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in greater activation in clusters 

expanding across the 

frontoparietal (i.e., pre- and 

postcentral gyrus, bilateral 

supramarginal gyrus) and 

occipital-temporal cortices (e.g., 

MT, fusiform gyrus, inferior 

occipital gyrus), largely 

overlapping with the activation 

observed for action observation 

in (see e.g., Figure 2A). 

2.2 Region-of-interest 
analysis reveals 
somatosensory but no (pre-) 
motor activation during 
action observation in dogs 

We also conducted a (planned) 

region-of-interest (ROI) analysis 

in the dog sensory-motor 

cortices to test our hypothesis of 

somatosensory and (pre-)motor 

engagement during action 

observation in dogs, functionally 

analogous to humans. 

The linear mixed model (LMM) 

yielded no significant changes 

in activation levels for action 

observation compared to object or scrambled motion in the dog pre- and motor cortices 

(see Figure 4A and Supplementary Table S5). Visual exploration of the data revealed 

that only eight out of the N = 28 dogs displayed activation levels higher for actions 

compared to both visual controls. As expected, the temporal signal-to-noise ratio in 

dog frontal lobes was decreased due to air-filled cavities (i.e., sinuses) partly affecting 

the precruciate gyrus (i.e., premotor and secondary motor cortex see Supplementary 

 
Figure 3.  No differences in activation for transitive vs. 
intransitive actions in dogs and greater activation for 
observing dog compared to human actions in both 
species. (A) Transitive compared to intransitive actions led to 
greater activation in the human inferior temporal cortex. (B) 
Observing conspecific compared to heterospecific actions led 
to greater activation in the dog mid suprasylvian agent area 
and human early visual cortex. The reversed contrast revealed 
greater activation in frontoparietal and occipito-temporal 
cortices in humans but no significant cluster in dogs. Results 
are p < .05 FWE-corrected at cluster-level using a cluster-
defining threshold of p < .005/.001 for dogs/humans, see 
Supplementary Table S7). LOC, lateral occipital cortex; A, 
anterior; P, posterior; L, left; R, right; s., superior, t, t-value. 
The dog and human icons were purchased from 
thenounproject.com (royalty-free license). 
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Figure S1B-C). The ROI analysis revealed, however, somatosensory involvement 

during action observation in dogs. We found greater activation for action observation 

compared to object motion in the dog primary somatosensory cortex (rostral 

suprasylvian gyrus) and greater activation for action observation compared to both 

controls in the dog secondary somatosensory cortex (rostral ectosylvian gyrus). 

Activation levels in dog sensory-motor cortices were not modulated by agent or action 

type (see Supplementary Table S5). 

2.3 Divergent patterns of parietal and temporal engagement in dogs and 
humans 

As the final analysis step, we tested our hypothesis of differential temporal and parietal 

lobe engagement in the dog and human action observation networks by first comparing 

the extent of activation in the two lobes within- and between the two species and 

second the strength of task-based functional connectivity between the primary visual 

cortex (V1) and the temporal vs. parietal lobe in dogs and humans. 

2.3.1 Significantly more temporal than parietal activation in the dog compared 
to human action observation network 

Whole-brain analyses suggested stronger parietal engagement in humans but not in 

dogs during action observation (see Figure 2A). To go beyond this descriptive 

evaluation, we quantitatively tested the hypothesis of stronger temporal than parietal 

lobe activation in dogs by directly comparing the activation extent in the parietal lobes 

of dogs and humans. To this end, we measured the individual percentages of active 

voxels within each species’ lobe during action observation compared to the implicit 

visual baseline. Auditory and somatosensory cortices were excluded from the lobe 

masks (see Supplementary Figure S2B and methods section cross-species 
comparison of parietal and temporal cortex involvement for details).  

In line with our hypothesis and confirming the descriptive whole-brain findings, the 

cross-species revealed significantly higher proportions of active voxels in the temporal 

compared to the parietal lobe of dogs and significantly higher percentages of active 

voxels in the parietal visual and multisensory cortices of humans as compared to dogs 

(see Figure 4B and Supplementary Table S6). The majority of dogs had 0% active 

voxels in the parietal lobe. We found the reversed pattern with greater parietal than 

temporal involvement in humans. However, discrepancies between the engagement  
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Figure 4. Somatosensory but no (pre-) motor activation in dogs and significantly more 
temporal than parietal activation in the dog compared to human action observation network. 
(A) Action observation compared to object and scrambled motion control did not lead to differences 
in activation levels in dog (pre-) motor cortices but in the rostral suprasylvian primary somatosensory 
and rostral ectosylvian secondary somatosensory cortex. The raincloud plots57 show the group mean 
activation measured in arbitrary units (a.u.) with error bars indicating the standard error of the mean 
(s.e.m.), individual means (coloured dots) and density plots (half violins). (B) Action observation 
resulted in a significantly higher percentage of active voxels in the human compared to the dog parietal 
lobe. Dogs had significantly more active voxels in the temporal than the parietal lobe, while humans 
showed a reversed pattern. Discrepancies between lobes were more significant in dogs, with most 
having 0% active parietal voxels. We determined active voxels for the individual action observation 
contrast maps (i.e., all conditions displaying an agent acting > implicit baseline) by applying cluster-
level inference (p < .005/.001 dogs/humans) and a cluster probability of p < .05 FWE corrected (see 
also Supplementary Table S6). The boxplots show the median percentage (black horizontal line), 
interquartile range (box), the lower/upper adjacent values (whiskers), and are accompanied by 
coloured dots representing the individual percentages. Planned comparisons were false discovery 
rate (FDR) corrected to control for multiple comparisons. ** p < .01, *** p < .001; n.s., not significant. 
The dog and human icons in A were purchased from thenounproject.com (royalty-free license). 

of the two lobes were less pronounced, showing more distributed involvement of both 

lobes. Secondary analyses further confirmed that the observed between and within 

species differences in activation extent also remained using more liberal thresholds to 

define active voxels (see Supplementary Figure S6). 
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2.4 Greater task-based functional connectivity between the primary visual 
cortex and temporal compared to parietal lobe in dogs 

We then compared task-based functional connectivity between V1 and the temporal 

and parietal lobe during action observation in both species using generalized 

psychophysiological interaction (gPPI) analyses40. This analysis tested whether the 

more pronounced temporal lobe engagement in dogs was not only translated into 

greater activation extent but also greater functional connectivity with V1 compared to 

the parietal lobe within the dog action observation network. 

For each species, we extracted task-based functional connectivity with V1 from 

anatomical masks in the parietal and temporal lobe. We then aggregated the functional 

connectivity measures across all masks of the same lobe to (1) compare V1 

connectivity between lobes (2) and, in response to action, observation compared to 

the two control conditions by employing an LMM for each species.  

The analysis revealed significantly greater connectivity between V1 and the temporal 

compared to the parietal lobe in dogs. We did not find a significant difference in 

connectivity in humans between the two lobes (see Figure 5A and Supplementary 
Tables S8-S9). In dogs and humans, connectivity between V1 and the temporal lobe 

was the strongest during action observation compared to both controls. Parietal lobe 

connectivity patterns diverged in the two species. V1 connectivity was significantly 

higher in dogs for object than scrambled motion and action observation. In contrast, 

we did not find differences in connectivity for object motion and action observation in 

humans, but both significantly differed from scrambled motion.  

Next, investigating task-based functional connectivity levels of each anatomical ROI 

separately, we found the same connectivity patterns as observed on the lobe-level in 

the dog parietal anterior ectomarginal gyrus and in both human anatomical ROIs (i.e., 

superior parietal lobule, supramarginal gyrus). We did not find a significant effect of 

condition in dogs' parietal anterior marginal and presplenial gyri (see Figure 5B, 

Supplementary Table S10). V1 connectivity was the highest during action observation 

compared to both controls in each dog and human temporal ROI and we found 

significantly greater connectivity for object compared to scrambled motion in the dog 

rostral sylvian and caudal composite gyri, and the human posterior STS. In the dog 

mid suprasylvian gyrus, task-based connectivity was greater for scrambled than object  
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motion. The difference in connectivity between action observation and object motion 

did not reach significance for the anatomical rostral sylvian gyrus mask.  

 
Figure 5. Greater task-based functional connectivity between the primary visual cortex and temporal 
compared to parietal lobe in dogs. (A) Overall, we found greater task-based functional connectivity between 
the temporal lobe and the primary visual cortex (V1) seed region than the parietal lobe but no differences in 
V1 connectivity between the two lobes in humans. In dogs and humans, connectivity between V1 and the 
temporal lobe was significantly greater during action observation compared to both controls. In the parietal 
lobe, object motion led to higher V1 connectivity compared to scrambled motion and action observation in 
dogs. In humans, connectivity between V1 and the parietal lobe did not differ between action observation and 
object motion (see Supplementary Tables S8-S9). (B) In humans, we found the same connectivity patterns 
observed on the lobe levels in each individual anatomical mask. In dogs, this was also the case in most 
anatomical masks, but we did not find a significant effect of condition in the parietal anterior marginal and 
presplenial gyrus (see Supplementary Table S10). V1 task-based functional connectivity during object 
motion compared to action observation did not significantly differ for the anatomical rostral sylvian mask, but 
for the more constrained functionally defined rostral sylvian area mask (see Supplementary Figure S7 for 
secondary analysis). The raincloud plots57 show the group mean task-based functional connectivity with V1 
measured in arbitrary units (a.u.) with error bars indicating the standard error of the mean (s.e.m.), individual 
means (coloured dots) and density plots (half violins). Planned comparisons were false discovery rate (FDR) 
corrected to control for multiple comparisons. * p < .05 ** p < .01, ** p < .001; n.s., not significant. The dog 
and human icons in A were purchased from thenounproject.com (royalty-free license). 
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However, using a more constrained functional mask of the rostral sylvian area derived 

from the univariate analysis (see Figure 2B), we did find a significant difference in 

connectivity between action observation and both control conditions. All other 

connectivity results found with the anatomical ROIs in dogs were also replicated using 

the more constrained functionally defined ROIs (see Supplementary Figure S7 and 
Table S10 for secondary analysis). Finally, results from the localizer task showed that 

the agent areas also engage in greater information exchange with V1 during face and 

body compared to the controls, further emphasizing their functionally analogous 

function of human ventral temporal brain areas (see Supplementary Note 1 for 

details). 

3 Discussion 

The major aim of our comparative neuroimaging study was to localize the dog action 

observation network for the first time and to identify (a) functionally analogous and (b) 

divergent neural underpinnings with the human action observation network (AON). (a) 

Our findings revealed multiple functional analogies between the two species, such as 

the involvement of temporal and somatosensory cortices during action observation 

compared to the visual control conditions. As expected, in light of the two species’ 

imitation33,34,51, and spontaneous action matching50 skills, the dog and human AON 

responded to the observation of both transitive and intransitive actions with similar 

activation for both action types and greater activation for transitive actions only in the 

human inferior temporal cortex. Together with the data from a functional localizer task 

for the dogs, our results also confirmed our prediction of functionally analogous 

temporal AON components associated with (1) face and body perception and (2) 

processing of action features. (b) However, we also identified expected and 

unexpected divergencies in the species’ AONs. As predicted, based on the differential 

evolutionary history and relative lobe expansion of the dog and human temporal and 

parietal lobe15, we found more pronounced temporal than parietal lobe involvement in 

dogs during action observation in terms of the extent of active voxels and task-based 

functional connectivity with V1. In line with our hypothesis, we found significantly more 

parietal cortex activation in dogs than in humans during action observation and more 

distributed involvement of the temporal and parietal lobe within the human AON. 

Unexpectedly, but likely due to severe signal loss in this area in dogs, we only found 

premotor activation in response to action observation in humans. Thus, overall, the 
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observed similarities and differences provide novel insights into the evolution of the 

neural bases of action perception and the link to relative brain expansion and social 

learning. 

Starting with a discussion of the functional analogies, our results show that the AONs 

of both species include occipital-temporal regions. Observing dogs and humans 

performing transitive or intransitive actions elicited greater activation and functional 

connectivity with V1 in the temporal body and agent-sensitive areas of both species 

(i.e., dog mid and caudal suprasylvian gyrus46,49 and human inferior temporal cortex58). 

As expected, action observation also engaged other temporal brain areas sensitive to 

the dynamic aspects of the visual social cues. In humans, this included the posterior 

superior temporal sulcus (pSTS), a multi-sensory association cortex involved in action 

and social perception59. In dogs, the present study was the first systematic exploration 

of these neural bases, and we localized two regions in the temporal lobe: the caudal 

composite gyrus and an area in the rostral sylvian gyrus, including the rostral 

ectosylvian sulcus. As the human pSTS, both areas house multisensory cortices and 

are together with auditory regions (i.e., ectosylvian gyrus) part of a pathway expanding 

to sensory-motor and prefrontal cortices60,61. The sylvian, ectosylvian and suprasylvian 

gyrus, and premotor and prefrontal cortices (i.e., precruciate, prorean gyrus) have also 

been identified as a network systematically covarying in size (i.e., grey matter volume) 

across breeds that correlated with numerous behavioural specializations requiring 

action perception of other individuals, such as herding, sport fighting or bird flushing 

and retrieving62. Finally, the rostral sylvian gyrus and ectosylvian sulcus are also 

associated with social vs. non-social interaction63 and emotion perception48 and these 

areas showed relative cortical expansion in foxes selected for tameness compared to 

aggression64. This is suggestive of the rostral sylvian area of the dog AON playing a 

crucial role in multi-sensory social information integration functionally analogous to the 

human lateral temporal visual pathway6,7.  

In line with our prediction based on the species’ imitation skills, we further observed 

that the dog and human AONs were similarly engaged in observing transitive and 

intransitive actions. We did not find a significant difference between the observation of 

transitive vs. intransitive action observation in dogs, and no pronounced differences in 

humans, with greater activation for transitive actions only in parts of the fusiform cortex. 

Since large parts of the species’ AONs evolved independently in primates and 

carnivorans37,38, our functionally analogous findings are likely the product of 
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convergent evolution. Research suggests that dogs have inherited the ability to copy 

the behaviours of others already from their wild ancestors, as their closest non-

domesticated relative, the grey wolf (Canis lupus), possesses complex social abilities65 

(and see e.g. 66,67 for review). Wolves live in family units with strong social bonds and 

hunt, rear their offspring, and protect their pack together68,69. Close cooperation, which 

often requires accurately and dynamically predicting others' actions, is thus critical for 

survival70. Therefore, the dog AON might have already evolved in their close, non-

domesticated ancestors, but as a result of domestication is now predominantly relevant 

for cooperating with their human caregivers. 

Our findings also revealed important divergencies in the neural bases of action 

observation, which are of particularly conceptual relevance. Based on prior research 

with non-human primates12–14, we had predicted a notable discrepancy in parietal lobe 

involvement between dogs and humans. Indeed, parietal cortex activation was 

significantly lower in dogs compared to humans during action observation, with most 

dogs not having any active voxels in the parietal visual and multisensory cortices. 

Interestingly, although to a lesser degree in humans, we also found contrasting 

patterns of relative lobe involvement in the two species. Dogs displayed pronounced 

temporal engagement with significantly more active voxels in the temporal than in the 

parietal lobe, and task-based connectivity between V1 and the temporal lobe exceeded 

the connectivity with the parietal lobe. Humans had more active voxels in the parietal 

than the temporal lobe, but we did not find a difference in task-based functional 

connectivity between the two lobes. The species’ differences align with their differential 

pattern of relative lobe expansion15. As common marmosets, who also exhibit 

pronounced temporal activation during action observation14, dogs have more 

expanded occipital and temporal than parietal and frontal lobes. While humans, apes 

and Old World Monkeys display an opposing trend with significantly more expanded 

parietal and frontal lobes, rhesus macaques and chimpanzees have stronger 

frontoparietal activation during action observation12,13. Thus, parietal areas may play a 

more prominent role for action observation in species with more expanded parietal 

lobes. 

The inferior parietal lobule (IPL) – a key parietal region of the human, chimpanzee and 

macaque AON12,16,71,72 – is associated with the planning and execution of reach-to-

grasp actions, as well as guiding visual attention (“vision-to-action”; see73,74 for 

reviews), and the anterior supramarginal gyrus portion of the human IPL has been 

.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 October 2, 2023. ; https://doi.org/10.1101/2023.10.02.560112doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.02.560112
http://creativecommons.org/licenses/by-nc-nd/4.0/


 18 

linked to their complex tool-using abilities75 (and see76,77 for reviews). Another potential 

explanation for the differential areal activation patterns could, therefore be the species’ 

tendency for manual object interactions (i.e., with their upper limb). In marmosets, 

action observation did not elicit IPL activation14, and unlike rhesus macaques, 

chimpanzees or humans, they primarily explore and grasp objects with their mouth 

rather than their upper limbs78. Dogs do not display any tool-using behaviour, and they 

can only perform reach-to-grasp actions with their snout, which they mainly use to 

explore their environment. Thus, our findings further elucidate the relationship between 

the involvement of parietal networks during action observation and the occurrence of 

complex manual object-manipulating behaviours. 

Regarding sensory-motor involvement during action observation, we found partly 

analogous but also unexpected divergent results. As hypothesized, observing actions 

performed by conspecifics or heterospecifics elicited activation in human primary and 

secondary sensory-motor cortices (e.g., inferior frontal gyrus, post-/ precentral gyri4,17). 

In dogs, results also revealed activation in the primary (S1) and secondary (S2) 

somatosensory cortex (i.e., rostral suprasylvian and ectosylvian gyrus79,80). However, 

despite showing a trend in the direction, S1 activation did not significantly differ from 

activation for scrambled motion. Contrary to the results in humans, we did not find 

significant activation in the dog premotor cortex during action observation compared to 

the control conditions. We only found higher activation for actions compared to both 

controls in 8 out of the 28 dogs, including mixed-breed and three different pure-breed 

dogs.  It is, therefore, unlikely that specific breeding purposes or behavioural 

specializations drove the observed differences in activation. It should be noted though 

that the findings on (pre)motor areas need to be interpreted with caution, as the signal 

in all dogs’ frontal lobes was affected by their large air-filled sinuses bordering this 

brain area, resulting in low SNR values and partial up to complete signal drop out in 

many dogs. Considering this issue and that mirroring activation has been 

demonstrated in other mammalian and bird species via cell recordings23–27, we cannot 

conclude that dogs do not have premotor areas with mirroring properties. Advances in 

dog electroencephalography (EEG) research81–83, might overcome the limitations of 

MRI and provide more insights into the involvement of dog sensory-motor and frontal 

cortices during action observation. 

Lastly, due to their close social bond84,85, we also explored how dogs and humans 

perceive each other compared to conspecifics. Interestingly, observing conspecific 
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compared to heterospecific actions elicited increased activation only in human primary 

visual cortices (V1). However, the reversed contrast led to activation in the entire 

human AON. Less familiarity with actions performed by hetero- compared to 

conspecifics and, for humans, uncommon use of the mouth to pick up an object might 

require increased engagement of the action observation network to understand or 

predict the observed action, which would align with the predictive coding account of 

action observation86. To the best of our knowledge, only one prior human fMRI study 

investigated the neural bases while observing actions performed by dogs or humans. 

However, that study did not directly contrast dog vs. human action87. Hence, more 

neuroimaging research is needed to explore further the neural bases of heterospecific 

action perception in humans. In dogs, we found no significant activation increases in 

response to human compared to conspecific actions. The reversed contrast only led to 

significantly more activation in the mid suprasylvian animate area, which has been 

previously associated with higher sensitivity towards conspecifics46. The lack of 

pronounced differences between the perception of dog and human actions may be 

surprising at first sight. Note, however, that all pet dogs participating in our study grew 

up in human households and are, therefore, highly familiar with human actions, and 

already dog puppies spontaneously imitate human actions50. Thus, dogs’ attention 

towards human social cues has likely been enhanced through domestication88, and 

their AON is therefore potentially tuned to human and dog actions.  

In conclusion, our study marks the first investigation of the dog action observation 

network. The analogous engagement of somatosensory and temporal areas suggests 

that both species evolved partly similar networks engaged in action observation. The 

strong differences in parietal lobe involvement provide exciting new insights into how 

differential cortical expansions may support brain functions, speaking for the divergent 

evolution of the species’ object-manipulating behaviours. The findings and our overall 

approach provide strong foundations and the first stepping stone for future studies 

investigating the evolutionary history of primate and canine action perception. We hope 

this will ultimately inform a more advanced understanding of the evolution of the neural 

bases of social behaviour and learning. 
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noise ratio maps, and the stimulus material. Raw data is available from the lead author 
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6 Methods 

6.1 Participants 

Action observation task. Twenty-eight pet dogs (Canis familiaris; 12 females, age 

range: 2-12 years, mean age: 6.1 years), extensively trained to undergo MRI 

scanning39, participated in the study. More than half of the sample were pure-bred 

breeds (9 Border Collies, 5 Australian Shepherds, 1 Labrador Retriever, 1 Nova Scotia 

Duck Tolling Retriever, 1 Border Collie Australian Shepherd mix, 1 Labrador retriever 

mix, 1 Small Munsterlander, 1 Leisha dog, 8 mixed breeds). The dogs’ weight ranged 
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from 16-29 kg (mean = 21.58 kg, SD = 4.77). The data collection period lasted from 

May 2020 to March 2023, and we set the minimum sample size to N = 12 dogs, which 

was the median sample size of awake dog fMRI studies at the time of planning this 

study and still roughly was in 2023 (i.e., by the time of submitting this study). All dogs 

underwent a veterinary medical check before data collection to assess their general 

health and eyesight, and the human caregiver gave informed written consent to their 

participation.  

We collected comparative data from N = 40 human participants (22 females, age 

range: 19-28 years, mean age: 23 years) who also participated in an fMRI study 

investigating face and body perception in dogs and humans49 in the same session 

(data collection period: September to November 2020). We determined the sample 

size based on previous studies in our lab and other comparative neuroimaging studies 

(see e.g., Bunford et al., 2020) with similar task designs. Human participants were 

right-handed with normal or corrected-to-normal vision; they had no history of 

neurological or psychiatric diseases, did not report fear of dogs and gave informed 

written consent. 

Agent localizer. Findings so far about the location of face- and body-sensitive areas 

in the dog brain were mixed, and a lack of shared template space makes it even more 

challenging to build on prior work. We therefore additionally used a functional localizer 

task for the dogs, which allowed us to detect functional analogues of the human ventral 

temporal pathway (i.e., housing face- and body-sensitive areas6,8) within the canine 

action observation network within our sample. The agent localizer sample comprises 

N = 28 pet dogs (15 females, age range: 2-10, mean age: 5.5 years). Twenty-four of 

these dogs also participated in the main task on action observation, and data from n = 

15 dogs was published as part of the original publication of our group investigating 

agent perception in dogs and human (i.e., Boch et al., 2023). 

Detailed sample descriptives are openly available at the study’s OSF data repository. 

Dog data collection was approved by the institutional ethics and animal welfare 

commission in accordance with Good Scientific Practice (GSP) guidelines and national 

legislation at the University of Veterinary Medicine Vienna (ETK-06/06/2017), based 

on a pilot study conducted at the University of Vienna. The comparative human data 

collection was approved by the ethics committee of the University of Vienna (reference 
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number: 00565) and performed in line with the latest revision of the Declaration of 

Helsinki (2013). 

6.2  Experimental design  

Action observation task. In two 5-minute task runs, dog and human participants saw 

videos of a dog or human agent grasping a ball (transitive action) or a video of which 

the ball was edited out (intransitive action, i.e., identical movement kinematics but no 

visible action goal). They also saw videos with the agent edited out (object motion 

condition) to control for object motion with the same trajectory and velocity as in the 

transitive action video and a phase-scrambled version of the transitive action video 

serving as a low-level visual and motion characteristics control (see stimuli section 

for details). Thus, participants overall saw six different conditions: dog transitive 

actions, human transitive actions, dog intransitive actions, human intransitive actions, 

object motion and phase-scrambled control (see Figure 1C). Half of the control 

condition blocks showed object and scrambled motion based on the human and the 

other half based on the dog transitive action videos. We presented the videos in a block 

design (duration: ~ 12 s; 4 different videos per block), interspersed with a visual 

baseline (3-7 s jitter) depicting a white cross on grey background using Psychopy89. 

Participants saw three blocks per condition in randomized order in each run, but the 

same condition was only presented once in a row (i.e., 18 blocks per task run). Video 

composition for each block and order within blocks were randomized across 

participants. Dogs and human participants were trained or instructed to attend to the 

MR compatible screen (32 inch) placed at the end of the scanner bore (passive viewing 

paradigm). Dogs viewed the task in sphinx position (see Figure 1A); to ensure they 

could see the videos without looking up or moving their head, we presented the videos 

and implicit baseline at their eye level (i.e., 100 pixels below the centre of the screen).  

Agent perception localizer. In two 5-minute task runs, dogs saw colour images of 

faces and (headless) bodies of dogs and humans, as well as inanimate objects and 

scrambled images (i.e., low-level visual control) presented on a grey background. As 

in the main task, images were presented in a block design (12 s blocks, 5 

images/block) with the image composition randomized and no consecutive blocks of 

the same stimulus conditions (see49 for details on the paradigm and stimulus material). 

Procedure. Before data collection, dogs received extensive training to habituate to the 

scanner environment to participate without any sedation or restraints (see39 for a 
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detailed description of the training and data collection procedure). A trainer was also 

present in the scanner room to monitor and handle the dog out of its sight. We 

positioned the camera of an eye-tracker (Eyelink 1000 Plus, SR Research, Ontario, 

Canada) below the MRI screen to live-monitor participants’ attention towards the 

screen (i.e., whether eyes were open and directed towards the screen) and motion.  

Dogs and humans were equipped with earplugs, and both could stop data collection 

anytime, either by leaving the scanner by retreating from the coil and exiting the 

scanner via a custom-made ramp (dogs) or pressing an alarm squeeze ball signalling 

to stop the scanning (humans). Human participants completed both task runs within 

one session with a short break in between. After each session, we evaluated the 

motion parameters. If overall motion for any of the three translation directions 

exceeded 4 mm or if scan-to-scan motion (i.e., framewise displacement to account for 

translational and rotational motion90,91) exceeded .5 mm in more than 50% of the 

scans, we re-invited the dog to repeat the task run (individual motion parameters are 

available on the study’s OSF data repository). Based on these criteria, and sufficient 

attentiveness evaluated by the research team based on live video observation, dog 

participants needed on average 2.75 sessions (SD = 1.46) to complete both task runs 

successfully. Dogs had at least a one-week break in-between data collection sessions.  

Stimuli. All stimuli were created based on video recordings of a dog or human agent 

picking up different toy balls (see Figure 1B-C for examples). To increase ecological 

validity and familiarity with the observed action, we asked human agents to grasp the 

ball with their (right) hand. We trained the dog agents to pick it up with their mouth as 

this would be their natural way to perform this task. We recruited two human and dog 

models (each a male and a female) and recorded four videos from each agent 

(duration: ~3 s). Videos were filmed in the same setting to ensure no differences in 

lighting between videos, and human and dog models were unfamiliar to the study 

participants. The original videos were cropped to 720 × 720 pixels, and shadows and 

the dog trainer were edited out to create the transitive action video. We created the 

intransitive action stimuli by editing out the ball from the transitive action video, the 

object motion control by editing out the agent and finally, the scrambled low-level visual 

control by phase-scrambling the transient action video (see Figure 1C). 

6.3 MRI data acquisition 
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MRI data for the action observation task was obtained using a custom-made 16-

channel (k9) head coil for the dog participants53 and a 32-channel head coil for human 

participants, used in a 3T Siemens Skyra MR-system (Siemens Medical, Erlangen, 

Germany). For three dogs, we used structural scans which had been previously 

acquired with a 15-channel human knee coil due to unavailability of the dogs to acquire 

a new structural scan. However, structural sequences for both coils were the same and 

qualitative comparisons showed that image registration worked equally well with 

structural scans acquired from both coils. For the agent localizer, data from n = 15 

dogs (i.e., from the original publication of the localizer paradigm92) were acquired with 

the human knee coil and from n = 13 dogs with the k9 head coil. 

For all dog functional scans, we used a 2-fold multiband (MB) accelerated echo planar 

imaging (EPI) sequence for the dog functional scans with the following parameters: 

voxel size = 1.5 × 1.5 × 2 mm3, repetition time (TR) / echo time (TE) = 1000/38 ms, 

field of view (FoV) = 144 × 144 × 58 mm3, flip angle = 61°, 20% gap and 24 axial slices 

(interleaved acquisition, descending order). Individual numbers of volumes per action 

observation task run vary slightly because task acquisition was stopped manually 

(mean = 324 volumes; SD = 10). Voxel size for all structural scans was .7 mm isotropic 

(TR/TE = 2100/3.13 ms, FoV = 230 × 230 × 165 mm3).  

We acquired human functional scans (each run: mean = 272 volumes SD = 2) with a 

4-fold MB accelerated EPI sequence: voxel size = 2 mm isotropic, TR/TE = 1200/34 

ms, FoV = 192 × 192 × 124.8 mm3, flip angle = 66°, 20% gap and 52 axial slices 

coplanar to the connecting line between anterior and posterior commissure 

(interleaved acquisition, ascending order). In the same orientation as functional scans, 

we obtained additional field map scans to correct for magnetic field inhomogeneities 

using a double echo gradient echo sequence with a voxel size of 1.72 x 1.72 x 3.85 

mm3, TR/TE1/TE2 = 400/4.92/7.38 ms, FoV = 220 × 220 × 138 mm3, flip angle = 60° 

containing 36 axial slices. Voxel size for structural scans was .8 mm isotropic with 

TR/TE = 2300/2.43 ms and FoV = 256 × 256 × 166 mm3. 

6.4  Data preprocessing 

We preprocessed and analyzed imaging data of both species using SPM12 

(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/), Matlab 2020b (MathWorks Inc., 

MA, USA) and R 4.3.093. For the dogs, after slice timing correction (reference: middle 

slice) and realignment, we manually reoriented the functional images and set the origin 
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at the anterior commissure using the SPM Display function to match the orientation of 

the structural images and the dog template55. Next, we skull-stripped the structural 

images using individual binary brain masks created with itk-SNAP94, co-registered the 

brain-extracted structural images to the mean functional images, and segmented them. 

We then normalized and resliced (1.5 mm isotropic) all imaging data to the breed-

averaged dog template space55 and smoothed the data with a 3-dimensional Gaussian 

Kernel (full-width-at-half-maximum, FWHM; 3 mm; i.e., twice the raw within-plane voxel 

resolution).  

For the human data, we realigned and unwarped functional images after slice time 

correction (reference: middle slice) using the individual field maps. Individual structural 

images were then co-registered to the mean functional images and segmented. Next, 

we normalized and resliced (1.5 mm isotropic) the imaging data and applied spatial 

smoothing with a 3-dimensional Gaussian Kernel (FWHM, 4 mm; i.e., twice the raw 

voxel resolution). 

Next, we calculated individual scan-to-scan motion (i.e., framewise displacement, FD) 

to account for translational and rotational motion in both species. For each scan 

exceeding the a priori set FD threshold of .5 mm, we added a motion regressor to the 

first-level general linear models (GLMs; motion scrubbing, Power et al., 2012, 2014). 

On average, 5.7% of the dog scans (run 1: mean FD = .2 mm, 90th percentile = .35 

mm; run 2: mean FD = .21 mm, 90th percentile = .32 mm) and 1.5% of the human scans 

(run 1: mean FD = .18 mm, 90th percentile = .23 mm; run 2: mean FD = .18 mm, 90th 

percentile = .25 mm) exceeded the threshold in each run.  

6.5 Overview of the main analyses and rationale 

The aim of the first part of our analyses was to localize the dog action observation 

network for the first time and, based on that, to identify functional analogies between 

the dog and human action observation networks by applying whole-brain univariate 

and region-of-interest (ROI) analyses. To this end, we applied the following analysis 

steps. 

First, we identified the species’ action observation networks by comparing activation 

for both agents and action types (i.e., pooled activation) to the implicit baseline and the 

two control conditions. Second, we tested our hypothesis of comparable activation for 

transitive vs. intransitive actions due to the species’ imitation skill, and we explored 
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how the human and dog action observation network responded to observing actions 

performed by conspecifics vs. heterospecifics. Third, due to anticipated low tSNR in 

parts of the sensorimotor cortices, we also conducted a univariate ROI analysis in 

addition to the whole-brain analysis to test our hypothesis of somatosensory and (pre-

) motor activation in response to action observation as this approach results in higher 

sensitivity. Fourth, we used a functional localizer task to detect face- and body-

sensitive areas (i.e., agent areas) in the dog temporal lobe, which allowed us to identify 

the functional analogues of the human ventral visual pathway8,95 within the dog action 

observation network and to test our hypothesis of temporal lobe engagement beyond 

the agent areas in dogs, functionally analogous to humans (i.e., lateral temporal or 

third visual pathway6,7).  

The second part of our analysis then focused on between-species divergencies. Here, 

we tested our key hypothesis of functional divergencies in temporal vs. parietal lobe 

engagement in the two species. Based on prior non-human primate and human 

research and the species’ differential relative lobe expansion, we specifically expected 

a stronger temporal than parietal lobe engagement during action observation in dogs 

but a more balanced involvement of both lobes in humans.  We tested this hypothesis 

by implementing two analysis approaches. First, we conducted within- and cross-

species comparisons of the extent of active voxels in each species’ temporal and 

parietal lobe during action observation. Second, we compared task-based functional 

connectivity with the primary visual cortex and the temporal vs. parietal lobe. This also 

allowed us to explore information exchange within the species’ action observation 

networks.  

6.6 Univariate analysis 

6.6.1 Action observation task 

First-level analysis. First-level analyses were carried out using a GLM approach 

implemented in SPM12 (https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). We 

defined four task regressors for our main conditions of interest: transitive and 

intransitive actions of each species (i.e., dog/human × transitive/intransitive action) and 

two for the control conditions (i.e., object motion and scrambled). All blocks were 

estimated as a boxcar function time-locked to the onset of each block with a duration 

of 12 s and convolved with a tailored dog haemodynamic response function52 (HRF) 
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or the standard human HRF implemented in SPM12. In addition, we added the six 

motion regressors retrieved from image realignment and the individual framewise 

displacement regressors as nuisance regressors. We applied a temporal high-pass 

filter with a cut-off at 128 s. Due to signal distortions caused by dogs’ large sinuses 

potentially affecting signal in the dog frontal lobes and, therefore, partly the sensory-

motor cortices (see Supplementary Figure S1B-C), we applied implicit masking to 

exclude voxels with a mean value lower than 80% of the global signal. We also 

calculated individual whole-brain temporal signal-to-noise ratio (tSNR) maps (𝑡𝑆𝑁𝑅 =

	!"#$%&'($	*$+,	(	.'*$	($/'$()
!"#$%&'($	12	(.'*$	($/'$()

) to measure where large sinuses might have affected 

individual brain signal in dogs. 

Finally, we computed contrasts for all six task regressors, an action observation 

contrast averaging the activation for transitive and intransitive actions of both species 

(i.e., all conditions showing agent performing an action > implicit visual baseline) and 

a task-activation contrasts (i.e., all task conditions > implicit visual baseline). 

Whole-brain group comparisons. First, we conducted a one-sample t-test for the 

action observation contrast (i.e., all action conditions > implicit visual baseline) for a 

first exploration of the action observation network and one sample t-tests for each 

condition of interest. We then implemented two paired-sample t-tests to compare the 

activation elicited by action observation to (1) the low-level visual stimulation control 

(i.e., all action conditions > phase-scrambled motion) and (2) the activation elicited by 

object motion (i.e., all action conditions > object motion condition). To investigate if the 

dog and human action networks respond to conspecific and heterospecific actions and 

to test our hypothesis of no pronounced differences in activation for transitive and 

intransitive actions due to the species imitation skills, we calculated a within-subjects 

full factorial model using the flexible factorial framework in SPM12 with the factors 

action (transitive, intransitive) and agent (dog, human) to test for main effects of action 

and agent, and an action × agent interaction.  

For all whole-brain group analyses, we determined significance by applying cluster-

level inference with a cluster-defining threshold of p < .005/.001 (dogs/humans) and a 

cluster probability of p < .05 family-wise error (FWE) corrected for multiple 

comparisons. We chose a lower cluster-defining threshold for the dog data as this has 

been commonly used in the field of dog fMRI (see e.g.46,49,63), suggesting its 

effectiveness in identifying relevant brain responses while at the same time increasing 
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comparability to and integration of the present data with prior findings data. We derived 

the cluster extent (i.e., the minimum spatial extent to be labelled significant) using the 

SPM extension “CorrClusTh.m”96. Anatomical labelling of activation peaks and clusters 

of all reported results refers to the dog brain atlas from Czeibert and colleagues54 

normalized to the stereotaxic breed-averaged template space55, and the Harvard-

Oxford human brain atlas56; and was performed using the python software 

AtlasReader97. 

Univariate region-of-interest (ROI) analysis of dog sensorimotor cortex. We 

hypothesized somatosensory and (pre-) motor areas to be part of the action 

observation network in dogs, functionally analogous to humans. Due to the anticipated 

lower tSNR in this area in dogs, we conducted an ROI analysis to test this hypothesis 

with higher sensitivity. Constrained masks for somatosensory and motor cortices of the 

dog brain do not exist, and knowledge about the exact locations, especially of pre- and 

secondary motor cortices, is limited. However, it is known which gyri house 

sensorimotor cortices. The premotor cortex and supplementary motor area (SMA) are 

located in the precruciate gyrus. The motor cortex is housed in the anterior portion of 

the postcruciate gyrus, bordering the primary somatosensory cortex (S1) posteriorly at 

the postcruciate sulcus and ventrally at the rostral suprasylvian sulcus98,99. S1 

encompasses the posterior postcruciate gyrus and the rostral suprasylvian gyrus, and 

the secondary somatosensory cortex (S2) is housed in the rostral ectosylvian 

sulcus79,80; see also Supplementary Figure 1A). We, therefore, defined four ROIs 

using the following publicly available gyri masks54: precruciate gyrus (“premotor and 

SMA”), postcruciate gyrus (“M1/S1” or “somatomotor”), rostral suprasylvian gyrus 

(“rostral suprasylvian S1”), rostral ectosylvian gyrus (“S2”). To constrain the large 

anatomical masks, we created a binary mask of the group task-based activation (i.e., 

all conditions > implicit visual baseline) liberally thresholded at p = .05 uncorrected and 

intersected the functional mask and each of the anatomical gyri masks. Next, using the 

REX toolbox100, we extracted parameter estimates for each condition-of-interest (i.e., 

pooled actions contrast, dog/human transitive/intransitive action) and the controls (i.e., 

object and scrambled motion) from the sensorimotor ROI masks.   

First, to test whether areas of the sensorimotor cortex respond stronger to action 

observation compared to controls, we employed linear mixed models (LMMs) for each 

of the four ROIs using the R packages lme4101 and afex102. We defined activation levels 

(i.e., parameter estimates) as the dependent variable, condition (levels: actions, object 
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motion, phase-scrambled motions) as predictor, and added per-subject random 

intercepts. To investigate potential differences in activation due to the observed agent 

or action type, we conducted LMMs for each ROI, with activation levels as the 

dependent variable and agent (levels: dog, human) and action (levels: transitive, 

intransitive) as predictors (i.e., 2 × 2 within-subjects design) and added by-subject 

random intercepts. We applied false-discovery rate (FDR) control to correct p-values 

for group comparisons investigating the same research questions (e.g., greater 

activation for action observation compared to controls) and for planned post hoc 

comparison. 

Cross-species comparison of parietal and temporal cortex involvement. As 

outlined above, we predicted stronger temporal than parietal lobe activation in dogs 

and significantly less activation in the dog compared to the human parietal lobe during 

action observation. To quantitatively test the potential cross-species differences in 

parietal and temporal activation, we measured the individual percentages of active 

voxels within each lobe during action observation (i.e., 

(	 ,3*4$/	"5	+6.'!$	!"#$%(
.".+%	,3*4$/	"5	!"#$%(	&'.7',	*+(8(

	) × 100). Specifically, we focused on the visual and 

multisensory cortices and excluded somatosensory and auditory areas of both species 

from the lobe masks and subsequent analysis. 

For the dogs, we created the parietal lobe mask by combining bilateral anatomical 

masks from Czeibert and colleagues54 of the anterior portions of the marginal and 

ectomarginal gyrus with the ascending ramus indicating the posterior border, and the 

presplenial gyrus103. Dog temporal lobe definitions vary regarding the in- or exclusion 

of the mid and caudal suprasylvian gyrus55,103. Considering the functional convergence 

between the mid and caudal suprasylvian agent areas and the human inferior temporal 

cortex46,49, we included both gyri in the dog temporal lobe mask together with the 

caudal composite and rostral sylvian gyri (see Supplementary Figure S2 for main gyri 

of the dog brain and masks). We created the human lobe masks using anatomical 

masks from the Harvard-Oxford brain atlas56. The bilateral temporal mask includes the 

temporal pole, all middle and inferior temporal gyrus masks and the temporal fusiform 

cortex. For the parietal lobe mask, we combined bilateral masks of the superior parietal 

lobule, supramarginal gyrus (anterior and posterior division), angular gyrus and 

precuneus cortex.  
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As for the group analysis, we determined significantly active voxels, by thresholding 

the individual contrast maps for the action observation contrast (i.e., all conditions 

displaying an agent performing an action > implicit baseline) by applying cluster-level 

inference. We also conducted secondary analyses with more liberal thresholds to 

ensure cross-species comparisons were not biased due to too conservative 

thresholds. First, we applied an uncorrected threshold of p < .005/.001 for 

dogs/humans) to determine significant voxels. Second, following procedures 

established in comparative primate neuroimaging research 12,104, we defined the most 

active voxels (i.e., highest positive beta-values) as significant. We used the top 5% 

voxels as the threshold but also calculated parietal and temporal cortex involvement 

for percentage thresholds ranging from 1% to 100% in steps of 5% for a further visual 

inspection. 

For group (cross-species) comparisons, we employed a LMM with proportions (i.e., 

individual percentages of active voxels) as the dependent variable and lobe (levels: 

parietal, temporal; within-subject) and sample (levels: dog, human participants; 

between-subject) as predictors and added by-subject random intercepts. P-values for 

planned post hoc comparisons were FDR-controlled. 

6.6.2 Agent localizer 

We employed a functional localizer task to locate face- and body-sensitive regions (i.e., 

agent regions) in our sample in order to identify the functional analogues of the human 

ventral visual pathway8 within the dog's action observation network. 

First-level analysis. As described above, first-level analyses were conducted using a 

GLM approach implemented in SPM12. We defined four task regressors for the main 

conditions of interest: faces and bodies of each species (i.e., dog/human faces/bodies) 

and two for the control conditions (i.e., inanimate objects and scrambled). We then 

computed averaged contrasts for faces and bodies (i.e., pooled activation for dog and 

human stimuli), for dogs and humans (i.e., pooled for faces and bodies), and for 

inanimate objects (all conditions > scrambled control).  

Group comparison. To localize the face and body-sensitive areas, we conducted a 

whole-brain one-way repeated measures analysis of variance (ANOVA; levels: faces, 

bodies, inanimate objects; all conditions > scrambled controls) and a second ANOVA 

to investigate potential differences due to species depicted with the factors agent (dog, 
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human) and section (face, body; all conditions > scrambled controls). Both ANOVAs 

were implemented using the flexible factorial framework in SPM12. 

6.7 Task-based functional connectivity analysis 

As outlined above, we expected stronger temporal than parietal lobe engagement 

during action observation in dogs, but a more balanced involvement of the two lobes 

in humans. In addition to the comparison of activation extent, we also aimed to 

compare the strength of information exchange (i.e., task-based functional connectivity) 

with V1 between the parietal and temporal lobe in the two species.  

6.7.1 Action observation task 

First-level analyses. To investigate if action observation led to differences in 

functional connectivity of the primary visual cortex (i.e., seed region) with the temporal 

and parietal cortices in both species, we used generalized psychophysiological 

interaction (gPPI) analyses40. For the dogs, due to the unavailability of an anatomical 

mask, we created a primary visual cortex (V1) sphere (x = 1, y = -29, z = 16, 4 mm) 

using coordinates from a visual localizer task52. We built the human V1 seed region by 

combining the supra- and intracalcarine cortex masks from the Harvard-Oxford brain 

atlas56. From the respective V1 masks, we extracted the first eigenvariate of the 

individual functional time courses of the dog and human participants, adjusted the 

functional time courses for average activation using an F-contrast, and deconvolved 

them to estimate the neural activity in the seed region (i.e., physiological factor). We 

then multiplied the neural activation estimate with a boxcar function time-linked to the 

onset of each block (i.e., psychological factor) convolved with the species-specific HRF 

models52. This resulted in one psychophysiological interaction regressor per condition 

of interest. The interaction regressors were added to the first-level design matrix, and 

the GLMs were estimated. Using the REX toolbox100, we then extracted mean 

functional connectivity estimates between the seed region (i.e., V1) and agent- and 

action-sensitive areas in both species (i.e., target regions) for each condition-of-

interest (i.e., pooled actions contrast, dog/human transitive/intransitive action) and the 

controls (i.e., object and scrambled motion). 

Group comparisons.  On the group level, we investigated whether action observation 

led to greater functional connectivity between V1 and agent- and action-sensitive areas 

than the control conditions and whether task-based functional connectivity between V1 
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and the temporal vs. parietal lobe differed in dogs and humans (see also section 

Regions-of-interest task-based functional connectivity below). First, we 

aggregated the functional connectivity estimates across all anatomical masks of the 

same lobe and employed an LMM for each species with the aggregated functional 

connectivity as the dependent variable, lobe (levels: parietal, temporal; within-subject) 

and condition (levels: actions, object motion, scrambled motion) as predictors and 

random intercepts as well as random slopes for lobe and condition. This corresponds 

to the maximal random effects structure possible with this design, as recommended by 
105. The factor condition was contrast coded using Helmert coding (contrast 1: actions 

– (object motion + scrambled motion) / 2; contrast 2: scrambled motion – object motion) 

to directly test our contrast of interest (i.e., contrast 1). Finally, we investigated task-

based functional connectivity changes in each anatomical area separately by setting 

an LMM with functional connectivity as the dependent variable for each anatomical 

area, condition (levels: actions, object motion, scrambled motion) as the predictor, and 

we added by-subject random intercepts. P-values for planned post hoc comparisons 

and analyses investigating the same research question were FDR-controlled. 

Regions-of-interest task-based functional connectivity. The anatomical areas 

included in the parietal and temporal lobe masks described above (section Cross-
species comparison of parietal and temporal cortex involvement) served as the 

target regions for the dogs. For the human participants, we used anatomical masks 

(retrieved again from the Harvard-Oxford brain atlas56) of the known temporal and 

parietal core nodes of the action observation network. This included the superior 

parietal lobule, the supramarginal gyrus in the human parietal lobe, and the posterior 

fusiform cortex, and the posterior superior temporal sulcus (pSTS) area in the temporal 

lobe. Due to the lack of a pSTS mask in volumetric space, we created and 

subsequently combined left and right hemisphere spheres based on coordinates from 

previous work investigating the functional organization of the STS106 (sphere radius: 

10 mm; left centre x = -50, y = -48, z = 15; right: x = 50, y = -47, z = 13). Finally, we 

removed all voxels overlapping with the pSTS mask from the supramarginal gyrus 

mask.  

Our rationale to define the target regions for the main functional connectivity analysis 

anatomically was because the univariate activation analysis did not reveal any action-

sensitive areas in the dog parietal lobe, and we did not want the lobe functional 
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connectivity comparison to be biased by comparing more constrained functionally 

defined target areas with anatomical masks. However, in a secondary analysis, we 

also investigated functional connectivity between V1 and functionally defined action- 

and agent-sensitive areas in the dog temporal lobe based on the univariate activation 

results (i.e., face- and body-sensitive areas localized with the agent-localizer and 

cluster resulting from the overlap actions > object motion ∩ actions > scrambled 

motion) to asses connectivity of the areas identified as part of the dog action 

observation network.  

6.7.2 Agent localizer 

The ventral visual pathway expands from the primary visual cortex to the inferior 

temporal cortex of humans 8,95, representing one component of the human action 

observation network. The univariate analysis of the functional (agent) localizer served 

to detect the functional analogues of this pathway within the dog action observation 

network. In this secondary analysis, we further examined if the localized dog face- and 

body-sensitive areas are functional analogues of the human ventral visual pathway8,95 

by investigating if these areas exchange information with V1 during the perception of 

static faces and bodies compared to controls.  

First-level analysis. We employed gPPI analyses as described above in detail using 

the same V1 sphere. Using the REX toolbox100, we then extracted mean functional 

connectivity between the seed region and agent-sensitive areas in dogs (i.e., target 

regions) for each condition-of-interest (i.e., faces, bodies, dog/human faces/bodies) 

and the controls (i.e., inanimate objects, scrambled images). Target regions in the mid 

and caudal suprasylvian gyrus were defined based on the univariate results from the 

contrasts faces > controls, bodies > controls, bodies > faces. 

Group comparison. To investigate task-based functional connectivity changes 

between V1 and the agent areas, we set up one LMMs for each region with functional 

connectivity as the dependent variable. We defined condition (levels: faces, bodies, 

inanimate objects, scrambled images) as the predictor and added by-subject random 

intercepts. P-values for planned post hoc comparisons and analyses investigating the 

same research question were FDR-controlled. 

  

.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 October 2, 2023. ; https://doi.org/10.1101/2023.10.02.560112doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.02.560112
http://creativecommons.org/licenses/by-nc-nd/4.0/


 34 

7 References 

1. Blakemore, S. J. & Decety, J. From the perception of action to the understanding 

of intention. Nat. Rev. Neurosci. 2, 561–567 (2001). 

2. Heyes, C. Imitation. Curr. Biol. 31, R228–R232 (2021). 

3. Endedijk, H. M., Meyer, M., Bekkering, H., Cillessen, A. H. N. & Hunnius, S. Neural 

mirroring and social interaction: Motor system involvement during action 

observation relates to early peer cooperation. Dev. Cogn. Neurosci. 24, 33–41 

(2017). 

4. Caspers, S., Zilles, K., Laird, A. R. & Eickhoff, S. B. ALE meta-analysis of action 

observation and imitation in the human brain. Neuroimage 50, 1148–1167 (2010). 

5. Hardwick, R. M., Caspers, S., Eickhoff, S. B. & Swinnen, S. P. Neural correlates 

of action: Comparing meta-analyses of imagery, observation, and execution. 

Neurosci. Biobehav. Rev. 94, 31–44 (2018). 

6. Pitcher, D. & Ungerleider, L. G. Evidence for a Third Visual Pathway Specialized 

for Social Perception. Trends in Cognitive Sciences vol. 25 100–110 (2021). 

7. Wurm, M. F. & Caramazza, A. Two ‘what’ pathways for action and object 

recognition. Trends Cogn. Sci. 26, 103–116 (2022). 

8. Ungerleider, L. G. & Haxby, J. V. ‘What’ and ‘where’ in the human brain. Curr. 

Opin. Neurobiol. 4, 157–165 (1994). 

9. Glover, S., Wall, M. B. & Smith, A. T. Distinct cortical networks support the planning 

and online control of reaching-to-grasp in humans. Eur. J. Neurosci. 35, 909–915 

(2012). 

10. Kilner, J. M., Neal, A., Weiskopf, N., Friston, K. J. & Frith, C. D. Evidence of Mirror 

Neurons in Human Inferior Frontal Gyrus. J. Neurosci. 29, 10153–10159 (2009). 

11. Buccino, G. et al. Action observation activates premotor and parietal areas in a 

somatotopic manner: an fMRI study. Eur. J. Neurosci. 13, 400–404 (2001). 

12. Hecht, E. E. et al. Differences in Neural Activation for Object-Directed Grasping in 

Chimpanzees and Humans. J. Neurosci. 33, 14117–14134 (2013). 

13. Sliwa, J. & Freiwald, W. A. A dedicated network for social interaction processing 

in the primate brain. Science 356, 745–749 (2017). 

.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 October 2, 2023. ; https://doi.org/10.1101/2023.10.02.560112doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.02.560112
http://creativecommons.org/licenses/by-nc-nd/4.0/


 35 

14. Zanini, A., Dureux, A., Selvanayagam, J. & Everling, S. Ultra-high field fMRI 

identifies an action-observation network in the common marmoset. Commun. Biol. 

2023 61 6, 1–11 (2023). 

15. Garin, C. M., Garin, M., Silenzi, L., Jaffe, R. & Constantinidis, C. Multilevel atlas 

comparisons reveal divergent evolution of the primate brain. Proc. Natl. Acad. Sci. 

U. S. A. 119, e2202491119 (2022). 

16. Hecht, E. E. et al. Process Versus Product in Social Learning: Comparative 

Diffusion Tensor Imaging of Neural Systems for Action Execution–Observation 

Matching in Macaques, Chimpanzees, and Humans. Cereb. Cortex 23, 1014–1024 

(2013). 

17. Fabbri-Destro, M. & Rizzolatti, G. Mirror Neurons and Mirror systems in Monkeys 

and Humans. Physiology 23, 171–179 (2008). 

18. Whiten, A., McGuigan, N., Marshall-Pescini, S. & Hopper, L. M. Emulation, 

imitation, over-imitation and the scope of culture for child and chimpanzee. Philos. 

Trans. R. Soc. B Biol. Sci. 364, 2417–2428 (2009). 

19. Mitchell, R. W. & Anderson, J. R. Discrimination learning of scratching, but failure 

to obtain imitation and self-recognition in a long-tailed macaque. Primates 34, 301–

309 (1993). 

20. Pope, S. M., Taglialatela, J. P., Skiba, S. A. & Hopkins, W. D. Changes in 

Frontoparietotemporal Connectivity following Do-As-I-Do Imitation Training in 

Chimpanzees (Pan troglodytes). J. Cogn. Neurosci. 30, 421–431 (2018). 

21. Voelkl, B. & Huber, L. True imitation in marmosets. Anim. Behav. 60, 195–202 

(2000). 

22. Voelkl, B. & Huber, L. Imitation as Faithful Copying of a Novel Technique in 

Marmoset Monkeys. PLoS One 2, e611 (2007). 

23. Carrillo, M. et al. Emotional Mirror Neurons in the Rat’s Anterior Cingulate Cortex. 

Curr. Biol. 29, 1301-1312.e6 (2019). 

24. Viaro, R. et al. Neurons of rat motor cortex become active during both grasping 

execution and grasping observation. Curr. Biol. 31, 4405-4412.e4 (2021). 

25. Prather, J. F., Peters, S., Nowicki, S. & Mooney, R. Precise auditory–vocal 

mirroring in neurons for learned vocal communication. Nature 451, 305–310 

.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 October 2, 2023. ; https://doi.org/10.1101/2023.10.02.560112doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.02.560112
http://creativecommons.org/licenses/by-nc-nd/4.0/


 36 

(2008). 

26. Hamaguchi, K., Tschida, K. A., Yoon, I., Donald, B. R. & Mooney, R. Auditory 

synapses to song premotor neurons are gated off during vocalization in zebra 

finches. Elife 3, (2014). 

27. Fujimoto, H., Hasegawa, T. & Watanabe, D. Neural Coding of Syntactic Structure 

in Learned Vocalizations in the Songbird. J. Neurosci. 31, 10023–10033 (2011). 

28. Marshall-Pescini, S., Ceretta, M. & Prato-Previde, E. Do Domestic Dogs 

Understand Human Actions as Goal-Directed? PLoS One 9, e106530 (2014). 

29. Topál, J., Byrne, R. W., Miklósi, Á. & Csányi, V. Reproducing human actions and 

action sequences: “Do as I Do!” in a dog. Anim. Cogn. 9, 355–367 (2006). 

30. Range, F., Viranyi, Z. & Huber, L. Selective Imitation in Domestic Dogs. Curr. Biol. 

17, 868–872 (2007). 

31. Fugazza, C. & Miklósi, Á. Deferred imitation and declarative memory in domestic 

dogs. Anim. Cogn. 17, 237–247 (2014). 

32. Kubinyi, E., Miklósi, Á., Topál, J. & Csányi, V. Dogs (Canis familiaris) learn from 

their owners via observation in a manipulation task. J. Comp. Psychol. 117, 156–

165 (2003). 

33. Range, F., Huber, L. & Heyes, C. Automatic imitation in dogs. Proc. R. Soc. B Biol. 

Sci. 278, 211–217 (2011). 

34. Huber, L., Popovová, N., Riener, S., Salobir, K. & Cimarelli, G. Would dogs copy 

irrelevant actions from their human caregiver? Learn. Behav. 46, 387–397 (2018). 

35. Huber, L., Salobir, K., Mundry, R. & Cimarelli, G. Selective overimitation in dogs. 

Learn. Behav. 48, 113–123 (2020). 

36. Huber, L., Kubala, D. & Cimarelli, G. Overimitation in Dogs: Is There a Link to the 

Quality of the Relationship with the Caregiver? Animals 12, 326 (2022). 

37. Kaas, J. H. Reconstructing the Areal Organization of the Neocortex of the First 

Mammals. Brain. Behav. Evol. 78, 7–21 (2011). 

38. Lyras, G. A. The evolution of the brain in Canidae (Mammalia: Carnivora). Scr. 

Geol. 139, 1–93 (2009). 

39. Karl, S., Boch, M., Virányi, Z., Lamm, C. & Huber, L. Training pet dogs for eye-

.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 October 2, 2023. ; https://doi.org/10.1101/2023.10.02.560112doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.02.560112
http://creativecommons.org/licenses/by-nc-nd/4.0/


 37 

tracking and awake fMRI. Behav. Res. Methods 52, (2020). 

40. McLaren, D. G., Ries, M. L., Xu, G. & Johnson, S. C. A generalized form of context-

dependent psychophysiological interactions (gPPI): A comparison to standard 

approaches. Neuroimage 61, 1277–1286 (2012). 

41. O’Reilly, J. X., Woolrich, M. W., Behrens, T. E. J., Smith, S. M. & Johansen-Berg, 

H. Tools of the trade: psychophysiological interactions and functional connectivity. 

Soc. Cogn. Affect. Neurosci. 7, 604–609 (2012). 

42. Dilks, D. D. et al. Awake fMRI reveals a specialized region in dog temporal cortex 

for face processing. PeerJ 3, 3:e1115 (2015). 

43. Cuaya, L. V., Hernández-Pérez, R. & Concha, L. Our Faces in the Dog’s Brain: 

Functional Imaging Reveals Temporal Cortex Activation during Perception of 

Human Faces. PLoS One 11, e0149431 (2016). 

44. Thompkins, A. M. et al. Separate brain areas for processing human and dog faces 

as revealed by awake fMRI in dogs (Canis familiaris). Learn. Behav. 46, 561–573 

(2018). 

45. Szabó, D. et al. On the Face of It: No Differential Sensitivity to Internal Facial 

Features in the Dog Brain. Front. Behav. Neurosci. 14, 25 (2020). 

46. Bunford, N. et al. Comparative Brain Imaging Reveals Analogous and Divergent 

Patterns of Species and Face Sensitivity in Humans and Dogs. J. Neurosci. 40, 

8396–8408 (2020). 

47. Gillette, K. D., Phillips, E. M., Dilks, D. D. & Berns, G. S. Using Live and Video 

Stimuli to Localize Face and Object Processing Regions of the Canine Brain. 

Animals 12, 108 (2022). 

48. Hernández-Pérez, R., Concha, L. & Cuaya, L. V. Decoding Human Emotional 

Faces in the Dog’s Brain. bioRxiv (2018) doi:10.1101/134080. 

49. Boch, M. et al. Functionally analogous body- and animacy-responsive areas are 

present in the dog (Canis familiaris) and human occipito-temporal lobe. Commun. 

Biol. 2023 61 6, 1–15 (2023). 

50. Fugazza, C. et al. Spontaneous action matching in dog puppies, kittens and wolf 

pups. Sci. Reports 2023 131 13, 1–11 (2023). 

51. Hoehl, S. et al. ‘Over-imitation’: A review and appraisal of a decade of research. 

.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 October 2, 2023. ; https://doi.org/10.1101/2023.10.02.560112doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.02.560112
http://creativecommons.org/licenses/by-nc-nd/4.0/


 38 

Dev. Rev. 51, 90–108 (2019). 

52. Boch, M. et al. Tailored haemodynamic response function increases detection 

power of fMRI in awake dogs (Canis familiaris). Neuroimage 224, 117414 (2021). 

53. Guran, A. C.-N. et al. Validation of a new coil array tailored for dog functional 

magnetic resonance imaging (fMRI) studies. eNeuro (2023) 

doi:q10.1523/ENEURO.0083-22.2022. 

54. Czeibert, K., Andics, A., Petneházy, Ö. & Kubinyi, E. A detailed canine brain label 

map for neuroimaging analysis. Biol. Futur. 70, 112–120 (2019). 

55. Nitzsche, B. et al. A stereotaxic breed-averaged, symmetric T2w canine brain atlas 

including detailed morphological and volumetrical data sets. Neuroimage 187, 93–

103 (2019). 

56. Desikan, R. S. et al. An automated labeling system for subdividing the human 

cerebral cortex on MRI scans into gyral based regions of interest. Neuroimage 31, 

968–980 (2006). 

57. Allen, M., Poggiali, D., Whitaker, K., Marshall, T. R. & Kievit, R. A. Raincloud plots: 

A multi-platform tool for robust data visualization [version 1; peer review: 2 

approved]. Wellcome Open Res. 4, (2019). 

58. Kanwisher, N. Functional specificity in the human brain: A window into the 

functional architecture of the mind. Proc. Natl. Acad. Sci. U. S. A. 107, 11163–

11170 (2010). 

59. Yang, D. Y. J., Rosenblau, G., Keifer, C. & Pelphrey, K. A. An integrative neural 

model of social perception, action observation, and theory of mind. Neurosci. 

Biobehav. Rev. 51, 263–275 (2015). 

60. Kosmal, A. Organization of connections underlying the processing of auditory 

information in the dog. Prog. Neuro-Psychopharmacology Biol. Psychiatry 24, 

825–854 (2000). 

61. Kosmal, A., Malinowska, M., Woźnicka, A. & Rauschecker, J. P. Cytoarchitecture 

and thalamic afferents of the sylvian and composite posterior gyri of the canine 

temporal cortex. Brain Res. 1023, 279–301 (2004). 

62. Hecht, E. E. et al. Significant Neuroanatomical Variation Among Domestic Dog 

Breeds. J. Neurosci. 39, 7748–7758 (2019). 

.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 October 2, 2023. ; https://doi.org/10.1101/2023.10.02.560112doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.02.560112
http://creativecommons.org/licenses/by-nc-nd/4.0/


 39 

63. Karl, S., Sladky, R., Lamm, C. & Huber, L. Neural Responses of Pet Dogs 

Witnessing their caregiver’s Positive Interactions with a Conspecific: An fMRI 

Study. Cereb. Cortex Commun. tgab047, (2021). 

64. Hecht, E. E. et al. Neuromorphological Changes following Selection for Tameness 

and Aggression in the Russian Farm-Fox experiment. J. Neurosci. 41, 6144–6156 

(2021). 

65. Range, F. & Virányi, Z. Wolves Are Better Imitators of Conspecifics than Dogs. 

PLoS One 9, e86559 (2014). 

66. Huber, L., Range, F. & Virányi, Z. Dog Imitation and Its Possible Origins. in 

Domestic Dog Cognition and Behavior: The Scientific Study of Canis familiaris 79–

100 (Springer, Berlin, Heidelberg, 2014). doi:10.1007/978-3-642-53994-7_4. 

67. Range, F. & Marshall-Pescini, S. Comparing wolves and dogs: current status and 

implications for human ‘self-domestication’. Trends Cogn. Sci. (2022) 

doi:10.1016/J.TICS.2022.01.003. 

68. Marshall-Pescini, S., Cafazzo, S., Virányi, Z. & Range, F. Integrating social 

ecology in explanations of wolf–dog behavioral differences. Curr. Opin. Behav. Sci. 

16, 80–86 (2017). 

69. Mech, L. D. & Boitani, L. Wolf social ecology. in Wolves: Behavior, Ecology, and 

Conservation (eds. Mech, L. D. & Boitani, L.) 1–35 (University of Chicago Press, 

2003). 

70. Range, F. & Virányi, Z. Tracking the evolutionary origins of dog-human 

cooperation: the ‘Canine Cooperation Hypothesis’. Front. Psychol. 5, 1582 (2015). 

71. Urgen, B. A., Pehlivan, S. & Saygin, A. P. Distinct representations in occipito-

temporal, parietal, and premotor cortex during action perception revealed by fMRI 

and computational modeling. Neuropsychologia 127, 35–47 (2019). 

72. Fogassi, L. et al. Neuroscience: Parietal lobe: From action organization to intention 

understanding. Science 308, 662–667 (2005). 

73. Husain, M. & Nachev, P. Space and the parietal cortex. Trends Cogn. Sci. 11, 30–

36 (2007). 

74. Culham, J. C. & Valyear, K. F. Human parietal cortex in action. Curr. Opin. 

Neurobiol. 16, 205–212 (2006). 

.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 October 2, 2023. ; https://doi.org/10.1101/2023.10.02.560112doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.02.560112
http://creativecommons.org/licenses/by-nc-nd/4.0/


 40 

75. Peeters, R. et al. The Representation of Tool Use in Humans and Monkeys: 

Common and Uniquely Human Features. J. Neurosci. 29, 11523–11539 (2009). 

76. Stout, D. & Hecht, E. E. Evolutionary neuroscience of cumulative culture. Proc. 

Natl. Acad. Sci. U. S. A. 114, 7861–7868 (2017). 

77. Orban, G. A. & Caruana, F. The neural basis of human tool use. Front. Psychol. 5, 

81841 (2014). 

78. Stevenson, M. F. & Poole, T. B. An ethogram of the common marmoset (Calithrix 

jacchus jacchus): General behavioural repertoire. Anim. Behav. 24, 428–451 

(1976). 

79. Pinto Hamuy, T., Bromiley, R. B. & Woolsey, C. N. Somatic afferent areas I and II 

of dog’s cerebral cortex. J. Neurophysiol. 19, 485–499 (1956). 

80. Adrian, E. D. Afferent discharges to the cerebral cortex from peripheral sense 

organs. J. Physiol. 100, 159 (1941). 

81. Kis, A., Kanizsár, O., Gácsi, M. & Topál, J. Intranasally administered oxytocin 

decreases heart rate and increases heart rate variability in dogs. J. Vet. Behav. 

Clin. Appl. Res. 9, e15 (2014). 

82. Törnqvist, H. et al. Visual event-related potentials of dogs: a non-invasive 

electroencephalography study. Anim. Cogn. 16, 973–982 (2013). 

83. Kujala, M. V. et al. Time-resolved classification of dog brain signals reveals early 

processing of faces, species and emotion. Sci. Reports 2020 101 10, 1–13 (2020). 

84. Topál, J., Miklósi, Á., Csányi, V. & Dóka, A. Attachment Behavior in Dogs (Canis 

familiaris): A New Application of Ainsworth’s (1969) Strange Situation Test. J. 

Comp. Psychol. 112, 219–229 (1998). 

85. Archer, J. Why do people love their pets? Evol. Hum. Behav. 18, 237–259 (1997). 

86. Kilner, J. M., Friston, K. J. & Frith, C. D. Predictive coding: an account of the mirror 

neuron system. Cogn. Process. 8, 159–166 (2007). 

87. Buccino, G. et al. Neural Circuits Involved in the Recognition of Actions Performed 

by Nonconspecifics: An fMRI Study. J. Cogn. Neurosci. 16, 114–126 (2004). 

88. Bray, E. E. et al. Early-emerging and highly heritable sensitivity to human 

communication in dogs. Curr. Biol. 31, 1–5 (2021). 

.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 October 2, 2023. ; https://doi.org/10.1101/2023.10.02.560112doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.02.560112
http://creativecommons.org/licenses/by-nc-nd/4.0/


 41 

89. Peirce, J. W. PsychoPy-Psychophysics software in Python. J. Neurosci. Methods 

162, 8–13 (2007). 

90. Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L. & Petersen, S. E. 

Spurious but systematic correlations in functional connectivity MRI networks arise 

from subject motion. Neuroimage 59, 2142–2154 (2012). 

91. Power, J. D. et al. Methods to detect, characterize, and remove motion artifact in 

resting state fMRI. Neuroimage 84, 320–341 (2014). 

92. Boch, M., Wagner, I. C., Karl, S., Huber, L. & Lamm, C. Data from: Functionally 

analogous body- and animacy-responsive areas are present in the dog (Canis 

familiaris) and human occipito-temporal lobe [Data set]. Zenodo (2023) 

doi:10.5281/zenodo.7691966. 

93. R Core Team. R: A Language and Environment for Statistical Computing. (2023). 

94. Yushkevich, P. A. et al. User-guided 3D active contour segmentation of anatomical 

structures: Significantly improved efficiency and reliability. Neuroimage 31, 1116–

1128 (2006). 

95. Haxby, J. V., Hoffman, E. A. & Gobbini, M. I. The distributed human neural system 

for face perception. Trends in Cognitive Sciences vol. 4 223–233 (2000). 

96. Nichols, T. & Wilke, M. CorrClusTh.m [MATLAB Code]. 

https://warwick.ac.uk/fac/sci/statistics/staff/academic-

research/nichols/scripts/spm/spm8/corrclusth.m (2012). 

97. Notter, M. P. et al. AtlasReader: A Python package to generate coordinate tables, 

region labels, and informative figures from statistical MRI images. J. Open Source 

Softw. 4, 1257 (2019). 

98. Tanaka, D., Gorska, T. & Dutkiewicz, K. Corticostriate projections from the primary 

motor cortex in the dog. Brain Res. 209, 287–303 (1981). 

99. Gorska, T. Functional organization of cortical motor areas in adult dogs and 

puppies. Acta Neurobiol. Exp. (Wars). 34, 171–203 (1974). 

100. Duff, E. P., Cunnington, R. & Egan, G. F. REX: Response Exploration for 

Neuroimaging Datasets. Neuroinformatics 5, 223–234 (2007). 

101. Bates, D., Mächler, M., Bolker, B. M. & Walker, S. C. Fitting Linear Mixed-Effects 

Models Using lme4. J. Stat. Softw. 67, 1–48 (2015). 

.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 October 2, 2023. ; https://doi.org/10.1101/2023.10.02.560112doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.02.560112
http://creativecommons.org/licenses/by-nc-nd/4.0/


 42 

102. Singmann, H. et al. afex: analysis of factorial experiments. R Packag. version 1.3-

0 (2020) doi:https://CRAN. R-project.org/package=afex. 

103. Johnson, P. J. et al. Stereotactic Cortical Atlas of the Domestic Canine Brain. Sci. 

Rep. 10, 4781 (2020). 

104. Rilling, J. K. et al. A comparison of resting-state brain activity in humans and 

chimpanzees. Proc. Natl. Acad. Sci. U. S. A. 104, 17146–17151 (2007). 

105. Barr, D. J., Levy, R., Scheepers, C. & Tily, H. J. Random effects structure for 

confirmatory hypothesis testing: Keep it maximal. J. Mem. Lang. 68, 255–278 

(2013). 

106. Schobert, A. K., Corradi-Dell’Acqua, C., Frühholz, S., van der Zwaag, W. & 

Vuilleumier, P. Functional organization of face processing in the human superior 

temporal sulcus: a 7T high-resolution fMRI study. Soc. Cogn. Affect. Neurosci. 13, 

102–113 (2018). 

 

 

.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 October 2, 2023. ; https://doi.org/10.1101/2023.10.02.560112doi: bioRxiv preprint 

https://doi.org/10.1101/2023.10.02.560112
http://creativecommons.org/licenses/by-nc-nd/4.0/

