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Abstract
Here we find, using functional Magnetic Resonance Imaging (fMRI), that object manipulation
knowledge is accessed by way of the ventral object processing pathway. We exploit the fact that
parvocellular channels project to the ventral but not the dorsal stream, and show that increased
neural responses for tool stimuli are observed in the inferior parietal lobule when those stimuli are
visible only to the ventral object processing stream. In a control condition, tool-preferences were
observed in a superior and posterior parietal region for stimuli titrated so as to be visible by the
dorsal visual pathway. Functional connectivity analyses confirm the dissociation between sub-
regions of parietal cortex according to whether their principal afferent input is via the ventral or
dorsal visual pathway. These results challenge the ‘Embodied Hypothesis of Tool Recognition’,
according to which tool identification critically depends on simulation of object manipulation
knowledge. Instead, these data indicate that retrieval of object-associated manipulation knowledge
is contingent on accessing the identity of the object, a process that is subserved by the ventral
visual pathway.

1. Introduction
Visual object processing has been argued to be organized at a macroscopic level into two
functionally independent visual pathways (e.g., Goodale and Milner, 1992). The ventral
visual pathway projects from primary visual cortex (V1) to ventral occipital-temporal
cortex, and supports form-based object identification and analysis of surface properties such
as color and texture (Cant and Goodale, 2007; Goodale and Milner, 1992; Grill-Spector et
al., 2001). Lesions to ventral stream structures classically result in impaired visual object
recognition and perceptual decisions (e.g., judging the orientation of a line) but spared
reaching and grasping (e.g., Goodale and Milner, 1992). The dorsal visual pathway projects
from V1 to dorsal occipital and posterior parietal cortex. It supports volumetric and spatial
analysis of objects in the service of object-directed reaching and grasping. Patients with
lesions to dorsal stream structures can have difficulty with reaching and/or grasping the
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same visual stimuli for which they can recognize and about which they can make normal
perceptual judgments (e.g., Jeannerod et al., 1994; Perenin and Vighetto, 1988).

A number of fMRI studies have shown that viewing common tools leads to differential
blood oxygen level-dependent (BOLD) responses in localized regions within the temporal
and parietal lobes, compared to a range of baseline categories (e.g., animals, vehicles,
places; e.g., Chao et al., 1999; Chao and Martin, 2000; Mahon et al., 2007; Noppeney et al.,
2006). Viewing tools elicits differential BOLD contrast in the medial fusiform gyrus, a
structure unequivocally within the ventral visual pathway. Tool stimuli also elicit
differential BOLD responses in the left posterior middle temporal gyrus, on the lateral
surface of the temporal lobe. Whether the left posterior middle temporal gyrus that is tool
responsive should be considered a part of the dorsal stream or the ventral stream, or both, is
an open issue: it is just anterior to visual motion area MT/V5 which is unequivocally a part
of the dorsal stream (Ungerleider and Mishkin, 1982; see also Beauchamp et al., 2002) but
lesions to the middle temporal gyrus are associated with lexical semantic and conceptual
level impairments for tools (e.g., Damasio et al., 2004). Finally, tool stimuli elicit
differential BOLD responses in the left parietal lobule, across a large swath of cortex
extending from posterior parietal cortex anteriorly along the intraparietal sulcus (IPS), and
inferiorly into the supramarginal gyrus of the inferior parietal lobule (e.g., Chao et al., 1999;
Chao and Martin, 2000; Mahon et al., 2007; Noppeney et al., 2006).

Recent work has shown that there is significant interaction between the ventral and dorsal
streams, and that a better characterization than the two streams as independent pathways is
that they are two ways of distinguishing the afferent input to dissociable computations
relevant to object directed action. For instance, the ventral stream has been shown to be able
to support some visuomotor behavior, and visuomotor performance in the context of ventral
stream lesions may not be completely spared, even in simple tasks, particularly when these
visuomotor actions are not under online guidance (e.g., Goodale et al., 1994; Karnath et al.,
2009; for a review see Himmelbach et al., 2012; Schenk and McIntosh, 2009). In addition,
the dorsal stream is not a monolithic entity, and should certainly not be ‘equated’ with
parietal cortex (Goodale and Milner, 1992). Rizzolatti and Matelli (2003) argued that the
classic dorsal stream can be further subdivided into a dorso-dorsal pathway, comprising
(among other areas) area V6 and the superior parietal lobule (SPL), and dedicated to the
online control of visuomotor behavior, and a ventro-dorsal pathway, corresponding (among
other areas) to the inferior parietal lobule (IPL), and concerned with object-directed actions
(left hemisphere), action understanding, and spatial analysis (right hemisphere). Finally, it
has been shown that there is strong interconnectivity between the dorsal and ventral visual
streams (e.g., Binkofski et al., 2007; Nelissen and Vanduffell, 2011; Pisella et al., 2006;
Rushworth et al., 2006; Zhong and Rockland, 2003). For instance, the IPL has connections
with aspects of the ventral temporal cortex (Binkofski et al., 2007; Borra et al., 2008;
Nelissen and Vanduffell, 2011), and the IPL is increasingly being thought of as the locus of
integration of abstract (potentially ‘semantic’) information about object use that arrives from
ventral and lateral temporal cortices, and visuomotor information coming from dorsal stream
regions (V6, superior parietal lobule), into a coherent object-specific action plan (e.g.,
Binkofski and Buxbaum, 2012; Frey, 2007; Grafton, 2010; Randerath et al., 2010). Overall,
these data and arguments suggest that while the general distinction between a dorsal and a
ventral stream holds, there is some overlap in their functions and there is certainly ample
interactivity between the two streams.

One way to address the distinction between ventral and dorsal visual streams, the cross-talk
between them, and their relation to the organization of semantic memory is by studying how
information about manipulable objects such as tools and utensils is represented and
organized. Functionally appropriate tool use depends on specific motor information being
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brought into register with specific visual information. Broadly speaking, object-directed
actions can be separated into a reach-to-grasp component, and complex object-associated
manipulations. Reach-to-grasp actions are visuomotor acts that are largely constrained by
the physical characteristics of the objects; by the current location of the hands, intervening
obstacles, and target objects: but do not draw on stored ‘semantic’ knowledge1. Thus, all of
the positional and volumetric information necessary to reach toward and grasp an object
(albeit not necessarily in a functionally appropriate way) is provided by the visual input. By
contrast, complex object-associated manipulations describe the way that objects are
manipulated in order for the object to be used in a functionally appropriate way (e.g., the
hammering action when using a hammer). However, it is important to note that object
function and object manipulation knowledge doubly dissociate, and are known to be
subserved by functionally and neuroanatomically separate systems. This double dissociation
has been shown in neuropsychological patients (Buxbaum and Saffran, 2002; Negri et al.,
2007; Garcea et al., in press; Sirigu et al., 1991), functional MRI (Boronat et al., 2005;
Canessa et al.,2008; Kellenbach et al., 2003), behavioral responses in normal subjects
(Tucker & Ellis, 1998; Garcea and Mahon, 2012), and with transcranial magnetic
stimulation (Ishibashi et al., 2011; Pelgrims et al., 2011; Pobric et al., 2010).

As noted above, viewing tool stimuli leads to fMRI activation in a large swath of left
hemisphere parietal regions, from posterior parietal/dorsal occipital cortex (~V6), through
IPS, including the superior parietal lobule, and the supramarginal gyrus of the inferior
parietal lobule in the left hemisphere. Recent data suggests that the parietal regions that
comprise this tool network may be assigned to different tool-related functions (e.g.,
Buxbaum et al., 2006, 2007; Vingerhoets, 2008; Vingerhoets et al., 2009). For instance,
Vingerhoets et al. (2009) suggested that different parts of the inferior parietal cortex are
responsible for different aspects of gesture planning and coordination necessary for tool use.
This complex mosaic of functions and the associated integrative nature of tool-related
parietal cortex fits well with the diverse profiles often found in limb apraxia after left
parietal lobe damage (e.g., Goldenberg, 2009; Goldenberg and Hagmann, 1998; Goldenberg
and Spatt, 2009; Sunderland et al., 2013). Apraxic patients may present with deficits in
imitating meaningless and/or meaningful gestures, in pantomiming tool use, and actual tool
use. Those impairments can be selective in some patients, and the hallmark of the
impairment is that it cannot be reduced to motoric, perceptual, or general cognitive deficits.
Decades of research in apraxia has led to the development of several models to explain the
relevant phenomena. One model is based on the idea that what is impaired in some patients
with apraxia is the ability to apprehend the spatial relations between the effectors and the
objects, and between the interactive parts of objects (e.g., the relationship between the flat
surfaces of hammers and nails; e.g., Goldenberg, 2008). Another proposal is that some
patients with apraxia may have a deficiency of working memory/executive systems that are
critical for integrating semantic and motoric information (e.g., Randerath et al., 2010).

In spite of the relatively developed nature of neurocognitive models of object-directed
action, it remains an open issue whether object associated manipulation knowledge is
accessed via the dorsal visual pathway. At a minimum, complex object associated actions
draw on knowledge about object function in order to implement the correct object associated
manipulation. It would also seem to be a reasonable hypothesis that knowledge of object
function is contingent on knowledge of object identity—i.e., to know the function of an
object you have to know its identity. That kind of purely ‘conceptual’ analysis would
suggest that object manipulation knowledge is retrieved in a way that is contingent on

1This is not to say that such actions do not draw on any stored information; they draw on a repertoire of skills that have been practiced
(i.e., reaching and grasping); rather, they do not seem to require information that is elaborated and generalized to the ‘type’ of object
that is being grasped (for discussion, see Wu, 2008).
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accessing the identity of the object. Here we sought to test this hypothesis using fMRI in
normal participants.

Is manipulation knowledge accessed via the ventral visual pathway?
It is widely accepted that activation of the left supramarginal gyrus when viewing tools
indexes the retrieval of complex object-associated manipulation knowledge (e.g., Boronat et
al., 2005; Mahon et al., 2007; Rumiati et al., 2004). A number of authors have argued that
the mere presentation of a manipulable object automatically potentiates object use
information (e.g., Creem-Regehr and Lee, 2005; Garcea and Mahon, 2012; Grèzes et al.,
2003; Mahon and Caramazza, 2008; Tucker and Ellis, 1998). Furthermore, some models
have emphasized that complex object associated manipulation knowledge is accessed
independently of, and prior to, the computation of meaning from the visual input. This view,
which can be referred to as the ‘Embodied Hypothesis of Tool Recognition’, assumes that
the retrieval of motor knowledge about how to manipulate tools is a necessary and
intermediary step in identifying a tool from visual input (e.g., Gallese and Lakoff, 2005;
Martin et al., 2000; Noppeney et al., 2006). Specifically, tool concepts include,
constitutively, manipulation knowledge, and thus, in order to retrieve a tool concept from
visual input, manipulation knowledge would have to be retrieved (i.e., simulated).
According to this view, manipulation knowledge would necessarily be accessed
independently of the ventral visual pathway. Otherwise if the stimulus were first processed
by the ventral pathway, then it would have already passed through the classic channels of
object recognition and, presumably, the identity of the stimulus would have already been
accessed.

As sketched above in at least one form, an alternative view to the Embodied Hypothesis of
Tool Recognition is that motor information about object manipulation is accessed
subsequent to processing of the visual stimulus by the ventral visual pathway, i.e.,
subsequent to object identification. On this alternative, motor information does not form a
constitutive aspect of object recognition processes, as it is accessed contingent upon visual
identification in the ventral stream. There are different forms that such a view could take.
For instance, Arbib et al. (Arbib, 2008; Fagg and Arbib, 1998) proposed that the mere visual
inspection of an object leads to the processing of the many possible motor interactions
afforded by an object. This processing is carried out in a set of dorsal visual stream and
frontal premotor regions, and is dependent on the physical properties of objects that are
relevant for interacting with it. However, it is the recognition of an object, mediated by
ventral temporal regions, that restricts the set of affordances to those which match the
typical use of the object (i.e., the ‘target’ complex object manipulation knowlege). From a
slightly different perspective, but not incompatible with that view, the grounding by
interaction proposal of Mahon and Caramazza (2008) argues that motor information is not
constitutive of the conceptual representation of an object. Motor information, on that view,
may play an important role by grounding the ‘tokening’ of a concept in the current context
and/or particular instantiation, but does not figure causally in the process of accessing object
identity from visual input. Rather, and perhaps as suggested by the proposal of Arbib and
colleagues, motor information is activated automatically and that automatic activation may
serve other purposes that are not related with object identification per se, but to the
preparation of the system to act, should action be called for. These views agree that object
concepts are not distributed over motor information, and that object recognition is
fundamentally a ventral stream process. They may differ in the emphasis placed on different
ways in which object-directed action knowledge could be relevant to object processing, for
instance, as a way to prepare for action, or as a way to contextualize a particular
instantiation of an object.
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Here we use fMRI and images of tools and animals that are titrated such that their visual
processing is biased toward either the ventral or dorsal pathways to ajudicate between these
two hypotheses of how manipulation knowledge is accessed, and ultimately, how tools are
visually recognized. For images of tools and animals that ‘are visible’ only by the ventral,
but not by the dorsal visual pathway, the Embodied Hypothesis of Tool Recognition predicts
that there should be no tool-preferences observed in parietal cortex. This is because the
Embodied Cognition Hypothesis posits that parietal activation for tools reflects the operation
of the dorsal pathway; thus psychophysical manipulations that bias the processing of stimuli
towards the ventral stream (and away from the dorsal stream) will prevent those stimuli
from driving BOLD responses in parietal cortex. In contrast, according to an alternative
theoretical view, such as the Grounding by Interaction Hypothesis (Mahon and Caramazza,
2008; see also Fagg and Arbib, 1998; Binkofski and Buxbaum, 2012), knowledge about how
to manipulate an object requires information about the identity and associated function of an
object, and hence is accessed via processing of the visual stimuli by the ventral visual
pathway. The prediction of that alternative is that that there should be tool-preferences in
parietal cortex, but restricted to the left inferior parietal lobule that represents complex
object-associated manipulation knowledge, and which has strong connectivity with ventral
stream regions.

To evaluate these issues, we exploit an asymetry in how parvocellular and koniocellular
channels within the visual system project to the dorsal and ventral visual pathways. Midget
ganglion cells are color sensitive and hence excited by chromatically-defined red/green
isoluminant stimuli (e.g., Dacey 2000; Livingstone and Hubel, 1988; Kveraga et al., 2007),
relay information through the parvocellular pathway and almost exclusively to ventral
stream structures (e.g., Ferrera et al., 1992; Livingstone and Hubel, 1988; Merigan and
Maunsell, 1993). In contrast, bistratified ganglion cells and koniocellular intralaminar cells
from the Lateral Geniculate Nucleus (LGN) respond to blue-only stimuli (e.g., Casagrande,
1994; Dacey, 2000; Henry and Reid, 2000), and project directly to areas within the dorsal
stream, in particular area V5/MT (Sincich et al., 2004). Furthermore, some of the
phenomena of ‘blindsight’, when patients with primary visual cortex lesions can still
perform visuomotor tasks, have been attributed to intact processing within the koniocellular
pathway (e.g., Vakalopoulos, 2005), suggesting that koniocellular channels project to V5,
and ultimately parietal structures, without passing through early visual cortex (see also Das
and Huxlin, 2010).

In summary then, the logic of this investigation is that the existence of tool-preferences
restricted to inferior regions of left parietal cortex for chromatically-defined red/green
isoluminant stimuli (i.e., P-biased stimuli) would indicate that those inferior parietal regions
receive input from the ventral stream. For comparison, and as an internal control, blue-only
tool stimuli (i.e., K-biased stimuli) are expected to activate superior and posterior parietal
regions that are known to receive their principal inputs from the dorsal visual pathway,
presumably via a direct geniculate projection to MT/V5.

To anticipate our findings, we find that P-biased stimuli drive tool-preferences selectively in
inferior parietal regions, while K-biased stimuli selectively drive tool-preferences in
posterior/superior parietal regions. We then test the core assumption behind our
manipulations by computing functional connectivity between the inferior and superior/
posterior tool preferring regions and the ventral stream and MT/V5. As would be predicted,
the inferior tool-preferring parietal region exhibits functional connectivity to the ventral
stream but not to MT/V5, while the posterior/superior tool-preferring parietal region exhibits
functional connectivity to MT/V5 but not to the ventral stream.

Almeida et al. Page 5

Cortex. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2. Materials and Methods
2.1 Participants

Twenty-one individuals participated in the study (mean age = 23.2 ± 3.3 years; 11 female
participants). All participants had normal or corrected to normal vision, no history of
neurological disorders, and participated in accordance with the guidelines of the University
of Rochester’s Research Subjects Review Board. Data from two participants were not
analyzed as it was discovered that they were not right handed; the rest of the participants
were right handed.

2.2 Experimental Stimuli
Twenty grey-scale pictures and twenty line drawings of animals and tools (10 per category)
were used. There were no statistically significant differences between the images of tools
and animals in mean luminance; neither were there differences in lexical frequency,
familiarity and imageability values for the words corresponding to the images used (Baayen
et al., 1993; Coltheart, 1981). The stimuli were enclosed in a 245 by 240 rectangular pixel
frame, and subtended ~5 degrees of visual angle (viewing angle ~ 47 pixels per degree). The
grey-scale pictures were presented over a uniform grey background (see Figure 1). The
chromatic profiles of the line drawings were modified with a series of in-house scripts
(Matlab) on a participant-by-participant basis, in accordance with guidelines for creating P-
biased and K-biased stimuli (Cavanagh et al., 1992; Kveraga et al, 2007). For thresholding
purposes, line drawings of ellipsoids were used. These chromatic values were determined
just prior to and during the acquisition of the T1 image, which was always the first scan
acquired in the session (see below).

For P-biased stimuli, we defined the red/green isoluminant point with heterochromatic
flicker photometry. Following Kveraga et al. (2007), the background and foreground of the
images alternated between pure red and pure green at a frequency of about 14 Hz.
Participants controlled the output of the red channel until the background and foreground
images no longer appeared to flicker. Participants repeated this task 10 times, and the values
were averaged to determine the chromatic values for the steady stimuli that were used in the
experiment. Stimuli using these red and green values for the foreground and background,
respectively, were isoluminant and hence defined only by chromatic differences within long
and medium wavelength cones (see Figure 1). As noted above, this condition is known to
selectively stimulate the parvocellular pathway; hence we referred to it as the P-biased
condition.

For the K-biased condition, we used a procedure to create tritanopic stimuli (i.e., stimuli
carried by signals arriving from the blue, short-wavelength cones; Cavanagh et al., 1992;
Wald, 1964). Participants were exposed to an intense yellow field that effectively saturates
the responses of the red and green cones (e.g., Wald, 1964). Variations in blue stimulation
will then be carried only by the responses of blue short-wavelength cones (e.g., Cavanagh et
al., 1987; Lee and Stromeyer, 1989; Wald, 1964). Thus, a blue-only colored rotating disk
was superimposed on top of the yellow field. Because motion perception for equiluminous
stimuli is disturbed (e.g., Moreland, 1982), and equiluminant motion appears slower,
participants were asked to monitor the speed of the rotating disk while controlling the output
of the blue channel. Participants would vary the intensity of the blue channel until they
noticed a marked drop in the speed of the blue rotating disk (repeated 10 times, values
averaged). The values obtained were used to color the foreground drawing against an intense
yellow background. The foreground drawing would, therefore, be visible only through
koniocellular channels, as it would be perceived as a homogeneous rectangular field by
other pathways (see Figure 1).
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2.3 Procedure
Stimulus presentation was controlled with ‘A Simple Framework’ (Schwarzbach, 2011),
using Psychtoolbox in MATLAB (Brainard, 1997). Stimuli were back projected on a screen
(temporal resolution = 120Hz) that participants viewed with a mirror attached to the head
coil. Participants viewed the tool and animal stimuli passively (no response) in a miniblock
design. Each miniblock lasted 8 seconds, and consisted of the presentation of 10 animals or
10 tools from a single condition (e.g., 10 tools from the P-biased condition, or 10 animals
from the K-Biased Condition, etc.). The pictures were presented once in each miniblock
(Duration = 800ms, ISI = 0), and miniblocks were separated by 8 seconds of fixation. There
were two miniblocks of each condition per run. The same tool and animal stimuli were
presented in two additional conditions that were not relevant to issues discussed in this
manuscript. Each run contained a full balanced experimental design, and lasted
approximately 5 minutes. Each run was then an independent modular ‘replication’
containing all the experimental manipulations. Participants completed between 3 and 8 runs
(one participant completed 3 runs, one completed 4 runs, two completed 5 runs, four
completed 6 runs, ten completed 7 runs, and one completed 8 runs); the reason for the
unequal runs was that participants completed as many runs as they were comfortable
remaining in the scanner.

2.4 MRI Parameters
Whole brain BOLD imaging was conducted on a 3-Tesla Siemens MAGNETOM Trio
scanner with a 32-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 (MPRAGE) pulse sequence at the start of each session (TR = 2530 ms, TE =
3.44 ms flip angle = 7 degrees, FOV = 256 mm, matrix = 256 × 256, 1×1×1mm sagittal left-
to-right slices). An echo-planar imaging pulse sequence was used for T2* contrast (TR =
2000 ms, TE = 30 ms, flip angle = 90 degrees, FOV = 256 mm, matrix 64 × 64, 30 sagittal
left-to-right slices, voxel size = 4×4×4mm). The first 6 volumes of each run were discarded
to allow for signal equilibration (four volumes at the scanner, i.e., not saved, and 2 in
preprocessing).

2.5 fMRI Data analysis
fMRI data were analyzed with the Brain Voyager software package (Version 2.1) and in-
house scripts drawing on the BVQX toolbox for MATLAB. Preprocessing of the functional
data included, in the following order, slice time correction (sinc interpolation), motion
correction with respect to the first volume of the first functional run, and linear trend
removal in the temporal domain (cutoff: 2 cycles within the run). Functional data were
registered (after contrast inversion of the first volume) to high-resolution de-skulled
anatomy on a participant-by-participant basis in native space. For each participant, echo-
planar and anatomical volumes were transformed into standardized (Talairach and
Tournoux, 1988) space. Functional data were smoothed at 6mm (1.5 voxels) at FWHM, and
interpolated to 3×3×3mm voxels.

We used the general linear model to fit beta estimates to the events of interest. Experimental
events were convolved with a standard 2 gamma hemodynamic response function. In
addition, the first derivatives of the six motion parameters describing volume-to-volume
motion were added (not convolved) as predictors of no interest to attract variance associated
with motion. There were 6 motion regressors (not convolved), and 10 regressors: the two-
by-three design of the category of the stimulus (tools and animals), and chromatic condition
(P-Biased, K-Biased, Grayscale Images, and two additional manipulations of the stimuli not
analyzed herein). All analyses treated subjects as a random factor, and there were thus 18
degrees of freedom in the group-level analyses.
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Functional connectivity analyses were time course based and were run using the inferior and
posterior/superior regions identified as exhibiting tool-preferences for P- and K-biased
stimuli, respectively (see below for findings), and two theoretically defined target ROIs –
the left medial fusiform and bilateral MT/V5 ROIs. ROIs for the left medial fusiform gyrus
and MT/V5 (bilaterally) were defined based on the peak Talairach coordinates from
previously published work (Mahon et al., 2007; Tootell et al., 1995).

Mahon et al. (2007) had participants silently name pictures of tools, manipulable objects that
did not have a systematic relationship between structure and manner of manipulation, large
non-manipulable objects, and animals. The medial fusiform gyrus (bilaterally) was defined
by contrasting all nonliving stimuli against animals. Here, we created a 10 mm sphere
around the peak Talairach coordinates obtained by Mahon et al. (2007) for the left medial
fusiform gyrus (x = −24, y = −48, z = 8).

Tootell et al. (1995) presented participants with high-contrast moving stimuli and compared
the activation elicited by those stimuli against that obtained for stationary stimuli. This
analysis led to the definition of an area that was almost exclusively driven by moving stimuli
- the bilateral MT/V5 complex. In our study, we created two 7.5 mm spheres (that match, in
total volume, the left medial fusiform gyrus sphere) around Tootell et al.’s (1995) Talairach
coordinates for the bilateral MT/V5 complex (x = +/− 45, y = −76, z = 3).

Functional connectivity was computed among ROIs over the averaged time course of all
voxels in the ROI. The resulting r values were then Fisher transformed, and entered into the
ROI-based group-level functional connectivity analysis.

3. Results
We first computed the contrast map showing parietal regions exhibiting differential BOLD
contrast when viewing grayscale tools compared to viewing grayscale animals (p < 0.01,
corrected). As can be seen in Figure 2A, a large region of parietal cortex in the left
hemisphere, encompassing superior and posterior parietal regions, the IPS, as well as
inferior and lateral parietal cortex exhibited differential BOLD responses for tools compared
to animals. Moreover, other regions that have typically emerged when contrasting tools
against other categories of objects were also observed to be more activated for tools in our
study. In particular both the left middle temporal gyrus (LMTG, p < 0.01, corrected; peak
coordinates x = −39, y = −52, z = −8) and the medial aspect of the left fusiform gyrus (p <
0.01, uncorrected; peak coordinates x = −21, y = −49, z = −14), exhibited stronger responses
to grey-scale pictures of tools than of animals. This replicates a number of previous studies
showing that simply viewing tools leads to the automatic engagement of a set of temporal
and parietal regions that collectively represent visual and praxis information necessary for
object-directed action (e.g., Chao and Martin, 2000; Creem-Regehr and Lee, 2005;
Noppeney et al., 2006; Mahon et al., 2007).

We then tested whether left parietal tool preferring regions could be dissociated according to
the way in which the line drawing stimuli were chromatically defined. Specifically, as
discussed in the introduction, we predicted that i) left inferior parietal tool responsive cortex,
because of its interconnectivity with P-dominated ventral stream regions, would be
selectively activated for the contrast of P-biased tool stimuli against P-biased animal stimuli,
while ii) left superior and posterior parietal tool-preferring cortex, would be selectively
activated for the contrast of K-biased tool stimuli compared to K-biased animal stimuli,
because of the direct connections between LGN and the dorsal stream area MT for the
koniocellular pathway.
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As can be seen in Figure 2B, P-biased tool-preferences were restricted to inferior aspects of
left parietal tool-responsive cortex (p < 0.05, corrected; peak coordinates x = −33, y = −34, z
= 28). In contrast, tool-preferences for K-biased stimuli were restricted to posterior/superior
aspects of tool-responsive parietal cortex (in or around area V6/V6a; e.g., Fang and He,
2005; Pitzalis et al., 2006; Simon et al., 2002; p < .05, corrected; peak coordinates x = −18,
y = −70, z = 52; all analyses are whole-brain analyses).

In order to independently test our assumption that the P- and K-biased stimuli were driving
activation within the hypothesized networks, two functional connectivity analyses were
conducted. The average time courses from the ROIs defined as showing tool-preferences for
P- and K-biased stimuli (Figure 2A) were used as seeds in the functional connectivity
analyses, and the group-level average connectivity to predefined target ROIs was computed.
The target ROIs were the left medial fusiform gyrus (a ventral stream region), which should
process, inter alia, parvocellular visual information, and MT/V5 (bilaterally; a dorsal stream
region) which should process koniocellular information. Thus, the expectation would be that
the left inferior parietal seed, where P-biased tool-preferences were observed, would exhibit
privileged connectivity to the left medial fusiform gyrus, whereas the left superior/posterior
parietal ROI, where K-biased tool-preferences were observed, would express privileged
connectivity to MT/V5. That is, ventral stream P-dominated regions (e.g., the left medial
fusiform gyrus) should be functionally connected with the region that demonstrated a bias
for tools under parvocellular stimulation, whereas dorsal stream K-biased regions (i.e., area
MT; Sincich et al., 2004) should be functionally connected with the region that
demonstrated a bias for tools under koniocellular stimulation. As shown in Figure 3 this is
exactly the pattern that was obtained. The cross over interaction (F (1,18) = 20.92, p <
0.001, MSE = 0.25, η2 = 0.991) as well as the simple main effects within each target ROI
(left medial fusiform gyrus: t (18) = 3.59, p < 0.003; MT/V5: t (18) = 3.26, p < 0.005) were
all significant.

4. General Discussion
The data that we have reported show that tool-preferences within different sub-regions of
left parietal cortex can be dissociated according to whether they are principally driven by
analysis of the visual input by the ventral or the dorsal visual pathways. We manipulated the
chromatic profiles of line-drawings of animal and tool stimuli such that they were biased
toward being processed by the parvocellular or koniocellular pathways. The parvocellular
pathway projects almost exclusively to the ventral visual stream (e.g., Ferrera et al., 1992;
Livingstone and Hubel, 1988; Merigan and Maunsell, 1993). The koniocellular pathway
presents a somewhat less restrictive route to anterior visual areas, but is known to project
directly to area MT/V5 (Sincich et al., 2004) – a region within the dorsal visual pathway –
and may support intact visuomotor performance in blindsight patients (e.g., Vakalopoulos,
2005). Tool-preferences for P-biased stimuli in parietal cortex were restricted to the inferior
parietal lobule, while tool-preferences for K-biased stimuli were restricted to superior and
posterior aspects of left parietal cortex. In addition, we showed that these two tool-preferring
parietal regions, doubly dissociated by P- and K-biased stimuli, could also be doubly
dissociated by their functional connectivity. While the K-biased left parietal region showed
greater connectivity with MT/V5 than with the left medial fusiform gyrus, the P-biased left
parietal region showed the opposite effect: greater functional connectivity with the left
medial fusiform guys than with MT/V5.

These data demonstrate that tool-preferences in the left inferior parietal lobule are dependent
on input from the ventral visual pathway. We know, on the basis of long standing lesion
work, that damage to the left inferior parietal lobule is associated with impairments for
manipulating objects correctly according to their function (Buxbaum and Saffran, 2002;
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Moreaud et al., 1998; for review, see Johnson-Frey, 2004; Mahon and Caramazza, 2005).
The available imaging work converges with the view that complex object-associated
manipulation knowledge is represented in the left inferior parietal lobule, and that activation
of that structure when viewing tools reflects the automatic retrieval of such manipulation
knowledge (e.g., Boronat et al., 2005; Mahon et al., 2007; Rumiati et al., 2004). Our data
further show that this region receives a principal input from ventral stream structures that are
known to support visual identification. This is in line with recent data that suggest that the
inferior parietal lobule (where our P-biased tool-specific activation was found) may integrate
relatively abstract (e.g., ‘semantic’) information about the target object with potential
available motor plans (e.g., Arbib, 2008). That integrative function of the left inferior
parietal lobule, and specifically the left supramarginal gyrus, may be a key step in the
selection of the appropriate manipulation for a given object, and for reaching toward objects
in a way that anticipates the eventual manipulation that will be applied to them. For instance,
if you are reaching to a hammer in order to pound a nail, it will be grasped in a specific way
even if that is not the simplest or most comfortable grasp point; however, if the hammer is
being grasped simply to move it, then it may be grasped in a more efficient and
biomechanically ‘comfortable’ fashion. This type of view of the function of the left inferior
parietal lobule, that it integrates multiple sources of information in the service of planning
actions, reinforces the emerging notion that parietal cortex does not monolithically reflect
dorsal stream activity. Rather, our findings, and other findings reviewed above, fit more
naturally with an understanding of the parietal action system as having significant internal
organization that can be distinguished (at least in part) according to its afferent inputs
(Rizzolatti & Matelli, 2003; Vingerhoets et al., 2009).

Tool preferences for K-biased tool stimuli were observed in posterior/superior parietal
regions, likely in the vicinity of visual area V6/V6a (for comparison, see e.g., Pitzalis et al.,
2006). This region is known to be involved in volumetric analysis and to project to the
superior parietal lobule (see area cIPS, or caudal IPS, as described in Culham et al., 2003).
Fang and He (2005) found a potentially similar region of the dorsal stream to be activated
when participants were shown images of tools that were rendered invisible using Continuous
Flash Suppression, an interocular suppression technique. Using the same psychophysical
technique as Fang and He (2005), we have previously shown selective modulation of
behavioral responses for tool stimuli compared to a range of other categories (Almeida et al.,
2008, 2010), consistent with the view that this region is involved in the extraction of
information about for instance, the principal axis of elongation of an object as it is relevant
for grasping (e.g., Almeida et al., under review; Sakuraba et al., 2012).

Importantly, K-biased stimuli were, in all important respects, similar to the P-biased stimuli;
they were equiluminant and chromatically defined, and they were line drawings. In fact, the
only difference was that the K-biased stimuli exploited the responses of the blue cones and
of the koniocellular pathway. To our knowledge, this is the first demonstration of
modulation of high-level visual processing by koniocellular signals, and as such provides
some suggestion for a functional role of the direct anatomical projection between LGN and
MT/V5 (Sincich et al., 2004). Our functional connectivity analyses further show that the
regions that exhibit tool-preferences for K-biased stimuli are functionally connected with
area MT/V5.

It is also important to note that the critical contrast maps that were computed were all
independent: in principle, tool preferences for P-biased and K-biased stimuli could have
overlapped, which would suggest concurrent dorsal and ventral stream input. Interestingly,
however, the inferior parietal lobule, known to be involved in representing manipulation
knowledge, emerged only for the P-biased contrast. At the very least this indicates
independent input from ventral temporal regions to the computation of object manipulation
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information, and suggests that object identity information accessed via the ventral stream is
retrieved prior to the activation of complex object manipulation in the left inferior parietal
lobule.

An important objection that may be raised is whether our findings in fact provide any direct
causal information on the direction of influence between ventral temporal cortex and the
inferior parietal lobule. In other words, our analyses of connectivity do not contain any
causal information in and of themselves, and thus our conclusion rests on the supposition
that red/green isoluminant stimuli are selectively visible by parvocellular pathways, and
hence by the ventral but not the dorsal visual pathways. It may well be that in certain
contexts, particularly those involving overt actions, there could be a bidirectional exchange
of information between parietal and temporal cortex—we would not want to deny that, as it
seems to be a very reasonable and perhaps likely possibility. Such motor-to-visual
interactions may in fact be suggested by theoretical alternatives to the embodied cognition
tool recognition hypothesis, such as the FARS model of Arbib and colleagues (Fagg and
Arbib, 1998) and the Grounding by Interaction Hypothesis (Mahon and Caramazza, 2008;
2009). Moreover, although it has been shown that potentiation-for-action (i.e., activation of
motor information) can happen automatically, it may be the case that priming action
contexts enhances potentiation-for-action (e.g. Jax and Buxbaum, 2010; Helbig et al., 2006,
2010; Randerath et al., 2012; Tucker & Ellis, 1998), potentially shifting the principal
directionality of influence between motor-relevant knowledge and high level visual object
recognition processes.

In summary, our findings indicate that motor-relevant information indexed by left parietal
activation when viewing tools can be dissociated according to whether that information is
extracted by the dorsal or ventral pathways. The fact that tool preferences are observed in
the left inferior parietal lobule for stimuli that are visible only by the ventral visual pathway
undermines the Embodied Cognition Hypothesis of tool recognition, because it shows that
access to object manipulation knowledge (parietal activation) is contingent on identification
of the stimuli (ventral stream processing). The fact that tool preferences for K-biased stimuli
are restricted to posterior/superior parietal regions suggests a rich functional role for
koniocellular channels in object processing.

More generally, our findings dovetail with the idea that low-level subcortical constraints
within the visual system may constrain the way object knowledge is organized in the brain
(e.g., Mahon et al., 2013). Particular aspects of the networks dedicated to high-level and
complex computations may be more dependent on particular types of input. In the case we
have reported, the tool network may be fractionated according to the type of input that
preferentially drives different processes, thus providing new leverage on understanding the
factors that shape the organization of conceptual knowledge.
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Figure 1. Examples of Stimuli Used in the Experiment
The items presented in grayscale and as line drawings were different. The images in the P-
biased condition were isoluminant red/green, whereas the foreground and background (also
isoluminant) of the K-biased stimuli were chromatically defined by blue only.
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Figure 2. Tool Preferences in Parietal Cortex
Tool-preferring regions within parietal cortex for A) grayscale images (p < 0.01, corrected);
and B) chromatically defined line-drawings (P- and K-biased; p < 0.05, corrected).
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Figure 3. Functional Connectivity Analysis
Group-level statistics were computed over the averaged Fisher transformed r values for the
connectivity values between each parietal seed, defined by tool-preferences for P-biased and
K-biased stimuli, and each target ROI (MT/V5 and Left Medial Fusiform Gyrus). The error
bars represent the standard errors of the mean across subjects.
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