
 

Same Action, Different Meaning: Neural substrates of Semantic Goal 
Representation 

 

Shahar Aberbach, Batel Buaron, Liad Mudrik, Roy Mukamel 

Sagol School of Neuroscience and School of Psychological Sciences, Tel Aviv University, 

Tel-Aviv, Israel, 6997801 
 

*Correspondence to rmukamel@tau.ac.il 

 

Keywords: Voluntary actions, semantic goals, intentions, fMRI 

 

Abbreviated title: Neural substrates of Semantic Goal Representation 

Number of pages: 32 

Number of figures: 4 

Number of Tables: 3 

Number of words – abstract: 226 

Number of words – introduction: 601 

Number of words – discussion: 1,122 

 

Conflict of interest statement: No conflicts declared. 

Acknowledgments: This research was supported by the Israel Science Foundation (grant No. 

2392/19 to R.M) The authors thank lab members for constructive comments and fruitful 

suggestions. 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 18, 2021. ; https://doi.org/10.1101/2021.04.18.440307doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.18.440307
http://creativecommons.org/licenses/by-nc-nd/4.0/


1 
 

ABSTRACT 

Accurate control over everyday goal-directed actions is mediated by sensory-motor 

predictions of intended consequences and their comparison with actual outcomes. 

Such online comparisons of the expected and re-afferent, immediate, sensory feedback 

are conceptualized as internal forward models. Current predictive coding theories 

describing such models typically address the processing of immediate sensory-motor 

goals, yet voluntary actions are also oriented towards long-term conceptual goals and 

intentions, for which the sensory consequence is sometimes absent or cannot be fully 

predicted. Thus, the neural mechanisms underlying actions with distal conceptual goals 

is far from being clear. Specifically, it is still unknown whether sensory-motor circuits 

also encode information regarding the global meaning of the action, detached from the 

immediate, movement-related goal. Therefore, using fMRI and behavioral measures, 

we examined identical actions (either right or left-hand button presses) performed for 

two different semantic intentions ('yes'/'no' response to questions regarding visual 

stimuli). Importantly, actions were devoid of differences in the immediate sensory 

outcome. Our findings revealed voxel patterns differentiating the two semantic goals 

in the frontoparietal cortex and visual pathways including the Lateral-occipital complex, 

in both hemispheres. Behavioral results suggest that the results cannot be explained 

by kinetic differences such as force. To the best of our knowledge, this is the first 

evidence showing that semantic meaning is embedded in the neural representation of 

actions independent of immediate sensory outcome and kinetic differences. 
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Significance statement 

A standing question in neuroscience concerns the nature of neural circuits representing 

conceptual information. Previous studies indicate that regions traditionally associated 

with movement kinematics, also encode symbolic action categories regardless of their 

specific motor scheme. However, it is currently unclear whether these sensory-motor 

circuits also play a role in the representation of the intention, for which an action was 

initiated. Our results demonstrate that an action's intention, such as its semantic goal, 

can be discriminated based on neural activity patterns in motor and sensory regions. 

Moreover, our findings suggest that semantic goals are embedded in sensorimotor 

regions in a hand-dependent manner. 
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Introduction 

In everyday life, humans decide, plan and act according to desired goals that 

span across different time scales and complexities. This remarkable, yet intuitive, trait 

of structuring goal-oriented actions is at the core of numerous human behavioral 

control theories. According to predictive coding theories, a corollary discharge induces 

an embodied simulation of an action’s intended sensory outcome, which is then 

compared with the actual outcome. This is also known as the forward model theory, as 

it models the causal relationship between actions and their consequences for accurate 

movement control  (Wolpert et al., 1995; Miall and Wolpert, 1996; Wolpert and 

Flanagan, 2001; Tian and Poeppel, 2010). In line with this theory, previous findings 

show that during action planning and execution, neural activity in motor regions is 

continuously modified by the relations between expected and actual sensory outcomes 

of one’s movement. fMRI findings have demonstrated that similar actions evoke 

differential neural activity in different regions of the sensory-motor network (including 

the primary motor, premotor, and parietal cortex) depending on the coupled sensory 

consequence (Eisenberg et al., 2011; Gallivan et al., 2011; Krasovsky et al., 2014). For 

example, Krasovsky et al. (2014) show that neural responses evoked by similar 

horizontal hand movements, depend on the coupled movement direction of a cursor. 

Additionally, electroencephalography (EEG) recordings have shown that sensory 

outcomes modulate preparatory motor activity preceding voluntary actions (Reznik et 

al., 2018). 

The forward model theory and corroborating neural evidence have thus far 

mostly focused on immediate sensory-motor goals. For example, generating the 

correct grip for (immediately) grasping a teapot of a specific load force (Wolpert and 
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Flanagan, 2001). However, voluntary actions are performed to accomplish not only 

immediate sensory goals, but also (and perhaps even mostly) distal conceptual goals 

and intentions for which the sensory consequence is sometimes absent or cannot be 

fully predicted. Moreover, depending on context, similar actions evoking similar 

immediate sensory feedback can be performed for different (and sometimes even 

opposite) semantic intentions. For instance, in social interactions, the same actions 

(e.g. hand gesture, eye-contact and verbal output) can have completely different 

intended meanings - such as waiving to either say ‘hello’ or ‘goodbye’.  

The grounded cognition hypothesis addresses the gap between representing 

immediate and distal goals or intentions by suggesting  that central representations in 

cognition are derived from and depend on modal simulations of actions and perception 

of sensory consequences (Gallese and Lakoff, 2005; Barsalou, 2008, Kiefer and 

Pulvermüller, 2012). At the neural level, these simulations are realized as activation 

patterns in sensory-motor circuits that are similar to those triggered during actual 

action and perception. Support for this notion comes from studies attributing a 

cognitive role to motor circuits by showing their involvement in decision making , 

language (Pulvermüller and Fadiga, 2010; Fernandino et al., 2015; Mollo et al., 2016; 

Schaller et al., 2017), action selection (Gallivan et al. 2018) and in the semantic 

representation of objects (Beauchamp and Martin, 2007; Hamilton and Grafton, 2008) 

and actions (de Lange et al., 2008; Gallivan et al., 2011; Wurm et al., 2016). 

Nevertheless, to date, the underlying processes that link the physical attributes of 

actions with their underlying distal intentions are unknown. Therefore, in the current 

study we set to examine how internal representations of the semantic goals of actions 

modulate neural activity patterns and behavioral measures. Specifically, using whole 
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brain fMRI, response time and applied force measurements we examined differences 

between two communicational goals; the intention to respond in affirmation (i.e. 

responding “yes”) or negation (i.e. responding “no”) using identical actions (either right 

or left hand button presses). Importantly, the actions were devoid of a difference in 

immediate sensory outcome.  

 

Material and Methods 

We conducted a behavioral and fMRI study to assess whether movement kinetics and 

neural activity patterns are modulated by semantic goals in the absence of immediate 

action-related sensory outcome. 

Participants 

Twenty-six subjects (4 males, mean age 23.03, range 18-28 years) participated 

in the behavioral study, and thirty-three different subjects participated in the fMRI 

study. Two subjects did not complete the full scanning session due to discomfort in the 

scanner or difficulty in comprehending the experimenter's instructions, leaving data 

from thirty-one participants (16 males, mean age 26.7, range 19-34 years). All 

participants were healthy, right-handed (self-report), had normal or corrected-to-

normal vision, and were naïve to the purposes of the study. The studies conformed to 

the guidelines approved by the ethical committee in Tel-Aviv University and the Helsinki 

Committee of the Sheba Medical Center. All participants provided written informed 

consent to participate and were compensated for their time. 
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Experimental design  

In the behavioral study, we measured the response time delay and applied force 

when subjects pressed a button with the intention to affirm (i.e. responding “yes”) or 

to negate (i.e. responding “no”) a preceding question. In the behavioral study, each trial 

began with the presentation of a question – either 'is it a face?' or 'is it a vase?' for 1s, 

followed by a brief (100ms) presentation of an image. The image was either a silhouette 

of two profile faces or a central vase (akin to the Rubin vase/face illusion). These images 

(adapted from the ones used in Hasson et al. (2001) share low-level features (uniform 

coloring of the object over a striped background), but at short presentations their 

perception is biased to either a face or a vase. The stimuli were presented at the center 

of a 23' monitor, and subtended 3.7° X 4° visual angle. Following image presentation, a 

question mark appeared on the screen, cueing participants to respond 'yes' / 'no' at 

their own pace using either right- or left- hand button-presses according to a 

predetermined mapping described below. Following participants’ response, a fixation 

sign was presented at the center of the screen, for a duration completing a 5 seconds 

Inter Trial Interval (ITI) (see fig.1. for the experimental design). 

The experiment included four experimental runs of 80 trials each. In two runs, 

the right- and left- hand index fingers were mapped to ‘yes’ and ‘no’ responses 

respectively, while the mapping was reversed in the other two runs. Run order was 

counterbalanced across participants. The different images and question types were 

counterbalanced such that, overall, within a particular hand there was no consistent 

difference in sensory input between responses of different semantic meaning. To 

ensure that participants correctly recalled the mapping between hand (right/left) and 

response (‘yes’/’no’), they performed 20 practice trials before each run. 
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The experiments were performed using Psychtoolbox-3 

(www.psychtoolbox.org) on MATLAB 2016b (The MathWorks, Inc., Natick, 

Massachusetts, United States). Applied force was measured using force sensors 

(FlexiForce™ A301, Tekscan Inc., Boston, MA) with a dynamic range up to 4.4N and 

repeatability of constant force measurements of <0.025 N. The sensors were placed 

under two rubber buttons and connected to analog pins on Arduino® mega2560. The 

signal from each sensor was read using MATLAB Support Package for Arduino Hardware 

at a rate of 25Hz. Press onset and offset were detected using a threshold of 0.28N. 

The experimental design of the fMRI study was similar to the behavioral study 

described above, with a few modifications. We used a longer ITI (12s) and a shorter 

time for question presentation (900ms). Subjects were required to respond within a 

time window of 2s in order to maintain time-locking between subsequent stimulus 

presentation (size 1.13°X 1.24°) and scanner acquisition time. No force measures were 

obtained in the scanner. Prior to each run, subjects performed 16 practice trials with 

the corresponding hand mapping. Each experimental run contained 48 trials.  

 

 

 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 18, 2021. ; https://doi.org/10.1101/2021.04.18.440307doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.18.440307
http://creativecommons.org/licenses/by-nc-nd/4.0/


8 
 

fMRI Data Acquisition 

Functional imaging was performed on a Siemens Magnetom Prisma 3T Scanner 

(Siemens Healthcare) with a 64-channel head coil at the Tel-Aviv University Strauss 

Center for Computational Neuroimaging. In all functional scans, an interleaved 

multiband gradient-echo echo-planar pulse sequence was used. Whole-brain coverage 

was provided by acquiring 66 slices for each volume (slice thickness 2 mm; voxel size 2 

mm isotropic; TR= 1000ms; TE=30ms; flip angle = 82◦; field of view = 192mm; 

acceleration factor = 2). For anatomical reference, a whole-brain high-resolution T1-

weighted scan (slice thickness 1mm; voxel size 1mm isotropic; TR= 2530ms; TE= 

2.99ms; flip angle= 7◦; field of view = 224mm) was acquired for each participant. 

 

Statistical Analysis 

Behavioral session 

Differences in delay between cue (appearance of question mark) and 

participants' response (response time; RT), differences in button-press peak force and 

in the force area under the curve (AUC) across conditions were compared using a three-

way repeated measures ANOVA with hand (right/left), response type (‘yes’/’no’) and 

percept (face/vase) as within-subjects variables. Behavioral data were analyzed using 

SPSS Statistics version 27 (IBM). and JASP (JASP Team 2020, Version 0.14.1) was used 

for Bayesian analysis when required.   
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fMRI session 

fMRI data preprocessing and first-level GLM analysis were conducted using the 

FMRIB’s Software Library’s (FSL v5.0.9) fMRI Expert Analysis Tool (FEAT v6.00) (Smith 

et al., 2004). The data from each experimental run underwent the following pre-

processing procedures: brain extraction, slice-time correction, high-pass filtering at 

100s (0.01 Hz), motion-correction to the middle time-point of each run, and 

correction for autocorrelation using pre-whitening (as implemented in FSL). Trials 

with head motion that exceeded 2 mm were excluded from further analysis (max 8 

trials within a subject). All images were registered to the high-resolution anatomical 

data using boundary-based reconstruction and normalized to the Montreal 

Neurological Institute (MNI) template using nonlinear registration. Anatomical regions 

were identified using the Harvard-Oxford cortical structural atlas and the Automated 

Anatomical Labeling (AAL) atlas. 

  

In order to detect differences in spatial patterns of activity across conditions, 

we used a multivariate testing approach (Multi-t) (Gilron et al., 2017) which has been 

shown to have better statistical power relative to decoding methods (Rosenblatt et al., 

2019). We used the Multi-T analysis with a whole-brain searchlight approach, similar to 

the one employed in Krasovsky et al. (2014), to discriminate activation patterns across 

conditions (e.g., yes/no responses within each hand). For each voxel and each trial, we 

calculated activity level as the percent signal change relative to the time course mean. 

To take into account the hemodynamic delay, we used the 5th TR from the button-

press onset. Compatible with the number of trials, we obtained for each voxel 192 

values across all experimental conditions (48 for each combination of hand and 
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semantic goal). The number of trials within conditions varied slightly across participants 

due to response errors in the task (slow responses or using the wrong hand) or 

excessive movement in the scanner. In order to keep the trial number identical across 

conditions, for statistical comparisons within each participant, we randomly sampled N 

trials from conditions with more trials, where N represents the number of trials in the 

condition with least number of trials for that subject.  

For each voxel, defined as a center-voxel we outlined a neighborhood which 

included the center voxel and its 26 closest voxels using Euclidean distance. The activity 

patterns in this neighborhood from all trials were compared across conditions and the 

central-voxel was assigned with a corresponding multivariate-t value. In addition, for 

each participant, we shuffled the data labels according to the relevant test (e.g. 

right/left hand) and repeated the same analysis that was performed on the data using 

the original labels. Overall, for each participant, we obtained a map of real data t-values 

and 400 maps of t-values based on the shuffled data.  

To determine group-level significance, we used the permutation scheme 

suggested by Stelzer et al. (2013). First, we averaged all the real statistical maps across 

subjects to create a group average map. Next, we randomly chose one shuffle map 

from each participant and averaged those shuffled maps across participants to create 

one average shuffled map. We repeated the procedure with shuffled labels 10,000 

times, providing a distribution of shuffled data accuracy maps (representing the null 

hypothesis). Within each voxel we used the distribution of shuffled map t-values to 

compute a corresponding voxel-wise p-value of the t-value obtained in the real map 

(lowest possible p-value 1/10,000). We then submitted these p-values to false 
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discovery rate (FDR) correction (Benjamini and Hochberg, 1995), with q = 0.05, to 

create a binary map of significant voxels. 

 

 

Results 

 

Behavioral study 

All behavioral measures were analyzed using a three-way repeated measures 

ANOVA with hand (right/left), semantic goal (‘yes’/’no’) and percept (face/vase) as 

within-subjects variables. Significant interactions were further probed using post hoc 

pairwise comparisons, and corrected for multiple comparisons using Bonferroni 

correction.    

Main effects were found in response time (RT) for all three levels: hand, 

semantic goal and percept, such that right hand responses were shorter compared to 

the left (0.86±0.03s vs. 0.9±0.03s; F(1,25) = 6.87, p =0 .015), 'yes' RTs were shorter than 

'no' (0.81±0.02s vs. 0.94±0.03s; F(1,25) = 82.45, p < 10-3) and responses to a face 

percept were shorter compared to a vase (0.86±0.02s vs. 0.9±0.03s; (F(1,25) = 21.9, p 

< 10-3). In addition, an interaction was found between hand identity and semantic goal 

(F(1,25) = 9.35, p = .005)  such that within the right hand, ‘yes’ RTs were shorter than 

‘no’ (0.75±.03s vs. 0.97±0.03s;  t(25) = 7.67, p < 10-3 ,Bonferroni corrected), while in the 

left hand, no significant difference was found for semantic goal ('yes' = 0.87±0.03s; 'no' 

=  0.92±0.03s; t(25) = 1.635, p =.115). An additional interaction was found between 

semantic goal and percept (F(1,25) = 7.02; p = .014) such that within the ‘yes’ semantic 

goal, RTs for face were shorter than for vase (0.77±0.03s vs. 0.85±0.03s;  t(25) = 3.83, 
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p = .001, Bonferroni corrected), while no significant difference was found for percept 

within the 'no' semantic goal (face = 0.94±0.03s; vase = 0.95±0.03; t(25) = 1.03, p 

=.312). No interaction was found between hand identity and percept, nor an 

interaction of hand identity X semantic goal X percept (see Table 1 for full statistical 

results). 

For force measures, a significant effect was found for hand identity such that 

right-hand force peak and AUC were greater compared to the left-hand (Peak: 

1.78±0.13N vs. 1.28±0.14N; F(1,25) = 91.9, p = .000, AUC: 0.58±0.06N/s vs. 

0.45±0.07N/s; F(1,25) = 17.36, p = .000 see Fig.2). No other significant main effects or 

interactions were found in force measures (see Table 1&2 for a complete description 

of the behavioral results). Importantly, results from Bayesian paired sample t-test 

analysis show that for both hand presses, participants exert similar force for the two 

semantic action goals. This was found both in force peak (Right hand BF01 = 4.15, Left 

hand BF01 = 3.62) and AUC (Right hand BF01 = 4.69, Left hand BF01 = 4.46). The results 

suggest that semantic action goals do not modulate force measures of the executed 

action.  

 

fMRI study 

In order to detect center-voxels sensitive to the responding hand (right/left), 

we performed our MVPA multi-T analysis contrasting right- and left- hand trials 

(collapsed across semantic goals). As expected, results from this analysis revealed 

significant voxels in the motor strip in the precentral and postcentral gyrus (light blue 

voxels in figure 3). In order to test for sensitivity for semantic goals, we compared 

activity patterns evoked by button presses representing 'yes' vs. 'no' answers 
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separately within each hand. The number of trials within conditions varied slightly 

across participants (range: 34 - 48 trials) due to trial rejection according to the 

aforementioned rejection criteria (see methods). Within right hand responses for the 

two semantic goals (i.e. responding ‘yes’ vs. ‘no’) we found significantly different 

activity patterns in the right inferior frontal gyrus, the premotor cortex in bilateral 

precentral gyrus (preCG), left superior parietal lobule (SPL), left angular gyrus, bilateral 

fusiform gyrus and in the inferior lateral occipital cortex (LOC) bilaterally (p < 0.05 FDR 

corrected, see Figure 3 and Table 3 for coordinates). For the left hand trials, a similar 

analysis of pattern separation based on semantic goal did not yield voxels that survived 

correction for multiple comparisons. However, using a more liberal threshold (p < 

0.0001 uncorrected), revealed voxels in locations adjacent to the ones found for the 

right hand, in the left premotor cortex and left SPL and voxels that overlapped with 

those found for right hand trials in the inferior LOC bilaterally (see Figure 4).  

In principle, the differences we find in neural activity patterns for semantic goals 

(yes/no) could be ascribed to differences in RT  (Yarkoni et al. 2009). Indeed, similar to 

the results obtained in the behavioral study, RTs in the scanner during ‘yes’ responses 

with the right hand (M = .734s, SD = .026) were shorter than ‘no’ responses (M = .945s, 

SD = .045; t(30) = 7.74, p < 10-3, Bonferroni corrected), while no differences were found 

in the left hand (‘yes’, M = .853s, SD = .043; ‘no’, M = .846s, SD = .03; t(30) =.375, p = 

.710). Therefore, to rule out this potential alternative explanation, the neural activity 

patterns were also tested for differences due to response times. For each participant, 

within each hand, trials across all runs were categorically separated to fast/slow 

according to RT speed using median split, collapsed over semantic goal (i.e. ‘yes’/no’). 

Importantly, this analysis did not reveal significant voxels of separation, nor an overlap 
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with the areas found sensitive to semantic goals for right hand trials, even when using 

a more liberal threshold of p = 10-4, uncorrected. Another potential explanation for the 

neural differences we find for yes/no responses could be differences in the force 

applied during button press. Although in the scanner we did not measure press force, 

this account is less likely since in the behavioral study we found no significant difference 

in press-force for yes/no responses (see Figure 2). Therefore, taken together, the 

behavioral and imaging results suggest top-down, goal-dependent modulation of brain 

activity both in visual and motor regions despite similar action kinetics and immediate 

sensory consequences.  

Finally, with respect to the neural representation of semantic goals, we 

examined whether it is hand dependent or rather, can be generalized across the right 

and left hands. To this end, we used a support vector machine (SVM) classifier (Chang 

& Lin, 2011) with a two-fold cross validation. The classifier was trained to discriminate 

activation patterns from yes/no trials based on data from right hand trials and tested 

on yes/no activation patterns from left hand trials. This analysis was conducted on all 

significant right-hand voxels that were found in the multi-T analysis described above. 

However, the resulting accuracy values (voxels' accuracy range: 0.457 - 0.536) were not 

significantly higher than the baseline distribution generated by the same analysis 

performed on shuffled data labels (voxels' accuracy range: 0.497 - 0.502).  
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Discussion 

In the current study, we examined how neural activity pattern represent 

different semantic goals of identical actions. Our fMRI results show that different 

semantic intentions modulate the neural activity patterns of identical actions in 

sensory-motor areas in frontoparietal and occipital cortex. Specifically, for right hand 

trials, a significant separation of 'yes' vs. 'no' responses was found in the bilateral 

premotor cortex, left angular gyrus, left SPL, inferior occipital cortex (LOC) and fusiform 

gyrus bilaterally. Similar, although weaker, patterns were found for the left hand. 

Importantly, the neural patterns found in the current study are independent of 

immediate sensory consequence as there was no consistent difference between 'yes' 

and 'no' button presses with respect to the sensory feedback. Moreover, the 

differential activity patterns found for the two semantic goals are independent of 

kinetic differences as no difference was found in pressing force between the execution 

of the two goal-directed movements when tested in the behavioral study.  

Neural activity in the premotor cortex and intraparietal regions were previously 

shown to encode a variety of action-related goals (Hamilton and Grafton, 2006; Moritz 

et al., 2015; Gallivan et al., 2016; Gertz et al., 2017). For example, the performed grip 

type (a whole-hand or precision grip, Turella et al., 2020) and the target location of the 

movement (Gallivan et al., 2011) were successfully discriminated based on activity 

patterns elicited in these areas. Here we show that similar frontoparietal regions 

encode action-related semantic goals, beyond their involvement in the sensory 

representation of the visual target or the motor representation of the movement goal. 

Additionally, high order visual areas including the fusiform gyrus have been shown to 
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selectively represent body parts not only when presented visually but also during action 

execution with no action-related visual input (Orlov et al. 2010). Here we show that 

beyond information regarding how or what action was performed, lateral occipital 

cortex also encode the action's intention for which a movement was initiated. 

Compatible with previous findings (Wentura, 2000; Brouillet et al., 2010), our 

results from response times in the behavioral and fMRI studies show that within the 

right hand, responses were faster for ‘yes’ compared to ‘no’ answers. It was previously 

highlighted that the fMRI blood oxygenation level dependent (BOLD) signal is 

correlated with reaction time latencies in several grey and white matter regions of the 

brain (Yarkoni et al. 2009). Although the current experimental design did not employ a 

speeded reaction task, and subjects responded at their own pace, they were still 

constrained by a 2s time window to respond (in order remain in sync with experimental 

timing). Therefore, the current imaging results might be affected by differences in 

response latencies. However, when tested directly by comparing the neural activity 

patterns of short and long RTs (based on median split of response latencies), no 

significant voxels were found. Importantly, there was no overlap in voxels sensitive to 

response time and semantic goal separation within the right hand trials even at a more 

liberal threshold. Thus, it is less likely that the differences found in the neural activity 

for semantic goals can be accounted for by differences in reaction time. 

The significant separation of activity patterns for the different semantic goals 

was found for right hand button presses. An exploratory analysis, using a more liberal 

threshold for the separation within left hand button presses, descriptively show that 

the areas with highest sensitivity for semantic goals are adjacent to or overlap the areas 

found most sensitive to semantic goals for right hand button presses. Since the 
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amplitude of the BOLD signal in sensory-motor areas is positively correlated with the 

level of force used (Sulzer et al., 2011), the failure of left- hand trials to reach significant 

separation in the multi-T analysis might be due to lower signal to noise ratio (SNR) of 

left- hand responses. Indeed, it was found in our behavioral study that the pressing 

force exerted by the subjects was significantly lower in the left compared to the right 

hand. 

The spatial similarity of voxels differentiating semantic goals in right- and left- 

hand trials, suggests that the two hands might share a common infrastructure 

representing semantic goals. To address this question, we performed cross-

classification within the voxels that were found sensitive to the semantic goal of right 

hand button presses. We trained a model on right hand trials (‘yes’ vs. ‘no’) and 

examined classification of left hand trials. Despite the spatial similarity of voxels 

between hands, our analysis did not yield significant cross-classification. This could 

imply that these regions differentiate the intended meaning of the action ('yes' vs. 'no') 

in both hands, yet they do so in a different manner for each hand. Thus, the neural 

representation of semantic action goals - ’why’ an action is performed - is encapsulated 

with the physical features of the action ('how' the action is performed). Alternatively, 

the regions of overlap use the same neural representation to differentiate 'yes'/'no' 

answers for the two hands, but the lower SNR in left hand trials, as described above, 

did not allow us to detect such generalization across hands. This should be further 

tested and directly examined in future studies.   

There is an ongoing debate as to whether conceptual information is stored in 

a-modal symbolic representations or grounded in sensory-motor simulations (Mahon 

and Caramazza 2008, Caramazza et al. 2014), as suggested by the embodied cognition 
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hypothesis (Gallese and Lakoff, 2005). Previous neuroimaging studies supporting the 

embodied cognition hypothesis present evidence of neural representation of abstract 

action concepts (e.g. grasping, tearing, tossing), or manipulable artifact, which is shared 

across various physical exemplars (Barsalou, 2008; van Elk et al., 2014; Turella et al., 

2020). However, to date there is no clear evidence as to whether introspective 

semantic goals, and not only the action, object or tool that is physically manipulated, 

are embodied and underlined by sensory-motor responses. Our results indicate that 

beyond the neural representation of performed actions and their sensory targets, 

semantic goals as well, are encoded within sensory-motor regions, in agreement with 

theories of grounded cognition (Gallese, 2003, 2009; Engel et al., 2013).  

Localizing the neural circuits that underlie action goal representation has 

implications for the development of more accurate and efficient Brain-Machine 

Interfaces (BMIs) (Ortiz-Rosario and Adeli, 2013;Rezeika et al., 2018) such that genuine 

real-time human intentions (instead of memorized movement trajectories or visual 

cues) can be decoded and used to operate neuroprosthetics with increasing 

functionality. Moreover, shedding light on the neural architecture of action 

organization and identifying the processes by which internal states are constructed into 

actions can inspire the development of models for human action recognition. Finally, 

elucidating the neurophysiological link between actions and their underlying goals may 

provide insight with respect to pathologies such as apraxia in which action goal 

representation is compromised (Grafton & Hamilton, 2007). 
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Figure.1 

 

 

Figure.1 – Experimental Trial and Design 

Example trial of one of the four response type and percept combinations in the 

behavioral study. This example trial is taken from a right hand =’no’ / left hand =’yes’ 

hand mapping block and requires a ‘NO’ (right hand) response to the question 'Is it a 

vase?'. Hand mapping is fixed once at the beginning of each behavioral block. The 

sequence of events is similar for the fMRI experiment (for exact time durations see 

Methods). 

 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted April 18, 2021. ; https://doi.org/10.1101/2021.04.18.440307doi: bioRxiv preprint 

https://doi.org/10.1101/2021.04.18.440307
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 
 

Figure.2 
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Figure.2 – Applied force for semantic goals in the right and left hand  

Group average force profiles (A), and individual subject's AUC (B) of ‘yes’ vs. ‘no’ 

responses within each hand, collapsed over sensory input. Greater force was applied in 

right hand responses compared to left (** p<0.001), while no difference was found in 

force levels between the two semantic goals within each hand. RH/LH correspond to 

Right hand and Left hand respectively. 
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Figure.3 
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Semantic goal – Right hand 
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Figure.3 – Areas sensitive to hand identity and semantic goals 

Areas sensitive to hand identity (light blue) in primary motor and supplementary motor 

area - precentral and postcentral gyrus, bilaterally. Areas sensitive to semantic goals in 

right hand trials (dark blue) in premotor cortex - precentral and middle frontal gyrus 

bilaterally left angular gyrus and SPL, and in the LOC and fusiform gyrus bilaterally. p < 

0.05 FDR corrected. 

 

Figure.4 

        
 

 Left hand 

Right hand 

Overlap between hands 
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Figure.4 – Areas sensitive to semantic goals in both hands 

Adopting a liberal threshold, areas sensitive to semantic goals in left hand trials (red, p < 

.0001 uncorrected) are adjacent to significant areas sensitive to semantic goals in right 

hand trials (blue, p < 0.05 FDR corrected., see fig.3) in left premotor cortex, left SPL, and 

overlap in the inferior LOC bilaterally (magenta). 
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Table.1. Statistical results – behavioral experiment  

 

  Predictor   f(1,25) p ηp2   

RT 

Hand  Right < Left  6.87 .015 .22   

Goal  'yes' < 'no' 82.45 .000 .77   

Percept  'face' < 'vase'  21.90 .000 .47   

Hand * Goal   9.35 .005 .27   

Hand * Percept   .20 .655 .01   

Goal * Percept   7.02 .014 .22   

Hand * Goal * Percept   .00 .999 .00   

Force 

Peak 

Hand Right > Left  91.94 .000 .79   

Goal   .31 .584 .01   

Percept   .02 .884 .00   

Hand * Goal   .01 .925 .00   

Hand * Percept   1.59 .219 .06   

Goal * Percept   .10 .753 .00   

Hand * Goal * Percept   .87 .361 .03   

Force 

AUC 

Hand Right > Left  17.36 .000 .41   

Goal   .05 .827 .00   

Percept   .07 .797 .00   

Hand * Goal   .77 .388 .03   

Hand * Percept   1.77 .195 .07   

Goal * Percept   .17 .687 .01   

Hand * Goal * Percept   1.42 .245 .05   
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Table.1 –Summary of the three-way repeated measures ANOVA results for each of the three 

behavioral measures: RT (response time), force peak and AUC (area under the curve); 

behavioral study.  

 

Table.2. Descriptive measures – behavioral experiment:  

 

Table.2 – Estimates (mean, with SE in parentheses) of all experimental conditions for the 

three behavioral measures: RT (response time), force peak and AUC (area under the 

curve); behavioral study. 

 

 

 

 

 

 

 

 
 RT (s)  Force peak (N)  Force AUC (N/s) 

 
 'yes' 'no'  'yes' 'no'  'yes' 'no' 

Right hand 

Face .71(.03) .97(.03)  1.77(.14) 1.77(.13)  .56(.07) .59(.06) 

Vase .79(.03) .97(.04)  1.81(.14) 1.77(.13)  .58(.06) .59(.06) 

Left hand 

Face .83(.03) .92(.03)  1.31(.16) 1.27(.12)  .46(.08) .43(.05) 

Vase .92(.04) .93(.03)  1.28(.16) 1.27(.13)  .45(.08) .43(.06) 
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Table.3. Center coordinates of regions discriminating ‘yes’ vs. ‘no’ semantic goals 

 

 

 

 

 

 

 

 

 

 

Table.3 – Center positions (in MNI coordinates) of significant areas sensitive to semantic goals 

in right hand trials (p < 0.05 FDR corrected). 

 

 

 

 

 

 

Structure MNI Coordinates 

  x y z 

Right IFG 46.8 16 30.4 

Left Precentral G. -44 -2 36 

Right Precentral G. 46 6 38 

Left SPL -32 -58 50 

Left Angular G. -46 -68 32 

Left Fusiform G. -38 -68 -16 

Right Fusiform G. 30 -74 -10 

Left inf_LOC -37 -91 -11 

Right inf_LOC 42 -84 -14 
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