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Temperament refers to a style or pattern of behavior that 

characterizes young infants’ ongoing interaction with the 

world. Individual differences in this behavioral style are 

thought to refl ect biologically based dispositions (Goldsmith 

et al., 1987), and a large part of the current research is rooted 

in models of individual differences that emphasize the role 

of the nervous system in the expression of behavioral styles 

(Kagan, 1994; Rothbart and Derryberry, 1981). The precise 

nature of these biological differences has only recently been 

investigated. This work refl ects a developing synthesis of 

research in the neurosciences and developmental psychology 

leading toward an understanding of the biology of behavior. 

The present chapter will provide the reader with a review 

of research into the underlying biology of infant reactivity 

and regulation, two factors that comprise the constituent 

parts of Rothbart’s model of infant temperament (Rothbart 

and Derryberry, 1981). We will present data from our 

research program on behavioral inhibition, as a “model 

system” for examining the biology of infant reactivity and 

regulation, as well as factors that may infl uence the stability 

of individual differences in these two components of tem-

perament. In addition, we will highlight recent work in 

molecular genetics and gene X environment interactions 

as an attempt to further understand the developmental 

processes involved in stability and change in child 

temperament.

Psychobiological models of temperament

The 20th-century neurophysiologist Pavlov noted differ-

ences in speed of conditioning and suggested that these 

effects were a result of individual differences in strength of 

the nervous system (Pavlov, 1927). Eastern European per-

sonality psychologists subsequently adopted this idea and 

constructed typologies of personality based upon differences 

in strength of the nervous system (e.g., Strelau, 1983). Gray 

(1982, 1987) later articulated a motivation-based model of 

individual differences in temperament in which he proposed 

three fundamental motivation systems, each defi ned by a set 

of behavioral input-output relations and associated with a 

particular subsystem in the brain. These three systems are 

the behavioral inhibition system, the fi ght-fl ight system, and 

the behavioral approach system. There are a number of 

comprehensive reviews of the comparative behavioral evi-

dence and the underlying neural bases for each system 

(Gray, 1991). Much of the behavioral work examining 

Gray’s model and its relation to temperament/personality 

has centered on the use of Eysenck’s model (Eysenck and 

Eysenck, 1985). This model makes specifi c predictions about 

the susceptibility to conditioning and arousal of introverts 

and extraverts, as well as the effi cacy of certain types of 

reinforcement as a function of personality.

Mary Rothbart expanded on the ideas of Pavlov and 

the Eastern European personality psychologists, as well as 

Gray’s notions of activation and inhibition, to articulate a 

psychobiological model of infant temperament. Rothbart’s 

theory of temperament has as its foundation the notion 

that infants differ early in life in the manner in which they 

respond to sensory stimulation (Rothbart and Derryberry, 

1981). Infants also vary widely in their ability to achieve 

homeostasis or return to baseline subsequent to a reactive 

response.

Interest in individual differences in infant temperament 

has paralleled research in the development and individual 

differences in emotional expression and control (N. Fox, 

1994a; Henderson and Fox, 2007). Goldsmith and Campos 

(1986), for example, posit that temperament may be viewed 

as individual differences among infants in the expression 

of specifi c emotions in reaction to specifi c contexts. For 

example, some infants may be predisposed to respond with 

the emotion of fear to novelty or uncertainty, a hallmark 

of the temperamental style of behavioral inhibition 

(N. A. Fox et al., 2001; Kagan, Reznick, and Snidman, 

1987).

An integrative approach to the biology of temperament

Integrative research approaches to the study of tempera-

ment incorporate Rothbart’s behavioral model of tempera-

ment with the fi ndings from neuroscience research, such 

as that of Davis (1992, 1998) and LeDoux (LeDoux, Farb, 

and Ruggiero, 1990; LeDoux et al., 1988). In our view, early 
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840 emotion⁄cognition interactions

manifestations of temperament refl ect differences in infant 

response to different sensory or social stimuli. Overlaying 

these behavioral and physiological responses is the infant’s 

affective display. Reactivity is marked by motoric (excluding 

the motor responses involved in the display of facial expres-

sion), physiological, and affective components of response. 

Infants may vary in their threshold or intensity of reactions 

to auditory, visual, tactile, or olfactory stimuli. Moreover, 

the affective bias, or predisposition to respond with a par-

ticular emotion or set of emotions, may be modality specifi c. 

That is, infants may be more likely to display negative or 

positive affect in response to stimulation specifi c to one 

modality over another. These initial affective dispositions 

are refl ected in certain patterns of central nervous system 

activity that are evident early in the fi rst year of life and 

that may bias the infant in its response to the social world. 

These individual differences in sensory sensitivity may have 

important implications for an infant’s interactions with 

his/her environment, including, perhaps most importantly, 

caregiver-infant interactions.

Over the course of the fi rst years of life, reactive responses 

increase in complexity, as do the competencies that are 

involved in the regulation of these responses. Behavioral 

competencies nominated to play a role in regulation include 

use of language (both private speech and its internalization), 

motor inhibition, attentional shifting and focusing, self-

monitoring, and the ability to fl exibly switch set (Dodge, 

1991; Kopp, 1982; Thompson, 1990). These latter skills 

have also been investigated under the rubric of executive-

function skills, and there is some discussion in the literature 

on the signifi cance of the coincidental development of these 

skills and behaviors involved in regulation of emotion (Kopp, 

1989; Welsh and Pennington, 1988). In our view, individual 

differences in the maturation of the prefrontal cortex play 

an important role in understanding the development of 

regulatory behaviors and, in particular, behaviors associated 

with the regulation of emotional reactivity. Areas of the 

prefrontal cortex have been implicated as subserving execu-

tive functions that in turn may play a role in regulating 

reactive tendencies.

The role of cognitive processes as modulators of tempera-

mental reactivity also corresponds to dual-process models 

describing the neural basis of social behavior, in which corti-

cal regions such as the medial prefrontal cortex and rostral 

anterior cingulate function to inhibit or regulate lower-

level limbic reactions and associated emotional responses 

(e.g., Lieberman et al., 2002; Satpute and Lieberman, 2006). 

In traditional dual-process models, top-down processes are 

emphasized in which the motor and autonomic components 

of responses to sensory stimuli are modulated by the control 

of higher-order cortical processes in a unidirectional manner. 

Defi cits in cortical control thus contribute to the disinhibi-

tion of these more primitive limbic responses.

There are, of course, multiple approaches to under-

standing the relations between reactive and regulatory 

processes. One view is that intense emotion may fl ood 

or overwhelm the cognitive system, interfering with its 

effi ciency (e.g., Lazarus and Folkman, 1984; Mandler, 1982). 

Individuals may not necessarily differ in their cognitive 

skills under affect-neutral conditions, whereas their reactive 

responses under stress may produce interference in the 

performance of certain cognitive competencies (Pérez-Edgar 

et al., 2006). The development of such interference effects 

may be particularly strong among young behaviorally 

inhibited children. Developmentally, the experience of 

intense negative affect might occur in behaviorally inhibited 

children prior to the appearance of cognitive skills thought 

important in the regulation of reactivity. Data from our 

laboratory suggests, for example, that infants exhibiting 

high frequencies of negative affect and motor reactivity to 

novel auditory and visual stimuli are more likely to display 

behavioral inhibition as toddlers (e.g., Calkins, Fox, and 

Marshall, 1996). Thus, from infancy, these children have 

had the experience of intense negative affect in response to 

novelty. As general cognitive skills emerge, there may be 

attempts to utilize them in the service of regulation of distress 

or negative affect. If the negative affect is intense, these 

cognitive skills may not be effi ciently evoked to produce 

successful regulation of negative affect. One would thus 

expect normative performance in behaviorally inhibited 

children on cognitive tasks thought to subsume regulation 

(e.g., attention or executive-function skills) in the absence 

of emotional challenge. In contrast a decrement in perfor-

mance on these tasks might be expected when they are 

overlaid with a negative affect component (Pérez-Edgar and 

Fox, 2005a).

A neural model of this account might include the infl u-

ence of subcortical activation on those areas of cortex 

thought to involve these higher-order cognitive skills. This 

bottom-up view might account for the disruption of ongoing 

cognitive activity thought to occur during periods of intense 

negative affect. There are a variety of data that indicate that 

limbic areas modulate cortical activity (Derryberry and 

Tucker, 1991). Garcia and colleagues (1999) have reported 

that in a fear-conditioning paradigm, amygdala activity 

modulated the activity of the prefrontal cortex. The authors 

implanted electrodes in prefrontal cortical areas and found 

a reduction in neuronal activity as a function of amygdala 

activation. Prefrontal neuronal activity was manipulated by 

performing bilateral lesions in the amygdala complex of the 

animals. The authors speculate that abnormal amygdala-

induced modulation of prefrontal neuronal activity may be 

involved in the pathophysiology of certain forms of anxiety 

disorder.

In all probability, neither the top-down model in which 

cortical processes modulate limbic areas nor the bottom-up 
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fox et al.: biology of temperament  841

model in which activation of limbic regions modulates cortex 

is suffi cient to explain relations between emotional reactivity 

and regulation. The behavioral work of Rothbart and others 

including Kochanska (e.g., Kochanska, Murray, and Coy, 

1997) and Eisenberg (e.g., Eisenberg et al., 1994) clearly 

indicates that certain cognitive processes involving attention 

and inhibition are critical in regulating emotional distress. 

However, in individuals with temperamental biases to 

express negative affect in response to novelty or stress, cogni-

tive processes may be insuffi cient to down-regulate intense 

emotional arousal.

Behavioral inhibition: A “model system” for studying the 
biology of temperament

Behavioral inhibition is found in approximately 15 percent 

of the population and is defi ned as the tendency to display 

signs of fear and wariness in response to unfamiliar stimuli 

(Kagan, Reznick, and Snidman, 1988b; Schmidt et al., 

1997). Behaviorally inhibited children are unlikely to initiate 

interaction and often do not respond positively when social 

initiations are made toward them (Coplan et al., 1994). 

Behavioral inhibition is by defi nition a construct character-

ized by a constellation of traits at both the behavioral and 

biological levels. Specifi cally, inhibited children show a high 

heart rate and low beat-to-beat variability in heart rate 

(Marshall and Stevenson-Hinde, 1998), pupillary dilation 

during cognitive tasks (Kagan, Reznick, and Snidman, 

1988b), elevated salivary cortisol levels (N. Fox and Stifter, 

1989; Schmidt et al., 1997), an increased startle response 

(Kagan, Reznick, and Snidman, 1988a, 1988b; Schmidt 

and Fox, 1999), and right frontal electroencephalogram 

(EEG) asymmetry (M. Bell and Fox, 1994; Calkins, Fox, and 

Marshall, 1996; N. A. Fox et al., 2001).

Underlying this complex biological and behavioral pattern 

is the assumption of a hyperaroused limbic system, centered 

on the amygdala. In proposing the model, Kagan drew on 

a line of research linking the amygdala to the acquisition of 

conditioned fear (M. Davis, Walker, and Lee, 1997), the 

induction of vigorous limb movements (Amaral et al., 1992), 

and the modulation of distress cries (Newman, 1985). In 

examining the phenomenology of behavioral inhibition, the 

studies we have noted all chose behavioral or physiological 

outcomes that refl ect the presumed activation of nuclei 

within the amygdala. In addition, this work is directly linked 

to research on the neural circuitry underlying the behaviors 

of conditioned and unconditioned fear.

Brown, Kalish, and Farber (1951) demonstrated that the 

acoustic startle refl ex (an unconditioned response) could be 

augmented or potentiated by presenting the acoustic startle 

stimulus in the presence of a cue that had previously been 

paired with a shock. This state potentiates the acoustic startle 

refl ex, which is thought of as an index of fear. In a series of 

elegant experiments Michael Davis and his colleagues iden-

tifi ed the neural circuitry involved in the acoustic refl ex in 

the rat and mapped the circuitry involved in the augmenta-

tion of that refl ex (Davis, 1986, 1989; Davis et al., 1993; 

Davis, Hitchcock, and Rosen, 1987). These studies showed 

that the acoustic startle pathway consists of only three syn-

apses and that a single nucleus in the amygdala, the central 

nucleus, is involved in the potentiation of the refl ex (LeDoux 

et al., 1988, 1990).

Davis and colleagues recognized the possible limitations 

of applying a neural model of conditioned fear to certain 

forms of fearful or anxious behavior in humans. A fear 

state is assumed to have a specifi c elicitor, whereas anxious 

behaviors may refl ect a more generalized state with no 

specifi c eliciting stimulus. As a consequence, in their more 

recent work they have attempted to examine the neural 

circuits associated with non-fear-potentiated startle (see 

Davis, 1998). In fear-potentiated startle the central nucleus 

of the amygdala played a critical role in the augmentation 

of the refl ex. However, Davis and colleagues showed a clear 

distinction between the central nucleus of the amygdala and 

the bed nucleus of the stria terminalis (a site adjacent to but 

anatomically distinct from the amygdala) in relation to fear-

potentiated startle versus non-fear-enhanced startle (e.g., 

Walker and Davis, 1997). While lesions of the central nucleus 

blocked expression of fear-potentiated startle, they had no 

effect on light-enhanced startle. Conversely, lesions of the 

bed nucleus of the stria terminalis signifi cantly attenuated 

light-enhanced startle without any effect on fear-potentiated 

startle.

Additionally, Davis and colleagues found that the bed 

nucleus of the stria terminalis (along with other limbic struc-

tures) but not the central nucleus was involved in startle 

enhanced by corticotrophin-releasing factor (CRH), a 

neuropeptide involved in stress reactivity (Lee and Davis, 

1997). Davis and colleagues believe these fi ndings to be 

critical to their model differentiating conditioned fear and 

its location in the central nucleus from anxiety and its loca-

tion in the stria terminalis. A CRH-enhanced state has a 

longer time course, and this longer action may be more akin 

to a model of anxiety than to conditioned fear. Importantly, 

for the study of behavioral inhibition, both neural systems 

(central nucleus of the amygdala and bed nucleus) have 

similar outputs to autonomic and motor targets.

Kagan’s use of Davis’s fear model is further extended by 

a growing literature linking behavioral inhibition to anxiety, 

a class of disorders long associated with an overly sensitive 

or hyperaroused fear system (Davis, 1992; Pérez-Edgar and 

Fox, 2005b). For example, a recent report (Schwartz et al., 

2003b) found that 15 percent of young adults previously 

identifi ed as behaviorally inhibited as toddlers were diag-

nosed with generalized social phobia. Schwartz, Snidman, 

and Kagan (1999) earlier found that adolescents found to be 
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842 emotion⁄cognition interactions

inhibited at age 2 were more likely than their uninhibited 

peers to show symptoms of social anxiety as assessed by 

a semistructured diagnostic interview (i.e., DISC; Schaffer 

et al., 1996). Indeed, 61 percent of the adolescents had 

current symptoms, and a full 80 percent had shown symp-

toms of anxiety at one point in their lifetime.

Biederman and colleagues (2001) found that the rate of 

social anxiety disorder was signifi cantly higher in inhibited 

children than in children without behavioral inhibition, 

particularly if the parent had a current psychiatric diagnosis. 

In addition, parallel studies have found that children of 

parents with anxiety disorders are more likely to show 

extreme behavioral inhibition (Biederman et al., 1991). A 

summary of these fi ndings and others can be found in table 

form in a review by Hirshfeld-Becker and colleagues (2003) 

of the studies linking behavioral inhibition to vulnerability 

to psychopathology, as well as in Pérez-Edgar and Fox 

(2005b).

Supporting these behavioral observations are documented 

similarities in the biological patterns associated with both 

anxiety and behavioral inhibition. Anxious states are often 

accompanied by autonomic arousal seen in tachycardia, 

pupil dilation, enhanced refl exes, tremor, and an increased 

startle response (Cuthbert et al., 2003). These same responses 

are evident in behaviorally inhibited children when they 

are confronted with novel or unfamiliar situations (Kagan, 

Reznick, and Snidman, 1988a, 1988b; Schmidt and Fox, 

1999).

In the childhood anxiety literature, researchers are now 

beginning to move beyond secondary measures of the 

hypothesized amygdala model to direct observations of 

amygdala reactivity. For example, Monk and colleagues 

(2003) found that children fearful of an uncomfortable air 

puff to the larynx showed more right-amygdala activation 

when faced with the threat of the upcoming air puff. In 

addition, children with anxiety disorders display hyperre-

sponsive amygdala activity compared to healthy children of 

the same age when viewing fearful versus neutral faces, par-

ticularly in the right hemisphere (Thomas et al., 2001). More 

recent work (McClure et al., 2007) found that adolescents 

with general anxiety disorder show increased amygdala 

reactivity when asked to rate their own subjective fear state 

during a face-processing task. As in other studies, the effect 

was strongest when the individual was faced with negative 

or threatening stimuli.

Although research in behavioral inhibition has been 

driven for the last two decades by the amygdala model, 

it has relied on behavioral (e.g., motoric reactivity in 

infancy) and biological (e.g., autonomic reactivity) markers 

theoretically linked to amygdala functioning (e.g., N. Fox, 

Henderson et al., 2005; Pérez-Edgar and Fox, 2005b). The 

fi rst direct observations of amygdala activity in vivo associ-

ated with behavioral inhibition have only emerged in the last 

few years (Pérez-Edgar et al., 2007; Schwartz et al., 2003a). 

Schwartz and colleagues (2003a) demonstrated that young 

adults characterized as behaviorally inhibited in the second 

year of life exhibited amygdala hyperreactivity to novel 

neutral facial expressions relative to familiarized neutral 

expression faces, regardless of their current levels of anxiety. 

These data were the fi rst to fi nd direct links between early 

behavioral inhibition and later amygdala activity, laying the 

foundation for future studies.

In a follow-up study (Pérez-Edgar et al., 2007), behav-

iorally inhibited adolescents completed a face-processing 

task previously used by McClure and colleagues (2007) 

to illustrate anxiety-linked differences in amygdala reactiv-

ity. Behaviorally inhibited adolescents showed increased 

amygdala activation while rating subjective fear state, 

although this effect was evident across all stimuli, without 

regard to face valence. These data suggest that behavior-

ally inhibited adolescents are responding less to the 

valence of the face and more to the novelty of the 

task demands (e.g., rating how afraid one is of a happy 

face).

In addition, recent work has taken advantage of functional 

magnetic resonance imaging (fMRI) technology to examine 

differences in neural functioning underlying behavioral 

inhibition that move beyond the amygdala and its role in 

the fear circuit. Until recently, no research on behavioral 

inhibition has examined attention to cues that engage 

approach behaviors (e.g., rewards). Such work is important, 

since behavioral inhibition could be associated with biased 

responses to an array of motivationally salient stimuli, 

including both rewards and punishments (S. Reynolds and 

Berridge, 2002; Roitman, Wheeler, and Carelli, 2005). 

Indeed, a behavioral study using a monetary incentive delay 

(MID) task developed by Knutson and colleagues (2001) in 

shy college students found faster reaction times to potential 

rewards in shy students, refl ecting perhaps an enhanced 

reward sensitivity (Hardin et al., 2006). Reward-related 

processing is thought to be mediated in part by a distributed 

neural circuit encompassing the striatum and associated 

regions (Di Chiara, 2002). This circuitry facilitates attention 

to salient stimuli and regulates approach behavior.

Similarly, Guyer and colleagues (2006) demonstrated 

that behaviorally inhibited adolescents present an en-

hanced neural sensitivity to incentives relative to noninhib-

ited adolescents. This enhanced sensitivity was manifest as 

greater striatal activation in the anticipation of monetary 

gain or loss, with striatal activation increasing in the 

behaviorally inhibited group as the magnitude of incentive 

grew larger. Again, the enhanced striatal activation found in 

the study suggests that stimulus salience may be an impor-

tant factor in relation to behavioral inhibition. The fi ndings 

may also help interpret the developmental literature linking 

early behavioral inhibition with later psychopathology, 
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implicating altered developmental trajectories centered on 

the reward circuitry (Ernst, Pine, and Hardin, 2006).

Future work is poised to expand on these early fi ndings, 

diversifying the tasks and modalities used, as well as the 

neural substrates of interest. For example, our understand-

ing of the developmental sequelae of early temperament 

would benefi t from a focus on regulatory mechanisms that 

may interact with early reactive processes (e.g., fear or 

reward) to shape behavior. To this end, a focus on the 

primary regulators of the amygdala, such as the orbitofrontal 

cortex (OFC) or ventral prefrontal cortex (vPFC), hold a 

great deal of promise (Bishop, Duncan, and Lawrence, 2004; 

Monk et al., 2004, 2006). Studies linking reactive and regula-

tory neural mechanisms add a needed empirical dimension 

to the theoretical constructs driving much of the current 

(behavioral) temperament research (Rothbart and Ahadi, 

1994).

Frontal EEG asymmetry as a marker of negative 
reactivity

One important biological marker of temperamental biases 

to approach or withdraw from unfamiliarity can be found 

in the pattern of EEG recorded over frontal scalp locations. 

The motivation for examining EEG asymmetries in relation 

to approach/withdrawal tendencies derives from a variety 

of data that encompasses work with clinical adult popula-

tions, normative adults, and children (see N. Fox, 1994b; 

Silberman and Weingartner, 1986). There has long been 

interest in the fi nding that unilateral lesion or stroke, particu-

larly in anterior portions of cortex, seems to differentially 

affect mood state. Left anterior lesions are often associated 

with depressive symptoms and negative affect (Morris et al., 

1996), while right anterior lesions are associated with mania 

and inappropriate positive affect (Sackheim et al., 1982). 

These clinical fi ndings have prompted theorists to speculate 

as to the functional implications of prefrontal cortex lateral-

ization for motivation and emotion.

One prominent model, postulated by R. Davidson (1992) 

and N. Fox (1991) holds that anterior regions of the two 

hemispheres are lateralized for the behavioral/motivational 

systems involved in either approach or withdrawal. The left 

anterior region is specialized for the integration and control 

of those motor and cognitive behaviors associated with 

approach, novelty seeking, and reward, including most posi-

tive affects and fi ne motor and exploratory behavior. The 

right anterior region is specialized for the integration and 

control of those motor and cognitive behaviors associated 

with withdrawal, fl ight, or aversive responses.

Davidson and colleagues found that subjects exhibiting 

right frontal EEG asymmetry were more likely to rate video 

clips as negative compared to subjects exhibiting left frontal 

EEG asymmetry (Wheeler, Davidson, and Tomarken, 1993). 

Sobotka, Davidson, and Senulis (1992) found increased left 

frontal EEG asymmetry during a task designed to enhance 

approach-and-reward motivation. In addition, Sutton and 

Davidson (1997) report an association between frontal EEG 

asymmetry and self-reported behavioral approach versus 

inhibition. Subjects high on behavioral approach were more 

likely to display left frontal EEG asymmetry.

Data from developmental studies also support this relation 

between frontal EEG asymmetry and affective/motivational 

biases. R. Davidson and Fox (1989) found that 10-month-old 

infants who exhibited left frontal EEG asymmetry were less 

likely to cry and show distress to immediate, brief maternal 

separation than were infants displaying right frontal EEG 

asymmetry. Fox and colleagues replicated this fi nding 

and reported that the pattern of frontal EEG asymmetry 

appeared to be a stable characteristic in infants over the 

course of the second half of the fi rst year of life (N. Fox, Bell, 

and Jones, 1992). In a subsequent study, infants who were 

selected based on high levels of reactivity to novel sensory 

stimuli at 4 months of age were more likely to exhibit right 

frontal EEG asymmetry at 9 months of age than were infants 

who were either positively reactive or unreactive to the same 

stimuli (Calkins, Fox, and Marshall, 1996). The combination 

of behavioral reactivity and negative affect bias as refl ected 

in the pattern of frontal EEG asymmetry is, as well, a strong 

predictor of temperamental outcome in infants across the 

fi rst four years of life (Henderson, Fox, and Rubin, 2001).

Work with clinical populations has further elaborated 

the relation of frontal EEG asymmetry to affective/motiva-

tional biases. For example, Henriques and Davidson (1991) 

reported associations between frontal EEG asymmetry and 

depression, noting that patients exhibiting depressive symp-

toms were more likely to exhibit right frontal EEG asym-

metry. Sutton and colleagues (2005) found that among 

a sample of children with higher functioning autism, greater 

left frontal EEG asymmetry was associated with greater 

social approach and fewer social impairments (Sutton et al., 

2005).

Genetic markers of negative reactivity

Temperamental biases toward social withdrawal and nega-

tive reactivity may have a genetic foundation. Building on 

the accumulating body of evidence supporting a genetic 

contribution to temperamental variability, molecular genetic 

designs seek to determine the specifi c genes associated with 

phenotypic variability in temperament. Specifi cally, through 

the identifi cation of quantitative trait loci (QTLs) associated 

with temperamental variability, molecular genetic studies 

provide information on the mechanisms, including molecu-

lar and gene-environment interactions, underlying tempera-

mental variability. One candidate gene in particular that has 

been associated with behavioral inhibition and psychiatric 
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conditions such as depression and anxiety is the 5-HTTLPR 

serotonin transporter gene. Given that observed phenotypic 

variability in temperament and personality likely results 

from the combined effects of many genes, it is not surprising 

that any single variation in a genetic polymorphism can only 

account for a small percentage of the variance in behavior. 

Thus several studies suggest that genetic status per se is 

not related to phenotypic variability but rather that the 

interaction of genetic status with environmental stressors is 

the best predictor of behavioral outcomes (e.g., Bakermans-

Kranenburg and van IJzendoorn, 2006; N. A. Fox, Nichols, 

et al., 2005).

Variations in the 5-HTT serotonin transporter region 

have been associated with variations in personality traits 

including neuroticism, anxiety, and harm avoidance (e.g., 

Lesch et al., 1996; Munafo et al., 2003). For example, Lesch 

and colleagues (1996) reported that participants who were 

homo- or heterozygous for the short 14-repeat allele (s/s or 

s/l) self-reported higher levels of neuroticism, anxiety, and 

harm avoidance relative to participants who were heterozy-

gous for the long 16-repeat allele (l/l). The short allele is 

associated with reduced 5-HTT transcription, lower trans-

porter levels, and reduced serotonin uptake, with functional 

effects on neural circuits regulated by serotonin (Hariri 

et al., 2002). Hariri and colleagues (2002) found that the 

presence of the short allele was associated with heightened 

amygdala activation in response to fear faces in adults, sug-

gesting that the variations in this polymorphism may be 

particularly relevant to aspects of temperament related to 

negative emotionality and reactivity to novelty. Consistent 

with the fi ndings of Lesch and colleagues (1996), Auerbach 

and colleagues (1999) reported that infants who were homo-

zygous for the short allele (s/s) were rated as higher on nega-

tive emotionality and distress to limitations.

It is important to note, however, that others have failed 

to replicate such an association (e.g., Flory et al., 1999), 

including several studies with children (e.g., Jorm et al., 

2000; Schmidt et al., 2002). For example, Schmidt and col-

leagues (2002) reported that preschoolers with the short 

allele (s/s and s/l) did not differ from those with the long 

allele (l/l) on maternal reports of social adjustment or obser-

vational measures of social reticence during interactions with 

unfamiliar peers. Further, two studies reporting an associa-

tion between allelic variations and child temperament found 

the opposite association, such that adolescents who were 

homozygous for the long allele (l/l) were rated as more 

anxious than adolescents with the short allele ( Jorm et al., 

2000), while the long allele was associated with question-

naire-based reports of grade-school children’s shyness 

(Arbelle et al., 2003).

Several recent studies have examined the combined infl u-

ence of environmental stressors and genetic status on tem-

perament, behavior problems, and psychopathology. In 

relation to 5-HTT promoter polymorphisms, Caspi and 

colleagues (2003) found that stressful life events were more 

predictive of depressive disorder for adults with the short 

allele relative to adults homozygous for the long allele. 

Kaufman and colleagues (2004) reported that maltreated 

children with the short allele and no positive social supports 

had higher depression scores than children with all other 

combinations of social support and genotype status.

In relation to child temperament, N. A. Fox, Nichols, and 

colleagues (2005) examined the associations between 5-HTT 

promoter polymorphism status in combination with mater-

nal reports of social support as a predictor of behavioral 

inhibition in middle childhood. While 5-HTT status did not, 

on its own, relate to behavioral inhibition, the interaction 

between genotype and social support did. Specifi cally, 5-

HTT status was more strongly associated with behavioral 

inhibition at increasingly low levels of social support such 

that children with the short allele (s/s or s/l) who had 

mothers reporting low levels of social support were signifi -

cantly more behaviorally inhibited than were children with 

the long alleles (l/l) whose mothers reported low levels of 

social support. Importantly, this fi nding held true regardless 

of whether laboratory observations or maternal reports of 

behavioral inhibition were examined. Together these fi nd-

ings suggest that the effects of genetic status on behavioral 

functioning may be moderated by the level of environmental 

stress (i.e., caregiver sensitivity, social support) that a child 

experiences. As such, studies demonstrating such gene-envi-

ronment interactions provide novel information not only on 

developmental outcomes but also regarding the ways in 

which genetic inheritance contributes to developmental pro-

cesses over time (Bakermans-Kranenburg and van IJzen-

doorn, 2006; Moffi tt, Caspi, and Rutter, 2005; Rutter, 2006; 

Suomi, 2004).

Regulation of temperamental reactivity

In the temperament literature, self-regulation is used to 

describe processes that function to modulate the timing and 

intensity of an individual’s reactivity. As described in the 

previous sections, from birth infants have rudimentary 

behavioral and physiological capacities to modulate their 

reactivity. These capacities are primarily refl exive and are 

elicited in response to changes in the external or internal 

environment, and thus are often studied under the rubric 

of temperamental reactivity. With development, increasing 

cognitive capacities (e.g., working memory, response inhibi-

tion, attentional control) and the maturation of the frontal 

cortex (e.g., including synaptogenesis and pruning, and the 

refi nement in corticocortical and corticolimbic connections) 

allow for the implementation of more intentional and inte-

grated strategies for managing behavior and emotion. The 

prefrontal cortex receives input from all sensory modalities, 
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as well as many interconnections from other brain struc-

tures, and as a result is thought to be responsible for behav-

iors that regulate reactivity from the external environment 

(Banfi eld et al., 2004).

In the most general sense, self-regulation refers to the 

ability to generate and voluntarily direct goal-oriented, 

adaptive responses in the absence of external monitors 

or supports (Kopp, 1982; Welsh and Pennington, 1988), 

promoting adaptation through the maintenance of physio-

logical and psychological well-being (Block and Block, 1980; 

Rothbart and Bates, 1998). It is considered a key aspect 

of normal development, and defi cits in self-regulation are 

the defi ning features of numerous developmental disabilities 

including attention-defi cit/hyperactivity disorder (Barkley, 

1997), autism (Ozonoff, Pennington, and Rogers, 1991), and 

conduct disorder (White et al., 1994). In the model of tem-

perament proposed by Rothbart and Derryberry (1981), 

self-regulative processes are orthogonal to, or relatively inde-

pendent of, reaction tendencies. As such, an infant’s or 

child’s pattern of behavior can be thought of as refl ecting 

the intersection or combined infl uence of relative levels of 

reactivity and self-regulation.

Development of Prefrontal Processes Involved in
Regulation Across domains of development and 

approaches to the study of self-regulation, it is evident that 

a certain level of cognitive development is required for the 

transfer of control of regulation from external to internal 

sources. Thus the strategies used by children to regulate 

their emotions and behaviors become more complex 

throughout development. Infants will often use gaze 

aversion, fussiness, self-soothing, and gross motor activities 

as regulative strategies (Kopp, 2002; McCabe, Cunnington, 

and Brooks-Gunn, 2004). However, as their cognitive 

capabilities mature, the processes used in self-regulation 

become more advanced. The cognitive capabilities that 

allow for more effi cient self-regulatory strategies belong to 

a larger group of cognitive functions referred to as execu-

tive functions, highlighting their higher-order control, or 

regulation, over more basic reaction tendencies.

Kopp (1982) described fundamental cognitive abilities 

that are needed for self-initiated behavioral control. Among 

these cognitive abilities are self-monitoring and other atten-

tion processes. The use of attentional strategies to regulate 

one’s reactivity develops throughout childhood (Rueda, 

Posner, and Rothbart, 2004). For example, 4-month-old 

infants who quickly disengaged their attention from a central 

fi xation point upon presentation of another stimulus in the 

periphery were rated by their mothers as less easily distressed 

and more easily soothed compared to infants who disen-

gaged their attention less easily ( Johnson, Posner, and 

Rothbart, 1991). During adult-infant interactions, adults 

engage and disengage infants’ attention in order to manage 

the infants’ level of arousal. States of engaged attention 

between infants and their caregivers tend to be associated 

with play, joy, and general positive affect (Gottman, Katz, 

and Hooven, 1997). Adults also tend to be sensitive to 

infants’ needs to disengage their attention in order to dam-

pen or reduce levels of arousal (N. A. Fox, Henderson, 

et al., 2005). When parents respond contingently to their 

infants’ needs to disengage and reengage interactions, infants 

learn about the effi cacy of attentional control as a means of 

self-regulation (Gottman, Katz, and Hooven, 1997). Over 

the fi rst months of life, infants switch from a stimulus-driven, 

externally reactive attention system to a system with more 

voluntary attentional control (Rothbart, Posner, and Boylan, 

1990; as cited in Rueda, Posner, and Rothbart, 2005), which 

advances mechanisms of self-regulation.

As the infant develops, a more voluntary, executive control 

system is acquired (Rueda, Posner, and Rothbart, 2004). 

Children are able to resolve confl ict more easily, fl exibly 

shift and adapt their response, and inhibit certain dominant 

responses, thoughts, and emotions to act more appropriately 

(M. Davidson et al., 2006). To assess the functioning of 

executive control, confl ict tasks with less demanding or 

no language requirements have been developed. Gerardi-

Caulton (2000) developed a Strooplike task to assess the 

development of executive attention in younger children 

using confl ict between the location and identity of an object 

with no verbal material. By examining the differences in 

response time to spatially congruent and spatially incongru-

ent trials, 24- to 36-month-olds showed dramatic improve-

ment in their ability to resolve spatial confl ict (Gerardi-Caulton, 

2000). These results suggest that the brain mechanisms 

underlying executive attention undergo dramatic changes 

from 2–3 years of age, a developmental period that is con-

sistent with others’ reports of rapid changes in self-regulation 

(e.g., Rothbart et al., 2003; Vaughn, Kopp, and Krakow, 

1984). The study also found that children with better confl ict 

resolution had less anger and frustration as reported by their 

parents than children with lower confl ict-resolution scores. 

These results suggest that the development of executive 

attention allows children to employ strategies to regulate 

their distress reactivity. An inability to disengage attention 

from negative stimuli is associated with greater arousal and 

maintenance of negative affect and distress. For example, 

work on attention biases to threat (described later) illustrates 

one mechanism by which attention to negative stimuli may 

maintain behaviorally inhibited symptoms.

The development of executive attention, as examined 

through confl ict resolution, has been studied from 4 years of 

age to adulthood using the child and adult versions of the 

Attention Network Task (ANT; Fan et al., 2002). In the 

ANT, participants respond to the direction of the center 

stimulus (fi sh in the child version and arrows in the adult 

version), which is either congruent or incongruent to the 
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direction to the fl anker stimuli (Rueda, Posner, and Roth-

bart, 2004). In a series of studies, Rueda, Posner, and Roth-

bart (2005) found signifi cant improvement in executive 

attention between 4 and 7 years of age, such that by age 7 

children perform at adult levels on the confl ict-resolution 

task of the ANT.

Action-oriented plans afford young children refl ective 

control over their behavior and their environment (Zelazo, 

Reznick, and Pinon, 1995). The ability to use plans to control 

and inhibit actions involves two processes. This fi rst is the 

understanding and representation of a rule or contingency 

specifying the relation between a stimulus condition and the 

expected response. The second process involves using the 

representation of the rule to guide behavior. Translating 

representations into action depends on the maturation of 

cortical processes, particularly those relating to the inhibi-

tion of inappropriate responses and behaviors ( J. Bell and 

Livesey, 1983). The Dimensional Card Change Sort (DCCS) 

task, developed by Frye, Zelazo, and Palfai (1995), assesses 

children’s ability to keep several simple rules in working 

memory, use the rules to guide their behavior, and then 

switch between rules (Zelazo, Reznick, and Pinon, 1995). In 

the DCCS children are asked to sort cards according to one 

of two dimensions: color or shape. Halfway through the task 

children are asked to sort according to the other dimension. 

Zelazo, Reznick, and Pinon (1995) reported that young 

children ages 3–5 had little diffi culty in sorting according to 

the fi rst rule set. However, when asked to switch to sorting 

according to the second dimension, using the second rule 

set, 3-year-olds had great diffi culty while most 4- and 5-year-

olds performed quite accurately. Interestingly, the children 

who had diffi culty switching to the second rule set could 

often tell the experimenter the correct rules (i.e., the appro-

priate way to sort), illustrating a discrepancy between 

knowing the rule and using that rule set to guide behavior 

(Zelazo, Frye, and Rapus, 1996; as cited in Rennie, Bull, 

and Diamond, 2004). This pattern of behavior is analogous 

to one reported by Diamond, Cruttenden, and Neiderman 

(1994), who studied the A-not-B task and found that some 

infants who made the error, reaching to A instead of B, 

continued to look at the correct location. It has also been 

argued that the discrepancy in 3-year-olds is a result of 

decreased inhibitory attentional control (Kirkham, Cruess, 

and Diamond, 2003). Using a variant of the DCCS, Rennie, 

Bull, and Diamond (2004) found that 3-year-old perfor-

mance suffered only when attentional control demands were 

high. The authors suggest that 3-year-olds have diffi culty 

disengaging from a previous “mind-set” and redirecting 

their attention to the new task demands (Kirkham, Cruess, 

and Diamond, 2003; Rennie, Bull, and Diamond, 2004).

To assess how attention and behavioral inhibition in 

childhood relate to similar cognitive abilities in adolescence 

and adulthood, Eigsti and colleagues (2006) examined 

how performance on a delay-of-gratifi cation task at age 4 

predicted performance on a go-no-go paradigm more than 

10 years later. Both tasks require the use of attentional and 

behavioral control when the person is faced with salient 

stimuli. Also, similar neural circuitry is thought to be 

recruited in both tasks (Casey, Durston, and Fossella, 2001; 

as cited in Eigsti et al., 2006). During the delay-of-

gratifi cation task, children were given the choice between 

one or two cookies, and all children chose the larger reward 

(i.e., two cookies). The children were then told that the 

experimenter had to leave the room for a little while, and if 

the child could wait to eat the treat until the experimenter 

returned, they could have both cookies; if the child could 

not wait, the experimenter would return to the room, but 

the child would only receive one cookie. During the delay 

period children’s behaviors and eye gaze were coded. Four-

year-old children who effectively directed their attention 

away from the reward during the delay period did better 

at age 14 inhibiting their responses on no-go trials of the 

go-no-go task compared to the 4-year-olds who spent more 

time focusing their attention on the reward.

The relations between temperament and inhibitory 

control have only recently been explored. N. Fox and 

Henderson (2000) assessed inhibitory control in a sample of 

2-year-old children, half of whom were identifi ed as behav-

iorally inhibited and half of whom were identifi ed as exuber-

ant in temperament. Based upon their performance on a 

delay task, children were divided into those who were able 

to inhibit their response versus those who could not. The 

authors reasoned that children high on inhibitory control 

would display greater social competence. This prediction was 

confi rmed for the exuberant children but not for the children 

high in behavioral inhibition. Specifi cally, exuberant chil-

dren high on inhibitory control were observed to be more 

socially competent than exuberant children low on inhibitory 

control. However, the opposite pattern was found for behav-

iorally inhibited children. Behaviorally inhibited children 

high on inhibitory control were actually observed to be more 

socially withdrawn and less socially competent than behav-

iorally inhibited children low on inhibitory control. The data 

suggest that inhibitory control may not always work as a 

process facilitating adaptive emotion control. Rather such 

cognitive processes as inhibitory control or attention shifting 

may play different roles in predicting social competence 

based upon the temperament of the child.

Measuring the Neural Circuitry Involved in
Regulation Increases in the ability to inhibit dominant 

responses and perform subdominant responses and fl exibly 

shift attention are attributed to developments in a network 

of anterior cortical structures including parts of the prefrontal 

cortex, the anterior cingulate cortex, and the supplementary 

motor area (see Pardo et al., 1990). The anterior cingulate 
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may be particularly relevant to the study of temperament, 

because it appears to serve as a point of integration for the 

visceral, attentional, and affective information that forms the 

basis of self-regulation (Devinsky, Morrell, and Vogt, 1995; 

Lane et al., 1998; Thayer and Lane, 2000).

Casey and colleagues (1997) used fMRI to examine 

possible differences in brain activation between adults and 

children on a go-no-go task. In the go-no-go task partici-

pants have to withhold a dominant response to press a 

button when specifi c stimuli appear, requiring cognitive and 

behavioral control. No differences between children and 

adults were found in regard to specifi c areas recruited during 

the task; thus children and adults appear to use similar areas 

of the prefrontal cortex during this cognitive control task. 

However, signifi cant differences in the volume of brain area 

activated during the task were seen on the no-go trials of the 

task. The differences were seen mostly in the children’s 

dorsal and lateral prefrontal areas. The poorer cognitive 

control of children and the resulting increased diffi culty 

of the task may necessitate increased cognitive resources, 

resulting in differences in the volume of activated brain 

regions.

A related line of work has relied on the event-related 

potential (ERP) to examine the neural mechanisms of self-

regulation. Within this work, by far, the most common use 

of the ERP methodology has been to examine the physio-

logical correlates of attentional processes. This observation 

is true for both children and adults in healthy and clinical 

populations. Adaptive functioning is often dependent on 

the individual’s ability to appropriately select aspects of 

the environment that are of interest from among the con-

stant and simultaneous presentation of competing stimuli. 

Ridderinkhof and van der Stelt (2000) argue that age-related 

improvements in this ability, particularly when under strong 

voluntary control, is one of the most profound advances in 

information processing that takes place in childhood. These 

improvements are of particular importance to temperament 

researchers, as Rothbart and colleagues have shown that 

individuals better equipped to regulate initial reactivity, 

particularly through the use of attentional mechanisms, are 

less likely to show prolonged periods of negative affect. For 

example, their data suggest that infants prone to distress 

are less adept at shifting attention away from a distressing 

stimulus and have diffi culty engaging in self-soothing activity 

(Rothbart, Posner, and Rosicky, 1994: Ruddy, 1993).

Attention can act as a coping resource available to the 

child that may moderate the physiologic and behavioral 

correlates of reactivity (Mathews and MacLeod, 1994; 

Nachmias et al., 1996). The importance of attentional mech-

anisms in shaping developmental trajectories is bolstered by 

studies demonstrating attentional bias for threat-relevant 

stimuli in both clinically anxious adults (MacLeod and 

Mathews, 1991; Mogg, Mathews, and Eysenck, 1992) and 

trait-anxious adults (E. Fox et al., 2001; N. Fox and Calkins, 

1993; Mogg, Bradley, and Hallowell, 1994). Parallel fi ndings 

have been noted with clinically anxious children (Taghavi 

et al., 1999; Vasey et al., 1995), high trait-anxious children 

(Schippell et al., 2003), and behaviorally inhibited children 

(Pérez-Edgar and Fox, 2005a). Attention may serve as 

an important cognitive mechanism for the observed link 

between temperament and anxiety-related psychopathol-

ogy. Indeed, recent work suggests that attentional biases may 

play a causal role in the emergence of anxiety (MacLeod 

et al., 2002; Wilson et al., 2006).

A related series of studies have focused on temperament-

linked differences in selective attention. In the fl anker task 

(Eriksen and Eriksen, 1974; Ridderinkhof and van der Stelt, 

2000), subjects are asked to note the direction or identity of 

a central stimulus while simultaneously ignoring adjacent 

stimuli that alternately mirror or confl ict with the central 

stimulus (e.g., a central arrow points left, while fl ankers point 

right). Using this paradigm, Henderson (2003) found that 

behaviorally inhibited children show more awareness of 

their errors in the task, as refl ected in greater amplitudes 

in the error-related negativity (ERN) early in performance. 

The ERN is thought to refl ect either error-monitoring 

or response confl ict, and its presence in the ERP wave has 

been linked to error correction (Pailing and Segalowitz, 

2004).

Another series of studies has relied on the Posner para-

digm. In this task (Posner and Cohen, 1984), subjects are 

asked to note the spatial position of a target stimulus. Preced-

ing the target stimulus, the subjects were presented with 

a cue stimulus that could appear in either the same (valid 

trial) or alternate (invalid trial) spatial location. Previous 

studies with both children and adults (Hugdahl and Nordby, 

1994; Nobre, Sebestyen, and Miniussi, 2000; Perchet and 

García-Larrea, 2000) have consistently shown that individu-

als will respond more quickly to the targets in the valid trial 

versus the invalid trials and exhibit increased ERP ampli-

tudes to valid trials. This fi nding is thought to refl ect the 

effect of additional neural processing afforded by the early 

(correct) cueing. Recent work in children (Perchet and 

García-Larrea, 2000; Perchet et al., 2001; Pérez-Edgar 

et al., 2006; Rich et al., 2005; Rich et al., 2007) suggests 

that the basic mechanisms of selective attention are in place 

in both healthy and clinically diagnosed young children and 

that the task is sensitive to individual differences. In terms of 

temperament-linked variability, data suggest that behavior-

ally inhibited children show an increased bias for threat 

cues, particularly when under stress (Pérez-Edgar and Fox, 

2005a).

In addition to this work, the ERP has proven well suited 

to expanding our understanding of the psychological con-

cerns marked by temperament and behavioral inhibition. 

Kagan (1997) argued that behavioral inhibition is marked 
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by a unique sensitivity to novelty or salience, which is not 

limited solely to negative or threatening stimuli. Indeed, 

recruitment in infancy for long-term studies of temperament 

rely on extreme levels of reactivity to novel, but neutral, 

auditory and visual stimuli (N. Fox et al., 2001; Kagan 

et al., 1994). The unique neural sensitivity of behaviorally 

inhibited children is supported by patterns of early neuro-

physiological responses to auditory discrepancies (mismatch 

negativity, MMN) in the form of reduced MMN amplitudes 

and longer MMN latencies in socially withdrawn children 

compared to their more sociable peers (Bar-Haim et al., 

2003). Similarly, Woodward (2002) found that young 

children with higher levels of negative reactivity in infancy 

demonstrated larger ERP responses in the Nc component to 

oddball and invalid novel stimuli in a visual paradigm. Such 

Nc responses are thought to refl ect the process of novelty 

detection (Nelson and Collins, 1991; G. Reynolds and 

Richards, 2005). In line with Kagan, Woodward suggested 

that highly reactive children have a lower cortical threshold 

for detecting and responding to novelty, leading to increased 

ERP amplitudes to unfamiliar events.

Currently, research has begun to build on documented 

individual differences in attentional bias to threat to develop 

possible avenues of intervention. In particular, an exciting 

line of work has documented the strength of attention biases 

as both a marker of psychopathology (Bar-Haim et al., 2007) 

and a potential mechanism for intervention (Wilson 

et al., 2006). Recent work (Bar-Haim, Lamy, and Glickman, 

2005) found increased ERP amplitudes in ERP com-

ponents tied to the detection of threat faces (thought 

to involve amygdala activation) and decreased ERP ampli-

tude in components tied to probe detection and attention, 

subsuming areas thought to involve prefrontal activation. 

Using the same task, Bar-Haim and colleagues (personal 

communication) have documented initial attention biases in 

anxious children and then trained children’s biases away 

from threat. As in the adult literature (Wilson et al., 2006), 

such attentional training is marked by a decrease in anxious 

symptomatology. Future work will attempt to combine 

assessment, intervention, and psychophysiological measures 

in order to trace the course of attention, temperament, and 

anxiety over time.

Epilogue

The study of infant temperament, including research on the 

biology of infant reactivity and regulation, has reinforced the 

notion that specifi c characteristics of the individual can have 

a signifi cant effect on basic sensory, perceptual, and cogni-

tive processing. For many years, cognitive scientists inter-

ested in attention, memory, and perception examined these 

processes as refl ecting general characteristics of the individ-

ual. The new interest in affective neuroscience, however, has 

emphasized the importance of understanding the role that 

emotion plays in modulating these basic cognitive processes. 

Indeed, emotion and cognition are bidirectional in their 

infl uence, with evidence accumulating on the effects of 

emotion on memory and attention, and the effects of atten-

tion on emotion. These bidirectional effects are seen clearly 

in the study of infant and child temperament. From birth, 

the infant’s characteristic pattern of emotional reactivity 

infl uences his or her perception, attention, and memory for 

events. But as the neural circuitry underlying these cognitive 

processes develops it will modify basic reactive biases in the 

young child. Research in neuroscience is just beginning to 

understand how these reciprocal circuits (between emotion 

and cognition) work in adult subjects. We know much less 

about how these circuits develop and how, across develop-

ment initial reactive tendencies and then environmental 

infl uences, they come to shape the neural circuitry that 

underlies complex social behaviors. The coming years will 

no doubt see greater exploration of these questions and a 

greater understanding of the developmental processes under-

lying the emergence of social behaviors.
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