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Abstract 

When exploring objects during every day activities, visual and haptic cues provide 

information about their properties such as size, shape and texture. How these two streams 

of sensory information are integrated by the brain to form a single percept is still not fully 

understood. Specifically, there is still a debate which regions of the brain are activated 

during visuo-haptic perception and whether one can identify areas that are uniquely 

activated during visuo-haptic integration, but not during unimodal perception. Previous 

research indicated that the lateral occipital complex (LOC) might be such a region. In an 

attempt to fill this knowledge gap, this study investigated the cortical activation patterns 

that underlie object size perception based unimodal visual or haptic information, and 

when both forms of information were available (bimodal).  

Brain imaging data were obtained from 12 healthy participants in a size perception 

task using visual and haptic stimuli. In each trial, a 6 cm reference object was judged 

against a comparison object (heights: 5.2-6.8 cm) and participants verbally indicated 

which object was perceived as taller. Unimodal and bimodal stimulus presentations were 

tested. Based on their responses size discrimination thresholds (DT) at the 75% correct 

response rate were obtained. In addition, functional brain activation volumes were 

derived during each condition for contrast analysis.  

Thresholds and associated correct response rates were not significantly different 

between unimodal and bimodal conditions. Bimodal visuo-haptic size discrimination was 

associated with super-additive activation in the dorsolateral prefrontal cortex (DLPFC), 

supplementary motor area (SMA) and inferior parietal cortices, while the LOC revealed 

no significant activation. In addition, during crossmodal stimulation the left SMA and 

primary sensorimotor cortex revealed significant activations when the visual cue was 

presented first. That is, during crossmodal visuo-haptic object perception having a prior 

visual experience activates different areas than having a prior haptic experience of the 

object.   

To our knowledge, this is the first direct comparison of unimodal and bimodal visuo-

haptic size perception that combined brain imaging and psychophysical data to identify 
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sites of multisensory integration. The finding of a fronto-parietal network involved in 

visuo-haptic processing challenges a previous notion of the LOC as the sole locus of 

visuo-haptic integration. Our results suggest that the underlying visuo-haptic perceptual 

process seems to be task dependent. 
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Background and Significance 

Humans rely both on visual and haptic information when interacting or manipulating 

objects in the environment. For instance, when we reach for a cup of coffee, vision 

provides information about the size, shape, location, and orientation of the cup in space 

combined with haptic information about its size, shape, weight and surface properties. 

Information from both modalities is vital for being able to control the cup successfully 

during the act of drinking. Recent studies suggest that the nervous system combines 

visuo-haptic cues in an integration process that strives to produce a lowest-variance 

estimate of the object’s property (Ernst & Banks, 2002). In this experiment, human 

observers had to discriminate the heights of two objects under three conditions of 

presentation: vision alone, haptics alone, and simultaneous presentation of visual and 

haptic size stimuli. Subsequently, visual, haptic, and visual-haptic size discrimination 

thresholds were derived to investigate whether human sensory integration followed a 

maximum likelihood estimation (MLE) rule (see Aman, Lu, & Konczak, 2010 for a 

detailed review). The results demonstrated that a more accurate estimate of an object’s 

size is achieved when it can be seen and felt together supporting the concept that 

redundant sensory information improves the estimate of an object’s property.  

Nevertheless, these behavioral studies provided little knowledge about the underlying 

neural activity and sites that are relative to visuo-haptic integration. It is generally 

believed that the processing of unimodal visual and haptic sensory stimuli occurs 

typically in distinct somatotopic cortical regions. Because of the complexity of this 

process, determining these areas has proven to be challenging. It remains unclear which 

brain regions are involved in this visuo-haptic integration process and several brain 

regions, such as the insula/claustrum, the inferior parietal or superior temporal cortex, the 

anterior and posterior intraparietal sulcus, anterior cingulate cortex, lateral occipital 

complex (LOC), dorsolateral prefrontal cortex (DLPFC), hippocampus, and amygdala 

(Fig. 1) are considered to be implicated (Banati, Goerres, Tjoa, Aggleton, & Grasby, 

2000; Amedi, Jacobson, Hendler, Malach, & Zohary, 2002; Tal & Amedi, 2009). Of all 

these regions, the LOC might be a significant site for visuo-haptic integration. Amedi et 
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al., (2002) proposed that the LOC could be subdivided into smaller sub-regions, one of 

which was termed LOCtv (lateral occipital tactile-visual region), which lies within the 

ventral visual stream and responds to both tactile and visual inputs. Amedi et al., (2002) 

also assumed that the haptic and visual information processed would be localized to a 

specific area within the LOC as well. One may theorize that this localized region is 

specific to determining the geometrical shape of an object. James et al. (2002) were able 

to account for the memory component of this area by having participants palpate 

unrecognizable objects. This task produced comparable activation patterns in the LOC as 

when seeing familiar objects. This finding would lead one to consider that the LOC is a 

specific bimodal area for integration of visual and haptic information because this region 

has shown a preference for objects that the participants can manipulate with their hand.  

Figure 1. Neuroanatomical areas believed to be involved in visual-haptic integration processing. (a) 

Anterior cingulate cortex. (b) The insula. (c) Inferior parietal cortex, intraparietal sulcus, dorsolateral 

prefrontal cortex, superior and medial temporal cortex, and the lateral-occipital complex (LOC). 
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In spite of previous imaging work in visuo-haptic integration, it is critical to discern a 

multisensory from a multisensory integration area. On a neuronal level, the firing rates at 

the single neuron induced by unimodal and multimodal sensory cues can be directly 

compared and classified into additive and sub- and superadditive responses (Calvert & 

Thesen, 2004; Gentile, Petkova, & Ehrsson, 2011). These responses are known to 

contribute to behavior and perception (Stein & Stanford, 2008). Though linear, additive 

responses are often observed when individual multisensory neurons responding to non 

near-threshold stimuli (Stein & Stanford, 2008). However, a single neuron may respond 

to multisensory stimulation, but may not be involved in integration. A multisensory area 

may be defined as an area where stimuli of more than one modality give rise to activation 

of a neuron (Calvert & Thesen, 2004). If a neuron responds to a unimodal sensory 

stimulus with a certain activation level, but the activation level is not significantly altered 

when the second modality is presented, there can be no conclusion that integration of 

these modalities has occurred but rather this neuron is responsive to more than one 

modality and considered multimodal (Calvert & Thesen, 2004). Multisensory integration 

occurs when the afferent projections of unimodal neurons converge to those multisensory 

regions, containing neurons that are stimulated by multiple senses. This convergence 

results in a new, nonlinear, integrated signal that exceeds the summed unimodal signals, 

i.e., superadditive activities, allowing for an enhanced perceptual judgment. Multisensory 

integration is thus defined as the increased response of neurons, exceeding the activation 

level of that expected by summing the levels of two unimodal inputs (Calvert & Thesen, 

2004). 

Visuo-haptic integration has been widely studied using neuroimaging tools; however, 

the neuroimaging findings are inconclusive, as these studies focused on diverse aspects in 

object features, e.g., face recognition, texture, shape perception, and motion direction 

(Banati, Goerres, Tjoa, Aggleton, & Grasby, 2000; Amedi, Jacobson, Hendler, Malach, & 

Zohary, 2002; Tal & Amedi, 2009). These various task characteristics may be associated 

with specific neural networks in multisensory processes. To date, a neuroanatomical 

representation of visuo-haptic size perception has not been fully comprehensive. Only 

one PET study has examined the visuo-haptic size perception in two presentation orders 
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(Kawashima et al., 2002). A presentation order of visuo-haptic effect was found with 

additional activation in DLPFC, SMA and inferior temporal cortex (Kawashima et al., 

2002). However, no studies have investigated both visuo-haptic acuity and the associated 

brain regions in size perception and there is little research on where the brain integrates 

visual and haptic cues to form size perception.  

Thus, the main purpose of the study was to identify the functional organization of the 

human brain during bimodal visuo-haptic size perception. The following general research 

questions were considered: 1) How does size acuity differ between unimodal visual or 

haptic and bimodal (visuo-haptic) estimation? 2) Which brain regions are associated with 

unimodal visual or haptic perception in contrast to regions associated with bimodal visuo-

haptic size perception? This study determined unimodal and bimodal visual and haptic 

size acuity while simultaneously collecting functional magnetic resonance imaging 

(fMRI) data to delineate the associated neocortical areas. Object size acuity and the 

activated brain regions were contrasted between the unimodal and bimodal conditions to 

determine those areas uniquely involved in the process of visuo-haptic integration. A 

crossmodal condition was introduced to account for differences between unimodal and 

bimodal estimation due to possible additional working memory requirements in the 

unimodal condition. Furthermore, to account for the order of presenting visuo-haptic 

information two presentation orders, visuo-haptic and haptic-visual, were implemented.   

Specific Aims 

1. To test the hypothesis that unimodal visual and haptic cues would generate different 

neuroanatomical representations and levels of perceptual acuity. Specifically, I 

hypothesize that: A) The occipital cortex is more involved in unimodal visual 

conditions, whereas the parietal cortex is more activated during unimodal haptic 

conditions and, B) object size acuity will be more accurate in unimodal visual than in 

the unimodal haptic condition.  

2. To test the hypothesis that the order of presenting visual and haptic cues affects acuity 

and associated areas of brain activation. Specifically, I hypothesize that: A) a visuo-

haptic crossmodal presentation has a less accurate perceptual acuity than haptic-visual 
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presentation and, B) is associated with the recruitment of additional cortical areas, 

i.e., Premotor cortex and inferior temporal cortex.  

3. To test the hypothesis that the cortical activation pattern in bimodal visuo-haptic 

conditions is different compared to that in unimodal visual and haptic conditions. 

Specifically, I hypothesize blood oxygenation level dependent (BOLD) signal 

intensity in the inferior parietal lobule, insula, DLPFC and LOC in visuo-haptic 

conditions surpass the total intensities in unimodal visual and haptic conditions.   
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Methods 

Participants 
Twelve healthy college level students (aged 22 – 32 yrs; 6 male) were recruited from 

the University of Minnesota on a volunteer basis. Handedness was self-reported by all 

participants using the Edinburgh Handedness Inventory (Oldfield, 1971). Demographic 

characteristics are listed in Table 1. Exclusion criteria were the following: 1) any history 

of neurological, musculoskeletal, or peripheral nerve disease in upper extremities; 2) 

corrected or uncorrected visual acuity < 20/10. MRI safety screening was conducted 

before participants entered the scanner. Informed written consent was obtained from each 

participant and the study protocol was approved by the University of Minnesota 

Institutional Review Board. 

Table 1. Demographic characteristics of participants.  

Participant Age Gender Dominant hand EHI 
1 24 F R 15 
2 32 M R 9 
3 23 F R 15 
4 26 M R 14 
5 24 M R 18 
6 26 M R 15 
7 26 M R 18 
8 27 F R 15 
9 27 F R 9 
10 22 F R 14 
11 22 F L -14 
12 32 M L -13 

Note: Gender: M = male, F = female; Dominant hand: based on Edinburgh Handedness Inventory (EHI) 
[range from 20 (right handed) to -20 (left handed)] (Oldfield, 1971). 

Brain Imaging 
A high-resolution (1 mm3), T1-weighted, three dimensional anatomical image dataset 

(3D FLASH, TR = 20 ms, flip angle = 30°, total acquisition time = 5:00) was acquired 

over the entire brain using a whole-body 3-Tesla magnet (Magnetom Trio, Siemens) 

equipped with a standard 12-channel head coil to identify appropriate landmarks and 

serve as a template upon which functional images would be overlaid.  
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Functional magnetic resonance images were captured on a 3-Tesla Siemens Trio 

whole-body magnetic resonance imaging (MRI) system (gradient-echo EPI; TR=3000 

ms; TE=30 ms; flip angle=78°; 32 axial slices of 3-mm thickness with 25% slice gap; 

field of view=192×192 mm; and in-plane resolution=3.0×3.0 mm). Standard sequence 

parameters were used to obtain the functional images. Participants completed all object 

size discrimination conditions in one visit. The total experiment duration was 

approximately 45 minutes in one scanning session. 

Procedure 
Participants were presented first with a reference object for two seconds followed 

with a randomly chosen comparison object for an additional two seconds. Two separate 

sets of wooden rectangular objects were used in unimodal and multimodal conditions 

(crossmodal and bimodal). The height of the reference object is 6 cm tall and the heights 

of the comparison objects are 5.2, 5.6, 6.4, and 6.8 cm tall. All objects have the equal 

width of 9.25 cm and the equal depth of 3.6 cm.   

Subsequently, participants were forced to indicate which of the two objects would be 

perceived as being taller by pressing one of two buttons on a MRI-compatible response 

controller connected to a laptop, with the second or third digit of their non-dominant 

hand. Participants were instructed that the responses were recorded for further data 

analysis to ensure that participants maintained attentiveness to the experiment. The 

reference and comparison objects were delivered to participants either visually or 

haptically. Visual stimuli were presented on a black wooded board located at the rear of 

the scanner, which participants could view through a mirror mounted on the head coil; 

haptic stimuli were presented by an experimenter, allowing participants to use their 

dominant hand to use a pinch grasp in order to estimate the object’s height (Fig. 2). The 

location of the visual stimulus was adjusted at the center of the visual field accordingly 

for each participant. Four stimulation runs were acquired covering all six task conditions: 

unimodal (visual-visual & haptic-haptic), crossmodal (visuo-haptic & haptic-visual) and 

bimodal (visuo-haptic & haptic-visual). A rest condition occurred between each task 
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condition. Four trials were presented within each task condition. Each condition was 

repeated four times for a total of 16 trials.  

Two types of presentations were implemented within multimodal conditions, i.e., the 

crossmodal and bimodal paradigms. In the crossmodal conditions, visual and haptic 

stimuli were presented sequentially; while in the bimodal conditions, one stimulus (visual 

or haptic) was delivered first followed with a simultaneous visual or haptic presentation. 

Two stimulus orders were presented in multimodal conditions. Both presentation orders, 

i.e., visual object presented first and haptic object presented first were introduced to 

assess the visuo-haptic presentation order effect.  

Figure 2.	  Experimental task setup. Each task started with an auditory cue generated by a laptop, e.g., the 

left experimenter presented a visual stimulus while the right experimenter would place another haptic 

stimulus to participants’ dominant hand. Participants indicated their judgments by pressing buttons with 

non-dominant hand. The behavioral responses were recorded in the same laptop. 
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Design 

A block design was implemented and the conditions for each task order were 

assigned via a random number generator (Table 2).  

Table 2. Pseudorandom order assignment for conditions  

 Order 1 Order 2 Order 3 Order 4 Order 5 Order 6 

1 (V-H)C (V-H)B H-H (V-H)B V-V (H-V)C 

2 (H-V)C V-V (H-V)B (H-V)B (V-H)C (V-H)C 

3 (H-V)B H-H (H-V)C H-H H-H H-H 

4 V-V (H-V)C V-V V-V (H-V)B (V-H)B 

5 (V-H)B (V-H)C (V-H)C (H-V)C (H-V)C V-V 

6 H-H (H-V)B (V-H)B (V-H)C (V-H)B (H-V)B 

Note: V-V stands for visual-visual, H-H for haptic-haptic, (V-H)C for visual-haptic crossmodal, (H-V)C 

for haptic-visual crossmodal, (V-H)B for visual-haptic bimodal and (H-V)B for haptic-visual bimodal.  

Each participant was pseudo-randomly assigned to one of the six orders. Twenty-four 

conditions with an inter-condition interval of 18 seconds were presented to each 

participant in four runs (Fig. 3).  

       
rest (V-H)C 

 (6.8, 5.6, 5.2, 6.4 cm) 

 
rest (H-V)C 

 (6.8, 6.4, 5.2, 5.6 cm) 

 
rest 

 
(H-V)B 

(5.6, 6.4, 5.2, 6.8 cm) 

 

18s 36s 18s 36s 18s 36s  

1 2 3 4 5                  6 

 
rest 

V-V 
 (6.4, 6.8, 5.2, 5.6 cm) 

 
rest 

(V-H)B 
 (5.2, 6.8, 5.2, 6.4 cm) 

 
rest 

H-H 
 (5.2, 5.6, 6.4, 6.8 cm) 

 
rest 

18s 36s 18s 36s 18s 36s 18s 

7 8 9 10 11 12 13 
 

Figure 3. One example fMRI run of sensory stimuli presentation. Each run included six task conditions 

with seven inter-condition rest periods. Four paired size comparisons were presented in each condition for 

36 seconds. 
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In each rest condition, the trial onset was acoustically cued with the word rest, and for 

the following 18 seconds, the participants viewed the board without performing any task. 

Following the rest period, the participants were presented with the reference object. In 

both the unimodal & crossmodal conditions, the reference object was presented for 2 

seconds followed by the comparison object for another 2 seconds. In the bimodal 

condition, the reference object was presented for 2 seconds and then, with the reference 

object remaining in place, the comparison object was presented for another 2 seconds. 

Since a 2-second preparation time was allowed in the unimodal and crossmodal 

conditions in order to exchange the stimulus object, the reference object in the bimodal 

condition was seen for a total of 6 seconds (2 s reference presentation + 2 s preparation + 

2 s comparison presentation; see Fig. 4). For all the conditions, the participants were 

pseudo-randomly provided a set of 4 trials with 2 seconds in between each trial for 

exchanging the stimuli; the duration for each set epoch was 36 seconds in total.  

Figure 4. Stimulus presentation protocol for each task condition. In unimodal and crossmodal conditions, 

the reference stimulus was first presented for 2 seconds, followed with comparison stimulus for another 2 

seconds. In the bimodal conditions, the reference stimulus was presented for 6 seconds in total, with 

comparison stimulus presented for the last 2 seconds.  
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Analysis 

For behavioral data analysis, responses of “Which object is taller?” were recorded. 

The percentage of perceived as taller was computed for each comparison object size and 

pooled across all participants for each condition. Based on the responses, a cumulative 

Gaussian function of the following form was fitted to the data using bootprob software 

(Foster & Bischof, 1991; Foster & Bischof, 1997).  

PR =!(z) = (2! )"1/2 exp("u2 / 2)du
"#

z
$     Equation 1a 

z = (x !m) " g                                        Equation 1b 

where PR represents the percentage perceived as taller than the reference object, ϕ is 

the normal probability integral, π is a mathematical constant ( ≈ 3.1416), exp is the 

exponential function (i.e., Euler’s number ≈ 2.7183), constants m and g define the 

midpoint of the function and the slope at the midpoint, x is the presented comparison 

object size.  

The cumulative Gaussian function is often used to determine the distribution of 

multivariate random variables. Therefore, the function was more appropriate for this 

study compared to other functions with presumptions in the data distribution, such as 

Boltzmann and Hill. In addition, this fitting with bootstrap procedure was chosen because 

of its good accuracy in study paradigms with small number of trials (Foster & Bischof, 

1991; Foster & Bischof, 1997). 

The discrimination threshold at the 75% perceived as taller was calculated based on 

the fitted function. For each task, a corresponding uncertainty area (UA), defined as the 

area between 25% and 75% perceived as taller, was computed. The standard deviation 

and 95% confidence interval (CI) of the threshold was estimated by a bootstrap procedure 

with 1,000 iterations (see Foster & Bischof, 1997 for more details).  

Two non-parametric tests were used in examining the difference in the levels of 

perceptual acuity. A repeated measures binary logistic regression with object size as a 

covariate was performed to examine the difference in correct responses across all 

conditions. A two-factor (presentation mode vs. presentation order) repeated measures 
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binary logistic regression was adopted to test the difference in correct responses in the 

multimodal conditions including (V-H)C, (H-V)C, (V-H)B and (H-V)B. Furthermore, 

percentages of correct responses were calculated for each object size and pooled across 

all participants for each condition. 

For the MRI data analysis, the imaging data were preprocessed and analyzed using 

BrainVoyager QX 2.3 software (Brain Innovation, Maastricht, The Netherlands) with 

both individual and group analyses. Functional raw data from each participant were 

submitted to the BrainVoyager QX to correct for head motion artifacts, differences in 

slice scan-time acquisition and to remove temporal linear trends. Next, the 3D functional 

volumes of each participant were co-registered with the corresponding 3D anatomical 

volumes, and both were spatially transformed to standard Talairach space (Talairach & 

Tournoux, 1988) by determining locations of eight reference points (anterior commissure, 

posterior commissure, most superior point, most inferior point, leftmost point, rightmost 

point, most anterior and most posterior points).  

Following the preprocessing procedure, the change in BOLD signal intensity was 

analyzed separately for each participant using a general linear model (GLM) with twelve 

predictors. Six predictors are the task conditions, visual-visual [V-V], haptic-haptic [H-

H], visual-haptic-crossmodal [(V-H)C], haptic-visual-crossmodal [(H-V)C], visual-haptic-

bimodal [(V-H)B] and haptic-visual-bimodal [(H-V)B]. Three predictors account for 

translational movements of the head in sagittal, coronal, and transverse planes, and the 

remaining three predictors account for rotational movements in the same three planes. 

These last six predictors were first z-transformed then entered as covariates in the GLM; 

serving to exclude the effect of any movement artifact in the variability of BOLD signal 

accounted for by the first six predictors.   

Statistical contrasts comparing the BOLD signal within each voxel were computed. 

The contrasts were calculated to characterize the multisensory integration response by 

using an equation from Calvert & Thesen, (2004).  

Integration = (M1M2 )! (M1 +M2 )     Equation 2 
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This multimodal integration would be set as both modalities (M1M2) minus the 

summation of the two isolated modalities (M1 & M2) showing that integration cannot be 

determined by simply summing unimodal inputs but rather the activity level must exceed 

that of the summed unimodal inputs. For these contrasts, individual activation maps 

highlighting those voxels with significantly (p<0.01, uncorrected) different BOLD signal 

intensity between the contrast conditions was created. Then a minimum cluster size 

determined by cluster-level statistical threshold estimator was applied to individual maps 

to correct for multiple comparison problems (Forman et al., 1995). The resultant 

individual activation map then was inspected for any artifacts or abnormalities that 

interfered with the subsequent group analysis. The artifacts or outliers were excluded by 

applying a local gray matter mask.   

For group analysis, each individual anatomical brain was first corrected for intensity 

inhomogeneity; then all brains were averaged to create a 3D anatomical template. The 

parameters of the individual GLM model would subsequently be entered into a second 

level of analysis corresponding to a multi-subject, random-effects GLM model for group 

analysis (Penny, Holmes, & Friston, 2007).  The multi-subject GLM model was fit for 

individual voxel of a group averaged 3D anatomical volume. The same statistical 

contrasts identified for the individual GLM would be applied for the multi-subject GLM 

with the identical protocol to create a group activation map. Furthermore, a multi-subject 

two-factor repeated measures ANOVA was performed to test for any stimulus effect in 

the multimodal conditions. The number of active voxels and average signal intensity of 

active voxels was recorded for individual statistical contrast. Anatomical labeling for 

functional brain mapping was accomplished by applying Talairach Daemon (database for 

querying and retrieving data on human brain structures) within a search range of 3 mm 

for the nearest grey matter (Lancaster et al., 1997; Lancaster et al., 2000).   
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Results 

Psychophysical performance 
To measure performance in object size discrimination, the correct response rate and 

discrimination thresholds were calculated for each condition. The percentage of correct 

perceptual judgments for each task is listed in Table 3. The respective values of the DT 

and UA estimates, standard deviations and 95% CIs are listed in Table 4. No overlapping 

in the 95% CIs of estimated 75% and 25% threshold values were found between each 

condition. A post-hoc pairwise analysis of 95% CIs was applied to examine the 

difference of DTs. The 95% CIs of pairwise difference in 75% and 25% DTs are listed in 

Table 5.  

In order to visualize the results, the percentage of comparison objects that were 

perceived as being taller than the reference object (6 cm) and the corresponding fitted 

cumulative Gaussian function curves were plotted in Figure 5 for the unimodal (Fig. 5A) 

and the multimodal (Fig. 5B) conditions. The 75% DTs versus UAs are plotted against 

each other for each condition and presented in Figure 6.  

A binary logistic regression analysis was used to determine the odds of producing a 

correct response between each condition. The differences in correct responses among the 

six conditions failed to reach statistical significance. (χ2 = 5.59, df = 5, p = 0.348), 

indicating comparable levels of size acuity between each condition. A two-factor binary 

logistic regression analysis was used to determine the difference in odds ratio of 

obtaining a correct response between presentation mode and presentation order. No 

significant differences in the odds of producing a correct response due to presentation 

mode (χ2 = 2.38, df = 1, p = 0.123), presentation order (χ2 = 0.001, df = 1, p = 0.981) and 

interaction effect (χ2 = 2.527, df = 3, p = 0.470) were detected among the multimodal 

conditions.  
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Table 3. Mean and standard error of the mean correct response percentage 

  Object size (cm)   

Condition 5.2 5.6 6.4 6.8 Overall 

V-V 100.00±0% 91.67±3.55% 93.75±4.49% 95.83±4.17% 95.31±2.05% 
H-H 100.00±0% 90.42±5.24% 81.25±8.77% 98.33±1.67% 92.50±3.60% 

(V-H)C 97.92±2.08% 75.00±9.73% 85.42±6.50% 95.83±2.81% 88.54±2.96% 
(V-H)B 89.58±6.50% 77.08±7.19% 77.08±7.19% 93.75±4.49% 84.38±2.93% 
(H-V)C 100.00±0% 85.42±4.82% 73.33±9.48% 93.75±6.25% 88.13±3.41% 
(H-V)B 93.75±3.26% 79.17±7.43% 85.42±7.19% 97.92±2.08% 89.06±2.05% 

Order      
V-H 93.75±16.89% 76.04±29.00% 81.25±23.60% 94.79±12.72% 86.46±2.08% 
H-V 96.88±8.45% 82.29±21.47% 79.38±29.17% 95.83±15.93% 88.59±1.95% 

Multimodal 95.31±1.92% 79.17±3.67% 80.31±3.79% 95.31±2.06% 87.53±1.42% 
Note: V-V stands for visual-visual, H-H for haptic-haptic, (V-H)C for visual-haptic crossmodal, (H-V)C for 

haptic-visual crossmodal, (V-H)B for visual-haptic bimodal and (H-V)B for haptic-visual bimodal, V-H for 

average responses of (V-H)C and (V-H)B, H-V for average responses of (H-V)C and (H-V)B, Multimodal for 

average responses of (V-H)C, (V-H)B, (H-V)C and (H-V)B. 

Table 4. Estimate value, standard deviation and 95% confidence interval of discrimination threshold 

 75% DT (cm) 25% DT (cm)  

Condition Estimate 95% CI Estimate 95% CI UA (cm) 

V-V 6.25±0.06 [6.13, 6.35] 5.81±0.06 [5.70, 5.94] 0.44 
H-H 6.27±0.06 [6.15, 6.38] 5.82±0.06 [5.71, 5.95] 0.46 

(V-H)C 6.26±0.06 [6.12, 6.37] 5.65±0.06 [5.53, 5.78] 0.60 
(V-H)B 6.34±0.07 [6.18, 6.48] 5.56±0.08 [5.43, 5.72] 0.78 
(H-V)C 6.41±0.06 [6.28, 6.53] 5.83±0.07 [5.70, 5.96] 0.59 
(H-V)B 6.23±0.06 [6.09, 6.34] 5.63±0.06 [5.51, 5.75] 0.60 

Note: V-V stands for visual-visual, H-H for haptic-haptic, (V-H)C for visual-haptic crossmodal, (H-V)C for 

haptic-visual crossmodal, (V-H)B for visual-haptic bimodal and (H-V)B for haptic-visual bimodal.  
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Table 5. Pairwise condition comparison of 95% confidence intervals in DTs 

  75% DT  

Condition H-H (V-H)C (V-H)B (H-V)C (H-V)B 

V-V [-0.14, 0.19] [-0.17, 0.18] [-0.10, 0.29] [0, 0.34] [-0.19, 0.16] 
H-H — [-0.19, 0.17] [-0.12, 0.28] [-0.03, 0.33] [-0.21, 0.14] 

(V-H)C  — [-0.12, 0.28] [-0.22, 0.34] [-0.21, 0.15] 
(V-H)B   — [-0.14, 0.19] [-0.31, 0.09] 
(H-V)C    — [-0.36, 0] 
(H-V)B     — 

  25% DT  
V-V [-0.17, 0.18] [-0.34, 0.01] [-0.44, 0.05] [-0.17, 0.18] [-0.37, 0.01] 
H-H — [-0.19, 0.17] [-0.43, 0.05] [-0.16, 0.18] [-0.37, 0.02] 

(V-H)C  — [-0.29, 0.11] [-0.29, 0.11] [-0.22, 0.14] 
(V-H)B   — [-0.05, 0.45] [-0.14, 0.24] 
(H-V)C    — [-0.38, 0] 
(H-V)B     — 

Note: V-V stands for visual-visual, H-H for haptic-haptic, (V-H)C for visual-haptic crossmodal, (H-V)C for 

haptic-visual crossmodal, (V-H)B for visual-haptic bimodal and (H-V)B for haptic-visual bimodal, V-H for 

average responses of (V-H)C and (V-H)B, H-V for average responses of (H-V)C and (H-V)B, Multimodal for 

average responses of (V-H)C, (V-H)B, (H-V)C and (H-V)B. 



 

 17 

Figure 5. Psychometric curvature functions and discrimination thresholds. The fitted functions show the 

relationship between the comparison object size and the percentage perceived as taller (than the 6cm 

reference object). The horizontal dotted line indicates 75% perceived as taller and the respective vertical 

lines indicate the discrimination threshold that corresponds to the 75% perceived as taller level. A) DT for 

the unimodal visual and haptic conditions. B) DT for the multimodal conditions. 

A 

B 
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Figure 6. 75% discrimination thresholds for perceived as taller versus area of uncertainty. The horizontal 

axis represents the 75% DT perceived as taller; the vertical axis represents the area of uncertainty.   

Cortical activations 
Collapsing over presentation modes used in multimodal conditions: Bimodal [(V-H)B and 

(H-V)B] and crossmodal [(V-H)C and (H-V)C] conditions were evaluated separately to 

determine whether different group activation patterns existed between the two 

presentations modes. The effect of presentation was then examined by applying a two 

factor repeated measures ANOVA, one factor being presentation mode 

(bimodal/crossmodal) and the other factor being stimulus order (V-H/H-V). No 

statistically significant activation on presentation mode (F = 0.842, df = 1, p = 0.378) or 

interaction between presentation mode and order was found across the whole brain (F = 

0.082, df = 1, p = 0.779). Thus, the bimodal and the crossmodal conditions were 

collapsed and referred as the multimodal conditions in subsequent analyses. 
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Unimodal conditions: Regions demonstrating significant maximal change of BOLD, 

compared to resting, in the unimodal tasks are listed in Table 6. The right precentral 

gyrus, the right middle temporal gyrus, and the bilateral inferior parietal lobules (IPL) 

were found to be activated in both V-V and H-H conditions. Significant brain activations 

determined by V-V minus H-H are summarized in Table 7.  

Table 6. Location of volume and intensity activation during unimodal conditions compared with the rest 

condition.  

 

Structure 

Volume Activation 

(Number of Voxels) 

Intensity Activation  

(t-value*) 

Coordinate (mm) 

x y z 

V-V      

Superior Frontal Gyrus (R) 807 4.146 2 16 51 
Precentral Gyrus (R) 2402 3.762 44 1 24 
Middle Temporal Gyrus (R) 789 3.746 56 -32 -6 
Middle Frontal Gyrus (R) 1335 3.663 37 31 21 
Middle Frontal Gyrus (L) 572 3.450 -52 4 39 
Inferior Parietal Lobule (R) 7554 4.106 35 -38 42 
Inferior Parietal Lobule (L) 5143 4.040 -37 -50 39 
Fusiform Gyrus (R) 1854 3.765 47 -59 -9 
      

H-H      

Middle Frontal Gyrus (R) 2920 3.571 35 29 32 
Precentral Gyrus (L) 1696 3.649 -31 -17 57 
Middle Temporal Gyrus (R) 1155 3.697 53 -32 -3 
Medial Frontal Gyrus (L) 1302 3.670 -10 -11 48 
Insula (R) 1542 3.650 32 16 12 
Insula (L) 1800 3.754 -37 -5 15 
Inferior Parietal Lobule (R) 7123 3.835 50 -38 45 
Inferior Parietal Lobule (L) 7315 3.741 -37 -38 45 
     

Note: Stereotaxic coordinates corresponding to the atlas of Talairach & Tournoux (1988), V-V stands for 

visual-visual, H-H for haptic-haptic, R for right and L for left. 
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Table 7. Location of volume and intensity activation during the visual unimodal condition in comparison to 

the haptic unimodal condition 

 

Structure 

Volume Activation 

(Number of Voxels) 

Intensity Activation  

(t-value*) 

Coordinate (mm) 

x y z 

V-V       

Precuneus (R) 340 3.762 14 -74 45 
Middle Occipital Gyrus (L) 2063 3.746 32 -87 5 
Inferior Occipital Gyrus (L) 1034 3.663 -40 -83 -6 
Cuneus (R) 434 3.450 11 -86 36 
      
H-H      

Superior Parietal Lobule (L) 729 -3.626 -34 -47 51 
Superior Frontal Gyrus (R) 263 -3.815 17 -14 60 
Superior Frontal Gyrus (L) 445 -3.612 -13 -11 63 
Postcentral Gyrus (L) 569 -3.581 14 -74 45 
Medial Frontal Gyrus (L) 411 -3.494 -31 28 36 
Insula (R) 665 -3.515 -11 -11 48 
Insula (L) 663 -3.612 47 -32 24 
     

Note: Stereotaxic coordinates corresponding to the atlas of Talairach & Tournoux (1988), V-V stands for 

visual-visual, H-H for haptic-haptic, R for right and L for left.  

Multimodal condition: Regions of significantly activated voxels in multimodal tasks, 

compared to resting, are listed in Table 8. Significant brain activations showing the order 

effect of presenting visual stimuli first are summarized in Table 9. No significant 

activation was observed when presenting haptic stimuli first compared with presenting 

visual stimuli first within the multimodal conditions. 

Table 8. Location of volume and intensity activation during the multimodal condition in comparison to the 

rest condition 

 

Structure 

Volume Activation 

(Number of Voxels) 

Intensity Activation  

(t-value*) 

Coordinate (mm) 

x y z 

Inferior Parietal Lobule (L) 5580 3.768 -41 -41 40 
Precentral Gyrus (R) 2682 3.755 44 7 39 
Postcentral Gyrus (R) 2150 3.971 50 -23 42 
Middle Temporal Gyrus (R) 1254 3.612 53 -26 -6 
Middle Frontal Gyrus (R) 836 3.595 38 46 12 
Medial Frontal Gyrus (R) 1425 3.802 5 19 45 

Note: Stereotaxic coordinates corresponding to the atlas of Talairach & Tournoux (1988), V-V stands for 

visual-visual, H-H for haptic-haptic, R for right and L for left. 
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Table 9. Location of volume and intensity activation in presentation order effect during the multimodal 

condition 

 

Structure 

Volume Activation 

(Number of Voxels) 

Intensity Activation  

(t-value*) 

Coordinate (mm) 

x y z 

Visual presented 1st      

Medial Frontal Gyrus (L) 392 3.467 -3 -11 48 
Precentral Gyrus (L) 519 3.925 -25 -20 57 
Postcentral Gyrus (L) 508 3.696 -33 -30 49 
     

Note: Stereotaxic coordinates corresponding to the atlas of Talairach & Tournoux (1988), V-V stands for 

visual-visual, H-H for haptic-haptic, R for right and L for left.  

Multimodal versus Unimodal conditions: The areas involved in the multimodal and the 

unimodal comparison are shown in Figure 7.  Significant brain activations determined by 

multimodal conditions minus the sum of the V-V and the H-H conditions are summarized 

in Table 10. 

Figure 7. Regions showing superadditive activations in the multimodal conditions. The color scale, yellow 

to red, represents brain regions that demonstrate higher activation in multimodal conditions, while blue to 

green represents brain regions that demonstrate higher activation in unimodal conditions. Lighter gray and 

darker gray color indicates convex and concave curvature respectively.  
 

Left	  hemisphere	   Right	  hemisphere	  
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Table 10. Location of volume and intensity activation during the multimodal condition minus sum of the 

V-V and the H-H condition 

 

Structure 

Volume Activation 

(Number of Voxels) 

Intensity Activation  

(t-value*) 

Coordinate (mm) 

x y z 

Multimodal      

Middle Frontal Gyrus (R) 324 3.455 50 7 36 
Medial Frontal Gyrus (R) 310 3.648 5 4 48 
Inferior Parietal Lobule (R) 4098 3.695 35 -56 39 
Inferior Parietal Lobule (L) 585 3.495 -43 -41 39 
      
V-V+H-H      

Superior Temporal Gyrus (L) 506 -3.542 -37 19 -24 
Parahippocampal Gyrus (R) 2004 -3.746 20 -35 -8 
Parahippocampal Gyrus (L) 1756 -3.879 -25 -20 -16 
Middle Temporal Gyrus (L) 339 -3.743 -58 -11 -6 
Cuneus (L) 340 -3.558 -22 -83 15 
Cingulate Gyrus (L)  2811 -3.722 -1 -17 39 
Anterior Cingulate (R) 1862 -3.800 5 28 6 
Posterior Cingulate (R) 1482 -3.633 9 -53 15 
     

Note: Stereotaxic coordinates corresponding to the atlas of Talairach & Tournoux (1988), V-V stands for 

visual-visual, H-H for haptic-haptic, R for right and L for left.  

Frontal cortex. Six different condition-related activation foci were found in the frontal 

cortex. The right middle frontal gyrus was activated in the V-V, the H-H, the multimodal 

tasks and multimodal minus (the additive) unimodal groups (V-V+H-H) comparison. The 

right medial frontal gyrus showed increases in regional cerebral blood flow during the 

multimodal and the multimodal minus the additive unimodal groups but not during the 

unimodal conditions separately, while the left medial frontal gyrus was active in the V-H 

order comparison. The left medial frontal gyrus was specifically activated during the H-H 

task. The right superior frontal gyrus was activated during the V-V task. The left primary 

motor area (MI) was significantly activated during the H-H and V-H order comparison, 

whereas the right MI demonstrated increase activation during both the unimodal and the 

multimodal conditions.      

Parietal cortex. Six different condition-related regions were found in the parietal cortex. 

The bilateral IPLs displayed a significant increase in cerebral blood flow during both the 

unimodal conditions and the multimodal minus the additive unimodal groups. However, 

only the left IPL was activated in the multimodal conditions. In addition, the right 
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primary somatosensory area (SI) was significantly activated in the multimodal 

conditions. The superior parietal lobule and SI in the left hemisphere were found to be 

activated in the H-H minus V-V comparison and the right precuneus was activated in the 

V-V minus H-H comparison.  

Temporal cortex. An area in the right middle temporal gyrus demonstrated a significant 

activation in both the unimodal and the multimodal conditions whereas the left middle 

temporal gyrus was activated only in the additive unimodal groups (V-V+H-H) minus 

multimodal comparison. Other regions such as the left superior temporal gyrus, the 

bilateral parahippocampal gyri, and the left middle temporal gyrus were activated in the 

additive unimodal groups minus multimodal comparison as well. The right fusiform 

gyrus was specifically found activated in the V-V task.  

Occipital cortex. Three condition-related activation foci in the occipital cortex were 

specifically found during the V-V minus the H-H comparison, including the right cuneus, 

the left middle occipital gyrus, and the left inferior occipital gyrus. 

Limbic cortex. Four activated regions were observed in the limbic cortex. The bilateral 

insula were significantly activated in the H-H condition and the bilateral cingulate 

cortices were activated in the additive unimodal groups minus multimodal comparison. 
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Discussion 

To our knowledge, this is the first neuroimaging study that directly compared 

unimodal and multimodal visuo-haptic cues with the intention of characterizing cortical 

areas of multisensory integration based on psychophysical data obtained during brain 

imaging. With respect to my first hypothesis, no significant effect of unimodal size 

perception (visual vs. haptic) was found for both measures of acuity. With respect to the 

second hypothesis, no effect on the order of presenting visual and haptic cues was found 

for the multimodal conditions. However, the functional brain imaging data demonstrated 

1) vision-related area was more activated in the unimodal visual condition (e.g., cuneus 

and middle/inferior occipital cortices) and haptics-related area (e.g., SMA and SI) was 

more activated in the unimodal haptic condition and 2) when visual cues were presented 

first in multimodal conditions, three additional cortical regions (e.g., SMA, MI and SI) 

were more involved compared to when haptic cues were presented first. With respect to 

the third hypothesis, three regions including middle frontal gyrus, medial frontal gyrus 

and IPL showed superadditive activations in multimodal conditions, suggesting signal 

integration.      

In this study, visuo-haptic size perception processing was characterized by obtaining 

object size acuity and activated neocortical regions associated with unimodal and 

bimodal visuo-haptic sensory cues. Cortical regions with superadditive BOLD signal 

responses were interpreted as multisensory integration areas for visuo-haptic size 

perception. The main finding of this study is that the right middle frontal gyrus (DLPFC), 

the right medial frontal gyrus and the bilateral IPLs (include IPS) were involved in the 

convergence and integration of visual and haptic size cues. This finding confirms the 

contribution of the frontal-parietal network in visuo-haptic size perception, largely 

reported in other forms of visuo-haptic integration, i.e., face recognition, object shape and 

texture (Banati et al., 2000; Tal & Amedi, 2009; Gentile et al., 2011). However, 

confirmation for the LOC as an area specific to visuo-haptic integration was not found in 

this study. Furthermore, the left medial frontal gyrus, MI and SI were associated with a 

significant presentation order effect in the multimodal conditions.  
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Object size discrimination performance 
Statistically significant differences were found in neither correct response rates nor 

psychophysical discrimination thresholds. Though a trend shows behavioral performance 

in the unimodal conditions (V-V: 95.31%, H-H: 92.50%) were slightly better than during 

the multimodal conditions (87.53%). The non-significant finding might have been due to 

a ceiling effect, as the performance levels were fairly high. A similar trend in 75% 

perceived as taller DT was observed. The data showed the UAs for multimodal 

conditions were greater than the unimodal conditions (Figure 6.), which indicated 

participants might be more confident about their judgments in unimodal conditions 

compared to multimodal conditions. Despite the non-significant finding of size 

discrimination performance in this study, the results coincide with the observation in our 

previous study in size acuity of unimodal and bimodal visuo-haptic cues (Lu, Aman & 

Konczak, 2009). In accordance with previous behavioral experiment, both findings 

display a smaller 75% DT and a larger UA in bimodal compared to unimodal conditions. 

Another notable point is that, a bias in size judgment was observed with respect to the 

order of presenting visual/haptic cues in bimodal conditions. This could be seen in Figure 

6, which showed participants were more inclined to underestimate the size of the object 

when first presented with visual cues (or overestimate the next object). Conversely, 

participants would overestimate the size of the object when first haptically grasping the 

object (or underestimate the next object). One explanation is that the object size judgment 

is influenced by how the object was first perceived (visually or haptically). An alternative 

explanation for the data may indicate that judgments may be influenced by the distance of 

the object from the eyes or from the body. Nevertheless, this is unlikely the case since the 

egocentric distances for perceiving the objects were different between the two studies. In 

the previous setup, the viewing distance is slightly shorter than the grasping distance 

whereas the egocentric distances for visual cues were larger than that of haptic cues in the 

current setup. Yet, this bias failed to appear in the crossmodal conditions. The 

incongruent results may be attributed to an insufficient number of trials in order to reveal 

the differences, or a different underlying mechanism in the crossmodal condition. 

However, it has been reported that tasks involving visuo-tactile integration is more 
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challenging than tactile-visual in human (Juurmaa & Lehtinen-Railo, 1988; Kawashima 

et al., 2002; Reed et al., 2004; Buelte et al., 2008). Consequently, in an ideal scenario, DT 

and UA should increase in visuo-haptic compared to haptic-visual crossmodal 

performance in size discrimination tasks. The data failing to show this trend could be due 

to a lack of insufficient number of trials. This practical concern was owing to the limited 

time and funds to operate the 3T MRI scanner.    

In addition, it has been considered that more accurate size estimation could be 

achieved with both visual and haptic cues than unimodal cues alone. However, the 

elevated performance in judgments only occurs with high spatial proximity between two 

objects, i.e., small distance between the objects (Gepshtein, Burge, Ernst & Banks, 2005). 

Therefore, the performance in size judgment seen here may be a consequence of larger 

inter-object distance.  

Neocortical activation patterns 
Frontal cortex. The right DLPFC (Brodmann area 9, BA 9) was activated in all 

conditions. Although the location of the peak activation differed slightly, the activated 

areas overlapped among these conditions. Therefore, it might be reasonable that this 

activation was associated with generic object size discrimination processing, where the 

object representation was stored for comparison with the next stimulus. In contrast to 

other multimodal areas of the frontal cortex, the DLPFC receives projections from 

higher-order sensory association areas, such as visual, auditory and sensory association 

areas (Nolte, 2008). The DLPFC is associated with higher cognitive functions, such as 

memory-guided movement (Ding, Powell & Jiang, 2009), spatial working memory 

(Kawashima et al., 2002; Mars & Grol, 2007) and executive/planning functions (Banati et 

al., 2000; Nakashita et al., 2008) all of which would be critical in making size judgments. 

The right DLPFC may be dominant in discriminating successively-presented sensory 

stimuli (Kawashima et al., 2002), which puts extra demands on working memory load. 

However; in this study, not all sensory stimuli were presented sequentially and hence the 

contribution of working memory was likely to be small. In addition, previous research 

(Nakashita et al., 2008) showed participation of the DLPFC when discriminating 
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simultaneous visual-tactile stimuli. Thus, successive presentation alone cannot account 

for the DLPFC activation.  

Rather I contend that the superadditive activation of the right DLPFC found in this 

study may indicate that it plays an important role for integrating visuo-haptic cues. A 

superadditive activation in the right medial frontal gyrus was also reported, which may 

imply the region participates in visuo-haptic integration processing. In addition, the right 

medial frontal gyrus was activated in all conditions. This activation is considered to be 

related to uncertain decision making (Ridderinkhof, Ullsperger, Crone, & Nieuwenhuis, 

2004). In this study participants were forced to make size judgments like in the present 

experiment. The behavioral data showed no significant differences in correct response 

rate among all conditions, hinting that the level of decision uncertainty in each condition 

might be equivalent. Therefore, it is plausible to assume that this region participates in 

generic object discrimination processing.  

The left medial frontal gyrus was activated during the unimodal haptic condition and 

the multimodal condition with visuo-haptic order. This region could be associated with 

the repeated active grasping in the right hand, which requires additional participation of 

the supplementary motor area (SMA, BA6). Consistent findings in previous 

neuroimaging studies indicate the involvement of SMA in motor planning or executing 

internally generated movements (Tanji, 1994; Clower & Alexander, 1998; Indovina & 

Sanes, 2001; Nair, Purcott, Fuchs, Steinberg, & Kelso, 2003; Szameitat, Shen, Conforto, 

& Sterr, 2012) and processing haptic information (Reed, Shoham, & Halgren, 2004; 

Klingner et al., 2011). Besides, the posterior portion of the bilateral superior frontal gyri 

(SMA) was significantly activated when comparing the unimodal haptic condition against 

the visual condition. The additional activation in the right SMA may be due to the inter-

hemispheric facilitation in bimanual movements. During the haptic only condition, 

participants grasped two sets of haptic objects with one hand followed by responding 

with the other. This SMA involvement has been confirmed in both monkeys and human 

only when performing bimanual movements (Kazennikov et al., 1999; Jäncke, Peters, 

Himmelbach, Nosselt, Shah, & Steinmetz, 2000; Obhi, Haggard, Taylor, & Pascual-

Leone, 2002).  
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The anterior portion of the right superior frontal gyrus (BA 8) was specifically 

activated during the unimodal visual condition. This activation may be due to that 

participants employ visual object location as supplementary information in order to make 

precise size judgments. Similar activity in this area was reported to be related to visual 

object spatial information (Belger, Puce, Krystal, & Gore, 1998). Another explanation for 

this activation in BA 8 would be correlated with the control of eye movements (Corbetta 

et al., 1998).  

The left MI was shown to be activated in the unimodal haptic condition and the 

multimodal condition with visuo-haptic order. Apart from the activation due to the right 

hand actively palpating during the haptic only condition, it is interesting to see more MI 

contribution in the visuo-haptic order compared to the haptic-visual order. Although the 

mechanism of MI participation in the visuo-haptic order remains unclear, a possible 

interpretation could be that prior visual information modulates the following haptic 

perception as well as the MI activities. Previous studies have demonstrated that haptic 

spatial perception could be altered with non-informative visual information (Newport, 

Rabb, & Jackson, 2002; Volcic, Rheede, Postma, & Kappers, 2008) and MI excitability 

could be enhanced by visual observation of movements (Gangitano, Mottaghy, & 

Pascual-Leone, 2001; Aziz-Zadeh, Maeda, Zaidel, Mazziotta, & Iacoboni, 2002). The 

right MI activities during the unimodal and the multimodal conditions may simply reflect 

the left hand button-pressing movements.   

Parietal cortex. Both IPLs were activated in the unimodal conditions, however; the 

unimodal condition comparison simply reflected visual pathway activations (i.e., the 

occipital lobe) in the unimodal visual condition and activations of somatosensory 

processing (i.e., BA 6 and BA 13) in the unimodal haptic condition. This comparison 

indicates the neuronal activities in both IPLs for both unimodal conditions are 

comparable. The IPLs (BA 40) are well considered as multimodal areas serving higher-

order multisensory processing (Nolte, 2008). For instance, somatosensory discrimination 

of object size has been associated with activities in the inferior part of the parietal lobe in 

human, including the postcentral sulcus, the supramarginal gyrus and angular gyrus and 

the parietal operculum (Ledberg, O'Sullivan, Kinomura, & Roland, 1995; Kawashima et 
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al., 2002). Other groups argue tactile and visual object size discrimination is associated 

respectively with the supramarginal gyrus and the angular gyrus (Sadato, Yonekura, 

Waki, Yamada, & Ishii, 1997; Faillenot, Decety, & Jeannerod, 1999; Banati et al., 2000; 

Kawashima et al., 2002; Gentile et al., 2011). Along with previous research, the 

involvement of both IPLs in unimodal conditions implies the IPL is essential in 

processing object characteristics with respective unimodal sensory cues. Nonetheless, the 

superadditive activities of bilateral IPLs were observed in the multimodal conditions. 

This superadditive activation indicates the IPLs not only function as a multisensory area 

but also a multisensory integration area for integrating visual and haptic size 

information. 

In addition, the right SI was significantly activated in the multimodal conditions. 

The activation may reflect the contribution of somatosensory regions in processing object 

representation. In humans, damage in SI, SII or IPL, are coupled with deficits in object 

recognition and may develop contralateral neglect in visual or haptic perception (Nolte, 

2008).   

Temporal and Limbic cortices. Although no superadditive activities were observed in 

temporal and limbic cortices, several memory-related structures were activated in both 

unimodal and multimodal conditions, i.e., the middle temporal gyrus and the 

parahippocampal gyrus. Participants were requested to make size judgments of two 

successively presented stimuli in most conditions [V-V, H-H, (V-H)C and (H-V)C], thus, 

working memory was essential to accomplish the task. An alternative explanation could 

be the activation in the middle temporal gyrus was associated with somatosensory 

discrimination tasks for object shape recognition (Ledberg et al., 1995).  

In the limbic cortex, the bilateral insula were recruited in the unimodal haptic and 

unimodal haptic versus visual contrast. The insular activation may be attributed to 

somatosensory discriminating processes during the unimodal haptic condition. This 

region was proposed to be responsible for the somatosensory processing in recognition 

and perception (Dijkerman & de Haan, 2007). Other neuroimaging studies also observed 

an insular activation in somatosensory discrimination tasks, including recognition of real 

object, and tactile motion stimuli (Reed et al., 2004; Nakashita et al., 2008). In addition, 
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another group found that a negative and delayed onset BOLD signal change in the 

ipsilateral insula was correlated with electrical median nerve stimulation (Klingner et al., 

2011). Despite that the insula was confirmed to be engaged in visuo-tactile object and 

face recognition tasks (Banati et al., 2000; Tal & Amedi, 2009; Gentile et al., 2011), 

taking these results together, somatosensory processing may involve the insula. From a 

neuroanatomical perspective, the insula bridges reciprocal projections from the thalamus 

and SII, which is predominantly involved in taste and touch, yet, linkages to the occipital 

lobe have also been identified (Nolte, 2008). Therefore, it is likely to see an insular 

activation in bimodal visuo-haptic tasks. One possible interpretation might be that the 

insula plays a minor role in processing bimodal visuo-haptic information as well as a 

major role in somatosensory processing. Another possible explanation may be the 

different neuroimaging paradigms (e.g., PET, fMRI) and task characteristics used in 

previous research.    

The bilateral cingulate cortices (BA 23, 24, 32) showed significant activation when 

the two summed unimodal conditions were contrasted against the multimodal conditions, 

indicating a subadditive response occurred during the multimodal conditions. The 

anterior cingulate cortex was observed with a positive regional blood flow change in 

processing visuo-tactile sensory information and working memory (Belger et al., 1998; 

Banati et al., 2000). However, other researchers also found reduced activities in the 

bilateral anterior cingulate cortices with either incongruent audio-visual speech 

information or somatosensory information (Calvert, Campbell, & Brammer, 2000; 

Klingner et al., 2011). Which is understandable since it seems the anterior cingulate 

cortex is frequently observed to be involved in studies with challenging tasks and high 

attention load (Bush, Luu, & Posner, 2000; Duncan & Owen, 2000). A possible 

interpretation is that the detection of such a subadditive response may reflect attempts to 

shift attention to one or another modality when the two are mutually interfering (Calvert 

et al., 2000). The role of the posterior cingulate cortex is still ambiguous, yet appears to 

be involved in autobiographical memory retrieval. This region is also consistently 

activated during retrieval of standardized memory stimuli when experimental designs 

emphasizing successful retrieval are engaged (Maddock, Garrett, & Buonocore, 2001). 
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The posterior cingulate cortex has strong reciprocal connections with entorhinal and 

parahippocampal cortices (Nolte, 2008). Since the intramodal size comparison (objects 

compared when presented successively) demands more memory effort than the bimodal 

conditions (objects compared when presented simultaneously), the posterior cingulate 

cortex would likely increase in activation in the unimodal (intramodal) conditions. The 

current finding corroborates with a previous study, which reported bilateral activation in 

cingulate cortices in object shape discrimination with unimodal visual information 

(Hadjikhani & Roland, 1998). In addition, the subadditive activations in cingulate 

cortices were confirmed using a visuo-haptic object shape discrimination task. Kim & 

James, (2009) discovered the salience of object shape would affect the neuronal response. 

At high salience, the visuo-haptic bimodal stimulus induced superadditive responses 

(V+H < V-H), and at low salience, it was subadditive (V+H > V-H) in the LOC and IPL. 

On the other hand, this salience may simply characterize the task difficulty, where low 

salience is equivalent to high task difficulty and vice versa. In the current study, though 

non-significant, the correct response rates in multimodal conditions were slightly lower 

than the two unimodal tasks. The subadditive cingulate cortical activities might be 

interpreted as a result of high difficulty, i.e., low salience with respect to object size. 

However, further studies are needed to determine the involvement of the cingulate cortex 

by manipulating memory recall and task difficulty in visuo-haptic integration processes.  

In summary, converging evidence suggests the fronto-parietal network is crucial to 

visuo-haptic integration in various object properties, i.e., shape, texture, size, and motion 

direction (Hadjikhani & Roland, 1998; Banati et al., 2000; Nakashita et al., 2008; Kim & 

James, 2009; Tal & Amedi, 2009; Gentile et al., 2011). Nevertheless, distinctive 

neuroanatomical correlates inside the network were documented in the visuo-haptic 

integration process. As discussed earlier, this may be the methodological difference in 

research task designs and neuroimaging protocols accounting for the inconsistencies of 

the findings. Nevertheless, it is noteworthy to confirm visuo-haptic object size 

discrimination involves the dorsal lateral premotor area, the inferior parietal cortices and 

the supplementary motor area, regions assumed as sites of convergence and integration of 
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visual and haptic object information. This study complements the current understanding 

of multisensory integration processing by adding results during a size perception task.  

Lack of multimodal activation in the LOC  
A structure implicated in visuo-haptic object recognition of humans is the LOC 

(Amedi et al., 2002; Kim & James, 2009; Tal & Amedi, 2009; Naumer et al., 2010). In 

this study, no significant BOLD signal change was found in the LOC. Instead, only 

contiguous visual associated areas (BA 18 &19) were activated in the occipital lobe when 

contrasting between unimodal visual and unimodal haptic trials. In fact, results of this 

study showing a lack of activation in the LOC is in line with other neuroimaging studies, 

which failed to find the evidence for the involvement of the LOC in visuo-haptic 

comparison. These inconsistent findings may simply implicate the variability in 

experimental paradigms. For instance, the involvement of the LOC was primarily found 

in object recognition tasks, e.g., shape, texture and face (Amedi et al., 2002; Kim & 

James, 2009; Tal & Amedi, 2009). In contrast, other brain imaging research that 

employed stimulus detection (Gentile et al., 2011), object size (Hadjikhani & Roland, 

1998) and motion discrimination tasks (Nakashita et al., 2008) did not report activations 

in the LOC. Consequently, the LOC appears to be specifically involved in object 

recognition rather than generic visuo-haptic integration (See Amedi, Kriegstein, & 

Atteveldt, 2005 for a detailed review). 

Crossmodal comparison with reverse temporal orders  
It has been demonstrated that tasks involved visuo-tactile integration is significantly 

more difficult than tactile-visual in healthy participants (Juurmaa & Lehtinen-Railo, 

1988; Kawashima et al., 2002; Reed et al., 2004; Buelte et al., 2008). Unfortunately, a 

reduction in correct response rate when comparing visuo-haptic to haptic-visual order 

was found to be non-significant in this study. However, neuroimaging results showed 

regions (BA 3, 4 and 6) located in the left-side fronto-parietal network were more 

activated in visuo-haptic than haptic-visual presentation order. Though Grefkes, Weiss, 

Zilles, & Fink, (2002) found no significant order effect in visuo-tactile sequential 

shape/size matching performances as well as cortical activation patterns, their finding 
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may be a result of a less sensitive 1.5T fMRI setup.  

Nevertheless, an earlier study by McNally, Ettlinger, & Smith, (1982) found 

significant deficits when patients with parietal lesions performed a crossmodal transfer in 

the direction of vision to touch but not in the other direction. In a more recent study by 

Buelte et al., (2008), they introduced a virtual lesion using non-invasive brain stimulation 

in the left anterior intraparietal cortex (AIP) and examined the visuo-tactile crossmodal 

matching performance in two presentation orders (visuo-tactile versus tactile-visual). 

Participants demonstrated a deteriorated performance in the visuo-tactile order but not the 

opposite, with a transient lesion in the left AIP (Buelte et al., 2008). Another study in 

visuo-auditory working memory retrieval indicated the temporal order of stimulus 

presentation was sensitive to the recruitment of the left BA 6 (D. Zhang, Zhang, Sun, Li, 

& Wang, 2004). Thus, it is conceivable that BA 3, 4, 6 and AIP inside the left fronto-

parietal network may be involved in crossmodal sensory matching. However, it remains 

unclear whether these regions are either associated with working memory or crossmodal 

sensory transformation processes. More research is necessary to discern the relative 

contribution of working memory during crossmodal performance. 

Limitations/Confounding factors 
The majority of visuo-haptic convergence studies have investigated sensory 

integration utilizing tasks of matching/discriminating sensory stimuli (Hadjikhani & 

Roland, 1998; Banati et al., 2000; Nakashita et al., 2008; Kim & James, 2009). It has 

been known that matching tasks with required motor responses involve memory (O'Neil, 

Cate, & Köhler, 2009) and attention (Thompson & Duncan, 2009) components. Thus, it 

may be difficult to distinguish the neuroanatomical correlates for multisensory 

convergence from other cognitive functions.  

Furthermore, sequential and simultaneous sensory stimulus presentation appears to 

elicit different neural convergence mechanisms. Studies that either presented visual and 

tactile stimuli sequentially (Hadjikhani & Roland, 1998) or simultaneously in bimodal 

conditions (Banati et al., 2000; Nakashita et al., 2008; Kim & James, 2009) have shown 

diverse findings in neuroanatomical correlates. Yet, I found no significant differences 
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between successive or simultaneous presentation in multimodal conditions. However, in 

this study, the bimodal task was embedded with a sensory entry effect, i.e., one sensory 

cue was presented first followed by both cues. This task design was introduced to control 

for different mental loading, i.e., memory, between unimodal and multimodal conditions.  

More recently, researchers investigated visuo-haptic integration by providing 

congruent or incongruent object information without an explicit task demand (Tal & 

Amedi, 2009; Naumer et al., 2010). This approach may account for confounding factors, 

such as memory and attention, however; this would not fit in the current study. In order to 

investigate the underlying process of visual and haptic size perception, a response is 

necessary to evaluate the performance level of sensory discrimination as well as to ensure 

participants attend to the task. Thus, it appears difficult to argue that my results reflect a 

clean visuo-haptic integration process rather than a multifaceted cognitive decision with 

both size discrimination and visuo-haptic integration components.  

Another methodological consideration in this study, a superadditive approach 

suggested by Calvert & Thesen (2004) was adopted to assess the multimodal sensory 

integration. However, this approach may necessitate further consideration. Gentile et al., 

(2011) argued the superadditive criterion may be too conservative. Meaning, the 

tendency of neurons to respond nonlinearly only for weak, near-threshold stimuli and 

vascular ceiling effects for the BOLD response, which might prevent detection of 

nonlinear interactions (Gentile et al., 2011). However, a more liberal threshold approach 

to correct for multiple comparison problems in MRI data was incorporated in this study 

(see Forman et al., 1995 for detailed discussion). Consequently, a robust superadditive 

activation pattern located in the fronto-parietal network was expected. This analysis may 

compensate the over-conservative criteria in the superadditive approach. Besides, the 

robust neural responses may be attributed to a high cognitive load in object size 

discrimination, while no mandatory response was required in the study by Gentile et al., 

(2011). 

Finally, one may argue the different distances of visual and haptic objects could lead 

to further deficits in size discrimination. However, a pilot testing outside the scanner was 

done with the same set of stimuli. The data demonstrated no difference in correct 
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response rate of size judgments with varying distances of visual objects in comparison to 

a fixed distance of haptic objects. Nevertheless, the superadditive cortical activation 

pattern reflecting the underlying size discrimination process found in this study should 

not be affected regardless of varying viewing/grasping distances.  

Conclusions 
In this fMRI study, the neuroanatomical correlates involved in processing perceived 

visuo-haptic size information were determined with a modified methodology originated 

in psychophysical (Ernst & Banks, 2002) and multisensory neuroimaging approaches 

(Calvert et al., 2000). The results suggest DLPFC, SMA and IPL were associated with 

discriminating bimodal visuo-haptic size cues. This study establishes the importance of 

the frontal-parietal network in integrating visual and haptic size information as well as 

complements the current knowledge of the visuo-haptic sensory integration process in 

humans.  
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