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1. GENERAL INTRODUCTION 

This dissertation examines the brain mechanisms involved in vocal social perception in 

domestic dogs (Canis familiaris) through a novel method, using functional magnetic resonance 

imaging (fMRI) in awake, unrestrained participants. This method has hardly ever been used in 

dogs so far. The ‘General Introduction’ chapter presents the topic of vocal social perception in 

dogs, briefly explains the fMRI method and some main fMRI designs, and introduces the 

motivation to perform the series of experiments presented in this thesis. 

 

 

1.1. From social interactions to shared socio-cognitive abilities of dogs and humans 

According to the definitions of behavioural ecology, social behaviour is based on interactions 

between individuals and on a functional level is organized around the achievement of different 

goals (e.g. cooperate in order to gain food). Social behaviour is based on complex behavioural 

mechanisms in which individuals create their selective environment by interacting with each 

other (Székely et al. 2010). Social behaviour and its traits contribute to the survival of the 

individual (these consequences can be seen in the individual's fitness), in cases where group 

living has selective benefits. Cooperation is a category of social interactions which is beneficial 

for all participants over a certain time period (Noë 2006). The effectiveness of cooperative 

interactions can be supported through shared socio-cognitive skills (e.g. effective 

communication or social bonding) between individuals (Székely et al. 2010). These phenomena 

are more often investigated in intraspecific relationships. Nevertheless, dog-human 

relationships provide special examples for interspecific social interactions and the shared socio-

cognitive abilities that facilitate it. 

During domestication, dogs may have been selected for enhanced cooperative tendencies with 

humans (but see Range and Virányi 2014), which increased their fitness and has resulted in 

dogs becoming the most widely abundant terrestrial carnivores. As a result of the shared 

evolutionary history of dogs and humans for ten thousands of years (Wang et al. 2013), the two 

species live in similar physical and social environments and have similar social repertoires 

(Miklósi and Topál 2013; Miklósi 2015). These shared socio-cognitive skills include 

similarities in attention, memory, perception, metacognition, executive functions, affective, 

emotional and social processing, attachment and communication. Emotional processing 
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similarities of dogs and humans involve for example social referencing, affect recognition and 

emotional contagion, while social processing includes such phenomena as formation of social 

representations, selective imitation and inequity aversion (Bunford et al. 2017). Regarding 

communication, similarly to humans, vocal signalling in dogs reflects their emotional states 

and they sometimes initiate communication in a heterospecific context (usually with humans). 

Furthermore, a human-like attachment behavioural system evolved in dogs towards their 

owners (Topál et al. 1998), the formation of which is functional even in dogs’ adulthood and 

which may cause human child-like separation distress in the absence of the owner (McCrave 

1991). Because of these many shared abilities dogs have become primary subjects of 

comparative socio-cognitive studies. The exponential growth of dog research, amongst others, 

expands to the topics of cognition, sensory modalities, interspecific communication abilities, 

trainability, cognitive impairments (Bensky et al. 2013) and comparative brain research.  

Numerous research groups recently started comparative neuroimaging experiments on awake 

dogs (see Berns and Cook 2016; Thompkins et al. 2016; Bunford et al. 2017; Huber and Lamm 

2017; Andics and Miklósi 2018; for reviews).  

 

 

1.2. Dog models in the comparative neuroscience 

The specific evolutionary history of dogs and the human social (family) environment they live 

in allows comparative neuroimaging investigations considering both genetic and 

environmental factors (Miklósi 2015).  

Regarding genetics, dogs and humans are fairly distant species: the linages of their ancestors 

split approximately 90–100 million years ago (Springer et al. 2003). Comparative brain 

research has to bear in mind two different phenomena from the genetic perspective. First, the 

possible homologies of dog and human brains. Canine brains are characterized by an ancient 

structure, the gross anatomy of which has not changed much in the past 100 million years 

(Radinsky 1973). Thus, similarities in dog and human brain mechanisms may reflect (not 

primate-specific) common mammalian processing patterns. Second, similarities in the dog and 

human brain function may be convergencies. That is, due to the domestication, dog brains may 

differ in some special way from the general patterns of the canine brain. The specific selection 

for dogs surviving better in the anthropogenic environment could also cause brain functioning 

similarities among the two species.  
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In addition to genetics, environmental factors may also support the presence of similar neural 

mechanisms mediating socio-cognitive behaviour and perception of dogs and humans. Dogs 

are exposed to human social stimuli from their puppyhood, many of them grow up and live in 

human families during their entire lives. Thus, they learn how to behave during social 

interactions with humans. These genetic and environmental factors cause similarities across 

dog and human behaviour and support the use of dogs as an animal model in comparative 

socio-cognitive neuroscience. FMRI is a viable method for such neuroimaging investigations 

(Andics and Miklósi 2018).  

 

 

1.3. The methodology of functional magnetic resonance imaging (fMRI)  

Three of the four experiments reported in this thesis applied functional magnetic resonance 

imaging (fMRI) to measure brain activity in awake dogs. Hence, this subchapter briefly and 

generally introduces fMRI method for the sake of better traceability of the dissertation (even 

for laymen in neuroscience), without the claim of being exhaustive. In addition, it describes 

those fMRI designs which were used in the following experiments. 

Magnetic resonance imaging (MRI) is primarily used in medical diagnostics to visualize body 

structures and is also increasingly applied in the field of brain imaging. MRI technology can 

provide both structural and functional information of different species’ brains. In order to gain 

functional information, a specific form of MRI, fMRI is used. FMRI can recover the specific 

role of brain areas in the processing of particular stimuli (Lewin 2003; Poldrack et al. 2011; 

Huettel et al. 2014). It is one of the most recently developed neuroimaging techniques, and has 

become a dominant method of brain mapping since the early 1990s (Hennig et al. 2003), due 

to its non-invasiveness and the lack of ionizing radiation (opposed to many other brain imaging 

technics).  

In brain imaging, fMRI method is based on brain activity measurements of humans and animal 

species by detecting blood flow (hemodynamic response) associated changes using a static 

magnetic field. In hemodynamics, the body of an organism needs to respond to various stimuli, 

such as temperature changes, physical or brain activity, etc. To ensure nutrition, different 

nutrients, such as oxygen or glucose, are transported to the stressed tissues. The hemodynamic 

response enables the rapid delivery of oxygen-rich blood to the active nerve tissue, which is 

essential for continuous brain functioning. FMRI visualizes changes in the hemodynamic 
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response related to the energy used by certain brain areas: the most widespread form of fMRI 

uses blood-oxygen-level-dependent (BOLD signal) contrasts (Lewin 2003; Poldrack et al. 

2011; Huettel et al. 2014). That is, it can compare the hemodynamic response of a brain area 

to one stimulus with the hemodynamic response to another one. Simply put, in general (but not 

in all cases; Hennig et al. 2003) it can be said that if a brain area is characterised by a greater 

BOLD response (uses more oxygen) for ‘A’ stimulus compared to ‘B’ (A > B), then it is more 

involved in the processing of ‘A’. 

In humans, several different fMRI methods and paradigms are used to recover the function of 

separate brain regions. These designs can be adapted to animal subjects as well. In the 

experiments reported in this thesis, block design, event-related design and fMRI adaptation 

paradigm were used to measure brain activity in dogs.  

In block designs, separate conditions are altered by blocks, in a way that one certain block 

presents stimuli from a single condition. These stimuli within a block can be repeated many 

times or can last for a longer duration. One important advantage of this method is the higher 

amplitude of the BOLD signal and the more considerable statistical power than in case of event-

related designs (Amaro and Barker 2006; Petersen and Dubis 2012). In the following 

experiments, auditory stimuli were used. Due to the loud scanning noise (which would affect 

brain responses to auditory stimuli) brain activity could be measured only after silent gaps 

(sparse temporal sampling) in which the stimuli were displayed. In case of block design, due 

to the long blocks, this caused poorer resolution. That is, robust activities can be measured after 

blocks of stimuli, however responses to a single stimulus cannot be detected (Poldrack et al. 

2011; Huettel et al. 2014). 

The use of an event-related design provided solution for the poor resolution. Event-related 

designs provide brain activity data pertaining to one single stimulus event. In case of auditory 

stimuli this meant immediate scans after rapid presentations of a single stimulus presented only 

one event at time. By using this design, stimuli of different conditions can be repeated more 

times within one run and can be more randomized, which leads to lower predictability (Friston 

et al. 1999; Liu et al. 2001). One main disadvantage of this method is, however, its inherently 

lower statistical power (Dale 1999; Amaro and Barker 2006; Poldrack et al. 2011; Huettel et 

al. 2014).  

The combination of the event-related design with an fMRI adaptation paradigm (Grill-Spector 

and Malach 2001) is common in neuroscience. FMRI adaptation is a decrease in the BOLD 
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signal following the repeated presentation of a stimulus. Although the underlying neural 

mechanisms are not yet known, many studies use this reduction in the neural activity to prove 

the functional characteristic of particular brain regions (Grill-Spector et al. 2006). Simply put, 

if a brain region shows larger fMRI adaptation (greater decrease in the BOLD signal by 

repetition) for ‘A’ stimulus compared to ‘B’, then it assumed to be more involved in the 

processing of ‘A’. This technique has widely been used in humans (e.g. Grill-Spector and 

Malach 2001; Sayres and Grill-Spector 2005; Grill-Spector et al. 2006). 

Beyond human research, an increasing number of animal studies use fMRI (for reviews see: 

Thompkins et al. 2016; Bunford et al. 2017; Andics and Miklósi 2018) to specify the functional 

role of distinct brain areas. The use of the fMRI method in animal experiments has many 

advantages and opens up new opportunities for comparative brain research. 

 

 

1.4. Why do dogs provide a good model for awake fMRI experiments? 

The use of awake (conscious) dogs as subjects of fMRI experiments has a broad range of 

advantages encompassing animal welfare, methodological and comparative perspectives. 

Regarding animal welfare, the use of dogs matches the 3R directives of animal research. This 

3R covers “refine”, “reduce” and “replacement” (Flecknell 2002). In accordance with the refine 

principle, fMRI is a non-invasive method. As a result of dogs’ natural trainability and 

cooperativeness with humans, they can be trained to lay completely motionless for several 

minutes (Fig.1., SM of Andics et al. 2014), which is required to perform fMRI measurements. 

Thereby, in dogs, opposed to other model species (e.g. macaques: Macaca mulatta; Petkov et 

al. 2009), awake fMRI experiments do not require anaesthesia or physical restriction. During 

social learning-based fMRI training, which is complemented by positive reinforcement 

techniques, dogs are free to leave the scanner at any time, which supports their voluntary 

participation in the experiments and may lead to lower stress levels (compared to model species 

tested using restrictions). As a result of the long fMRI training process, only a limited number 

of participants are available for these measurements, nonetheless the potential to remeasure the 

same dog participants provides an opportunity to collect a proper amount of data. Therefore, 

dogs are suitable subjects to replace other species in fMRI experiments (Thompkins et al. 2016; 

Andics and Miklósi 2018). 



GENERAL INTRODUCTION 

12 
 

 
Fig. 1. Dogs participating in fMRI experiments and training. These photos were taken by Enikő 

Kubinyi to illustrate the work of Department of Ethology, Eötvös Loránd University, Budapest.  

 

Regarding methodological perspectives, the lack of anaesthesia and physical restriction of dogs 

during scanning dramatically reduces data loss or undesired modifications that are usually 

coupled with these treatments (Jia et al. 2014). Anaesthesia of participants alters consciousness, 

prevents attentiveness and reduces blood flow rate. Additionally, physical restriction may 

increase stress level, which is associated with behavioural responses and physiological changes 

(e.g. motion, increased respiration rate or heart rate differences; Morgan and Tromborg 2007). 

This behavioural and physiological variability is also coupled with changes in the BOLD signal 

(King et al. 2005). In accordance with all of these, anaesthesia and increased stress level 

together reduce data reliability or even prevent the measurement of brain responses evoked by 

different stimuli. Consequently, the measured activation patterns may not reliably reflect 

cognitive processes. The use of trained dog subjects could provide solution for all of the above 

issues (Thompkins et al. 2016). From the comparative perspective, in accordance with the 

shared socio-cognitive abilities of dogs and humans, the lack of physical restriction and 

anaesthesia, and the reduced stress level, dogs’ state of mind during scanning from many 

aspects is presumably more similar to that of humans, than of other model species. 

On the basis of these unique and diverse advantages, researchers of the Department of 

Ethology, Eötvös Loránd University (Budapest) developed a new methodology (including a 

special dog fMRI training) to explore potential functional and anatomic neural similarities 
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between human and dog brains, that are crucial in socio-cognitive processes. Anatomic MRI 

and fMRI images of 2 awake dogs’ brain (could be used for diagnostic and fMRI interpretation) 

were obtained for the first time by Tóth et al. (2009, 2011). Following this initial result, several 

research groups (Department of Ethology, Eötvös Loránd University; Institute of 

Neurobiology, National Autonomous University of Mexico; Department of Psychology, 

Auburn University; Department of Psychology, Emory University) recently started awake dog 

experiments investigating such areas as the neural mechanisms of olfaction (Jia et al. 2014, 

2016; Berns et al. 2015), face processing (Dilks et al. 2015; Cuaya et al. 2016; Thompkins et 

al. 2018), reward processing (also related to neural learning, Prichard et al. 2018a, and 

cognitive control, Cook et al. 2016b; Berns et al. 2012, 2013, Cook et al. 2014, 2016a) and 

auditory function (Andics et al. 2014). This thesis presents novel behavioural and 

neuroimaging results on dogs’ auditory perception. 

 

 

1.5. Dog models in the comparative neuroscience of vocal social perception 

Dogs, living in the human social environment as companions of humans, are attractive subjects 

of studies on social auditory stimulus processing. Dogs’ ancestors might have had the genetic 

potential to develop human-compatible social and vocal behaviour. As dogs cohabitated with 

humans in the past tens of thousands of years (Wang et al. 2013), their communicative abilities 

with humans have been enhanced (Miklósi 2015 ).  

 

1.5.1. Acoustic communication of dogs and humans 

1.5.1.1. Similar mammalian categories of acoustic vocalizations 

The anatomical and neural apparatus supporting acoustic communication are shared amongst 

most mammals (Fitch 2012), but have been slightly altered during evolution in a specific way 

in many species. In spite of these species-specific differences, mammals use common main 

vocal categories to express similar emotional states in akin social situations. These common 

vocal categories are characterized by similar basic acoustic parameters (Morton 1977; Ehret 

and Kurt 2010; Andics and Faragó 2018). During acoustic description of these main 

mammalian vocal categories, Morton et al. (1977) have argued that sounds signalling, for 

example, aggression, are generally of low frequency and of low tone, whereas voices 
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expressing fear and submission are of high frequency and of high tone. In this sense, similarities 

in mammal (dog and human) acoustic communication and acoustic processing may represent 

homologies that are common to mammals. Consequently, mammals may be able to associate 

these vocal categories with appropriate meanings across species even if having limited or no 

experience with the specific sounds. For example, blind people (Molnár et al. 2010) or humans 

living without dogs (Pongrácz et al. 2005) can tell dogs’ emotional states exclusively based on 

their vocalizations. Similarly, dogs also respond to human non-linguistic vocal signals. Dogs 

react to human crying (Custance and Mayer 2012) and their cortisol level increases when they 

hear infants cry (Yong and Ruffman 2014). These interspecific communication abilities 

support dog-human interactions (Andics and Miklósi 2018). 

 

1.5.1.2. Dog-human vocal interactions 

Humans are highly vocal species who use a wide range of acoustic signals during their 

communicative social interactions even with other species. For example, humans regularly use 

verbal cues to address their dogs with the aim to modify their behaviour. Dogs show enhanced 

interest for human speech already in their puppyhood (Ben-Aderet et al. 2017) and they are 

sensitive to human verbal commands (Pongrácz et al. 2001). The enhanced communication 

abilities of dogs with humans (which are not present in dogs’ closest living relatives, the 

wolves; Kubinyi 2008) may be the consequence of dog-human evolutionary convergencies. 

Humans often utilise a specific form of acoustic communication towards dogs, the so-called 

doggerel (Hirsh-Pasek and Treiman 1982). Doggerel is similar to motherese, which is used by 

mothers in the communication with their young children. Both doggerel and motherese have a 

same attention getting function which increases the chance of learning in the offspring (Csibra 

and Gergely 2011). Both types of vocalizations are characterized by slow tempo and high pitch 

(Gergely et al. 2017) and achieve the same reactions (dog puppies, for example, are highly 

reactive for doggerel; Ben-Aderet et al. 2017).  

Humans also modulate the behaviour of their working dogs through different acoustic signals. 

Shepherds, for example, use several different whistle types referring to separate actions 

(McConnell 1990). Besides humans, dogs also use acoustic signals in interspecific social 

interactions. They, for instance, vocally get the attention of humans during unsolvable task 

situations (e.g. to open the door; Miklósi et al. 2000). These examples clearly show that both 

species can rely on acoustic signals to influence each other’s behaviour. The effectiveness of 
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their interspecific vocal communication may build on each, acoustic similarity of the main 

categories of mammalian calls (Morton 1977; Andics and Faragó 2018), slight genetic changes 

of dogs during domestication, and learning processes accompanying dog-human 

communicating interactions in their shared environment (Andics and Miklósi 2018). 

Investigation of the functional organization of the dog auditory pathway helps to understand 

the neural mechanisms mediating vocal social perception in dogs. 

 

1.5.2. What do we already know about the organization of the dog auditory system? 

Already available data on dogs' central auditory pathways provide a stable basis for 

neuroimaging investigations of the dog auditory system. Anatomical mapping of the dog 

auditory brain has been provided by atlases that assist the work of veterinarians. These 

anatomical atlases contain a detailed description of the structure of the dog auditory pathway 

(de Lahunta et al. 2009; Evans and Miller 2013; Etsuro E.Eumura 2015). There is still limited 

data available, however, on the functional characteristics of auditory brain regions in dogs. 

 

1.5.2.1. The anatomy of dogs’ auditory pathways according to canine anatomy atlases 

According to anatomic descriptions, dogs’ auditory pathways supporting vocal perception 

consist of peripheral and central parts (de Lahunta et al. 2009; Etsuro E.Eumura 2015) just as 

in other mammalian species. During vocal perception, peripherically, auditory signals arise, 

within the ears, from the auditory receptor (organ of Corti), which is innervated by the cochlear 

nerve. Auditory signals travel through the cochlear nerve to the cochlear nuclei in the medulla 

oblongata. The cochlear nuclei serve bilateral excitatory input to the dorsal nucleus of the 

trapezoid body. From here, efferent fibers ascend in the brain stem and reach the caudal 

colliculus and the medial geniculate body (which are placed in the subcortical part of the central 

auditory pathway). Most of the ascending auditory fibers centrally terminate in the caudal 

colliculus, which serves as an auditory reflex centre. Axons arise primarily from cell bodies in 

the caudal colliculus that projects rostrally in the caudal colliculus’ brachium and courses 

rostrally to the medial geniculate body. The medial geniculate body, as part of the thalamus, 

processes further sound information and projects axons by the way of the internal capsule in 

the temporal lobe. Within the temporal lobe, the auditory cortex is located in the Sylvian and 

ectosylvian gyri. The primary auditory cortex is presumably represented primarily by the mid 

ectosylvian gyrus, while the secondary auditory cortex presumably takes place ventrally of it 
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(although it has never been investigated with neuroimaging tecnhiques;  de Lahunta et al. 2009; 

Etsuro E.Eumura 2015).  

Mapping of certain auditory brain regions is built upon the knowledge of auditory processing 

mechanisms in other mammals and revealed by severely invasive experiments (e.g. post-

mortem autopsy or lesion studies; Stepien et al. 1990) in dogs. In addition to ignoring the well-

being of participants, these experiments have many other disadvantages. Post-mortem autopsy 

of dog brains may serve detailed information about anatomy, but researchers cannot gain 

information about brain function. To have functional information, researchers used to perform 

lesion studies. In these studies surgical ablations of different brain regions (e.g. the bilateral 

auditory cortex; Stepien et al. 1990) were carried out and then possible impairments in 

behavioural or sensory abilities were observed in dogs. These painful interventions caused 

irreversible damages in dogs, thus subjects could participate in one or a few experiments only. 

These experiments could investigate the same research question only, which was strongly tied 

to the given lesion. In addition to the ethical issues, a very important disadvantage of these 

invasive studies was their inability to investigate normal, intact functioning of the brain. That 

is, through these experiments, only the lack of abilities directly connected to lesions could be 

observed. The non-invasive fMRI method offers a solution for all the above issues and allows 

a more detailed insight into the intact functioning of different dog brain regions without 

harming the participants. 

 

1.5.2.2. An auditory fMRI experiment on anesthetized dogs 

Only two non-invasive neuroimaging studies were available on dogs’ auditory perception prior 

to the series of experiments that are included in this dissertation. Bach et al. (2013) exposed 

ten anesthetized beagles to acoustic stimuli (simple Gaussian noise and regular interval sounds) 

in two experiments. In the first one a sparse temporal sampling (silent periods are included in 

which the stimuli could be presented unmasked by the scanner noise) was used, while in the 

second one scanning was performed continuously (without silent periods, thus stimuli – even 

the “silent” condition – were presented parallel with the scanner noise). The authors 

anatomically pre-defined three regions of interests (caudal colliculus (CC), medial geniculate 

body (MGB) and the temporal lobe) hypothesized to be acoustic-sensitive.  

The first experiment (with sparse temporal sampling) revealed strong brain responses in 

subcortical regions (CC, MGB) for acoustic stimuli compared to silence (acoustic > silence). 
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In contrast, the temporal cortex responded only to the inverse contrast (silent > acoustic). The 

second experiment (with continuous imaging sequence) resulted in much weaker brain 

responses to acoustic stimulation. This experiment indicates that (1) fMRI is an applicable 

method for studying the functioning of the dog auditory system and (2) the use of sparse 

temporal sampling (instead of a continuous imaging sequence) has more advantages in dog 

auditory fMRI experiments. Difficulties in detecting signal change in the temporal cortex may 

have been caused by anaesthesia (which depresses metabolic activity in the central nervous 

system and reduces the cerebral blood flow; Jia, 2014), therefore the use of awake dog models 

may lead to greater signal changes (Bach et al. 2013). 

 

1.5.2.3. An auditory fMRI experiment on awake dogs 

The second auditory dog fMRI experiment investigated eleven awake dogs of two breeds and 

additionally measured twenty-two humans (Andics et al. 2014). All participants were listening 

to the same set of stimuli. Three main auditory conditions were used in this comparative 

neuroimaging study: conspecific vocalizations, heterospecific vocalizations and environmental 

sounds. These conditions represented a wide range of emotional valence and intensity.  

This study non-invasively revealed the auditory function of several cortical regions within the 

temporal lobe (ectosylvian gyrus: ESG, ectosylvian sulcus: ESS, Sylvian gyrus: SG, 

suprasylvian sulcus: SSS and temporal pole: TP) and confirmed the acoustic-sensitivity of the 

subcortical MGB in dogs. All of the above regions were sensitive to auditory conditions 

(including conspecific vocalizations, heterospecific vocalizations and environmental sounds) 

compared to silence (Andics et al. 2014). Additionally, the study of Andics et al. (2014) 

presented that in dogs, just as in humans, conspecific vocalizations are processed by anterior 

temporal regions, including the bilateral temporal poles. More specifically, the left and right 

caudal (L and R c) SG and the R mid (m) ESG showed greater activity to conspecific than to 

heterospecific vocalizations in dogs. In both dogs and humans, posterior temporal regions 

showed emotional valence-sensitivity. More precisely, in dogs the L cESG was responsive to 

the valence of dog vocalizations, the L cESG and the right and left rostral (r) SG were 

responsive to the valence of human vocalizations, the left and right mESG and the MGB were 

responsive to the call length and the L mESG and the R rSG to the fundamental frequency of 

stimuli (Andics et al. 2014).  



GENERAL INTRODUCTION 

18 
 

In dogs, unlike in humans, conspecific vocalization-sensitive anterior temporal regions and 

vocal emotional valence-sensitive posterior temporal regions were overlapping. Consequently, 

in dogs, vocal emotion processing may represent a species-independent earlier processing 

stage. The similarity in the involvement of posterior temporal areas in emotional valence 

processing of dogs and humans fits well with the suggestion that the organization of 

mammalian vocalizations follows the same structural-functional rules (Morton 1977; Andics 

et al. 2014; Andics and Miklósi 2018). Regarding comparativeness, a great potential of this 

study was the decreased familiarity difference among conspecific and heterospecific 

vocalizations. That is, the shared social and physical environment of dogs and humans ensured 

that heterospecific vocalizations were similarly familiar for both species. This might allow the 

measurement of a true conspecificity effect instead of familiarity differences across conspecific 

and heterospecific vocalizations, which advantage would hardly be present in case of other 

species (Andics et al. 2014; Andics and Miklósi 2018). 

 

These results provided a solid basis for further auditory fMRI experiments in awake dogs.  

 

 

1.6. General aims of the experimental work 

The main goal of this thesis was to functionally characterize dogs' auditory brain regions with 

a special emphasis on vocal social perception. More specifically, the purpose was to discover 

the neural mechanisms of speech and vocal social reward processing in dogs by performing 

two major experimental blocks (1. What and how is said?; 2. Who says it?). In all experiments, 

human speech was used as auditory stimuli.  
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2. WHAT AND HOW IS SAID?  

This section presents investigations of lexical meaning (What is said?) and emotional prosody 

(How is it said?) processing in the dog brain. First, it leads up the topic of emotional prosody 

and lexical meaning and introduces the specific motivation of their investigation. Then, through 

two fMRI experiments it presents novel results on speech processing mechanisms in the dog 

brain. 

 

 

2.1. Background 

2.1.1. From emotional prosody to lexical meaning 

Vocal communication is used by conspecifics and sometimes even members of other species 

to express their own, or to react to others’ motivational or emotional states (Briefer 2012; 

Frühholz et al. 2016). A special vocal communication form of humans is speech. The term 

speech is synonymous with spoken language, reflects the inclusion of psychological activities 

as well as the code of language and requires higher mental processes (Gibbon et al. 1997). 

Speech is a complex system built on a functional base of the more elementary sensory systems 

of the brain, and is capable of controlling such systems. Functionally, speech has different 

dimensions: it is a tool for intellectual activity, it is a method of organizing or regulating mental 

processes and it is a form of communication. Speech is a multiple coding system which 

manifests on several interacting levels (Gibbon et al. 1997; Clark et al. 2010). Even though 

speech is exclusively used by humans, a few animal species show some talent in relying their 

behaviour on separate levels of human verbal cues, such as on emotional prosody or lexical 

meaning. 

 

2.1.1.1. Emotional prosody 

In linguistics, prosody, a suprasegmental speech feature, is expressed by varying acoustic 

signals, such as pitch, intensity, speaking rate and duration to convey separate communicative 

functions, and is not encoded by grammar or choice of vocabulary. Two different types of 

speech prosody can be distinguished, i.e. linguistic and emotional prosody (Witteman et al. 

2011). Linguistic prosody conveys information related to the linguistic structure of an 
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utterance. Linguistic prosody can be used to stress syllables, to group words into intonational 

phrases, to emphasize the importance of constituents in a signal and to determine the modality 

of an utterance is meant as a statement or a question (Cutler et al. 1997; Witteman et al. 2011). 

In addition, prosody can also express paralinguistic information, such as the speaker’s 

emotional state. This is referred to as emotional prosody (Scherer 1986; Witteman et al. 2011; 

Sambeth et al. 2008; Lê et al. 2011). Emotional prosody is separated from linguistic 

information and is defined as the voice-tone of an individual that is conveyed through changes 

in loudness, speech rate, pitch, timbre and pauses (Scherer and Bänziger 2004). Throughout 

this thesis, the term ‘prosody’ is meant to refer to the emotional prosody of speech. Similarly, 

the term ‘prosodic markedness’ refers to emotional prosodic markedness. 

Various species rely on similar acoustic signals of vocalizations to infer inner states (Briefer 

2012; Frühholz et al. 2016). Affective vocalizations, in line with their acoustic characteristics, 

show evolutionary continuity between human and animal vocalizations of 

motivational/emotional states (see the Morton rules described in Chapter 1.5.1.1). This ancient 

affect signalling system (Morton 1977; Andics and Faragó 2018) have been integrated into the 

language code via prosody (Scherer and Bänziger 2004; Grandjean et al. 2006). Therefore, 

besides humans, it may allow other mammalian species to infer affective information coded in 

prosody.  

Animals’ sensitivity to the affective information expressed by prosody is supported through 

empirical observations in, for example, dogs. When owners scold their dogs, their voice usually 

sounds in a low call frequency and low tone signalling aggression among mammals (Morton 

1977). Dogs perceive the intention and may react with submissive behaviours (Horowitz 2009). 

In addition, dogs’ reaction to doggerel has also been shown experimentally. That is, dogs are 

reactive to this special dog-directed type of speech having an attention-getting function based 

on its special acoustics, high pitch and slow tempo (Ben-Aderet et al. 2017; Gergely et al. 

2017). 

To delineate the cerebral network engaged in the processing of emotional prosody, a large 

number of fMRI studies were carried out mainly in humans. In brief, human studies revealed 

different successive processing stages in emotional prosody processing. According to this, 

implicit processing of affective vocalizations already takes place in subcortical regions (e.g. in 

the amygdala) mediating automatic induction of specific emotional reactions (Wildgruber et 

al. 2006; Pannese et al. 2015). Right-sided primary and higher-level auditory brain regions 

process suprasegmental acoustic information, the right superior temporal sulcus processes 
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meaningful suprasegmental acoustic sequences and the bilateral inferior frontal cortex 

explicitly evaluates emotional prosody (Wildgruber et al. 2006; Kotz and Paulmann 2011). 

Although prosodic processes overall show right hemispheric bias in humans, the picture 

appears to be more dynamic: while pitch of prosody in isolation is processed predominantly in 

the right hemisphere, processing prosodical elements connected merely to linguistic content 

involves bilateral regions (Friederici and Alter 2004; Frühholz et al. 2016). 

 

2.1.1.2. Lexical meaning 

While emotional prosody processing is much influenced by basic acoustic parameters, vocal 

comprehension in humans also capitalizes on arbitrary sound-sequence-with-meaning 

associations. These so-called lexical items (words) are basic building blocks of human 

languages and carry prosody-independent meanings. In brief, lexical meaning is the meaning 

of a word relating to abstract concepts or to the physical and social world. In contrast to the 

universal acoustic code prosody expresses, lexical meaning builds upon learned meanings of 

arbitrary sound sequences (Murphy 2010).  

In spite of the fact that associating words with meanings is mostly specific to humans, a number 

of other species are capable of learning and distinguishing arbitrary sound sequences (Yip 

2006; Collier et al. 2014), associating vocalizations with specific lexical meanings (Seyfarth et 

al. 1980; Collier et al. 2014), or producing human-like lexical items after extensive training 

(Pepperberg and Shive 2001).  Some animal species may rely on their own vocal signals or 

may learn human verbal signals. For example, vervet monkeys (Cercopithecus aethiops) use 

distinct “word-like” alarm calls referring to different predators (leopard, snake or eagle). These 

separate calls elicit different behaviours that are required to escape from the approaching 

predator. While in response to the vocal signal that marks eagle, monkeys hide in the thick 

foliage of trees, the vocal signal that marks leopard makes the vervets rush to the thinnest 

branches where the big cat can no longer follow them (Struhsaker 1967). While this word-like 

vocal signal use has not been shown in other animals, individuals of some additional non-

human species can associate meanings with verbal cues after a learning process (Wilson and 

Petkov 2011; Ardila 2015). There is some evidence that certain individuals of African grey 

parrots (Psittacus erithacus) may be able to associate words with meanings. For example, 

Pepperberg (2006) claimed that Alex, an African grey parrot was able to use approximately 

150 words as referents to different objects, shapes, sizes, quantities and colours. Further 
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research on language capacities of chimpanzees (Pan troglodytes), gorillas (Gorilla gorilla) 

and bonobos (Pan paniscus) revealed the skillfulness of certain individuals in using symbols 

or even words to refer to the physical world. For example, two chimpanzees, Sherman and 

Austin, were able to use learned symbols in their communicative interactions with each other 

(Savage-Rumbaugh 1987, 2006). Additionally Kanzi, a bonobo, picked up and used lexigrams 

without direct training, only by watching language teaching interactions between human 

trainers and her mother (Shanker et al. 1999; Lloyd 2004).  

Nonetheless, the neural mechanisms supporting lexical meaning recognition have been almost 

exclusively investigated in humans. In brief, regions involved in lexical meaning processing 

form a distinct left-lateralized network comprised of separate brain regions in humans: the 

middle temporal gyrus, the fusiform and the posterior inferior parietal lobe, the posterior 

cingulate gyrus, the middle temporal gyrus, the ventromedial prefrontal cortex, the inferior 

frontal gyrus and the dorsomedial prefrontal cortex. Lexical meaning processing areas in the 

cortex can be grouped into three broad categories in humans: medial limbic regions, posterior 

multimodal and heteromodal association cortex and heteromodal prefrontal cortex (Binder et 

al. 2009).  While different aspects of speech processing are the focus of interest for language 

research studies, quite a few neuroimaging experiments investigate these processes in non-

human species.  

 

In summary, speech is considered a uniquely human capacity. Although animals have acoustic 

communication systems, they are far behind humans in terms of lexical capacity. Nonetheless, 

during evolution, speech must have emerged on the basis of neural mechanisms which are at 

least partly present in animals. The investigation of prosody and lexical meaning processing 

mechanisms in dogs might shed light on the evolutionary precursors of language. 
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2.2. Aims of the first experimental block 

What and how is said?  

The purpose of the two fMRI experiments presented here was to investigate brain 

representations of lexical meaning (What is said?) and emotional prosody (How is it said?), 

and to reveal if verbal praise can function as a social reward (Berns et al. 2012; Fig. 2). 

• Experiment 1: The main goal of the first experiment was to test whether prosody-

independent lexical meaning representations are present in the dog brain and to identify 

speech-responsive auditory regions. In addition, this experiment investigated what 

makes praise a social reward, lexical meaning or prosody (Fig. 2). 

• Experiment 2: The second experiment aimed to functionally characterize speech-

responsive regions and to better understand the relationship between lexical and 

emotional prosody processing in dogs (Fig. 2). 

 

 
Fig. 2. What and How is said? The figure shows the main questions of the first experimental block 

regarding speech and vocal social reward processing. 

  



WHAT AND HOW IS SAID? 

24 
 

2.3. Experiment 1.  

Neural mechanisms for lexical processing in dogs1 

2.3.1.    Introduction 

Lexical meaning processing in humans is lateralized towards the left hemisphere (Binder et al. 

2009). Acoustic theories assume that this is due to a left hemispheric bias for rapidly changing 

signals (Poeppel 2003), which is not a uniquely human capacity (e.g. Mongolian gerbils: 

Meriones unguiculatus; Wetzel et al. 2008). In contrast, according to functional theories, 

hemispheric bias shows acoustics-independent lexical meaning representations (Shtyrov et al. 

2005). Evidence for lexical processing in non-human animals is scarce. Hemispheric shift for 

a broadly defined meaningfulness is revealed during the processing of familiar, conspecific 

vocalizations (Ehret 1987; Poremba et al. 2004; Voss et al. 2007), but the advantaged 

hemisphere differs across species (Gil-da-Costa and Hauser 2006). Very limited non-human 

evidence is available yet for hemispheric bias during lexical meaning processing. Nevertheless, 

brains of some non-human species possibly share this feature too. Comparison of the neural 

mechanisms of spoken word processing in humans and non-human animals may reveal how 

lexical representations and speech-related hemispheric asymmetries emerged during the 

evolution, and helps to determine whether they are based on language-specific processing 

capacities (Fitch et al. 1993; Hauser et al. 2002; Fitch 2005; Wetzel et al. 2008; Petkov and 

Wilson 2012). 

Dogs are ideal subjects for such investigations. Dogs, compared to hand-reared wolves, are 

more responsive to the vocal signals of humans (Gibson et al. 2014) and they can more 

effectively rely their behaviour on human verbal commands (Miklósi et al. 2004; Topál et al. 

2009a). Dogs can retrieve different objects based on words (up to ~260) in discriminative 

situations (Kaminski et al. 2004), their owners think they can associate up to 70 words with 

meanings (Pongrácz et al. 2001), and they can learn appropriate reactions to human utterances 

better than wolves (Kubinyi 2008). Furthermore, overlapping auditory dog brain regions are 

involved in the processing of dog and human vocalizations (Andics et al. 2014).  

Also, behavioural evidence suggests that dogs are responsive to the lexical content of human 

speech. Evidence for hemispheric bias in dogs listening to speech has been restricted to head-

                                                           
1Modified from: Andics A., Gábor A., Gácsi M., Faragó T., Szabó D., Miklósi Á. (2016). Neural mechanisms for 

lexical processing in dogs. Science, 353: 1030 – 1032. DOI: 10.1126/science.aaf3777 
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turning paradigms. Recently, a behavioural experiment found right-ear advantage for the 

increased salience of meaningful phonemic cues, which possibly indicates left hemispheric bias 

(Ratcliffe and Reby 2014). But the inconsistent results on the coupling of lateralized acoustic 

processing and orienting biases (Fischer et al. 2009) necessitate more direct measures. 

Verbal praise is a suitable stimulus to disentangle prosodic versus lexical information 

processing in the dog brain for numerous reasons. (1) Human languages signal verbal praises 

both prosodically (specific pitch contour, higher pitch and greater pitch range; Fernald 1989) 

and lexically (“Clever!”, “Well done!”); (2) dog owners regularly use verbal praises as social 

rewards in dog-directed speech; and (3) many studies revealed the neural representations of 

reward  (such as praise) in case of both humans and non-human animal species (e.g. macaques: 

Macaca mulatta, Matsumoto and Hikosaka 2009; for a review see: Kringelbach and Berridge 

2010). Primary reward regions (the mesolimbic dopamine system) involve the ventral striatum 

(VS, with the caudate nucleus (CN) as a part of it) and dopamine neurons of the ventral 

tegmental area and substantia nigra (VTA/SN) (Haber and Knutson 2010; Russo and Nestler 

2013). These regions are more responsive to reward than to non-reward signals. Recently, 

increase of activity in the dog caudate nucleus has also been shown for a hand signal which 

marks food reward (Berns et al. 2013). 

 

2.3.2.    Research questions and hypothesis 

We were curious how dog brains process human speech with regard to lexical meaning and 

prosody processing, and what makes the verbal praise a social reward, praising lexical 

meaning, praising prosody or only the two together. Here, in an auditory functional magnetic 

resonance imaging (fMRI) experiment, dogs listened to lexically and prosodically marked and 

unmarked words in all combinations. We hypothesized that if dogs maintain lexical 

representations, they would exhibit lateralization for lexical cues, and neural reward responses 

to verbal praises would depend on both lexical and prosodic information. In contrast, if dogs 

do not segregate lexical information from prosody, then neural reward responses would only 

be modulated by prosodic cues, common to speech and non-speech stimuli, but not by lexical 

cues. Hemispheric bias for lexical processing would be consistent with functional theories, no 

lateralization for lexical cues and right hemispheric bias for prosodic cues would support the 

acoustic account, and hemispheric bias for Pp (and perhaps Nn) relative to Pn and Np would 

argue for a role of familiarity. 
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2.3.3.    Materials and methods 

2.3.3.1. Participants 

Thirteen family dogs, living with their owners, were tested (4 breeds: 6 border collies, 5 golden 

retrievers, 1 German shepherd and 1 Chinese crested; aged 1-12 years (mean = 5, SD = 2.83); 

7 females and 6 males). Dogs were trained to lie motionless for the whole duration of the run 

without any restraints. The training procedure, developed by Márta Gácsi (Andics et al. 2014) 

to prepare dogs for awake fMRI testing, was based on conditioning and social learning. 

 

2.3.3.2. Stimuli 

We manipulated lexical meaningfulness (marked, praise words; unmarked, neutral words) and 

prosody (marked, praising prosody; unmarked, neutral prosody) separately. Experimental 

auditory conditions were (Fig. 3A): praise words in praising prosody (Pp), praise words in 

neutral prosody (Pn), neutral words in praising prosody (Np), and neutral words in neutral 

prosody (Nn). For praise words, we selected Hungarian expressions used by all test dog owners 

for praising. For neutral words, we used Hungarian conjunction words used with similar 

frequency in the Hungarian language. Typically, praise but not neutral words are spoken with 

praising prosody, and only Pp is used to address dogs. We assumed that Pp is meaningful to 

dogs whereas Nn is not, and that praise words thus contain lexical cues but neutral words do 

not. Hungarian words were used, three with a praising lexical meaning for the dogs (praise 

words: azaz [‘ɒzɒz] / ügyes [‘yɟɛʃ] / jól van [‘joːlvɒn] for "that's it / clever / well done") and 

three conjunction words that presumably are not used to address dogs (neutral words: akár 

[‘ɒkaːɾ] / olyan [‘ojɒn] / mégsem [‘meːgʃɛm] for "as if / such / yet"). We selected praise words 

that, based on an open-ended questionnaire, were used by all test dog owners. The term 

‘neutral’ is used here as a synonym for ‘meaningless to the dogs’ or ‘non-praising and not 

otherwise marked’. All six words were disyllabic, with a matched consonant-vowel structure 

across praise and neutral words. All six words were recorded with both praising and neutral 

prosody. Stimuli with praising prosody had a higher and more varying pitch, but no systematic 

acoustic differences were found between praise and neutral words (Fig. 3B). We selected 

stimuli based on the scoring of non-Hungarian listeners of prosodic (but not lexical) 

markedness. We used two tokens per word and per prosody type, adding up to 24 stimuli in 

total. All stimuli were spoken by a female trainer of the dogs (MG) who was also always present 

during the test sessions, and talked to the dogs during test preparations, but was never visible 
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to the dogs during the actual test. We used this single individual’s voice, which was similarly 

well known to every dog, because speaker familiarity affects dogs’ reactions to verbal 

utterances (Kerepesi et al. 2015). To increase naturalness, stimuli were recorded as being told 

to a dog present in the recording room. Stimuli were digitized at a 16 bit/44.1 kHz sampling 

rate and were equalized for -26 dB RMS using Adobe Audition CS5.5. 

 

2.3.3.3. Design and procedure  

Stimuli of the four auditory conditions were grouped into blocks of three words. Each block 

contained one token of each of the three words corresponding to the given condition, in a 

varying order. Here is an example of a stimulus block for each condition (prosody in 

parentheses). Pp: “azaz (praising) – ügyes (praising) – jól van (praising)”, Pn: “jól van (neutral) 

– azaz (neutral) – ügyes (neutral)”, Np: “mégsem (praising) – akár (praising) -  olyan 

(praising)”, Nn: “olyan (neutral) – mégsem (neutral) – akár (neutral)”. In total, 48 stimulus 

blocks were created.  

Stimulus blocks were presented in silent gaps between 2 s long volume acquisitions. Silent 

gaps were 5 s long. Stimulus onset was placed 20 ms after the beginning of the silent gap. 

Average word length was 642 ms (range 484 - 896 ms), and we placed 20 ms long silence 

periods between words within a block. Average total stimulus block length was 2.3 s. Stimulus 

block onset asynchrony was 7 s. Each of the 48 stimulus blocks (12 per condition) was 

presented exactly once per run. Twelve silent blocks were also added. Consecutive blocks were 

never from the same type, and all conditions were evenly distributed, but trial order was 

otherwise random. Every run consisted of 60 stimulus blocks, and two extra scans were added 

to the end. The total length of a run was approximately 7.5 mins. The experiment consisted of 

two runs, the order of these was counterbalanced across dogs. 

Stimuli were controlled using Matlab (version 9.1) Psychophysics Toolbox 3 (Kleiner et al. 

2007). During scanning, stimulus presentation and data acquisition were synchronized by a 

TTL trigger pulse. Stimuli were delivered binaurally via MRI-compatible sound-attenuating 

headphones that covered the ears of the dogs.  

 

 

 



WHAT AND HOW IS SAID? 

28 
 

2.3.3.4. Data acquisition  

MRI measurements were performed on a 3 T whole body MR unit at the MR Research Centre 

of the Semmelweis University Budapest. We used a Philips SENSE Flex Medium coil. We 

obtained EPI-BOLD fMRI time series from 29 transverse slices covering the whole brain. 

Spatial resolution was 3.5×3.5×3.5 mm, including a 0.5 mm slice gap. A single-shot gradient-

echo planar sequence was used (ascending slice order; acquisition matrix 64×64; TR = 7000 

ms, including 2000 ms acquisition and 5000 ms silent gap; TE = 36 ms; flip angle = 90°). Both 

runs included 62 volumes. We also collected a standard T1-weighted three-dimensional scan 

using a turbo-field echo (TFE) sequence with 180 slices and 1×1×1 mm spatial resolution, for 

anatomical reference. 

Dogs were tested one run per session. Runs with suprathreshold motion (more than 3 mm in 

any direction or more than 1° rotation in any direction) were discarded. We continued test 

sessions with each dog until we obtained two successful functional runs, until at most three 

attempts with each of the two runs, and until at most four attempts in total. The average number 

of test sessions per dog was 2.62, the proportion of successful first / second / third attempts for 

a given run was 80 / 16 / 4%, respectively. Overall, twelve out of thirteen dogs completed both 

runs, and one dog completed only one run during these attempts. 

 

2.3.3.5. Data analyses 

Fundamental frequency parameters of the stimulus voice were compared across conditions, 

using a multivariate ANOVA with fixed factors lexical markedness and prosodic markedness.  

To ensure that acoustic variation in the stimuli was not specific to the stimulus voice, we 

analysed recordings of the same words with both prosodies from reference voices (14 other 

Hungarian speakers: 6 males, 8 females, all familiar with dogs). Pitch parameters for these 

reference voices (N = 14) were compared across conditions in repeated-measures ANOVAs. 

All stimuli were scored for perceived prosody on a scale of five (1: not at all praising; 5: 

maximally praising) by 17 foreign listeners who did not speak Hungarian and reported not to 

understand any of the words. 

We used MATLAB R2013a (http://www.mathworks.com/products/matlab/) and SPM8 

(www.fil.ion.ucl.ac.uk/spm) for image preprocessing and analyses (Friston et al. 2007). First, 

the functional EPI-BOLD images were realigned. The average of maximal movements per dog 
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was below 1.01 mm for each translation direction, and below 0.02 degree for each rotation 

direction. The average of maximal movements between two consecutive volume acquisitions 

per dog was below 0.45 mm for each translation direction, and below 0.01 degree for each 

rotation direction. Individual translation movements per run, per direction are shown in Fig. 

A1. Second, the structural image of the dog was aligned manually to the template anatomical 

image (a selected golden retriever, the same as in (Andics et al. 2014). Third, the mean 

functional image was co-registered manually to the structural image, and the resulting 

transformation matrix was applied to all realigned functional images. The structural image was 

spatially normalized and transformed via SPM’s standard non-linear warping function with 16 

iterations into a common anatomical space (the template). The same dog brain space was used 

as in (Andics et al. 2014), with x, y and z coordinates denoting left to right, posterior to anterior, 

and inferior to superior directions respectively. We then applied the resulting transformation 

matrix to all co-registered functional images. Finally, normalized functionals were convolved 

with an isotropic 3-D Gaussian kernel (FWHM = 4 mm) for spatial filtering. 

The fMRI data were analysed using a general linear model and statistical parametric mapping. 

We constructed three models: one with condition regressors for each run and for each block 

type: Pp, Pn, Np, Nn and silence; and two with parametric modulators of F0 and F0 change 

across all conditions (in both orders). As parametric modulators are serially orthogonalized in 

SPM, parametric effects were calculated for the first parametric modulator in each model. 

Conditions were modelled as 2.3 s long blocks. Realignment regressors for each run were also 

included to model potential movement artifacts. To remove low-frequency signals, we used a 

high-pass filter with a cycle-cutoff of 128 s. Regressors were convolved with the canonical 

hemodynamic response function of SPM. Single-subject fixed effect analyses were followed 

by lateralization tests (Table A1), small-volume corrected random effects analyses on the group 

level (Table 1, A2,), and condition-specific seed-to-voxel functional connectivity analyses 

(Table 2).  

To obtain a robust and specific measure of laterality which is not based on a single cutoff 

threshold, lateralization indices were calculated using a bootstrapping analysis approach as 

described in (Wilke and Schmithorst 2006), and as implemented in SPM's LI-Toolbox (Wilke 

and Lidzba 2007). Input to this analysis were the subject-specific contrast images for each 

condition (compared to silence), with an exclusive midline mask of 11 mm. LIs are iteratively 

calculated at different thresholds. 20 thresholding intervals are used, defined as equally sized 

steps from 0 to the maximum value in the masked image (different per subject and per contrast, 
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range 2.1 - 6.5; Fig. 3C). These LIs across subjects and conditions were then compared in one-

sample T-tests to assess condition-specific hemispheric bias, and in repeated-measures 

ANOVAs with lexical and prosodic markedness as factors (Fig. 3C, Table A1). LIs were also 

calculated for frontal, temporal, parietal and occipital lobes separately and were also calculated 

for the human non-speech vocalizations vs. silence contrast from a previous study (Andics et 

al. 2014). 

For small-volume corrected random effects tests, brain search space was narrowed down to 

auditory regions and to primary reward regions. We tested for separate effects of lexical (Pp + 

Pn versus Np + Nn) and prosodic (Pp + Np versus Pn + Nn) processing and for combined 

effects of lexical- prosodic processing in three ways: an interaction test [(Pp versus Pn) versus 

(Np versus Nn)], a simple contrast or “integration” test (Pp versus Pn + Np + Nn), and a 

conjunction test [(Pp versus Pn)∩(Pp versus Np)]. To illustrate the response for verbal praises 

in primary reward regions, we calculated the maximal response for each voxel within the 

reward masks: Pp had the highest percentages in both the VS (Pp, Pn, Np, and Nn: 71.3, 6.2, 

8.6, and 13.9%) and the VTA-SN (96.0, 0.0, 0.0, and 4.0%) (Fig. 3B). 

For auditory regions, we used a functionally determined mask (Fig. 3D, Table A2). This 

auditory mask involved the bilateral auditory cortex, extending from close-to-primary, mid 

ectosylvian regions to caudal and rostral ectosylvian gyrus and to the suprasylvian sulcus; two 

further cortical clusters in the right caudal and left mid ectosylvian gyri; and two subcortical 

clusters in the tectum mesencephali, near the bilateral inferior colliculi. For primary reward 

regions, anatomical masks were used. VTA/SN and VS were determined manually on the 

template brain (VTA/SN: 50 voxels, L VS: 109 voxels, R VS: 100 voxels), using anatomical 

atlas (Evans and deLahunta 2013) for reference. VTA/SN is between the cerebral crura’s 

caudo-rostral split on the basal surface of the mesencephalon and the mammillary body, 

directly above the surface of the interpeduncular fossa. The extent of A9 and 10 dopaminerg 

nuclei that constitute SN’s pars compacta and the VTA is on the scale of several mm-s in each 

dimension. On MR anatomical images, they are indistinguishable from the interpeduncular 

nucleus. VS includes the nucleus accumbens, and more dorsally the caudate nucleus and the 

putamen (Haber and Knutson 2010). All regional tests are reported in Table 1. A follow-up 

regional test in L mESG’s right homologue (R mESG) was also performed regarding F0, 

prosody or hemispheric differences. 

For functional connectivity analyses, we applied a seed-to-voxel approach as implemented in 

SPM’s CONN toolbox (Whitfield-Gabrieli and Nieto-Castanon 2012). Auditory mask 

http://science.sciencemag.org/content/early/2016/08/26/science.aaf3777.full#F2
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subregions were used as seeds. Condition-specific connectivity scores (Fisher-transformed 

correlation coefficients) were contrasted in random effects tests. Effects are reported on the 

whole-brain level in Table 2. 

 

2.3.3.6. Ethical Statement 

Dog owners volunteered to participate in the training and testing process with their dogs, gave 

written informed consent and received no monetary compensation. Experimental procedures 

met the national and European guidelines for animal care and were approved by the local 

ethical committee (Állatkísérleti Tudományos Etikai Tanács KA-1719, Budapest, Hungary; 

Pest Megyei Kormányhivatal Élelmiszerlánc-Biztonsági és Állategészségügyi Igazgatósága 

XIV-I-001/520-4/2012, Budapest, Hungary). Dogs were not restricted in any way and they 

could leave the scanner any time. 

 

2.3.4.    Results 

Stimuli with a praising prosody were higher-pitched and had a greater pitch range than stimuli 

with a neutral prosody (praising / neutral prosody: mean(F0) = 268(±20) / 165(±6) Hz,  F1,20 

= 289.725, p < 0.001; mean(F0 range) = 277(±93) / 46(±9) Hz , F1,20 = 68.264, p < 0.001) but 

no systematic pitch differences were found between praise words and neutral words (all Fs < 

1) (Fig. 3B).  

For reference voices, just as for the stimulus voice, words with praising prosody were higher-

pitched and had a greater pitch range than stimuli with neutral prosody (praising / neutral 

prosody: mean(F0) = 216(±67) / 161(±55) Hz,  F1,13 = 67.122, p < 0.001; mean(F0 range) = 

144(±71) / 37(±18) Hz, F1,13 = 44.032, p < 0.001) but, again, no systematic pitch differences 

were found between praise words and neutral words (all Fs < 1).  

Foreign listeners rated words with a praising prosody as more praising (mean(words with 

praising prosody) = 3.826, mean(words with neutral prosody) = 1.828, F1,16 = 87.741, p < 

0.001), while there was no difference between words with praising and neutral meanings (F < 

1), according to a repeated-measures ANOVA on perceived prosody scores. 
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Table 1. 

Random effects tests of lexical and prosodic processing, and of acoustic parameters.  

Contrast 
Brain  

region 
x y z T(12) p  pSVC 

Lexical  

    Pp+Pn > Np+Nn 

    Pp+Pn < Np+Nn 

n.s. 

n.s.       

Prosodic  

    Pp+Np > Pn+Nn 

    Pp+Np < Pn+Nn 

n.s. 

L mESG -20 0 18 4.34 < 0.0005 0.041 (aud. mask) 

Lexical and prosodic 

    Pp+Nn > Pn+Np VTA/SN 4 -18 -20 4.53 < 0.0005 0.009 (VTA/SN) 

    Pp > Pn+Np+Nn VTA/SN -2 -16 -20 4.67 < 0.0005 0.007 (VTA/SN) 

 L CN -2 10 6 5.50 < 0.0005  0.022 (R VS) 

 R CN 6 10 4 4.29 < 0.0005 0.022 (L VS) 

    (Pp > Pn)∩(Pp > Np) VTA/SN 4 -16 -22 4.76 < 0.0005 0.005 (VTA/SN) 

 L CN -6 12 6 4.64 < 0.0005 0.055 (R VS) 

 R CN 10 2 6 4.48 < 0.0005 0.039 (L VS) 

 

F0 (parametric) 

    positive     

    negative 

n.s. 

L mESG -22 2 14 4.53 < 0.0005 0.040 (aud. mask) 

F0 change (parametric) 

    positive 

    negative 

n.s. 

n.s.       

An overall voxel threshold p < 0.0005 was applied. Only clusters FWE cluster-corrected for multiple 

comparisons across the corresponding small volume (in parentheses) are reported (pSVC < 0.05). All 

clusters had a single peak. n.s.: no significant clusters. 
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Fig. 3. Distinct neural patterns for lexical and prosody processing in dog brains. (A) Experimental 

conditions. (B) Acoustic variation of stimuli. (C) Hemispheric lateralization test. Lateralization indices 

(LI) are shown across thresholds (connecting lines) and overall (horizontal bars). Positive values, left 

hemisphere. (D) Dog auditory regions responsive to speech (Table A2). The colour bar shows the range 

for one-sample t-test scores (12 degrees of freedom) for the speech (Pp + Pn + Np + Nn) > silence 

contrast. (E) Random-effects tests in auditory regions. (F) Functional connectivity tests. Random-

effects test results are superimposed on an axial (z) slice [whole-brain familywise error (FWE)–

corrected P < 0.05]; Table 2]. N = 13; ***P < 0.001; **P < 0.01; *P < 0.05; error bars, SEM. 



WHAT AND HOW IS SAID? 

34 
 

Cortical responses for lexically marked (Pp and Pn) but not unmarked (Np and Nn) words were 

right hemisphere-lateralized (RM ANOVA: F=8.64 df=1, df2=12, p =0.012). Hemispheric bias 

for lexically marked words was persistent across thresholds (Table A1). There were no 

prosodic (RM ANOVA: F=0.156, df=1, df2=12, p =0.699) or lexical by prosodic effects (RM 

ANOVA: F=1.25, df=1, df2=12, p =0.285).  

LIs calculated for frontal, temporal, parietal and occipital lobes separately did not show 

significant effects or tendencies in either test (all ps > 0.1). LIs calculated for the human non-

speech vocalizations vs. silence contrast from a previous study (Andics et al. 2014) showed no 

significant hemisphere bias (mean(LI) = 0.060(±0.330), T(12) = 0.603, p = 0.560).  

Within auditory regions, we found prosody effects but no lexical or lexical-prosodic effects. 

Prosody effects were only evident in the left mid ectosylvian gyrus (L mESG), with stronger 

responses for words with neutral prosody, independent of lexical meaning (Fig. 3E and Table 

1). The model of acoustic variation across stimuli, using parametric modulators, revealed that 

L mESG activity negatively covaried with fundamental frequency (F0). We found no effect of 

F0 change (Table 1). According to the follow-up regional test in L mESG’s right homologue 

(R mESG) no prosody effect or F0 effect was found, but also no significant difference across 

hemispheres (hemisphere × prosody: F1,12 = 1.556, p = 0.236; F0: mean(R-L) = 

0.003(±0.011), T(12) = 1.167, p = 0.266). 

 

Table 2. 

Seed-to-voxel functional connectivity tests.  

Contrast Seed region Brain region x y z T(12) p  pWBC 

Lexical 

    Pp+Pn > Np+Nn 

    Pp+Pn < Np+Nn 

 

n.s. 

n.s.       

Prosodic 

    Pp+Np > Pn+Nn 

    Pp+Np < Pn+Nn    

 

L mESG 

n.s. 

L CN 

 

-4 

 

10 

 

0 

 

8.99 

 

< 0.0005 

 

0.046 

 

Lexical and prosodic 

    Pp+Nn > Pn+Np 

 

n.s.       

    Pp > Pn+Np+Nn n.s.       

    (Pp > Pn)∩(Pp > Np) n.s.       

An overall voxel threshold p < 0.0005 was applied. Only peaks FWE corrected for the whole brain are 

reported (pWBC < 0.05). n.s.: no significant clusters for any seed region. 

http://science.sciencemag.org/content/early/2016/08/26/science.aaf3777.full#F1
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In primary reward regions, we found combined lexical-prosodic effects but no separate lexical 

or prosodic effects. Pp elicited stronger neural responses than any other condition in the 

dopamine nuclei of the VTA-SN and in the CN (within the VS) (Fig. 4A and Table 1). Dog 

reward regions thus respond most strongly to verbal praises when both lexical and prosodic 

information fit. 

 

 
Fig. 4. Integration of lexical and prosodic cues of praising in primary reward regions of dog 

brains. (A) Parameter estimates for the two activated brain areas from the integration test (small-

volume FWE-corrected P < 0.05; Table 1). Follow-up paired t tests, *P < 0.05. Error bars, SEM. (B) 

VS and VTA-SN masks overlaid on sagittal (x), coronal (y), and axial (z) slices, with voxels color-

coded to indicate which condition elicited the maximal response. 
 

http://science.sciencemag.org/content/early/2016/08/26/science.aaf3777.full#F2
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In whole-brain condition-dependent functional connectivity analyses with auditory subregions 

as seeds, a prosody effect (stronger correlation for praising prosody) was found between the L 

mESG (as the seed) and L caudate nucleus (CN; Fig. 3F and Table 2). We did not find lexical 

meaning or lexical meaning by prosody effects. 

 

2.3.5.    Discussion 

We explored, using fMRI, whether and how dog brains segregate and integrate lexical and 

prosodic information. We showed (1) a right hemispheric bias during the processing of 

lexically marked words, independently of prosody; (2) a prosodic markedness-sensitive left 

hemispheric brain region in the auditory cortex; and (3) increased response in primary reward 

regions only when praising lexical meaning and praising prosody were combined. Neural 

mechanisms to separately analyse and integrate lexical meaning and prosody in dogs suggest 

that this capacity can evolve in the absence of language.  

The lack of hemispheric lateralization for non-linguistic human vocalizations in a previous 

study (Andics et al. 2014) and the hemispheric bias for lexically marked words in the current 

study support a functional account (Shtyrov et al. 2005; Ratcliffe and Reby 2014) and suggest 

the presence of prosody-independent lexical representations in the dog brain. Lateralization for 

Pp may also be related to its higher frequency in dog-directed speech, but Pn, though rare, 

elicits a similar right hemispheric bias, making a familiarity-based account improbable. Dog 

brains, opposed to human brains, showed a right hemispheric bias for lexical meaning 

processing, supporting other reports that the advantaged hemisphere for processing meaningful 

sounds varies across species (Gil-da-Costa and Hauser 2006). 

The negative covariation between the L mESG activity and the fundamental frequency (F0) is 

in line with findings of higher sensitivity to lower pitch in the near-primary auditory cortex in 

humans (Norman-Haignere et al. 2013), in rhesus monkeys (Bendor and Wang 2005), and in 

dogs (Andics et al. 2014). Furthermore, the lack of prosody or F0 effect in the right homolog 

region (R mESG) indicates functional differences between the left and the right hemispheres 

throughout the processing of emotional prosody. Hemispheric lateralization for affective 

vocalizations has also been shown in humans (Frühholz et al. 2016). However, opposed to 

humans (Wildgruber et al. 2006), dog auditory regions may not be sensitive to F0 change. 

These results suggest the presence of overlapping neural mechanisms during acoustic 

processing of some primate and non-primate species. 

http://science.sciencemag.org/content/early/2016/08/26/science.aaf3777.full#F1
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Connectivity results suggest a human-analogue functional association of auditory and reward-

sensitive brain regions during praising prosody processing (Salimpoor et al. 2013). The L 

mESG in dogs is thus involved in the processing of acoustic cues that are relevant for emotional 

prosody in both speech and non-speech human and dog vocalizations (Andics et al. 2014b). 

Analogously, in humans, emotional prosody processing involves not speech-specific neural 

mechanisms as well (Belin et al. 2008; Sauter et al. 2010; Faragó et al. 2014). 

Similarly to human brains, dog brains seem to integrate lexical and prosodic information of 

speech to evaluate meaning in non-auditory regions (Kotz and Paulmann 2011). That is, when 

someone praises a dog, both praising lexical meaning and praising prosody matter. Our results 

suggest that primary reward regions (CN, VTA) of the dog brain (in addition to their food 

reward-sensitivity; Berns, Brooks, and Spivak 2012) also respond to verbal praises by the 

trainer. Thus, verbal praise presumably functions as a social reward for dogs. 

In summary, we revealed different neural mechanisms of human speech processing in 

dogs. First, dog brains showed a prosody-independent hemispheric bias for lexically marked 

words. Second, acoustic cues of affective prosody were processed independently of lexical 

meaning in the mESG. Third, prosodic markedness increased the functional connectivity 

between auditory and reward-sensitive regions. Fourth, dogs relied on both praising lexical 

meaning and praising prosody when processing the reward value of verbal utterances. All these 

findings reveal functional analogies between the neural mechanisms of dogs and humans 

(Binder et al. 2009; Kotz and Paulmann 2011; Salimpoor et al. 2013; Andics et al. 2014; 

Frühholz et al. 2016). We suggest that in a suitable ontogenetic environment, lexical 

representations can arise and be separated from acoustic ones, even in a non-primate mammal. 

In dogs, specific selection during domestication could have also supported interspecific 

communicative and learning skills (Topál et al. 2009a), but rapid evolution of speech-related 

hemispheric asymmetries is unlikely (Corballis 2014). Lateralized lexical processing does not 

appear to be a uniquely human capacity that follows from the emergence of language, but rather 

a more ancient function that can be exploited to link arbitrary sound sequences to meanings. 

What makes lexical items uniquely human is thus not the neural capacity to process them, but 

the invention of using them. 
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Fig. 5. What and How is said? The figure shows the main questions of the first experimental block 

regarding speech and vocal social reward processing and corresponding results provided by Experiment 

1. 
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2.4. Experiment 2.  

Multilevel fMRI adaptation for spoken word processing in the awake dog brain2 

2.4.1.    Introduction 

During spoken word processing, the human brain separates lexical meaning from emotional 

prosody (Devlin et al. 2003; Shtyrov et al. 2005; DeWitt and Rauschecker 2012). Lexical 

meaning processing entails the matching of the speech sound sequence to a previously 

associated meaning. This requires access to pre-existing lexical representations, assumably 

involving higher levels of the speech processing hierarchy (Binder et al. 2009; DeWitt and 

Rauschecker 2012). In contrast, emotional prosody processing is largely based upon simple 

acoustic cues (such as pitch and pitch change; Specht 2013; Pannese et al. 2015; Frühholz et 

al. 2016; de Heer et al. 2017). In an fMRI study with awake dogs (Canis familiaris) listening 

to words speech sound sequences we found evidence that the ability to separately process 

lexical meaning and emotional prosody is not specific to humans (Experiment 1). Dogs showed 

an overall right hemispheric bias for lexically marked (praise) but not for lexically unmarked 

(neutral) words, independently of emotional prosody. While this initial study identified a set of 

auditory brain regions in dogs that are responsive to human speech in general, the distribution 

of labour among these regions remained unclear. To define the specific role these auditory dog 

brain regions during speech processing, we followed up directly on our previous work, using 

the same stimuli, but applying a multilevel fMRI adaptation paradigm. 

Habituation/dishabituation paradigms are successfully used in various species, including dogs, 

to examine whether individuals are able to distinguish among certain stimuli (Maros et al. 2008; 

Rankin et al. 2009). This behavioural priming phenomenon is often linked to a reduction in 

neural activity associated with repeated stimulus processing, which can be measured by single-

cell recording (Sobotka and Ringo 1994), electrophysiological measures (Henson et al. 2004) 

or hemodynamic imaging techniques like PET and fMRI (Henson and Rugg 2003). FMRI 

adaptation effects (reduction in the BOLD signal after repeated presentations of a stimulus) 

have been demonstrated in different mammal species (e.g. macaques: Kar and Krekelberg 

2016, rats: Schafer et al. 2005) and also in humans (for a review see: Grill-Spector et al. 2006). 

FMRI adaptation can occur at different time scales from seconds (Matsumoto et al. 2005) to 

                                                           
2Modified from: Gábor A., Gácsi M., Szabó D., Miklósi Á., Kubinyi E., Andics A. Multilevel fMRI adaptation 

for spoken word processing in the awake dog brain. Under review. 
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minutes (Henson et al. 2000; Epstein et al. 2008). Short-term and long-term fMRI adaptation 

effects appear to be induced by different underlying mechanisms: short-term or rapid  fMRI 

adaptation (Grill-Spector and Malach 2001) reflects stimulus similarity from the directly 

preceding stimuli, also referred to as carry-over effects (Aguirre 2007), while long-term fMRI 

adaptation is thought to have a role in the formation of long-term stored representations and to 

thus reflect long-lasting neural sharpening for learned stimuli (Epstein et al. 2008; Andics et 

al. 2010). Short-term repetition suppression has also been suggested to reflect initial responses 

(Sawamura et al. 2006), early sensory, mostly bottom-up processes, while long-term repetition 

suppression may reflect top-down modulation from regions higher in the processing hierarchy 

(Friston 2005; James and Gauthier 2006). Aging can modulate adaptation effects both neurally 

and behaviourally. The direction of such modulatory effects remained unclear: both age-related 

adaptation effect increases (Goh et al. 2010) and decreases (Daselaar et al. 2005) have been 

reported (Lawson et al. 2007). Age-related increases in fMRI adaptation in humans can be due 

to a reduction of neural selectivity in older individuals (i.e. neural dedifferentiation: Goh et al. 

2010), while age-related decreases in fMRI adaptation can be caused by a decline in inhibitory 

processes that may result in inefficient filtering of irrelevant stimulus variation (Fabiani et al. 

2006). Age effects have been more pronounced in abstract, lexical/semantic components of 

repetition priming for language processing than in primary, perceptual components (Rybash 

1996).  

Auditory fMRI adaptation studies in humans suggest that lexical meaning processing, typically 

tested by repeated presentations of known words, can be reflected by both long-term 

(Orfanidou et al. 2006; Gagnepain et al. 2008; Weber et al. 2016) and short-term (Kotz et al. 

2002; Devauchelle et al. 2009) repetition suppression effects. Long-term priming for lexical 

processing has also been demonstrated behaviourally (Becker et al. 1997; Joordens and Becker 

1997; Gagnepain et al. 2008). Several areas of the human auditory cortex (e.g. BA 21: Gold et 

al. 2005) and the inferior frontal cortex (e.g. BA 45, 47: Gold et al. 2005) are more strongly 

adapted during lexical than during phonetic tasks, especially in the left hemisphere (Gold et al. 

2005; Gagnepain et al. 2008; Weber et al. 2016). Lexical meaning processing mostly occurs in 

temporal and frontal areas (Hickok and Poeppel 2007; Specht 2013; de Heer et al. 2017). Most 

human studies on lexical processing reported a clear left hemispheric bias, typically linked to 

higher levels (mid and anterior STG) of the auditory ventral stream (Hickok and Poeppel 2007; 

Binder et al. 2009; DeWitt and Rauschecker 2012).  
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Emotional prosody processing is highly dependent on acoustic features (Wiethoff et al. 2008). 

After subcortical auditory regions provide a first acoustic analysis of vocal emotions, further 

integration and cognitive appraisal of the acoustic cues take place in the primary and secondary 

auditory cortices (Scott and Wise 2004; Moerel et al. 2015; Pannese et al. 2015). The 

involvement of both subcortical and cortical auditory regions in processing human emotional 

vocalizations has also been demonstrated recently in dogs (Andics et al. 2014). Based on both 

human (Moerel et al. 2015) and animal experiments (Anderson et al. 2009; Richardson et al. 

2013), acoustic processing is reflected by adaptation effects already at an early stage of 

processing, in the subcortical auditory thalamus. In humans, acoustic sensitivity is often shown 

to be reflected by short-term adaptation effects for consecutive stimuli (Bestelmeyer et al. 

2014), however, long-term acoustic adaptation effects over several minutes have also been 

demonstrated (Polich and McIsaac 1994; Andics et al. 2010).   

Dogs, with their phylogenetic distance from, and social proximity to humans (resulting from 

both domestication and environmental factors), constitute a suitable model species for 

neuroscientific investigations (Thompkins et al. 2016; Bunford et al. 2017) to search for the 

evolutionary precursors of social information processing. The dog is also an emerging model 

for investigating age-related effects in the brain (Head 2011, 2013). Communicating effectively 

with humans and associating meanings to words became highly relevant to dogs (Miklósi 2015; 

Andics and Miklósi 2018), but very little is known about the similarities and differences 

between the auditory mechanisms involved in lexical processing in dogs and humans. Beyond 

our previous study on dogs’ lexical processing (Experiment 1), there have been two recent dog 

fMRI studies that used words as stimuli, but neither of these two was designed to reveal lexical 

effects. One study found increased activity for novel pseudowords compared to trained words 

in the broadly defined parietotemporal cortex, but that effect was related to novelty processing 

rather than to lexical processing (Prichard et al. 2018b). The other study showed that stimulus-

reward neural associations are formed less effectively for verbal than for visual or olfactory 

cues (Prichard et al. 2018a). Although fMRI adaptation appears to provide an efficient means 

to investigate auditory processing mechanisms in a passive listening paradigm, it has never 

been exploited in dogs before.   
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2.4.2.    Research questions and hypothesis 

We were curious about the functional characteristics of speech-responsive auditory regions of 

the dog brain. More specifically, our aim was to better understand the relationship of lexical 

representations and emotional prosody processing in dogs. In this fMRI experiment, similarly 

to our previous study (Experiment 1), dogs listened to lexically and prosodically marked and 

unmarked words in all combinations. This way we could separately investigate the effects of 

lexical and prosodic processing. To avoid speaker-related familiarity and context difference 

effects, which strongly affect dogs’ behaviour in responses to verbal commands (Kerepesi et 

al. 2015), all words were spoken by a single female trainer, who regularly talked to all dogs 

during the several month-long fMRI training process. By using a rapid auditory event-related 

fMRI design, presenting each word as a separate trial and modelling long-term (across 30 

repetitions over ~6.5 minutes) and short-term (across 3 consecutive repetitions within 9 

seconds) carry-over effects caused by repeated presentations, we measured fMRI adaptation at 

different time scales. We hypothesized that in dogs, similarly to humans, lexical and prosodic 

processing are reflected by distinct fMRI adaptation effects in speech-responsive auditory brain 

regions. More specifically, we predicted that in dogs lexical meaning-based adaptation (1) 

would be independent of prosody effects at higher levels of the processing hierarchy; (2) would 

exhibit right hemisphere dominance; and (3) would be modulated by age. 

 

2.4.3.    Materials and methods 

2.4.3.1. Participants 

We tested 12 companion dogs (mean age (year) ± SD 6.17 ± 2.82, range 2-10 years; 3 breeds: 

6 border collies, 5 golden retrievers, 1 German shepherd; 8 males and 4 females) living in 

human families. As this work is a follow-up on a previous study (Experiment 1), we used the 

same dog participants (except of two dogs that were not available for measurements any more). 

The training procedure for dogs to lie motionless throughout the test was based on individual 

and social learning using positive reinforcement, and has been described in detail previously 

(Andics et al. 2014).  
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2.4.3.2. Stimuli 

The stimuli were lexically marked (praise) words, meaningful for the dogs and lexically 

unmarked (neutral) words, meaningless for the dogs, with praising and neutral prosody in all 

combinations, identical to those used in Experiment 1. The three lexically marked (praise) 

words in Hungarian were: azaz [‘ɒzɒz] / ügyes [‘yɟɛʃ ] / jól van [‘joːlvɒn] for "that's it / clever 

/ well done", all used to praise the tested dogs. As lexically unmarked (neutral) words, we used 

three conjunction words: akár [‘ɒkaːɾ] / olyan [‘ojɒn] / mégsem [‘meːgʃɛm] for "as if / such / 

yet", used with similar frequency in everyday speech, but not used in dog-directed speech. We 

recorded all six words, both with praise and neutral prosody twice (24 recordings in total). A 

female trainer of the dogs spoke the words, and she was always present at the scanner during 

the test sessions. The praising prosody stimuli were characterized by higher pitch and greater 

pitch range than the neutral prosody stimuli (praising / neutral prosody: mean (F0) = 268(±20) 

/ 165(±6) Hz, F1,20 = 289.725, p < 0.001; mean (F0 range) = 277(±93) / 46(±9) Hz, F1,20 = 

68.264, p < 0.001), independently of lexical markedness. There were no systematic pitch or 

pitch range differences between lexically marked (praise) words and lexically unmarked 

(neutral) words. Experiment 1 detail the stimulus recording and selection procedure, and the 

acoustic parameters of the stimuli.  

 

2.4.3.3. fMRI experimental design 

We used four speech conditions (with three words per condition): (1) lexically marked (praise) 

words with praising prosody (Pp), (2) lexically marked (praise) words with neutral prosody 

(Pn), (3) lexically unmarked (neutral) words with praising prosody (Np), and (4) lexically 

unmarked (neutral) words with neutral prosody (Nn). We also added a silent condition and 

used it as a baseline in later analyses. A semi-continuous event-related fMRI paradigm was 

applied, in which each stimulus was played in 1 s long silent gaps (one stimulus per gap) 

between 2 s long volume acquisitions. Stimulus onsets were at 0.05 s within the silent gaps. 

Word lengths were between 0.484 – 0.896 s (0.642 s on average). One measurement consisted 

of 135 stimulus presentations (30 of each main condition, with 10 repetitions of every single 

word with both prosodic patterns, and 15 silent events). A semi-random stimulus order was 

used, with the proviso that two consecutive stimuli are not the same words with the same 

prosody. Conditions were evenly distributed, but the order was otherwise random and varied 
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across participants. The experiment consisted of a single approximately 6.5-minute run for each 

dog.   

 

2.4.3.4. Scanning procedure 

During scanning, the stimulus presentation was controlled by MatLab (version 9.1) 

Psychophysics Toolbox 3 (Kleiner et al. 2007), and synchronized with volume acquisitions by 

TTL trigger pulses. Stimuli were presented via MRI-compatible sound-attenuating headphones 

(MR Confon) that also protected the ears of the dogs from scanner noises. A Philips 3 T whole 

body scanner and a Philips SENSE Flex Medium coil were used to perform the measurements, 

at the MR Research Centre of the Semmelweis University, Budapest. For functional scans, we 

used a single-shot gradient-echo planar imaging (EPI) sequence to acquire volumes of 29 

transverse slices, with 0.5 mm gaps, covering the whole brain (slice order: ascending; spatial 

resolution including slice gaps: 3.5×3.5×3.5 mm; TR: 3.0 s; TE: 36 ms; flip angle: 90°; 64×64 

matrix). One measurement consisted of 139 volumes. A T1-weighted anatomical brain image 

was acquired in a separate session (turbo-field echo (TFE) sequence; spatial resolution: 1×1×1 

mm, 180 slices). 

Our subjects had previously been trained to lie motionless for ~8 minutes without any 

restriction. We applied an absolute head motion threshold of 2 mm (for each translation 

direction) and 2° (for each rotation direction) across the entire run. The average of the 

maximum scan-to-scan movements per dog and per direction was 0.52 mm and 0.48°. 

 

2.4.3.5. fMRI data coding and statistical analysis 

FMRI data preprocessing and analysis were performed using MATLAB R2013a’s 

(http://www.mathworks.com/products/matlab/) SPM8 toolbox (www.fil.ion.ucl.ac.uk/spm). 

Preprocessing procedure was identical to that in Experiment 1 and involved manual and 

automatic spatial realignment, coregistration, normalization to an anatomical template and 

smoothing. Individual statistical maps were obtained based on the general linear model. We 

specified two models. For a standard analysis with condition-based contrasts we modelled the 

5 main conditions (Pp, Pn, Np, Nn and Sil) and used condition regressors. In a second GLM 

for the fMRI adaptation analyses, each trial (4 speech conditions × 30 repetitions) was modelled 

separately, and we used trial-based regressors.  

http://www.mathworks.com/products/matlab/
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For the fMRI adaptation analyses, we focused on speech-responsive auditory brain areas, as 

defined in a previous study (Experiment 1) with the same stimuli and participants, by the group-

level activity peaks of the speech (all conditions) vs silence contrast: left and right tectum 

mesencephali (L TM: -4, -8, -12 R TM: 2, -12, -10), mid suprasylvian sulcus (L mSSS: -16, -

14, 16; R mSSS: 18, -14, 14), mid ectosylvian sulcus (L mESS: -28, -10, 8; R mESS: 22, -6, 

6), rostral ectosylvian gyrus (L rESG: -22, 2, 14; R rESG: 20, -2, 14), caudal ectosylvian gyrus 

(L cESG: -24, -10, -2; R cESG: 26, -10, -6).  

 

Fig. 6. Speech-responsive auditory regions in the dog brain. Regions of interest, shown as purple 

spheres on a rendered brain here, are centred around previously functionally defined auditory activity 

peaks (Experiment 1), using a speech vs. silence contrast with the same dog participants. TM: left 

tectum mesencephali, mESS: mid ectosylvian sulcus, mSSS: mid suprasylvian sulcus, rESG: rostral 

ectosylvian gyrus, cESG: caudal ectosylvian gyrus. 

 

These coordinates (mm) denote left to right, posterior to anterior, and inferior to superior 

directions respectively, using the same dog brain template space as in Experiment 1. Using 

trial-based regressors, first we collected individual beta values for each event in a 4-mm-radius 

sphere around the peaks of the bilateral mSSS, mESS, rESG and cESG and 3-mm-radius sphere 

around the subcortical peak, the bilateral TM (as this region is anatomically smaller) using 

WFU PickAtlas (Maldjian et al. 2003) and calculated percent signal change values from them. 

All spheres were non-overlapping (see Fig. 6). 

To investigate long-term condition-dependent fMRI adaptation, we coded each event with 

reference to the number of preceding repetitions (1 to 30) of the same condition within the test 

run (e.g. Pp1, Pp2, Pp3…. Pp30) (Table 3). We then analysed percent signal change values 

using RM ANOVAs with hemisphere (left, right), lexical meaning (P, N), prosody (p, n) and 
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repetition (1, 2 … 30) as within-subject factors and age as between-subject factor within each 

speech-responsive region. If a significant interaction with repetition was found, we carried out 

post-hoc RM ANOVAs for repetition with a reduced number of factors.  

To further explore condition-dependent long-term adaptation effects, we carried out two sets 

of follow-up tests. First, we measured overall condition-dependent hemispheric asymmetries 

in adaptation effects by averaging percent signal change values across all four cortical speech-

responsive regions. This follow-up RM ANOVA included the factors hemisphere, lexical 

meaning, prosody and repetition. Second, we investigated repetition effects for each of the six 

individual words, averaged for all cortical speech-responsive regions, in RM ANOVAs with 

repetition (1, 2 … 20) as a single factor. 

In an additional analysis, we performed another series of RM ANOVAs to search for possible 

short-term fMRI adaptation effects for lexical meaning and prosody. For this, we separately 

coded trials for lexical meaning (P included Pp and Pn, N included Np and Nn) and prosody (p 

included Pp and Np, n included Pn and Nn). To investigate short-term lexical meaning-based 

fMRI adaptation we coded every trial based on lexical meaning (P, N) and repetition, i.e. the 

number of directly preceding trials with the same lexical meaning (1, 2, 3). For example, P2 

referred to a praise word that was the second consecutive repetition of the same lexical 

meaning. We included events until up to 3 repetitions, as 4 or more consecutive repetitions of 

the same lexical meaning were rare (2.5% of all cases). To investigate short-term prosody-

based fMRI adaptation we coded events similarly, but now based on prosody (p, n) and 

repetition (1, 2, 3) (Table 3). We then applied RM ANOVAs on percent signal change data for 

each speech-responsive region with the factors hemisphere and repetition.  

 

2.4.3.6. Ethical statement 

Ethical approval was obtained from the local ethical committee (Állatkísérleti Tudományos 

Etikai Tanács KA-1719 / PEI/001/1490-4/2015, Budapest, Hungary; Pest Megyei 

Kormányhivatal Élelmiszerlánc-Biztonsági és Állategészségügyi Igazgatósága XIV-I-

001/520-4/2012, Budapest, Hungary). The dog owners were volunteers who received no 

monetary compensation and gave their written consent to participate with their dogs in the 

study. 
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Table 3.  

Illustration of coding condition-dependent long-term repetitions, and lexical meaning-based and 

prosody-based short-term repetitions.  

Stimulus order Pp Pn Pp Sil Nn Pn Nn Np Sil Np Nn … Pp 

Condition-dependent LTA: Pp1 Pn1 Pp2 - Nn1 Pn2 Nn2 Np1 - Np2 Nn3 … Pp30 

Lexical meaning-based STA: P1 P2 P3 - N1 P1 N1 N2 - N1 N2 … P1 

Prosody-based STA: p1 n1 p1 - n1 n2 n3 p1 - p1 n1 … p1 

LTA: long-term fMRI adaptation; STA: short-term fMRI adaptation; P: lexically marked (praise) 

words; N: lexically unmarked (neutral) words; p: praising prosody; n: neutral prosody; Sil: silence. 

 

2.4.4.    Results 

We found no (voxel-level, FWE-corrected) significant effects of either lexical meaning or 

emotional prosody with the classic 4-condition-based model, neither in whole-brain tests nor 

within the functionally defined speech-responsive regions.  

The long-term fMRI adaptation analyses showed no significant effects in the subcortical TM 

for any factors, but they revealed lexical meaning-dependent repetition effects in all cortical 

speech-responsive auditory regions (Fig. 7, Table 4). More specifically, lexical meaning by 

repetition interaction effects were found in two regions (mSSS, cESG), and hemisphere by 

lexical meaning by repetition interaction effects were found in all four cortical regions (mSSS, 

mESS, rESG, cESG).   

Post-hoc ANOVAs revealed that these interactions were driven by repetition suppression 

effects for lexically marked (praise) words, occurring mostly in right hemispheric regions. The 

post-hoc test on the average brain responses of all cortical speech-responsive regions (mSSS, 

mESS, rESG, cESG) also revealed a hemisphere by lexical meaning by repetition interaction, 

confirming a right hemispheric bias in the lexical meaning-based adaptation effect. This 

analysis also showed an effect of lexical meaning, with weaker overall responses to lexically 

marked than unmarked words. Post-hoc ANOVAs on individual words also confirmed fMRI 

adaptation for each lexically marked word in the right hemisphere (averaged across the four 

cortical speech-responsive regions), but no significant repetition effects were found in the left 

hemisphere, or for lexically unmarked words (Fig. 7, Table 4).  
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Fig. 7. Long-term fMRI adaptation effects for lexical meaning. We defined adaptation coefficients 

as the negative of the slope of the linear trendline for percent signal change values across repetitions 

(that is, a greater adaptation / repetition suppression effect is represented with a more positive value). 

Asterisks denote significant adaptation effects in post-hoc ANOVAs per condition in each region. Pp: 

lexically marked (praise) words with praising prosody, Pn: lexically marked (praise) words with neutral 

prosody, Np: lexically unmarked (neutral) words with neutral prosody, Nn: lexically unmarked 

(neutral) words with neutral prosody. Cortical regions represent the averages of data from the four 

cortical speech-responsive regions (mSSS, mESS, rESG, cESG). LEFT: left hemisphere, RIGHT: 

right hemisphere. * : p < 0.05; ** : p < 0.01. Error bars represent SEM. N = 12. 
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Table 4.  

Long-term fMRI adaptation analyses in speech-responsive auditory regions. 

Brain region Effect df1 df2 F p 

     TM -     

     mESS Hemisphere * lexical meaning * repetition 29 290 1.91 0.004 

      Repetition suppression: Right, P 29 319 1.87 0.005 

      Repetition suppression: Left, N 29 319 1.59 0.031 

  Lexical meaning * prosody * repetition 29 290 1.71 0.015 

      Repetition suppression: Pp 29 319 1.71 0.015 

     mSSS Lexical meaning * repetition 29 290 1.91 0.004 

      Repetition suppression: P 29 319 1.91 0.004 

 Lexical meaning * repetition * age 29 290 1.63 0.024 

 Hemisphere * lexical meaning * repetition 29 290 1.71 0.015 

      Repetition suppression: Right, P 29 319 2.26 0.000 

     rESG Hemisphere * lexical meaning * repetition 29 290 2.05 0.002 

     cESG Lexical meaning * repetition 29 290 1.65 0.022 

     Cortical regions Lexical meaning (N > P) 1 11 11.66 0.006 

 Repetition 29 319 1.53 0.043 

 Hemisphere * lexical meaning * repetition 29 319 1.64 0.023 

      Repetition suppression: Right, P 29 319 2.14 0.001 

      Repetition suppression: Left, P 29 319 1.50 0.050 

The table lists the results of the RM ANOVAs of the condition-dependent long-term fMRI adaptation 

analyses with the factors of hemisphere, lexical meaning, prosody and repetition.  Grey letter colour 

indicates post-hoc ANOVA results. Cortical regions: average responses of all cortical speech-

responsive regions. N = 12. 

 

While long-term adaptation was modulated by lexical effects in every cortical speech-

responsive region, it was independent of prosody effects in all but one region. The exception 

was the near-primary auditory cortex, mESS: adaptation here was strongest for praise words in 

praising prosody. Furthermore, in mSSS the lexical adaptation effect was modulated by the 

between-subject factor age: adaptation increased with age, but more so for the lexically 

unmarked (neutral) words, therefore the lexical effect on adaptation weakened in older dogs 

(Fig. 8).  

Lexical meaning-based short-term fMRI adaptation analyses revealed no significant effects of 

either hemisphere or repetition, so we found no evidence for short-term lexical adaptation.  
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Fig. 8. Age-dependent fMRI adaptation for lexical meaning. The figure shows, that long-term fMRI 

adaptation more increases for neutral words by age. Young represents dogs between age 2 – 5 (N = 6), 

Old represents dogs between age 7 – 10 (N = 6). Note that during analysis age was used as a continuous 

variable. P: lexically marked (praise) words; N: lexically unmarked (neutral) words. Error bars 

represent SEM.  

 

Emotional prosody-based short-term fMRI adaptation analyses revealed no hemisphere effects, 

but two speech-responsive regions, the subcortical TM and the near-primary mESS showed 

repetition effects (Fig. 9, Table 5). 

 

 
Fig. 9. Short-term fMRI adaptation for emotional prosody. The figure shows, that for repeatedly 

presented prosody the brain response first slightly increases, then it decreases. Trendlines represent 

quadratic changes. Error bars represent SEM. N = 12. 
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This prosody-based repetition effect had a significant quadratic component in both TM and 

mESS: the initial signal enhancement (between the first and second repetitions) was followed 

by signal suppression (between the second and third repetitions) (Fig. 9, Table 5).  

 

Table 5.  

Short-term repetition effects.  

Brain region Effect df1 df2 F p 

Short-term: Lexical meaning-based       -   
  

Short-term:  Prosody-based     

     TM Repetition 2 22 4.03 0.032 

      Quadratic component 1 11 7.55 0.019 

     mESS Repetition  2 22 3.83 0.037 

      Quadratic component 1 11 6.49 0.027 

     mSSS -     

     rESG -     

     cESG -     

The table lists significant effects of the RM ANOVAs from the short-term fMRI adaptation analyses. 

N = 12. 

 

 

2.4.5.    Discussion 

This study presents the first demonstration of fMRI adaptation effects in the dog brain. We 

used these effects successfully to demonstrate the involvement of certain auditory regions in 

lexical and prosodic processing. By characterizing neural responses in dogs’ speech-responsive 

brain regions for auditorily processed words using a multilevel fMRI adaptation paradigm, we 

found (1) lexical meaning-dependent long-term fMRI adaptation effects with a right-

hemisphere bias in multiple auditory cortical regions, and (2) emotional prosody-based fMRI 

adaptation in a subcortical and a near-primary cortical auditory region with no hemispheric 

difference. Lexical adaptation appeared only cortically and only as a long-term effect. 

Subcortical auditory regions showed only prosodic but no lexical adaptation, and only as a 

short-term effect. A single near-primary cortical region (mESS) showed both short- and long-

term prosodic and long-term lexical adaptation effects. Age modulated the lexical adaptation 
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effect in a single cortical region (mSSS): older individuals exhibited a stronger adaptation for 

lexically unmarked words, and a consequently reduced lexical effect.  

By analysing repetition effects, we demonstrated that cortical speech-responsive auditory 

regions (mSSS, mESS, rESG, cESG) in dogs are sensitive to the lexical meaning of spoken 

words: these regions exhibited greater long-term fMRI adaptation – and thus a weaker overall 

response – for lexically marked (praise) words than for lexically unmarked (neutral) ones. In 

their studies on humans, Gagnepain et al. (2008) and Orfanidou et al. (2006) also found long-

term fMRI adaptation (and long-term behavioural priming) for meaningful words in multiple 

areas of the non-primary auditory cortex (e.g. mSTG, pSTG, L MTG). Additionally, Gold et 

al. (2005) found stronger long-term fMRI adaptation during a lexical meaning-related task than 

during a phonological task in the left middle temporal gyrus (L MTG) and in the left inferior 

frontal gyrus (L IFG). In contrast, we found no short-term lexical adaptation effects. Previous 

literature is inconclusive on whether in humans lexical processing is reflected also in short-

term (Kotz et al. 2002), or only in long-term adaptation effects (Orfanidou et al. 2006; 

Gagnepain et al. 2008). Nevertheless, short-term repetition effects are usually reported for the 

repetitions of simple, stimulus-dependent cues (such as emotional prosody cues), rather than 

for abstract stimulus properties (such as lexical meaning; Friston 2005; James and Gauthier 

2006; Sawamura et al. 2006; Epstein et al. 2008). Our findings thus suggest that in dogs, as in 

humans (Gold and Buckner 2002; Orfanidou et al. 2006; Gagnepain et al. 2008), lexical 

processing is reflected in fMRI adaptation effects in a longer time scale in higher-level cortical 

regions.  

The greater fMRI adaptation for lexically marked words in right hemispheric regions is 

consistent with our previous results (Experiment 1), confirming that the processing of lexically 

marked words in dogs is more pronounced in the right hemisphere. We found hemispheric bias 

only for lexical but not for prosodic markedness. In humans, lexical meaning processing shows 

hemispheric asymmetry towards the left hemisphere of the brain (Devlin et al. 2003; Binder et 

al. 2009), while highly emotional speech stimuli are processed with lateral symmetry (Frühholz 

et al. 2016) or with a right bias (Wildgruber et al. 2005; Frühholz et al. 2016). In dogs, 

behavioural measures were used in two recent studies to search for the possible presence of 

functional hemispheric asymmetries for processing human speech. While no consistent head-

turn bias was found for naturally spoken meaningful instruction words in either study 

(Reinholz-Trojan et al. 2012; Ratcliffe and Reby 2014), right head-turn bias (possibly 

indicating left hemispheric bias) was found for commands where meaningful phonemic cues 
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were made salient artificially, and left head-turn bias (perhaps indicating a right hemispheric 

bias) for commands where emotional prosodic or speaker-related cues were made salient 

artificially (Ratcliffe and Reby 2014). While the present fMRI findings corroborate our earlier 

neuroimaging findings, it is harder to reconcile them with behavioural reports. One possibility 

is that behavioural measures of lateralization do not reflect functional hemispheric asymmetries 

as directly as it has often been proposed. Recently, a combined behavioural-fMRI lateralization 

study in humans also demonstrated that orienting biases for speech stimuli are not necessarily 

coupled with lateralized processing (Fischer et al. 2009). Combined behavioural-fMRI 

investigations would have the capacity to reveal the neural pattern behind orienting biases. 

Another possible explanation for the seemingly contradicting findings is that the right bias for 

meaningful words presented here reflected semantic mapping of the processed lexical item (i.e. 

access to lexical representations), while the right head-turn bias in the behavioural study 

(Ratcliffe and Reby 2014) may have revealed a left bias for segmental analysis (i.e. identifying 

phonemes in a speech stream), a necessary prerequisite of lexical processing. Left bias for 

segmental and right bias for suprasegmental processing is consistent with an acoustic account 

of lateralization (i.e. short vs long temporal windows for processing in left vs right auditory 

cortex, respectively (Hickok and Poeppel, 2007; Poeppel et al., 2008). We suggest that this 

account can explain many of the findings of Ratcliffe and Reby’s (2014) study. In our study, 

neither segmental nor speaker-related suprasegmental cues have been varied systematically, 

and prosodic suprasegmental cues did not lead to a hemispheric bias, so our findings neither 

support nor contradict the assumptions of the acoustic account of lateralization. Instead, our 

findings support a functional, meaningfulness-based account of lateralization. Hemispheric 

effects for processing meaningful, relevant sounds have been found in many species, including 

birds, non-primate mammals and primates (Denenberg, 1981; Hopkins et al., 1992; Siniscalchi 

et al., 2017, 2008), even though most of these showed a left bias (but see Gil-da-Costa and 

Hauser, 2006). Note however that most of these studies tested conspecific sounds. It is possible 

that learned meaningfulness of an auditory stimulus elicits hemispheric bias in dogs, and while 

this bias is typically left-sided for conspecific vocal sounds, it becomes right-sided for 

vocalizations that elicit intense emotions (cf. Reinholz-Trojan et al., 2012; Siniscalchi et al., 

2017, 2008). 

Next to lexical adaptation, this study also showed evidence for emotional prosodic adaptation 

effects in the dog brain, without hemispheric asymmetry. We found short-term prosodic 

adaptation in a subcortical auditory region (TM) and in a near-primary cortical auditory region 
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(mESS). The involvement of the subcortical TM reflects the role of these early-stage areas in 

processing acoustic cues relevant for emotional prosody. According to single-unit experiments 

(using implanted electrodes), in many species the subcortical auditory thalamus shows short-

term adaptation to stimulus repetitions (mice: Mus musculus, Anderson et al. 2009; rats: Rattus 

rattus, Richardson et al. 2013). Anatomically, the speech-responsive TM region we used here 

involves the dog auditory thalamus, but the spatial resolution of the present study does not 

allow for its disentanglement from other, neighbouring subcortical structures. FMRI evidence 

for the involvement of early subcortical levels of the auditory pathway for processing vocal 

sounds has recently been reported for both humans (Moerel et al. 2015) and dogs (Andics et 

al. 2014). The other prosody-sensitive region, mESS is centred around the sulcus located at the 

border of the rostral ectosylvian gyrus (rESG), the primary auditory cortex of the dog, a region 

that receives tonotopic input from the auditory thalamus (Evans and deLahunta 2013). 

Emotional prosodic sensitivity of the mESS was reflected by both short- and long-term fMRI 

adaptation: in short-term analyses we found prosody-based adaptation, but no lexical effects 

here; while in long-term analyses we found that mESS is the single cortical speech-responsive 

region where adaptation was dependent not only on lexical meaning but also on prosody (being 

strongest for praise words in praising prosody). These findings suggest that the analysis of 

emotional prosody information in human speech involves early levels of the auditory 

processing hierarchy in dogs.  

Prosodic adaptation both in the TM and the mESS showed a quadratic pattern, that is, a slight 

response increase for the second repetition, followed by a strong response reduction for the 

third repetition. This quadratic pattern is consistent with previous reports on short-term 

repetition effects, with an initial repetition enhancement to novel stimuli followed by response 

reduction to consecutive repetitions, as evidenced both in primates and non-primates (humans: 

Nordt et al., 2016; Torkildsen et al., 2009; macaques: Brosch et al., 1999; cats: Brosch and 

Schreiner, 2000). The quadratic repetition effect may reflect an initial increase of resources 

needed to encode certain properties of a novel stimulus, and then a reduction of resources 

needed, presumably due to increased stimulus predictability (Summerfield et al. 2008; Nordt 

et al. 2016; Weber et al. 2016). 

Our findings suggest that dogs, similarly to humans, process emotional prosodic cues in spoken 

words at lower levels (subcortical and near-primary cortical regions, reflected mainly in short-

term adaptation effects) and lexical information at higher levels (near-primary and secondary 

auditory cortical regions, reflected in long-term adaptation effects) of the auditory processing 
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hierarchy. Prosody processing was thus subcortically independent of lexical cues, prosody 

influenced lexical processing in a near-primary cortical region, and finally, lexical processing 

was independent from prosodic cues in secondary auditory cortical regions. This hierarchical 

organization may reflect similarities of dog and human speech processing, but this does not 

imply that this processing hierarchy is of linguistic nature. Indeed, the prosodic-lexical 

hierarchy reported here and also in humans may reflect a more general, not speech-specific 

processing principle. According to Pessoa and Adolphs (2010), perceptually salient (e.g. 

emotionally loaded, motivationally important) cues are typically analysed at lower levels (“low 

road”), and more complex, learnt, perceptually less salient cues of the same signal are analysed 

at higher levels (“high road”). This low road / high road processing hierarchy has been 

demonstrated in multiple species (e.g. cats: Felis catus, rhesus macaques: Macaca mulatta), 

independently of a linguistic context (Carrasco and Lomber 2009; Rauschecker and Scott 2009; 

Kikuchi et al. 2010). In the present study, the prosodic manipulation was acoustically salient, 

as praising prosody was characterized by a higher pitch and pitch range than neutral prosody. 

In contrast, lexically marked and unmarked stimuli did not systematically differ in acoustic 

cues, this learnt distinction was not salient acoustically. Crucially though, this contrast between 

emotional prosodic and lexical cues is not specific to our study – instead, it is a basic, essential 

difference between prosodic and lexical information and also applies to speech processing in 

humans. We do not suggest that the neural speech processing hierarchy shown here reflects 

any linguistic capacity in dogs. In contrast, our findings indicate that the neural principles 

building up speech processing hierarchy in humans are not human-specific, and therefore may 

not be specific to language. This result is consistent with and goes beyond other findings 

demonstrating that the dissociation of sound sequence and pitch during auditory processing is 

not unique to humans (e.g. dolphins: Ralston and Herman, 1995; songbirds: Sen et al., 2001). 

We found no lexical or prosodic effects in a standard GLM-based analysis: this test revealed 

no brain region in dogs in which praise words or praising prosody elicited stronger or weaker 

overall activity than neutral words or prosody. This negative finding is not surprising, as the 

event-related design applied here, while more suitable to investigate across-trial dynamics of 

brain responses, is known to be less robust to overall condition differences (Petersen and Dubis 

2012). Furthermore, the same contrasts did not show strong effects in speech-responsive 

auditory regions in a previous, block-design study either (Experiment 1). This shows that direct 

comparisons do not always constitute the optimal analysis of condition differences in fMRI: in 

the present case, an adaptation analysis was more informative. Furthermore, a follow-up test 
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of the long-term adaptation analysis, averaging activity across all cortical speech-responsive 

regions, showed a lexical effect: stronger activity for lexically unmarked (neutral) than marked 

(praise) words. Note that this lexical effect was not apparent in any of the speech-responsive 

regions separately from the long-term adaptation analyses either. We suggest that this overall 

activity difference is caused by the greater adaptation effect (and thus lower activity on 

average) for lexically marked words.  

The present study also showed that age modulates adaptation effects in dogs. Long-term fMRI 

adaptation for words increased with age in a cortical speech-responsive auditory region 

(mSSS), and this increase was greater for lexically unmarked (neutral) than for lexically 

marked (praise) words. These results do not support a top-down account of age-related effects 

on adaptation, namely that deficits in inhibitory or attentional control in older individuals 

would cause an insufficient filtering of irrelevant stimulus changes (Fabiani et al. 2006). 

Instead, this reduction of neural specificity in older individuals is consistent with the bottom-

up neural dedifferentiation account (Goh et al. 2010; Goh 2011). The age-related 

dedifferentiation of neural representations has been described in various setups in humans (Goh 

et al. 2010) and also in other species (e.g. in macaques: Schmolesky et al., 2000). As a 

consequence of the dedifferentiation of neural responses in younger adults (humans: 19-32 

years, macaques: 7-9 years), neurons within certain brain regions are more specialized, and 

thus make a finer distinction between stimuli during processing, while the dedifferentiated 

neural responses of older individuals (humans: 61-72 years, macaques: 28-30 years) are less 

sensitive to subtle differences (Schmolesky et al. 2000; Goh et al. 2010). It has been proposed 

that neural dedifferentiation is directly linked to an age-related reduction of GABA levels in 

humans (Gao et al. 2013). The number of GABA receptors in dogs also decreases with age 

(Hwang et al. 2008).  

One limitation of the present study is that all stimuli were recorded from a single speaker, a 

female trainer of all tested dogs. While this might make our results less generalizable, we made 

the decision of using a single speaker with consideration to the reports that dogs process human 

vocal sounds in a highly context-sensitive manner (Mills 2005), and that speaker familiarity 

affects their behavioural responses to instruction words (Kerepesi et al. 2015). We aimed at 

using identical stimuli across participants and also maximizing the relevance of our stimuli in 

this sense, similarly to other studies using a trainer’s voice instead of a set of less familiar 

speakers (cf. Kaminski et al., 2004). Human fMRI studies on speech processing also often use 

a single speaker (e.g. Binder 2000; Lawyer and Corina 2014). One could argue that overall 
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adaptation effects for speech stimuli may be different for unfamiliar speakers (Latinus et al. 

2011). Crucially, however, the adaptation effects here were all condition-dependent, that is, 

stimuli in one condition elicited stronger adaptation than stimuli in another condition, even 

though all were spoken by the same speaker. We cannot draw conclusions about the across-

speaker generalizability of lexical representations in dogs based on the present study, but this 

does not question the lexical nature of the lexical adaptation effects we demonstrated here. 

Another limitation is that we used a single lexical meaning (praise) to test the effects of lexical 

markedness. It is therefore impossible to determine, based on this study alone, whether the 

revealed right bias (and other lexical effects) reflects lexical meaning processing in general, or 

more specifically, the processing of positive emotional lexical meaning of stimuli spoken by a 

familiar person. Note that there were no familiarity differences between lexically marked and 

unmarked words, because the lexically unmarked (neutral) words we selected here were words 

that had been used with a similar frequency to praise words in everyday speech, so the actual 

sound sequences were similarly familiar to dogs. Nevertheless, further fMRI studies are 

required to better understand the mechanisms of spoken word processing in dogs. In these 

future attempts it will be important to test the role of speaker familiarity and of different lexical 

meanings (e.g. applying object words or instructions). 

In summary, this study demonstrated the usefulness of a multilevel fMRI adaptation approach 

to functionally characterize speech-responsive regions in the dog brain. We identified speech-

responsive auditory regions involved in lexical meaning and emotional prosody processing in 

dogs. We replicated our earlier findings (Experiment 1) that lexical meaning processing in dogs 

shows a clear right-hemisphere bias, and that emotional prosody processing shows no 

hemispheric bias. Lexical and prosodic adaptation patterns differed both temporally (long-term 

effects mostly for lexical processing and short-term effects for emotional prosody processing) 

and spatially (lexical processing in all cortical speech-responsive auditory regions and 

emotional prosody processing in subcortical and near-primary cortical regions), suggesting that 

they indeed reflected distinct stages of an auditory processing hierarchy in the dog brain. The 

functional similarities across dogs and humans in lexical processing suggest that some central 

elements of the speech processing hierarchy in the human brain builds upon neural mechanisms 

that are evolutionarily more ancient than the emergence of the actual capacity to speak.  
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Fig. 10. What and How is said? The figure shows the main questions of the first experimental block 

regarding speech and vocal social reward processing and corresponding results provided by Experiment 

1 and 2. 

 

2.5. Conclusion and questions left open 

According to the results of the two experiments above, it seems that dog brains distinguish 

lexically marked (associated with a referent) and unmarked (not associated with a referent) 

sound sequences and process them in right hemispheric higher-level cortical brain regions. 

Nonetheless, lexical representations in dogs certainly differ in many aspects from those of 

humans. We do not propose that lexical representations in dogs are embedded in a structure of 

linguistic representations. These results may indicate not upper, but lower boundaries of speech 

processing capacities in dogs (Andics and Miklósi 2018).  

These two experiments did provide information neither on the possible speaker-dependence of 

speech content processing, nor on the possible association between behavioural features (e.g. 

attachment or impulsivity) and reward processing in dogs. To investigate these, dogs’ voice 

discrimination ability needs to be proven first.  
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3. WHO SAYS IT? 

This section first leads up to the topic of voice identity, introduces the uniqueness of the dog-

owner relationship and presents the specific motivation to investigate these topics. Then, 

through two studies, it shows novel results about behavioural and neural representations of the 

owner’s voice, and about the relation between the attachment behavioural system and the 

neural reward system in dogs. 

 

 

3.1. Background 

3.1.1. Voice identities 

In addition to lexical meaning and prosody, speech also carries information about the 

vocaliser’s identity. Voice identity information encompasses cues carried by voices that 

facilitate vocalizer recognition. During the evolution of social interactions, selection forces 

might have supported the formation of voice recognition ability. For example, human adults 

are able to effectively recognize different speakers based on their unique voice (Schweinberger 

et al. 1997, 2014), and they can memorize these voices for a long time with high accuracy 

(Papcun et al. 2005). Voice identification ability, however, appears much earlier than speech 

during both phylogenesis and ontogenesis. Rhesus macaques, for instance, are able to identify 

conspecifics based on vocal cues only (Rendall et al. 2002). In addition, human new-borns 

prefer their mother’s voice (Decasper and Fifer 1980), while seven-month-old infants can 

differentiate individual voices especially in their native language (Johnson et al. 2011; Andics 

2015).  

Despite the fact that voice identity recognition is possibly based on non-linguistic 

vocalizations, humans usually vocalize through speech and thus they generally identify voices 

carried by speech. During conversation, humans do not only want to know what someone is 

saying and how they are saying it, but also who the speaker is. Speech and voice identity are 

separate processes, but they interact. Therefore, when examining brain mechanisms of speech 

processing, the influence of the speakers’ identity should be also considered. In case of humans, 

different speech units (e.g.  phonemes) and voice identity are processed separately in the brain 

(Belin and Zatorre 2003; Vongphoe and Zeng 2005): the processing of voices takes place in 

the right anterior superior temporal sulcus (STS; Belin et al. 2000) and in the inferior frontal 
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cortex (IFC; Fecteau et al. 2005). At the same time, indexical properties of the speaker and the 

linguistic message are simultaneously carried by the acoustic signals of speech (Lachs and 

Pisoni 2004). Although voice identity recognition can be based on acoustic parameters (e.g. 

fundamental frequency) only, it can also happen solely by speech, more precisely by phonetic 

information (Remez et al. 1997). In addition, speech processing is not influenced by the 

speaker’s identity alone, but also by the strength of the relationship with the speaker. For 

example, similar speech content can mean different things to the receiver (Mariooryad and 

Busso 2014) if the speaker is a socially close person or a stranger. Thus, mechanisms of speech 

and voice identity processing may be separated, but involve multiple abstraction levels (Andics 

2013). 

Speaker identity processing brain mechanisms are widely investigated in humans, however, as 

speech is a uniquely human form of communication, examination of speaker identity 

processing would be less meaningful in non-speaking species. But it can be meaningful in dogs. 

Many people talk to dogs in everyday life, but the person who most often uses verbal cues to 

influence dogs’ behaviour is the owner.  

 

3.1.2. Uniqueness of the interspecific dog-owner relationship 

Dog-owner relationship is a unique social bond between individuals of two different species. 

This relationship serves a wide range of benefits for both members. In case of humans, dog 

ownership and interactions with dogs are associated with increased mental, physical and 

emotional health (Cutt et al. 2007; Barker and Wolen 2009). Dog owners, among others,  

appear to have lower blood cholesterol levels, decreased systolic blood pressure (Parslow and 

Jorm 2003), lower stress levels (DeMello 1999), higher self-esteem (Albert and Bulcroft 2006), 

decreased depression and loneliness (Cherniack and Cherniack 2014) or even increased family 

functioning (Cutt et al. 2007; Wright et al. 2015). All these could be due to dog company, or 

to other factors that accompany dog ownership (for example, more physical activity while 

walking dogs), or it may be their combined effect (Cutt et al. 2007). Besides the benefits that 

are mentioned above, working, guard and guide dogs also help people in their everyday lives. 

Dog-human companionship is beneficial for dogs too. They, for instance, have become the 

most abundant terrestrial carnivores. Dogs’ direct selection for human preference resulted in 

very close social relationships between family dogs and their owners and made the owner 

almost indispensable in a family dog’s life (Hart 1995; Miklósi 2015). Dogs show attachment 
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behaviours towards their owners (see Chapter 3.4.1. for details). The presence of the owner 

provides security (and decreases heart rate and heart rate variability) for dogs in a threatening 

situation (Gácsi et al. 2013a) and it increases exploratory behaviour at unknown places (Topál 

et al. 1998). It seems that dog-human companionship is supported by oxytocin, a 

neurohormone, which promotes the formation of social bonding between individuals (e.g. 

mothers and offspring) of many mammalian species (Young and Wang 2004; Carter 2006). 

Dogs’ gaze and interaction with dogs increase urinary oxytocin levels of humans (Nagasawa 

et al. 2009). Similarly, dogs’ blood oxytocin level increases after interaction or eye contact 

with their owner (Romero et al. 2014; Nagasawa et al. 2015). All these show the uniqueness of 

dog-owner relationship from many aspects. Dogs are naturally motivated to keep contact with, 

be together with, and listen to their owners.  

 

 

3.2. Aims of the second experimental block 

Who says it?  

The purpose of these behavioural, and combined behavioural and fMRI experiments was to 

reveal how dogs react to an individual voice (Who says it?). More specifically, we investigated 

whether the relationship between the dog and the speaker affects speech processing and reward 

response (Fig. 11). 

• Experiment 3: The aim of this behavioural experiment was to ground the next fMRI 

study by experimentally demonstrating dogs’ interspecific voice discrimination ability 

(Fig. 11). 

• Experiment 4: The goal of this combined behavioural and fMRI experiment was to 

explore individual (owner) voice-sensitive brain regions and to reveal the potential 

interrelated operation of the attachment behavioural system and the neural reward 

system in dogs (Fig. 11). 
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Fig. 11. Who says it? The figure shows the main questions of the second experimental block regarding 

speech and vocal social reward processing. 

  



WHO SAYS IT? 

63 
 

3.3. Experiment 3.  

Interspecific voice discrimination in dogs3 

3.3.1.    Introduction 

Social category recognition (SCR) and individual recognition (IR) play an important role in 

different types of social interactions including monogamous and filial attachment relationships, 

cooperation and hierarchical group organisation (Tibbetts & Dale, 2007). While such function 

of SCR and IR is generally agreed by ethologists, there is controversy about the conditions 

necessary to convincingly demonstrate the phenomenon, as well as what the underlying mental 

mechanisms are. There is also a controversy about how to separate the SCR and IR based on 

cognitive and perceptual processes. SCR occurs when an individual is able to recognize that a 

certain individual belongs to a specific social category (e.g. sibling or offspring) based on 

specific cues. IR describes a narrower category than SCR and refers to the ability of an 

organism to identify another one based on its individually distinctive characteristics (Dale et 

al. 2001). Based on ecological and evolutionary factors, SCR, as well as IR can be based either 

on specific behavioural or morphological traits that were selected for facilitating different 

social interactions of individuals (Thom & Hurstn, 2004; Yorzinski, 2017). These specific 

individual characteristics are usually referred to as ‘signatures’. According to animal studies, 

numerous dolphin species (Tursiops aduncus, Lagenorhynchus obliquidens, Sousa chinensis, 

Stenella plagiodon) possess so called ‘signature whistles’. These specific dolphin vocalizations 

allow the identification of certain individuals (Janik et al. 2006; Janik & Sayigh, 2013). Such 

signature whistles of dolphin calves are originally learnt from their mothers (Fripp et al. 2005; 

King et al. 2013) and later are slightly modified in order to make them specific to the 

individuals.  

Such communicative signals may also be characterised by idiosyncratic cues. These cues could 

also support the development of IR in cases when members of different species had the required 

cognitive and perceptual abilities to rely on these variable phenotypic characteristics for 

discriminating individuals. Visual, olfactory or acoustic (Brown & Johnston, 1983) signals may 

all have this potential. For instance, separate vocalisation types could facilitate IR due to the 

                                                           
3Modified from: Gábor A., Kaszás N., Miklósi Á., Faragó T., Andics A. (2019). Interspecific voice-

discrimination in dogs. Biologia Futura. DOI: 10.1556/019.70.2019.15  
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fact that the characteristics of the sound emitted by the organism depends on numerous 

morphological structures that vary across individuals (Fitch et al. 2002; Taylor & Reby, 2010).  

While intraspecific IR naturally develops in various animal species across all taxa (Thom and 

Hurst 2004; Tibbetts and Dale 2007; Yorzinski 2017), interspecific IR is rare. Typical cases of 

interspecific IR are due to the the cohabitation of humans with domesticated animal species. 

While it is an implicit knowledge that humans can recognise individuals of different animal 

species (e.g. their pets) with whom they often interact, this ability was rarely investigated under 

experimental conditions. According to a study, humans are not able to couple the barks of two 

same-breed stranger dogs with a sample bark. This suggests that dog vocalizations may not 

hold enough cues for humans to be able to distinguish amongst them (Molnár et al. 2006). It is 

more probable that humans mainly rely on visual or multimodal cues during the recognition of 

individuals of their companion animals (e.g. their dogs) or members of other animal species 

with whom they share their lives. 

Similarly to humans, little knowledge is available about the interspecific SCR or IR ability of 

domesticated animal species. For instance, it has been shown that sheep choose familiar over 

unfamiliar human individuals (Knolle et al. 2017), however this preferential choice does not 

necessarily requires IR. By applying a preferential looking paradigm, Proops and Mccomb 

(2012) found evidence that horses can link the sound of familiar humans to their body from a 

6-meter-long distance. 

Only a few studies investigate SCR in dogs. Some of them, however, also refer to dogs’ IR in 

intraspecific contexts. Hepper (1994) found that dog puppies (at the age of 4-5.5 weeks) may 

be able to recognise their mother and their siblings. They also reported that dog mothers are 

able to recognise their offspring even after two years of separation. In addition, adult family 

dogs, after hearing the whining of familiar dogs, showed more comforting behaviour towards 

the familiar dog than towards a stranger one (Quervel-Chaumette et al. 2016). In the above-

mentioned cases, both similarity and familiarity could explain dogs’ preferential choice, and in 

any case SCR is more probable than IR. 

Regarding interspecific recognition Adachi et al. (2007) have shown that dogs, after hearing 

the voice of their owner, watched longer the screen if a picture of a stranger human (and not of 

their owner) appeared. Although this study was often cited as evidence of owner recognition, 

we propose it only demonstrates that dogs are able to form visual expectations based on vocal 

cues. There is no evidence that dogs can actually match these cues to their owner or that vocal 
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cues alone are enough for IR. A much stricter experimental protocol would have been needed 

(see Proops & Mccomb, 2012) for univocal evidence.  

 

3.3.2.    Research questions and hypothesis 

Based on anecdotal evidence dogs are able to recognize their owners’ voice in various contexts. 

This study aimed to provide a methodological basis for revealing whether dogs are able to find 

their owner on the basis of vocal cues alone. In a two-way choice task, dogs had to discriminate 

their owner’s voice over a familiar person’s voice who were hiding behind opaque screens. We 

hypothesized that dogs choose their owner significantly more often in a single 6-trial-long 

session.  

 

3.3.3.    Materials and methods 

3.3.3.1. Subjects 

We tested 27 dogs (24 purebreds of 14 breeds and 3 mixed-breed, mean age (year) ± SD = 4.83 

± 2.42, range 1-9 years; 16 females and 11 males) living in human families. Two additional 

dogs were excluded after the training sessions, because they failed to choose between screens 

during the training (they did not leave the starting point in three out of four trials).  

Twenty-four dogs had female and 3 had male owners. 

 

3.3.3.2. Experimental setting 

The preference test took place in a small test room (5.4 m x 3 m, Fig. 12a) with two doors (G 

and I) at the Department of Ethology, Eötvös Loránd University, Budapest, Hungary. The 

training and the voice discrimination tests were staged in the adjacent larger test room (5.4 m 

x 6.27 m, Fig. 12b). 

 

3.3.3.3. Experimental protocol 

The experiment consisted of three phases: (1) preference test, (2) training and (3) voice 

discrimination test (Table 6). For each dog 3 humans were present during the tests: the owner, 

an experimenter (2 persons alternated this role across dogs) and a control person (5 persons 
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played this role; the sex of the owner and the control person was always matched). 

Experimenters and control persons were otherwise randomized and balanced across dogs. 

Before the preference test the control person spent about 4-5 min with petting the dog and 

talking to it. In the following, we will refer to him/her as ‘control person’.  

 

3.3.3.4. Paradigm of the training and the voice discrimination test 

The goal of the training was to teach the paradigm to dogs (using only the owner’s voice), 

while during the voice discrimination test dogs had to discriminate the owner’s voice from a 

control person’s voice. The task of the dog was to find the owner behind one of two opaque 

(blue) screens (height: 1.25m, width of two wings: 2×1.02 m) based solely on his/her voice 

(Fig. 12, D, E). We placed a plastic wall (colour: blue, height: 1.02 m, length: 3.50m) between 

the screens so that the dog had to make a clear choice already at the starting point (‘F’) which 

was at 3.46 m from the tip of both screens. In a previous experiment Polgár et al. (2015) had 

shown that dogs could not find their hidden owners from a distance of 3 m based on olfactory 

cues thus we can assume they relied only on vocal cues here. Based on this experimental setup, 

we cannot exclude that vocal and olfactory cues only together were enough to find the hiding 

owner. We note, however, that even if both olfactory and vocal cues are needed that still 

requires some knowledge about the owner’s individual voice. During the trials, the owner (and 

the control person during the voice discrimination test) were semi-randomly hiding behind one 

of two opaque (blue) screens (the same person hid maximum 2 times consecutively on the same 

side, and side of hiding was balanced across trials). Between trials the owner (and the control 

person in the voice discrimination test) were asked to wait at the starting location (‘F’), while 

the experimenter took the leash of the dog and they left the room through door ‘H’. In their 

absence, the owner (and the control person) hid behind the predetermined screen (in a 

crouching position), and the trial started. After around 15-20 s (which was counted by the 

experimenter), the experimenter led the dog in and stood with the dog sitting in front of him/her 

at location ‘F’, holding its collar or leash. The hiding person(s) started to talk (see later in 

details) for about 3 s upon hearing the signal of the experimenter (“Now!”). At the end of 

speech, the experimenter released the dog to find its owner (if necessary, accompanied by the 

signal: “You can go!” or “Run!”). After a successful owner-choice the dog was praised 

verbally, petted and rewarded with food by the owner. The cases of unsuccessful owner-choices 

are described later at the test phases. One trial lasted around 1-2 minutes depending on the 

dog’s speed of choice, including hiding and rewarding phases. Callings and recipe sentences 
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were used as acoustic stimuli (depending on the test phase). Food recipe sentences were 

similar-length sentences randomly chosen by the experimenters. Three sets of neutral stimuli 

were used, randomized and balanced across dogs. Each set included different sentences spoken 

by the owner for training (training trials 3-4) and by the owner and the control person for the 

voice discrimination test trials (1-6). That is, each sentence was told only once during the test 

of each dog. Within each trial both speakers told 2 different sentences. 

 

 
Fig. 12. Illustration of the experimental setup.  Small (a) and large (b) testing rooms. A - B / D - 

E: location of the owner and the control person during the preference test / during the training and the 

voice discrimination test; C / F: location of the experimenter and the dog during the preference test / 

during the training and the voice discrimination test; G, H, I: doors. 

 

Table 6.  

Experimental protocol. 

Test phase No of trials Stimulus Person present 

1. Preference test 1 Dog name → Call Owner vs Control 

2. Training 
2 Dog name → Call Owner 

2 Neutral speech Owner 

3. Voice discrimination test 6 Neutral speech Owner vs Control 

This table indicates the number of trials, stimulus-types and persons applied in the different test phases. 
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A. Preference test 

The preference test was run to find out whether dogs would choose the owner or the control 

person in a face-to-face situation. The aim of this test was to measure the initial preference of 

the dog. Although later we trained dogs to choose their owner in the voice discrimination test, 

their potential preference towards the control person instead of the owner could have resulted 

in motivational differences during their choices. Thus, the aim of the preference test was to we 

certify that dogs choose their owners under 'typical circumstances'. This test was performed in 

the smaller test room (Fig. 12a) and lasted about 3 minutes. First, the dog was allowed to 

explore the room for a short time (~1-2 mins), meanwhile the experimenter explained the 

preference test to the owner. In this exploring phase all three persons (experimenter, owner, 

control person) were positioned around the middle of the smaller test room and had no contact 

with the dog. Then the dog was positioned to location C, where the experimenter held the dog 

by its collar in front of her. In the meantime, the owner and the control person positioned 

themselves semi-randomly (balanced across dogs) at locations ‘A’ or ‘B’, facing the dog. By 

this randomization we controlled for a possible side-effect or the potential effect of door ‘G’ 

positioned next to location ‘A’. Before the trial the owner and the experimenter were instructed 

to try to motivate the dog to approach them by using verbal cues. At the sign of the 

experimenter, the owner and the control person started calling the dog in parallel and 

continuously (dog name, then call) for ~3 seconds. The owner and the control person were 

instructed to do their best to motivate dogs to approach them, they could use body gestures and 

modulate the tone of their voice, but thy were not allowed to leave the place where they stood. 

The only criterion was to start the action by calling the dog by its name. Before this phase the 

owner was also asked to tell the control person the verbal commands he/she usually uses to call 

the dog. These commands were used by the control person as well. By using the same verbal 

commands, we aimed to make this choice represent preference (owner or control person) over 

the familiarity of the call. We note, however, that this calling could also be influenced by the 

context. That is, the dogs are usually expected to follow their owner’s command. This possible 

context-dependence would not have constituted a confound in this study, since dogs always 

had to find their owner. After ~3 s the experimenter released the dog’s collar. If the dog went 

to its owner, we rated the test with score 1, if it chose the control person, we scored it as 0. In 

case the dog refused to choose within ~15 s, the test was considered invalid (happened only in 

the case of one dog). Choices were considered as approaching the person at least within 0.5 

meters. The chosen person petted the dog and praised it verbally, but did not give any food to 
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the dog. The test consisted of a single trial because we wanted to avoid confusing dogs before 

the voice discrimination test by teaching them in another experimental arrangement. Door ‘G’ 

was used during this phase to enter before and leave the room after the test. Door ‘I’ was never 

used for crossing between labs, to avoid side-biases during the training and the voice 

discrimination test (Fig. 12, Table 6).  

 

B. Training 

The training was performed 1-3 minutes after the preference test and consisted of 4 trials. The 

aim was to familiarize the dogs with the experimental conditions of the voice discrimination 

test. Before the training, the owner led the dog around the testing room including the area 

behind the screens, meanwhile the experimenter explained the protocol to the owner. This part 

lasted around 3-4 minutes. During the trials, the owner was semi-randomly hiding behind one 

of two opaque (blue) screens (the owner hid maximum 2 times consecutively on the same side, 

and side of hiding was balanced across trials). Following the exploration and between trials the 

owner was asked to wait at the starting location (‘F’), while the experimenter took over the 

control of the dog and they left the room through door ‘H’. In their absence, the owner hid 

behind the predetermined screen (in a crouching position), and the trial started. The 

experimenter led the dog in and stood with the dog sitting in front of him/her at location ‘F’, 

holding its collar or leash. Again, the task of the dog was to find its owner based on his/her 

unique voice. The training was carried out with the owner (and never with the control person) 

because (1) we assumed that dogs already know the owner’s voice and (2) we assumed that 

there is an attachment relationship between the owner and the dog (Topál et al. 1998). In trial 

1 and 2 the dog’s name, followed by calling the dog (owners were instructed to call the dogs 

through usually used verbal commands) was used as an acoustic stimulus, and in trial 3 and 4 

owners read loudly sentences of a food recipe using neutral voice. If the dog failed to choose 

or did not start searching then the experimenter led it to find the owner. When the dog found 

the owner, it got a small food reward. These four training trials were followed by the voice 

discrimination test without any delay. If the dog did not move away from the experimenter at 

the start of the trial for more than two times then it was not included in the voice discrimination 

test (N=2). 
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C. Voice discrimination test 

The protocol was the same as in the training phase, but in this case two persons (the owner and 

a control person) were hiding simultaneously behind the screens (semi-randomly and balanced) 

(Fig. 12b). In order for the dog not to find its owner by the scent of the food reward, the control 

person also kept food with her/him (in a plastic box in his/her hands similar to that held by the 

owner). If the dog found the control person, it was not rewarded: the control person stood up 

and turned his/her back to the dog and the dog was not allowed to keep in touch with the owner. 

(The experimenter took the leash of the dog and did not let it to the owner.) This phase consisted 

of 6 trials. The owner and the control person spoke conversationally: both read 2-2 recipe 

sentences from the recipe after one another. The last speaker and the hiding places (‘D’ or ‘F’) 

were semi-randomized and balanced across trials. (The same person hid behind the same-sided 

screen at maximum 2 times in a row.) Choices of the owner were rated with score 1, choice of 

the control person was coded indicated by 0 (Fig. 12b, Table 6). 

 

3.3.3.5. Data analyses 

As all dogs but one chose the owner in the preference test that single dog was excluded from 

the analysis. Data of the voice discrimination test were analysed using IBM SPSS Statistics 25 

software. First, to examine whether dogs were able to identify their owner based on their voice, 

we calculated the rate of owner-choices for each dog based on their scores achieved in 6 trials 

(this scale spread from 0 to 1; 0: 6/6 control person-choices – 1: 6/6 owner-choices). Shapiro-

Wilks test was used to test the normality of owner-choice rate and one-sample Wilcoxon-test 

to test whether the median differed from chance level (0.5). Second, one-sample binomial test 

was used to test choices of dogs separately in each trial. Third, a binary generalized linear 

mixed model (GLMM) was used to discover possible disturbing effects on owner-choice 

(dependent variable). Dogs were added to the GLMM as subjects and also as random factors, 

while trials as repeated measures. Side, last speaker, sex, trial and age were included in the 

model as independent variables. Age was included into the analyses to recover possible effect 

of cognitive and sensory impairment on dogs’ performance in the test, which provides also 

information on the reliability of the experimental setup (Table 8).  
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3.3.4.    Results 

Owner-choice rate (mean ± SD = 0.75 ± 0.21) in the whole test did not follow normal 

distribution (W=0.854, df=27, p=0.001) and differed significantly from chance level 

(W=325.5, p<0.001). Dogs chose their owners on average in 75% of the 6 trials. Twenty-three 

of 27 dogs chose more times (>50% of the cases) their owner than the control person. 

Additionally, only 3 dogs chose the control person more times (>50% of the cases). In the 1st, 

3rd, 4th and 5th trials, dogs chose the owner significantly more times. In the 2nd and the 6th trials, 

dogs’ owner-choices did not differ from chance level significantly (Fig. 13, Table 7).  

 

Table 7. 

Owner-choice rate per trial in the voice discrimination test. 

    Trial Owner-choice rate    α     SEM     p 

1 0.81 0.5 0.076 0.002 

2 0.63 0.5 0.095 0.248 

3 0.82 0.5 0.076 0.002 

4 0.74 0.5 0.086 0.021 

5 0.82 0.5 0.076 0.002 

6 0.67 0.5 0.093 0.124 

Trial-based one-sample binomial tests indicate that the proportion of owner-choices in trial 1, 3, 4, 5 

was higher than chance level (α). Bold represents significant results. 

 

According to the GLMM analysis (Table 8), owner-choice was not affected by the hiding sides 

(the  owner-choice rate was 0.75 and 0.73 when the owner was hiding behind the right or the 

left screen, respectively) and the last speaker (the owner-choice rate was 0.73 and 0.75 when 

the owner or the control person was the last speaker, respectively). Additionally, we found no 

learning effect: that is, the GLMM did not reveal a trial effect. Age and sex of dogs also had 

no effect on dogs’ performance in the test. 
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Fig.13. Owner-choice rate in the voice discrimination test. X-axis shows owner-choice rate, Y-axis: 

red indicates mean owner-choice rate for the whole test; yellow indicates the performance of individual 

dog; green indicates group results over the 6 trials. Stars above the mean column show the result of the 

one-sample Wilcoxon test on dogs’ owner-choice rate (N = 27 dog). Stars above yellow and green 

columns show the results of one-sample Binomial test on dogs’ individual choices (N = 6 trial per dog) 

and on the trial-based owner-choice rates (N = 27 dog per trial). Striped columns show dogs with male 

owners. Error bars represent SEM. *: p < 0.05, **: p < 0.005, ***: p < 0.001. 

 

Table 8.  

The effect of independent variables on the owner-choices in the voice discrimination test. 

Independent 

variable 
F df1 df2 p 

Trial 0.222 1 156 0.639 

Last speaker 0.000 1 156 0.944 

Side 0.378 1 156 0.540 

Sex 1.223 1 156 0.271 

Age 1.893 1 156 0.171 

The table indicates GLMM results. 

 

3.3.5.    Discussion 

After having been familiarized with the experimental setting, family dogs were able to match 

their owner with their individual voice. Only 3 out of 27 dogs who selected the control person 

more times than the owner. We found no age effect on dogs’ performance. This experiment 
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reveals dogs’ ability to discriminate their owner from other people based on voice. Although it 

is probable that dogs’ performance in the test indicates their ability to recognize their owner, 

this study does not provide univocal evidence: dogs could have relied more on familiarity 

instead of the individual specificity of the cues represented by the owner’s voice. Thus, while 

this method may be extended to test dogs’ ability for IR of humans, additional findings provide 

complementing insight about their performance in comparable situations. The lack of trial 

effect (which refers to the lack of learning effect during the test) and the fact that dogs 

performed similarly in the first trial (when they met with the two voices for the first time within 

one trial) suggests that the owners’ voices were already known by dogs before the experiment. 

Thus, during the test, dogs relied on their already existing experience with the voice of their 

owners. 

Huber et al. (2013) found that following an extensive training some dogs could discriminate 

between the face of their owner and of a familiar person, however, only two dogs were able to 

use inner face cues for finding the owner. Many studies reported that following a training 

process, dogs are able to match individual human smells with a certain person (e.g. Pinc et al. 

2011; Polgár et al. 2015). More specifically, trained working dogs can find the matching pair 

of a human odour sample amongst 8 unfamiliar samples (e.g. Jezierski et al. 2014). Although 

in the traditional sense this does not constitute IR, these results suggest that dogs have the 

required cognitive and perceptual abilities to detect minute “finger-print-like” odour 

differences and make appropriate choice under laboratory conditions (in match-to-sample 

tasks; Pinc et al. 2011). 

It seems that dog vocalizations hold enough information for voice-based IR. Different machine 

learning approaches (Molnár et al. 2008; Larrañaga et al. 2014) could recognise individual dogs 

with high accuracy. The software selected the overall harmonicity and mean formant frequency 

as those variables that made successful recognition possible. Note however that a high 

recognition rate using a software is achievable only following a training with a lot of samples 

using highly efficient learning paradigms. Therefore, such programs may be better than human 

experts, rather than being comparable to the performance of everyday people. 

There is some documentation that experience is also important in case of dogs. For example, 

dogs are better at recognising the emotional facial expressions of those people whose sex is the 

same as their owner’s (Nagasawa et al. 2011). One possible explanation is that close contact 

between owner and dog over many years may facilitate learning about nuances of the facial 

changes in the case of specific emotions, and dogs were less able to generalise this knowledge 
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to the other sex. Similarly, in a recent study, dogs’ performance was also affected by experience 

while matching males and females with sounds that were emitted by people of the same sex: 

dogs living in larger human families and presumably having more experience with both sexes 

were more successful in this task (Ratcliffe et al. 2014). 

Strictly speaking, IR should reflect the ability to tell apart single individuals based on one or 

more idiosyncratic cues. This means that in this case of SCR each category should include one 

representative only. Therefore the ability for IR should be clearly separated from recognising 

other social categories, e.g. infant-juvenile-subadult-senior; dominant-subordinant; female-

male etc. Despite this, most behavioural studies do not aim to separate the ability of 

discriminating members of specific social categories from the skill to show differential 

behaviour toward specific individuals based on IR. In these experiments, researchers typically 

do not control for different degrees of familiarity, therefore the different amount of experience 

with preferred and less preferred individuals could be the basis of dogs’ discrimination 

performance. For instance, mothers’ differential reactions toward their own and toward other 

mothers’ offspring do not require IR. Familiarity and/or similarity (e.g. odours due to shared 

genetic features) can also be the cause of mothers’ preference towards the more familiar 

offspring, thus it more likely represents SCR than IR. Due to familiarity differences between 

speakers and the fact that only one individual represented the social category of “ownership”, 

the design of the current experiment does not allow to discriminate SCR and IR, but our results 

suggest that dogs are able to match their owners with their individual voices. 

Additional studies are needed to show that dogs  are able to represent a category that involves 

only a single member: the individual. This ability may rely on some specific expertise, that is, 

perception of individually distinctive cues, realisation of phenotypic invariances (for example, 

bodily cues vs hair cut in the case of dogs; Mongillo et al. 2017) and some form of cross-modal 

association. Experiments also have to be suitable to show whether the subjects are able to 

distinguish between individuals belonging to the same social class. Our experimental design 

offers a first step in this direction, especially for investigating how different acoustic variables 

in the human voice may affect dogs’ choice for their owners. 
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Fig. 14. Who says it? The figure shows the main questions of the second experimental block regarding 

speech and vocal social reward processing and a corresponding result provided by Experiment 3. 
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3.4. Experiment 4 

Attachment-dependent reward response in the dog brain4 

3.4.1.    Introduction 

The dog-human relationship is a unique interspecific bond. Due to the selective processes that 

took place in the course of domestication, dogs have undergone genetic changes (Miklósi 2015) 

resulting in adaptation to the human environment, adjusting their socio-cognitive abilities to 

the specific coexistence with humans. Consequently, compared to wolves, dogs have 

developed unusual competences in social interactions with humans (Topál et al. 2005; Gácsi et 

al. 2013b). These abilities have supported the development of unique relationships between 

individuals of the two species; dogs develop interspecific attachment towards their owners, 

which is functionally analogous to those occurring in human-human relationships.  

From an ethological approach attachment is an organizational construct belonging to a 

behavioural system (Sroufe and Waters 1977) that organizes the development of emotional 

bonds between individuals. It manifests as long-lasting attraction towards the object of 

attachment through particular behaviours (Bowlby 1958; Wickler 1976). Attachment can be 

defined on the basis of objectively measurable criteria (Rajecki et al. 1978), such as displaying 

1) proximity- and contact-seeking behaviours towards the attachment figure during exploration 

and when experiencing danger, 2) separation distress in the absence of the attachment figure, 

and 3) specific behavioural changes upon reunion.  

In humans, attachment bonds can develop in different types of social relationships, for 

example, between infants and parents (Bowlby 1958), romantic partners (Fraley and Shaver 

2000) or twins (Tancredy and Fraley 2006). In non-human animals, attachment relationships 

typically develop during the maturation process between offspring and mother (e.g. squirrel 

monkeys (Coe et al. 1978), guinea pigs (Pettijohn 1979)), but sometimes the relationship 

between monogamous mates is also described with this term (e.g. prairie voles: Gingrich et al. 

2000). The unique, interspecific form of attachment relationship that has been revealed 

between family dogs and their owners can be observed neither in hand-raised wolves (Topál et 

al. 2005) nor in another popular pet, the cat (Potter and Mills 2015). Owners often refer to their 

companion dogs as family members, they seem to view them as children (Berryman et al. 

                                                           
4In preparation: Gábor A., Andics A., Czeibert K., Miklósi Á., Carreiro C., Gácsi M.. Awake fMRI reveals 

attachment-dependent reward response in the dog brain.  
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1985), and their attitude towards them becomes parental, for example, they punish them less 

for misbehaviour if they show guilty displays (Hecht et al. 2012). Thus, dogs’ social world is, 

in many respects, broadly comparable to that of a 1–2-year-old human toddler. Based on this 

phenomenon, Ainsworth’s Strange Situation Test (SST)—originally designed to assess human 

infant-mother attachment (Ainsworth and Wittig 1969)—had been adapted to study dogs’ 

attachment behaviour towards their owners (Topál et al. 1998). Dogs’ attachment behaviours 

shown towards the owner proved to be functionally analogous to that of human infants towards 

their mothers (‘secure base’ effect: Palmer and Custance, 2008; ‘safe haven’ effect: Gácsi et 

al. 2013a). 

Attachment in intraspecific relationships shares a core of neural and hormonal mechanisms 

strongly tied to reward-related functions. Molecular genetic studies showed associations 

between attachment behaviour and particular genetic polymorphisms of reward-related 

dopaminergic receptor genes, for example, in human infants (DRD2: Lakatos et al. 2000) and 

adults (DRD4: Gillath et al. 2008), and also in animal models (Parent et al. 2005) . Furthermore, 

in humans (Baskerville and Douglas 2010) and also in some other mammals (e.g. voles: 

Smeltzer et al. 2006, and rats: Shahrokh et al. 2010), the main hormones mediating attachment 

behaviour (oxytocin) and reward processing (dopamine) operate in a close cooperation, and 

brain mechanisms mediating attachment and reward systems have been found closely related 

to each other (Parent et al. 2005; Smeltzer et al. 2006; Vrtička et al. 2008; Shahrokh et al. 2010; 

Scheele et al. 2013). According to human fMRI studies, reward- and emotion-sensitive brain 

areas – ventral striatum(VS), ventral tegmental area (VTA), amygdala (AM) – show 

attachment-associated responses during social stimulus processing (Vrtička et al. 2008; 

Strathearn et al. 2009; Scheele et al. 2013): these brain areas respond stronger if the stimuli are 

connected to the person with whom the participants are in a close relationship. Thus, in various 

species the mechanism that drives attachment behaviours is based on a tight coupling between 

social relationships and the reward processing neural system. It has not been established, 

however, whether a similar neural mechanism can be revealed in an interspecific context. 

Behaviourally, both attachment (Topál and Gácsi 2012) and reward (Hiby et al. 2004; Range 

et al. 2008; Gerencsér et al. 2018) have been extensively studied in dogs, while their neural 

underpinnings are unclear. Investigating the association between the type of relationship with 

a person and the reward-related brain activity evoked by this person’s praise could reveal neural 

representations connected to an interspecific relationship. Due to their cooperativeness and 

trainability, dogs are emerging as promising subjects of non-invasive fMRI experiments 
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(Bunford et al. 2017). It has been shown that primary reward regions (CN: caudate nucleus, 

VTA) of the dog brain are responsive to verbal praises spoken by their trainer (Experiment 1). 

However, it remained unclear whether the relationship between the dog and the speaker affects 

the reward response.  

 

3.4.2.    Research questions and hypothesis 

Based on our previous findings (Experiment 1), we investigated how the relationship between 

the dog and the praising person affects reward processing in the dog brain.  In this study we (1) 

assessed family dogs’ attachment towards their owners behaviourally using SST and (2) looked 

for associations between dogs’ attachment scores and neural reward responses measured by 

fMRI. During the fMRI test, dogs listened to praising and neutral speech spoken by their 

owners vs. familiar persons. In addition to support our previous findings on brain areas that 

show greater activity for praising than for neutral speech, we hypothesized that the owner’s 

praising speech, compared to that of a familiar person, will elicit stronger reward response. 

Moreover, we assumed that, if dog-human attachment is mediated by similar neural 

mechanisms to human attachment, the owner’s voice will elicit greater neural responses in 

reward- and emotion-sensitive areas in dogs with higher attachment scores. We also assessed 

the associations between the neural reward response and two major acoustic parameters (F0 

and F0 range) connected to emotional processing of human vocalizations in dogs.  

 

3.4.3.    Materials and methods 

3.4.3.1. Participants 

14 family dogs participated in the experiment from 6 breeds (6 golden retrievers, 4 border 

collies, 1 Chinese crested, 1 labradoodle, 1 Cairn terrier, 1 Hungarian vizsla; mean age in years: 

5.4, range: 1-12, SD ± 3.37; 6 male, 8 female). All dogs were family pets, living with their 

owners, and had various types of pre-training independent of the research (nothing, basic, 

agility, service dog). Before the test, dogs have been trained to lie in the fMRI scanner using 

social learning and positive reinforcement (for details see: Andics et al. 2014).  
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3.4.3.2. Strange Situation Test 

To assess the dog-owner attachment, an adapted version of the Strange Situation Test (SST) 

was used. The major feature of the SST is that the strange environment, the presence of a 

stranger, and the periodic absence of the owner evoke moderate stress in the dog, which 

activates (thus makes observable) the specific attachment behaviours.  

We used the analysis method worked out by MG based on the factors derived from the factor-

analysis of detailed behaviour data (see: Kovács et al. 2018). The analysis results in three scores 

for each individual based on their behaviours during the test: Attachment (towards the owner), 

Anxiety (in the unfamiliar place), and Acceptance (of interaction with a stranger). In the present 

study, we used only the Attachment score, which was calculated based on dogs’ specific 

preference for the owner (compared to the stranger), manifesting mainly in proximity and 

contact seeking behaviours in the test situation. The range of the score is 0 – 11, its value is 

higher in dogs that use the owner more (often) as a ‘secure base’ and/or ‘safe haven’ (Bowlby 

1988). 

 

3.4.3.3. fMRI stimuli 

Stimuli were praising and neutral (meaningless for the dogs) speech content spoken by their 

owner and by a familiar person. Praising stimuli were recorded in live praising situations: 

owners were asked to give a moderately hard task to their dogs and, in case of a successful 

implementation, praise them emotionally and express vocally their satisfaction with the dogs’ 

performance as they usually do. For the neutral speech, owners were asked to read out recipe 

sentences naturally, without any special emphasizing. The familiar person for each dog was 

the owner of another dog. Dogs met each other’s owners several times during training sessions 

and during other experiments, thus owners could function for other dogs as a familiar speaker. 

Since each dog had female owners, all speakers were females. We generated dog-pairs who 

listened to the same set of stimuli: stimuli of one speaker provided the owner’s speech for one 

dog and the familiar person’s speech to the other. In this way, owner and familiar conditions 

did not differ acoustically across dogs. We originally planned to measure 16 dogs (8 dog pairs), 

but two participants could not finish the experiment, which resulted in 2 half-pairs. Each dog-

pair had their own stimulus set consisting of 3 praising stimuli and 3 neutral sentences (same 

sentences by both speakers for the two dogs, but different sentences across dog-pairs). Both 

the owner and the familiar person told 3-3 praising and neutral stimuli separately. These stimuli 
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were pseudorandomized within the runs. Each block contained only one of condition spoken 

by a single person within a block. As we recorded praising stimuli in real-life situations, the 

sentences spoken by the two speakers could differ. We selected stimuli that were of similar 

length on average. The average length of the neutral stimuli was 5.391 sec (range: 4.840 – 

5.790, SD ± 0.268 sec) and of the praising was 5.402 sec (range: 4.800 – 5.790, SD ± 0.273 

sec).  

 

3.4.3.4. fMRI experimental design 

Both the owner and the familiar person were always present during scanning. They sat in front 

of the dog’s head (in randomized sides), were not allowed to look directly into the dog’s eyes 

and they covered their mouth with their hands during the measurement to avoid confusing the 

dogs while listening to their voices. We used a 2×2 factorial auditory block design with factors 

content (praising speech, neutral speech) and identity (owner, familiar person), resulting in 4 

auditory conditions: (1) praising by the owner (OP), (2) neutral speech by the owner (ON), (3) 

praising by a familiar person (FP), neutral speech by a familiar person (FN). A silent condition 

was also added and used as a baseline in the analysis. Stimuli were played in 6 s long silent 

gaps (onsets at 0.02 s) and followed by 2 s long volume acquisitions. We applied three 6-

minute-long runs with 30 semi-randomized (evenly distributed) condition orders. The order of 

the runs was counterbalanced across dogs. One run consisted of 9 repetitions of each condition 

(including silence), resulting in 45 stimulus presentation blocks in each run.  

 

3.4.3.5. Scanning procedure 

We controlled our stimuli using Matlab (version 9.1) Psychophysics Toolbox 3 (Kleiner et al. 

2007) to be synchronized with the volume acquisitions through TTL trigger pulses. Dogs wore 

MR-compatible headphones through which they listened to the stimuli, and which had a 

protective function from loud scanner noises. For signal detection we used a 3T Siemens 

MAGNETOM Prisma MRI with a single loop coil. For the functional measurements, a single-

shot gradient-echo planar imaging (EPI) sequence acquired the volumes of the entire brain (31, 

2.0 mm thick coronal slices in a R >> L sequence; TE: 30.0 ms; TR: 8000 ms including 2000 

ms volume acquisition and 6000 ms silent gap; flip angle: 90°; matrix: 64×64). We acquired 

45 volumes per run. A T1-weighted anatomical template brain image was acquired on a 3T 

whole body scanner with a Philips SENSE Flex Medium coil. As a result of our several-month-
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long fMRI training, dogs were able to lie motionless in the scanner (for > 6 mins) without 

restriction, thus our overall motion threshold was 3 mm and 3° for each direction. Dogs 

participated only in one run per session. Data collection was continued until all dogs had 3 

successful runs. A run was considered successful if suprathreshold motion did not happen, or 

happened only in the last 10% of the run (i.e. the last 5 volumes). In 6 cases suprathreshold 

motion happened in the last volumes: in these cases the last maximum 5 volumes were cut out 

but the run was kept. The average number of dogs’ attempts per run was 1.57. The average 

scan-to-scan movement of dogs was 0.059 mm and 0.07°.  

 

3.4.3.6. fMRI analysis 

MATLAB R2016b (http://www.mathworks.com/products/matlab/) and SPM12 

(www.fil.ion.ucl.ac.uk/spm) were used to preprocess and analyze data. Here, we used the 

anatomical image of a golden retriever’s brain as a template (Czeibert et al 2019) for the 

analyses. First, functional images of the 3 runs per dog were realigned. Second, all realigned-

functional and mean-functional files were reoriented manually to correct for the different 

orientation of dog and human heads in the scanner. Third, via Amira 3D software platform, 

mean-functional images were transformed into the template brain, which resulted in a 

normalized mean-functional image for each dog. Fourth, we made a second normalization step 

in spm12, when we added the normalized-mean-functional file as a template, the original non-

normalized-mean-functional file as a source image and we applied the transformation matrix 

between the two previous images for all realigned-functional files, that transformed all images 

into a common space. Finally, normalized functionals were convolved with an isotropic 3-D 

Gaussian kernel (FWHM = 4 mm) for spatial filtering. All images were centred around the 

commissura rostralis. (The horizontal (longitudinal) axis was defined as the line connecting the 

rostral and caudal commissures, where the zero coordinate was aligned with the rostral 

commissure. The vertical axis was identified with the midsagittal plane.)  

General linear model and statistic parametric mapping were used for data analyses. The model 

was built with condition regressors for the conditions (OP, ON, FP, FN, Sil; modelled as 5.3 

long blocks) and for the 3 runs. We added realignment parameters as regressors of no interest. 

A whole-brain inclusive mask was added in the individual-level analyses. To perform group-

level small-volume corrected analyses, we specified liberal anatomic masks defined by 

Czeibert (2019): left and right (L and R) CN, L and R AM and the VTA. The single-subject 

http://www.fil.ion.ucl.ac.uk/spm
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fixed-effect analysis was followed by a group-level random-effect test (Fig. 16A, B, Table 9) 

and an additional group-level test, in which we added individual attachment scores as 

covariates for auditory, content and identity contrasts (Fig. 16C, Table 9). Both tests were 

performed both on the whole brain level and in our pre-defined ROIs (R and L CN, R and L 

AM, VTA). An overall voxel threshold of p  0.001 was applied, and only clusters surviving 

cluster-level FWE-correction for multiple comparisons at p < 0.05 with at least 3 voxels (24 

mm3) were reported. 

As the different contrasts for identity and content resulted in slightly different coordinates of L 

CN and L AM (which differ in a few millimetres), we calculated average coordinates from the 

resulting peaks (L CN: -10, 1, 6; L AM: -14, -6, -6) for later analyses. To analyze possible 

hemispheric asymmetries in regions of interest, first we mirrored these peaks to the right 

hemisphere (R CN: 10, 1, 6; R AM: 14, -6, -6), and then we selected 6 mm-radius-spheres 

around the peaks of L and R CN, and L and R AM, and calculated average individual beta 

values of the 4 conditions compared to silence (OP > Sil, ON > Sil, FP > Sil, FN > Sil). Finally, 

a repeated-measures ANOVA with 3 factors (side, content and identity) was applied on the 

individual beta values to specify side effects or their two-way interactions with the other factors 

(Fig. 16A, B). 

In a series of follow-up tests, we investigated if basic acoustic parameters (fundamental 

frequency (F0), F0 range) are associated with attachment-dependent reward responses or 

attachment scores.  First, for each dog, we calculated average F0 and F0 range difference for 

the contrasts resulting in attachment-dependent reward responses. Second, we correlated these 

F0 and F0 range differences with individual beta values of the brain regions (that showed 

attachment-dependent reward responses) via Pearson correlation of SPSS. In this first step, we 

investigated only acoustics (F0 and F0 range differences) and reward response correlations. 

Then, to separate the potential association of the attachment scores and the reward response 

from acoustics, we used a partial correlation, in which we controlled for the average F0 

differences of conditions. Next, to separate the potential association of acoustic parameters and 

reward responses from attachment, in a partial correlation we controlled for attachment. In a 

final step, to reveal associations between acoustic characteristics of the owner’s voice and 

dogs’ attachment towards her, we calculated average F0 and F0 range values of owners’ voice 

during praising (OP) and neutral speech (ON), and correlated these values with dogs’ 

attachment scores. We presumed that while acoustic parameters of ON characterize the owner’s 

voice in general, acoustic parameters of OP are specific to the praising context (Table 11). 
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3.4.3.7. Ethical statement 

The fMRI experiment was conducted at the Brain Imaging Centre of the Research Centre for 

Natural Sciences of the Hungarian Academy of Sciences, the template brain image was 

recorded at the MR Research Centre of the Semmelweis University, Budapest and the SST 

took place at Eötvös Loránd University in Budapest, Hungary. The local ethical committee 

(Állatkísérleti Tudományos Etikai Tanács, Pest Megyei Kormányhivatal Élelmiszerlánc-

Biztonsági és Állategészségügyi Igazgatósága in Budapest, Hungary) approved the fMRI 

experiment (KA-1719 / PEI/001/1490-4/2015, XIV-I-001/520-4/2012) and the SST 

(PE/EA/853-2/2016). Owners volunteered with their dogs to participate in the study, did not 

get any monetary compensation and gave a written consent.  

 

3.4.4.    Results 

The whole-brain random effect analysis revealed bilateral auditory regions (Fig. 15, Table 9), 

including the caudal colliculus (CC), and portions of the Sylvian and ectosylvian gyri (SG, 

ESG) to be responsive to speech stimuli (OP + ON + FP + FN > Sil).  

 

 
Fig. 15. Identity- and content-responsive auditory regions in the dog brain. Table 1 shows the 

detailed results. OP: owner’s praise, ON: owner’s neutral speech, FP: familiar person’s praise, FN = 

familiar person’s neutral speech. N = 14. 

 

A right cortical auditory region (right caudal ectosylvian sulcus: R cESS), and a cluster in the 

right lateral diencephalon and the left lobus piriformis were responsive to the praising content 

independently of the speaker’s identity (OP + FP > ON+ FN).  
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Table 9.  

Random effects tests of content and identity processing. 

Contrast Brain region x y z Vol 

(mm3) 

T(12) pSVC Mask 

Auditory         

OP+ON+FP+FN > Sil L amygdala -14 -6 -6 32 4.54 0.016 L AM 
 

L (+ R) caudal colliculus  6 -26 -2 2864 11.09 0.000 - 

 L caudal ectosylvian gyrus -24 -18  4 1504 8.26 0.000 - 

 R mid ectosylvian gyrus  24 -18  12 1184 7.29 0.000 - 

 L caudal sylvian gyrus -18 -10 -4 328 5.53 0.001 - 

OP+ON+FP+FN < Sil n.s.       All 
         

Identity         

OP+ON > FP+FN n.s.       All 

OP+ON < FP+FN n.s.       All 

OP > FP L caudate nucleus -12 -2  8 40 6.03 0.023 L CN 

 L caudal ectosylvian gyrus /    

L caudal compositus gyrus  

-20 -14 -6 184 7.03 0.006 - 

OP < FP n.s.       All 

ON > FN n.s.       All 

ON < FN n.s.       All 
         

Content         

OP+FP > ON+FN L amygdala -16 -4 -6 120 6.66 0.001 L AM 

 R caudal ectosylvian sulcus  24 -14  0 1368 10.94 0.000 - 

 L lobus piriformis -16  -4 -4 1560 7.05 0.000 - 

 R lateral diencephalon  12 -12  6 128 6.12 0.037 - 

OP+FP < ON+FN n.s.       All 

OP > ON L caudate nucleus -10 -2  8 104 7.89 0.002 L CN 

 L amygdala -14 -6 -4 64 6.17 0.005 L AM 

 L caudate nucleus -10 -2  8 352 7.89 0.000 - 

 R caudal ectosylvian sulcus  26 -16  0 1408 9.06 0.000 - 

 L mid ectosylvian gyrus -20 -18 14 1440 8.79 0.000 - 

 L medial geniculate body /      

L tectospinal tract 

-6 -16 -2 160 6.98 0.015 - 

 
R thalamus  4 -12 2 328 5.70 0.000 - 

OP < ON n.s.       All 

FP > FN R caudal ectosylvian gyrus /   

R caudal compositus gyrus 

 24 -12 -6 416 7.39 0.000 - 

FP < FN n.s.       All 
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Content & Identity 

OP > ON+FP+FN L caudate nucleus -8  4  4 168 6.12 0.000 L CN 

 L amygdala -14 -6 -6 72 6.12 0.003 L AM 

 L caudate nucleus -8  4  4 336 6.12 0.000 - 
 

R caudal ectosylvian gyrus  26 -16   0 568 9.55 0.000 - 

 L caudal ectosylvian gyrus -24 -16 -2 760 7.99 0.000 - 

 L mid ectosylvian sulcus -24 -12  14 208 5.87 0.005 - 

OP < ON+FP+FN n.s.       All 

Only the strongest peaks of FWE cluster-corrected (pSVC ≤ 0.05) and clusters of min. 3 voxels for 

multiple comparisons are reported. Overall voxel threshold: p < 0.001. Bold letter indicates pre-defined 

regions. L: left, R: right, CN: caudate nucleus, AM: amygdala, (-) indicates whole brain results, n.s.: no 

significant clusters. OP: praise by the owner, ON: neutral speech by the owner, FP: praise by a familiar 

person, FN: neutral speech by a familiar person, Sil: silence. All: includes both, whole brain and ROI 

analyses. 

 

A cluster at the transition of the L cESG and the left caudal compositus gyrus showed greater 

activity for the owners’ praise compared to the familiar’s praise (OP > FP). The R cESS, the L 

mESG, the R thalamus, the L CN and a peak in the transition of the left medial geniculate body 

(L MGB) and the left tectospinal tract responded more strongly for the owners’ praise than for 

their neutral speech (OP > ON); while a cluster with the strongest peak at the transition of the 

R cESG and the right caudal compositus gyrus was more responsive to the familiar person’s 

praise than to her neutral speech (FP > FN). We found an identity by content effect in bilateral 

auditory regions (L and R cESG, left mid ectosylvian sulcus: L mESS) and in the L CN (OP > 

ON + FP + FN). None of the inverse contrasts resulted in significant activity during the whole-

brain analysis at a cluster-level FWE-corrected threshold (P < 0.05). Table 9 contains the 

detailed results of the whole-brain random-effect analysis.  

According to the region of interest analyses the L AM was sensitive to all speech conditions 

versus silence OP + ON + FP + FN > Sil). The L CN was more sensitive to praise by the owner 

than to praise by a familiar person (OP > FP). Thus, this reward region showed sensitivity to 

the speaker’s identity during praise processing. Both the L AM and the L CN showed content 

sensitivity. While the L AM also responded to the praising content, independently of the 

speaker’s identity (OP + FP > ON + FN), both the L AM and CN were more responsive to 

praise by the owner than neutral speech by the owner (OP > ON).  
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Fig. 16. Condition-related responses of the L & R CN and the L & R AM. A. Lateral differences in 

condition-related responses of the caudate nucleus (CN). B. Lateral differences in condition-related 

responses of the amygdala (AM) C. Pearson’s R2 between the attachment score of dogs and their reward 

responses for the given contrasts. D. Liberal masks of the pre-defined anatomical regions (CN, AM). 

L: left, R: right. O: owner’s speech (all conditions), ON: owner’s neutral speech, F: familiar person’s 

speech (all conditions), FN: familiar person’s neutral speech. N = 14. *P < 0.05; ***P < 0.001. 

 

To test for possible hemispheric differences during praise processing, we mirrored the peaks 

of L CN and L AM to the right hemisphere: the RM ANOVA revealed significant side (F = 

24.914, P < 0.001), content (F =15.932, P = 0.002) and side by content (F = 6.381, P = 0.025) 

effects in case of the AM (Fig. 16 A, B). The overall response for all speech conditions (OP, 

ON, FP, FN) and the response for the praise conditions (OP, FP) were higher in the L AM.  
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Table 10.  

Attachment score correlations for auditory, identity and content contrasts. 

Contrast Brain region x y z Vol 

(mm3) 

T(12) pSVC Mask 

Auditory         

OP+ON+FP+FN > Sil n.s.       All 

OP+ON+FP+FN < Sil n.s.       All 

         

Identity         

OP+ON > FP+FN L caudate nucleus -6 -2  6 32 5.32 0.023 L CN 

 L caudate nucleus -6 -2  6 104 5.32 0.054 - 

OP+ON < FP+FN n.s.       All 

OP > FP n.s.       All 

OP < FP n.s.       All 

ON > FN R caudate nucleus  8 -6  8 32 4.44 0.023 R CN 

 L caudate nucleus -6 -2  6 48 4.69 0.012 L CN  
L dorsolateral reticular 

thalamic region 

-6 -6  4 128 5.50 0.030 - 

ON < FN n.s.       All 

         

Content         

OP+FP > ON+FN n.s.       All 

OP+FP < ON+FN n.s.       All 

OP < ON n.s.       All 

OP < ON n.s.       All 

FP > FN n.s.       All 

FP < FN n.s.       All 

         

Content & Identity         

OP > ON+FP+FN n.s.       All 

OP < ON+FP+FN n.s.       All 

Only the strongest peaks of FWE cluster-corrected (pSVC ≤ 0.05) and clusters of min. 3 voxels for 

multiple comparisons are reported. Overall voxel threshold: p < 0.001. Bold letter indicates pre-defined 

regions. Italic indicates marginal effects. This table only shows positive correlations (as negative 

correlations for positive contrast would mean negative correlations for the reversed (negative) 

contrasts). L: left, R: right, CN: caudate nucleus, AM: amygdala, (-) indicates whole brain results, n.s.: 

no significant clusters. OP: praise by the owner, ON: neutral speech by the owner, FP: praise by a 

familiar person, FN: neutral speech by a familiar person, Sil: silence. All: includes both, whole brain 

and ROI analyses. 

 

We found that the attachment score of dogs correlated with their reward responses for identity 

contrasts (for detailed statistics see Table 10). At the whole-brain level we found that dogs’ 

attachment scores covary with the ON > FN effect in a large cluster involving the L CN (with 

the activity peak in a neighbouring, dorsolateral reticular thalamic region); and marginally also 

with the OP + ON > FP + FN effect in the L CN. The region of interest analyses also revealed 
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greater activity in the CN for the owner’s voice compared to the familiar person’s voice in dogs 

with higher attachment scores: a covariation effect was found in the L CN for OP + ON > FP 

+ FN, and in the bilateral CN for ON > FN. No significant covariation effects were found for 

either the reverse contrasts (thresholded at pSVC < 0.05 FWE-corrected at the cluster level, Fig. 

16C and Table 10), or for any other contrasts. 

 

Table 11. 

Basic acoustic parameter correlations with reward responses and attachment scores. 

Variable 1 Variable 2 Correlation Control R2 p df 

F0: ON - FN BOLD: R CN (ON > FN)  bivariate - -0.707 0.005 - 

F0: ON - FN BOLD: L CN (ON > FN)  bivariate - -0.633 0.015 - 

F0: O - F BOLD: L CN (O > F)  bivariate - -0.715 0.004 - 

F0 range: ON - FN BOLD: R CN (ON > FN)  bivariate -  0.235 0.418 - 

F0 range: ON - FN BOLD: L CN (ON > FN)  bivariate -  0.282 0.329 - 

F0 range: O - F BOLD: L CN (O > F)  bivariate -  0.413 0.142 - 

       

attachment BOLD: R CN (ON > FN)  partial F0: ON - FN  0.573 0.040 11 

attachment BOLD: L CN (ON > FN)  partial F0: ON - FN  0.650 0.016 11 

attachment BOLD: L CN (O > F)  partial F0: O - F  0.671 0.012 11 

       

F0: ON - FN BOLD: R CN (ON > FN)  partial attachment -0.336 0.262 11 

F0: ON - FN BOLD: L CN (ON > FN)  partial attachment -0.142 0.642 11 

F0: O - F BOLD: L CN (O > F)  partial attachment -0.314 0.297 11 

       

attachment F0: OP  bivariate - -0.547 0.043 - 

attachment F0: ON  bivariate - -0.413 0.142 - 

attachment F0 range: OP  bivariate -  0.150 0.610 - 

attachment F0 range: ON  bivariate -  0.253 0.383 - 

Bold indicates significant results. L and R CN: left and right caudate nucleus, F0: fundamental 

frequency, O: owner’s speech (for each conditions), OP: owner’s praise, ON: owner’s neutral speech, 

F: familiar person’s speech (for each conditions), FN: familiar person’s neutral speech, N = 14. 

 

Testing the acoustic parameters (for detailed statistics see Table 11), we found a negative 

correlation between average F0 values and reward responses in the left and right CN. That is, 

dogs whose owners had a lower-pitched voice (relative to the familiar person’s voice) showed 

higher reward responses. No correlation was found between F0 range and the reward responses 

either in the R CN or in the L CN. By comparing dogs’ behaviourally collected attachment 

scores with basic acoustic parameters of the owner’s speech, we found a negative attachment–

F0 correlation for the owner’s praise. That is, dogs, that had higher attachment scores in the 
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SST, had owners who praised in a lower pitched voice. Average F0 values of the owner’s 

neutral speech were not associated with attachment scores of dogs. We found no association 

between dogs’ attachment scores and F0 range either by analysing F0 range of OP or ON (Table 

11).  

To separate the effects of attachment and F0 on reward responses, we calculated partial 

correlation coefficients and found that the positive correlations between attachment score and 

reward response in the R CN and the L CN survive controlling for the contribution of F0 (for 

both contrasts). Thus, dogs with higher attachment scores showed greater reward responses, 

independently of F0 values. In contrast, controlling for attachment scores, we found no partial 

correlation of F0 values and reward responses in any regions, for any contrasts. 

 

3.4.5.    Discussion 

This study demonstrated neural preference, including greater auditory and reward-related 

responses for praising speech and for the attachment person’s voice in the dog brain. 

Specifically, we found (1) stronger responses in the L cESG for the owner’s speech, (2) higher 

responses of the left CN and AM for the owner’s praise compared to all other speech stimuli, 

and (3) attachment score-dependent CN activity for the owner’s voice, independently of speech 

content.  

Praise sensitivity of the subcortical L MGB, the primary auditory cortical L mESG, and the 

secondary auditory cortical R cESG is consistent with their acoustic-based emotional valence 

sensitivity (Andics et al. 2014; Experiment 1, 2) and shows their role in basic auditory 

processes. However, the functional organization of the auditory system is not so simple: beyond 

its sensitivity to acoustics, the cESG also plays a role in more complex processes.  Indeed, 

beyond its role in lexical meaning processing (Experiment 2), the cESG is also sensitive to 

speaker identity. Owner voice preference of this anterior auditory brain region fits with the 

results of a recent behavioural study (Experiment 3) and concurs with the results of human 

(Belin and Zatorre 2003; Andics et al. 2010, 2013) and primate (Petkov et al. 2009b) fMRI 

studies. Importantly, owner voice preference in the L cESG cannot be the result of acoustic 

differences between speakers, because owners and familiar persons were the same persons 

across the sample. This owner voice preference may reflect voice identity recognition 

specifically, but also a more general familiarity effect (caused by the greater familiarity of the 

owner’s voice); these explanations are difficult to tell apart in experiments that investigate 
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responses to the voice of the attachment person either in dogs (Experiment 3) or in human 

infants (Mehler et al. 1978). Our results provide the first neural evidence for voice identity 

processing and reveal increased sensitivity to praising speech and to the attachment person’s 

voice (independently of acoustics) in the dog auditory cortex. Our findings support that in dogs, 

simpler acoustic cues of speech (e.g. F0) are represented at earlier processing stages, while 

higher-level auditory processes (e.g. voice identity processing) take place at later stages (de 

Lahunta et al. 2009; Evans and Miller 2013; Andics et al. 2014; Experiment 1, 2). This is in 

line with results in other mammalian species and suggests hierarchical processing mechanisms 

for vocal social stimuli in the dog auditory brain. 

Our results suggest that the identity of the speaker also impacts reward responses to verbal 

praise. Activities in the left CN and AM are likely to reflect the increased reward value of 

praises by the owner. The CN and the AM, however, participate in reward and emotional 

content processing in two separate ways. The CN, the reward processing role of which has been 

stabilized during phylogenesis in mammals (Haber and Knutson 2010; Russo and Nestler 

2013), makes a stricter distinction between speakers. Its sensitivity to a trainer’s praise found 

in a previous study (Experiment 1), and to the owner’s praise found in this study, but not to the 

praise by a familiar person with whom the dog has never been in a training context also 

indicates the context-dependence of dogs during acoustic communication with humans 

(Kerepesi et al. 2015). Thus, to trigger reward responses by verbal praise, a specific social 

position (e.g. ownership) of the speaker in the dog’s life may be required. 

In addition to the reward sensitivity of the CN (Berns et al. 2012; Cook et al. 2016a; Experiment 

1), our results reveal the responsiveness of the dog AM to praise, particularly if spoken by the 

owner. The strong response of the AM to praise suggests its sensitivity to emotional valence. 

Because amygdala activity can be seen for emotional vocalizations across mammals (Adolphs 

et al. 1998; Aggleton and Young 2000; Calder et al. 2001; Baas et al. 2004), its presence here 

may reflect dogs’ ability of decoding emotional content carried by human speech. Such ability 

of dogs is not surprising regarding the high relevance of human speech in their lives. Given the 

lack of AM activations for single praise words with praising intonation in our previous study, 

we assume that praises expressed through longer sentences and collected in real-life dog-

human interactions hold more emotional content for dogs. The left hemispheric bias in the AM 

for praise concurs with other reports of this region’s lateralized functioning including humans 

(Markowitsch 1999; Baas et al. 2004). In line with our results, these studies mostly show that 

the left AM is generally more reactive and more sensitive to the emotional content. It must be 
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noted, however, that research of the AM often reveals inconsistent unilateral activities (e.g. in 

humans: Baas et al. 2004).  

Furthermore, here we also demonstrated that reward response for the owner’s voice is not 

necessarily connected merely to the rewarding content of speech. The association between 

dogs’ attachment scores and CN activity suggests that the owner’s voice, including her neutral 

speech, is presumably more rewarding for dogs with higher attachment scores. This reveals the 

interrelated operation of the attachment behaviour system and neural reward system in dogs. 

The F0 correlation with the CN activity is consistent with the responsiveness of this region to 

acoustic stimuli, as reported in several species (dog: Experiment 1; cat: Litvinova 1986; human: 

Meyer et al. 2004). However, after partial correction for attachment, the correlation between 

F0 and reward responses disappears: this shows that F0 sensitivity of the CN in the present 

study does not reflect an acoustic process, but is strongly affected by dogs’ social relationship 

with the speaker.  In a previous study we found similar sensitivity of the CN following the 

processing of those auditory stimuli that were recorded in dog-human praising interactions. 

That is, an emotional prosody-related functional connectivity was found between the CN and 

an auditory cortical region (Experiment 1). These results together support the social interaction-

dependent acoustic responsiveness of the dog CN. The activity decrease in the CN for 

increasing F0, which was similarly found in the L mESG and in the R rSG during emotional 

vocalization processing (Andics et al. 2014; Experiment 1) suggests that emotional content-

sensitivity is related to the processing of basic acoustic cues in dogs, similarly to other species 

(Andics et al. 2014; Experiment 1).  

We cannot exclude that the familiarity of the owner’s praise words influenced the reward 

response to this stimulus. Nevertheless, the greater CN activity for the owner’s neutral speech 

in dogs with higher attachment scores shows that the praising content is not necessary to trigger 

reward responses. Thus, during speech processing, the CN of dogs appears to integrate speech 

content and voice identity to assess overall reward value.  

The negative correlation between dogs’ attachment scores and the average F0 of the owner’s 

praise may be related to the role of higher and lower pitched sounds in the modulation of 

distress. In humans, low frequency sounds are better inhibitors of distress, while high 

frequencies (above 400 Hz) tend to cause it (Eisenberg 1976). Praising dogs in a high-pitched 

voice may also signal insecurity and lead to distress, while praising in a lower-pitched voice 

may support the development of attachment in dogs towards the owner through contributing to 

the formation of a safe haven effect. It is common knowledge among dog trainers that tone of 
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voice matters and that high pitch can maximize excitement, so praising in a high-pitched voice 

is often recommended. 

But when the trainer’s aim with social rewards is to ensure the dog feels safe and calm rather 

than happy and excited (e.g. during fMRI training), a lower-pitched verbal praise may be a 

better choice. 

To summarize, we found neural preference for the owner’s voice at separate processing levels 

in the dog brain. These include secondary auditory cortex sensitivity for the owner’s voice, 

increased reward response for her praise and attachment-dependent reward response for her 

neutral speech. In addition to the widely investigated behavioural features of attachment, our 

results reveal neural mechanisms mediating it. These findings suggest that the similarity 

between intraspecific infant-mother and interspecific dog-owner attachment relationships may 

be more than functional analogy: they seem to be supported by similar neural mechanisms.  

 

 

  
Fig. 17. Who says it? The figure shows the main questions of the second experimental block regarding 

speech and vocal social reward processing and corresponding results provided by Experiment 3 and 4. 
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3.5. Conclusion and questions left open 

The previous two experiments revealed dogs’ ability to both behaviourally and neurally 

discriminate the voice of their owner from the voice of a less known person. Furthermore, 

Experiment 4 showed that attachment bond to the speaker affects neural reward responses (Fig. 

17). These results suggest that the voice of a socially close person is represented in the dog 

brain. Furthermore, the perceived meaning of the same speech content may be modulated by 

the speaker’s identity. It is still not known, however, if dogs’ voice discrimination ability is 

limited to the owner’s voice or expands to the voices of other familiar persons.   
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4. FINAL DISCUSSION 

This chapter summarizes auditory and reward processing analysis technics applied throughout 

this thesis, and the main results. Also, it presents possible future research directions, and 

enumerates limitations and methodological challenges of awake dog fMRI experiments in 

dogs. 

 

 

4.1. An overview of the applied analysis methods in dog auditory fMRI experiments  

Dog hemodynamic activity data (BOLD signals) were analysed several ways (for detailed 

descriptions see Chapter 1.3 and Experiment 1, 2, 4), using condition difference-based 

contrasts, fMRI adaptation analyses, functional connectivity analyses and parametric 

modulation analyses. These analysis techniques have different advantages depending on the 

scanning design and the research question, and they allow a versatile insight into dog brain 

functioning (Poldrack et al. 2011; Huettel et al. 2014). BOLD contrasts show differences in the 

hemodynamic response for one condition compared to another. In block design (due to its 

relatively high statistical power), the use of BOLD contrasts is advantageous when, for 

example, the aim is a basic functional characterization of brain regions. BOLD contrasts were 

used in the block-designed studies of this thesis for an initial localization of prosody-, voice 

identity- and speech-responsive regions (Experiment 1, 4). To have more accurate data on the 

specific role of speech-responsive regions in lexical meaning and prosody processing, however, 

an fMRI adaptation technique was used and combined with an event-related design 

(Experiment 2). This technique provided data with a finer time resolution; thus, we could have 

an insight into the changes in the hemodynamic response that followed the repetitions of 

separate conditions. This yielded information on the role of different auditory brain regions in 

lexical meaning processing. In addition, to check condition-independent BOLD signal 

correlations with certain parameters of the auditory stimuli, parametric modulation tests were 

used (Andics et al. 2014; Experiment 1). With this technique, emotional valence-, fundamental 

frequency- and call length-sensitivity of separate brain regions were revealed and later 

confirmed. Finally, a functional connectivity analysis, which allows the investigation of the 

cooperation between distinct brain regions, was applied (Experiment 1). More precisely, the 

functional connectivity analysis measures correlations in hemodynamic responses of different 

brain regions following the processing of certain stimuli (Poldrack et al. 2011; Huettel et al. 
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2014). The functional connectivity analyses revealed stronger association between two regions 

in response to praising prosody. All these techniques contributed to the adequate functional 

characterisation of several auditory brain regions. Importantly, many of these results were 

repeatedly and stably confirmed by independent experiments and analyses, which verifies the 

reliability of the awake dog fMRI method (Andics et al. 2014; Experiment 1, 2, 4; Table 12). 

 

 

4.2. What have we learnt about the functional organization of the dog auditory system? 

Our research group demonstrated the auditory processing role of different dog brain regions 

through numerous neuroimaging studies. These studies non-invasively investigated the 

operation of subcortical auditory regions as well as the primary and the secondary auditory 

cortex; and revealed many of their functions. This section briefly summarizes the results of 

auditory fMRI experiments on awake dogs (Andics et al. 2014; Experiment 1, 2, 4; Table 12). 

Auditory fMRI experiments supplemented already available anatomical data on dog auditory 

pathways (de Lahunta et al. 2009; Evans and Miller 2013; Etsuro E.Eumura 2015) by providing 

information on their function. These fMRI experiments confirmed that subcortical auditory 

regions involve the tectum mesencephali (and the caudal colliculus as a part of it) and the 

medial geniculate body. These regions are sensitive to auditory stimuli in general and to highly 

acoustic-dependent parameters. They seem to be involved in less specialized acoustic 

processing that may require lower-level cognitive functions (Andics et al. 2014; Experiment 1, 

4; Table 12). This is in line with earlier human findings and confirms that these subcortical 

auditory regions belong to earlier processing stages and have evolutionary conserved ancient 

functions. The results of this thesis (Experiment 1, 2, 4) and the study of Andics et al. (2014) 

functionally confirmed that the primary auditory cortex may expand to the mid ectosylvian 

gyrus, the mid suprasylvian sulcus and the mid ectosylvian sulcus. The primary auditory 

processing role of these regions is buttressed up by the fact that these regions showed the 

strongest activities for auditory stimuli in general. In addition, these regions (especially the mid 

ectosylvian gyrus around which the primary auditory cortex is organized according to anatomy 

atlases) were the most responsive to emotional valence-related features of stimuli. Emotional 

valence representations are known to be built upon basic auditory processes. These results are 

in line with the results of lesion studies as well (e.g. Stepien et al. 1990; Andics et al. 2014; 

Experiment 1, 4; Table 12).  
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Table 12. 

Auditory brain regions of the dog brain. 

Processing 

stage 
Brain region 

Hemi-

sphere 
Sensitivity Study 

Subcortical 

auditory 

regions 

tectum mesencephali  

(with the caudal 

colliculus) 

 
Speech > Silence 

Experiment 1; 

Experiment 4  

 medial geniculate body  Sound > Silence 
Bach, 2013; 

Andics, 2014 

   PMOD: Call length (-) Andics, 2014 

   Owner’s praise > Owner’s neutral speech Experiment 4 

Primary 

auditory 

cortex 

mid ectosylvian gyrus L PMOD: Call length (-) Andics, 2014 

  PMOD: Fundamental frequency (-) 
Andics, 2014; 

Experiment 1 

  Speech > Silence Experiment 1 

   Neutral prosody > Praising prosody Experiment 1 

   FCONN: Praising prosody > Neutral prosody Experiment 1 

   Owner’s praise > Owner’s neutral speech Experiment 4 

  R Dog vocalization > Other sounds Andics, 2014 

   PMOD: Call length (-) Andics, 2014 

   Speech > Silence Experiment 4 

 mid suprasylvian sulcus R Speech > Silence Experiment 1 

   ADAPT: Praise words > Neutral words Experiment 2 

  ∑ ADAPT: Praise words > Neutral words Experiment 2 

 mid ectosylvian sulcus L Speech > Silence Experiment 1 

   Owner’s praise > Other speech Experiment 4 

   ADAPT: Neutral words > Praise words Experiment 2 

  R ADAPT: Praise words > Neutral words Experiment 2 

  ∑ 
ADAPT: Praise words with praising intonation  

> Other speech 
Experiment 2 

Secondary 

auditory 

cortex 

caudal Sylvian gyrus L Speech > Silence Experiment 4 

 L Dog vocalization > Other sounds Andics, 2014 

 R Dog vocalization > Other sounds Andics, 2014 

 rostral Sylvian gyrus L PMOD: Human emotional valence (+) Andics, 2014 

  R PMOD: Fundamental frequency (-) Andics, 2014 

 caudal ectosylvian sulcus R Owner’s praise > Owner’s neutral speech Experiment 4 

 caudal ectosylvian gyrus L PMOD: Dog emotional valence (+) Andics, 2014 

   PMOD: Human emotional valence (+) Andics, 2014 

   Speech > Silence Experiment 4 

   Owner’s praise > Familiar’s praise Experiment 4 

   Owner’s praise > Other speech Experiment 4 

  R Speech > Silence Experiment 1 

   Familiar’s praise > Familiar’s neutral speech Experiment 4 

   Owner’s praise > Other speech Experiment 4 

This table summarizes the results of auditory fMRI experiments on awake dogs regarding auditory brain regions. 

∑: both hemispheres, L: left, R: right; ADAPT: reflected by fMRI adaptation, FCONN: reflected by functional 

connectivity with the L CN, PMOD: resulted by a parametric modulation test, (-): negative correlation, (+): 

positive correlation. 
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According to the results of auditory fMRI studies, the secondary auditory cortex presumably 

involves the caudal and rostral Sylvian gyrus, the caudal ectosylvian sulcus and the caudal 

ectosylvian gyrus. These brain regions may be later level processing stages and may connect 

to higher-level cognitive processes. These processes reflect, for example, the ability of 

matching an individual voice with the speaker’s identity. Furthermore, some of these regions 

are specialized for processing conspecific vocalizations. Despite of the mentioned evidence 

that helps to differentiate the regions of the primary and secondary auditory cortices, it is 

important to note that both earlier (e.g. emotional valence-related processes) or later functions 

(e.g. voice identity and lexical meaning processing) were found in some brain regions of both 

stages (Andics et al. 2014; Experiment 1, 2, 4; Table 12). Thus, for a more accurate separation 

of the primary and the secondary auditory cortex, further studies are required. 

 

To summarise, auditory fMRI experiments on awake dogs provide a reliable method and 

replicable data on the function of the dog auditory brain. Many questions, however, are still 

open regarding dogs’ auditory processes (Chapter 4.3). 

 

 

4.3. Future directions 

In addition to the already existing results of dog anatomy atlases (de Lahunta et al. 2009; Evans 

and Miller 2013; Etsuro E.Eumura 2015), lesion studies (Stepien et al. 1990) and anaesthetized 

dog fMRI experiments (Bach et al. 2013), our research group started to investigate the auditory 

brain mechanisms of awake dogs. This thesis provided results on numerous topics regarding 

speech and vocal social reward processing, and opened up the way for investigations in many 

further directions. This chapter briefly describes ongoing experiments that are mainly or partly 

based on the work presented in this thesis.  

 

4.3.1. Speech processing 

To briefly summarize speech processing results, Experiment 1 and 2 showed that dog brains 

separately process prosody and the lexical meaning of speech. Experiment 3 revealed dogs’ 

voice discrimination ability in a behavioural study. Experiment 4 complemented the results of 
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Experiment 3 by revealing a left hemispheric cortical auditory region, which distinguishes the 

voices of human individuals (Fig. 18). Results of these experiments demonstrated similarities 

as well as differences in speech processing mechanisms of dogs and humans. Nevertheless, in 

order to gain a clearer picture, the examination of many further topics – such as the role of 

basic acoustic parameters in voice-based individual recognition, the processing of speech 

sound, speech context or even familiar and foreign languages – is required. 

 

 
Fig. 18. How do dog brains process speech? The figure shows the main questions and corresponding 

results from this dissertation of dogs’ speech processing mechanisms. 

 

Which acoustic parameters affect dogs’ voice recognition ability?5 

The investigation of dogs’ voice recognition ability is further examined in a behavioural 

context. In humans, basic acoustic parameters (e.g. fundamental frequency and formant 

structure) affect individual voice recognition (Remez et al. 1997; Belin et al. 2004). Here, the 

experimental setup of Experiment 3 is modified: pre-recorded speech stimuli are used instead 

of live voice in order to perform an acoustic analysis. In addition, dogs have to distinguish their 

owner’s voice from numerous stranger voices of both genders, in a larger number of trials. The 

aim is to make further steps in demonstrating dogs’ voice recognition ability (in addition to 

discrimination) by using large number of previously unheard control voices, and to explore the 

role of basic acoustic parameters in voice-based individual recognition in dogs.  

 

                                                           
5In preparation: Gábor A., Kaszás N., Faragó T., Andics A. Basic acoustic parameters affect dogs’ interspecific 

voice recognition ability. 
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How and where are speech sounds and speaker identity processed in the dog brain?6 

In the following experiment, speaker identity (of unknown persons) and speech sound 

processing are examined. In speech, speaker identity and speech sound are conflated. 

Nevertheless, in humans, overwhelming evidence proves their distinct processing. In humans 

and in primate species they are processed at later stages of the hierarchy with a hemispheric 

shift: neuroimaging studies showed right bias during speaker identity processing (e.g. Andics 

et al. 2010) and left bias during speech sound processing (e.g. Chan et al. 2014). In two 

experiments within one study, a rapid fMRI adaptation paradigm is used: awake dogs are 

presented with human speech that either varies in its suprasegmental (change in speaker 

identity) or segmental (change in speech sound) content. In this experiment, voices of unknown 

speakers are used. The aim of this study is twofold. The first goal is to identify speaker identity 

and speech sound-sensitive regions in the dog brain. The second goal is to explore if these 

speech aspects are processed at later stages of the processing hierarchy (in the secondary 

auditory cortex). 

 

Do dog brains discriminate languages?7 

Language perception in dogs is also examined via fMRI. Family dogs are exposed in their lives 

to a continuous flow of speech (Andics and Miklósi 2018). Yet it is unknown whether dogs, 

similarly to human children (Horowitz 1974), are able to distinguish the language that is used 

in their environment from a language that has never been heard, based on its prosodic 

characteristics. The aim here is to explore if dog brains differentiate speech from an equivalent 

complex auditory stimulus (scrambled speech), and if they separate a familiar language (native 

language of their owner and the language of the country they live in – in this case, Hungarian) 

from a foreign language (Spanish) without prior training.  

 

 

                                                           
6Submitted: Boros M., Gábor A., Bozsik A., Szabó D., Gácsi M., Szalay F., Faragó T., Andics A. Distinct 

processing of human speech sounds and speaker identities in the dog brain. 
7In preparation: Cuaya L., Boros M., Deme A., Hernández-Pérez R., Andics A. Cerebral activity patterns reveal 

a functional organization in the dog’s auditory cortex to process speech perception. 
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Do dog brains discriminate speech context?8 

Another possible future direction is to study the neural representations of speech context in 

dogs. New-borns prefer motherese (which is characterized by specific context-dependent 

acoustic parameters; Fernald and Kuhl 1987) compared to adult-directed speech (Fernald 

1985). Motherese and doggerel (dog-directed speech) are expressed by similar acoustic 

parameters (Gergely et al. 2017). Behavioural studies showed context-sensitivity of dogs 

during vocal communication with humans (Kerepesi et al. 2015) and dogs’ responsiveness to 

doggerel (Hirsh-Pasek and Treiman 1982). The goal of this experiment is to reveal possible 

speech context-dependent brain representations in dogs by presenting auditory stimuli of three 

conditions (dog-directed speech: doggerel; infant-directed speech: motherese, fatherese; adult-

directed speech). Doggerel is recorded in numerous types of real-life dog-human social 

interactions (e.g. play or work) in addition to the previously used praising situations.  

 

4.3.2. Reward processing 

To briefly summarize reward processing results, first, Experiment 1 showed that verbal praise 

(praise words with praising prosody) may function as a social reward for dogs. Second, 

Experiment 4 revealed individual differences in reward processing that were related to the 

attachment of dogs towards their owners. That is, dogs with higher attachment scores showed 

greater reward responses for the owner’s voice (Fig. 19). These initial results suggest the 

worthiness of further investigations of individual differences in dogs’ neural reward processing 

related to other behavioural traits (Cook et al. 2014, 2016a).   

 

Does impulsivity modulate individual differences in reward processing?9 

The possible relation between differences in reward processing and dogs’ individual 

impulsivity is an interesting topic. Impulsivity, a manifestation of disinhibition, is associated 

with individual differences in reward processing and motor control in humans, including at the 

neural level (Bari and Robbins 2013). Animal model research may provide additional insight 

                                                           
8In preparation: Gergely A., Hegedűs-Kovács K., Gábor A., Andics A., Gácsi M., Topál J. How do dog brains 

process motherese, doggerel and adult-directed speech?  

9In preparation: Gábor A., Bunford N., Gácsi M., Andics A. Impulsivity modulates neural reward response and 

motor inhibition: An awake dog fMRI study.  
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into the specific nature of these relationships. The domestic dog is a viable model for studying 

several aspects of human behaviour and cognition, including impulsivity (Vas et al. 2007; 

Wright et al. 2011), due to similarities in evolutionary processes that shaped the behaviour of 

the two species (Topál et al. 2009b). In a combined questionnaire (Vas et al. 2007) and fMRI 

study, already existing data of Experiment 4 are used. Dogs’ reward responses are correlated 

with their owner-rated impulsivity scores (reflecting difficulties with behavioural and motor 

inhibition). The purpose is to reveal if more impulsive dogs show greater reward responses to 

any conditions, but especially to the owner’s praise. 

 

Fig. 19. How do dog brains process vocal social reward? The figure shows the main questions and 

corresponding results of dogs’ vocal social reward processing mechanisms with regard to this 

dissertation. 

 

4.3.3. A detailed, unified dog brain atlas10 

Considering that dogs are an increasingly important and widespread model species of 

comparative social and cognitive neuroscience (Thompkins et al. 2016; Bunford et al. 2017; 

Huber and Lamm 2017), it has become crucial to create a unified dog brain atlas. This atlas has 

to allow accurate and valid identification of certain dog brain structures. FMRI brain images 

of various species (e.g. rats: Nie et al. 2013, rabbits: Muñoz-Moreno et al. 2013, sheep: Ella 

and Keller 2015, and dogs: Tapp et al. 2006; Datta et al. 2012; Nitzsche et al. 2019) are usually 

analysed by using such brain atlases; nevertheless, no widely used, unified template is available 

                                                           
10Czeibert K., Andics A., Petneházy Ö., Kubinyi E. (2019). A detailed canine brain label map for MRI-analysis. 

Biologia Futura. DOI: 10.1556/019.70.2019.14 
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for dogs. Although separate research teams have already created dog brain templates, they 

either show a lack of detail (Datta et al. 2012; Nitzsche et al. 2019) or are not available for a 

wide range of researchers (Milne et al. 2016). In addition, the format of some available online 

dog brain atlases is inappropriate for fMRI data analyses. The aim of our research group is to 

publish a unified dog brain template, which would serve as a solution for all the deficiencies 

above. An individual T1-weightened MRI-based 3D brain label map of a Golden Retriever’s 

brain is selected based on brain morphology (size, shape, gyral pattern). This template 

highlights the main cortical and subcortical brain structures in an MR-proof format. In addition, 

it is freely available online (https://figshare.com/s/628cbf7d4210271ffe70). 

 

All these further experiments are running under a collaboration between research groups at the 

Department of Ethology, Eötvös Loránd University, and the Hungarian Academy of Sciences. 

 

 

4.4. Limitations of awake dog fMRI experiments and challenges to solve  

Although experiments in the field of dog comparative neuroscience hold a great potential for 

breakthroughs in the understanding of social, cognitive and sensory processes, there are still 

many methodological challenges to be solved. 

One challenge is small sample size. The training of dogs for fMRI experiments is a long and 

complicated process. Dog fMRI training requires a huge effort from trainers, dogs and owners 

(SM of Andics et al. 2014), and thus fMRI studies to date have usually been perfomed using a 

relatively low number of participants. The small sample size strengthens outlier effects and 

allows the measurement of individuals of a few breeds only. Low number of dog breeds 

involved in fMRI experiments can result in a lack of representativity among the entire dog 

population. Additionally, remeasuring the same individuals in separate experiments also causes 

difficulties regarding the generalizability of the results (Thompkins et al. 2016; Huber and 

Lamm 2017). To solve these problems, separate research groups could collaborate and unite 

their trained dog populations in order to increase sample size. A first example for one such 

collaborative effort is a large-scale dog-human comparative fMRI study on face- and 

conspecificity-processing between the Department of Ethology, Eötvös Loránd University, 
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Budapest and the Institute of Neurobiology, Universidad Nacional Autonoma de Mexico11. 

Increasing variety of breeds involved in training could also improve representativity of data 

among the entire dog population.  

The generalizability difficulties of dog brain activity results are also problematic due to  

variable dog brain morphology (Roberts et al. 2010; Smith et al. 2017). For a group level fMRI 

data analysis, spatial normalization of brain images is required. To normalize data, a template 

brain is usually used, into which other dog brain images are transformed (Huettel et al. 2014). 

As opposed to adult human brains, dog brains – in addition to breed-specific structural 

differences – can also differ in encephalization (they can be dolichocephalic, mesocephalic or 

brachiocephalic, Bunford et al. 2017). Brachiocephalic dog brains have more rotated 

hemispheres and a more repositioned olfactory lobe (Roberts et al. 2010), which makes spatial 

normalization challenging and may lead to data loss (Thompkins et al. 2016; Huber and Lamm 

2017). To prevent data loss, research groups usually exclude brachiocephalic breeds, which, 

again, makes data less generalizable. Measuring brachiocephalic breeds separately could solve 

this problem and prevent data loss. Brachiocephalic functional brain images could be analysed 

separately using a brachiocephalic template brain. 

In addition to brain structure differences, movement artefacts also contribute to data loss and 

distortion (Huettel et al. 2014). Even by applying the most effective dog fMRI training 

methods, dogs, just like humans, move slightly in the scanner. Scan-to-scan head 

micromovements may lead to systematic brain image artefacts. These artefacts  decrease after 

motion correction (which is built in the preprocessing protocols; Huettel et al. 2014), but still 

cause more problems than in humans. While human brains are 1280 grams on average (Allen 

et al. 2002), dog brains are 130 grams on average (based on brain weight measurement of 52 

breeds; Smith et al. 2017). The smaller overall size, even in case of a similar dog head motion 

performance as in humans (e. g. SM of Andics et al. 2014), may lead to greater motion-related 

activity shifts. Although for providing auditory measurements, the use of a sparse sampling 

method is more advantageous (because of the auditory characteristics of the stimuli; Bach et 

al. 2013), this method provides less head movement information as a consequence of rarer 

scans, and thus makes motion correction less accurate (Huettel et al. 2014). To improve motion 

measures, in addition to image-based tracking, researchers could continuously detect head 

                                                           
11Submitted: Bunford N., Hernández-Pérez R., Borbála Farkas E., Cuaya L.V., Szabó D., Szabó Á. GY., Gácsi 

M., Miklósi Á., Andics A. Comparative brain imaging of face- and species-sensitivity in humans and dogs. 
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motions with MR-proof cameras and could apply faster sampling. Faster sampling would be 

acheivable by using head coils optimized to dog brains (Thompkins et al. 2016; Huber and 

Lamm 2017). 

The optimization of radiofrequency coils to dog brains would improve the quality of brain 

images as well (Huettel et al. 2014). Researchers usually use imaging protocols and coils that 

were originally developed for humans. Accurate spatial and temporal localization of dog brain 

activities requires highly sensitive coils. Since the geometry of human coils is not matched to 

dogs’ anatomy, the number of radio frequency channels close to dog brains is limited (Huettel 

et al. 2014). Optimization of coils to the dog brain would increase the quality of brain images, 

but its costs are extremely high (Thompkins et al. 2016; Huber and Lamm 2017). 

Besides coils, field strength of the scanner also affects brain image qualities (Duyn 2012). 

Many research groups only have access to 3T scanners. Higher field strength (e.g. of 7T 

scanners), would allow more accurate activity measurements and benefits in terms of signal-

to-noise ratio. If sequence parameters are adjusted correctly, the use of a 7T scanner allows 

measurements in smaller voxels and leads to a higher signal-to-noise ratio (Duyn 2012; 

Thompkins et al. 2016). These parameters could be crucial in examining small size dog brains. 

Characterization of the hemodynamic response function’s (HRF) shape in dogs would improve 

the reliability of functional scans. HRF represents the signal that is expected in a brain region 

after external stimulation (Huettel et al. 2014). Due to the variability of brain shapes and sizes, 

brain vasculature differs among species. Vasculature differences are coupled with differences 

in the HRF’s shape. For example, latency of the HRF is ~2 seconds in conscious rodents 

(Martin et al. 2006), while ~6 seconds in conscious humans (Henson 2003). The HRF shape 

has not been explicitly determined in awake dogs yet, however it would be required for accurate 

temporal specification of brain activities (Thompkins et al. 2016). 

Regarding auditory fMRI experiments, loud scanner noises are problematic. Continuous 

scanning goes along with continuous noise, which makes auditory stimulation problematic 

(Bach et al. 2013). To bridge this problem, a sparse temporal sampling method can be applied. 

This method, however, provides less data collected within a similarly long run (Huettel et al. 

2014). Run length is also an issue in itself. Dogs are not able to lie in the scanner as long as 

humans do, which leads to a lower number of acquired data sets (Thompkins et al. 2016).  The 

obtainment of more runs and sessions, followed by the spatial and temporal normalization of 
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brain images would contribute to the collection of an appropriate amount of data. The increased 

number of normalization steps, however, could lead to data loss and inaccuracy.  

Lastly, the use of active fMRI paradigms is also problematic in dogs (Bunford et al. 2017). 

Human researchers revealed activity differences between the two, active and passive, cognitive 

processes (O’Craven et al. 1997). In human brains responses are often linked to direct 

behavioural performance. In these cases, tasks are given to human participants. The given tasks 

maintain attention and require active responses (Thornton et al. 2002). Active paradigms would 

be difficult to apply in dogs and would result in larger head movements during scanning. One 

solution for this problem is to teach a simple response (e.g. with paws) to the dogs, which is 

not coupled with head movements. Another solution is to separately measure behavioural and 

neural responses for the same stimuli and later analyse their results together (Thompkins et al. 

2016).  

These limitations and challenges show many weaknesses of current dog fMRI researches. 

Fortunately, all of them can be bridged with methodological improvements or collaborations. 
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5. SUMMARY 

Complexity of social interactions is affected by the effectiveness of information transfer 

through various communication channels. One such channel is vocal communication which 

codes information at different levels. Non-linguistic mammalian vocalizations, for example, 

convey similar inner states via evolutionarily conserved acoustic characteristics, and carry 

information about the vocalizer’s identity. Although speech also carries such information, it is 

a more complex, uniquely human, abstract and multilevel coding system. Numerous human 

neuroimaging studies investigate particular neural capacities that support the ability of speech 

processing, nevertheless to understand its evolutionary precursors animal research is inevitable. 

Dogs, to whom human speech is highly relevant, are plausible subjects of such experiments. 

This thesis investigates vocal social perception in dogs through awake fMRI and behavioural 

experiments. It aims to reveal how dog brains process different cues of speech by using verbal 

praises as stimuli. More specifically, it studies how lexical meaning (What is said?), prosody 

(How is it said?) and speaker identity (Who says it?) are represented in dog brains, and search 

for possible similarities and differences between human and dog speech processing neural 

mechanisms. In addition, it investigates how rewarding content of verbal praise is related to 

lexical meaning, prosody and the (attachment) relationship with the speaker. 

These experiments revealed that dog brains, similarly to human brains separate lexical meaning 

from prosody: it is processed with hemispheric asymmetry at higher-level processing cortical 

regions; however, as opposed to humans, lexical processing in dogs is biased towards the right 

hemisphere. The thesis described dogs’ voice discrimination ability both at the behavioural and 

at the neural level (similarly to humans and non-human primates, in the secondary auditory 

cortex). In addition, it revealed that praising lexical meaning and praising prosody elicit reward 

response only when combined; moreover, the neural reward system and the attachment 

behavioural system operate in a close association, just as in humans. 

All above findings reveal functional analogies between dog and human speech processing and 

reward processing brain mechanisms, nonetheless, these representations in dogs certainly differ 

in many aspects from those of humans. In dogs, specific selective forces during domestication 

could have enhanced interspecific communicative skills, but rapid evolution of lexical 

meaning-related hemispheric asymmetries are unlikely. In contrast, the similarity of neural 

mechanisms supporting attachment-dependence of reward value of speech in dogs and humans 

(due to the fact that attachment towards humans is not present in dogs’ closest living relatives, 

in wolves) might have resulted from the direct selection of the dogs’ ancestor for human 

preference. Accordingly, while speech processing neural mechanisms may be partly built upon 

more ancient functions than the emergence of speech, domestication of dogs might lead to 

evolutionary convergencies in dog and human neural mechanisms. Thus, homologies and 

convergencies may together contribute to dog-human similarities in the neural mechanisms of 

vocal social perception. 
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6. ÖSSZEFOGLALÁS 

A szociális interakciók összetettségét befolyásolja a különböző kommunikációs csatornákon 

keresztül történő információ-átadás hatékonysága. Egy ilyen csatorna a vokális kommunikáció, 

mely különböző szinteken kódol információt. A nem nyelvi emlős-vokalizációk például 

hasonló belső állapotokat evolúciósan konzerválódott akusztikus paraméterek menték fejeznek 

ki, illetve információt nyújtanak a hangadó kilétéről. A beszéd, mely ezekről szintén hordoz 

információt, mégis egy komplexebb, egyedül az emberre jellemző többszintű absztrakt 

kódolási rendszer. Habár számos humán agyi képalkotó kísérlet tanulmányozza a beszédet 

lehetővé tevő neurális kapacitásokat, mégis ezek evolúciós előzményeinek felderítéséhez 

elkerülhetetlenek az állatkísérletek. A kutyák, akik számára az emberi beszéd kiemelkedően 

lényeges, alkalmas alanyai az ilyen irányú kutatásoknak. 

A jelen disszertáció a vokális szociális ingerek feldolgozását vizsgálja kutyákban négy éber 

fMRI és viselkedéses kísérleten keresztül. Célja, hogy felderítse a beszéd különböző kódolási 

szintjeinek feldolgozását segítő agyi mechanizmusokat kutyákban. Pontosabban, a lexikális 

jelentés (Mit mondunk?), az érzelmi prozódia (Hogyan mondjuk?) és a beszélő (Ki mondja?) 

reprezentációit keresi kutyák agyában, valamint ezen eredményeket összeveti a már meglévő 

humán adatokkal. Ezen felül választ keres arra, hogy a verbális dicséret jutalmazó tartalmát 

hogyan befolyásolja a lexikális jelentés, a prozódia, illetve a (kötődéses) kapcsolat a 

beszélővel. 

A négy kísérlet eredményei alapján a kutyák agya, csak úgy, mint az embereké, a lexikális 

jelentést prozódiától elkülönülten is feldolgozza, féltekei aszimmetriával, magasabb szintű 

kortikális területeken; ugyanakkor, az emberekkel ellentétben, jobb agyféltekei túlsúllyal. A 

disszertáció kimutatta a kutyák egyedi hang-megkülönböztetési képességét mind viselkedéses, 

mind pedig agyi szinten (az emberekhez és további főemlősökhöz hasonlóan másodlagos 

hallókérgi területen). Mindezen felül, kiderült, hogy a szóbeli dicséret csak akkor vezet agyi 

jutalomválaszhoz, ha a szójelentés és az intonáció egyaránt dicsérő; ráadásul, az agyi jutalmazó 

rendszer, valamint a kötődési viselkedéses rendszer, csak úgy, mint emberek esetében, 

egymással szoros összefüggésben működnek. 

A fenti eredmények alapján az ember és a kutya beszéd- és jutalomfeldolgozási mechanizmusai 

funkcionálisan analógok, mindazonáltal a kutyák agyi mechanizmusai bizonyára sok 

tekintetben különböznek az emberétől. A domesztikáció során a kutyákat érő specifikus 

szelekciós hatások hozzájárulhattak a kiemelkedő interspecifikus kommunikációs képességek 

kialakulásához, viszont a lexikális jelentés feldolgozását kísérő féltekei aszimmetria gyors 

evolúciója valószínűtlen. Emellett, a beszéd jutalmazó tartalmának emberekhez hasonló 

kötődésfüggését kutyákban (az alapján, hogy a kutyák legközelebbi élő rokonai, a farkasok 

nem kötődnek az emberhez) feltehetően a kutyák ősének emberi preferenciára való direkt 

szelekciója eredményezte. Ennek megfelelően, amellett, hogy a beszédfeldolgozási neurális 

mechanizmusok részben a beszéd megjelenését megelőző ősi funkciókra épülhettek, a 

domesztikáció eredményezhetett evolúciós konvergenciákat. Tehát homológiák, illetve 

konvergenciák együttesen járulhatnak hozzá a vokális szociális ingerek feldolgozásában 

megjelenő, kutyák és emberek közti hasonlóságokhoz. 
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8. APPENDIX 

 
Fig. A1. - Experiment 1 

Individual dog movement parameters. Lines represent individual motion parameters for each 

translation direction (x axis: left-right, y axis: forward-backward, z axis: up-down) during 7 mins 

functional runs. Total motion refers to the Euclidean distance from the start position, calculated as the 

square root of x2 + y2 + z2.   

 

 

  



APPENDIX 

134 
 

Table A1. - Experiment 1 

Overall lateralization effects across conditions and thresholding steps.  

 Pp Pn Np Nn LEX PRO LEX × PRO 

Overall  LI (mean) 0.210 0.284 0.161 0.116    

               95% CI 

 

0.026- 

0.395 

0.118- 

0.449 

-0.017- 

0.339 

-0.074- 

0.307    
               

               T(12) 2.480 3.730 1.970 1.330    
               F(1,12)     6.360 0.052 1.227 

               p 0.029 0.003 0.073 0.209 0.027 0.823 0.290 

        

p (per thresholding step)        

1 0.003 0.001 0.080 0.060 0.005 0.824 0.968 

2 0.006 0.001 0.098 0.071 0.009 0.954 0.942 

3 0.012 0.001 0.137 0.110 0.009 0.916 0.776 

4 0.017 0.001 0.193 0.160 0.009 0.824 0.695 

5 0.020 0.001 0.253 0.209 0.009 0.722 0.615 

6 0.021 0.001 0.342 0.275 0.007 0.748 0.634 

7 0.028 0.000 0.414 0.318 0.008 0.670 0.609 

8 0.033 0.000 0.448 0.402 0.008 0.639 0.531 

9 0.038 0.000 0.424 0.421 0.007 0.616 0.463 

10 0.039 0.001 0.403 0.373 0.007 0.587 0.480 

11 0.042 0.001 0.304 0.324 0.007 0.557 0.410 

12 0.038 0.001 0.249 0.276 0.006 0.541 0.384 

13 0.029 0.001 0.153 0.201 0.007 0.522 0.304 

14 0.022 0.001 0.083 0.180 0.008 0.551 0.197 

15 0.017 0.001 0.039 0.158 0.017 0.733 0.177 

16 0.011 0.002 0.023 0.120 0.027 0.927 0.260 

17 0.010 0.002 0.021 0.102 0.030 0.985 0.341 

18 0.010 0.002 0.018 0.088 0.052 0.934 0.444 

19 0.018 0.004 0.020 0.078 0.098 0.992 0.517 

20 0.021 0.018 0.034 0.085 0.149 0.985 0.815 

Positive values denote right hemispheric bias. Effects surviving a p < 0.05 significance threshold are in 

bold. LEX: lexical, PRO: prosodic. 
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Table A2. - Experiment 1 

Auditory regions responsive to speech.  

Brain region x y z T(12) vol (mm3) p  

Right mid suprasylvian sulcus (R mSSS) 18 -14 14 6.06 1288 < 0.001 

Left mid ectosylvian sulcus (L mESS) -28 -10 8 7.90 1272 < 0.001 

Right caudal ectosylvian gyrus (R cESG)  26 -10 -6 6.49 232 < 0.001 

Left mid ectosylvian gyrus (L mESG) -22  2  14 5.30 64 < 0.001 

Right tectum mesencephali (R TM)  2 -12 -10 4.84 64 < 0.001 

Left tectum mesencephali (L TM) -4 -8 -12 4.78 48 < 0.001 

The table lists a single peak per cluster for the contrast speech [Pp+Pn+Np+Nn] > silence contrast, 

voxel threshold p < 0.001, clusters of min. 5 voxels. These voxels constituted the auditory mask. 
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9. LIST OF ABBREVIATIONS 

3R reduce, refine, replace  MTA Hungarian Academy of Sciences 

a anterior  MTG middle temporal gyrus 

ADAPT adaptation  N neutral words 

AM amygdala  n neutral intonation 

ANOVA analysis of variance  Nn neutral words with neutral intonation 

BA Brodmann area  Np neutral words with praising intonation 

BOLD blood oxygen level dependent  O owner 

c caudal  ON owner's neutral speech 

CC caudal colliculus  OP owner's praise 

CN caudate nucleus  P praise words 

CONN connectivity  p praising intonation 

ELTE Eötvös Loránd University  PET positron emission tomography 

EPI echo planar imaging  PMOD parametric modulation 

ESG ectosylvian gyrus  Pn praise words with neutral intonation 

ESS ectosylvian sulcus  Pp praise words with praising intonation 

F familiar person  R right 

F0 fundamental frequency  r rostral 

FCONN functional connectivity  RM ANOVA repeated measures analysis of variance 

fMRI functional magnetic resonance imaging  SCR social category recognition 

FN familiar person's neutral speech  SG Sylvian gyrus 

FP familiar person's praise  Sil silence 

FTE turbo field echo   SN substantia nigra 

GABA gamma-aminobutyric acid  SSS suprasylvian sulcus 

GLM general linear model  SST Strange Situation Test 

GLMM generalized linear model  STG superior temporal gyrus 

HRF hemodynamic response function  STS superior temporal sulcus 

IFC inferior frontal cortex  TE echo time 

IFG inferior frontal gyrus  TFE turbo-field echo 

IR individual recognition  TG temporal gyrus 

L left  TM tectum mesencephali 

LI laterality index  TP temporal pole 

m mid  TR repetition time 

MGB medial geniculate body  VTA ventral tegmental area 

MRI magnetic resonance imaging    

https://en.wikipedia.org/wiki/Brodmann_area
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