were deﬁned by taking
the edge of the ROI, and expanding it by one functional voxel
(i.e., 3 mm3), removing the center (i.e., everything but the shell),
and then extracting t-values from that shell. Contrast weights
were extracted from 4 such shells: one immediately surrounding
the ROI, a shell that was 2 voxels from edge of the original ROI, a
shell 3 voxels from the original ROI, and a shell 4 voxels away
from the original ROI. If children’s tool-preferring activation is in
fact more extensive than adults’ tool-preferring activation, then
children should maintain higher levels of tool-preferring activation across the cortex surrounding the adult ROIs. To test this
prediction, we compared the average t-value for the adults and
children in each of the original ROIs and the 4 shells surrounding
the original ROIs. This analysis was modeled after a similar analysis comparing face selectivity in adults and children (Golarai
et al. 2007).
The results of this analysis, shown in Figure 5, suggest developmental differences in the extent of tool preferences in the medial
fusiform gyrus and posterior middle temporal gyrus, but not in the
inferior parietal lobule. A 2 (age group: children/adults) × 5 (distance from original ROI in voxels, with zero being the original
ROI) ANOVA was performed in each of the 3 ROIs. Main effects of
the distance from the original ROI were found in all 3 regions
(left fusiform gyrus: F1,56 = 18.7, P < 0.01; left posterior middle
temporal gyrus: F1,56 = 54.5, P < 0.01; left inferior parietal lobule:
F1,56 = 4.12, P = 0.047). The main effects of distance show that, for
both children and adults, the magnitude of tool preferences
decreases as measurements move farther from the core ROI. The
left posterior middle temporal gyrus exhibited an interaction
between age group and distance (F1,56 = 6.26, P = 0.015), which
indicated that adults exhibited a larger decrease in activation
across shells than did children (adult mean decrease = 1.04, child
mean decrease = 0.53, t(39) = 2.44, P < 0.02). This indicates that children maintained stronger tool preferences over more cortex surrounding the posterior middle temporal gyrus than did adults
(but not within the core ROI). Although Figure 5 suggests a similar
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Figure 4. Distributions of distances between peak voxels as calculated from one adult’s peak to another’s peak and from one adult’s peak to a child’s peak. Adult-to-child
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the middle temporal gyrus, but not in the inferior parietal lobule or fusiform gyrus. There was a notable, but nonsigniﬁcant, trend in the fusiform gyrus for more diffuse
tool preferences in children compared with adults.

trend in the fusiform gyrus, the interaction between age group and
distance from the original ROI did not reach signiﬁcance (P = 0.15).
One concern that may be raised is that the extent of tool-preferring activation in children could be due to greater movement
during the scan or differences in the signal-to-noise ratio between children and adults. While this is unlikely to explain the
data, as the phenomenon was category-speciﬁc (i.e., tools versus
nontools) and region-speciﬁc (i.e., in the left posterior middle
temporal gyrus), we sought to empirically address those possible
concerns. First, we tested for effects of motion by calculating
average frame-wise displacement (FD; Grill-Spector et al. 2008;
Power et al. 2012) across the whole brain for each participant.
This allowed us to test whether the increased extent of tool-preferring activation around the posterior middle temporal gyrus
could be due to differences in motion between adults and children. To that end, we tested for correlations between FD and
the number of voxels with t-values that survived each of 5 thresholds (corresponding to P values <0.1, 0.05, 0.01, 0.005, and 0.001 on
a single-subject whole-brain map). No signiﬁcant correlations
were found (all Ps > 0.1). We then conducted a similar analysis,
in which we calculated the average temporal signal-to-noise
ratio (tSNR, whole brain) for each participant (as calculated by
Simmons et al. 2010). We ﬁrst compared the average tSNR across
the whole brain to the number of voxels with t-values that survived the same 5 thresholds. Again, no signiﬁcant correlations
were found (all Ps, > 0.1). Finally, to look more closely at tSNR
in our ROIs and the 1-voxel shells that we deﬁned to examine
the extent of tool-preferring activation, we extracted the mean
tSNR from those ROIs and shells. Plotting the mean tSNR values
across participants for these regions (Supplementary Fig. 1) revealed a very different pattern than the pattern observed when
evaluating the extent of tool-preferring activation (Fig. 5). This indicates that the pattern of results, and speciﬁcally the differences
seen between adults and children in the extent of tool preferences, cannot be explained by differences in tSNR. These control
analyses indicate that the greater extent of activation around the
posterior middle temporal gyrus in children can be attributed to

development of the tool network rather than to head motion during scanning or differences in signal to noise.

Discussion
Adults and children were presented with tool and nontool stimuli
during fMRI. Our results indicate that adults and children recruit a
common tool network consisting of the left inferior parietal lobule, the left medial fusiform gyrus, and the left posterior middle
temporal gyrus during visual processing of tool images. Reliable
tool preferences were evident in these regions in children and
adults. Some evidence of developmental changes in tool preferences was observed, particularly, in the left posterior middle temporal gyrus, which exhibited more diffuse activation in children
than in adults. Regions of the adult tool network exhibited correlated neural responses to tool but not nontool stimuli in both
adults and children. That is, participants (children and adults)
with high tool activation in the inferior parietal lobule also had
relatively high tool-preferring activity in the medial fusiform
gyrus and the posterior middle temporal gyrus (see Mahon et al.
2007 for a similar observation in adults). This demonstrates that
not only are these regions preferentially engaged during tool processing, but also the patterns of neural responses to tools within
these regions are correlated across participants, even in young
children. Interestingly, a different pattern emerged in relation to
co-activation of the posterior middle temporal gyrus and the medial fusiform gyrus. We found that children who had a high response to stimuli in the posterior middle temporal gyrus also
had a high response to stimuli in the medial fusiform gyrus, regardless of the type of stimulus. Children’s activation pattern in
the middle temporal gyrus also differed from adult activation in
that it was more diffuse across the region. These ﬁndings suggest
that at least one component of the adult tool-processing network
undergoes signiﬁcant developmental change during early childhood. Taken together, our ﬁndings show that tool preferences
emerge early in development, and there is a common trajectory
of development among regions of the tool network.
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thus, the 9-year olds had to rely more on visually presented
tool-related action information than their 10-year-old counterparts. The ability to recognize tools from unusual viewpoints
also improves between the ages of 6 and 11 (Bova et al. 2007; Dekker et al. 2011). Because object-directed actions are represented in
the inferior parietal lobule, some researchers have proposed that
tool preferences might ﬁrst develop in the dorsal stream (Dekker
et al. 2011). However, it is likely the case that high-level praxis
knowledge in the inferior parietal lobule is not given bottom up
by the visual input but must be accessed contingent on identiﬁcation of the object (for data and discussion, see Almeida et al. 2013;
Mahon et al. 2013). Mutual interactions between action-related
neural representations in parietal cortex and visual object representations in the ventral stream likely both contribute to the development of the tool network. Our observation of co-activation of
regions of the tool network in young children suggests that the
left inferior parietal lobule and the left medial fusiform gyrus are
in fact functionally interdependent during tool processing from a
very young age. This raises the question of whether the types of information that are communicated between the inferior parietal
lobule and the fusiform gyrus might change across development
as children become adept at manipulating objects according to
their function, as well as recognizing and naming those objects.
Although our study revealed relatively mature patterns of tool
preferences in children, it is important to note that the degree to
which neural regions are “tool selective” likely depends on the
baseline against which tool stimuli are contrasted. Our study employed a baseline of faces, numbers, and words. It remains an
open question whether children’s tool preferences would show
the same degree of maturity with a different baseline condition,
such as nonmanipulable objects or novel manipulable objects.
Future studies that conduct such contrasts will be critical for a
full description of the development of the tool network.
We found that adults and children recruit overlapping regions
during tool processing and that even in very young children neural responses to tools in all regions of the adult tool network are
correlated. However, patterns of tool preferences were more diffuse in children than adults. At the group level, regions of the
ventral stream that preferentially responded to tools in children
were much larger than those recruited by the adults, and toolpreferring regions of the inferior parietal lobule recruited in the
children extended more superiorly than adult activation. Thus,
as has been shown for other stimulus categories in the ventral
visual pathway, it could be that as tool concepts develop, toolpreferring neural activation in children is pruned or reﬁned into
the more focal adult tool network (e.g., Durston et al. 2006;
Cantlon et al. 2011). This developmental reﬁnement of cortical regions based on experience is known as interactive specialization
(Johnson 2001, 2011), and for manipulable objects may depend on
interactions between parietal-based action representations and
ventral stream visual representations. This hypothesis can be
directly and deﬁnitively tested with a longitudinal design that assesses tool knowledge behaviorally in the same cohort of young
children that are studied with fMRI.

Supplementary material
Supplementary Material can be found at http://www.cercor.
oxfordjournals.org/online.
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Our ﬁndings are in line with previous work in adults (e.g., Martin et al. 1996; Binkofski et al. 1999; Chao et al. 1999; Chao and
Martin 2000; Johnson-Frey 2004; Noppeney et al. 2006; Mahon
et al. 2007, 2010, 2013; Almeida et al. 2013; Garcea and Mahon
2014) that has identiﬁed a tool-processing network consisting
of the left inferior parietal lobule, the left posterior middle temporal gyrus, and the left medial fusiform gyrus. Our ﬁndings also
accord with the previous ﬁndings of Dekker et al. (2011), who
found that school-age children exhibit adult-like tool preferences.
However, our data show that tool preferences are present in neural
regions that form the adult tool network by at least 4 or 5 years of
age and that children not only recruit similar regions as adults for
processing tools, but they also exhibit correlated neural responses
for tools but not for nontool stimuli between the inferior parietal
lobule and the other regions of the tool-processing network.
The observation that both the fusiform gyrus and the inferior
parietal lobule demonstrated adult-like levels of tool preferences
in early childhood bears on accounts of the causes of neural speciﬁcity for manipulable objects in the medial fusiform gyrus. According to connectivity-constrained accounts (Mahon et al. 2007;
Riesenhuber 2007; Stevens et al. 2015), neural speciﬁcity in the
ventral stream for manipulable objects arises because of innate
connectivity between the medial fusiform gyrus and regions of
parietal cortex that process action properties of objects. That proposal is consistent with the known white matter connectivity between the inferior parietal lobule and the medial temporal lobe
(e.g., Kravitz et al. 2011; for review and discussion, see Garcea
and Mahon 2014). An alternative account of the causes of neural
speciﬁcity for manipulable objects in the ventral stream appeals
to domain-general properties of the visual system interacting
with statistical regularities in the visual input (Haxby et al.
2001; Levy et al. 2001). There is no expectation for there to be privileged connectivity between the ventral stream and the parietal
lobule under that domain-general account. Thus, a domain-general account would not predict that children as young as 4 years
of age co-activate the medial fusiform gyrus and the inferior parietal lobule while viewing tools. The observation of very early
specialization in the ventral stream for tools, together with
yoked patterns of stimulus-evoked activity across ventral temporal and parietal cortex, is strongly suggestive of a connectivity-constrained account (for discussion, see Mahon and
Caramazza 2011). Similar arguments have been articulated for
connectivity constraints shaping neural speciﬁcity for faces and
words in the ventral temporal cortex (Plaut and Behrmann 2011;
Behrmann and Plaut 2013). A recent computational model (Chen
and Rogers, 2015) has shown that connectivity-based constraints
can yield neural speciﬁcity in the ventral stream. Finally, it has
recently been shown that there is privileged functional connectivity between category-preferring regions of the ventral stream
and regions outside of the ventral stream with congruent category preferences (Hutchison et al. 2014; Stevens et al. 2015).
An adult-like network for tool processing in early childhood
seems surprising given strong behavioral evidence that object representations continue to develop throughout childhood. For instance, behavioral evidence suggests that young children are
more likely to categorize objects based on physical features of
the objects (e.g., material of the object) rather than features related to function (Smith et al. 1996; Landau et al. 1998). Furthermore, Mounoud et al. (2007) found that 9-year-old children
were more strongly affected by tool-related action primes than
10-year-old children during a tool-picture naming task. Mounoud
et al. (2007) argue that action primes were more facilitative to the
9-year olds because their representations of tools and their respective actions were less integrated than the 10-year olds, and
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