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Abstract

In this paper we review current definitions and measurement approaches used to assess individual
differences in children’s temperament. We review the neural bases of temperamental reactivity and
self-regulation and propose that these constructs provide a framework for examining individual dif-
ferences and developmental change in emotion—cognition interactions across development. Studies
are reviewed in which some well-documented contextual effects on the expression of temperament
can be interpreted in terms of the influence of biological and non-biological factors on CNS function-
ing. We conclude with ideas regarding future directions for the study of individual differences and
developmental change in cognition—emotion interactions as they are shaped throughout development.
© 2007 Elsevier Inc. All rights reserved.
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There is a burgeoning literature on the neural correlates of developmental change and
individual differences in numerous aspects of cognition and emotion. These rapid advances
reflect a growing recognition of the utility of cross-disciplinary approaches for studying
development, as well as the availability of new methodologies that provide developmental
psychologists with the opportunity to directly assess the neural correlates of behavior.
Although theory and research related to cognitive and emotional development have
tended to proceed in parallel, new measurement approaches and collaborative efforts serve
as a reminder of the importance of considering the simultanecous and interdependent
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nature of growth in the two domains. Our focus in this review is on biological contribu-
tions to the development of individual differences in temperament, with specific reference
to the central nervous system (CNS). We regard temperament as a model area of study in
which questions related to cognition—emotion interactions and their implications for
development can be explicitly addressed. Rothbart’s (1991) theory, which postulates
two major dimensions of temperament, reactivity and self-regulation, will be used to illus-
trate the interplays between cognition and emotion. We believe that the integration of two
largely independent fields of research, temperament and developmental cognitive neurosci-
ence, will lead to conceptual and empirical advances in our understanding of the neural
bases of individual and developmental differences in the dynamic interplay of cognition
and emotion throughout childhood and adolescence.

Although the conceptual roots of temperament can be traced back over 2000 years,
much of the current scientific interest in temperament has a more recent history, dating
to the initial publication of results from Thomas and Chess’ New York Longitudinal
Study (NYLS—Thomas, Chess, Birch, Hertzig, & Korn, 1963). Following the initial pub-
lications from this study, there has been increasing interest in temperament by develop-
mental researchers (see Kohnstamm, 1989). Support for this assertion comes from a
search on PsychInfo from 1967 to the present, entering the word temperament and restrict-
ing the search to human research published in English. Between 1967 and 1976 there were
248 articles listed involving temperament. The number of articles listed involving temper-
ament has increased each decade with over 2700 articles listed in the period from 1997 to
2006. This increasing interest in temperament as an area of study reflects increasing appre-
ciation that individual differences in early temperament may be a necessary precursor for
later individual differences in personality (Caspi, 1998; Halverson, Kohnstamm, & Martin,
1994), behavioral adjustment (Bates, 2001; Guerin, Gottfried, Oliver, & Thomas, 2003),
cognition (Hongwanishkul, Happaney, Lee, & Zelazo, 2005), academic success (Guerin
et al., 2003; Posner & Rothbart, 2007), and the nature of parent—child transactions (Put-
nam, Sanson, & Rothbart, 2002; Wachs, 2006).

This review is divided into four sections. First, we present current definitions and mea-
surement approaches used to assess individual differences in children’s temperament. Sec-
ond, we review the research literature on the neural bases of emotional reactivity and the
cognitive (e.g., attentional) processes underlying self-regulation, as well as possible inter-
actions between reactivity and self-regulation. Third, we discuss contextual effects on the
expression of temperament and illustrate how these effects can operate through tempera-
ment-related CNS functions. We conclude with ideas regarding future directions for study-
ing the neural bases of temperament and associated cognition—emotion interactions as
they develop over childhood.

The nature of temperament
Definitional issues

We begin our review by discussing what is meant by the term temperament, and how
our conceptualization of temperament relates to our understanding of the neural contribu-
tions to the behavioral characteristics that define temperament.

Similar to what is found for the concept of intelligence, multiple definitions of temper-
ament currently co-exist. Also similar to the concept of intelligence there exists a “working
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definition™ of temperament that would be accepted by a large majority of temperament
researchers and theorists namely: “Biologically rooted individual differences in behavior
tendencies that are present early in life and are relatively stable across various kinds of sit-
uations and over the course of time” (Bates, 1989, p. 4). It has been suggested that indi-
vidual differences in infant temperament can be viewed as the early expression of
personality traits, with particular reference to the “big 5 personality dimensions (Halver-
son et al., 1994). While there are some conceptual and empirical linkages between temper-
ament and personality dimensions (Hagekull & Bohlin, 1998; Rothbart, Ahadi, & Evans,
2000) there are also some critical distinctions. While temperament may provide the foun-
dations for the later emergence of personality, temperament per se does not include com-
plex processes such as attributions, self-concept, or conscious self-presentation concerns
that are central to the expression of personality. Rather, as will be discussed below, the
core concepts in temperament focus around individual differences in reactivity and self-
regulation. While our primary focus in this chapter will be on the biological roots of
temperament, with specific reference to central nervous system (CNS) structures and
processes, each aspect of this definition deserves some discussion.

Early appearing

Most researchers interested in the study of temperament have focused on individual dif-
ferences starting around 3 months of life. However, implicit in the definition of tempera-
ment is the assumption that we should be able to identify individual differences in at least
some domains of temperament in newborns (Rothbart, Derryberry, & Posner, 1994) and
perhaps even prenatally (DiPietro et al., 2002; DiPietro, Hodgson, Costigan, & Johnson,
1996). While identifying stable individual behavioral characteristics prenatally or in new-
borns is an enterprise fraught with methodological perils, researchers have been able to
classify a number of neonatal behavioral patterns in terms of known temperament dimen-
sions, including negative emotionality, soothability and alertness (Matheny, Riese, & Wil-
son, 1985; St. James Roberts & Wolke, 1988; Wachs, Pollitt, Cueto, & Jacoby, 2004). Of
particular relevance to this chapter is the hypothesis that changes in the characteristics of
neonatal temperament across the first several months of life may be linked to developmen-
tal changes in the CNS (Rothbart, Derryberry, & Hershey, 2000).

Relatively stable

Based on earlier evidence stressing the genetically driven nature of individual differences
in temperament (e.g., Wilson & Matheny, 1983), a logical assumption was that individual
differences in temperament should be stable over time and across contexts. Without deny-
ing the importance of genetic influences this assumption is becoming increasingly ques-
tionable, given evidence for the effects of contextual factors on the expression of
individual differences in temperament (Wachs & Kohnstamm, 2001), including the train-
ability of attention processes related to self-regulation (Rueda, Rothbart, McCandliss,
Saccamanno, & Posner, 2005). In addition, recent models of gene action illustrate how dif-
ferent gene systems can turn on or turn off at different points in development (e.g., Gottlieb,
2003). Given this pattern of findings, it is now more logical to expect only modest stability
of temperament across different contexts and over time. For the most part, this latter
expectation has been confirmed with test-retest correlations in the range of .40-.60
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(e.g., Guerin et al., 2003; Pedlow, Sanson, Prior, & Oberklaid, 1993; Rothbart, Ahadi,
Hershey, & Fisher, 2001).

With regard to context, we would expect to find greater stability in child temperament
patterns within a given situation than across situations. Supporting this hypothesis is evi-
dence showing that agreement between mother and father ratings of their child’s temper-
ament are consistently higher than agreements between mother and teacher (Goldsmith,
1996). The most likely explanation of this finding is that the child’s temperament is
expressed in somewhat different ways at home versus school. Similarly, even highly inhib-
ited children may react in the same way as less inhibited children when the situation is
familiar and comfortable to the child. It is only in unfamiliar situations that we see differ-
ences between more and less inhibited children (Gunnar, 1994).

Based on parent report measures, moderate stability of individual temperament dimen-
sions across time appears to be the norm (Guerin et al., 2003; Kerr, Lambert, Stattin, &
Klackenberg-Larsson, 1994; Rothbart et al., 2000), with increasing stability after 2 years
of age (Lemery, Goldsmith, Klinnert, & Mrazek, 1999; Pfeifer, Goldsmith, Davidson, &
Rickman, 2002). A similar pattern of findings occurs when laboratory assessments of tem-
perament are utilized, with results again indicating both moderate cross-temporal stability
of child temperament (Matheny & Phillips, 2001; Rothbart et al., 2000) and greater stabil-
ity after 24 months of age (Kochanska, 2001). This finding of moderate cross-time stability
occurs even when extreme groups are utilized. For example, Fox, Henderson, Rubin, Cal-
kins, and Schmidt (2001) reported that only 50% of children who had been characterized
as highly inhibited, based on their extreme reactions to novelty as infants, maintained a
profile of social withdrawal and reticence continuously until the preschool years. Similarly,
Pfeifer et al. (2002) reported that 75% of children who had been classified as extremely
inhibited as toddlers were not in the extreme inhibition group at 7 years of age, while over
80% of toddlers who were classified as extremely uninhibited were no longer classified in
this way at 7 years. While the results from studies of children with extreme temperaments
do indicate a shift in temperament over time, what these studies also show is that it is very
rare for children at one extreme to shift to the other extreme. Extremely inhibited children
rarely become uninhibited; rather, these children shift toward the middle of the distribu-
tion becoming less inhibited over time. Similarly, extremely uninhibited children rarely
become inhibited; rather these children become less uninhibited over time. This restricted
range of change for children with extreme temperament is consistent with the conclusion
that temperament is moderately stable.

Based on studies involving both context and time, temperament is currently viewed as a
predisposing set of individual characteristics with the potential to systematically change
over time as the child develops, and for individual differences in temperament to be man-
ifested in different ways in response to the nature of the context within which the individ-
ual is functioning (Wachs, 2006). As noted earlier, changes in temperament over time may
reflect systematic changes in CNS structure and processes (Rothbart, Ahadi, & Hershey,
1994). Context related changes in the expression of temperament may be difficult to link to
changes in CNS structure. However, there is evidence that individual differences in temper-
ament may be influenced by neurotransmitter activity, with the few published studies
directly assessing these associations focusing on the serotonin and dopamine systems
(e.g., Auerbach et al., 1999; Lakatos et al., 2003; Posner, Rothbart, & Sheese, 2007). How-
ever, the overwhelming majority of this evidence is based primarily on studies with infra-
human samples and human adults (Reif & Lesch, 2003). The fact that temperament
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appears early in life emphasizes the need for research on neurotransmitter contributions to
temperament in infancy and childhood. Evidence also indicates that either neurotransmit-
ter activity (Rogeness & McClure, 1996) or the physiological systems that can influence
neurotransmitter activity are sensitive to contextual characteristics (e.g., neurohormonal
systems: Gunnar, 2000). The overall pattern of findings suggests that context driven
changes in temperament may be mediated by context driven changes in neurotransmitter
metabolism.

Behavior tendencies

There still remains disagreement about which specific behavioral characteristics fall
under the domain of temperament. In part this may reflect that fact that certain individual
characteristics such as activity level, persistence, attentional flexibility and attentional
control also fit the definitional criteria used to define other behavioral domains such as
motivation and cognition (Wachs, 2006).While this categorical overlap may be purely
semantic, there also is the possibility that linkages between different areas of the CNS
may result in non-temperament functions influencing the expression of individual differ-
ences in temperament. Alternatively, there is the possibility that our neat division of indi-
vidual characteristics into specific domains such as temperament, emotion, cognition, or
motivation is overly simplistic given the dynamic nature of the neural contributions to
these domains of development (Steinmetz, 1994).

Going beyond individual behavioral characteristics, there also is increasing agreement
that the various behaviors thought to define individual differences in temperament fall into
one of two major domains: reactivity and self-regulation (Rothbart & Bates, 2006). Reactiv-
ity refers to the speed, strength and valence (positive or negative) of an individual’s charac-
teristic responses to stimulation. Examples of behaviors that would characterize reactivity
could include how quickly infants react to a noxious stimulus such as their arms being
restrained, or whether a child’s emotional response to a novel object is positive or negative
in nature. Negative reactivity can be further subdivided into anger (e.g., distress to limits)
and fear (e.g., distress to novelty—Rothbart & Derryberry, 1981; Rothbart et al., 2000).

Self-regulation refers to the behaviors the individual uses to control their behavioral and
emotional reactions to sources of both positive and negative stimulation. Even young
infants can regulate their degree of distress reactivity by directing attention away from fear
inducing objects or by sucking their fingers to distract themselves. The behavioral strate-
gies infants use for self-regulation are, in part, age dependent. The earliest appearing form
of self-regulation is reactive control, which involves involuntary tendencies to avoid neg-
ative stimulation, approach positive stimuli, and reorient away from overly intense posi-
tive stimulation (Derryberry & Rothbart, 1997). Active self-regulation, which involves
voluntary attentional control and the ability to inhibit ongoing behavior, appears later
in development starting towards the end of the second year (Derryberry & Rothbart,
1997; Eisenberg, 2002). Conceptually, it is the interaction between different levels of reac-
tivity and self-regulation that acts to guide temperament driven behavior for each individ-
ual child (Belsky, Friedman, & Hsieh, 2001; Eisenberg et al., 2001, 2004; Stifter, Spinrad,
& Braungart-Rieker, 1999).

One major advantage of conceptualizing temperament on the basis of individual differ-
ences in reactivity and self-regulation is that this conceptual scheme fits very nicely with a
number of brain-behavior models. One such model is seen in the conceptual framework
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defined by Gray (1991), which includes a behavioral approach or activation system that
responds to cues of potential reward or termination of punishment, and a behavioral inhi-
bition or anxiety system that responds to cues for punishment or non-reward. Discussion
of these systems and their relation to the development of individual differences in temper-
ament will be elaborated upon in later sections of this review. A second major advantage
of conceptualizing temperament within a reactivity/self-regulation framework is that such
a framework fits well with current knowledge of CNS development. For example, the
appearance of active self-regulation strategies towards the end of the second year of life
maps on to developmental changes in those portions of the brain which are involved in
executive control of attention (Rothbart & Bates, 2006). Elaboration of links between
CNS changes and the changing nature of temperament over time will also be elaborated
in subsequent sections of this review.

Temperament as biologically rooted

Historically, temperament has always been viewed in biological terms. In early concep-
tualizations, the biological contributions to individual differences in temperament related
mood states were viewed in relation to the balance between different bodily humors (Dia-
mond, 1974). Of almost equal antiquity is the linking of temperament to body type (Roth-
bart, 1989), with this linkage carrying over into the middle part of the previous century
(e.g., Sheldon & Stevens, 1942). With the rise of phrenology, 19th century scholars began
to increasingly focus on the brain as the organ most critical for understanding individual
differences in temperament (e.g., Jacques, 1881). This linking of brain and temperament
was carried on in a more scientific fashion by researchers working within a Pavlovian
framework (Strelau, 1989). More recently, the study of the biological roots of tempera-
ment has taken on a more genetic flavor, encompassing both behavioral genetic (e.g., Sau-
dino, 2005; Wilson & Matheny, 1983) and molecular genetic studies (Auerbach et al.,
1999; Plomin & Rutter, 1998).

Bates (1989) has suggested that the biological bases of temperament can be conceptu-
alized in two ways. First, there are patterns of “neurological individuality.”” These patterns
of neurological individuality reflect CNS contributions to temperament and are the main
focus of this review. Although the CNS also regulates autonomic nervous system and hor-
monal functions related to temperament, such as vagal tone, which is associated with neg-
ative emotionality and soothability (Huffman et al., 1998), and the secretion of prolactin
which is related to negative emotionality (Lozoff et al., 1995), our focus here is on central
nervous system structures and function directly related to temperament. Second, there are
biologically based influences upon neurological individuality such as genetics, which will
also be considered in a later section in this review.

The measurement of individual differences in temperament

This review would be incomplete without at a brief discussion on how temperament is
measured and the implications of different measurement strategies for understanding neu-
ral contributions to the development of individual differences in temperament. Four
approaches to assessing individual differences in early temperament have been developed:
(1) Structured or semi-structured clinical interviews of parents, (2) Direct observations of
infant behavior in unstructured, naturalistic contexts; (3) Parent or caregiver responses to
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questionnaires; (4) Laboratory based observation of infant behavior in structured situa-
tions. While parent interview procedures were the basis of the ground breaking New York
Longitudinal Study (Thomas et al., 1963), for the most part, such procedures have been
less often used in recent years. Likewise, although unstructured observational procedures
have been used for assessing temperament in the neonatal period (e.g., Ricciuti & Breitma-
yer, 1988) and with older infants and toddlers (e.g., Bornstein, Gaughran, & Segui, 1991),
and mechanical devices such as actometers have been used to assess children’s naturally
occurring activity levels (e.g., Eaton & Dureski, 1986), there has been relatively little sys-
tematic development of unstructured observational approaches. Further, unstructured
naturalistic assessments of temperament may be incompatible with many of the current
neural assessment techniques being utilized, which require controlled laboratory condi-
tions or the avoidance of extraneous movements (Posner, Rothbart, & Gerardi-Caulton,
2001). Parent report measures are the most frequently used procedure for assessing indi-
vidual differences in temperament. In part, this is due to a number of clear advantages
of parent report measures including ease of administration and built in aggregation, since
caregivers usually base their ratings on experience with their child on repeated occasions
and across different contexts. However, parent report measures have also been criticized
for assessing parental emotional characteristics, such as anxiety and depression or parental
expectancies about their child rather than child characteristics (Goldsmith & Hewitt, 2003;
Mebert, 1991; Seifer, Sameroff, Barrett, & Krafchuk, 1994; Vaughn, Taraldson, Crichton,
& Egeland, 1981). While parent report measures do contain some subjective parental com-
ponents, available evidence indicates that these measures also contain a substantial objec-
tive component that does accurately assess children’s individual characteristics (Wachs &
Bates, 2001). While some parent report measures such as the Toddler Behavior Assess-
ment Questionnaire (TBAQ—Goldsmith, 1996) were derived from a psychobiological
rather then a clinical perspective, and thus tap dimensions of temperament which may
have more direct links to neural function, such measures would not be our first choice
in research on the neural underpinnings of temperament. This is because parent report
measures, however valid, still assess parent perceptions of child temperament. To the
extent that neural characteristics directly impact upon children’s temperament-related
behavioral patterns in real time, a more direct measurement of ongoing behavior seems
preferable.

Currently there are several validated, structured, laboratory based temperament assess-
ment procedures including the LAB-TAB (Goldsmith & Rothbart, 1996) and the Louis-
ville Temperament Assessment Battery (Matheny, 1991). Typically these assessment
procedures are based on presenting a series of structured situations to infants or toddlers
and videotaping and then coding their reactions to these situations along specific temper-
ament dimensions. Structured laboratory based temperament assessments appear to be
methodologically compatible with neural assessment procedures, especially with regard
to assessing both neural processes and behavioral reactions associated with time linked
specific events or situations presented to the infant. However, researchers should also rec-
ognize some of the constraints associated with deriving temperament scores from labora-
tory assessment (Henderson & Fox, 2007; Wachs & Bates, 2001). One such constraint is
the degree to which the child’s behavior during a single laboratory assessment is represen-
tative of the child’s actual temperament patterns occurring in different situations. While
relatively few comparisons have been made between laboratory and parent report assess-
ments, what evidence is available does suggest moderate correlations on the same
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dimensions across these two data sources (Rothbart et al., 2000). While such results are
encouraging, far more supportive evidence is needed on the questions of how representa-
tive laboratory assessments are of the child’s temperament and whether there is equal rep-
resentativeness of all dimensions of temperament assessed in a laboratory setting. Over
and above the issue of representativeness of laboratory assessments, there are other con-
straints that may be operating. These include limits in accurately coding what may be rel-
atively subtle behavioral changes, effects of unmeasured caregiver—child interactions or
other experiences occurring in the period before the child enters the laboratory situation,
constraints on the range of stimuli that can be presented to the child and the problem of
repeated testing effects if repeated laboratory testing sessions are utilized.

Although relatively brief, it is hoped that this discussion of measurement of tempera-
ment alerts neuroscience researchers to the importance of using precise and valid measures
not just of neural function, but also of behavior. While the new generation of neural
assessments has led to dramatic findings about how the CNS operates, even state of the
art brain assessments will tell us little about the neural roots of individual differences in
temperament if neural assessments procedures are paired with less valid or inappropriate
assessments of temperament. As one approach to maximizing validity of temperament
assessments, reviewers have suggested assessing temperament at the same point in time
using different assessment procedures, and then aggregating measurements across com-
mon temperament dimensions (Rothbart & Bates, 2006; Wachs & Bates, 2001). For exam-
ple, aggregating parent report and laboratory assessments of children’s negative
emotionality or inhibition minimizes the measurement problems found if we relied just
on parent report or just on laboratory measures of these temperament traits.

The neural bases of temperament

As noted earlier there is a long history of speculation regarding the physiological bases
of individual differences in temperament and personality. One of the earliest descriptions
of temperament was the Hippocrates—Galen typology in which four personality types
(melancholic, choleric, sanguine, and phlegmatic) were related to the balance of bodily
humors within an individual. The sanguine personality was characterized as optimal
due to the perfect balance of bodily humors, while the other three types were viewed as
less than optimal due to a predominance of one humor over the others (see Kagan,
1994; Strelau, 1983). Centuries later, Pavlov and his students developed detailed theoret-
ical models relating the strength or integrity of the central nervous system to individual
differences in motivation and emotion, noting the similarities between their own nervous
system typologies and those of Galen. The work of Pavlov and his students provided the
impetus for many empirical studies that together form the basis of several modern biolog-
ically-based theories of temperament and personality.

Three themes that were presented in the work of Pavlov and colleagues clearly fore-
shadowed current trends in the study of the neural bases of temperament and personality.
First, Pavlov hypothesized that the balance of excitatory and inhibitory CNS processes
within an individual determined their style for adapting to environmental demands and
therefore their personality. Based on studies of the ease of conditioning, first in dogs
and then in humans, Pavlov used the strength of excitation to refer to the working capacity
or potential of cortical cells to react to environmental conditions. In contrast, inhibition
referred to protective inhibition, which functioned to protect the CNS against overloading.
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The relative prominence of excitatory versus inhibitory processes was hypothesized to
affect the efficiency, strength, and durability of conditioned reflexes, which in turn were
hypothesized to predict individual differences in personality. The idea of an interplay
between excitatory and inhibitory processes remains a theme in many temperament and
personality models that center on the balance of opposing motivational states and/or
the balance of reactive versus regulatory processes (e.g., Strelau, 1994).

Second, Pavlov and his students, most notably Krasnogorsky, discussed the interplay
between excitatory processes in the cortex and excitatory processes in the subcortex, a
theme that is paralleled in current discussions of the structural and functional interaction
between cognition and emotion, also referred to as higher-order and lower-order pro-
cesses, cold and hot systems, or controlled and automatic processes in modern research
on temperament, personality, and individual differences (e.g., Metcalfe & Mischel, 1999;
Rothbart & Derryberry, 1981; Satpute & Lieberman, 2006). Finally, Krasnogorsky, unlike
many of his colleagues, believed that CNS properties underlying temperament and person-
ality could be influenced by contextual factors including learning experiences, nutrition,
and disease, an idea that foreshadowed current research evidence on biological and
non-biological factors influencing the structural and functional development of tempera-
ment related CNS structures and processes (Wachs, 20006).

Although Pavlov’s general model provided the foundation for much work on the bio-
logical bases of temperament, the focus was on functional rather than neurophysiological
or biochemical aspects of CNS processes. As such, CNS properties in relation to temper-
ament were originally described in a general way as though they applied equally across the
entire brain (see Kagan, 1998). The technological advances of the last quarter century have
allowed these early ideas to be greatly refined by identifying neural regions and processes
that function together to govern motivational and emotional processing. In the following
sections, the three themes originating from Pavlov’s studies are revisited in the context of
current theory and empirical studies relating CNS functioning to temperament and social
development. Specifically, the relations between CNS functioning and individual differ-
ences in reactive and self-regulatory aspects of temperament are reviewed. Next, recent
neuroimaging studies assessing interactions of subcortical emotional reactions and cortical
cognitive processes are examined and discussed in terms of the simultaneous activation of
reactive and self-regulatory processes. In the final section, contextual effects on the devel-
opment of temperament-related CNS functioning are discussed.

The CNS and temperamental reactivity

Most models of temperament and personality include a dimension or factor that
describes reactions to stimuli in terms of the extent to which positive affect and approach
behaviors versus negative affect and avoidance/inhibition behaviors are elicited (e.g.,
Cloninger, 1987; Depue & lacono, 1989; Eysenck, 1967; Gray, 1991; Thomas & Chess,
1977). Davidson and colleagues organize their model of personality and emotion around
this approach/withdrawal construct; however, they contend that these reactions reflect the
functioning of two relatively independent neural systems (e.g., Davidson, 1993; Davidson,
1998a). Specifically, Davidson and others have identified two circuits of inter-related brain
regions that function to support emotion, affective style, and emotion regulation (Heller,
Koven, & Miller, 2003; Jackson et al., 2003; Urry et al., 2006). Support for the notion that
there are two systems governing approach and withdrawal reactions comes from findings
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showing that (1) these reactions are regulated by different brain mechanisms and (2) the
degree of association between approach versus withdrawal motivations varies across
individuals.

Approach or appetitive motivations have been hypothesized to be governed by the
behavioral approach (or activation) system (BAS) that is responsive to signals of reward
and the termination or omission of punishment. BAS activation facilitates behavior that
brings an individual into closer proximity to desired goals and in the presence of cues
of impending rewards, the BAS creates positive feelings. In contrast, the behavioral inhi-
bition system (BIS) is responsive to signals of punishment, nonreward, and novelty and
elicits behavioral inhibition or the interruption of an ongoing behavior, and an associated
increase in arousal and vigilance. The behaviors elicited by the BIS function to maintain or
increase the proximity of an individual to the eliciting stimulus. Activation of the BIS in
response to cues of potential punishment or novelty underlies the subjective states of fear
and anxiety (Gray, 1991).

The most parsimonious interpretation of BIS/BAS tendencies is that they represent
biases towards different motivational states rather than biases towards experiencing neg-
atively versus positively valenced emotions. This interpretation arises primarily from find-
ings showing that BAS activation can in fact lead to the expression of a variety of negative
emotions. While BAS reactions tend to be thought of as positive in valence (i.e., happiness,
excitement), when an individual is highly motivated towards a goal and that goal is
blocked, negative emotions, particularly anger and frustration, are elicited (Carver,
2004; Harmon-Jones, 2003; Harmon-Jones & Allen, 1998). As such, BIS/BAS tendencies
are best considered as motivational tendencies as opposed to biases towards positive ver-
sus negative emotional states per se.

As was the case in Pavlov’s early work, individual differences in temperament reaction
tendencies are often conceptualized in terms of the relative balance of approach versus
withdrawal tendencies within an individual. For example, highly sociable and gregarious
personalities could be described as being high in BAS activity and low in BIS activity,
whereas fearful, withdrawn, and introverted personalities could be described as high in
BIS and low in BAS. In relation to Rothbart’s model of child temperament, BIS/BAS
characteristics are captured in a variety of dimensions subsumed under the broader con-
struct of temperamental reactivity. In this model, reactivity is defined as the threshold,
intensity, and duration of reactions to stimulus conditions which can be measured in terms
of the onset, duration, and intensity of emotional expressions (Rothbart & Bates, 2006;
Rothbart & Derryberry, 1981).

Based on factor analytic studies of parent ratings of child temperament, Rothbart and
colleagues have identified and replicated two higher-order factors that describe individual
differences in temperamental reactivity: Surgency and Negative Affectivity. Surgency is
defined by dimensions of approach, high-intensity pleasure (or sensation seeking), activity
level, and a negative loading of shyness (Ahadi, Rothbart, & Ye, 1993). Thus, children
who are rated as high in Surgency could be described as being relatively high in BAS
and low in BIS motivations while children who are rated low in Surgency could be
described as being relatively low in BAS and high in BIS motivations. The emotional con-
sequences of both BIS and BAS motivational states (i.e., fear for BIS and anger/sadness
for BAS) are captured in a second temperament factor called Negative Affectivity. In
Rothbart’s temperament model, the Negative Affectivity factor is defined by scales of
discomfort, fear, anger/frustration, sadness, and a negative loading of soothability (Ahadi
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et al., 1993; Rothbart et al., 2001). Thus, children high in either BAS or BIS could be
expected to be relatively high in Negative Affectivity (see Fig. 1). The correlation between
the Surgency and Negative Affectivity factors tends to be close to zero, suggesting that
they are relatively orthogonal (Rothbart et al., 2001). These higher-order factors and their
inclusion of motivational states and emotional reactions characteristic of the BIS/BAS
system are comparable to those identified in other models of temperament including
Sanson and colleagues’ factors of approach and negative emotionality identified in the
Australian Temperament Project (Sanson, Prior, Garino, Oberklaid, & Sewell, 1987),
and the approach/withdrawal and negative reactivity factors identified in the Middle
Childhood Temperament Questionnaire (MCTQ), a questionnaire based on the original
dimensions described by Thomas and Chess in the NYLS (Hegvik, McDevitt, & Carey,
1982; McClowry, Hegvik, & Teglasi, 1993).

In the sections below, the CNS structures and functions underlying BIS/BAS reactions
will be reviewed as well as empirical studies relating these CNS structures to individual
differences in BIS/BAS characteristics of personality and temperament.

The neuroanatomy of approachlwithdrawal reactions

Gray (1975) identified a set of inter-related neural structures underlying BIS reactions
that include the ascending reticular activating system, orbital frontal cortex, medial septal
area, and hippocampus. Specifically, Gray described a feedback loop in which the ascend-
ing reticular activating system responds to signals of punishment and nonreward by acti-
vating the medial septal area, which in turn stimulates the hippocampus, resulting in the
inhibition of reticular activity and therefore ongoing behavior. Davis (1992) expanded this
network to emphasize the central role of the amygdala in the elicitation of fear and anx-
iety. Specifically, Davis described the mediating role of the central nucleus of the amygdala
in fear or anxiety responses based on the extensive connections between the central nucleus
and the orbital frontal cortex, other amygdala nuclei, bed nucleus of stria terminalis, lat-
eral hypothalamus, central gray midbrain region, and brainstem nuclei. By assigning a
central role to the amygdala and the connections between the amygdala and brainstem
nuclei governing autonomic and motor responding, this expanded circuit accounts for

Negative Affect

/ -Fear

Surgency
-Approach
-High Intensity
Pleasure
-Activity Level

/ -Shyness (neg

load)

Behavioral Inhibition
System

Behavioral Activation
System

S Negative Affect

-Anger/Frustration

Fig. 1. Schematic depiction of the associations between the behavioral inhibition and behavioral activation
systems and Rothbart’s temperament factors, surgency and negative affect. The dashed line indicates an inverse
association.
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many of the universal fear reactions expressed by mammals, including autonomic arousal
and motor inhibition.

Much of the empirical work examining the associations between behavioral and neural
aspects of BIS functioning has focused on the role of the amygdala in fear responses. In a
series of studies with non-human animals, LeDoux (1987) demonstrated the central role
of the amygdala in the acquisition of conditioned fear reactions and the learning of new
stimulus-threat contingencies. The amygdala appears to function in the creation of con-
ditioned fear responses by assigning affective significance, particularly of negative
valence, during both sensory and cognitive information processing (see LeDoux, 1987,
or review). In support of this argument, several fMRI studies with young adults demon-
strate bilateral amygdala activation in response to negatively-valenced stimuli (i.e., pic-
tures of aversive stimuli or fearful faces) but not neutral stimuli (e.g., Canli, Sivers,
Whitfield, Gotlib, & Gabrieli, 2002; Irwin et al., 1996; Whalen et al., 1998). Similarly,
when asked to view an angry or fearful face and match the expression to a simulta-
neously presented face, healthy adults show an increase in regional cerebral blood flow
bilaterally in the amygdala (Hariri, Bookheimer, & Mazziotta, 2000). While adolescents
also show bilateral amygdala activation while viewing fearful faces (Baird et al., 1999),
the amygdala responses of children appear to be less specific to fearful stimuli. Thomas
et al. (2001) found that young adults, but not children, showed increased left amygdala
activation while viewing fearful faces in a passive viewing paradigm. In fact, children
showed greater bilateral amygdala activation while viewing neutral versus fearful faces.
Thomas et al. suggest that for children, neutral facial expressions may be perceived as
more ambiguous than fearful expressions and therefore elicit a state of vigilance via acti-
vation of the amygdala.

While amygdala activation in response to negatively-valenced and/or ambiguous stim-
uli appears to characterize a common affective information processing mechanism across
individuals, individual differences in relatively stable temperamental traits have also been
associated with differences in amygdala activity. Young adults who were previously iden-
tified as extremely inhibited and fearful versus uninhibited and exuberant in response to
novelty as toddlers took part in an fMRI study in which they viewed a series of novel ver-
sus familiar faces. Those participants who had been previously identified as inhibited dem-
onstrated significantly greater bilateral amygdala activation in response to novel, but
emotionally neutral, faces compared to participants previously classified as uninhibited
(Schwartz, Wright, Shin, Kagan, & Rauch, 2003). Perez-Edgar et al. (2007) reported that
adolescents who were consistently high in behavioral inhibition across childhood showed
heightened amygdala activation when asked to rate their subjective fear states while view-
ing faces compared to adolescents who were consistently low in behavioral inhibition
across childhood. Interestingly, this heightened activation was not specific to viewing fear-
ful faces but generalized to other faces as well (angry, happy, neutral). In fact, the highest
levels of activation were observed when behaviorally inhibited children were asked to rate
their feelings of fear while viewing happy faces. Similar to the findings and interpretation
of Thomas et al. (2001), this finding is interpreted as reflecting the sensitivity of the amyg-
dala to ambiguity and uncertainty rather than fear per se. Functionally, this interpretation
is consistent with descriptions of behaviorally inhibited children and adolescents as partic-
ularly sensitive to novelty, uncertainty, and ambiguity (Kagan, Reznick, Clarke, Snidman,
& Garcia-Coll, 1984; Kagan & Snidman, 2004). Individual differences in amygdala activa-
tion also have been proposed as mediators of the association between serotonin
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transporter genes and individual differences in reactivity to stress and negative life events
(Caspi et al., 2002; Fox et al., 2005; Hariri et al., 2002, 2005).

In contrast to the BIS, the BAS is sensitive to cues of impending reward and elicits
behaviors that bring an individual into closer proximity to the reward. At a neural level,
reward-relevant information is processed through cells in the orbitofrontal cortex, basolat-
eral amygdala, lateral hypothalamus, and the nucleus accumbens of the ventral striatum
(Berridge, 1996; Davidson, 1998a, 1998b; Depue & Collins, 1999; Gray, 1991). The
nucleus accumbens appears to be uniquely related to anticipatory reward-related respond-
ing. For example, during the anticipation of monetary rewards (but not punishments),
adults show activation of the nucleus accumbens that increases in concert with increases
in the magnitude of the anticipated reward (Knutson, Adams, Fong, & Hommer, 2001).
Importantly, the magnitude of nucleus accumbens activation correlated with self-reports
of positive affect and happiness during reward anticipation (Knutson et al., 2001). Thus,
the nucleus accumbens appears particularly critical in BAS responding in that it functions
to assign affective significance, specifically positively valenced, during the processing of
reward-relevant cues in the environment. While BAS neurocircuitry is hypothesized to
relate to individual differences in temperamental surgency among young children, there
are currently no neuroimaging studies that have examined this empirically.

Temperamental differences in approachiwithdrawal motivations and anterior EEG
asymmetry

Although neuroimaging studies are informative regarding the neural structures
involved in motivation and emotion, many studies relating neural functioning to temper-
ament and personality depend primarily on indirect measures such as resting EEG asym-
metry. In Davidson’s model of approach/withdrawal motivations and personality,
approach/withdrawal tendencies are hypothesized to be lateralized in the anterior regions
of the brain (Davidson, 1993; see also Fox, 1994; Silberman & Weingartner, 1986). These
hypotheses are based in part on the documented effects of unilateral lesions and strokes on
emotional states such that left anterior damage tends to be associated with depressive
symptoms and reduced positive affect (Morris, Robinson, Raphael, & Hopwood, 1996)
while right anterior damage is association with mania and dysregulated positive affect
(Sackeim et al., 1982). Specifically, the left frontal region is hypothesized to be related
to BAS reactions while the right frontal region is hypothesized to be related to BIS reac-
tions. In accord with theoretical models of temperament and personality in which the rel-
ative balance of BIS/BAS tendencies is emphasized, measures of anterior asymmetry as an
index of temperamental traits are computed by looking at the relative difference in EEG
activation from left versus right anterior regions of the scalp.

The measurement of EEG has become popular as a tool for empirically examining psy-
chobiological models of temperament and personality. Although a very gross measure of
CNS functioning, the primary benefits for researchers, particularly those working with
infants and young children, are the ease of collection and the noninvasive nature of
EEG recordings. EEG can be recorded from the scalp using caps or nets containing large
arrays of electrodes in predefined locations across the scalp. The variable of interest in
most studies of temperamental reaction tendencies is alpha activity, which for adults is
typically in the 813 Hz range and slightly lower in young children (Marshall, Bar Haim,
& Fox, 2002). Alpha desynchronization (i.e., reduced power in the alpha frequency band
of the EEG) corresponds to increased cortical activity (see Davidson, Jackson, & Larson,
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2000), so that EEG alpha power is greatest when an individual is alert but not actively pro-
cessing stimuli (i.e., sitting quietly with eyes closed) and lowest when an individual is
engaged in active processing (e.g., Davidson, Chapman, Chapman, & Henriques, 1990;
Parasuraman, Warm, & See, 1998; Schaul, 1998). The asymmetry metric is typically a dif-
ference score in which the natural log(Iln) of left hemisphere alpha power is subtracted
from the natural log(ln) of the right hemisphere alpha power (In(Right) — In(Left)). A
higher positive score on this index indicates greater alpha power in the right, which given
the inverse association between power and activation, corresponds to less right or more
left cortical activity. In contrast, a negative score on this index indicates greater right cor-
tical activity. As such, positive scores are hypothesized to relate to heightened BAS reac-
tivity while negative scores are hypothesized to relate to heightened BIS reactivity.

One assumption of studies linking frontal EEG asymmetry to motivational traits is that
the asymmetry index is a stable trait of the individual. In support of this assumption, high
levels of internal consistency (.80-.90) have been reported in several studies, based on col-
lection periods ranging from 4 to 8 min in length (Hagemann, Ewald, Thayer, & Bart-
ussek, 2002; Hagemann, Hewig, Seifert, Naumann, & Bartussek, 2005; Sutton &
Davidson, 1997). Test-retest correlations for resting asymmetry measures range from
.50 to .60 for healthy young adults over a 2-6 week interval (e.g., Sutton & Davidson,
1997; Tomarken, Davidson, Wheeler, & Kinney, 1992) and were .66 for a sample of chil-
dren assessed at 3—6 months and then again at 3 years of age (Jones, Field, Davalos, &
Pickens, 1997). Interestingly the stability values reported by Jones et al. (1997) are similar
to the values found for parental report measures of infant and child temperament (Guerin
et al., 2003; Pedlow et al., 1993; Rothbart et al., 2001).

Patterns of resting frontal asymmetry are thought to reflect a trait of the individual that
serves as a diathesis for the risk of psychopathology. The diathesis appears to be mediated
by the associations between patterns of resting asymmetries and an individual’s BIS/BAS
tendencies that characterize their emotional and behavioral reactions to eliciting condi-
tions (Coan & Allen, 2003; Davidson, 1998a; Henderson, Fox, & Rubin, 2001). Studies
with healthy young adults demonstrate associations between resting frontal EEG asymme-
try and both trait and state measures of affective style. For example, Sutton and Davidson
(1997) found that measures of resting anterior EEG asymmetry were related to
participants’ affective-motivational style as assessed using Carver and White’s BIS/BAS
self-report measure (Carver & White, 1994). Specifically, relatively greater left frontal
activation was positively correlated with BAS scores and greater BAS-BIS difference
scores, whereas relatively greater right frontal activation was correlated with higher BIS
scores. In addition, resting anterior asymmetries are related to the intensity of reaction
that individuals report when viewing emotion-inducing stimuli such as short film clips.
Specifically, Tomarken, Davidson, and Henriques (1990) reported that greater right
frontal EEG activity was associated with self-reports of more intense negative affect after
watching negatively valenced film clips, particularly those eliciting fear.

Similar findings have been reported in the literature on child temperament. Ten-month-
old infants who cried during a brief separation from their mother showed greater baseline
right frontal activation during an earlier baseline recording compared to infants who did
not cry upon separation (Davidson & Fox, 1989). Infants selected based on their strong
behavioral reactions to unfamiliar stimuli at 4-months of age display greater right frontal
activation at 9 months of age compared to infants who were either non-reactive or
positively reactive to unfamiliarity (Calkins, Fox, & Marshall, 1996). In the literature on
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behavioral inhibition, toddlers who show apprehensive and fearful reactions to unfamiliar
social and nonsocial situations tend to show patterns of resting right frontal asymmetry
(Calkins et al., 1996; Kagan, Reznick, & Snidman, 1987). Patterns of right frontal EEG
asymmetry are associated with tendencies to engage in solitary and non-social play when
interacting with unfamiliar peers in preschoolers (Henderson, Marshall, Fox, & Rubin,
2004). In addition, 7-year-old children who were rated high in temperamental shyness by
their mothers showed greater increases in right frontal EEG activation compared to less
shy children while performing a self-presentation task (Schmidt, Fox, Rubin, & Sternberg,
1997). Together these studies demonstrate that resting EEG asymmetry and changes in
EEG asymmetry during stressful task conditions are related to individual differences in
infants’ and children’s tendencies to approach or withdraw from novel and mildly stressful
events.

Temperamental differences in cortical asymmetries have also been observed while
infants process different facial expressions. Specifically, de Haan, Belsky, Reid, Volein,
and Johnson (2004) reported that 7-month-old infants rated high in temperamental fear,
showed larger amplitude Nc responses over the right hemisphere to fearful versus happy
faces. The Nc is an ERP component characterized as a negative deflection in the ongoing
EEG that is most prominent at fronto-central recording sites. The Nc is thought to reflect
attentional arousal and orienting (Courchesne, Ganz, & Norcia, 1981; Nelson, 1994; Rich-
ards, 2003). Therefore, this finding was interpreted as reflecting fearful infants’ tendencies
to be sensitive to signs of novelty and to more easily engage the right hemisphere while
processing negative emotions (e.g., Field, Pickens, Fox, Gonzalez, & Nawrocki, 1998).

Measures of total cortical EEG power have been associated with additional variables
related to temperament and social behavior. Specifically, Henderson et al. (2004) found
that right frontal EEG asymmetry discriminated amongst preschoolers who engaged in
high versus low levels of social play when interacting in a small group of unfamiliar peers.
However, total cortical power discriminated between children who displayed qualitatively
different types of non-social play. Specifically, children who engaged in solitary-construc-
tive play (e.g., playing with puzzles or coloring pictures) showed right-frontal EEG activity
and relatively high levels of cortical power across all scalp regions (frontal, central, pari-
etal, and occipital). In contrast, preschoolers who engaged in reticent behaviors, for exam-
ple hovering and onlooking, showed right frontal EEG activity and relatively low levels of
cortical power across all scalp regions. Given the inverse association between power and
activation in the alpha band, this finding suggests that socially reticent children have ele-
vated levels of cortical activity. This pattern of elevated activity may be indicative of a
hyper-vigilant state in which these fearful children are closely monitoring the unfamiliar
environment for any signs of threat (Kapp, Supple, & Whalen, 1994). Interestingly, com-
pared to typically developing controls, higher functioning children with autism show
decreased cortical activation (or higher cortical power) across anterior, central, and pos-
terior scalp regions which may reflect a general lack of orientation to the surrounding envi-
ronment, a pattern that is consistent with the social and emotional profile in these children
(Sutton et al., 2005).

Although there is a good deal of consistency in the findings relating patterns of anterior
EEG asymmetry to BIS/BAS tendencies in children and adults, there is still some uncer-
tainty regarding the neural bases for these observed differences. Specifically, it is not clear
whether differences in frontal EEG asymmetry reflect differences in activation at the
frontal sites from which the EEG is recorded, or differences in activation of other cortical
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and/or subcortical regions that project to and are recorded within each hemisphere
(Davidson, 1998a). Davidson (1998a) emphasized that measures that allow for greater
spatial resolution such as fMRI need to be collected in conjunction with scalp-recorded
EEG to further explore the neural origins of the resting asymmetries. While the asymme-
tries may reflect hemispheric differences in patterns of cortical arousal, they could also
reflect differences in patterns of activation of several subcortical structures with direct pro-
jections to the frontal cortex including the amygdala, thalamus, periaqueductal gray, and
locus coeruleus (Baumgarten, 1993; Davidson, 1998a, 1998b; Wieser & Siegel, 1993).

The CNS and self-regulation

Self-regulation is a core aspect of many models of temperament. In Rothbart’s model of
temperament, self-regulation includes the attentional and effortful processes that function
to modulate an individual’s reactive tendencies (Rothbart & Derryberry, 1981; Ruff &
Rothbart, 1996). Early in infancy the use of attention in the service of emotional regula-
tion is involuntary, being driven primarily by the nature of external stimulation (Derryberry
& Rothbart, 1997). From the first days following birth, caregivers rely heavily on reorient-
ing and engaging their infants’ attention, using techniques such as providing distracting
objects as a soothing strategy to help young infants manage their emotions (e.g., Harman,
Rothbart, & Posner, 1997). As the child develops, attention is deployed in more flexible,
intentional, and self-directed ways, providing the basis for self-regulation (Kopp, 1982).
Individual differences in the tendency to easily focus and shift attention are captured on
several different parent report measures of temperament (Rothbart & Bates, 1998). For
example, Thomas and Chess included dimensions of distractibility and attention span/per-
sistence in their original nine dimensions of temperament. The Infant Behavior Question-
naire (IBQ) includes a dimension called duration of orienting, the TBAQ includes an
interest dimension which describes children’s tendencies to remain focused on specific
activities, and the CBQ (Children’s Behavioral Questionnaire) includes an attention focus-
ing dimension. Attention or orienting dimensions are also coded on laboratory based
assessments of temperament (Goldsmith & Rothbart, 1996; Matheny, 1991). Whether
assessed through parent report measures or observationally, individual differences in these
attentional processes also show significant stability over time (e.g., Kochanska, Murray, &
Harlan, 2000; Murphy, Eisenberg, Fabes, Shepard, & Guthrie, 1999).

There tends to be a positive association between children’s capacities to focus and shift
attention and their ability to regulate their behavioral and emotional reaction tendencies
(Ruff & Rothbart, 1996). For example, newborns who engage in relatively long periods of
visual orienting show fewer state fluctuations and are slower to reach peak intensities of
negative affect compared to newborns who engage in less visual orienting (Strauss & Rou-
rke, 1978). By 4 months of age, infants who are better able to disengage their attention
from a central stimulus upon presentation of a peripheral stimulus are rated by their moth-
ers as experiencing less distress and as being more soothable (Johnson, Posner, & Roth-
bart, 1991). As attention becomes more internally-controlled with increasing age, these
attention abilities appear to cluster together with other emerging executive abilities. Based
on factor analytic studies using the Child Behavior Questionnaire (CBQ) for 3- to 7- year-
old children, Ahadi et al. (1993) identified a broad factor labeled effortful control that
incorporates temperament dimensions related to attentional control with other dimensions
reflecting children’s capacities for intentionally inhibiting their behaviors. Specific
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dimensions included in the Effortful Control factor are: attentional focusing, inhibitory
control, perceptual sensitivity, and low intensity pleasure.

In general, effortful control describes a constellation of cognitive and attentional strat-
egies that function to regulate behaviors and emotions through voluntary inhibition,
response modulation, and self-monitoring. Specific skills underlying effortful control
include those broadly conceived of as executive functions including response inhibition,
resistance to interference, response sequencing, and error detection, which together allow
for the planning, initiation, and regulation of goal-directed behavior (Bjorklund & Kipp,
1996; Posner & Rothbart, 2000; Rothbart & Bates, 1998; Stuss & Benson, 1984). Executive
functioning plays such a central role in self-regulation that deficits in executive functions
are identified as a central component in a variety of developmental psychopathologies
including attention deficit hyperactivity disorder, conduct disorder, and substance abuse
(Gorenstein, 1987; Moffitt, 1993; Nigg, 2000). Executive function deficits are also associ-
ated with behavioral adjustment difficulties including impulsive aggression (Giancola &
Zeichner, 1994) and a propensity for fighting (Seguin, Pihl, Harden, Tremblay, & Boule-
rice, 1995). In contrast, high levels of effortful control and executive functioning tend to be
associated with positive developmental outcomes including the development of empathy
and conscience (Eisenberg, 2000; Kochanska, 1997, Kochanska et al., 2000). Together
these findings suggest that the specific abilities subsumed under the broad concept of
effortful control form the basis for well-regulated behavior and emotion, whereas deficits
in these skills serve as a general risk for poorly regulated approach or appetitive responses.

Similar to the literature relating temperament measures of sustained attention to emo-
tion regulation in infancy, both parent reports and observational measures of attentional
and effortful control in childhood tend to be inversely associated with measures of negative
affect and emotional and behavioral dysregulation. In order to assess aspects of executive
control in 2- to 3-year-old preschool children, Gerardi-Caulton and colleagues developed a
version of the Stroop task appropriate for young children (Gerardi-Caulton, 2000). In this
task, spatial conflict was elicited by asking children to pay attention to visual stimuli pre-
sented either on the left or right side of a computer monitor. The child was asked to press a
button that corresponded to the content of the stimulus rather than the position of the
stimulus. In order to perform well on the task, children had to inhibit the prepotent ten-
dency to respond based on the spatial location of the target. Cross-sectionally, there were
strong age-related effects on performance between 2 and 3 years of age, with the most dra-
matic change occurring at about 30 months of age. Importantly, children’s performance
on this task correlated with maternal reports of temperament on the CBQ. Specifically,
children whose performance was less affected by the visual-spatial conflict were rated
higher on maternal reports of effortful control and lower on maternal reports of negative
affect (Gerardi-Caulton, 2000; Rothbart, Ellis, Rueda, & Posner, 2003).

The regulatory function of effortful control can also be documented in studies examining
the combined influence of reactivity and self-regulation on developmental dysfunction. Ele-
mentary school-age children who are high in negative emotionality are at significantly lower
risk for both concurrent and later behavioral adjustment problems if they also have high lev-
els of attentional regulation (Eisenberg et al., 1996, 2000, 2004). Similarly, Henderson, Sch-
wartz, Mejia and Moas (2005) found that high levels of self-reported attentional control
were predictive of a less negative attribution style and lower levels of social anxiety among
young adolescents who were also high in shyness; however, attentional control was not a sig-
nificant predictor for children who were not shy. Such associations can be interpreted as
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reflecting the higher-order or superordinate control of attentional and effortful processes
over more reactive aspects of temperament such as negative emotionality and shyness
(e.g., Rothbart et al., 1994; Rothbart & Bates, 1998; Rothbart & Posner, 1985). That is,
effortful control is thought to function as an executive system that monitors, modulates,
and regulates more reactive aspects of temperament. This interpretation is consistent with
dualistic or top—down models of self-regulation that propose that higher-order cognitive
and executive functions down-regulate or modulate lower-order emotional reactions (Ban-
field, Wyland, Macrae, Munte, & Heatherton, 2004; Luria, 1966; Norman & Shallice, 1986).

The research summarized in this section illustrates how progress across disciplines (e.g.,
neuroscientific and behavioral studies) can be linked to advance our understanding.
Advances in cognitive neuroscience have allowed researchers to describe (1) the neural net-
works associated with executive functioning and effortful control and (2) the interactions
between these networks and subcortical systems governing the emotional and motivational
processes considered parts of temperamental reactivity (see Posner & Rothbart, 2000).
These advances allow for a greater understanding of the interacting nature of reactive
and self-regulatory processes in terms of their temporal associations and their combined
influence on social and emotional outcomes.

The anterior attention system and effortful control

Posner and Rothbart attribute developmental changes and individual differences in
effortful control to a set of inter-related brain regions referred to as the anterior attention
system. The anterior attention system includes the ventromedial-orbitofrontal cortex, the
dorsolateral prefrontal cortex, the anterior cingulate cortex, and the basal ganglia, which
together facilitate the voluntary control of thoughts and emotions (Posner & Raichle,
1994). Consistent with the idea that temperament is at least in part heritable, Posner
and colleagues have recently documented patterns of heritability for executive attention
abilities (Fan, Wu, Fossella, & Posner, 2001), as well as associations between polymor-
phisms of the dopamine gene DAT1 and executive attention (Rueda et al., 2005). Specif-
ically, Rueda et al. reported that children with the pure long allele were less affected by
cognitive conflict in a modified flanker task compared to children who had the long/short
heterozygous form. Based on results of neuroimaging findings during performance of
executive attention tasks, Fan, Fossella, Sommer, and Posner (2003) have hypothesized
that the associations between dopamine receptors and executive functioning are mediated
through increased activity in the anterior cingulate. In contrast to the neural structures
underlying individual differences in motivational tendencies, such as the amygdala and
hypothalamus, which are relatively well developed at birth, the prefrontal cortex and asso-
ciated regions underlying executive control have a more prolonged developmental time
course. Developmental changes in effortful control capabilities have been documented
based on behavioral performance on cognitive tasks requiring executive control such as
Stroop, flanker, and go/no-go tasks. Effortful behaviors attributed to the anterior atten-
tion system, such as the ability to inhibit prepotent responses, resist interference and detect
and correct errors, increase steadily on such tasks from the toddler years through early
adolescence (e.g., Carver, Livesey, & Charles, 2001; Casey et al., 1997; Diamond, 1990;
Diamond & Taylor, 1996; Enns, Brodeur, & Trick, 1998; Gerstadt, Hong, & Diamond,
1994; Hooper, Luciana, Conklin, & Yarger, 2004; Jones, Rothbart, & Posner, 2003;
Kochanska et al., 2000; Passler, Isaac, & Hynd, 1985; Rothbart et al., 2003). These behav-
ioral findings are generally paralleled by neuroimaging findings showing that children
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activate the same cortical regions as adults while performing such tasks, however, the
degree of activation tends to be inversely related to age. Specifically, during response
inhibition tasks such as the go/no-go task, both adults and children activate ventral and
dorsal regions of the prefrontal cortex, however, children show a greater extent of activa-
tion during performance than do adults (e.g., Bunge, Dudukovic, Thomason, Vaidya, &
Gabrieli, 2002; Casey et al., 1997; Durston et al., 2002). These findings are interpreted
as reflecting the fact that the prefrontal cortex undergoes many age-related structural
and functional changes that impact upon the efficiency of functioning including changes
in synaptic density (Huttenlocher, 1979, 1990), metabolic and electrical activity (Luciana
& Nelson, 1998; Rubia et al., 2000), and changes in myelination (Pfefferbaum et al., 1994).

Like other structures in the anterior attention system, the anterior cingulate cortex
(ACC) has a protracted period of development which corresponds to gradual increases
in executive control throughout childhood and adolescence. Tasks involving cognitive
conflict, such as the standard Stroop task, activate dorsal and posterior regions of the
ACC, regions that have extensive connections with lateral prefrontal cortex, parietal
cortex, premotor areas, and supplementary motor areas (Bush et al., 1998; Devinsky,
Morrell, & Vogt, 1995). The functions of the ACC include attention modulation, compe-
tition monitoring, and error detection. In parallel to the behavioral studies cited above,
both fMRI and ERP studies support the central role of the ACC in response monitoring
and error detection. In addition, recent developmental studies suggest that the gradual
development of the ACC throughout childhood and adolescence may underlie develop-
mental changes in performance. For example, Casey et al. (1997) reported that the volume
of the right ACC, controlling for age, was positively correlated with 5- to 16-year-old chil-
dren’s performance on a go/no-go task. In a separate fMRI study of 7- to 12-year-old chil-
dren performing a go/no-go task, trials that tapped inhibitory control activated
dorsolateral and orbitofrontal PFC, but only orbitofrontal and anterior cingulate activity
correlated with behavioral performance (Casey et al., 1997). Similarly, Lamm, Zelazo, and
Lewis (2006) reported age-related decreases in the amplitude of the N2, an ERP compo-
nent associated with response inhibition and conflict monitoring, recorded while 7- to 16-
year-old children performed a go/no-go task. This developmental change in amplitude is
interpreted as reflecting the increased efficiency of prefrontal functioning underlying
response inhibition. Davies, Segalowitz, and Gavin (2004) also found age-related increases
in the amplitude of the error-related negativity in a sample of 7- to 25-year olds. The ERN
is an ERP component associated with error-monitoring and localized to the ACC and the
increased amplitude seen with age may reflect changes in ACC functioning that facilitate
improvements in error-monitoring throughout adolescence.

The gradual development of the neural circuitry underlying effortful control, and there-
fore the executive cognitive functions associated with emerging self-regulatory skills, opens
up a particularly exciting area of future research in the study of temperament. Normative
developmental changes in effortful processing and underlying neural systems, allows for
the study of the effects of genes, experience, and individual differences on the emergence
of self-regulatory processes at both biological and behavioral levels of analysis. For exam-
ple, recent findings showing that individual differences in trajectories of change in the vol-
ume of the prefrontal cortex across childhood and adolescence are associated with
individual differences in 1Q (e.g., Shaw et al., 2006) raise interesting questions about pos-
sible associations between trajectories of neural growth and individual differences in self-
regulation.



H.A. Henderson, T.D. Wachs | Developmental Review 27 (2007) 396427 415
Modeling cognition—emotion interactions through cortical-subcortical interactions

While reactive and self-regulatory processes in temperament are often presented as
orthogonal constructs, they are clearly interdependent at neural, functional, and behav-
ioral levels of analysis. Rothbart and Posner and their colleagues propose that it is the
moment-to-moment interactions between the limbic system and higher cortical functions
that form the basis of self-regulation (Bush, Luu, & Posner, 2000; Rothbart & Bates,
1998). Similarly, Davidson (1998a, 1998b) emphasized that emotional reactions and their
regulation are tightly coupled, since emotions are rarely generated in the absence of the
recruitment of associated regulatory processes. Consistent with the regulatory function
of Posner’s anterior attention system, Davidson (2000) and others have proposed that
the PFC plays a central role in affective responding by modulating or regulating the time
course of emotional reactions. For example, extensive reciprocal connections between the
amygdala and the prefrontal cortex, particularly the medial and orbital regions of PFC,
suggest that the PFC provides important inhibitory inputs into the amygdala (Amaral,
Price, Pitkanen, & Carmichael, 1992; Davidson, 1998a, 1998b, 2002; Hariri et al.,
2000). Further, associations between serotonin transporter gene status and stress reactiv-
ity that were initially hypothesized to reflect individual differences in amygdala reactivity
have recently been reinterpreted as reflecting associations to the coupling of prefrontal
functions related to attention regulation and the reactivity of the amygdala (e.g., Heinz
et al., 2005).

Because the ACC has intricate patterns of afferent and efferent connections, it is consid-
ered a relay station between the emotional processes governed by the limbic system and
the higher-cognitive processes governed in large part by the prefrontal cortex. As such,
it seems particularly important when considering the interplay of cognition and emotion.
Specifically, tasks requiring the processing of emotional stimuli such as Stroop tasks
employing negatively-valenced words as stimuli, activate anterior portions of the ACC.
These regions have extensive connections with limbic and paralimbic regions including
the amygdala, the orbitofrontal cortex, the periaqueductal gray, nucleus accumbens,
and hypothalamus, and they outflow to autonomic, visceromotor, and endocrine systems
(Devinsky et al., 1995; Whalen et al., 1998). The affective subdivision of the ACC is
involved in assessing the salience of emotional and motivational information and regula-
tion of emotional responses (Bush et al., 2000; Mayberg, 1997). This subdivision of the
ACC is thought to function as a neural alarm system that is engaged when a response
is inappropriate or in conflict with current goals or intentions (Bush et al., 2000). This con-
tinuous self-monitoring is considered an essential process for self-regulation (e.g., Carver
& Scheier, 1998) and has been proposed as the cognitive basis for the emergence of self-
regulation in young children (e.g., Kopp, 1982).

A recent fMRI study demonstrates the ongoing interplay between the ACC and the pre-
frontal cortex during an emotionally arousing task related to social exclusion. Eisenberger,
Lieberman, and Williams (2003) reported that young adults who were made to believe they
were being excluded from an online interactive game showed increased dorsal ACC acti-
vation relative to a condition in which they were included in the game. Further, the extent
of ACC activation was positively correlated with a participants’ self-reports of distress. In
addition to dorsal ACC activation, there were increases in right ventral PFC activation
during exclusion and the extent of activation was negatively related to both ACC activity
and self-reported distress. Importantly, the association between right ventral PFC activity
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and self-reported distress was mediated by ACC activation, suggesting that right ventral
PFC regulates distress via efferent connections and regulation of the ACC.

Although such studies relate nicely to the theoretical models of temperament and self-
regulation, there are very few fMRI studies of typically developing children examining the
associations between reactive and regulatory processes at the neural level. While fMRI is
noninvasive and offers excellent spatial resolution, participants must sit very still for
extended periods of time and remain in a confined space, making the procedure difficult
for many young children. In addition, the temporal resolution of fMRI is relatively poor,
which means that many temperament-related questions regarding the temporal course of
reactive and self-regulatory tendencies cannot be well addressed in fMRI studies. Instead,
the majority of studies relating temperament to these processes involve the use of behav-
ioral marker tasks, such as the modified Stroop task for children described above, that are
designed to tap into the functions of these neural systems in the absence of direct measure-
ment of cortical functioning. As tasks assessing the functioning of the anterior attention
system at a behavioral level become more standard parts of temperament assessment bat-
teries, the ability to examine the interactions between these behaviors and reactive temper-
amental tendencies will be improved.

Contextual influences on CNS functioning related to temperament

Defining temperament as relatively stable and biologically based seems to imply that
temperament is predetermined by our genetic inheritance and therefore impervious to con-
textual influences. Traditionally, the term context as used by developmental researchers
refers to the individuals “psychosocial context” (e.g., parent child rearing strategies, day-
care or school conditions, peer group characteristics, cultural value systems). However,
children also live in a bio-ecological context, defined by ecological characteristics such
as environmental pollution, availability and variety of nutrients and exposure to infectious
agents. Understanding the role of context upon both brain and behavioral development
requires the simultaneous consideration of both psychosocial and bio-ecological charac-
teristics (Wachs, 2003). In support of this conclusion, evidence from a number of studies
demonstrates the powerful effects of bio-ecological (e.g., nutrition) and psychosocial (e.g.,
caregiving experiences) factors on the expression of temperament related behaviors. Fur-
ther, a number of these effects appear to be mediated through the influence of contextual
characteristics on common temperament-related aspects of CNS functioning.

An important bio-ecological factor is iron deficiency. Distinct temperament profiles
including heightened levels of negative affect, increased inhibition and lower levels of
attention have been linked to impaired iron status assessed during the prenatal period
(Vaughn, Brown, & Carter, 1986), at birth (Tamura et al., 2002; Wachs, Pollitt, Cueto,
Jacoby, & Creed-Kanashiro, 2005) and infancy (Lozoff et al., 2003, 1998). Results from
a recently completed study have also shown that lower levels of maternal hemoglobin dur-
ing pregnancy and lower levels of neonatal iron stores (ferritin) are both linked to reduced
intra-individual variability (lower reactivity) in infant temperament at 3 months of age
(Wachs et al., 2006). In addition, there is evidence that the behavioral consequences of
pre, neo and postnatal iron deficiency may be mediated by changes in CNS development
and function. Infrahuman studies have consistently documented the adverse consequences
of iron deficiency during infancy on hippocampal development, myelination and density of
dopamine receptors and serotonin and norepinephrine transporter densities (Beard &
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Connor, 2003; Lozoff et al., 2006). Changes in dopamine receptors as a function of iron
deficiency may be particularly salient for the development of temperament, given the
known role of dopamine in the modulation of attention, behavioral activation and inhibi-
tion (Lozoff et al., 2006). While far less is known about the neural consequences of early
iron deficiency at the human level, research involving human neonates (Siddappa et al.,
2004) and preschool age children (Algarin, Peirano, Garrido, Pizarro, & Lozoff, 2003)
indicates alterations in functional brain electrical activity as a function of iron deficiency.

With regard to psychosocial influences, there is a substantial research literature on the
influence of parenting rearing styles on offspring temperament (Wachs, 2006), as well as a
growing literature on interactions between parenting and child temperament as predictors
of subsequent development and adjustment (Kochanska, 1997; Lengua, Wolchik,
Sandler, & West, 2000; Morris et al., 2002; Wills, Sandy, Yaeger, & Shiner, 2001). In addi-
tion, psychosocial contextual effects on temperament and associated CNS functions are
also beginning to be examined in infrahuman and human populations. Meaney and col-
leagues have studied the effects of variations in rats’ maternal caregiving behaviors on
the neural substrates underlying behavioral and endocrine responses to stress in offspring
(Caldji et al., 1998; Francis, Diorio, Liu, & Meaney, 1999). Specifically, the adult offspring
of mothers displaying low levels of licking, grooming, and arch-backed nursing show
heightened stress sensitivity expressed in both behavioral and neuroendocrine responses
(Caldji et al., 1998; Francis et al., 1999). Using a cross-fostering design, these behavioral
and neuroendocrine responses were attributable to these caregiving experiences and not
genetic inheritance from the biological parents. Such findings raise interesting questions
about parallel processes relating contextual factors, such as caregiving history, to the
expression of temperament in humans.

In order to begin to address parallel questions in human infants, Hane and Fox (2006)
reported that 9-month-old infants receiving relatively insensitive and intrusive maternal
caregiving displayed higher levels of fearfulness, initiated fewer joint attention bids, and
displayed greater right frontal asymmetry in the first year of life. These differences were
not accounted for by earlier measures of infant temperament, suggesting that caregiving
experiences may influence the behavioral and neural systems underlying negative affect
and stress responding.

Conclusions and future directions

We believe that current theory and research on developmental and individual differ-
ences in temperament provides a model field of study within which developmental psychol-
ogists are addressing questions related to the nature of cognition—emotion interactions and
their impact on development across childhood. As this review demonstrates, temperament
researchers have made great progress relating tonic or baseline measures of CNS function-
ing to individual differences in reactive and self-regulatory behaviors. However, we are just
beginning to design study protocols that include assessments of neural functioning during
tasks that elicit developmental and individual differences in levels of reactivity or self-reg-
ulation. This is clearly not an easy task, given the complexity of implementing research
protocols with the level of detail and psychometric rigor used in traditional behavioral
assessments of temperament and social behavior within an EEG/ERP or fMRI testing
environment. However, there are several examples of creative assessment approaches that
do accomplish this goal (e.g., Eisenberger, 2006; Rueda et al., 2005).
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In addition, given our knowledge of the coupling of reactive and self-regulatory neural
processes and the parallel theoretical emphasis on the combined effects of reactivity and
self-regulation on adjustment, it seems particularly important that we design both behav-
ioral and physiological assessments of this dynamic interaction. Rather than working to
design independent assessments of reactivity versus self-regulation, tasks can be designed
that simultaneously trigger both processes, allowing for analyses of their temporal pro-
gression and dynamic interaction.

Finally, we believe it is essential to study the development of temperament and the neu-
ral processes underlying reactivity and self-regulation across infancy, childhood, and ado-
lescence. Given only modest levels of stability in assessments of temperament across time,
the protracted developmental course of many neural structures underlying self-regulation
and the effects of bio-ecological and psychosocial contextual factors on temperament-
related CNS functioning, studying these processes at any given point in development will
only provide a snapshot of cognition—-emotion interactions underlying social development.
By incorporating longitudinal assessments of both behavior and neural functioning, we
will begin to be able to address truly developmental questions, such as the effects of emo-
tional reactivity in infancy on the development of the anterior attention network in early
childhood and the neural mechanisms underlying contextual influences on the expression
of temperament.
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