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Abstract 

 

Le prime esperienze sociali che il bambino vive sono fondamentali per il suo successivo 

sviluppo cognitivo, affettivo e comportamentale. In particolare, la deprivazione sociale precoce 

è stata associata ad un maggiore rischio di sviluppare diversi disturbi mentali tra cui il disturbo 

da deficit di attenzione/iperattività (DDAI). Tuttavia alcuni aspetti rimangono ancora da 

chiarire rispetto alle traiettorie di sviluppo di questi disturbi e ai meccanismi attraverso i quali 

si manifestano. Pertanto, lo scopo di questa ricerca é quello di indagare la relazione tra la 

mancanza di cure materne nelle prime fasi di vita e la DDAI, durante l’infanzia e l’adolescenza. 

Per realizzarlo è stato utilizzato un modello di primate non umano (Il macaco reso, Macaca 

mulatta). I soggetti erano suddivisi in due gruppi sperimentali: cresciuti con la propria madre 

(mother-reared), o cresciuti in una nursery dal giorno della nascita e successivamente insieme 

ad altri piccoli della stessa età (nursery-reared). Questi due gruppi sono stati valutati 

successivamente all’interno di uno studio longitudinale alle seguenti età: 2.5, 3.5, e 4.5 anni. 

Grazie all’osservazione del comportamento nel contesto sociale quotidiano e alla misurazione 

dell’attenzione attraverso un task nel quale venivano presentati diversi stimoli (positivi e 

negativi) sono state valutati comportamenti quali l’iperattività e l’attenzione. In aggiunta, sono 

state effettuate delle sessioni volte a studiare le variazioni anatomiche e funzionali attraverso 

uno studio di neuroimmagini: MRI anatomica, funzionale e di diffusione (DTI). Qui sono 

presentati i risultati riferiti ad una parte del campione di animali testati a due anni e mezzo di 

età. Come previsto, e nonostante il numero limitato di animali per cui è stato possibile 

analizzare i dati fino a questo momento, i risultati sembrano mostrare maggiori sintomi di DDAI 

nel gruppo cresciuto nella nursery rispetto al gruppo mother-reared. I risultati acquisiti al 

termine di questa ricerca potranno essere usati come modello per realizzare terapie più accurate 

e interventi preventivi relativi alla DDAI.   
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Early social experience is crucial for healthy cognitive, affective, and behavioural development. 

Critically, early social deprivation has been associated with an increased risk for various mental 

health disorders such as attention-deficit/hyperactivity disorder (ADHD), but many questions 

remain concerning the developmental trajectories of such disorders and the mechanisms 

through which they emerge. Therefore, the aim of this research, which is currently ongoing, is 

to investigate the relationship between a lack of early maternal care and ADHD, across the child 

and adolescent period. A non-human primate model is being utilized to achieve this, with two 

groups of animals (mother-reared and nursery-reared) being compared longitudinally (2.5, 3.5, 

and 4.5 years). Hyperactivity and inattention are being assessed via observation of behaviour 

in the everyday social environment and measurement of attention towards the screen in a video-

presentation task. In addition, anatomical, diffusion and resting-state MRI scans are being 

acquired to investigate how changes in the brain relate to the above mentioned behaviours. 

Here, results from a sub-section of animals assessed at the first time-point (2.5 years) are 

presented. As predicted, and despite the limited number of animals analysed so far, findings 

already suggest greater ADHD symptoms in the nursery-reared group compared to mother-

reared group. The results acquired by the end of this project can be used to inform future human 

studies, and thus could also aid the more accurate design of treatments and early interventions 

targeting ADHD.   
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Chapter I 

Introduction 

 

Brain plasticity and critical periods 

 

For many years now, scientists and researchers have acknowledged that the great 

variability in personality, skills, and behaviour shown by every human being results from the 

environmental and genetic influences exerted on brain circuits during development. That is, 

such factors are known to influence the neural activity that modifies synaptic connections from 

the very earliest periods of development. 

Many studies have shown how the early environment affects brain development, 

memory, and ability to learn. This phenomenon was noted by Donald Hebb, who observed how 

rats reared as domestic animals performed better than the ones raised in laboratory standard 

conditions (Hebb, 1947).  Indeed, the theory carrying his name claims that an increase in 

synaptic efficacy arises from a pre-synaptic cell's repeated and persistent stimulation of a 

postsynaptic cell (Hebb, 1949). Hebb’s hypothesis, originally made to explain learning and 

memory cellular basis, was extended to every situation that implicates a long-lasting 

modification of synaptic connectivity, including brain circuit development. In this context, the 

theory postulates that the synaptic termination, reinforced by development-related activity, will 

be stored and will tend to implement their ramifications, while the unused ones will be 

discarded. Accordingly, synaptic connections and relative neuronal growth are likely to be the 

final targets of postnatal experience-dependant changes. From birth to adolescence, these neural 

events coincide with the acquisition of sensory and motor skills, social interaction abilities, and 

increasingly sophisticated cognitive demonstrations. Therefore, it seems plausible that the link 

between behavioural and postnatal experience-expectant synaptic change defines how the brain 

develops to face the challenges of a complex and dynamic environment. 

Experience-dependant influence, to be effective, has to occur in a specific period of time 

called a ‘critical period’. Such periods are ones in which the effect of neural activity and 

experience on the acquisition and execution of a particular behaviour is maximized. For 

instance, new-borns affected by a lens deficit (i.e. cataract) or an eye misalignment 

(strabismus), causing the loss of one eye’s visual input to the visual system, develop a form of 

functional blindness called amblyopia, resulting from a dysfunctional development of the 
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primary visual cortex. The work of Hubel and Wiesel with cats and monkeys demonstrated that 

the underlying problem in this case is the impossibility of the cortical neurons linked to the 

impaired eye to normally compete to establish connections with thalamic inputs (Hubel, 1965; 

Hubel, Wiesel, & Levay, 1977). If the eyes were aligned early in the development the vision 

impairments could have prevented. Another observation that demonstrates early brain plasticity 

concerns the idea that brain damage sustained early in life is less debilitating than brain damage 

sustained later in life. This generalization is known as Kennard Principle, based on monkey 

research by Margaret Kennard in the 1930’s and 1940’s (Kennard, 1940). 

The importance of critical periods for the emergence of behaviours is highlighted by the 

concept of “imprinting”. This is defined in ethology and psychology as any kind of phase-

sensitive learning (i.e. learning that occurs at a particular age or a particular life stage) that is 

rapid and apparently independent of the consequences of behaviour. Konrad Lorenz conducted 

the first studies concerning imprinting on ducks, demonstrating that immediately after the birth, 

these animals identify their mother as the first moving object or person experienced in a visual, 

auditory, or tactile way (Lorenz, 1935). Lorenz found out that for ducks, the time frame for 

imprinting is less than one day after birth: if the new-borns cannot receive an appropriate 

stimulus in time they will not be able to establish an adequate parental relationship. Later on, 

many studies were conducted on other animals, including rats, birds and sheep, demonstrating 

that this particular type of bonding could also be experienced by mothers towards their 

offspring, in a bidirectional way (Immelmann, 1972; Marr & Lilliston, 1969; Poindron, Lévy, 

& Keller, 2007). 

 

Early social experience and attachment 

 

The importance of the discoveries described in the previous section was further 

investigated by Harry Harlow and his colleagues of the University of Wisconsin in the 1950’s 

(Harlow, 1959). Harlow took away rhesus macaque (Macaca mulatta) infants from their 

biological mothers just a few hours after birth, and raised them without any human substitute. 

In his most notorious experiment, the infant monkeys were placed in the presence of two 

different maternal surrogates: one was a simple construction of wire and wood, and the second 

was covered in foam rubber and soft terry cloth. The infants were assigned to one of two 

conditions. In the first, the wire mother had a milk bottle and the cloth mother did not; in the 

second, the cloth mother had the food while the wire mother had none. In both conditions, 

Harlow found that the infant monkeys spent significantly more time with the terry cloth mother 
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than they did with the wire mother. When only the wire mother had food, the babies came to 

the wire mother to feed and immediately returned to cling to the cloth surrogate.  Harlow also 

investigated infant monkeys that were reared in a social (i.e. non-isolated/with caregivers) 

environment (Harlow & Zimmermann, 1959). He observed that while these monkeys went on 

to develop into healthy adults, the monkeys reared in isolation with the surrogate mothers all 

displayed dysfunctional adult behaviour. Harlow was thus the first to show that maternal care 

was emotional, not just physiological, and that early social experience in critical periods was 

essential for healthy behavioural development, after which it is difficult or impossible to 

compensate for the loss of initial emotional security. Altogether, these studies produced 

innovative empirical evidence for the primacy of the parent-child relationship, as well as the 

importance of maternal touch in infant development. 

In fact, some years after, John Bowlby, a British psychologist, proposed a theory that 

integrated all these empirical findings into a model based on the concept of “attachment”, the 

emotional operations through which a caregiver modulates their child’s arousal levels (Bowlby, 

1958). More specifically, it can be defined as a deep and enduring emotional bond that connects 

one person to another across time and space (Ainsworth, 1979; Bowlby, 1969), and a “lasting 

psychological connectedness between human beings” (Bowlby, 1969). Attachment theory 

explains how the parent-infant relationship emerges and influences subsequent development. 

In infants, attachment manifests itself as the pursuit of proximity to a familiar caregiver when 

they are alarmed, with the expectation that they will receive protection and emotional support.  

In the 1930’s, Bowlby worked as a psychiatrist in a Child Guidance Clinic in London, where 

he treated many emotionally disturbed children. This experience led him to consider the 

importance of the infant’s relationship with their mother in terms of their later social, emotional, 

and cognitive development.  In particular, this shaped his belief about the link between early 

infant separation from their mother and later maladjustment. Bowlby, working alongside James 

Robertson (1952), observed that children experienced intense distress when separated from 

their mothers: even when such children were fed by other caregivers, this did not diminish the 

child’s anxiety. These findings, together with Harlow’s research, contradicted the dominant 

behavioural theory of attachment (Dollard & Miller, 1950), which was shown to underestimate 

the child’s bond with their mother stating that the child becomes attached to the mother because 

she fed the infant. 

Bowlby (1958) proposed that attachment can be understood within an evolutionary 

context, in that the caregiver provides safety and security for the infant. This is adaptive as it 

enhances the infant’s chance of survival and, at the same time, helps the infant understand their 
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surrounding reality through emotion regulation. This learning occurs via the internalization of 

behavioural models, called “Internal Working Models”, during interactions between caregiver 

and the child that, according to the handling style, can lead to different types of attachment. The 

empirical works of Mary Ainsworth therefore provided support Bowlby’s prior ideas. 

Hereafter, the integration of psychoanalytic, ethological, evolutionary, cognitive, and systemic 

theories within infant research and neuroscientific studies led to the definition of the “internal 

working model” as internal representation of itself, of the caregiver and world, as well as the 

connections between them (Baldoni, 2014). These models are stable over time, and they are 

utilized to predict the world and to relate to it. Therefore, past experiences can be stored and 

then used to guide future expectations and behaviour, especially in threatening and dangerous 

situations. 

 

Effects of early social deprivation on brain and behaviour 

 

The integration of affective and social neuroscience with developmental psychology, 

psychoanalysis, and psychiatry has helped to further understanding of the main factors involved 

in the neural circuit underlying emotional, cognitive, and social behaviour. Here, investigating 

links between early social behaviour and early brain development has provided information 

about typical and atypical developmental trajectories. A genetic factor is clearly pivotal in the 

production and structuring of neurons, but it is also the influence of nutrition and nurture that 

contributes to the final result. The interaction between genetic, neurobiological, psychosocial, 

and environmental factors result in the brain reaching maturation after 20 years of life, through 

the selection and specialisation of neurons. The competitive selection of neurons results from 

adjustment to the environment, including the social environment, without the exclusion of 

others causal or moderating factors. 

Interest in how early deprivation influences brain and behavioural development is 

growing. One a big project concerning the effect of social neglect on infant development, started 

in 2000, led by Fox, Nelson and Zeanah (Nelson, Furtado, Fox, & Zeanah, 2009; Zeanah et al., 

2003). In 2000, these researchers began to assess a sample of 136 (among 170,000) orphans 

who had been raised from birth in Romanian institutions. The children selected were all 

relatively healthy, with no obvious chromosomal disorders or major handicapping conditions 

such as cerebral palsy or foetal alcohol syndrome, but they were deprived of typical early social 

experience such as the interactions with primary caregivers. The group assigned half of the 

children to Romanian foster families, and the other half remained in care as usual. The children 
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ranged in age from 6 months to nearly 3 years at the start of the study, with an average age of 

22 months. In addition, 72 children with no history of institutional rearing were recruited from 

paediatric clinics in Bucharest to serve as a comparison group for the children with histories of 

institutional rearing.  The children were subsequently assessed at 30, 42, and 54 months of age 

and again at 8 and 12 years of age (Fox, Nelson, & Zeanah, 2017). The care as usual children 

who remained in the institution (i.e. social deprivation) exhibited many profound problems, 

including delays in cognitive function, motor development, and language (Pollak, 2010). They 

also showed deficits in socio-emotional behaviours and experienced more symptoms of various 

psychiatric disorders. For children who were moved into foster care, the picture was brighter. 

These children showed improvements in language, IQ, and social-emotional functioning 

compared to the other group; for example, they were able to form secure attachment 

relationships with their caregivers and made dramatic gains in their ability to express emotions. 

(Fox et al., 2017; Zeanah, Gunnar, McCall, Kreppner, & Fox, 2011; Smyke, Zeneah, Fox, 

Nelson, &Guthrie, 2010). Those removed from the institutions before two years old made the 

biggest gains. However, although foster care produced notable improvements in the studies, 

children in foster homes were still behind a control group of children who had never been 

institutionalized, in terms of emotional and cognitive development (Nelson, Fox, & Zeneah 

2014). To elucidate how early social deprivation may have led to such poor socio-cognitive, 

emotional, and behavioural in institutionalized children, the group utilized MRI to investigate 

potential brain differences among the Romanian orphans. They found that institutionalized 

children had smaller brains overall, with reduced grey matter volume and white matter volume 

compared to controls (Zeanah, Humphreys, Fox, & Nelson, 2017).  

Another study focused on early deprivation and brain development was launched by 

Megan Gunnar and her colleagues in 1999: the International Adoption Project in the United 

States. This project was designed to examine a register of 6 000 children adopted from overseas. 

Gunnar revealed that certain brain changes are common among children who come from 

orphanages, including a reduction in brain volume and changes in the development of the 

prefrontal cortex (Hodel et al., 2015). Moreover, she highlighted how post-institutionalized 

children tend to have difficulty with executive functions, such as cognitive flexibility, inhibitory 

control and working memory, and they are often delayed in the development of theory of mind, 

which is the ability to understand the mental states of others (Gunnar, Morison, Chisholm, & 

Schuder, 2001; Gunnar & Van Dulmen, 2007).  

Critically, children reared in institutional care are at increased risk for a various number 

of mental health problems, which is thought to relate to differences in early brain development 
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(Kumsta et al., 2010; P Roy, Rutter, & Pickles, 2000). One of the most consistent findings is 

that early social deprivation leads to problems in terms of self-regulation, including attention, 

and motor difficulties, and other executive function abnormalities such as indiscriminate 

friendliness and problems in regulating affect (Kennedy et al., 2016). Relatedly, an increased 

risk of attention-deficit/hyperactivity disorder (ADHD) has been consistently linked to early 

institutionalization (Loman et al., 2013; Pollak et al., 2010; Penny Roy, Rutter, & Pickles, 2004; 

Rutter, Kreppner, & O’Connor, 2001; Sheridan, Drury, McLaughlin, & Almas, 2010; Wiik et 

al., 2011), however many questions remain concerning the neural mechanism through which 

this emerges.  

Observations about the creation or suppression of synapses, realized in every animal 

and cortical region, as well as those about the growth or the reduction of grey matter cortical 

volume over time, indicate that a broad spectrum of human behaviours could be shaped through 

the formation and subsequent suppression of synaptic connections during critical periods, 

starting at birth and ending in adulthood.  

 

Attention-Deficit/Hyperactivity Disorder (ADHD) 

 

Definition, prevalence, and diagnostic criteria 

 

Attention-Deficit/Hyperactivity Disorder (ADHD) is one of the most common, long-

lasting, and heterogeneous childhood psychiatric disorders. ADHD is characterised clinically 

by a pattern of developmentally inappropriate levels of attention, motor restlessness, and 

impulsivity that are gradually joined by additional, secondary problems (e.g. dysfunctions in 

affective components including emotional control and motivational processes).  The prevalence 

of ADHD, based on the Psychiatric Association’s Diagnostic and Statistical Manual of Mental 

Disorders (5th edition; DSM-V), is estimated at 5·0 – 7·1% in children and adolescents 

worldwide, with a diagnosis more frequently in males than in females (2-4 to 1) (Curatolo, 

D’Agati, & Moavero, 2010; Gallo & Posner, 2016). Though the disorder is typically thought of 

as a developmental disorder, persistence into adulthood is seen in about 50% of patients, with 

a prevalence of around 2.5-4% of the whole adult population (Simon, Czobor, Bálint, Mészáros, 

& Bitter, 2009; T. J. Spencer, Biederman, & Mick, 2007). Core symptoms of this disorder are 

divided in two main groups of symptoms, or psychopathologic dimensions, defined as 

‘inattention’ and ‘impulsivity/hyperactivity’. 
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In the context of ADHD, inattention manifests itself as poor care for details and an 

inability to complete ongoing activities. For example, children with ADHD seem distracted 

almost all the time as if they have something else on their mind, they try to avoid activities that 

need attention to detail or organizational capacities, they frequently loose significant objects, 

and they often forget important activities. Impulsivity associated with ADHD manifests as 

difficulty in organizing complex actions, accompanied by a general tendency to rapidly switch 

from one task to another, and to disrespect own and other turn-taking in playful and group 

situations. Typically, impulsivity is also associated with hyperactivity, with children described 

as “driven by a scooter”, meaning that they find it difficult to follow the rules, time, and space 

of their peers, and at school, they find hard to stay seated.  For the diagnosis of ADHD, these 

symptoms cannot be the result of some more general cognitive deficit (i.e. mental disability), 

but must be a real consequence of lacking self-control and the ability to plan. According to the 

DSM-V, a child must present with six or more symptoms in at least one of the inattention or 

hyperactive/impulsive domains to be diagnosed with ADHD (see Table 1). Adults (17 years 

and older) must present at least five symptoms in either domain. As part of the transition from 

DSM-IV to DSM-V to be diagnosed with ADHD the maximum age of onset for the symptoms 

exacerbation was increased from 7 years to 12 years, allowing more flexibility in the diagnosis 

of adolescents and adults. Symptoms have to be present for more than six months for diagnosis, 

in at least two different social contexts (e.g. at home, at school/work, with friends or parents).  

It is important to note that many ADHD symptoms such as high activity levels, difficulty 

remaining still for significant time periods, and a limited attention span, are in fact common in 

young children during typical development in certain situations. This is related to a desire to 

seek novelty and to rapidly explore the environment, both of which are necessary for healthy 

development.  The difference in the context of ADHD, however, is that hyperactivity and 

inattention are noticeably greater than what is expected at specific ages. Additionally, related 

behaviours are more persistent, are apparent in the majority of situations, and they often 

compromise the ability to plan and to execute complex activities. Indeed, the diagnosis requires 

clear evidence that ADHD-like symptoms cause significant distress and/or problems 

functioning at home, at school or with friends, in order for a diagnosis to be given. In other 

words, the ongoing pattern of behaviour has to interfere with an individual’s normal functioning 

and/or their development. 

While prior work demonstrates the validity of an ADHD diagnosis as a general 

construct, there is ongoing debate regarding ADHD subtype validity, particularly in regards to 

the instability of behavioural patterns over time.  The DSM-IV subdivided ADHD into three  
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Table 1. Attention-deficit hyperactivity disorder symptoms (DSM-5) (Gallo & Posner, 2016) 
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subtypes based on the predominant symptomatology: inattentive, hyperactive and impulsive, or 

combined. In the DSM-5, the term ‘subtype’ was changed to reflect that symptom clusters can 

change over the course of development. For instance, recent data show how after adolescence 

hyperactivity seems to decrease, whereas impaired attention and dysfunctions in the emotional 

area persist (Jarrett & Ollendick, 2008).  Furthermore, the previous three subtypes described a 

very heterogeneous sample of children only, and mostly covered issues of comorbidity, familiar 

background, the time-course, and pharmaceutical response. Another issue concerning ADHD 

diagnosis concerns to the well described divergence between numbers of males and females 

diagnosed with ADHD, in favour of males (Davies, 2014). Notably, this differences in 

diagnosis between females and males could be due to a diagnose for girls typically occurring at 

an older age than for boys, and therefore might be more prone to detection failures (rather than 

ADHD simply occurring less in females than males). Interestingly, however, these sex 

differences appear to be less pronounced after childhood. Both these issues concerning ADHD 

diagnosis warrant further investigation.  

 

History  

 

A hyperkinetic syndrome was first recognised in 1902 when an English doctor, G. F. 

Still, published some observations in Lancet about a group of children who presented “a defect 

of moral control… and excessive vivacity and destructiveness”. Disruptive, impulsive, and 

hyperactive behaviours associated with inattention were thus linked at this time to impaired 

development of moral control, with various authors noting that these behavioural displays were 

tied to prior “encephalitis...  tied to a strong influenza”. Therefore, an organic cause for the 

cognitive and neuropsychological deficits associated with ADHD was adopted at this time. This 

theory prevailed within the psychiatric landscape for some years, in spite of criticisms made by 

many researchers, including: i) the possibility that the same organic damage would determine 

different neuropsychological symptoms ii) the absence of neurological markers related to 

specific symptomatology; and iii) the presence of familiarity in this disease. 

In the 1930s, researchers posited that hyperactive and inattention symptoms were 

associated with one another, though variable among cases. This was linked by some to the 

presence of “Minimal Brain Damage: MBD” (Levin, 1938), even if a precise lesion wasn’t 

recognised. Other authors supposed that the most reasonable explanation was not to be found 

in actual lesions, but in an unspecified “Minimal Brain Dysfunction” caused by lead poisoning 
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(Byers & Lord, 1943), perinatal trauma (Shirley, 1939) or cerebral infection (Meyers & Byers, 

1952).  

In 1952, the first edition of DSM was published by American Psychiatric Association (APA). 

This included only two categories of childhood psychiatric disorder: Schizophrenia and 

Adjustment Disorder. Only the second version of DSM (APA, 1968) mentioned an ADHD-like 

disorder, under the diagnostic label of “Hyperkinetic Reaction of Childhood (or adolescence)”. 

This term emphasised the motor aspect of this disorder at the expense of the cognitive one, 

describing it with such behavioural manifestations as "over-activity, restlessness, distractibility, 

and a short attention span”. Even in DSM-II, however, the criteria to make a diagnosis where 

unspecified. 

The creation of the DSM-III (APA, 1980) represented a real revolution in terms of 

clinical-diagnostic procedure, comprising a multiaxial evaluation system with specific 

diagnostic criteria for each disorder. Additionally, it adopted a diagnostic system oriented in an 

evolutionary way, specifically structured for childhood diseases. The third version of an 

ADHD-like disorder was reconceptualised as “Attention Deficit Disorder” (ADD), a 

nosographic change representing a shift towards a focus on the cognitive aspects of the disorder 

rather than behavioural ones (Douglas, 1972). Two subtypes of ADD were specified: with or 

without Hyperactivity. 16 symptoms were described, divided in three categories:  inattention (5 

symptoms); impulsivity (6 symptoms); and hyperactivity (5 symptoms).  

In 1987 the DSM-III-R was published, and the current label “Attention-Deficit/Hyperactivity 

Disorder” was introduced. The subtypes and the three categories of symptoms were removed 

in this version in favour of a single list of 14 behaviours, for which inattention, impulsivity and 

hyperactivity were considered equally important to diagnose ADHD. According to this edition, 

the child needed to show at least 8 symptoms in two different contexts for at least 6 months to 

be diagnosed. The consequence of these changes in the DSM-III-R was significant growth in 

diagnosed cases of ADHD, by around 26 %. This growth occurred mostly among boys, while 

the number girls diagnosed with ADHD actually decreased, likely because of the greater focus 

on attention rather than behaviour (Lahey & Carlson, 1991).  

 

Neural basis  

 

Prospective studies spanning over 30 years have noted the negative and pervasive 

consequences associated with ADHD. For example, diagnosis in childhood is associated with 

poor educational, occupational, economic, and social outcomes later on, as well as higher 
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criminality in adulthood and with several psychopathologies such as oppositional defiant 

disorder, mood and anxiety disorders, learning disorders, tics, and mental retardation 

(Biederman, 2005; Gallo & Posner, 2016). Additionally, adolescents with ADHD often report 

low self-esteem and poor peer relationships, and are at high risk of smoking and substance 

abuse early in life (Elkins, McGue, & Iacono, 2007; Loe & Feldman, 2007). Despite this and 

the high prevalence of ADHD (at least 5 % in younger individuals, and 2.5% in the adult 

population), the cognitive and neurobiological mechanism underlying ADHD are still poorly 

understood, especially in terms of development across childhood/adolescence and into 

adulthood. This limits the efficacy of treatments and interventions targeting ADHD, therefore 

clarifying the aetiology and developmental trajectories of ADHD is now critical.  

ADHD is not a single pathophysiological entity, and appears to have a complex 

aetiology. Indeed, multiple genetic and environmental factors are thought to be involved, 

resulting in a spectrum of neurobiological risk (Curatolo et al., 2010).  Current theories 

emphasise attentional and executive dysfunctions as having a central role in children, as well 

as affective components involving emotional control and motivational processes (Castellanos, 

Sonuga-Barke, Milham, & Tannock, 2006; Nigg & Casey, 2005; Sergeant, Geurts, Huijbregts, 

Scheres, & Oosterlaan, 2003).  A growing body of evidence supports a model in which multiple 

genetic and environmental factors interact during early development to create a greater 

neurobiological susceptibility to the disorder, the expression of which is mediated via 

alterations within different and diverse neural networks, and thus deficits in the 

neuropsychological functions that these subserve (Curatolo et al., 2010).  Understanding the 

neurobiological basis of ADHD is also complicated by the fact that certain behavioural 

correlates are not always unique to ADHD. For instance, the deficits in working memory, 

cognitive flexibility, and attention seen in this disorder are similar to those observed in 

schizophrenia, and there is evidence for substantial rates of comorbidity with other disorders 

such as autism spectrum (ASD), substance use, conduct, and mood disorders (Antshel, Zhang-

James, & Faraone, 2013; Banaschewski et al., 2005; Thomas J. Spencer, Biederman, & Mick, 

2007). 

Treatment of ADHD traditionally follows guidelines based on dopaminergic and 

noradrenergic abnormality theories (i.g. the catecholamine theory). The dysregulation of these 

neurotransmitter systems seems to be based on genetic susceptibility, with genotype influencing 

an individual’s response to medication (e.g. gene variants of DRD4 and DAT1) (Becker, El-

Faddagh, Schmidt, Esser, & Laucht, 2008; Gilbert et al., 2006; Thomas J. Spencer et al., 2005). 

The administration of stimulants that directly influence levels of dopamine, for example, have 
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a relatively acute action onset, which probably corresponds to the stabilization of 

neurotransmitter imbalance (Arnsten & Pliszka, 2011 ;Curatolo et al., 2010; Kasparek, Theiner, 

& Filova, 2015; Pliszka, 2005; Stahl, 2010; Wood, Sage, Shuman, & Anagnostaras, 2014 ). The 

pattern of cognitive dysfunction in the context of ADHD, as well as the causes of transmitter 

imbalance associated with it, however, also suggest neurobiological impairment, often 

proposed as dysfunction of frontostriatal circuits (Epstein et al., 2007; Rubia et al., 2011). In 

fact, more recent research shows that the ADHD phenotype cannot adequately be characterized 

as a dopaminergic deficit alone, as previously thought (Mueller, Hong, Shepard, Moore, & 

2017; Schulz et al., 2012). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Neural circuits involved in attention-deficit hyperactivity disorder. 

Frontoparietal circuits underlying attentional processes; dorsal frontostriatal circuits underlying inhibitory control; 

mesocorticolimbic circuits underlying reward and emotional (Gallo & Posner, 2016). 

 

 

Similar to other psychiatric diseases, etiological modelling of ADHD has also now 

shifted from a focus on dysfunctions in isolated brain regions to impaired brain functional and 

structural connectivity (Insel, 2009; Mostert et al., 2016). Data-mining techniques have 
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revealed three main clusters of neuropsychological abnormalities associated with ADHD: 

cognitive/behavioural control, time processing, and motivation, but these do not overlap 

significantly in individual participants (E. Sonuga-Barke, Bitsakou, & Thompson, 2010). 

Similarly, a systematic review of findings concerning impaired control of executive functions 

suggests that not all ADHD patients suffer from such impairments, as would be suggested by 

theories placing dysfunction of frontostriatal circuits in the forefront, with behavioural control 

or failure of the behavioural inhibition system posited at the key to this disorder (Nigg & Casey, 

2005).  

Several systematic reviews and meta-analyses of neuroimaging studies on ADHD have 

now been published (Curatolo et al., 2010; Dickstein, Bannon, Xavier Castellanos, & Milham, 

2006; Ellison-Wright, Ellison-Wright, & Bullmore, 2008; Frodl & Skokauskas, 2012; Gallo & 

Posner, 2016; Hart, Radua, Nakao, Mataix-Cols, & Rubia, 2013; Kasparek et al., 2015; Liston, 

Cohen, Teslovich, Levenson, & Casey, 2011; Nakao, Radua, Rubia, & Mataix-Cols, 2011a; 

Valera, Faraone, Murray, & Seidman, 2007; van Ewijk, Heslenfeld, Zwiers, Buitelaar, & 

Oosterlaan, 2012), implicating several large-scale neural circuits in ADHD.  

Neural circuits related to sustained attention, inhibitory control, motivation, and emotional 

regulation are most frequently implicated. Magnetic resonance imaging (MRI) is often used to 

study brain structure and function in children and adults with ADHD, and across modalities, a 

consistent set of neural circuits have now been associated with the disorder, including 

frontoparietal, dorsal frontostriatal, and mesocorticolimbic circuits (see Figure 1), as well as the 

default mode and cognitive control networks (see Figure 2). 

More specifically, structural MRI studies have revealed consistent volumetric 

reductions in areas such as the basal ganglia in children with ADHD (playing a crucial role in 

goal-directed behaviours, motivation and reward processing, motor control and response 

inhibition), as well as cortical thickness abnormities in frontal and parietotemporal regions more 

generally (could reflect deficit in attention and executive functions) (Ellison-Wright et al., 2008; 

Frodl & Skokauskas, 2012; Gallo & Posner, 2016; Haber, 2003). Diffusion MRI studies also 

implicate deficits in white matter organisation in dorsal frontostriatal and frontoparietal circuits, 

as well as in mesocorticolimbic circuits, which might relate to atypical motivation characteristic 

of the disorder. These findings complement those from the structural MRI studies, which 

suggest that cortical and subcortical regions with volumetric abnormalities might be connected 

via white matter tracts with altered myelination or axonal branching. Resting-state functional 

connectivity research concerning ADHD has focused on the default-mode network (DMN), 

which is characterised by its higher level of activation during rest and deactivation during tasks, 
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with stronger deactivations corresponding to increasing attentional demands (Gallo & Posner, 

2016; Mostert et al., 2016). Functionally, the DMN, which encompasses the posterior cingulate, 

medial prefrontal and lateral and inferior parietal cortices, is difficult to characterise, but it 

might underlie psychological processes such as self-referential cognition, introspection, and 

mind-wandering (Gallo & Posner, 2016). DMN dysfunction is hypothesized to cause attentional 

interference and response variability in patients with ADHD. Functional connectivity within 

the DMN has been found to be weaker between the dorsal anterior cingulate, whereas 

connectivity between the DMN and the dorsolateral prefrontal cortex has been found to be 

stronger in adult patients compared to healthy controls (Mostert et al., 2016). Reduced 

functional connectivity has also been observed within the dorsal and ventral attention networks, 

and increased functional connectivity within the affective, default-mode, and right lateralized 

cognitive control networks in adults with ADHD (Mostert et al., 2016). Connectivity studies 

underscore the DMN and Cognitive Control Network (CCN) as important loci of investigation, 

with some hypothesizing that altered interactions between these circuits might underlie 

attentional lapses in ADHD, with CCN comprehending the dorsal anterior cingulate, 

supplementary motor area, dorsolateral prefrontal cortex, inferior frontal junction, anterior 

insular cortex, and posterior parietal cortex (Gallo & Posner, 2016). Consistent with structural 

MRI studies, fMRI research also implicates dorsal frontostriatal and mesocorticolimbic circuits 

in ADHD, correlating them with executive function and motivational deficits, respectively 

(Posner et al., 2013). 

Taken together, such MRI studies consistently implicate a particular set of neural 

circuits in ADHD. These circuits are those related to attentional processes and inhibitory control 

(frontoparietal and dorsal frontostriatal circuits), sustained attention (DMN–CCN interactions), 

and motivation (mesocorticolimbic circuits). Nonetheless, these clusters of impaired circuits do 

not overlap significantly in the same individuals, with the question of whether there are specific 

subtypes of ADHD associated with particular neurobiological dysfunctions remaining 

unanswered (Kasparek et al., 2015; E. Sonuga-Barke et al., 2010). 

Furthermore, the link between specific circuits and related behavioural outcomes 

remains unclear, as well as the genetic variants underpinning neurotransmitter alterations and 

associated behavioural effects. Clearly then, in addition to investigation into the pathway that 

leads from genetic factors to neurobiological impairment, a deeper understanding of the 

evolution of underlying mechanisms from childhood to adulthood is needed, including how this 

relates to particular aspects of behaviour related to ADHD.  
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A: resting state functional connectivity maps of the DMN. DMN includes mPFC (medial prefrontal cortex), PCC 

(posterior cingulate cortex), LPC (lateral parietal cortex). B: resting state functional connectivity maps of the CCN. 

CNN includes DLPFC (dorsolateral prefrontal cortex), AIC (anterior insular cortex), SMG (supramarginal gyrus). 

C: time series data extracted from the DMN (red) and the CCN (blue) show inversely correlated fMRI signal 

intensity between the DMN and CCN (Gallo & Posner, 2016).  

 

 

Current limitations in our understanding of ADHD has serious consequences, such as 

an increased exposure to medications without a biological basis, and an increased duration of 

symptoms before being treated with an effective therapy (Konrad, Neufang, Fink, & Herpertz-

Dahlmann, 2007; Mueller, Hong, Shepard, Moore, & 2017; Stiefel & Besag, 2010; Wood, Sage, 

Shuman, & Anagnostaras, 2014). For instance, currently ADHD psychostimulant therapy acts 

very broadly and non-specifically on dopamine and norepinephrine reuptake throughout the 

brain. Although this is linked to a reduction of symptoms for many patients, it is also linked to 

a high rate of negative side effects, with a lack of data available regarding long-term 

consequences of this treatment (Storebø et al., 2018).  It is now essential to address these gaps 

in understanding in order to develop more effective treatments and interventions.  

 

Figure 2: Functional connectivity of DMN and CNN. 
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Non-human primate model  

 

Non-human primate (NHP) research on topics such as the neural mechanisms of 

attention can provide important insights into the mechanism that underlie ADHD. In particular, 

Rhesus macaques (Macaca mulatta) represent an excellent NHP model for better understanding 

the neural basis of psychiatric disorders, being the closest species to humans in terms of 

genetics, physiology, and behaviour. In addition, the macaque model is very useful for 

developmental research, with macaques experiencing an extended lifespan and definable infant, 

child, adolescent, and adult periods. Critically, the macaque model therefore enables the 

collection of different types of data (i.e. behavioural, genetic, MRI) in a relatively short period 

of developmental time compared to similar human research, and thus can provide important 

and novel insights into the developmental trajectory of brain changes, including those that 

characterize ADHD, and how they link to behaviour.  That is, longitudinal assessment can be 

achieved in much less time than in humans, with results then useful for informing future human 

studies, and for comparative projects.  

The macaque model has been utilized in a number of previous studies concerning 

ADHD. In one study, focused on a polymorphism of the dopamine receptor D4 (DRD4) gene, 

which has been linked to ADHD in humans, an association was found between genotype and a 

measure of ‘behavioural restlessness’ (Coyne et al., 2015; Tovo-Rodrigues et al., 2013; Ye et 

al., 2018). This measure is an established diagnostic criterion for ADHD in humans (REFS). 

Coyne et al. defined behavioural restlessness as the rate at which individuals changed their 

behavioural state, e.g. from resting to locomoting and to resting to locomoting again.  The 

authors found that this was a reliable measurement of behavioural restlessness, that individual 

differences in restlessness were stable over time, and that behavioural restless in macaques has 

direct parallels with measures of restlessness in human research. The same measure of 

behavioural restlessness has also been used in other research with rhesus macaques (e.g. 

Higham et al., 2011), with other studies also utilizing ‘overall locomotion’  as a behavioural 

measure imitating ADHD-like hyperactivity in rhesus monkeys (Arnsten, 2009; Ma, Arnsten, 

& Li, 2005). Also relevant to ADHD, various studies using NHP models have linked poor 

sustained attention to deficits in noradrenergic and cholinergic systems (i.e. circuits associated 

with attention deficits in the context of ADHD (Oken, Salinsky, & Elsas, 2006; Russell, 

Sagvolden, & Johansen, 2005).  
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Objectives and hypothesis 

 

The two main aims of this research are: i) to investigate how changes in specific brain 

regions/circuity across development relate to ADHD-like behaviour; and ii) to study the link 

between maternal-deprivation and ADHD. To achieve this, two group of rhesus macaques will 

be analysed at three developmental points: approximately, late childhood, adolescence and early 

adulthood (2.5, 3.5, 4.5 years) (see Figure 3). One group of monkeys has been raised by their 

biological mothers, while the other group received nursery care until 8 months of age (i.e. apart 

from their mothers and any other adult macaques). Therefore, these two groups differ greatly 

in their early social experience. Subsequently, the two group were housed together, and have 

lived together ever since. 

Both behavioural and brain assessments are being conducted longitudinally at the 

above-mentioned ages, in order to investigate the trajectory of brain and behavioural 

development, and how these relations may differ between the two groups. Based on the 

literature reviewed here, four hypotheses are proposed: 

 

1. Measures of hyperactivity and inattention will correlate within subjects, meaning that 

animals with more symptoms in one domain will experience more symptoms in the 

other. 

2. Hyperactivity and inattention will be greater among the nursery-reared monkeys 

compared to the mother-reared ones. 

3. Differences in behavioural measures will be related to differences in brain 

regions/circuitry related to ADHD (e.g. cerebellum volume…), and this relationship will 

be stronger in the nursery-reared group. 

 

Currently, we are testing the sample of animals described here at the 2.5 year time-point. 

Consequently, the results presented in this thesis consist of some preliminary findings from only 

a few nursery-reared and mother-reared monkeys at this age. Measures of hyperactivity have 

been made based on coding of each animal’s behaviour in their everyday environment, and 

levels of attention have been measured in a preferential looking task. Examples of anatomical, 

diffusion, and resting-state MRI acquired from one nursery- and one mother-reared animal will 

also be presented. The hypotheses pertaining to this initial behavioural data collection are: 

a) Hyperactivity measures will be greater in nursery-reared monkeys compared to 

the mother-reared ones. 
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b) Inattention measures will be greater in nursery-reared monkeys compared to 

mother-reared ones. 

 

 

 

 

Figure 3: Stages in which behavioural and brain measures will be assessed in the project (2.5, 3.5, 4.5 years). 
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Chapter II 

Methods 

 

Subjects 

 

The total sample for this project consists of 21 Rhesus macaque monkeys (male = 10, 

female = 11). As infants, half of these animals were reared by their mother (n = 11; ‘mother-

reared’) and half were reared in a nursery of peers; i.e. apart from their mothers and other adults 

from birth (n = 10; ‘nursery-reared’). As such, the nursery-reared group were deprived of typical 

early social experiences, which are comprised predominantly of mother-infant interactions in 

macaques (Ferrari, Paukner, Ionica, & Suomi, 2009). Nursery-rearing was performed in 

accordance with the NIH Guide for the Care and Use of Laboratory Animals (animals were 

relocated to France from the US as juveniles). The project was approved by our local ethics 

committee (05.09.18), and all testing is being conducted in accordance with regulations 

concerning the care and use of laboratory animals specified by the French ministry of National 

Education, teaching, and research. 

All subjects will be assessed at 2.5, 3.5 and 4.5 years in order to longitudinally track 

changes in brain and behaviour from childhood into adulthood. We are currently collecting data 

from the first time-point (2.5 years). Therefore, data currently available have been so far 

collected from four monkeys relative to behavioural assessments (two mother-reared males, 

ZP04, ZP05; and two nursery-reared females, ZP02, ZP03) and from six animals relative to 

attention assessments (three mother-reared, ZP01, ZP04, ZP05 both males and females; and 

three nursery-reared females, ZP02, ZP03, ZP06) . These six animals were housed together in 

one social group at the Institut des Sciences Cognitives Marc Jeannerod (ISC), CNRS, Lyon 

during data collection (see Site of Study section below).  

 

Housing 

 

All subjects (n = 21) are housed in a single colony at the Rousset Primatological Station 

of the CNRS, in semi-free ranging conditions: the enclosures consist in an inside and an outside 

areas enriched with ropes and swings. The animals are fed with an ad libitum daily diet of 

pellets specific for monkeys and with fruits and vegetables few times per week.  Small groups 
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of animals (five or six) are being transferred to the ISC separately for assessment in the current 

project: they are sedated and transferred with a van in special individual cages.  At the ISC, 

subjects are housed together in social groups in inside enclosures (height of 2m, depth of 1.1m, 

and width of 6m), enriched with ropes, swings, and access to toys. Here animals are fed with 

pellets, fruits, and vegetables, with in addition enrichment of grains and dried fruit.   After a 

four-week period at the ISC, subjects are returned to the Rousset Primatological Station until 

the next age of assessment.  The six subjects whose data are included in this thesis were housed 

together in a social group at the ISC during data collection at the 2.5 year time-point.  

 

Behavioural Observation  

 

Procedure 

 

In order to assess behaviour in the everyday social environment, animals have been 

video recorded with a 50 fps videocamera (Panasonic HV-V180). (in their home enclosure. 

Recordings have been carried out once a week for a four-week period, either in the morning 

and the afternoon (20 minutes per recording). Therefore, a total of 8 recordings have been made 

per group, totalling 160 minutes of observation. Two cameras have been placed in order to have 

a view of the enclosure as large as possible, and recordings from these cameras have been 

synchronized afterwards. See Figure X for some example frames from some of these videos.  

 

Video coding and hyperactivity measures 

 

For each animal (‘focal animal’), the last 10 minutes of each video recording were 

coded, with the first 10 minutes constituting a period of habituation to the videocameras. 

Therefore, each animal was coded for a total of 80 minutes at each age of assessment. One 

researcher coded all the videos, and a second independent researcher coded a random 15% of 

videos to establish inter-rater reliability at each time-point.  That is, to determine the extent to 

which data coded in this study are correct representations of the variables measured, Cohen's 

kappa coefficient was calculated. Cohen’s kappa (κ) is a statistic measuring inter-rater 

agreement, and is considered a more robust measure than mere percentage agreement as κ also 

takes into consideration any agreement occurring by chance. 

Based on coding schemes previously used in studies of everyday macaque behaviour, a 

second-by-second coding scheme is being used here to identify a number of social and non-
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social behaviours of interest (Coyne et al., 2015; Kaburu, Paukner, Simpson, Suomi, & Ferrari, 

2016; Maestripieri, 2010).  For each animal two coding sheets per session was generated: one 

for coding the behaviour itself, and one for coding the ‘target’ of a specific behaviour if there 

was one (i.e. the other animal/s to which the focal animal’s behaviour was directed. E.g. A 

grooms B). Behaviours can be coded as ‘states’ (behaviours that have a duration) or events 

(behaviours that do not have a duration; discrete events). State behaviours were collected on a 

continuous basis and were divided in different typologies including social behaviours (contact, 

proximity, give groom, rough and tumble play, chase play, huddle, mouthing other, anogenital 

exploration, and extended aggression),  non-social behaviours ( locomotion, sleeping, eat/drink, 

object play, manual/oral exploration, hunching, and shaking), self-directed behaviours ( self-

scratch, self-groom, and self-mouth), and motor stereotypies (pace, somersaulting, bounce, 

rocking, spin, swinging, head twist, floating limb, and other motor). Event behaviours were 

coded in discrete units without a duration and also divided in different typologies including 

affiliative behaviours (coo, grunt, approach, present groom, present genital, mount, and lip-

smack), aggressive behaviours (aggression, displacement, object-steal, threat face, and other 

threat), fear/stress behaviours (fear grimace, flee/avoid, flinch, tooth grind, yawn, scream, and 

freeze), self-directed behaviours (salute, self-clasp, self-bite, hair pluck, and self-slap), other 

behaviours (withdraw and cage shake). See Figure 4 for a screenshot of the sheets used for the 

behavioural observation coding scheme. 

 

 

 

Figure 4: Screenshot of the coding sheet utilized in video coding of group observations. 
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Duration of locomotion and behavioural restlessness are two behaviours of particular 

interest for the current study as they concern activities which could be related to ADHD-related 

markers in macaques (i.e. measures of hyperactivity), both of which can be identified using the 

coding scheme described here. ‘Locomotion’, is defined in this scheme as 

walking/climbing/running. ‘Behavioural restlessness’, defined as the rate of change between 

behavioural states (e.g. from resting to locomotion), can also be extracted based on the coding 

of all other behavioural states in this scheme. 

So far, videos from the first day of observation (morning and afternoon sessions) have 

been manually coded for the four animals reported in this thesis. Two researchers have coded 

these videos, and reliability for the variables of interest here has been calculated. Excellent 

reliability was obtained (κ = .90-.90). Reliability was excellent also for all other behavioural 

states (K=.85-.95). 

 

Attention assessment  

 

Procedure 

 

In order to assess attention to different facial gestures, a preferential looking paradigm 

is being utilized in the present study. For this assessment, each animal was separated from the 

group and placed in a different part of the enclosure that is physically and visually isolated from 

the other animals. The subject is then allowed to habituate to the new separation condition for 

approximately 10-15 minutes before the preferential gaze task was carried out. During the task 

stimuli were presented to them on a computer monitor positioned 80 cm from away from the 

front of the enclosure. A webcam placed on the top of the screen records the monkeys during 

each trial of the task (30fps). First, during the calibration session three stimuli (pictures of toys) 

were presented successively on the right, centre, and left portions of the screen. Each 

experimental trials (when pairs of videos are shown) has a duration of 5 seconds. This is in 

order to help identify gaze direction during experimental trials themselves. Experimental trials 

consist of two videos of a monkey performing different facial gestures, presented side-by-side 

on the screen. There are two conditions in which two stimuli were presented simultaneously. 

Half of the trials consisted on the neutral face and lip-smacking face stimuli, the other half of 

trials consisted of a neutral face and a threat gestures. The condition-type and position of the 

two stimuli during each trial are counterbalanced across subjects.  Each video had a duration of 

5 seconds, and each subjects were presented with a maximum of 10 trials.  
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Video coding and general attention measure 

 

The gaze of each subject during experimental trials is then manually coded from the 

video recordings. Based on coding schemes previously used in studies of infant gaze behaviour 

(e.g. Rayson et al. (under review)), a frame-by-second coding scheme has been used in order to 

identify subject’s gaze direction in each trial (left; centre; right; other/ambiguous; off-screen). 

See Figure 5 for a screenshot of the coding sheet used. 

For each of the four subjects described here, one experimenter manually coded the 

subject’s gaze behaviour during each of the 10 preferential looking trials. A second independent 

researcher coded 50% of these videos to establish inter-rate reliability (note, for the whole 

sample, 15% of videos at each age will be coded for reliability). Excellent reliability was 

obtained (κ = .92-.90). 

 

 

 

Figure 5: Screenshot of coding sheet utilized for video coding of general attention measure. 
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Duration of attention (sustained attention) is a measure of particular relevance in relation 

to potential signs of ADHD. Therefore, to assess subject’s sustained attention during the 

preferential looking task, the total amount of time that the subject spent looking at the screen 

vs off-screen during this task was extracted. 

 

MRI acquisition 

 

To investigate differences in brain development, neuroimaging data have been collected 

at each time-point by means of a 3T Siemens Prisma MR scanner, with animals anaesthetized 

during acquisition. Animals were returned to their social group after acquisition.   

 High resolution anatomical MRI (T1/T2) scans have being obtained in order to measure 

the morphology of specific brain regions involved in ADHD: MPRAGE T1-weighted images, 

0.5mm isotropic, a bandwidth of 250Hz, a TR of 3000ms, a TE of 3.62ms, a TI of 1100ms, a 

flip angle of 8° and 144 cross-sections, and SPACE T2-weighted images with a spatial 

resolution of 0.5mm isotropic, a bandwidth of 710Hz, a TR of 3000ms, a TE of 366ms, a flip 

angle of 120° and 144 cross-sections acquired.  

High resolution diffusion MRI scans were also acquired to investigate structural 

connectivity between specific brain regions involved in ADHD (anterior corona radiate and the 

superior longitudinal fascicle): custom pulse sequence based on a segmented 3-dimensional EPI 

sampling of Fourier space with the following parameters; diffusion weighted images (b-value 

of 1000s/mm2), 30 directions diffusion gradient encoding with two B0, a spatial resolution of 

0.8mm isotropic, an precedented pixel voxel size of 0.125mm3, a bandwidth of 776Hz, a TR of 

750 ms, a TE of 71ms, 4 segments, a FOV of 105x125x56mm3 and an acquisition time of 130 

minutes (Tounekti et al., 2018).  

Finally, resting-state functional MRI scans have been obtained to describe functional 

connectivity between specific brain regions involved in ADHD: optimized gradient-echo T2*-

weighted Echo Planar Imaging (EPI) sequence, in partially parallel acquisition mode with foot-

head acceleration direction and an acceleration factor of 2 (Grappa 2). The field of view (FOV) 

of read-out will be 105mm and that of phase 95mm. The repetition time (TR) will be 2000ms 

and the voxel resolution 1.27x1.27x1.27mm. For the functional acquisitions, Molday ION, a 

contrast agent, was injected at the quantity of 11mg/kg to boost the signal-noise ratio and have 

a better spatial resolution for the analysis. In the resting-state functional MRI four 15 minutes’ 

sequences were launched and after each one SNR (signal-noise ratio) was calculated to check 

if the MION was correctly injected and if the coils were well placed (Figure x). The SNR 
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depends on the quantity of MION in the brain. It takes several minutes to get through the 

encephalic barrier (it is injected in the saphenous vein) and optimize the signal. We looked at 

the SNR after each run to see if the contrast agent has arrived in the brain and the signal is 

homogenous through the runs (the half-life of the product is several hours so normally the SNR 

should be the same during all the session) (see Figure 6).    

 

 

Figure 6: The figure shows how the SNR is calculated. 

The mean of the signal in the brain (here we choose to use the average mean of three slices (1,2,3)) is divided by 

the STD of the noise (signal out of the brain (4)). We use the same slices for all the monkeys and all the session to 

be able to compare it. 

 

MRI pre-processing 

 

As this project is still ongoing (data collection is still being collected at the first time-

point), pre-processing, and analysis of the MRI data are still in progress. Therefore, below, 

details concerning which analysis, in terms of pre-processing of the MRI data, has been 

reported. The pre-processing described here concerns the structural and functional MRI being 

collected.  The pre-processing steps for anatomical MRI are as follows: 

1) correction of bias (homogenisation of signal) 

2) reorient 
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3) mask (this is the stage currently reached in the project with data collected so far) 

4) choose the centre (anterior commissure) 

5) segmentation of white, grey and CSF  

6) 3D volume of the anatomy 

 

The pre-processing of the MRI images to analyse the “functional MRI” includes: 

1) reorient 

2) choose the centre (anterior commissure) 

3) motion correction or realignment 

4) warping (co-registration of functional images in the same volume than the anatomy) 

 

Statistical analysis 

 

To investigate differences in hyperactivity and attention in mother- (n = 2/3) versus 

nursery-reared subjects (n = 2/3), the following analyses have been performed on the data coded 

thus far:  

1) From the observation coding schema (see above), duration of locomotion and 

behavioural restlessness were extracted as measures of hyperactivity. A Wilcoxon 

rank-sum test was employed to compare mother-reared monkeys with nursery-reared 

ones in terms of hyperactivity. A non-parametric test was utilized in place of t-test due 

to the lack of normality and homoscedasticity of the distribution (small sample, n = 4).  

 

2) From the preferential gaze task coding, the quantity of time spent looking at the screen 

was extracted as a measure of sustained attention. A Wilcoxon rank-sum test 

was employed to compare mother-reared monkeys with nursery-reared subjects in 

terms of sustained attention. A non-parametric test was utilized in place of t-test due to 

the lack of normality and homoscedasticity of the distribution (small sample, n = 6. 

 

3) As MRI analysis has only reached an early stage of pre-processing with a small number 

of animals, statistical analyses cannot be performed on this data. However, example 

images are presented in the results section.  
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Chapter III 

Results 

 

 Behavioural results 

 

Group observation 

1. Locomotion 

Average total duration of locomotion (seconds) over two sessions (i.e. am and pm from 

first day of group observation) was 24.50 (sd = 16.94) in the mother-reared group and 52.25 

(sd= 11.02) in the nursery-reared group. This did not significantly (p=.05714) differ between 

the two groups (2 mother-reared, 2 nursery-reared). See Table 2, Figure 7. 

 

 

 

 
Figure 7: Mean total duration of locomotion in the two rearing groups, +/- SE. 
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2. State changes 

Average number of state changes (i.e. changes between all possible 'states' we code, 

except contact/proximity/not visible) over two sessions (i.e. am and pm from first day of group 

observation) was 17.25 (sd= 4.03) in the mother-reared group and 34.75 (sd= 4.92) in the 

nursery-reared group. This difference between the two groups (2 mother-reared, 2 nursery-

reared) was significant (p= .02857). See Table 2, Figure 8.  

 

 

 

Figure 8: Mean number of state changes in the two rearing groups, +/- SE. 

 

 

 

 

Table 2. Means (SD) and statistics for behavioural measures in the two rearing groups 

  Mother-reared (n = 2) Nursery-reared (n = 2) p 

Mean Locomotion (s)  24.50 (16. 94) 52.25 (11.02) .05714 

Mean State changes (s) 17.25  (4.03) 34.75 (4.92) .02857* 

Mean Time onscreen (s) 0.51    (0.19) 0.24  (0.09) .2 

* Indicates a significant difference between groups; p < .05. 
 

 



37 

 

 

Attention assessment 

 

In the preferential looking tasks, average time in seconds (out of the total trial duration) 

spent looking onscreen was 0.51 (0.19) in the mother-reared group and 0.24 (sd= 0.09) in the 

nursery-reared group. This was not significantly different (p= .2) between groups (3 mother-

reared, 3 nursery-reared). See Table 2, Figure 9.  

 

 

 
Figure 9: Mean looking time to the screen in the two rearing groups, +/- SE. 

 

MRI  

 

Below (Figure 10) is an example of one mother-reared T1 image and one nursery-reared 

T1 image, both in the horizontal view. T1 weighted sequences are part of anatomical MRI 

protocols, resulting in images that most closely approximate the appearances of tissues 

macroscopically. The dominant signal intensities of different tissues are: fluid (e.g. urine, CSF): 

low signal intensity (black); muscle: intermediate signal intensity (grey); fat: high signal 

intensity (white); and brain: grey matter: intermediate signal intensity (grey), white matter: 

hyper intense compared to grey matter (white-ish). 
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Figure 10: ExampleT1 images (anatomical MRI): one mother-reared animal (top) and one nursery-reared (bottom). 

Figure 11: Example DTI maps (diffusion MRI; color-coded FA maps) from one mother-reared animal (right) and 

one nursery-reared animal (left). 
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The following pre-processing steps are being applied to these images (currently on step 

3 (manual editing of the brain mask) with the MRI acquired so far) for anatomical and 

functional analyses:  

  

1) Correction of bias (homogenisation of signal)  

2) Reorient (see Figure 12) 

3) Mask (see Figure 13) 

4) choose the centre (anterior commissure) (see Figure 14) 

5) segmentation of white, grey and CSF (see Figure 15) 

6) 3D volume of the anatomy (see Figure 16) 

7) warping (in functional scans) (see Figure 17) 

 

In Figure 13, an example of the mask automatically generated for the skull-stripping 

pre-processing step is presented. Masks then need to be manually corrected to ensure that in 

subsequent steps, only brain structures (grey and white matters) are considered. As noted above, 

this is the stage at which the MRI analysis is currently in the project. Masks will be used in the 

subsequent pre-processing of anatomical and functional scans.  

 

 

 

Figure 12: Example of a reorientation of brain images. 
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Figure 13: Example of a T1 image and the associated mask, generated automatically as an early pre-processing 

step. 

This mask is then manually corrected using the software ITK-SNAP. 

 

 

 
Figure 14: Example of choosing the centre. 
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Figure 15: Example of a brain segmentation. 

 

 
 

Figure 16: Example of a 3D brain volume. 
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Figure 17: Example of the application of warping to fMRI data. 

 

In Figure 18, examples of resting-state activity from adult macaques (not part of this 

study) are given. The activation is then applied on the 3D images resulting from the T1 pre-

processing. These steps will be applied to the resting-state functional MRI data collected in the 

current project. 

 

 

 

In Figure 11, examples of diffusion MRI images. Diffusion tensor imaging (DTI) is a 

Figure 18: Example of specific activations in resting-state fMRI applied on a 3D brain volume. 
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variant of diffusion weighted imaging (DWI). In DWI the intensity of each image element 

(voxel) reflects the best estimate of the rate of water diffusion at that location. DTI, instead, is 

sensitive to intra-voxel heterogeneities in diffusion directions caused by crossing fibre tracts 

thus allowing more accurate mapping of axonal trajectories than other diffusion imaging 

approaches. DTI has been used extensively to map white matter connectivity in the brain.  

 

After pre-processing, the following aspects of the brain associated with ADHD will be 

the focus of analysis: 

1. Structural morphology (anatomical and diffusion MRI) 

a. Total brain volume and overall cortical thickness (anatomical)   

b. Volume of particular regions such as the basal ganglia (caudate nucleus and putamen) 

and cerebellum (anatomical) 

c. The integrity of white matter tracts such as the anterior corona radiate (area traversed 

by frontostriatal connections) and the superior longitudinal fascicle (corticocortical 

connections interconnecting frontoparietal areas) (diffusion) 

d. White-matter integrity in regions such as the corpus callosum and cerebellum          

(diffusion) 

2.  Functional connectivity (resting-state MRI) 

a. Functional connectivity within Default Mode Network 

b. Functional connectivity between Default Mode Network and cerebellum 
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Chapter VI 

Discussion  

 

In this project, a non-human primate model is being utilized to investigate the effects of 

early social deprivation on ADHD-related brain and behavioural development across 

childhood, adolescence, and into adulthood. More specifically, two groups of Rhesus macaque 

monkeys (mother-reared and nursery-reared) are being compared longitudinally in order to 

consider the effects of atypical early social experience over time, both in terms of 

hyperactivity/inattention and specific brain regions/circuitry. Data collection is currently 

ongoing at time-point one (2.5 years), with follow-up assessments planned both at 3.5 and 4.5 

years of age.  

 

Behavioural findings 

 

The behavioural results obtained so far at the 2.5 year time-point (corresponding 

approximately to late childhood), which are presented in this thesis, concern differences in both 

sustained attention and activity levels (i.e. duration of locomotion and behavioural restlessness). 

Both measures were extracted from video recordings, with specific coding schemes used to 

identify behaviours of interest. Not surprisingly based on the sample size available thus far, 

only behavioural restlessness was found to be significantly different between the two groups, 

with the frequency of behavioural state changes greater in nursery-reared monkeys (n = 2) 

compared to mother-reared (n = 2). Duration of locomotion (nursery-reared, n = 2; mother-

reared, n =2) and sustained attention (nursery-reared, n =3; nursery-reared, n = 3) did not differ 

significantly. However, qualitatively (see Figures 7, 9), other differences between the groups 

already seem apparent; sustained attention may be greater in the mother-reared compared to 

nursery-reared group, and duration of locomotion may be greater in the nursery-reared 

compared to mother-reared group. This trend is in line with the hypotheses described in the 

previous chapter. 
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MRI and analysis plan 

 

Concerning MRI acquisition at the 2.5 year time-point, pre-processing of the images has 

begun. That is, the pre-processing of structural images is currently ongoing and, specifically, 

brain masks are being created and modified. These will be utilized subsequently to extract the 

brain (skull-strip) for the next pre-processing steps. Once the brain imaging data are ready, a 

series of analyses will be conducted, focused on specific regions/circuitry reviewed in the 

Introduction section of this thesis related to ADHD. Anatomical differences in the two groups 

will be investigated in terms of overall grey matter volume and cortical thickness. In the ADHD 

literature, abnormalities are often found in cortical thickness, especially in frontal and 

parietotemporal brain regions (Gallo & Posner, 2016). Both total volume and cortical thickness 

have been related to the severity of hyperactivity and impulsivity in the context of ADHD, and 

it has been suggested that this reflects a maturational delay (Janssen et al., 2017; Narr et al., 

2009; Philip Shaw et al., 2011). In fact, Shaw et al., who investigated cortical development in 

children with ADHD, found a marked delay in brain maturation: grey matter peaks in ADHD 

patients were about 3 years later than in healthy controls in frontal, parietal, and temporal brain 

regions, the same regions found to be smaller in MRI structural studies (Almeida Montes et al., 

2010; Rubia, 2007; P. Shaw et al., 2007; Philip Shaw et al., 2006, 2009). Differences in white 

matter and structural connectivity will also be analysed here, including white matter (WM) 

integrity of the corpus callosum and frontoparietal tract. Several ADHD studies have found that 

the most consistent white matter abnormalities are in these regions/connections, particularly in 

the corona radiata (area traversed by frontostriatal connections) and superior longitudinal 

fasciculus (corticocortical connections interconnecting frontoparietal areas), indicating a 

disruption of structural connectivity (Gallo & Posner, 2016; Kasparek et al., 2015). Such 

differences in the brain have also been found to correlate with executive function and attentional 

impairment (Liston et al., 2011; Valera et al., 2007; van Ewijk et al., 2012).  

Smaller cerebellum and basal ganglia volume in the context of ADHD, both grey and 

white matter, will also be assessed, consistent with previous literature findings (Curatolo et al., 

2010; Ellison-Wright et al., 2008; Emond, Joyal, & Poissant, 2009; Frodl & Skokauskas, 2012; 

Kucyi, Hove, Biederman, Van Dijk, & Valera, 2015; Stoodley, 2016; Wang, Kloth, & Badura, 

2014). WM abnormalities of the cerebellum, together with corpo callosum and basal ganglia 

abnormalities, could underlie the disturbed connectivity in fronto-striatal-cerebellar 

neurocircuitry in ADHD patients, and could even constitute a putative biomarker for the 

disorder (Castellanos et al., 2002; Valera et al., 2007). Volume loss in the cerebellum and basal 
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ganglia has been related to worse clinical outcomes, and could reflect impaired motor control 

and response inhibition. (Bechtel et al., 2009; Curatolo et al., 2010; Mackie et al., 2007). In 

addition, the latter could be linked to both attentional and motivational impairments, two main 

characteristics of ADHD (Haber, 2003; E. J. S. Sonuga-Barke, 2005). Concerning basal ganglia 

volume, two studies have also found that, compared to other brain regions, volumetric reduction 

in this region decrease with development, providing evidence for a model of ADHD as a 

disorder of delayed maturation (Frodl & Skokauskas, 2012; Nakao, Radua, Rubia, & Mataix-

Cols, 2011b). 

Resting-state functional connectivity analyses here will focus on connectivity within the 

DMN, due to the role that it plays in attentional functions (Gallo & Posner, 2016; Kasparek et 

al., 2015; Posner, Park, & Wang, 2014). Studies investigating DMN functional connectivity are 

still inconsistent in terms of the direction of abnormal connectivity in ADHD, either suggesting 

hyperconnectivity or hypoconnectivity between DMN midlinestructures; such as the posterior 

cingulate cortex and ventromedial prefrontal cortex (Castellanos et al., 2008; Janssen et al., 

2017). Consistent with structural connectivity findings, and with the known involvement of the 

cerebellum in circuits implicated in attention (including DMN), functional connectivity 

between the cerebellum and DMN will also be investigated in this project (Rohr et al., 2019). 

 

Future project time-points and additional assessments 

 

All the analyses conducted on data collected at the 2.5 year time-point will be repeated 

at the 3.5 and 4.5 year time-points. This longitudinal design, which focuses on two major 

transitions in development (childhood to adolescence, and adolescence to adulthood), will allow 

for better description of how changes in brain and relate to ADHD emergence. Not only will 

this enable investigation into differences in ADHD-like symptoms between mother-reared and 

nursery-reared monkeys, it will also allow variations in the same subjects to be examined, and 

thus will help addressing the lack of knowledge currently available about how different clinical 

outcomes may be associated with different developmental trajectories during adolescence and 

beyond.  

Although a delay of maturation has been described in several brain areas and circuits, 

the literature still lacks a model of ADHD that ties the heterogeneity of behavioural and neural 

ADHD outcomes with genetic substrate. Indeed, twin, family and adoption studies of ADHD 

suggest a strong genetic contribution to the disorder, with heritability ranging from 60-90% 

(Sharp, 2009). Polygenic variables of specific genes, interacting with environmental factors, 



47 

 

may lead to different risk for ADHD (Curatolo et al., 2010). Several studies have been 

conducted on genes that code proteins involved mostly in monoaminergic signalling 

(dopamine, serotonin, and noradrenalin), and on genes involved in different aspects of synaptic 

transmission (Gallo & Posner, 2016; Kasparek et al., 2015). In particular, changes in brain 

morphology in ADHD have been linked to genes involved in dopamine signalling such as D4 

and D5 receptor genes and DAT (dopamine transporter) genes (Durston et al., 2005; P. Shaw 

et al., 2007). In addition, in macaques, DRD4 polyphormism has been linked to ADHD-like 

behaviour (i.e. behavioural restlessness) (Coyne et al., 2015).  

Therefore, in the current project, the relationship between a genetic polymorphism and 

the development of ADHD-related brain regions and behaviour will also be investigated.  When 

monkeys were sedated for MRI acquisition here, blood samples were collected and stored in a 

refrigerator at -20 degrees, are currently awaiting analysis. The focus of the genetic analysis 

will be on a gene responsible for dopaminergic transmission, specifically, on the D4 receptor 

and DAT genotype polyphormism. Finally, it could also be very interesting, keeping in mind 

the different prevalence and symptomathology described in previous literature, to investigate 

sex differences in terms of brain and behaviour (Arnett, Pennington, Willcutt, DeFries, & 

Olson, 2015; Biederman et al., 2002; Willcutt, 2012). 

 

Impact of the project 

 

Focus within the ADHD literature attention is shifting towards a more systematic view, 

at the level of neuronal networks and their relationship with behaviour. Current data imply that 

changes in neuronal plasticity over developmental time may be behind the persisting 

impairments of brain morphology, connectivity, and function and have a major role in the 

exacerbation of symptoms and developmental trajectories. In addition, it has been assumed that 

different clinical outcomes may be associated with different developmental trajectories in 

adolescence and beyond. 

Findings from this longitudinal study will allow a further understanding of the 

heterogeneity of ADHD endophenotypes and developmental trajectories of ADHD, including 

how this may be explained via the mutual interaction of genetics and early social experience. 

Moreover, advances in knowledge regarding how this relates to differences in the severity of 

ADHD symptoms and development of specific brain regions and structures could be achieved. 

Finally, this project will add to knowledge concerning why in some individuals, ADHD-

symptoms seem to disappear in adulthood, whereas in others they do not ( Spencer et al., 2007). 
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The size of the two samples could limit the implication of the results, but all the questions 

addressed by comparing groups, could be alternatively directed towards the whole sample, 

albeit remaining an interesting and important issue to investigate. 

The findings resulting from this research could be use, subsequently, to inform human research, 

and thus eventually, may help aid the development of more targeted treatments and early 

intervention in the context of ADHD.  

 

Limitations 

 

Although at the end of the data collection, the total number of subjects will be much 

greater than the sample used in the analyses presented here, it will still be relatively small (10 

nursery-reared and 11 mother-reared). For this reason, it may be that expected differences 

between the two groups are not found, and modulating effects of genes and sex may not be 

possible to consider. Nonetheless, as mentioned before, the longitudinal design will add 

statistical power, and for example, will allow investigation of the same hypotheses over the 

whole sample without consideration of early experience. Another limitation of this study it is 

the fact to be a correlational research, thus preventing to track causal links between the domains 

investigated. 

Finally, the assessments currently included in the project do not allow for investigation 

into other behavioural measure related to impulsivity and executive function impairment, both 

of which are found in the context of ADHD. However, the plan is to include some additional 

tasks at the 3.5 and 4.5 year time-points in order to examine these two domains. For instance, 

it could be useful to add a task (‘AB task’) focused on response inhibition and emotional control. 

The task is often used in infant research literature to assess both of these functions, and it may 

be possible to conduct a similar task with the monkeys in this project (Sun, Mohay, & 

O’Callaghan, 2009). This would involve presenting the monkeys with two identical hiding 

locations (e.g. cups), and hiding a desired object in one location (location A). After a delay, the 

subject is allowed to reach and search for the object. This procedure is repeated until the subject 

responds correctly on at least two consecutive trials. At this point, the object is hidden in the 

second location (location B). If the subject searches again at location A, the AB error is 

committed, thus reflecting the inability to inhibit a response. Comparisons between human 

infants and rhesus macaques on this type of task has been already conducted in the past 

(Diamond & Goldman-Rakic, 1989). 
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Summary 

 

To summarise, behavioural measures of hyperactivity and inattention were examined in 

a sub-sample of animals assessed at the first time-point in this project (2.5 years of age). 

Although a significance difference between mother-reared and nursery-reared monkeys was 

only found for behavioural restlessness (i.e. a measure of hyperactivity, with greater levels in 

the nursery-reared group), encouraging qualitative differences seemed to emerge in terms of 

duration of locomotion and sustained attention. That is, nursery-reared animals may also spend 

more time in locomotion overall, and show less sustained attention. However, no firm 

conclusions can be drawn yet before data from the whole sample has been fully collected and 

analysed. 

MRI data has been successfully acquired for the first sample of animals, with pre-processing of 

these images currently in progress. Once the data has been pre-processed, analyses will be 

carried out to investigate anatomical and functional differences in ADHD-related brain regions 

and circuitry.  

Genetic variation in dopamine receptor and transporter genes will also be evaluated (D4, 

D5, DAT) as part of this project, and additional assessments will be added to future time-points 

in order to investigate other behaviours relevant to ADHD (e.g. response inhibition).  

ADHD is associated with many poor social, cognitive, and emotional outcomes, and has an 

extremely negative impact on quality of life. Therefore, further knowledge on the emergence 

and development of this disorder is of critical importance. Findings from this project will 

greatly advance our understanding of the underlying mechanisms and developmental 

trajectories of ADHD. Ultimately, current findings will have important implications for future 

research with humans, and for the design of more effective treatments and intervention 

programmes.  

 

 

 

 

 

 

 

  



50 

 

References  

 

Ainsworth, M. S. (1979). Infant–mother attachment. American psychologist, 34(10), 932. 

Almeida Montes, L. G., Ricardo-Garcell, J., Barajas De La Torre, L. B., Prado Alcántara, H., 

Martínez García, R. B., Fernández-Bouzas, A., & Avila Acosta, D. (2010). Clinical 

correlations of grey matter reductions in the caudate nucleus of adults with attention 

deficit hyperactivity disorder. Journal of Psychiatry & Neuroscience: JPN, 35(4), 238–

246.  

American Psychiatic Association. (1952). Diagnostic and statistical manual: DSM. 

Washington, DC: APA Press. 

American Psychiatic Association. (1968). Diagnostic and statistical manual: DSM-II. 

Washington, DC: APA Press. 

American Psychiatic Association. (1980). Diagnostic and statistical manual: DSM-III. 

Washington, DC: APA Press. 

American Psychiatric Association. (1987). Diagnostic and statistical manual: DSM-III-R. 

Washington, DC: APA Press. 

American Psychiatric Association. (2000). Diagnostic and statistical manual of mental    

        disorders: DSM-IV. Washington, DC: Author.         

American Psychiatric Association. (2013). Diagnostic and statistical manual of mental 

disorders: DSM-V. Arlington, VA: Author. 

Antshel, K. M., Zhang-James, Y., & Faraone, S. V. (2013). The comorbidity of ADHD and 

autism spectrum disorder. Expert Review of Neurotherapeutics, 13(10), 1117–1128.  

Arnett, A. B., Pennington, B. F., Willcutt, E. G., DeFries, J. C., & Olson, R. K. (2015). Sex 

differences in ADHD symptom severity. Journal of Child Psychology and Psychiatry, 

56(6), 632–639.  



51 

 

Arnsten, A. F. T. (2009). The Emerging Neurobiology of Attention Deficit Hyperactivity 

Disorder: The Key Role of the Prefrontal Association Cortex. The Journal of Pediatrics, 

154(5), I-S43.  

Arnsten, A. F. T., & Pliszka, S. R. (2011). Catecholamine influences on prefrontal cortical 

function: Relevance to treatment of attention deficit/hyperactivity disorder and related 

disorders. Pharmacology Biochemistry and Behavior, 99(2), 211–216.  

Baldoni, F. (2014). Mentalizzazione e integrazione psicosomatica del Sé (pp. 93–130). 

Banaschewski, T., Hollis, C., Oosterlaan, J., Roeyers, H., Rubia, K., Willcutt, E., & Taylor, E. 

(2005). Towards an understanding of unique and shared pathways in the 

psychopathophysiology of ADHD. Developmental Science, 8(2), 132–140.  

Beauchaine, T. P. (2012). Physiological Markers of Emotion and Behavior Dysregulation in 

Externalizing Psychopathology. Monographs of the Society for Research in Child 

Development, 77(2), 79–86.  

Bechtel, N., Kobel, M., Penner, I.-K., Klarhöfer, M., Scheffler, K., Opwis, K., & Weber, P. 

(2009). Decreased fractional anisotropy in the middle cerebellar peduncle in children 

with epilepsy and/or attention deficit/hyperactivity disorder: A preliminary study. 

Epilepsy & Behavior, 15(3), 294–298.  

Becker, K., El-Faddagh, M., Schmidt, M. H., Esser, G., & Laucht, M. (2008). Interaction of 

Dopamine Transporter Genotype with Prenatal Smoke Exposure on ADHD Symptoms. 

The Journal of Pediatrics, 152(2), 263–269.e1.  

Beckett, C., Castle, J., Stevens, S., Sonuga-Barke, E. J., Rutter, M., Kumsta, R., & Kreppner, 

J. (2010). Iv. Developmental Course of Deprivation-Specific Psychological Patterns: 

Early Manifestations, Persistence To Age 15, and Clinical Features. Monographs of the 

Society for Research in Child Development, 75(1), 79–101.  

Biederman, J. (2005). Attention-Deficit/Hyperactivity Disorder: A Selective Overview. 

Biological Psychiatry, 57(11), 1215–1220.  



52 

 

Biederman, J., Mick, E., Faraone, S. V., Braaten, E., Doyle, A., Spencer, T., … Johnson, M. 

A. (2002). Influence of Gender on Attention Deficit Hyperactivity Disorder in Children 

Referred to a Psychiatric Clinic. American Journal of Psychiatry, 159(1), 36–42.  

Bowlby, J. (1969). Attachment and loss, vol. 1: Attachment (Vol. 1). New York: Basic Books 

Bowlby, J. (1958). A note on mother‐child separation as a mental health hazard. British 

Journal of Medical Psychology, 31(3‐4), 247-248. 

Bowlby, J. (1982). Attachment and loss: Retrospect and prospect. American Journal of 

Orthopsychiatry, 52(4), 664–678.  

Brookes, K., Xu, X., Chen, W., Zhou, K., Neale, B., Lowe, N., … Asherson, P. (2006). The 

analysis of 51 genes in DSM-IV combined type attention deficit hyperactivity disorder: 

association signals in DRD4, DAT1 and 16 other genes. Molecular Psychiatry, 11(10), 

934–953.  

Byers, R. K., & Lord, E. E. (1943). Late effects of lead poisoning on mental development. 

American Journal of Diseases of Children, 66(5), 471-494.  

Caspi, A., Hancox, R. J., Ross, S., Arseneault, L., Dickson, N., Harrington, H., … Moffitt, T. 

E. (2011). A gradient of childhood self-control predicts health, wealth, and public safety. 

Proceedings of the National Academy of Sciences, 108(7), 2693–2698.  

Castellanos, F. X., Lee, P. P., Sharp, W., Jeffries, N. O., Greenstein, D. K., Clasen, L. S., … 

Rapoport, J. L. (2002). Developmental trajectories of brain volume abnormalities in 

children and adolescents with attention-deficit/hyperactivity disorder. JAMA, 288(14), 

1740–1748.  

Castellanos, F. X., Margulies, D. S., Kelly, C., Uddin, L. Q., Ghaffari, M., Kirsch, A., … 

Milham, M. P. (2008). Cingulate-Precuneus Interactions: A New Locus of Dysfunction 

in Adult Attention-Deficit/Hyperactivity Disorder. Biological Psychiatry, 63(3), 332–

337.  

Castellanos, F. X., Sonuga-Barke, E. J. S., Milham, M. P., & Tannock, R. (2006). 

Characterizing cognition in ADHD: beyond executive dysfunction. Trends in Cognitive 

Sciences, 10(3), 117–123.  



53 

 

Coyne, S. P., Lindell, S. G., Clemente, J., Barr, C. S., Parker, K. J., & Maestripieri, D. (2015). 

Dopamine D4 receptor genotype variation in free-ranging rhesus macaques and its 

association with juvenile behavior. Behavioural Brain Research, 292, 50–55.  

Curatolo, P., D’Agati, E., & Moavero, R. (2010). The neurobiological basis of ADHD. Italian 

Journal of Pediatrics, 36(1), 79.  

Davies, W. (2014). Sex differences in Attention Deficit Hyperactivity Disorder: Candidate 

genetic and endocrine mechanisms. Frontiers in Neuroendocrinology, 35(3), 331–346.  

Diamond, A., & Goldman-Rakic, P. S. (1989). Comparison of human infants and rhesus 

monkeys on Piaget’s AB task: evidence for dependence on dorsolateral prefrontal cortex. 

Experimental Brain Research, 74(1), 24–40.  

Dickstein, S. G., Bannon, K., Xavier Castellanos, F., & Milham, M. P. (2006). The neural 

correlates of attention deficit hyperactivity disorder: an ALE meta-analysis. Journal of 

Child Psychology and Psychiatry, 47(10), 1051–1062.  

Dollard, J., & Miller, N. E. (1950). Personality and psychotherapy; an analysis in terms of 

learning, thinking, and culture. 

Douglas, V. I. (1972). Stop, look and listen: The problem of sustained attention and impulse 

control in hyperactive and normal children. Canadian Journal of Behavioural 

Science/Revue Canadienne Des Sciences Du Comportement, 4(4), 259–282.  

Durston, S., Fossella, J. A., Casey, B. J., Hulshoff Pol, H. E., Galvan, A., Schnack, H. G., … 

van Engeland, H. (2005). Differential effects of DRD4 and DAT1 genotype on fronto-

striatal gray matter volumes in a sample of subjects with attention deficit hyperactivity 

disorder, their unaffected siblings and controls. Molecular Psychiatry, 10(7), 678–685.  

Elkins, I. J., McGue, M., & Iacono, W. G. (2007). Prospective Effects of Attention-

Deficit/Hyperactivity Disorder, Conduct Disorder, and Sex on Adolescent Substance Use 

and Abuse. Archives of General Psychiatry, 64(10), 1145.  

Ellison-Wright, I., Ellison-Wright, Z., & Bullmore, E. (2008). Structural brain change in 

Attention Deficit Hyperactivity Disorder identified by meta-analysis. BMC Psychiatry, 

8(1), 51.  



54 

 

Emond, V., Joyal, C., & Poissant, H. (2009). Neuroanatomie structurelle et fonctionnelle du 

trouble déficitaire d’attention avec ou sans hyperactivité (TDAH). L’Encéphale, 35(2), 

107–114.  

Epstein, J. N., Casey, B. J., Tonev, S. T., Davidson, M. C., Reiss, A. L., Garrett, A., … 

Spicer, J. (2007). ADHD- and medication-related brain activation effects in concordantly 

affected parent-child dyads with ADHD. Journal of Child Psychology and Psychiatry, 

48(9), 899–913.  

Ferrari, P. F., Paukner, A., Ionica, C., & Suomi, S. J. (2009). Reciprocal Face-to-Face 

Communication between Rhesus Macaque Mothers and Their Newborn Infants. Current 

Biology, 19(20), 1768–1772.  

Fox, N. A. (2014). What Do We Know about Sensitive Periods in Human Development and 

How Do We Know It? Human Development, 57(4), 173–175.  

Fox, N. A., Almas, A. N., Degnan, K. A., Nelson, C. A., & Zeanah, C. H. (2011). The effects 

of severe psychosocial deprivation and foster care intervention on cognitive development 

at 8 years of age: findings from the Bucharest Early Intervention Project. Journal of 

Child Psychology and Psychiatry, 52(9), 919–928.  

Fox, N. A., Nelson, C. A., & Zeanah, C. H. (2017). The Effects of Psychosocial Deprivation 

on Attachment: Lessons from the Bucharest Early Intervention Project. Psychodynamic 

Psychiatry, 45(4), 441–450.  

Frenkel, T. I., Koss, K. J., Donzella, B., Frenn, K. A., Lamm, C., Fox, N. A., & Gunnar, M. R. 

(2017). ADHD Symptoms in Post-Institutionalized Children Are Partially Mediated by 

Altered Frontal EEG Asymmetry. Journal of Abnormal Child Psychology, 45(5), 857–

869.  

Frodl, T., & Skokauskas, N. (2012). Meta-analysis of structural MRI studies in children and 

adults with attention deficit hyperactivity disorder indicates treatment effects. Acta 

Psychiatrica Scandinavica, 125(2), 114–126.  

Gallo, E. F., & Posner, J. (2016). HHS Public Access, 3(6), 555–567.  



55 

 

Gilbert, D. L., Wang, Z., Sallee, F. R., Ridel, K. R., Merhar, S., Zhang, J., … Wassermann, E. 

M. (2006). Dopamine transporter genotype influences the physiological response to 

medication in ADHD. Brain, 129(8), 2038–2046.  

Goadsby, P. J., Kurth, T., & Pressman, A. (2016). HHS Public Access, 35(14), 1252–1260.  

Gunnar, M. R., Morison, S. J., Chisholm, K., & Schuder, M. (2001). Salivary cortisol levels 

in children adopted from romanian orphanages. Development and Psychopathology, 

13(3), 611–628.  

Gunnar, M. R., & Van Dulmen, M. H. (2007). Behavior problems in postinstitutionalized 

internationally adopted children. Development and psychopathology, 19(1), 129-148. 

Haber, S. N. (2003). The primate basal ganglia: parallel and integrative networks. Journal of 

Chemical Neuroanatomy, 26(4), 317–330.  

Harlow, H. F. (1959). Love in infant monkeys. Scientific American, 200(6), 68-75. 

Harlow, H. Zimmerman (1959). Affectionate responses in the infant monkey. Science, 130, 

421-432.  

Hart, H., Radua, J., Nakao, T., Mataix-Cols, D., & Rubia, K. (2013). Meta-analysis of 

Functional Magnetic Resonance Imaging Studies of Inhibition and Attention in 

Attention-deficit/Hyperactivity Disorder. JAMA Psychiatry, 70(2), 185.  

Hebb, D. O. (1947). The effects of early experience on problem-solving at maturity. American 

Psychologist, 2, 306-307.  

 

Hebb, D. O. (1949). The organization of behavior; a neuropsychological theory. The 

organization of behavior; a neuropsychological theory. Oxford, England: Wiley. 

Higham, J. P., Heistermann, M., & Maestripieri, D. (2011). The energetics of male–male 

endurance rivalry in free-ranging rhesus macaques, Macaca mulatta. Animal Behaviour, 

81(5), 1001–1007.  



56 

 

Hodel, A. S., Hunt, R. H., Cowell, R. A., Van Den Heuvel, S. E., Gunnar, M. R., & Thomas, 

K. M. (2015). Duration of early adversity and structural brain development in post-

institutionalized adolescents. NeuroImage, 105, 112–119.  

Hostinar, C. E., Stellern, S. A., Schaefer, C., Gunnar, M. R., & Carlson, S. M. (2012). 

Associations between early life adversity and executive function in children adopted 

internationally from orphanages. Proceedings of the National Academy of Sciences, 

109(Supplement_2), 17208–17212.  

Hubel, D. H. (1965). Binocular interaction in striate cortex of kittens reared with artificial 

squint. J Neurophysiol, 28(6), 1041–1059. 

Hubel, D. H., Wiesel, T. N., & Levay, S. (1977). Plasticity of Ocular Dominance Columns in 

Monkey Striate Cortex. Philosophical Transactions of the Royal Society of London. 

Series B, Biological Sciences, 278, 377–409. 

Immelmann, K. (1972). Sexual and Other Long-Term Aspects of Imprinting in Birds and 

Other Species. Advances in the Study of Behavior, 4, 147–174.  

Insel, T. R. (2009). Disruptive insights in psychiatry: transforming a clinical discipline. The 

Journal of Clinical Investigation, 119(4), 700–705.  

Janssen, T. W. P., Hillebrand, A., Gouw, A., Geladé, K., Van Mourik, R., Maras, A., & 

Oosterlaan, J. (2017). Neural network topology in ADHD; evidence for maturational 

delay and default-mode network alterations. Clinical Neurophysiology, 128(11), 2258–

2267.  

Jarrett, M. A., & Ollendick, T. H. (2008). A conceptual review of the comorbidity of 

attention-deficit/hyperactivity disorder and anxiety: Implications for future research and 

practice. Clinical Psychology Review, 28(7), 1266–1280. 

Jarrett, M. A., & Ollendick, T. H. (2008). A conceptual review of the comorbidity of 

attention-deficit/hyperactivity disorder and anxiety: Implications for future research and 

practice. Clinical Psychology Review, 28(7), 1266–1280.  

Johnson, L. B., Mulla, D. J., Munderloh, U. G., & Redig, P. T. (2015). HHS Public Access, 

12(1), 152–163.  



57 

 

Kaburu, S. S., Paukner, A., Simpson, E. A., Suomi, S. J., & Ferrari, P. F. (2016). Neonatal 

imitation predicts infant rhesus macaque (Macaca mulatta) social and anxiety-related 

behaviours at one year. Scientific Reports, 6, 34997. 

Kasparek, T., Theiner, P., & Filova, A. (2015). Neurobiology of ADHD from childhood to 

adulthood: Findings of imaging methods\. Journal of Attention Disorders, 19(11), 931–

943.  

Kennard, M. A. (1940). Relation of age to motor impairment in man and in subhuman 

primates. Archives of Neurology & Psychiatry, 44(2), 377-397.  

Kennedy, M., Kreppner, J., Knights, N., Kumsta, R., Maughan, B., Golm, D., … Sonuga-

Barke, E. J. S. (2016). Early severe institutional deprivation is associated with a 

persistent variant of adult attention-deficit/hyperactivity disorder: clinical presentation, 

developmental continuities and life circumstances in the English and Romanian 

Adoptees study. Journal of Child Psychology and Psychiatry and Allied Disciplines, 

57(10), 1113–1125.  

Konrad, K., Neufang, S., Fink, G. R., & Herpertz-Dahlmann, B. (2007). Long-term effects of 

methylphenidate on neural networks associated with executive attention in children with 

ADHD: results from a longitudinal functional MRI study. Journal of the American 

Academy of Child & Adolescent Psychiatry, 46(12), 1633-1641. 

Kreppner, J. M., O’Connor, T. G., Rutter, M., Beckett, C., Castle, J., Croft, C., … Groothues, 

C. (2001). Can inattention/overactivity be an institutional deprivation syndrome? Journal 

of Abnormal Child Psychology, 29(6), 513–528.  

Kreppner, J., Kumsta, R., Rutter, M., Beckett, C., Castle, J., Stevens, S., & Sonuga‐Barke, E. 

J. (2010). IV. Developmental course of deprivation‐specific psychological patterns: 

Early manifestations, persistence to age 15, and clinical features. Monographs of the 

Society for Research in Child Development, 75(1), 79-101. 

Kucyi, A., Hove, M. J., Biederman, J., Van Dijk, K. R. A., & Valera, E. M. (2015). Disrupted 

functional connectivity of cerebellar default network areas in attention-

deficit/hyperactivity disorder. Human Brain Mapping, 36(9), 3373–3386.  



58 

 

Kucyi, A., Hove, M. J., Biederman, J., Van Dijk, K. R. A., & Valera, E. M. (2015). Disrupted 

functional connectivity of cerebellar default network areas in attention-

deficit/hyperactivity disorder. Human Brain Mapping, 36(9), 3373–3386.  

Kumsta, R., Kreppner, J., Rutter, M., Beckett, C., Castle, J., Stevens, S., & Sonuga-Barke, E. 

J. (2010). III. DEPRIVATION-SPECIFIC PSYCHOLOGICAL PATTERNS. 

Monographs of the Society for Research in Child Development, 75(1), 48–78.  

Kumsta, R., Kreppner, J., Rutter, M., Beckett, C., Castle, J., Stevens, S., & Sonuga-Barke, E. 

J. (2010). Deprivation-specific psychological patterns. Monographs of the Society for 

Research in Child Development, 75(1), 48–78.  

Lahey, B. B., & Carlson, C. L. (1991). Validity of the Diagnostic Category of Attention 

Deficit Disorder Without Hyperactivity. Journal of Learning Disabilities, 24(2), 110–

120.  

Levin, P. M. (1938). Restlessness in children. Archives of Neurology & Psychiatry, 39(4), 

764-770. 

Li, J., Zeng, Y., Li, J., & Li, S. (2017). Mechanical Calculation and Analysis of the 

Newpaving System of UHPC-TPO Ultra-thin Layer on Long Span Steel Bridge. Beijing 

Gongye Daxue Xuebao/Journal of Beijing University of Technology (Vol. 43).  

Liston, C., Cohen, M. M., Teslovich, T., Levenson, D., & Casey, B. J. (2011). Atypical 

prefrontal connectivity in attention-deficit/hyperactivity disorder: Pathway to disease or 

pathological end point? Biological Psychiatry, 69(12), 1168–1177.  

Locatelli, L., Cadamuro, M., Spirli, C., Fiorotto, R., Morell, C. M., Popov, Y., … Schuppan, 

D. (2017). HHS Public Access. Hepatology, 63(3), 965–982.  

Loe, I. M., & Feldman, H. M. (2007). Academic and Educational Outcomes of Children With 

ADHD. Ambulatory Pediatrics, 7(1), 82–90.  

Loman, M. M., Johnson, A. E., Westerlund, A., Pollak, S. D., Nelson, C. A., & Gunnar, M. R. 

(2013). The effect of early deprivation on executive attention in middle childhood. 

Journal of Child Psychology and Psychiatry, 54(1), 37–45.  



59 

 

Lorenz, K. (1971). Studies in Animal and Human Behaviour. Volume II. Cambridge, MA and 

London, England: Harvard University Press.  

Lorenz, K. (1935). The companion in the bird’s world: The fellow-member of the species as 

releasing factor of social behavior. Journal fur Ornithologie Beiblatt (Leipzig), 83, 137-

213. 

Ma, C.-L., Arnsten, A. F. T., & Li, B.-M. (2005). Locomotor hyperactivity induced by 

blockade of prefrontal cortical α2-adrenoceptors in monkeys. Biological Psychiatry, 

57(2), 192–195.  

Mackie, S., Shaw, P., Lenroot, R., Pierson, R., Greenstein, D. K., Nugent, T. F., … Rapoport, 

J. L. (2007). Cerebellar Development and Clinical Outcome in Attention Deficit 

Hyperactivity Disorder. American Journal of Psychiatry, 164(4), 647–655.  

Marr, J. N., & Lilliston, L. G. (1969). Social Attachment in Rats By Odor and Age. 

Behaviour, 33(3–4), 277–282.  

Maestripieri. (2010). D. Maternal Anxiety in Rhesus Macaques (Macaca mulatta). Ethology 

95, 19–31. 

Meyer, E., & Byers, R. K. (1952). Measles encephalitis: A follow-up study of sixteen 

patients. AMA American journal of diseases of children, 84(5), 543-579. 

Mostert, J. C., Shumskaya, E., Mennes, M., Onnink, A. M. H., Hoogman, M., Kan, C. C., ... 

& Norris, D. G. (2016). Characterising resting-state functional connectivity in a large 

sample of adults with ADHD. Progress in Neuro-Psychopharmacology and Biological 

Psychiatry, 67, 82-91. 

Mueller, A., Hong, D. S., Shepard, S., & Moore, T. (2017). Linking ADHD to the neural 

circuitry of attention. Trends in cognitive sciences, 21(6), 474-488. 

Nakao, T., Radua, J., Rubia, K., & Mataix-Cols, D. (2011). Gray Matter Volume 

Abnormalities in ADHD: Voxel-Based Meta-Analysis Exploring the Effects of Age and 

Stimulant Medication. American Journal of Psychiatry, 168(11), 1154–1163.  



60 

 

Nakao, T., Radua, J., Rubia, K., & Mataix-Cols, D. (2011). Gray Matter Volume 

Abnormalities in ADHD: Voxel-Based Meta-Analysis Exploring the Effects of Age and 

Stimulant Medication. American Journal of Psychiatry, 168(11), 1154–1163.  

Narr, K. L., Woods, R. P., Lin, J., Kim, J., Phillips, O. R., Del’Homme, M., … Levitt, J. G. 

(2009). Widespread Cortical Thinning Is a Robust Anatomical Marker for Attention-

Deficit/Hyperactivity Disorder. Journal of the American Academy of Child & Adolescent 

Psychiatry, 48(10), 1014–1022.  

Nelson, C. A., Fox, N. A., & Zeanah, C. H. (2014). Romania’s abandoned children: 

deprivation, brain development, and the struggle for recovery. Harvard University Press. 

Nelson, C. A., Furtado, E. A., Fox, N. A., & Zeanah, C. H. (2009). The deprived human brain. 

American Scientist, 97(3), 222–229.  

Nigg, J. T., & Casey, B. J. (2005). An integrative theory of attention-deficit/ hyperactivity 

disorder based on the cognitive and affective neurosciences. Development and 

Psychopathology, 17(03), 785–806.  

Oken, B. S., Salinsky, M. C., & Elsas, S. M. (2006). Vigilance, alertness, or sustained 

attention: physiological basis and measurement. Clinical Neurophysiology, 117(9), 

1885–1901.  

Pliszka, S. R. (2015). Comorbid psychiatric disorders in children with ADHD. In R. A. 

Barkley (Ed.), Attention-deficit hyperactivity disorder: A handbook for diagnosis and 

treatment (pp. 140-168). New York, NY, US: Guilford Press. 

Poindron, P., Lévy, F., & Keller, M. (2007). Maternal responsiveness and maternal selectivity 

in domestic sheep and goats: The two facets of maternal attachment. Developmental 

Psychobiology, 49(1), 54–70.  

Pollak, S. D., Nelson, C. A., Schlaak, M. F., Roeber, B. J., Wewerka, S. S., Wiik, K. L., … 

Gunnar, M. R. (2010). Neurodevelopmental effects of early deprivation in 

postinstitutionalized children. Child Development, 81(1), 224–236.  



61 

 

Posner, J., Park, C., & Wang, Z. (2014). Connecting the dots: a review of resting connectivity 

MRI studies in attention-deficit/hyperactivity disorder. Neuropsychology Review, 24(1), 

3–15.  

Posner, J., Rauh, V., Gruber, A., Gat, I., Wang, Z., & Peterson, B. S. (2013). Dissociable 

attentional and affective circuits in medication-naïve children with attention-

deficit/hyperactivity disorder. Psychiatry Research: Neuroimaging, 213(1), 24–30.  

Robertson, J. (1952). A two-year-old goes to hospital [Film]. London: Tavistock Child 

Development Research Unit. 

Rohr, C. S., Dimond, D., Schuetze, M., Cho, I. Y. K., Lichtenstein-Vidne, L., Okon-Singer, 

H., … Bray, S. (2019). Girls’ attentive traits associate with cerebellar to dorsal attention 

and default mode network connectivity. Neuropsychologia, 127, 84–92.  

Roy, P., Rutter, M., & Pickles, A. (2000). Institutional care: risk from family background or 

pattern of rearing? Journal of Child Psychology and Psychiatry, and Allied Disciplines, 

41(2), 139–149.  

Roy, P., Rutter, M., & Pickles, A. (2004). Institutional care: Associations between 

overactivity and lack of selectivity in social relationships. Journal of Child Psychology 

and Psychiatry and Allied Disciplines, 45(4), 866–873.  

Rubia, K. (2007). Neuro-anatomic evidence for the maturational delay hypothesis of ADHD. 

Proceedings of the National Academy of Sciences of the United States of America, 

104(50), 19663–19664.  

Rubia, K., Halari, R., Cubillo, A., Smith, A. B., Mohammad, A.-M., Brammer, M., & Taylor, 

E. (2011). Methylphenidate normalizes fronto-striatal underactivation during interference 

inhibition in medication-naïve boys with attention-deficit hyperactivity disorder. 

Neuropsychopharmacology : Official Publication of the American College of 

Neuropsychopharmacology, 36(8), 1575–1586.  

Russell, V. A., Sagvolden, T., & Johansen, E. B. (2005). Behavioral and Brain Functions 

Animal models of attention-deficit hyperactivity disorder. Analysis, 17, 1–17.  



62 

 

Rutter, M. L. (2001). English and Romanian Adoptees (ERA) study team. Specificity and 

heterogeneity in children's responses to profound institutional privation. Br J Psychiatry, 

179, 97-103.  

Schulz, K. P., Fan, J., Bédard, A.-C. V., Clerkin, S. M., Ivanov, I., Tang, C. Y., … Newcorn, 

J. H. (2012). Common and Unique Therapeutic Mechanisms of Stimulant and 

Nonstimulant Treatments for Attention-Deficit/Hyperactivity Disorder. Archives of 

General Psychiatry, 69(9), 952. https://doi.org/10.1001/archgenpsychiatry.2011.2053 

Sergeant, J. A., Geurts, H., Huijbregts, S., Scheres, A., & Oosterlaan, J. (2003). The top and 

the bottom of ADHD: a neuropsychological perspective. Neuroscience and 

Biobehavioral Reviews, 27(7), 583–592. Retrieved from  

Shaw, P., Eckstrand, K., Sharp, W., Blumenthal, J., Lerch, J. P., Greenstein, D., … Rapoport, 

J. L. (2007). Attention-deficit/hyperactivity disorder is characterized by a delay in 

cortical maturation. Proceedings of the National Academy of Sciences, 104(49), 19649–

19654.  

Shaw, P., Gilliam, M., Liverpool, M., Weddle, C., Malek, M., Sharp, W., … Giedd, J. (2011). 

Cortical Development in Typically Developing Children With Symptoms of 

Hyperactivity and Impulsivity: Support for a Dimensional View of Attention Deficit 

Hyperactivity Disorder. American Journal of Psychiatry, 168(2), 143–151.  

Shaw, P., Lerch, J., Greenstein, D., Sharp, W., Clasen, L., Evans, A., … Rapoport, J. (2006). 

Longitudinal Mapping of Cortical Thickness and Clinical Outcome in Children and 

Adolescents With Attention-Deficit/Hyperactivity Disorder. Archives of General 

Psychiatry, 63(5), 540.  

Shaw, P., Sharp, W. S., Morrison, M., Eckstrand, K., Greenstein, D. K., Clasen, L. S., … 

Rapoport, J. L. (2009). Psychostimulant Treatment and the Developing Cortex in 

Attention Deficit Hyperactivity Disorder. American Journal of Psychiatry, 166(1), 58–

63.  

Sheridan, M., Drury, S., McLaughlin, K., & Almas, A. (2010). Early Institutionalization: 

Neurobiological Consequences and Genetic Modifiers. Neuropsychology Review, 20(4), 

414–429.  



63 

 

Shirley, M. (1939). A Behavior Syndrome Characterizing Prematurely-Born Children. Child 

Development, 10(2), 115.  

Simon, V., Czobor, P., Bálint, S., Mészáros, Á., & Bitter, I. (2009). Prevalence and correlates 

of adult attention-deficit hyperactivity disorder: meta-analysis. British Journal of 

Psychiatry, 194(03), 204–211.  

Simon, V., Czobor, P., Bálint, S., Mészáros, Á., & Bitter, I. (2009). Prevalence and correlates 

of adult attention-deficit hyperactivity disorder: meta-analysis. British Journal of 

Psychiatry, 194(03), 204–211.  

Smyke, A. T., Zeanah, C. H., Fox, N. A., Nelson, C. A., & Guthrie, D. (2010). Placement in 

foster care enhances quality of attachment among young institutionalized children. Child 

development, 81(1), 212-23. 

Sontag, T. A., Tucha, O., Walitza, S., & Lange, K. W. (2010). Animal models of attention 

deficit/hyperactivity disorder (ADHD): A critical review. ADHD Attention Deficit and 

Hyperactivity Disorders, 2(1), 1–20.  

Sonuga-Barke, E. J. S. (2005). Causal Models of Attention-Deficit/Hyperactivity Disorder: 

From Common Simple Deficits to Multiple Developmental Pathways. Biological 

Psychiatry, 57(11), 1231–1238.  

Sonuga-Barke, E., Bitsakou, P., & Thompson, M. (2010). Beyond the dual pathway model: 

evidence for the dissociation of timing, inhibitory, and delay-related impairments in 

attention-deficit/hyperactivity disorder. Journal of the American Academy of Child and 

Adolescent Psychiatry, 49(4), 345–355.  

Spencer, T. J., Biederman, J., & Mick, E. (2007). Attention-Deficit/Hyperactivity Disorder: 

Diagnosis, Lifespan, Comorbidities, and Neurobiology. Journal of Pediatric Psychology, 

32(6), 631–642.  

Spencer, T. J., Biederman, J., Madras, B. K., Faraone, S. V., Dougherty, D. D., Bonab, A. A., 

& Fischman, A. J. (2005). In Vivo Neuroreceptor Imaging in Attention-

Deficit/Hyperactivity Disorder: A Focus on The Dopamine Transporter. Biological 

Psychiatry, 57(11), 1293–1300.  



64 

 

Spencer, T. J., Biederman, J., & Mick, E. (2007). Attention-Deficit/Hyperactivity Disorder: 

Diagnosis, Lifespan, Comorbidities, and Neurobiology. Ambulatory Pediatrics, 7(1), 73–

81.  

Stahl, S. M. (2010). Mechanism of Action of Stimulants in Attention-Deficit/Hyperactivity 

Disorder. The Journal of Clinical Psychiatry, 71(01), 12–13.  

Stiefel, G., & Besag, F. M. C. (2010). Cardiovascular Effects of Methylphenidate, 

Amphetamines and Atomoxetine in the Treatment of Attention-Deficit Hyperactivity 

Disorder. Drug Safety, 33(10), 821–842.  

Still, G. F. (1902). Some abnormal psychical conditions in children. Lancet, (I), 1008-

1012,1077-1082. 

Stoodley, C. J. (2016). The Cerebellum and Neurodevelopmental Disorders. The Cerebellum, 

15(1), 34–37.  

Storebø, O. J., Pedersen, N., Ramstad, E., Kielsholm, M. L., Nielsen, S. S., Krogh, H. B., … 

Gluud, C. (2018). Methylphenidate for attention deficit hyperactivity disorder (ADHD) 

in children and adolescents - assessment of adverse events in non-randomised studies. 

Cochrane Database of Systematic Reviews.  

Sun, J., Mohay, H., & O’Callaghan, M. (2009). A comparison of executive function in very 

preterm and term infants at 8 months corrected age. Early Human Development, 85(4), 

225–230.  

Tang, C., Wei, Y., Zhao, J., & Nie, J. (2018). Different developmental pattern of brain 

activities in ADHD: A study of resting-state fMRI. Developmental Neuroscience, 40(3), 

246–257.  

Thompson, W. R., & Heron, W. (1954). The effects of restricting early experience on the 

problem-solving capacity of dogs. Canadian Journal of Psychology/Revue Canadienne 

de Psychologie, 8(1), 17–31.  

Tounekti, S., Troalen, T., Bihan-Poudec, Y., Froesel, M., Lamberton, F., Ozenne, V., … Hiba, 

B. (2018). High-resolution 3D diffusion tensor MRI of anesthetized rhesus macaque 

brain at 3T. NeuroImage, 181, 149–161.  



65 

 

Tovo-Rodrigues, L., Rohde, L. A., Menezes, A. M. B., Polanczyk, G. V., Kieling, C., Genro, 

J. P., … Hutz, M. H. (2013). DRD4 Rare Variants in Attention-Deficit/Hyperactivity 

Disorder (ADHD): Further Evidence from a Birth Cohort Study. PLoS ONE, 8(12), 

e85164.  

Valera, E. M., Faraone, S. V., Murray, K. E., & Seidman, L. J. (2007). Meta-Analysis of 

Structural Imaging Findings in Attention-Deficit/Hyperactivity Disorder. Biological 

Psychiatry, 61(12), 1361–1369.  

van Ewijk, H., Heslenfeld, D. J., Zwiers, M. P., Buitelaar, J. K., & Oosterlaan, J. (2012). 

Diffusion tensor imaging in attention deficit/hyperactivity disorder: A systematic review 

and meta-analysis. Neuroscience and Biobehavioral Reviews, 36(4), 1093–1106.  

Wang, S. S.-H., Kloth, A. D., & Badura, A. (2014). The Cerebellum, Sensitive Periods, and 

Autism. Neuron, 83(3), 518–532. Wiesel, T N, & Hubel, D. H. (1970). The period of 

susceptibility to the physiological effects of unilateral eye closure in kittens. The Journal 

of Physiology, 206, 419–436. 

Wiesel, T. N. (1982). The postnatal development of the visual cortex and the influence of 

environment. Bioscience Reports, 2(6), 351–377.  

Wiik, K. L., Loman, M. M., Van Ryzin, M. J., Armstrong, J. M., Essex, M. J., Pollak, S. D., 

& Gunnar, M. R. (2011). Behavioral and emotional symptoms of post-institutionalized 

children in middle childhood. Journal of Child Psychology and Psychiatry, 52(1), 56–63.  

Willcutt, E. G. (2012). The Prevalence of DSM-IV Attention-Deficit/Hyperactivity Disorder: 

A Meta-Analytic Review. Neurotherapeutics, 9(3), 490–499.  

Wood, S., Sage, J. R., Shuman, T., & Anagnostaras, S. G. (2014). Psychostimulants and 

Cognition: A Continuum of Behavioral and Cognitive Activation. Pharmacological 

Reviews, 66(1), 193 LP-221.  

Ye, Q., Yang, C., Tao, J., Chen, C., Zhao, K., Qian, A., … Li, J. (2018). Effects of the 2-

Repeat Allele of the DRD4 Gene on Neural Networks Associated With the Prefrontal 

Cortex in Children With ADHD. Frontiers in Human Neuroscience, 12(July), 1–12.  



66 

 

Zeanah, C. H., Gunnar, M. R., McCall, R. B., Kreppner, J. M., & Fox, N. A. (2011). VI. 

Sensitive periods. Monographs of the Society for Research in Child Development, 76(4), 

147–162.  

Zeanah, C. H., Humphreys, K. L., Fox, N. A., & Nelson, C. A. (2017). Alternatives for 

abandoned children: insights from the Bucharest Early Intervention Project. Current 

Opinion in Psychology, 15(March), 182–188.  

Zeanah, C. H., Nelson, C. A., Fox, N. A., Smyke, A. T., Marshall, P., Parker, S. W., & Koga, 

S. (2003). Designing research to study the effects of institutionalization on brain and 

behavioral development: the Bucharest Early Intervention Project. Development and 

Psychopathology, 15(4), 885–907.  

 


