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a b s t r a c t  

Research has provided strong evidence of multisensory convergence of visual and haptic information 
within the visual cortex. These studies implement crossmodal matching paradigms to examine how 
systems use information from different sensory modalities for object recognition. Developmentally, 
behavioral evidence of visuohaptic crossmodal processing has suggested that communication within 
sensory systems develops earlier than across systems; nonetheless, it is unknown how the neural me-
chanisms driving these behavioral effects develop. To address this gap in knowledge, BOLD functional 
Magnetic Resonance Imaging (fMRI) was measured during delayed match-to-sample tasks that examined 
intramodal (visual-to-visual, haptic-to-haptic) and crossmodal (visual-to-haptic, haptic-to-visual) novel 
object recognition in children aged 7–8.5 years and adults. Tasks were further divided into sample en-
coding and test matching phases to dissociate the relative contributions of each. Results of crossmodal 
and intramodal object recognition revealed the network of known visuohaptic multisensory substrates, 
including the lateral occipital complex (LOC) and the intraparietal sulcus (IPS). Critically, both adults and 
children showed crossmodal enhancement within the LOC, suggesting a sensitivity to changes in sensory 
modality during recognition. These groups showed similar regions of activation, although children 
generally exhibited more widespread activity during sample encoding and weaker BOLD signal change 
during test matching than adults. Results further provided evidence of a bilateral region in the occipi-
totemporal cortex that was haptic-preferring in both age groups. This region abutted the bimodal LOtv, 
and was consistent with a medial to lateral organization that transitioned from a visual to haptic bias 
within the LOC. These findings converge with existing evidence of visuohaptic processing in the LOC in 
adults, and extend our knowledge of crossmodal processing in adults and children. 

& 2015 Elsevier Ltd. All rights reserved. 
1. Introduction 

Vision is the dominant perceptual modality in humans. This is 
especially true for object recognition – a ubiquitous and highly 

important cognitive function – and particularly for recognizing 

objects based on their three-dimensional shape. However, it has 
been demonstrated that, in the absence of vision, accurate re-
cognition of objects based on shape cues can be accomplished 

using haptic input alone (Klatzky et al., 1987; Lederman and 

Klatzky, 1987, 1990, 1993; Norman et al., 2004, 2008). In addition 

to these unisensory findings, there is evidence that visual and 

haptic inputs are effectively combined to enhance recognition 

performance (Kim and James, 2010; Kim et al., 2012), and that the 
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08 
haptic modality can successfully prime the visual modality and 
vice versa (Easton et al., 1997; James et al., 2002). Finally, it has 
been shown that objects can be successfully matched when stu-
died either visually or haptically, and then tested with the other 
modality (i.e., crossmodal matching; James et al., 2007; Kassuba 
et al., 2013; Newell et al., 2001). Combined, this evidence suggests 
that the visual and haptic systems are tuned to the shape prop-
erties of objects, and furthermore, that they share shape in-
formation and perhaps even common representations for the 
purposes of object recognition (Amedi et al., 2005; James, James, 
Humphrey, et al., 2006; Lacey and Sathian, 2011). 

For the past two decades, a body of evidence has been accrued 
suggesting that regions of the putative visual and haptic cortices 
are involved in combining visual and haptic information about 
object shape. This research has increasingly concentrated on 
multisensory object recognition, and more specifically, on visuo-
haptic integration (Amedi et al., 2001, 2002; James et al., 2002; 
James and Kim, 2010; Kassuba et al., 2013; Lacey and Sathian, 
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2011; Lacey et al., 2009; Gentile et al., 2011; Stilla and Sathian, 
2008). Several neuroimaging studies have determined that this 
convergence of visuohaptic information in adults occurs most 
commonly at two particular brain regions: the lateral occipital 
complex (LOC; Amedi et al., 2001, 2002; James et al., 2002; Stoesz 
et al., 2003; Reed et al., 2004; Prather et al., 2004; Pietrini et al., 
2004), and the intraparietal sulcus (IPS; James and Kim, 2010; 
Bodegard et al., 2001; Binkofski et al., 1999; Culham and Kanw-
isher, 2001; Grefkes et al., 2002; Peltier et al., 2007; Roland et al., 
1998; Zhang et al., 2004; Stilla and Sathian, 2008). The LOC is a 
large collection of regions, including the anterior aspects of the 
inferior and middle occipital gyri, the posterior aspects of the 
middle and inferior temporal gyri, and a large section of the oc-
cipital and temporal fusiform gyrus. The LOC has been found to 
respond more to (images of, and three-dimensional forms of) 
visual presentations of intact objects such as tools, animals, toys, 
etc., as compared to scrambled versions of the same objects or 
textures (Amedi et al., 2001; Grill-Spector et al., 2001, 2008; James 
and Kim, 2010; Kassuba et al., 2011; Kourtzi and Kanwisher, 2001; 
Malach et al., 1995; Tootell et al., 1996). In addition, the lateral 
occipital tactile-visual region (LOtv) contained within the com-
plex, activates during haptic presentations of those objects com-
pared to textures (Amedi et al., 2001, 2002; James et al., 2002; 
Stilla and Sathian, 2008). 

The IPS is a one of the primary landmarks of the parietal lobe 
and runs from the occipitoparietal junction to cross the post-
central sulcus. The anterior aspect of the IPS (aIPS) lies near the 
post-central gyrus and has been commonly reported to activate 
during haptic shape perception (Bodegard et al., 2001; Culham and 
Kanwisher, 2001; Peltier et al., 2007; Roland et al., 1998; Stilla and 
Sathian, 2008; Zhang et al., 2004). Furthermore, the anterior and 
posterior aspects of the IPS have been shown to activate during the 
crossmodal matching of two- and three-dimensional objects 
(Grefkes et al., 2002; Saito et al., 2003), demonstrating a pre-
ferential response for overall object shape regardless of sensory 
modality. The object-responsive IPS has been found to activate not 
only to common, familiar objects (Amedi et al., 2001, 2002, 2005; 
Deibert et al., 1999; Reed et al., 2004), but to simple, geometrical 
shapes as well (Bodegard et al., 2001; Roland et al., 1998). Simi-
larly, the LOC has been found to respond to both familiar and novel 
shape information (Lacey et al., 2010, 2014). Taken together, this 
accrual of evidence implicates the LOC and IPS as sites of con-
vergence in which visuohaptic information is processed for the 
analysis of object shape. 

Relative to adult research, there are far fewer neuroimaging 
studies that have investigated the development of crossmodal 
perception of visual and haptic information. Yet, a full under-
standing of the mechanisms of visuohaptic convergence requires 
an understanding of their development. In fact, understanding 
how convergence of sensory systems develops may provide un-
expected insights into the mechanisms of adult multisensory 
processing. Behavioral studies that have researched this question 
suggest that communication within sensory systems generally 
develops earlier than communication across sensory systems 
(Bushnell and Baxt, 1999). Additionally, research has shown that 
the manner in which infants and children haptically explore ob-
jects influences concurrent and later visual perception (Ruff, 1984, 
1986, 1989; Bushnell and Boudreau, 1993), and more adult-like 
patterns of visuomotor exploration at 24 months result in an in-
crease in some measures of visual object recognition (James et al., 
2014). By 4 to 5 years of age, children's patterns of haptic object 
exploration begin to appear stereotypically adult-like (Kalagher 
and Jones, 2011a, 2011b), and intramodal haptic object recognition 
is highly accurate (Bushnell and Baxt, 1999). Nevertheless, cross-
modal visuohaptic recognition abilities at this age are not yet 
adult-like. At 5 years, children demonstrate poorer crossmodal 
performance compared to intramodal visual-to-visual or haptic-
to-haptic recognition for novel objects (Bushnell and Baxt, 1999). It 
is not until 8–10 years that the integration of visual and haptic 
shape information becomes statistically optimal according to 
psychophysical discrimination tasks, which suggests a develop-
mental transition prior to this age range (Gori et al., 2008). As 
such, the behavioral delay in crossmodal processing is thought to 
be due to the lack of efficiency in integrating or transferring in-
formation from one modality to another before 8 years of age. 

More is known about the neural mechanisms that underlie the 
developmental progression of visual than of haptic object re-
cognition. For vision, there is evidence that the LOC is generally 
recruited during visual object perception by 7 years (Grill-Spector 
et al., 2008; Scherf et al., 2007). This recruitment may be experi-
ence-dependent as evidenced by differential LOC recruitment 
among similarly aged children based on the level of experience 
with select object classes (James and James, 2013). Thus, although 
the LOC is recruited for visual object recognition early on in de-
velopment (i.e., by 7 years of age), the specific pattern of recruit-
ment of the LOC and of the surrounding cortex continues to de-
velop after 7 years (Grill-Spector et al., 2008; Scherf et al., 2007). In 
a previous study by our lab, we found that unisensory haptic ob-
ject preference was adult-like by 4 to 5.5 years, whereas visual 
object preference continued to increase into young adulthood at 
which point it was quite visually dominant (Jao et al., 2014). A key 
conclusion of these findings was that the apparent level of ma-
turation of function within a particular neural substrate is task-
dependent. 

As such, the goal here was to examine visuohaptic interactions 
with respect to crossmodal matching. We implemented a delayed 
match-to-sample paradigm and measured blood oxygen level 
dependent (BOLD) responses in 7–8.5-year-old children and young 
adults during crossmodal visuohaptic and intramodal visual and 
haptic processing of novel objects. Novel objects were used, based 
on previous findings of behavioral differences during crossmodal 
and intramodal tasks for unfamiliar objects (Bushnell and Baxt, 
1999). The age groups were chosen to encompass the estimated 
age interval of the developmental transition for visuohaptic in-
tegration as indicated by previous behavioral and neural reports 
(Gori et al., 2008; Grill-Spector et al., 2008; Jao et al., 2014; Scherf 
et al., 2007). Given this previous work, we predicted a stronger 
response for crossmodal than intramodal matching in adults, and 
possibly in children (i.e., the crossmodal matching effect in IPS; see 
Grefkes et al., 2002). Moreover, we predicted that the marker used 
to indicate efficient sharing of crossmodal sensory information, 
namely crossmodal enhancement—as evidenced by increased re-
sponses to crossmodal versus intramodal sequentially-matched 
stimuli, and distinct from multisensory enhancement or multi-
sensory gain (Kim and James, 2010; Kim et al., 2012; also see Stein 
and Stanford (2008))—would be less pronounced in children, 
reflecting their decreased ability to integrate visual and haptic 
information about object shape. 
2. Methods 

2.1. Participants 

Participants were recruited from two age groups: 7–8.5-year-
old children (N¼11, 5 female, mean age¼7.8 years, s¼0.4 years) 
and young adults (N¼10, 5 female, mean age¼25.8 years, s¼5.7 
years). Three additional children were tested, but were excluded 
from analyses due to excessive motion (2) and high variability (1). 
Participants had normal or corrected to normal vision, had no 
known history of psychological disorders, and were pre-
dominantly right-handed (7–8.5 years: 1 ambidextrous, 1 slight 
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Fig. 1. Subset of novel stimuli used in the present study. Objects are not to scale. 
left-preferring, 9 right-preferring; Adults: 10 right-preferring) as 
measured by the Edinburgh Handedness Inventory (Oldfield, 1971; 
for a discussion of handedness, see subsection 4.4 Handedness and 
the LOC). All met the criteria for MRI scanning. Written informed 
consent was obtained from the parents and adult participants, and 
written informed assent was obtained from the children. Parents 
were compensated with a gift certificate, children were compen-
sated with a small toy, and adult participants were compensated 
with $25. This research was approved by the Indiana University 
Protection of Human Participants Board. 

2.2. Stimuli 

The stimuli consisted of 20 objects that were explored visually 
and haptically. Stimuli were novel, three-dimensional, and had 
rigid bodies that were controlled for texture (i.e., all objects were 
printed in plastic using a 3-D printer) (Fig. 1). The visual stimuli 
consisted of gray scale photographs of the haptic stimuli at a ty-
pical three-quarters viewing angle against a solid black back-
ground to facilitate recognition during visual exploration. Stimuli 
were further controlled for size to ensure that the younger group 
of participants could fit both of their hands around them during 
haptic exploration; objects were no greater than 9 cm along the 
longest dimension, and no smaller than 2.5 cm along the shortest 
dimension. Participants did not see or feel the objects prior to the 
training session that occurred before the imaging session. 

2.3. Procedure 

After screening and obtaining informed consent from the 
adults and assents from the children, all participants were accli-
mated to an MRI environment. Children watched as a short car-
toon was played on a screen in the MRI simulator, an artificial MRI 
environment with the same dimensions and sounds as the actual 
MRI environment. Participants were then trained in the experi-
ment. They were instructed to lie very still in a supine position, 
and a lap desk was placed over their midsection. A cape was 
placed over their torso and arms, and was tucked under their chin. 
This cape covered the lap desk and allowed the participants to feel 
the stimuli with their hands without being able to see them. 
Participants were trained to perform four types of delayed match 
to sample tasks following the instructions: 1) “Look;” 2) “Feel;” 3) 
“Look, then feel;” and 4) “Feel, then look.” The delayed match to 
sample tasks were further separated into two phases: 1) the 
sample encoding phase; and 2) the test matching recognition 
phase. The first two types of instructions yielded intramodal 
matching (i.e., visual-to-visual or “VV,” haptic-to-haptic or “HH”) 
in which the same modality was used to encode and recognize the 
stimuli. The latter two types of instructions resulted in crossmodal 
matching (i.e., visual-to-haptic or “VH,” haptic-to-visual or “HV”) 
in which one modality was used to encode the stimulus and 
another modality for testing recognition as well as crossmodal 
sharing of object shape information. During the encoding phase 
for each type of delayed match to sample task, participants were 
instructed to look at or feel the sample stimulus. They were then 
tested on intramodal and crossmodal recognition with three ob-
jects sequentially, each of which they had to decide if it was the 
same as or different from the sample stimulus. Participants verb-
ally indicated their responses during the training tasks, and were 
able to do so correctly with ceiling levels of performance (i.e., 
participants in each group for each task responded correctly on all 
trials). 

Once the participants were comfortable in this setting and 
could perform the tasks efficiently, they were introduced to the 
actual MRI environment. It was decided based on several reasons 
that behavioral responses would not be recorded during the MRI 
scan. First, both children and adults show a reliable preference for 
two-handed haptic exploration of 3D objects, particularly with 
regard to shape recognition (Lederman and Klatzky, 1987; Kala-
gher and Jones, 2011a, 2011b). To include a button press response 
would restrict exploration to the unnatural single-handed mode, 
which would likely be more distracting for children than adults. 
Alternatively, exploration could be two-handed, followed by a 
button press, but finding the location of the button without being 
able to locate it visually would be difficult, as would returning to 
the start position for haptic exploration. This alternative would 
likely be more challenging for children than adults. Outside the 
MRI environment, verbal responses would be an excellent candi-
date to combine with two-handed exploration, but collecting 
verbal responses within the MRI scanner introduces considerable 
artifacts into the BOLD signal. Another possibility would be foot-
button presses as responses; however, this type of response pro-
duces significantly more head motion in adult participants (Kim 
and James, 2010; unpublished data) and was dismissed as an op-
tion because of the likelihood of extreme head movements it may 
have produced in children. These considerations were in addition 
to the fact that the delayed match-to-sample task is already rela-
tively cognitively challenging, especially when considering the 
working memory load involved in keeping one of four instruc-
tional contexts in mind while performing that task. The final 
choice to eliminate behavioral responses from the MR experi-
mental protocol was based on our previous developmental neu-
roimaging findings showing that forcing children to perform tasks 
that are too cognitively or attentionally demanding results in early 
withdrawal or, when they do not withdraw, in increased head and 
body motion. Although this approach may not be completely ideal 
and may potentially be criticized for being unable to ensure the 
engagement of neural processes without recorded behavioral re-
sponses from the MRI scan, it was nevertheless the most reason-
able means available to examine the development of crossmodal 
processing using delayed match-to-sample tasks in this difficult-
to-image population. Based on the rationale described above, 
performance was therefore measured beforehand during training 
instead of during the MR protocol, and indicated that children 
could perform as well as adults. In terms of ensuring an equal level 
of task compliance between children and adults, an experimenter 
was present in the MR room during the scan to monitor the par-
ticipant's behavior, including compliance and body and head 
movement. Additionally, instructions were provided before each 
functional run, and participants verbally confirmed before each 
run that they understood what was expected as well as after each 
run that they were indeed performing the task. 

Once in the MRI, participants were again given the instructions, 
and the lap desk and cape were placed over their midsection. All 
visual stimuli were back-displayed via a Mitsubishi XL30 projector 
onto a screen located behind the participants in the bore of the 
MRI; this screen was viewed through a mirror that was placed on 
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Fig. 2. Graphical depiction of the fMRI mixed event-related/block design. This figure demonstrates the timing protocol of a single trial set for each condition. 
top of the head coil. Visual stimuli were presented using SuperLab 
Pro 2.0.4 software from an Apple MacBook laptop. Haptic stimuli 
were exchanged by the experimenter in the MRI, and were at-
tached to the lap desk with Velcro so that participants could not 
lift the objects off of the surface during exploration. Participants 
viewed the visual stimuli with both eyes, and explored the haptic 
stimuli using both hands. 

A high-resolution anatomical scan was first acquired, which for 
children, occurred as they watched a cartoon. Upon completion of 
this scan, four functional scans were acquired. Participants were 
tested using a mixed event-related/block design that involved in-
tramodal visual encoding and recognition of 2D images of the 
stimuli, intramodal haptic encoding and recognition of the 3D 
stimuli, as well as crossmodal visual-to-haptic and haptic-to-visual 
encoding and recognition of the stimuli. Examples of all 4 tasks are 
depicted in Fig. 2. For each type of task, instructions were pre-
sented for 4 s, followed by a 2 s inter-stimulus-interval (ISI). The 
sample stimulus was then presented for 4 s. After a variable delay 
of 4 or 6 s in between sample and test, the test stimuli were 
presented sequentially for 2 s with a 2 s ISI between each. An in-
ter-trial-interval (ITI) of 2 s, during which participants viewed a 
gray fixation cross, separated trial sets—a set comprised the in-
structions, sample presentation, delay, and test presentations. Fi-
nally, an inter-block-interval (IBI) of 10 s was presented at the 
beginning and end of each run. It is important to note that in order 
to dissociate the relative contributions of sample and test during 
intramodal and crossmodal matching, trial sets were not evaluated 
as a compound event (for a brief critique, see Kassuba et al. 
(2013)). Rather, the variable delay allowed for later deconvolution 
of the neural signal into the two phases. 

Throughout the functional scanning session, participants 
viewed a black background on which the visual instructions, visual 
stimuli, and gray fixation cross (ISI, ITI, IBI) were presented, or a 
blank screen was displayed. Since instructions were given visually, 
participants were instructed to keep their eyes open during haptic 
exploration; therefore, the screen remained blank during and be-
tween presentations of haptic stimuli. 

The experiment consisted of 32 event-related sample trials (8 
per task) and 96 blocked test trials (24 per task) in total, separated 
into 4 runs of approximately 4-minute-long functional scanning 
(230 s, 115 volumes) with 8 trial sets per run. Trials were pseudo-
�

�

� �

randomized such that each trial set consisted of at least one match 
and one mismatch between the test and sample stimuli. Each run 
comprised of either VV and VH conditions (visual encoding tasks) 
or HH and HV conditions (haptic encoding tasks). This was to 
ensure that the modality used during the encoding phase was 
consistent across the run, and to minimize task-switching errors, 
particularly by the children. Tasks were counterbalanced across 
runs, and run order was randomized for each participant. Imaging 
sessions lasted approximately 30 min. After the scanning was 
completed, participants were removed from the MRI environment 
and compensated for their time. 

2.4. MRI data acquisition 

Imaging was performed using a 3-Tesla Siemens Magnetom 
Trio whole body MRI system located within the Imaging Research 
Facility at the Indiana University Psychological and Brain Sciences 
department. A phased array 12 channel head coil was used to 
obtain whole-brain functional volumes; these were acquired using 
a gradient echo planar imaging (EPI) sequence (TE¼30 ms, 
TR¼2000 ms, flip angle¼70°) for BOLD-based imaging. The field 
of view was 192 cm with an in-plane resolution of 64 64 pixels 
and 33 slices per volume (3.8 mm thick with a 0 mm gap), which 
resulted in a voxel size of 3 3x3.8 mm3. Using analysis tools in 
the BrainVoyager QXTM 2.4 software package (Brain Innovation, 
Maastricht, Netherlands), functional data underwent slice scan-
time correction, 3D motion correction, linear trend removal, and 
Gaussian spatial blurring (FWHM 6 mm). High-resolution T1-
weighted anatomical volumes (resolution: 1.5 1.5 1.5 mm3, 120  
sagittal slices) were acquired prior to the functional imaging using 
a 3-D Turbo-flash inversion recovery sequence. Individual func-
tional volumes were co-registered to the anatomical volumes with 
an intensity-matching, rigid-body transformation algorithm. Ana-
tomical and functional volumes were normalized to a standard 
space using an affine transformation based on the 8 parameters of 
the Talairach reference (Talairach and Tournoux, 1988). For a dis-
cussion of the concerns regarding comparisons between children 
and adult brains normalized to a standard, stereotactic atlas such 
as the Talairach space, see Appendix B of Wakefield et al. (2013). 
During normalization, voxels of the functional volumes were re-
sampled to 3 mm3. 
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2.5. Data analysis procedures 

2.5.1. Group contrasts 
Whole-brain statistical parametric maps (SPMs) were calcu-

lated using the BrainVoyager QXTM 2.4 analysis package. Data were 
transformed into a common stereotactic space (e.g., Talairach and 
Tournoux, 1988) for group-based statistical analyses. Functional 
data were analyzed using a random effects general linear model 
(GLM) with group as a between-subjects factor. Two predictors 
were entered in the design matrix for each of the four crossmodal 
or intramodal conditions. The onset time of the first predictor was 
based on the sample stimulus presentation time (sample encoding 
phase) and the onset time of the second predictor was based on 
the onset of the block of test stimuli (test matching phase). These 
predictors were convolved with a two-gamma hemodynamic re-
sponse function. Motion parameters were also included in the 
design matrix as predictors of no interest. Functional runs with 
motion estimates exceeding 5 mm on any axis were excluded from 
the analyses. Although this is a more liberal threshold than is often 
used in studies with only adults, it was adopted as the criterion 
here because a stricter criterion would have eliminated most of the 
child participants (see Section 2.5.3). This criterion resulted in a 
total of 42 runs (on average, 3.8 runs per participant) for the 
children, and 40 runs (4 runs per participant) for the adults. 

The whole-brain contrasts were thresholded using a minimum 
voxel-wise p-value ofo .001 per map, and corrected for multiple 
tests using a cluster threshold of at least 29 voxels as determined 
by Monte Carlo simulation using the BrainVoyager QXTM Cluster-
size Estimation Plug-in. This plug-in estimates the cluster-size 
threshold required to produce an alphao .05 based on a specific 
voxel-wise p-value. 

2.5.2. Post-hoc region-of-interest selection 
A post-hoc Region-of-Interest (ROI) analysis was performed on 

a group-defined ROI in the LOC to examine the effects of cross-
modal and intramodal processing during the test matching phase. 
To localize this ROI, four whole-brain SPMs were calculated during 
the sample encoding phase using random-effects GLMs and ba-
lanced contrasts. These contrasts compared: a) adult vision to rest 
(VVþVH42 x rest); b) adults haptics to rest (HHþHV42 x rest); 
c) 7–8.5 year old vision to rest (VVþVH42 x rest); and d) 7–8.5 
year old haptics to rest (HHþHV42 x rest). The LOC ROI was 
selected as the overlap between all four contrasts in the left 
hemisphere. Previous studies have demonstrated robust effects in 
the left hemisphere (Kim and James, 2010; Kim et al., 2012), and 
while our results showed no difference between hemispheres, we 
primarily show the data from the left hemisphere for convenience. 
It is important to note that the current study did not include a 
within-modality control condition (e.g., textures; see Amedi et al. 
(2001, 2002) and Kassuba et al. (2011)). In the absence of such a 
condition, there are limitations to the specificity of the conclusions 
that can be made regarding object recognition. That is, without 
being able to contrast objects with textures within each modality 
directly, there is a possibility that any effects in the LOC could be 
related to other processes and not to object recognition. However, 
the LOC ROI was comparable in terms of anatomical overlap to the 
LOtv area indicated by a previous study that compared visuohaptic 
object-selectivity directly (i.e., (VO4VT)∩(HO4HT); Jao et al., 
2014). Thus, given the location of this ROI, it appears to reflect a 
similar functional region of cortex (i.e., LOtv) as indicated by other 
studies to be involved in visuohaptic object recognition (e.g., 
Amedi et al., 2001, 2002; Amedi et al., 2010; Kim et al., 2012), and 
provides an adequate proxy for LOC ROIs defined using a more 
standardized task. 

A secondary post-hoc ROI analysis was conducted on group-
defined ROIs located medially and laterally to the left LOC ROI. 
�

�

These regions were localized using overlapping difference maps 
comparing vision to haptics (VVþVH4HHþHV) in each group 
during the sample encoding phase. The medial (fusiform gyrus) 
and lateral (middle temporal/occipital gyrus) ROIs were examined 
for differential effects of modality, as well as of crossmodal versus 
intramodal processing, in relation to the overlap (LOC) ROI during 
the test matching phase. 

BOLD time courses were extracted from these ROIs during the 
test matching phase for each condition using event-related aver-
aging. BOLD activation values were calculated for each participant 
for each condition as the mean BOLD signal change that was time 
locked to the onset time of the block of test stimuli (i.e., between 
14 and 16 s post-trial onset, which began with the instructions) to 
measure activation during the test matching phase. Two depen-
dent measures were of interest, including: a) the test trial type– 
this measure was based on crossmodal (VH and HV) versus in-
tramodal (VV and HH) matching; and b) the test modality–this 
measure was based on the sensory modality used to match the test 
stimulus to the sample stimulus (vision: VV and HV; haptics: HH 
and VH). For the LOC ROI, BOLD activation values were used as the 
dependent measure in a 2x2 2 split-plot repeated measures 
analysis of variance (ANOVA) performed in SPSS with group as a 
between-subjects factor and modality and trial type as within-
subjects factors. For the medial, overlap, and lateral ROIs, BOLD 
activation values were used as dependent measures in a 2x2x2 3 
split-plot repeated measures ANOVA with group as a between-
subjects factor and modality, trial type, and ROI as within-subjects 
factors. 

2.5.3. Motion tolerance threshold analyses 
Motion tolerance threshold analyses were conducted to ex-

amine age-related differences in motion, and the impact of motion 
artifacts on the BOLD signal (see supplementary materials in Jao 
et al. (2014) for a detailed description). 

Results showed that children aged 7–8.5 years did produce 
greater head motion than adults (t(19)¼4.280, po .001). The 
mean motion (mm) for each age group is presented in Fig. 3; the 
mean head displacement (mm) of individual subjects is presented 
in Fig. 4. Although adult head motion, measured using mean 

https://alphao.05
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Fig. 4. Mean head motion (in mm) for each individual participant within each age 
group. 

Table 1 
Number of subjects retained at different motion tolerance thresholds. 
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Motion threshold (mm) Total no. 7–8.5 years Adults 

5  21  11 10
4  21  11 10
3  17  7 10
2  17  7 10
1  13  3 10
motion (mm) or maximum head displacement (mm), was pre-
dominantly below 1 mm, the number of retainable subjects in the 

group of 7–8.5 year olds would have decreased substantially as the 

threshold became stricter (Table 1). Thus, the more liberal 
Z = -14 Z = -10 Y

Z = -10 Z = 40 Y

R 
Z = -10 Z = 48 Z

Fig. 5. Sample encoding phase: whole-brain overlap maps. Statistical Parametric Maps (S
vision (VVþVH4rest, balanced; navy blue) and haptics (HHþHV4rest, balanced; dark 
haptics (HHþHV4rest, balanced; salmon) in 7–8.5 year olds. (C) Overlap between adu
(D) Overlap between adults (navy blue) and 7–8.5 year olds (light blue) for vision (VVþ
arrow). On this and subsequent figures, colored lines on the sagittal plane correspond to
presented at a threshold of po0.05 (corrected) on an averaged T1-weighted anatomical
legend, the reader is referred to the web version of this article.) 
threshold of 5 mm is more inclusive for difficult-to-image child 
populations, while a stricter criterion would be impractical. 

Yet, it must be ruled out that the tendency for children to move 
their heads more so than adults may have driven the differences in 
BOLD activation. To address this concern, the BOLD signal change 
for crossmodal processing—the combined dependent measure of 
VH and HV that produced the largest effect—was compared to 
mean motion in each group. Results indicated that the correlation 
between these two measures was not significant in either age 
group (7–8.5 year olds: (r2(9)¼0.070, p¼n.s.); adults: (r2(8)¼ 
0.172, p¼n.s.)). Based on these findings, it is unlikely that the 
differences in neural activity can be accounted for by head motion. 
  
  
  
  
  

3. Results 

3.1. Sample encoding phase 

3.1.1. Overlapping maps of activation 
Statistical Parametric Maps (SPMs) revealed overlapping areas 

of visual and haptic encoding in adults and 7–8.5 year olds 
(Fig. 5A–E). Several whole brain contrasts were used during the 
sample encoding phase to indicate regions of activation for vision 
(VVþVH4rest; blue tones) and for haptics (HHþHV4rest; red 
tones). These contrasts are shown separately in the adults and in 
the 7–8.5-year-old children. As expected in adults, vision and 
haptics showed overlapping areas of activation bilaterally in the 
LOC, as well as in the IPS (IPS partially shown; Fig. 5A). Similarly in 
children, activation for vision and haptics overlapped bilaterally in 
the LOC and the IPS (Fig. 5B). Direct comparison of the two age 
 = -65 

 = -68 

 = -14 

Z = -10 

Adult Haptics 

Adult Vision 

7-8.5 yrs Haptics 

7-8.5 yrs Vision 

PMs) of group contrasts show overlapping areas of activation. (A) Overlap between 
red) in adults. (B) Overlap between vision (VVþVH4rest, balanced; light blue) and 
lts (dark red) and 7–8.5 year olds (salmon) for haptics (HHþHV4rest, balanced). 
VH4rest, balanced). (E) Overlap between (A)–(D) for the LOC ROI selection (green 
 axial slices along the z-axis and coronal slices along the y-axis. Functional data are 
 image of all participants. (For interpretation of the references to color in this figure 
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Fig. 6. Sample encoding phase: whole-brain difference maps. SPMs of statistical differences between vision and haptics during the sample encoding phase in: (A) adults; and 
(B) 7–8.5 year olds. Regions showing significantly greater activity for haptics than vision (HHþHV4VVþVH) is depicted in orange (adults) and yellow (7–8.5 year olds). 
Regions showing significantly greater activity for vision than haptics (VVþVH4HHþHV) is depicted in blue (adults) and light blue (7–8.5 year olds). (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
groups found no significant clusters, indicating very similar re-
gions of neural activity during haptic sample encoding—the over-
lap between adults and 7–8.5 year olds encompassed bilateral 
areas in the LOC and the IPS (Fig. 5C). During visual sample en-
coding, both age groups showed bilateral activity in the LOC 
(Fig. 5D) and, similar to haptics, there were no significant differ-
ences between groups. In both haptic and visual sample encoding 
analyses, there was a trend for children’s activation to be more 
widespread than adults (see Supplementary Fig. S1). 

3.1.2. Differences between maps of activation 
Complementary to the overlap analysis just described, whole-

brain contrasts were also used to examine the differences between 
visual and haptic sample encoding in adults and in 7–8.5 year olds 
(Figs. 6–7). In these figures, regions of neural activity in which 
vision was greater than haptics (VVþVH4HHþHV) are depicted 
in blue (adults) and light blue (7–8.5 year olds); regions in which 
haptics was greater than vision (HHþHV4VVþVH) are depicted 
in orange (adults) and yellow (7–8.5 year olds). In adults, visual 
sample encoding activated areas of visual cortex bilaterally 
(Fig. 6A, Z¼� 4), while haptic sample encoding activated bilateral 
areas in the IPS (Fig. 6A, Y¼� 67, top). Similar patterns of activa-
tion were found in 7–8.5 year olds (Fig. 6B). Critically, results 
Adult Hapt

7-8.5 yrs H

Fig. 7. Sample encoding phase: overall difference. Statistically significant differences betw
8.5 year olds. Significant areas of activation for haptics (HHþHV4VVþVH) are shown in
vision (VVþVH4HHþHV), which are shown in blue (adults) and light blue (7–8.5 year 
and posterior. Statistical maps are overlaid on a representative 3D anatomical image. (Fo
to the web version of this article.) 
indicated bilateral middle temporal/occipital regions (MTG/MOG) 
in the putative visual cortex that showed significantly greater ac-
tivity for haptics than for vision in both age groups (Fig. 6; see 
Fig. 7 for a 3D depiction, lateral views). These haptic-biased re-
gions in MTG/MOG did not overlap with the bimodal regions de-
scribed above, suggesting a haptic-preferring region in the visual 
stream that is not part of LOtv. Examining the overlap and differ-
ence maps together revealed a medial to lateral organization that 
transitioned from a visual bias in activation on the medial fusiform 
gyrus (FG) to a haptic bias in activation on the MTG/MOG, with the 
bimodal LOtv region in between on the lateral occipitotemporal 
sulcus (see Fig. 8A). This organization is illustrated in a gradient of 
visual to haptic biases during the sample encoding phase (dis-
played on “flooded” maps in Fig. 8B), which was used to localize 
the ROIs. Importantly, this pattern was present during the test 
matching phase (Fig. 8C). 

3.2. Test matching phase 

3.2.1. Whole brain activation 
A balanced contrast comparing the experimental conditions 

against rest (i.e., (VVþHHþVHþHV4rest)) during the test 
matching phase also revealed known multisensory visuohaptic 
ics Adult Vision 

aptics 7-8.5 yrs Vision 

een vision and haptics during the sample encoding phase in: (A) adults; and (B) 7– 
 orange (adults) and yellow (7–8.5 year olds), as compared to areas of activation for 
olds). Views from left to right: superior, inferior, right hemisphere, left hemisphere, 
r interpretation of the references to color in this figure legend, the reader is referred 
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Fig. 8. Medial to lateral transition. (A) Locations of the medial FG ROI (yellow), overlap LOC ROI (gray), and lateral MTG/MOG ROI (black). (B) Flooded SPMs 
(VVþVH4HHþHV) show a gradient of visual (orange) to haptic (green) biases from medial to lateral regions during the sample encoding phase in all participants. 
(C) Flooded SPMs (VVþHV4HHþVH) show a similar gradient during the test matching phase; crosshairs indicate ROI peaks. Crosshairs in B are for reference only. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 

Z = -10 
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Z = 52 Z = -10 

Adults 7-8.5 yrs 

Fig. 9. Test matching phase: whole-brain maps. (A) SPMs of group contrasts be-
tween all conditions versus rest (VVþVHþHHþHV4rest, balanced). Crossmodal 
and intramodal matching in children and adults activated an overlapping network 
of regions that has been shown to be involved in multisensory visuohaptic object 
recognition. Regions include the LOC (Z¼� 10) and the IPS (Z¼52). (B) Crossmodal 
as compared to intramodal matching. SPM of the conjunction contrast for haptic-
to-visual matching as compared to visual-only and haptic-only matching (i.e., 
(HV4VV)∩(HV4HH)) activated the LOC bilaterally (Z¼� 10) and overlapped be-
tween children and adults. Data from adults (red) and children (blue) are presented 
at a threshold of po0.05 (corrected). LOC¼ lateral occipital complex; 
IPS¼ intraparietal sulcus. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
substrates in children and adults, including the LOC and the IPS 
(Fig. 9A; Amedi et al., 2001, 2002, 2005; Jao et al., 2014; James 
et al., 2002; James and Kim, 2010; Stilla and Sathian, 2008). Based 
on these whole-brain results, the network of neural substrates 
underlying visuohaptic processing appears to be recruited not only 
in adults, but importantly, are similarly activated in children by 
7 years of age for this task. 

To reveal specific effects of crossmodal enhancement (i.e., in-
creased activation for crossmodal than intramodal sequentially-
matched stimuli) throughout the brain, we compared crossmodal 
to intramodal matching using a conjunction of two contrasts, 
namely, the crossmodal haptic-to-visual matching task versus 
both intramodal tasks (i.e., (HV4VV)∩(HV4HH); Fig. 9B). This is 
similar to an intersection contrast in a PET study performed by 
Hadjikhani and Roland (1998), who discovered activation in the 
insula-claustrum only and suggested that this region must play a 
crucial role in the integration of crossmodal inputs. While we did 
not find activation in this region with our contrast (see Remedios 
et al. (2010) for evidence against the claustrum as an integrator of 
sensory information), we did find activation in the LOC bilaterally 
that overlapped across children and adults. The analogous inter-
section contrast with crossmodal visual-to-haptic matching (i.e., 
(VH4VV)∩(VH4HH)) showed a less stable pattern. The only 
cluster was found in the post-central gyrus in adults, but a contrast 
across groups did not reveal a significant difference in this region. 

3.2.2. Region-of-interest results 
To assess the pattern of activation during the test matching 

phase in the LOC ROI (see Fig. 5E, green arrow for overlapping 
contrasts used to define the ROI; Table 2), a repeated measures 
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Table 2 
Talairach coordinates (x, y, z), peak t-values, p-values, and number of voxels for the 
overlap, medial, and lateral ROIs at test. 

Region x y z t-value p-value No. of voxels 

Overlap: LOC 49 65 6 4.346 .001 756 
Medial: FG 37 71 15 3.759 .001 618 
Lateral: MTG/MOG 53 62 6 4.127 .001 578 
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Fig. 10. Test matching phase: LOC ROI. Percentage BOLD signal change from the 
group-based ROI is presented for each group of participants during the test 
matching phase for: (A) overall conditions; (B) test type (intramodal: VV and HH; 
crossmodal: VH and HV); and (C) test modality (vision: VV and HV; haptics: HH 
and VH). 
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�(2 2x2) ANOVA was performed on the data extracted from that 
ROI (Fig. 10A) with test modality (visual or haptic) and test trial 
type (intramodal or crossmodal) as the within-subjects factors, 
and age group (7–8.5 year olds or adults) as the between-subjects 
factor. Results indicated a main effect of test trial type (F(1,19)¼ 
11.992, p¼ .003; Fig. 10B), with greater response for crossmodal 
than intramodal processing overall (t(20)¼3.562, p¼ .002). This 
crossmodal enhancement effect was present in 7 year olds (t(10)¼ 
2.344, p¼ .041), as well as in adults (t(9)¼2.680, p¼ .025). Fur-
thermore, there was a main effect of group (F(1,19)¼5.308, 
p¼ .033). Adults showed significantly higher BOLD signal change 
than 7–8.5 year olds for each test trial type (intramodal: (t(19)¼ 
2.191, p¼ .041); crossmodal: (t(19)¼2.138, p¼ .046)). There was no 
main effect of modality at test, however, suggesting fairly 
equivalent processing of both visual and haptic inputs in this re-
gion during the matching of objects for recognition (Fig. 10C). In-
terestingly, adults showed significantly higher BOLD signal change 
than 7–8.5 year olds during the visual test modality (t(19)¼2.391, 
p¼ .027). This result supports previous findings in which the LOC 
becomes increasingly visually dominant with development, par-
ticularly for object-preference (Jao et al., 2014). 

To examine the activation patterns in the medial FG and lateral 
� �

MTG/MOG ROIs, particularly in relation to the overlapping LOC ROI 
during the test matching phase (Fig. 8A and C; Table 2), a repeated 
measures (2 2x2 3) ANOVA was performed with age group (7– 
8.5 year olds or adults) as the between-subjects factor, and test 
modality (visual or haptic), test trial type (intramodal or cross-
modal), and ROI (medial, overlap, lateral) as the within-subjects 
factors. Results showed a main effect of age group (F(1,19)¼8.895, 
p¼ .008), with significantly higher BOLD signal change overall in 
adults than in 7–8.5 year olds (t(19)¼2.982, p¼ .008), as well as a 
main effect of ROI (F(2,18)¼7.398, p¼ .005). The statistical com-
parisons shown in Fig. 11 are within each age group and separated 
by region. Further results indicated a test type x ROI interaction 
effect (F(2,18)¼4.148, p¼ .033); there was a greater response for 
crossmodal than intramodal processing within each group (7–8.5 
year olds: (t(10)¼2.344, p¼ .041); adults: (t(9)¼2.680, p¼ .025)) in 
the overlapping LOC ROI (Fig. 11B, top; also see Fig. 10B). This 
crossmodal enhancement effect, however, was not present in ei-
ther age group in the medial FG ROI (Fig. 11A, top) or the lateral 
MTG/MOG ROI (Fig. 11C, top). Finally, there was a test modality x 
ROI interaction effect (F(2,18)¼49.064, po .001). In the medial 
ROI, BOLD responses were significantly higher when processing 
visual than haptic inputs in each group (7–8.5 year olds: (t(10)¼ 
4.264, p¼ .002); adults: (t(9)¼4.330, p¼ .002); Fig. 11A, bottom). In 
the overlap ROI, there were no significant differences between 
visual and haptic processing (Fig. 11B, bottom; see also Fig. 10C).
Lastly, in the lateral ROI, BOLD responses were higher when pro-
cessing haptic than visual inputs in each group (7–8.5 year olds: (t 
(10)¼2.536, p¼ .030); adults: (t(9)¼6.213, po .001); Fig. 11C,
bottom). 
The present study used functional MRI to investigate the de-

4. Discussion

velopment of crossmodal visuohaptic object recognition. The main 
finding was that visuohaptic crossmodal matching produced 
greater activation than intramodal matching in the LOC for both 
adults and children. To our knowledge this is the first study to find 
this effect in the LOC in adults or children. The key developmental 
finding was that children from 7–8.5 years of age did not differ 
qualitatively in terms of the overall pattern of activation, even 
though children did produce less activation in general across all 
conditions in the LOC during test matching. Additionally, the data 
in both children and adults revealed a haptic-preferring region in 
the bilateral middle temporal/occipital gyrus, a putative visual 
region, that was not considered “bimodal”. A broader perspective 
showed that the ventral occipitotemporal cortex followed a medial 
to lateral organization that transitioned from a visual to bimodal to 
haptic pattern of activation in both age groups. Although the LOC 
is a known region of visuohaptic convergence, these results pro-
vide novel insights into the mechanisms invoked for sequential 
information sharing across sensory modalities, as well as into the 
development of those mechanisms. 

4.1. Developmental similarities and differences 

Both adults and children showed crossmodal enhancement 
effects, and recruited similar multisensory systems during visuo-
haptic object recognition. Neural activity in children, however, was 
generally more widespread during sample encoding, and weaker 
within a specialized bimodal area (i.e., the LOC) during test 
matching, than in adults. This suggests that although the neural 
mechanisms supporting crossmodal visuohaptic object processing 
are in place by 7 years, they are still undergoing change. According 
to psychophysical findings, children aged 8–10 years begin to ap-
pear adult-like in terms of integrating visual and haptic 
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Fig. 11. Test matching phase: Medial to lateral ROIs. Percentage BOLD signal change during the test matching phase is presented for each group of participants. Comparisons 
within test type (intramodal: VV and HH; crossmodal: VH and HV) and test modality (vision: VV and HV; haptics: HH and VH) are shown for the group-defined: (A) medial 
ROI (FG); (B) overlap ROI (LOC); and (C) lateral ROI (MTG/MOG). 
information for certain aspects of form discrimination (e.g., size 
and orientation; Gori et al., 2008). Prior to this age, however, 
children were shown to be unable to combine sensory information 
for perception in an “optimal” manner. These behavioral results 
suggest that there is a transitional stage of development prior to 
8 years during which visuohaptic integration for specific types of 
shape discrimination becomes optimized. There is also prior 
neural evidence that the LOC continues to develop after 7 years of 
age with continued experience on some visual or visuohaptic 
tasks. For instance, previous work has shown that visual dom-
inance in the LOC during visuohaptic object recognition does not 
reach adult levels until after 8.5 years (Jao et al., 2014). More 
specifically, it was found that visual dominance in the LOC con-
tinued to increase from 8.5 years of age into young adulthood, 
while activation for the haptic modality remained fairly constant 
from 4 years into adulthood. This finding was replicated in the 
current study in which BOLD activation for vision was higher in 
adults than in children during the test matching phase. 

The age ranges for the current study were therefore selected 
with the expectation that the fMRI data would follow the patterns 
seen in previous studies showing a transitional, non-adult-like 
level of multisensory processing in children. This was indeed the 
case, as children not only showed more widespread whole-brain 
activity than adults during sample encoding, they also showed 
lower levels of BOLD activation in the LOC during test matching for 
crossmodal and intramodal processing. The selection was also 
based to some degree on the ability of children at different ages to 
perform the delayed match-to-sample tasks successfully, which 
required the participants to maintain the sample stimulus in 
memory during each of the subsequent matching trials. In the 
current study, all of the 7–8.5-year-old children were able to do so 
successfully. While testing an even younger age range may provide 
further details about the developmental trajectory of visuohaptic 
integration, the current findings are interpretable in their own 
right. 

4.2. Haptic-preferring regions within the LOC 

Contrasts of vision versus haptics revealed robust effects in 
both age groups in which bilateral regions in the occipitotemporal 
cortex showed greater activity for haptics than for vision. While 
other adult studies have found haptic object-selectivity—often 
defined by a contrast of haptic shape versus haptic texture—in the 
LOC (Amedi et al. 2001; Lacey et al., 2010; Stilla and Sathian, 2008; 
Zhang et al., 2004; Stoesz et al., 2003; Prather et al., 2004; Peltier 
et al., 2007; for a review, see Lacey et al. (2009)), it has always 
been found to be overlapping with visually object-selective re-
gions (Amedi et al., 2001; James et al., 2002; Stilla and Sathian 
2008; Peltier et al., 2007; among others). Thus, ours is the first 
study to our knowledge that has reported a region in the ventral 
“visual” stream that responds significantly more during haptic 
than visual processing in both children and adults. This may be in 
part due to the majority of the aforementioned studies empha-
sizing the overlap of haptics and vision, rather than the difference 
between the two sensory modalities. There have, however, been 
indications of haptic activation in MTG/MOG in previous adult 
studies. One such study showed that somatosensory shape pro-
cessing not only activated a region of the occipitotemporal cortex 
that overlapped a subregion of the visual LOC, namely in the LOtv, 
it also activated regions abutting the LOtv (Amedi et al., 2001); 
another showed activity in the MOG during visuotactile versus 
other bisensory object-related processing (Kassuba et al., 2011). 
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The current findings may not simply be the result of contrast-
ing vision and haptics; they may be due to the context of the 
encoding phase, which was the sample phase of a crossmodal 
delayed match-to-sample task. Within the context of crossmodal 
object recognition, children and adults may be encoding the 
sample in such a way that haptic processing activates an additional 
region within the ventral occipitotemporal cortex that is driven 
more by haptics than by vision, although this region may not 
necessarily be object-selective. This hypothesis seems even more 
likely given that the participants knew beforehand whether the 
sample stimulus was to be matched to a crossmodal or intramodal 
target. Although this was an unexpected finding, it warrants fur-
ther investigation, especially as it relates to the malleability of 
putative visual cortical signals by task demands. 

Examining the whole of the ventral occipitotemporal cortex, 
the overlapping patterns of visual and haptic activation during test 
matching showed a medial to lateral organization that transi-
tioned from a visual to haptic bias in the mapping of the sensory 
modalities used to process shape information. The mapping 
transitioned from regions of visual preference that were located 
more medially to regions of haptic preference that were located 
more laterally, with bimodal visuohaptic preference in the over-
lapping middle regions. Although not widely reported in the lit-
erature, there has been mention of a similar trend in at least one 
previous study. Specifically, whole-brain results of haptic and vi-
sual shape-selectivity showed the recruitment of bilateral regions 
that were each adjacent to the overlapping bimodal area in the 
LOC and opposite to one another, thus following a similar pattern; 
however, the transition from visual to haptic sensory preference 
was not addressed in terms of cortical organization or develop-
ment (Stilla and Sathian, 2008). The finding of a haptic-preferring 
region along with visual regions in the LOC suggest that the 
multisensory signals integrated in the LOtv likely arrive via 
neighboring modality-biased regions within the LOC itself. We 
hypothesize that these modality-biased regions transform soma-
tosensory and visual signals to facilitate multisensory processing 
in the LOtv. A future step should be identifying the exact nature of 
those transformations. 

4.3. Crossmodal effects in the LOC 

4.3.1. Crossmodal enhancement over intramodal matching 
Crossmodal haptic-to-visual matching, which required the 

subject to compare visual test stimuli with the haptic sample, 
activated the LOC—a putative visual region—more strongly than 
the intramodal control conditions. The region of LOC that showed 
this effect overlapped in children and adults. Thus, in accordance 
with our first prediction, there was a stronger response for 
crossmodal than intramodal matching that was apparent in both 
age groups. This effect, however, was present only for haptic-to-
visual crossmodal matching; contrasting visual-to-haptic cross-
modal matching with intramodal conditions did not yield a sig-
nificant effect in the LOC. This asymmetry is discussed in the next 
subsection (4.3.2 Crossmodal asymmetry). The ROI analysis re-
vealed that, within each type of condition, adults showed higher 
levels of BOLD activity than 7 to 8.5 year olds. Thus, both in-
tramodal and crossmodal processing are still developing in chil-
dren, which reflects a decreased ability to process visual and 
haptic information about object shape. Additionally, the cross-
modal enhancement effect was present in the overlapping bimo-
dal LOC region (LOtv), but not in the medial visual-preferring or 
lateral haptic-preferring areas of the LOC. Together, these results 
suggest that the LOC not only processes crossmodal information, 
but also more importantly, is sensitive to sequential changes in 
sensory modality during object recognition. 

One possible explanation for the crossmodal enhancement 
effect is the reactivation of the encoded object at test that occurs in 
parallel with the activation of the test object. The LOC, as a mul-
tisensory region concerned with determining object shape, pro-
cesses visual and haptic inputs in parallel. In situations in which 
information from one modality or another is unavailable, it must 
be able to detect any changes in sensory input and share the ac-
cessible information between modalities efficiently. Much of the 
research conducted on visuohaptic processing has now established 
that the LOC is bimodal in terms of its representations of visual 
and haptic (familiar and novel) shape information (Amedi et al., 
2001; James et al., 2002; James, James, Humphrey et al., 2006; 
James and Kim, 2010; Lacey et al., 2010, 2014; Peltier et al., 2007; 
Pietrini et al., 2004; Stilla and Sathian, 2008; Stoesz et al., 2003; 
Zhang et al., 2004), and the current data also support this notion. 
Moreover, a previous study has demonstrated neural convergence 
of visual and haptic inputs in the LOC through inverse effective-
ness (Kim et al., 2012). Based on these findings, it is plausible that 
during crossmodal matching, some of the population of neurons 
within this region would be reactivated at test (see Lacey and 
Sathian (2014) for a review of mental imagery), while others 
would be activated by the sensory percept. The combination of 
activated and re-activated neural populations would produce 
greater activation in crossmodal matching tasks, which require 
reactivation of the encoded stimulus as well as activation for the 
current sensory input, than in intramodal matching tasks, which 
do not. 

Alternatively, it is possible that the crossmodal tasks may 
simply have been more difficult and required more intense pro-
cessing than the intramodal matching tasks. While this is a pos-
sibility in the current study and should be addressed in future 
studies, the presence of a weak asymmetry in activation between 
the two crossmodal conditions seems to indicate that difficulty 
alone cannot explain the differences. 

4.3.2. Crossmodal asymmetry 
While the present findings indicated crossmodal enhancement 

effects in the LOC, direct comparisons of crossmodal conditions 
(i.e., VH versus HV) during the test matching phase did not provide 
strong evidence for an asymmetry, or two-way directionality ef-
fect, of crossmodal processing. Comparisons between the HV and 
VH conditions indicated no significant differences in children or 
adults. 

Although asymmetries within crossmodal processing have 
been addressed in previous studies, these have implemented dif-
ferent types of stimuli and have resulted in varying conclusions. In 
one particular study, Positron Emission Tomography (PET) was 
implemented to examine the effects of the presentation order of 
crossmodal information (Kawashima et al., 2002). Using cross-
modal discrimination tasks in conditions analogous to the current 
study (i.e., visual-to-haptic, haptic-to-visual), their findings 
showed asymmetric processing of crossmodal stimuli (i.e., digital 
cylinders) such that only the visual-to-haptic presentation order 
activated the inferior temporal cortex, while both presentation 
orders activated the inferior parietal cortex. It was proposed that 
this was evidence for two different pathways underlying cross-
modal discrimination depending on the temporal order of stimu-
lus presentation (Kawashima et al., 2002). Similar types of direc-
tionality effects have been demonstrated recently in bilateral re-
gions of the lateral occipital cortex and the aIPS using fMRI, but 
have only been found in one direction (Kassuba et al., 2013). This 
asymmetry during crossmodal matching of highly familiar objects 
occurred only in congruent visual-to-haptic conditions, with little 
effect of crossmodal matching on brain activation in these regions 
during haptic-to-visual or incongruent conditions. Based on these 
results, Kassuba and colleagues (2013) concluded that there is a 
modality-specific asymmetry with a preference supporting the 
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functional primacy of vision during visuohaptic object recognition. 
By contrast, a previous delayed match-to-sample study showed 
crossmodal enhancement in the left aIPS that was independent of 
matching direction (i.e., visual-to-haptic and haptic-to-visual; 
Grefkes et al., 2002). This particular study, however, used novel 
objects, as did the current study. The discrepant findings of 
asymmetry suggest that the types of stimuli used, namely novel 
versus familiar objects, may contribute to differences in cross-
modal enhancement (Kassuba et al., 2013). That is, crossmodal 
enhancement may rely heavily on the specific experimental con-
text wherein greater enhancement might be expected for novel 
than familiar objects (for a more in-depth discussion of these 
implications, see Kassuba et al. (2013)). 

In the present study, whole-brain results from the test 
matching phase indicated that haptic-to-visual crossmodal re-
cognition activated the LOC in both adults and children, while 
visual-to-haptic recognition had little effect in either age group. To 
examine this further, direct comparisons were made in the post-
hoc ROI analysis, but results indicated no significant differences 
between the HV and VH conditions. As such, while it is possible 
that crossmodal processing in the LOC may be constrained by the 
dominant modality that provides the most salient or reliable of 
information at the time of recognition (e.g., functional primacy of 
vision)—which would be consistent with models of optimal in-
tegration where each sensory modality is weighted according to 
its reliability (Ernst and Banks, 2002; Helbig and Ernst, 2007)—our 
findings are not strong enough to support (or refute) this pattern 
of asymmetry. Nevertheless, the current findings lend support for 
the notion that the recruitment and specific location of multi-
sensory convergence areas is highly contingent upon two primary 
factors: the information content being processed (e.g., shape), and 
the modality being used to process the crossmodal input during 
recognition (Amedi et al., 2005). 

Overall, the current results and findings from previous studies 
seem to indicate that multisensory convergence cannot be de-
scribed as a unitary developmental process, but instead should be 
described as several processes that follow differing developmental 
timelines. Some processes such as crossmodal recognition may 
require more experience in order to be optimized, and thus take 
longer to fully develop than others depending on the input. In 
terms of visual processing, prior behavioral evidence has shown 
that even children from 6 to 8 years have difficulty recognizing 
objects from unusual views (Bova et al., 2007; Juttner et al., 2006; 
Mondloch et al., 2003; Mondloch et al., 2002; see Nishimura et al. 
(2009) for a detailed review), and are relatively poor compared to 
adults at recognizing complex forms such as faces (Mondloch 
et al., 2006; although see Crookes and McKone (2009)). These 
delays in specific visual object recognition proficiencies implicate a 
delayed development of the occipitotemporal cortex, particularly 
of the LOC, but perhaps only for more specific types of shape 
processing. Thus, the processing of complex objects or abstract 
forms of inputs (e.g., crossmodal stimuli) may result in protracted 
developmental trajectories as compared to the processing of 
simple shapes. Studying the development of these processes 
constitutes grounds for future research. 

4.4. Handedness and the LOC 

Bimanual exploration, which was implemented in the current 
study, may obviate the need to control for handedness. Previous 
fMRI findings in adults comparing left- and right-handed object 
exploration have shown bilateral LOtv activity that was not in-
fluenced by the hand-in-use (Amedi et al., 2010). Moreover, results 
from further adult studies have shown a left-lateralized bias in 
activation with either left-handed exploration (James, Servos, 
Kilgour, et al., 2006; Kilgour et al., 2005), right-handed exploration 
(Kim et al., 2012), or bimanual exploration (Kim and James, 2010). 
Yet, it is important to note more recent findings suggesting that 
handedness may play a role in LOC activation (Yalachkov et al., 
2015). In particular, one study demonstrated that the left LOC was 
activated more strongly by bimodal than unimodal stimuli when 
explored with the non-dominant (left) hand (Yalachkov et al., 
2015). This suggests that the neural signal in the LOC during vi-
suohaptic processing may depend on the hand-in-use. 

Based on this body of evidence, it is arguable whether the 
hand-in-use or general handedness contributes to the neural re-
sponse in higher cortical areas during visuohaptic object ex-
ploration. There is a possibility that the left-lateralized bias found 
in the LOC in some studies (e.g., Kim et al., 2012; Yalachkov et al., 
2015) may be due not solely to the hand used to explore the sti-
mulus, but also to the strong right-handed preference of the par-
ticipants tested in these studies. Thus, to mitigate hand-in-use 
effects in the current study, haptic exploration was performed 
bimanually similar to other developmental studies of young chil-
dren (Bushnell and Baxt, 1999; Kalagher and Jones, 2011a, 2011b). 
Additionally, to minimize differences in handedness preference, 
we recruited mostly right-handed participants, and did not in-
clude any strongly left-preferring participants. Clearly, future stu-
dies in children and adults could examine neural differences due 
to left- versus right- versus two-hand exploration in left- and 
right-handers during haptic and visuohaptic object recognition. 
5. Conclusions 

In summary, using a crossmodal delayed match-to-sample task 
with novel objects, we have investigated the neural substrates in-
volved in visuohaptic processing in children and adults. Importantly, 
we argued that there is crossmodal enhancement in the LOC, sug-
gesting that this region is sensitive to changes in sensory modality. 
We have shown that this effect, as well as the network of multi-
sensory regions consistently found in adults, is present in children, 
although children show generally more widespread activity during 
sample encoding and weaker BOLD signal change in the LOC during 
test matching than adults. Finally, we have found evidence of a bi-
lateral region in the MTG/MOG that is haptic-preferring in both age 
groups. This region abuts the bimodal LOtv, and importantly, in-
dicates a medial to lateral organization with a visual to haptic tran-
sitional bias in the LOC that develops by 7 years of age. 
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