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Abstract
Neural responses to small manipulable objects (“tools”) in high-level visual areas in ventral temporal cortex (VTC) provide
an opportunity to test how anatomically remote regions modulate ventral stream processing in a domain-specific manner.
Prior patient studies indicate that grasp-relevant information can be computed about objects by dorsal stream structures
independently of processing in VTC. Prior functional neuroimaging studies indicate privileged functional connectivity
between regions of VTC exhibiting tool preferences and regions of parietal cortex supporting object-directed action. Here we
test whether lesions to parietal cortex modulate tool preferences within ventral and lateral temporal cortex. We found that
lesions to the left anterior intraparietal sulcus, a region that supports hand-shaping during object grasping and
manipulation, modulate tool preferences in left VTC and in the left posterior middle temporal gyrus. Control analyses
demonstrated that neural responses to “place” stimuli in left VTC were unaffected by lesions to parietal cortex, indicating
domain-specific consequences for ventral stream neural responses in the setting of parietal lesions. These findings provide
causal evidence that neural specificity for “tools” in ventral and lateral temporal lobe areas may arise, in part, from online
inputs to VTC from parietal areas that receive inputs via the dorsal visual pathway.
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Introduction
High-level visual areas in ventral and lateral temporal cortex
exhibit a consistent topography by semantic category, with
subregions exhibiting neural specificity for places, faces, body
parts, tools, and written words (e.g., see Allison et al. 1994;
Martin et al. 1996; Kanwisher et al. 1997; Downing et al. 2001;
Haxby et al. 2001; Cohen et al. 2002; for review, see Grill-Spector
and Malach 2004; Martin 2007; Peelen and Downing 2007; Op de
Beeck et al. 2008). On the ventral surface of the temporal lobe,
medial regions (e.g., medial fusiform gyrus, collateral sulcus,
parahippocampal gyrus) exhibit stronger neural responses for
places and large non-manipulable objects than for faces and
animals (e.g., see Epstein and Kanwisher 1998; Chao et al. 1999;
Downing et al. 2006), while more lateral regions exhibit the
reverse profile: stronger responses for animate entities (faces,
animals) than nonliving stimuli (e.g., see Kanwisher et al. 1997;
Chao et al. 1999; Rogers et al. 2005; Tsao et al. 2006). It is also
consistently observed that small manipulable objects, or tools,
lead to stronger neural responses than animate entities in
medial regions of ventral temporal cortex (faces, animals; e.g.,
Chao et al. 1999; Noppeney et al. 2006; Mahon et al. 2007;
Mahon et al. 2013), but those tool preferences are typically
weaker than the responses to places, houses, and large contex-
tualized objects (e.g., see Downing et al. 2006; Chen et al. 2017).
Given that places tend to elicit stronger neural responses than
tools in medial ventral temporal cortex, in particular anterior
medial regions such as the parahippocampal gyrus, many syn-
theses of category-specificity assume medial ventral temporal
regions exhibit specificity for places, “large things”, or contextu-
alized objects (Bar 2004; Downing et al. 2006; Konkle and Oliva
2012) and generally give less consideration to the idea of neural
specificity for small manipulable objects or “tools” (e.g., Op de
Beeck et al. 2008). That construal of the “categories” of
category-specificity in the ventral stream is a legacy of the par-
adigmatic assumption that the category for which a given sub-
region exhibits specificity is just that stimulus class that elicits
the maximal univariate response (e.g., Downing et al. 2006).

Other lines of investigation have emphasized neural signa-
tures other than the overall amplitude of response in order to
argue that there are neural signatures “specific” to “tools” in
left posterior ventral medial temporal cortex. For instance, the
regions of ventral temporal cortex that exhibit differential
responses to tools, compared with faces or animals, also
exhibit privileged functional connectivity to the left supramar-
ignal gyrus and anterior intraparietal sulcus (aIPS), regions that
support praxis and hand-shaping for object-directed grasping,
respectively (e.g., Noppeney et al. 2006; Mahon et al. 2007;
Simmons and Martin 2012; Almeida et al. 2013; Garcea and
Mahon 2014; Hutchison et al. 2014; Stevens et al. 2015; Hutchison
and Gallivan 2016; Chen et al. 2017). Furthermore, in ventral
temporal cortex, the voxel-wise pattern of functional connectiv-
ity to parietal tool-preferring areas is related to the voxel-wise
pattern of tool preferences—indicating a fine-grained alignment
between connectivity and stimulus preferences (Chen et al.
2017). Other studies have argued that action-relevant properties
of objects drive specialization for “tools” in medial ventral tem-
poral areas (Mahon et al. 2007; see also Valyear and Culham
2010). In summary, while tools may not elicit the strongest over-
all response in medial ventral temporal cortex, a number of find-
ings indicate that connectivity with parietal action-relevant
regions is topographically aligned with regional neural specific-
ity for tools. Those findings collectively motivate what has been
referred to (Riesenhuber 2007) as a “connectivity-constrained

account” of the causes of category-specificity in the ventral
object processing pathway (Mahon and Caramazza 2011). The
core of that proposal is that innately specified connectivity
between ventral stream subregions and other parts of the brain
provide an initial “scaffolding” that drives the macroscopic orga-
nization by semantic category in the ventral stream. That type
of theoretical framework has yielded empirical successes in the
domains of face (Saygin et al. 2011; Osher et al. 2016) and printed
word recognition (Bouhali et al. 2014; Hannagan et al. 2015;
Saygin et al. 2016; Stevens et al. 2017) and has spurred proof-of-
principle computational simulations (Chen and Rogers 2015). A
connectivity-constrained account also provides a natural expla-
nation for why individuals who are congenitally blind show sim-
ilarly organized patterns of category-specificity in ventral
temporal cortex as do sighted individuals (Buchel et al. 1998;
Mahon et al. 2009; Striem-Amit et al. 2012; He et al. 2013).
However, it is important to emphasize that a connectivity-
constrained account of ventral stream organization does not
preclude the contribution of other factors to the organization of
the ventral stream (e.g., Levy et al. 2001; Tootell et al. 2008;
Arcaro et al. 2017).

A connectivity-constrained account of neural specificity for
tools in medial ventral regions is a proposal about the principal
constraint that shapes the large-scale organization of the ven-
tral stream. A distinct hypothesis can be articulated specifically
for the category “tools”: the “specificity” of neural responses to
tools in ventral temporal cortex is shaped, online, by inputs
from parietal cortex. It is known that the dorsal visual pathway,
including the aIPS, has access to semantically uninterpreted
information about the location and volumetric properties of
graspable objects (Fang and He 2005; Almeida et al. 2008;
Almeida et al. 2010; for review, see Binkofski and Buxbaum
2013; Osiurak and Badets 2016; Buxbaum 2017). For instance,
Prentiss et al. (2018) showed that a patient with a lower right
quadrantanopia could spontaneously orient his wrist during
ballistic grasping movements to grasp targets located in the
cortically blind field. However, the patient was at chance to
make perceptual orientation judgments to the same target sti-
muli in his cortically blind field—those data (see also Perenin
and Rossetti 1996) demonstrate that the dorsal stream can pro-
cess information about the orientation of an elongated object
independent of processing within the geniculostriate pathway
(for evidence from visual agnosia, see Goodale et al. 1991).
However, in order to generate a functionally appropriate grasp
(avoid the sharp end of a knife, or grasp a slippery glass with
the appropriate grip force), semantically interpreted information
about visual form, surface-texture, and material properties must
inform object grasps (e.g., Rosenbaum et al. 1990; Goodale et al.
1994; Carey et al. 1996; Creem and Proffitt 2001). A poignant dem-
onstration of that is visual agnosic patient DF’s inability to grasp
visually presented familiar objects in a functionally appropriate
manner (despite her ability to grasp them in a volumetrically
and biomechanically appropriate manner; e.g., see Carey et al.
1996).

Medial ventral temporal regions represent surface-texture
and material properties (Cant and Goodale 2007; Arnott et al.
2008; Cant et al. 2009; Cavina-Pratesi et al. 2010; Gallivan et al.
2014; Stasenko et al. 2014). Thus, by hypothesis, interactions
between ventral and dorsal stream regions unfold during the
computation of functionally appropriate grasps. A possible
function of those interactions would be to winnow the space of
biomechanically possible object grasps down to the space of
functionally appropriate grasps. Note that while ventral tempo-
ral areas likely represent surface and material properties about
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non-tools (e.g., animals, furniture, etc.), those classes of stimuli
do not engage the dorsal visual pathway. Thus, while surface-
texture and material properties may be processed for non-tools
in ventral temporal areas, those ventral temporal areas will not
(by hypothesis) receive input from parietal action-related areas
for those non-tool stimuli. Thus, on the strong form of this view,
the “category-specificity” of neural responses to tools in left ven-
tral temporal cortex results, in part, from filters that determine
which stimuli the dorsal stream responds to, rather than filters
local to the ventral stream itself. This proposal predicts that
neural responses for tools in left ventral temporal cortex should
be modulated in a domain-specific manner by lesions to parietal
areas supporting object-directed grasping.

The goal of the current study was to use causal evidence to
test the prediction that lesions to left aIPS disrupt stimulus-
evoked neural responses for tools in left ventral temporal cortex.
A key control analysis tests whether parietal lesions disrupt neu-
ral responses to place stimuli in the same region of left ventral
temporal cortex. This is an important and strong control because
place stimuli elicit (if anything) stronger neural responses than
tool stimuli in ventral temporal cortex (Downing et al. 2006). We
also test whether lesions to left aIPS disrupt stimulus-evoked
responses to tools in the left posterior middle temporal gyrus,
and explore whether the left posterior middle temporal gyrus
may serve as a “relay” between ventral temporal cortex and
action-relevant areas of parietal cortex.

Methods
Participants

A total of 76 individuals participated in this study. All participants
had normal or corrected-to-normal vision, and no prior neurosur-
geries. Thirty-five of the participants were in the pre-operative
phase of a neurosurgical intervention (14 females; mean age, 47.3
years; SD, 16.4 years). Thirty-four of those 35 patients were native
English speakers. The etiology of the lesions in the neurosurgery
participant group included astrocytoma (N = 10), glioma (N = 9),
glioblastoma (N = 7), oligodendroglioma (N = 3), mesial temporal
lobe sclerosis/temporal lobe epilepsy (N = 2), arteriovenous malfor-
mation (N = 2), and cavernoma (N = 2; see Supplementary
Table 1). Twenty-five patients had left hemisphere lesions and 10
patients had right hemisphere lesions. The remaining 41 partici-
pants (out of the overall group of 76) were healthy adult volun-
teers (21 female; mean age, 21.2 years; SD, 2.32 years); 3 healthy
participants’ data were removed due to excessive head motion
during the fMRI scans (>2 SD of motion in either translation or
rotation in X,Y,Z dimensions), leaving 38 individuals included in
the healthy control group. Healthy adult participants were right-
hand dominant (as established with the Edinburgh handedness
questionnaire), had normal or corrected-to-normal vision, and
had no history of neurological disorder. All neurosurgery and
healthy adult volunteers participated in the study in exchange for
payment, and gave written informed consent in accordance with
the University of Rochester Research Subjects Review Board. The
results obtained from the neurosurgery patients were used in
each case to assist surgical planning to preserve eloquent cortex
(e.g., see Garcea et al. 2017; Chernoff et al. under review).

General Experimental Procedure

Stimulus presentation was controlled with “A Simple
Framework” (ASF; Schwarzbach 2011) written in MATLAB using
the Psychophysics Toolbox (Pelli 1997). All participants viewed
the stimuli binocularly through a mirror attached to the head

coil adjusted to allow foveal viewing of a back-projected moni-
tor (temporal resolution = 120Hz). Each neurosurgery and
healthy adult participant took part in several scanning ses-
sions; the data from the first session form the basis for the cur-
rent investigation. That session consisted of (i) a 6-min T1
anatomical scan; (ii) between 4 and 8 runs of a category locali-
zer experiment (see below for experimental details); (iii) two
runs of a 6-min resting state fMRI scan (data not analyzed
herein); and (iv) a 15-min diffusion tensor imaging (DTI) scan
(data not analyzed herein).

Object-Responsive Localizer Experiment Design

Design and Procedure.
To localize object-responsive areas in the brain, including tool-
preferring regions, each participant viewed scrambled and
intact images of tools, animals, famous faces, and famous
places (for all details on stimuli see Fintzi and Mahon 2014;
Chen et al. 2017). Twelve grayscale photographs of tools, ani-
mals, faces, and places were used; there were 8 exemplars of
each (i.e., 8 different hammers; 8 different pictures of Matt
Damon). This resulted in a total of 96 images per category, and
384 total images. Phase-shifted versions of the stimuli were
created to serve as a baseline condition. Participants viewed
the images in a miniblock design. Miniblock events were 6 or
12 s in duration. Four patients were presented with 6-s mini-
blocks while 31 patients were presented with 12-s miniblocks.
Thirty healthy adult participants were presented with 6-s mini-
blocks while 8 healthy adults were presented with 12-s
miniblocks.

Within each miniblock, 12 stimuli from the same category
were presented for 500ms (6 s miniblock) or 1000ms (12 s mini-
block; 0ms interstimulus interval), followed by 6 s or 12 s fixa-
tion periods (for 6 s and 12 s miniblocks, respectively). Within
each run, 8 miniblocks of intact images and 4 miniblocks of
phase-shifted versions of the stimuli were presented with the
constraint that a category of objects did not repeat during two
successive miniblock presentations. Participants who saw 6-s
miniblocks took part in 8 runs (91 volumes per run) while parti-
cipants who saw 12-s miniblocks completed 4 runs (152
volumes per run; for precedent in using this task with neuro-
surgery patients, see Garcea et al. 2017).

MR Acquisition Parameters

MRI Parameters
Whole brain BOLD imaging was conducted on a 3-Tesla
Siemens MAGNETOM Trio scanner with a 32-channel head coil
located at the Rochester Center for Brain Imaging. High-
resolution structural T1 contrast images were acquired using a
magnetization-prepared rapid gradient echo (MP-RAGE) pulse
sequence at the start of each participant’s first scanning ses-
sion (TR = 2530, TE = 3.44ms, flip angle = 7°, FOV = 256mm,
matrix = 256 × 256, 1 × 1 × 1mm sagittal left-to-right slices). An
echo-planar imaging pulse sequence was used for T2*contrast
(TR = 2200ms, TE = 30ms, flip angle = 90°, FOV = 256 ×
256mm, matrix = 64 × 64, 33 sagittal left-to-right slices, voxel
size = 4 × 4 × 4mm). The first 6 volumes of each run were dis-
carded to allow for signal equilibration (4 volumes during
image acquisition and 2 at preprocessing).

Preprocessing of fMRI Data
fMRI data were analyzed with the BrainVoyager software pack-
age (Version 2.8.2) and in-house scripts drawing on the BVQX
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toolbox written in MATLAB (http://support.brainvoyager.com/
available-tools/52-matlab-tools-bvxqtools/232-getting-started.
html). Preprocessing of the functional data included, in the fol-
lowing order, slice scan time correction (sinc interpolation), 3D
motion correction with respect to the first volume of the first
functional run, and linear trend removal in the temporal domain
(cutoff: two cycles within the run). Functional data were regis-
tered (after contrast inversion of the first volume) to high-
resolution deskulled anatomy on a participant-by-participant
basis in native space. For each participant, echo-planar and ana-
tomical volumes were transformed into standardized space
(Goebel et al. 2006). All functional data were smoothed at 6mm
FWHM (1.5 voxels) and interpolated to 3mm3 voxels. The gen-
eral linear model was used to fit beta estimates to the experi-
mental events of interest. Experimental events were convolved
with a standard 2-gamma hemodynamic response function. The
first derivatives of 3D motion correction from each run were
added to all models as regressors of no interest to attract vari-
ance attributable to head movement.

Lesion Identification
Lesions were identified by visually segmenting healthy cortical
tissue from lesioned tissue visible on the native T1 anatomy.
Each patient’s T1 anatomical dataset was then transformed to
Talairach space, and the transformation matrices were applied
to the lesion mask to bring it into Talairach space. Lesion
masks were confirmed by a neuroradiologist (author S.P.M.)
blinded at the time of his analysis to the goals of the study;
lesion confirmation made use of all clinical scans available for
each patient (e.g., FLAIR, T2, DWI). We then converted each
lesion ROI into a whole-brain mask in which voxels associated
with a lesion were labeled with a “1” and voxels that were not
associated with the lesion were labeled with a “0”. Masks were
interpolated to a voxel size of 3mm3 to align with the voxel
size of the fMRI data (for lesion coverage, see Supplementary
Fig. 1).

ROI Definition: Tool Preferring Left Ventral Temporal Cortex
In both the neurosurgery group and healthy adult group we
localized left ventral temporal tool preferring areas at the
single-subject level. Spherical seed regions (6mm diameter)
were centered on the peak voxel in each participant, in each
region. Left ventral temporal tool-preferring areas were identi-
fied with the whole-brain contrast of “Tools > [Animals, Faces,
& Places]” (equally weighted). If “Tools > [Animals, Faces, &
Places]” did not elicit differential BOLD contrast in left ventral
temporal cortex in a particular subject, the threshold was
relaxed (to a maximum of P < 0.05, uncorrected). In instances
in which we could not identify a left ventral tool-preferring
peak at a more liberal threshold (i.e., P < 0.05, uncorrected), we
used the Talairach coordinate from the group-level map (see
Fig. 1 for peak coordinates). In the neurosurgery group, we used
the group-level defined peak for 6 participants in whom we
were unable to localize the left ventral temporal cortex peak; in
the healthy adult group, we used the group-level defined peak
for 8 participants in whom we were unable to localize the left
ventral temporal cortex peak. We note that the peak Talairach
coordinate for the neurosurgery-defined ventral temporal cor-
tex ROI was 3mm in Euclidean distance from the healthy
adult-defined peak, indicating excellent correspondence
between the two independent datasets.

Strict independence of criteria for voxel definition and test
was applied throughout the analysis pipeline. We defined tool-

preferring voxels in a split-run analysis, in which data from the
even runs of the category localizer experiment were used to
define tool-preferring voxels, and data from odd runs of the
experiment were used to measure BOLD contrast to tool stimuli
from those ROIs. This was folded, such that we identified tool-
preferring voxels with data from odd runs, and used data from
even runs of the experiment to measure BOLD contrast for tool
stimuli in those ROIs (see Fig. 1). We then averaged across the
two data folds.

Voxel-based Lesion Activity Mapping (VLAM)
We measured tool preferences with the contrast of “Tools >
[Animals, Faces, & Places]” (weighted equally), averaging over
data folds as described (see “ROI Definition: Tool Preferring Left
Ventral Temporal Cortex”). For each participant we obtained a
measure of the amplitude of tool preferences in left ventral
temporal cortex, and separately quantified lesion volume
(number of 3mm3 voxels lesioned). The Voxel-based Lesion
Activity Mapping (VLAM) analysis then proceeded in two steps.
In the first step we regressed lesion volume on the vector of
tool preferences in left ventral temporal cortex. In the second
step we correlated (point biserial correlation), at every voxel of
the brain, a binarized vector of lesion presence/absence values
(across subjects) with the vector of residual tool preferences in
the left ventral temporal cortex (having regressed lesion vol-
ume). This pipeline was repeated (see below) using the ampli-
tude of place preferences from the same single-subject defined
ventral temporal ROIs. The resulting whole-brain partial corre-
lation maps are plotted in Figure 2A.

Results
We studied a series of consecutively recruited patients in the
pre-operative phase of their neurosurgical care (n = 35). Each
patient completed the same functional MRI experiment prior to
neurosurgery in which they viewed or named gray-scale pic-
tures of tools, animals, famous faces and famous places (for
precedent, see Garcea et al. 2017). No patients had lesions
extending into the left fusiform gyrus; lesions were distributed
throughout anterior (medial and lateral) temporal regions, and
parietal and frontal regions (see Supplementary Fig. 1 for a
lesion coverage map; see Supplementary Table 1 for lesion eti-
ology). A separate group of healthy participants (n = 38) also
completed the same fMRI experiment.

We first established (see Fig. 1) that the neurosurgery and
healthy adult group exhibited comparable patterns of category-
preferences in left ventral temporal cortex, at the group level.
For each participant (healthy adults and neurosurgery patients),
half of the data for each participant were used to define a subject-
specific peak for tool preferences (using the contrast of “Tools >
[Animals, Faces, & Places]” (weighted equally)) and the other half
of the data (from that participant) were used to estimate the
amplitude of category preferences; this was jackknifed so that
both halves of the data for each participant were used for voxel
definition and test, and the results were averaged (see Methods
for full details). Figure 1 shows the single-subject regions-of-
interest (ROI) and also plots the amplitude of category-preferences
in left ventral temporal cortex for the healthy adult and neurosur-
gery participant groups.

A 2GROUP by 5CATEGORY ANOVA was conducted to evaluate
whether the pattern of category preferences in ventral temporal
tool-preferring regions was comparable across the two groups of
participants. There was a main effect of Group (F(1, 71) = 4.88, P <
0.01): The patient group had a higher average response across
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categories than healthy adults (average t-values: patients = 4.84,
SEM, 0.25; healthy adults = 3.49, SEM, 0.26; t-values corresponded
to each category versus the baseline condition). There was also a
main effect of Category (F(4, 284) = 150.80, P < 0.001): Consistent
with prior results, famous place and tool stimuli elicited the
strongest responses in medial ventral temporal cortex (e.g., see
Downing et al. 2006; see Fig. 1). In the neurosurgery group, BOLD
responses in left ventral temporal cortex were marginally
stronger for places than for tools (t(34) = 1.76, P = 0.08; see
Fig. 1B). In the healthy control group we observed higher ampli-
tude responses for tools than for places (t(37) = 2.19, P < 0.05).
That divergence in the relative amplitude of tools and places
across the two groups led to a marginal interaction between
Group and Category (F(4 284) = 2.40, P = 0.07; see Fig. 1). These
findings indicated reliable definition of tool preferences in
medial ventral temporal cortex in both the healthy controls

and neurosurgery patients; we return below to consider the
implications of the (marginal) discrepancy in the amplitude of
tool and place preferences in the healthy controls and neuro-
surgery patients.

Lesions to aIPS modulate tool preferences in ventral temporal cor-
tex. The key empirical hypothesis to be tested is that tool pre-
ferences in left ventral temporal cortex will be modulated by
lesions to regions of parietal cortex that support object-directed
grasping and manipulation, in particular, left aIPS. To test this
hypothesis in an unconstrained manner, we adapted a well-
known analytic approach, Voxel-based Lesion Symptom
Mapping (VLSM) for use with fMRI. In traditional VLSM (e.g., see
Bates et al. 2003), each patient in the group contributes a lesion
mask in standard space (e.g., Talairach space; Talairach and
Tournoux, 1988); the analysis then relates the presence or
absence of a lesion at each voxel to variability across patients

A.i. Left Ventral Temporal Cortex ROIs for Tool Preferences
in the Healthy Adult Group.

B.i. Left Ventral Temporal Cortex ROIs for Tool Preferences
in the Neurosurgery Group.
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Figure 1. ROI analysis of ventral temporal tool-preferring voxels. (A) Subject-specific left ventral temporal tool-preferring ROIs are represented as spheres (6mm diam-

eter). Subject-specific tool-preferring ROIs were defined using half of the data (e.g., even runs) from each participant, and the remaining half the data (i.e., odd runs)

from that participant were used to calculate category-preferences at the single-subject level (with averaging across the data folds). The average location for the neuro-

surgery participant group (mean Talairach X, Y, Z: –27, –55, –17) was in close proximity (Euclidean distance, 3mm) to the average location in the healthy adult group

(mean Talairach X, Y, Z: –27, –58, –17). Plotted in the bar graphs are contrast-weighted t-values for each category versus the fixation baseline. (B) The amplitude of cat-

egory preferences in single-subject tool-preferring ventral temporal cortex ROIs were obtained in the neurosurgery group (using half of the data to define, the other

half to measure). Plotted in the bar graphs are contrast-weighted t-values for each category versus the fixation baseline. Dots in all bar graphs represent individual

participants.
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A. Voxelwise correlation between stimulus preferences in left ventral temporal cortex and lesion presence.

i. Axial (inferior-to-superior)

Z = 30 Z = 50

Y = –30 Y = –50

ii. Coronal (anterior-to-posterior)

r (33) = –.50
p < .001

r (33)= –.42
p < .01

r (33)= –.42
p < .01

r (33) = –.50
p < .001

VLAM for tool preferences VLAM for place preferencesX = –32 X = –52

iii. Sagittal (medial-to-lateral)

B. Voxelwise comparision between VLAM results for tools and places identifies significant differences
in correlation magnitudes in the left aIPS and supramarginal gyrus.

i. Axial (inferior-to-superior)

Z = 30 Z = 50

Y = –30 Y = –50

ii. Coronal (anterior-to-posterior)

X = –32 X = –52

iii. Sagittal (medial-to-lateral)

z = –1.96
p < .05

z = –2.40
p < .015

Magnitude of Correlation Differences

Figure 2. Voxel-based Lesion Activity Mapping (VLAM) showing that lesions to aIPS modulate neural responses to tools in left ventral temporal cortex. (A) Lesions to

the left supramarginal gyrus and left anterior intraparietal sulcus, and adjacent white matter areas, are inversely related to tool preferences in left ventral temporal

cortex (red-to-yellow color-scale). All partial correlation coefficient values plotted in the map (regressing lesion volume) survive cluster correction (cluster correction

using AlphaSim, minimum cluster size of 66 voxels, with an initial alpha level of P < 0.01, uncorrected). To test for the specificity of parietal lesions modulating tool

responses in left ventral temporal cortex, we repeated the analysis using place preferences as measured from the same tool-preferring ventral temporal ROIs (again,

regressing lesion volume). The results, plotted on the blue-to-green color-scale, identify temporal lobe regions but importantly do not identify parietal areas (all
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on a reference behavioral task. The resulting group map plots
lesion density as a function of performance on the reference
neuropsychological task.

In a Voxel-based Lesion Activity Mapping (VLAM) analysis,
fMRI-based measures of neural activity in a reference region (in
this case, left ventral temporal cortex) are substituted for per-
formance on a behavioral task. In the VLAM analysis as applied
herein, the fMRI-based measure was the amplitude of tool pre-
ferences, and the reference region was left medial ventral tem-
poral cortex. Thus, across the group of patients, at each voxel
in the brain, the presence or absence of a lesion was correlated
(point biserial correlation) with tool preferences in left ventral
temporal cortex. Tool preferences were estimated by calculat-
ing (for each participant) the contrast weighted t-value for the
contrast of “[Tools > Animals, Faces, & Places]”, within subject-
specific ventral temporal cortex ROIs (using a split-half on the
data for voxel definition and test, see Methods). These analyses
were conducted both with and without first regressing lesion
volume from the vector of category-preferences; the results
were unaffected by the variable of lesion volume. All results are
reported having regressed lesion volume from the predictor of
category preferences.

The core finding that emerged from the VLAM analysis is
that tool preferences in left ventral temporal cortex were
inversely related to the likelihood of a lesion to left aIPS
(Fig. 2A, red-to-yellow color scale). Specifically, lesions to left
aIPS were associated with weaker tool preferences in left ven-
tral temporal cortex (Fig. 2A). This finding was robust to the
baseline used to calculate tool preferences (e.g., “Tools >
[Animals and Faces]”; “Tools > [Scrambled Images]”; see
Supplementary Fig. 2 for details). The fact that the core finding
is robust to the baseline used to calculate tool preferences rein-
forces the inference that lesions to parietal cortex modulate
neural responses to tools per se, rather than to other stimuli
used as a baseline against which to compute tool preferences.

Parietal modulations of ventral temporal cortex are domain-specific.
An important alternative interpretation of our core finding is
that neural responses in ventral temporal cortex, potentially to
“any” stimulus, are modulated by inputs from parietal cortex.
For instance, it could be that connectivity between the left parie-
tal lobule and left fusiform gyrus is important for how ventral
temporal cortex responds “generally” to a visual stimulus. One
argument against this alternative is that the core finding
described above (see Fig. 2A) is observed when relating lesion
location to tool “preferences”, i.e., tool responses compared with
responses to animals, faces, and places. Nonetheless, it is impor-
tant to seek decisive evidence against the alternative account
that would propose “domain-general” parietal-to-fusiform mod-
ulation. That alternative interpretation would predict that neural
responses to place stimuli would also be modulated by lesions
to left aIPS. To test this prediction, we repeated the VLAM analy-
sis using place preferences rather than tool preferences as the
predictor of lesion density (whole-brain analysis, also regressing
lesion volume from place preferences). Place preferences were
estimated by calculating the contrast-weighted t-values for
“Places > [Animals + Faces + Tools]” (weighted equally), using
the same subject-specific ventral temporal ROIs as used for the

analysis of tool-preferences. The results are plotted on the blue-
green color scale in Figure 2A—those analyses did not identify
any voxels in parietal cortex but did identify regions in the ante-
rior temporal lobe. Finally, it is also important to emphasize that
parietal cortex was not identified when different baselines were
used for calculating place preferences (e.g., “Places > [Animals +
Faces]”; “Places > [Scrambled Images]”; see Supplementary Fig. 2
for details). Those control analyses constitute a strong test of the
domain-specificity of the core phenomenon because, as noted
above (e.g., see Fig. 1B), the overall amplitude of place prefer-
ences is (if anything) stronger than tool preferences in left ven-
tral temporal cortex in the neurosurgery group (see Fig. 1).

We next sought to test whether the VLAM results for
tools, identifying left parietal cortex, are statistically stron-
ger for tools than for places. To carry out that analysis, we
Fisher-transformed the whole-brain maps obtained from the
tool and place VLAM analyses, and for each voxel, compared
the magnitude differences of the Fisher-transformed correla-
tion coefficients using a z-test. Plotted in Figure 2B are z-val-
ues indicating the anatomical locations where VLAM effects
for tools were significantly greater than VLAM effects for
places (minimum z value, 1.96, P < 0.05, uncorrected).
Critically, this analysis identifies regions in and around the
left aIPS and supramarginal gyrus, as identified in the VLAM
analysis in Figure 2A. By contrast, the regions of anterior
temporal cortex identified in the VLAM analysis for places
were not significantly stronger for places than they were for
tools. These findings indicate that the effect of lesions to left
parietal cortex on tool responses in left medial ventral tem-
poral cortex was significantly stronger than the effect of
lesions to parietal cortex on places preferences in the same
medial ventral ROIs.

Independent confirmation that the VLAM analyses identify left
aIPS. We then sought to confirm that the peak of lesion overlap
from the core analysis (Fig. 2A) was in fact in left aIPS, using 3
independent approaches. First, we used the search term “ante-
rior intraparietal” in Neurosynth to estimate the stereotactic
coordinates for aIPS (70 studies were identified). A spherical
ROI (6mm diameter) was centered on the resulting coordinate
(Talairach X, Y, Z: −47 −30 38); using that literature-defined ROI,
we then tested for the relation between lesion presence (to that
ROI) and tool preferences in ventral temporal cortex. That anal-
ysis confirmed a significant relation between lesion presence in
the (Neurosynth defined) left aIPS and tool preferences in left
ventral temporal cortex (r(33) = −0.35, P < 0.05). Second, we
used that literature-defined ROI of aIPS to measure category-
preferences in the healthy adult participants who completed
the same fMRI experiment as the patient group. The results
demonstrated robust tool responses (“Tools > [Fixation base-
line]”, t(37) = 2.75, P < 0.01), and tool preferences (“Tools >
[Animals, Faces, & Places]” (weighted equally), t(37) = 6.14, P <
0.001; see Fig. 3B). Third, in the healthy adult dataset we carried
out a split-half analysis in which we used half of the data to
define tool preferences in a whole-brain contrast (“Tools >
[Animals, Faces, & Places]” (weighted equally)), and computed
the overlap between that whole-brain map and the VLAM-
identified parietal voxels shown in Figure 2A. We then

values survive cluster correction, with a minimum cluster size of 68 voxels, initial alpha of P < 0.01, uncorrected). The same results were obtained when not regres-

sing lesion volume, and when measuring tool- and place-preferences using alternative baselines (see Supplementary Fig. 2). (B) A direct comparison of VLAM results

for tools and those for places identifies the left aIPS and supramarginal gyrus. Plotted in Figure 2B are negative z-values (greater VLAM effect for tools than places;

minimum z value = –1.96, P < 0.05, two-tailed). We note that there were no sites associated with VLAM effects for places that were significantly greater than VLAM

effects for tools.
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measured the amplitude of category-preferences for those
overlapping voxels using the left-out half of the data from the
healthy participants (this procedure was jackknifed and the
results were averaged to derive a final measure of category-
preferences that maintained independence of voxel definition
and test). Again, we observed robust tool responses (“Tools >
[Fixation baseline]”, t(37) = 3.34, P < 0.01), and tool preferences
(“Tools > [Animals, Faces, & Places]” (weighted equally), t(37) =
7.78, P < 0.001; see Fig. 3C). While the overall area of overlap is
modest (see Fig. 3 caption for details), the strength of the find-
ing lies in its specificity—both in the specificity of the effect for

tools compared with places, and the anatomical specificity
whereby left aIPS is identified through otherwise unconstrained
whole-brain analyses. Thus, and taken together, these three
sets of converging findings indicate that the VLAM analysis
independently identifies, in addition to adjacent white matter
in left parietal cortex, tool preferring left aIPS.

General Discussion
We have reported causal evidence that neural responses to tool
stimuli in ventral temporal cortex are modulated by inputs

C. Amplitude of responses in the left anterior intraparietal
sulcus using split-half analysis.
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B. Amplitude of responses in the left anterior intraparietal
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p < 1*10–9
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r (33)= –.42
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Tool Preferences in the Healthy Adult Group
Contrast: Tools > [Animals, Faces & Places]VLAM for tool preferences

A. The overlap between VLAM-identified left aIPS and tool preferences. 

*****

Figure 3. Confirmation that the VLAM analysis identifies the tool-preferring aIPS in the healthy adult group. (A) The overlap between the Voxel-based Lesion Activity

Mapping (VLAM) analysis (red-to-yellow color-scale) and tool preferences (Tools > [Animals, Faces, & Places]) (weighted equally) in the healthy adult group (blue-to-

white color-scale) was computed. Overlap was maximal at the left aIPS. (B) We independently defined the left aIPS using NeuroSynth and created an aIPS sphere cen-

tered on the peak Talairach coordinate (XYZ = −47 −30 38, 6mm in diameter). Category-preferences for that ROI were extracted for the healthy adult group, and are

plotted in the bar graph. The results indicate robust tool responses (one-sample t-test versus fixation baseline, t(37) = 2.75, P < 0.01) and tool-preferences (“Tools >

[Animals, Faces, Places]” (“T > AFP”), t(37) = 6.14, P < 0.001). (C) In a final test, we extracted category-preferences from the healthy participants for the ROI defined as

overlapping the VLAM analysis and tool-preferences in the healthy participants, using a split-half analysis to maintain independence of voxel definition and test.

Specifically, using the healthy adult dataset we computed the whole-brain contrast of “Tools > [Animals, Faces, & Places]” using half the data (e.g., even runs) and

determined overlap between that map (FDR corrected, q < 0.05) and the VLAM results; category-preferences were extracted for voxels identified as overlapping, using

the left-out half of data (i.e., odd runs) from the healthy participants (to estimate category-preferences). This procedure was repeated using the other half of the

healthy data to define a whole-brain map of tool preferences (e.g., odd runs) and extracting data for the left-out half (i.e., even runs). The results are plotted in the bar

graph and demonstrate nearly the exact pattern obtained using the Neurosynth coordinates for aIPS. There were robust tool responses (one-sample t-test versus fixa-

tion baseline, t(37) = 3.34, P < 0.01) and tool-preferences (“Tools > [Animals, Faces, Places]” (“T > AFP”), t(37) = 7.78, P < 0.001). Note that the aIPS region identified by

the overlap analysis was anatomically proximal (odd runs, 7mm Euclidean distant; even runs, 7.3mm Euclidean distant) to the Neurosynth-defined left aIPS peak,

indicating that a common set of anatomical voxels are identified by independent methods for identifying the left aIPS. Dots in the bar graphs represent individual

participants. ** = P < 0.01; *** = P < 0.001.
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from left aIPS, a region of parietal cortex that supports hand
shaping during object-directed grasping. Our core finding is not
a general effect of parietal lesions dampening neural responses
to “any” stimulus class in the fusiform gyrus, because the
amplitude of place preferences in ventral temporal cortex was
unrelated to lesions in parietal cortex. This pattern of findings
is an instance of what Price, Friston and colleagues (Price et al.
2001; for review, see Price and Friston 2002; see also Carrera
and Tononi 2014) have referred to as dynamic diaschisis: The
process by which neural responses for a class of stimuli can be
disrupted due to disruption of connected but anatomically dis-
tant regions. We refer to the pattern of results we have
reported as an instance of “domain-specific” diaschisis, in that
the pattern of parietal-to-fusiform interactions is constrained
by a content-defined domain or stimulus class.

Bar and colleagues (Bar 2003, 2004; Kveraga et al. 2007; for
review see Bar 2003; Bar et al. 2006; see also Fintzi and Mahon
2014), argued that orbitofrontal regions process a “gist” or “first-
pass” visual representation of an object via fast but low-acuity
magnocellular projections. Bar and colleagues argued the “gist”
representation is used to guide slower but more detailed analy-
sis by ventral temporal regions (see also Price and Devlin 2004;
Bouhali et al. 2014; Hannagan et al. 2015). We suggest that a
similar phenomenon may occur for visually presented grasp-
able objects—dorsal stream structures with projections to pari-
etal cortex receive visual information about objects bypassing
the geniculostriate pathway, potentially via pulvinar or genicu-
late projections to MT/V5, or direct geniculate projections to
extrastriate regions (e.g., see Sincich et al. 2004; Schmid et al.
2009; Lyon et al. 2010). The dorsal visual pathway has access to
perceptually rich (Konen and Kastner 2008; Freud et al. 2016;
Kastner et al. 2017) but semantically uninterpreted information
(e.g., see Almeida et al. 2008; Almeida et al. 2014). Thus, the dor-
sal stream has access to volumetric properties such as size,
location and orientation of a grasp target, and there is also evi-
dence that elongated objects may enjoy a privileged status in
terms of processing within the dorsal stream (e.g., Sakuraba
et al. 2012; Almeida et al. 2014; Chen et al. 2018b). This means
that aIPS could represent semantically-uninterpreted informa-
tion about an elongated grasp target prior to, and in parallel to,
processing of the object within the geniculostriate pathway
(Culham et al., 2003; Konen, Mruczek, Montoya, & Kastner,
2013).

It is known that surface-texture and weight information is
processed in ventral medial temporal lobe regions (Cant and
Goodale 2007; Cant et al. 2009; Gallivan et al. 2014) and that
those types of object information must, at some level of proces-
sing, inform functional object grasps. For instance, the manner
in which an object is grasped for functional use takes into
account not only “bottom-up” or semantically uninterpreted
volumetric information (processed in the dorsal visual path-
way) but also information about the relevant parts of the object
that must be grasped to enable subsequent functional use
(Rosenbaum et al. 1990; Creem and Proffitt 2001), as well as its
surface and material properties (compare the grip force applied
to a wet and soapy glass versus the same glass when dry (for
discussion see Mahon and Wu 2015)). By hypothesis, medial
ventral temporal lobe regions process surface-texture and
material properties about all types of objects (i.e., not just
“tools”). However, elongated and graspable objects will also be
processed through dorsal stream pathways, in parallel to analy-
sis in the geniculostriate pathway for surface-texture and mate-
rial properties. Thus, according to the proposal we advance here,
ventral temporal cortex exhibits neural specificity for “tools”

because of the satisfaction of two constraints: (i) the object is
graspable and thus independently drives processing in the dorsal
visual pathway, and (ii) surface-texture and weight information
is processed by ventral stream regions. The proposal is not that
parietal inputs to ventral temporal regions are “top-down”—but
rather that part of the ventral visual hierarchy incorporates
inputs from independent analyses propagated through the dorsal
visual pathway (analogous to the proposal by Bar 2003).

A recent fMRI study from Chen and colleagues (Chen et al.
2018b) has demonstrated there is asymmetric functional con-
nectivity between left ventral temporal cortex and left anterior
IPS. Chen and colleagues used dynamic causal modeling to
model the directionality of connectivity among the left medial
fusiform gyrus, left posterior middle temporal gyrus, left ante-
rior IPS, and the left superior parietal lobe. They found that the
left posterior middle temporal gyrus, but not the left medial
fusiform gyrus, exhibits bidirectional functional connectivity
with the left anterior IPS during tool processing. Convergent
evidence for that inference is provided by the recent study by
Garcea and colleagues (Garcea et al. 2018), in which participants
performed, in one set of runs, an n-back picture matching task,
and in another set of runs, an object pantomime task.
Critically, both of the tasks were performed over the same
stimulus materials and using the same presentation para-
meters—thus, any differences between the tasks are attribut-
able to the task as opposed to lower-level sensory stimulation.
In line with the results of Chen and colleagues (2018b), Garcea
and colleagues observed that the left posterior middle temporal
exhibited a high degree of network centrality during both the
object pantomime task and n-back style picture matching tasks
and exhibited increased functional connectivity to the left aIPS
and left ventral temporal cortex (left medial fusiform gyrus).

While there is evidence for a white matter pathway con-
necting ventral temporal areas with the left posterior and
superior parietal lobule (e.g., see Kravitz et al. 2011; Kravitz
et al. 2013; see also Rushworth et al. 2006), we are not aware of
evidence of a direct white matter pathway connecting medial
ventral tool preferring regions and left anterior IPS; thus, an
important possibility is that the left posterior middle temporal
gyrus forms an intermediary region between left ventral tem-
poral cortex and left aIPS. That proposal about the role of the
left posterior middle temporal gyrus can be initially tested
through re-analysis of our data reported herein, in that tool
preferences in that region should also be modulated by lesions
to left aIPS. We tested this prediction in two ways.

First, in a manner identical to the VLAM analysis of the left
ventral temporal cortex (Fig. 2), we localized the left posterior
middle temporal gyrus and tested the relation between tool
preferences in that region and lesion likelihood, throughout the
brain. The left posterior middle temporal gyrus was localized
using the same split-half single-subject approach, including
data folding (see Methods). We observed that lesions to the left
aIPS, left supramarginal gyrus, adjacent white matter inferior
to the aIPS, and left lateral and anterior temporal lobe were
associated with weaker responses to tools in the left posterior
middle temporal gyrus (see Supplementary Fig. 3).

Second, we carried out a “reverse VLAM” analysis. For that
analysis, we correlated the vector of aIPS lesion presence (1 s or
0 s corresponding to lesion presence or absence, respectively)
with each voxel’s (whole-brain) tool preferences (contrast:
“Tools > [Animals, Faces, & Places]” (weighted equally)). This
analysis identifies where tool preferences are modulated by the
presence of a lesion to the left aIPS. Consistent with our origi-
nal VLAM analyses (see Fig. 2), we observed that tool
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preferences in left medial ventral temporal cortex (specifically,
at the fundus of the collateral sulcus) were inversely related to
the likelihood of aIPS lesions (see Fig. 4). Interestingly, and con-
sistent with the idea that left posterior middle temporal gyrus
serves as a relay (Chen et al. 2018b), we also observed that tool
responses in the left posterior middle temporal gyrus were
inversely related to the likelihood of lesions to aIPS (Fig. 4). These
findings provide initial support for the proposal that the left pos-
terior middle temporal gyrus modulates connectivity between
the left aIPS and left medial ventral tool preferring regions.
However, future hypothesis-driven research will be needed to
decisively test that proposal—ideally in a focal lesion model
using VLAM analyses to understand the long-distance functional
implications of lesions at different points within the network of
regions involved in tool recognition, grasping and use.

A key issue that is framed, but left open, by the current
investigation concerns the nature of the inferior parietal neural
representations interface with ventral stream representations
of object form, surface-texture, and material properties. We
have motivated and interpreted our findings from the perspec-
tive of functional object grasping, and in the setting of a “visu-
ally” presented object. However, praxis, or the ability to
manipulate an object correctly to fulfill its function, is repre-
sented in the adjacent supramarginal gyrus, and praxis repre-
sentations can certainly be accessed for an object that is “in

hand but out of sight” (Kellenbach et al. 2003; Boronat et al.
2005; Canessa et al. 2008; Peeters et al. 2013; Chen et al. 2018a).
The VLAM analyses we reported identified white matter struc-
tures underlying the left inferior parietal lobule, and the analy-
ses conducted with reference to the left posterior middle
temporal gyrus specifically identified the left supramarginal
gyrus. In order to access the correct praxis representation, the
system must have access to semantically interpreted informa-
tion about object identity, visual form, and function; and likely,
along with access to those types of representations, the system
will have accessed surface-texture and material properties. As
suggested by Chen and colleagues (2018b), it may be that the
posterior middle temporal gyrus serves as a critical hub or relay
that allows for cross-modal integration between the dorsal and
ventral streams. Future work that utilizes high spatial and tem-
poral resolution neural data (e.g., electrocorticography; see e.g.,
Caruana et al. 2017) has the potential to disambiguate the degree
to which the left posterior middle temporal gyrus exhibits bidi-
rectional (or unidirectional) influences upon the left aIPS and left
ventral temporal cortex during tool recognition and use. In that
regard, it will be important to relate measures of functional cou-
pling between ventral and dorsal stream regions to performance
in tool recognition and real object use (for relevant review and
discussion, see Snow et al. 2011; Brandi et al. 2014; Macdonald
and Culham 2015; Freud et al. 2017).

A. Tool preferences in left ventral and lateral temporal cortex are related to aIPS lesions

r (33) = –.50
p < .001

r (33)= –.42
p < .01

Partial Correlation Coefficient

z = –18 z = –2

y = –52

y = –44

x = –29 x = –57x = –33 x = –49 x = –53

left medial fusiform gyrus |
collateral sulcus 

left posterior middle
temporal gyrus 

Figure 4. Reverse Voxel-based Lesion Activity Mapping (VLAM) demonstrates tool preferences in left ventral temporal cortex and the left posterior middle temporal

gyrus are modulated by left aIPS lesions. (A) A reverse VLAM analysis was carried out in which a vector of aIPS lesion presence/absence was correlated with voxelwise

tool preferences (“Tools > [Animals, Faces, & Places]” (weighted equally)) to identify regions (whole-brain) in which aIPS lesions modulate tool preferences. These

analyses identify voxels in the left medial fusiform gyrus (collateral sulcus), replicating prior findings (Fig. 2), and also the left posterior middle temporal gyrus. In

addition, we found that tool preferences in the right posterior middle/inferior temporal gyrus were modulated in the presence of left aIPS lesions (all correlation val-

ues are significant at an alpha level of P < 0.01, uncorrected). Note the reverse VLAM maps are plotted in radiological convention.
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Conclusion
The category of tools is a stimulus class that is defined in part
by action- or motor-relevant dimensions. An object is a tool, in
part, because it is used in a certain manner to fulfill a specific
function, commensurate with behavioral goals. We suggest
that neural responses to tools in ventral temporal cortex are
driven, in part, by the “interpretation” of the object as a motor-
relevant object, which is supported by grasp-related areas such
as aIPS. The integration of the “interpretation” of a tool as a
graspable object with processing of its surface-texture and
material properties is reflected, we suggest, in functional con-
nectivity between aIPS and regions in medial ventral temporal
cortex. On this account, neural responses to tools in ventral
temporal cortex reflect the joint constraint imposed by proces-
sing of the stimulus as both a graspable object (via the dorsal
stream) and as an object with particular material characteris-
tics that need to be considered to calibrate an object-directed
action. This suggested framework brings an account of the
causes of category-specific organization in the ventral stream
(namely, a connectivity-based account; e.g., Mahon and
Caramazza 2011) into register with a processing model of the
causes of category-specificity in neural responses. The proposal
that the connectivity of the system drives category-specific
organization in the ventral stream may extend to other catego-
ries (for empirical support, see Saygin et al. 2011; Bouhali et al.
2014; Hannagan et al. 2015; Saygin et al. 2016; Stevens et al.
2017). However, it may be that for other categories, visual infor-
mation is sufficient to drive, online, category-specific responses
(but see Price et al. 2001 for evidence of long-range modulation
of responses to printed words in the context of dynamic diaschi-
sis). More broadly, this type of approach emphasizes how multi-
sensory integration supports visual categorization, and how
connectivity of ventral temporal regions with other brain regions
can be instrumental to visual categorization (Martin 2006;
Gaillard et al. 2006; Behrmann et al. 2007; Thomas et al. 2009;
Yeatman et al. 2013; Thiebaut de Schotten et al. 2014; Ishibashi
et al. 2016; Saygin et al. 2011, 2016; Almeida et al. 2018).

Supplementary Material
Supplementary material is available at Cerebral Cortex online.
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