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ABSTRACT

This Monograph reports theoretically relevant behavioral, biological,
and self-report assessments of a sample of 14-17-year-olds who had been
classified into one of four temperamental groups at 4 months of age. The
infant temperamental categories were based on observed behavior to a
battery of unfamiliar stimuli. The infants classified as high reactive (20% of
the sample) displayed vigorous motor activity and frequent crying. Those
classified as low reactives (40%) displayed minimal motor activity and cry-
ing. About 25% of the infants, called distressed, showed minimal motor
activity but cried frequently, and 10%, characterized by vigorous motoricity
but little crying, were called aroused. Evaluations of these children at 14 and
21 months, and 4, 7, and 11 years revealed that the high reactives were most
likely to be avoidant of unfamiliar events at the early ages and emotionally
subdued, cautious, and wary of new situations at the later ages. By contrast,
the low reactives were the least avoidant of unfamiliarity in the second year
and most emotionally spontaneous and sociable at the later ages. The par-
ticipants in the other two groups displayed intermediate profiles. At age
11 years, the high reactives were more likely than the low reactives to dis-
play right hemisphere activation in the EEG, a larger evoked potential from
the inferior colliculus, larger event related waveforms to discrepant scenes,
and greater sympathetic tone in the cardiovascular system.

The current evaluation revealed that, at 14-17 years of age, more high
than low reactives were likely to be subdued in unfamiliar situations, to
report a dour mood and anxiety over the future, to be more religious, to
display sympathetic tone in the cardiovascular system, to combine a fast
latency with a large magnitude of the evoked potential from the inferior
colliculus, and to show shallower habituation of the event-related potential
to discrepant visual events. As at eatlier ages, there were low correlations
among the biological measures. However, there was stronger dissociation
between behavior and biology at age 15 than at earlier ages. Finally, infant
temperamental category at 4 months was not a less powerful predictor of
behavior at age 15 than the combination of temperament and fearful
behavior in the second year.
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I. INTRODUCTION

The sense meaning of a temperamental bias is a biologically based
foundation for a cluster of feelings and actions appearing during early
childhood, although not always in the opening weeks or months, that is
sculpted by the environment into a large, but limited, combination of traits
that define a personality. Personality traits, such as extraversion, conscien-
tiousness, or impulsivity, are the joint products of a personal history and
a temperamental bias (Heinrichs et al., 2006). It is assumed, but not yet
proven, that the biological foundations for many, but certainly not all,
human temperaments are heritable neurochemical profiles.

GENES, NEUROCHEMISTRY, AND TEMPERAMENT

Research findings over the past few decades have provided a prelim-
inary scaffolding for hypotheses concerning biological bases for some hu-
man temperaments. This monograph is concerned primarily with the two
infant temperamental biases called high and low reactive. Although the
inconclusiveness of the neurochemistry behind these categories precludes a
discussion of their possible genetic bases, a select and concise review of
existing research relating genes, brain chemistry, and behavior may provide
initial clues to the answers we seek.

At least 150 different molecules, along with the density and location
of their receptors, potentially influence the emotions and behaviors that
define the many human temperaments. These molecules include nor-
epinephrine, dopamine, epinephrine, serotonin, corticotropin-releasing
hormone (CRH), glutamate, y-aminobutyric acid (GABA), opioids, vaso-
pressin, oxytocin, prolactin, monoamine oxidase (MAO), neuropeptide S,
and the sex hormones androgen and estrogen (Hartl & Jones, 2005). The
genes that represent the origins of these molecules and their receptor dis-
tributions often have multiple polymorphisms {i.e., variation in the DNA
sequence, sometimes called an allele) in one or more of the gence's exons,
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introns, or in the regulatory sequences contiguous with the exons, called
promoters and enhancers. Promoters control the effectiveness of the tan-
scription ol the exon into messenger RNA; enhancers determine where and
when the transcription, which will eventuate in amino acids and proteins,
will occur. For example, the enbancer region for the gene for neuropeptide
P ensures its expression in the central area of the amygdala (Davidson et al.,
2006). Recent research has challenged the older concept of a gene as a
discrete entity with a particular structure and fixed contributions to a phe-
notype. Rather, it appears that each gene should be regarded as a flexible
entity with borders defined by its location and its responsivity to particular
signals (Dillon, 2003). I each gene, consisting of exons, introns, enhancers,
and promoters that influenced brain chemistry had five polymorphisms on
average, there would be at least 37 possible neurochemical combinations
that could contribute to a temperamental bias (Irizarry & Galbraith, 2004).
Even if a majority of these neurochemical profiles had no relevance for any
temperament, the large number of remaining patterns implies that future
scientists will discover many new neurochemical bases for temperaments.

Some Examples

The following are five frequently studied polymorphisms that appear to
be significant for some human temperaments: (1) the short (s) and long (1)
variants in the promoter region of the gene for the serotonin transporter
molecule (5-HTTLPR); between 15% and 20% of most Caucasian samples
have the two short forms, whereas 30-40% have the two long forms (Hariri &
Brown, 2006; Surtees et al., 2006); (2) presence of the base adenine or gua-
nine in codon 158 of the gene for the enzyme catechol-o-methyliransterase
(COMT), which degrades catecholamine transmitters, resulting in either
the amino acid valine or methionine (the latter is associated with less COMT
activity); (3) the number of repeats of a 48 base pair sequence in the third
exon of the gene for the dopamine D4 receptor (DRD4) (the four repeat
allele is the most frequent among human populations) (Ding et al., 2002);
(4) variation in the DRD4 promoter region; and (5) variation in the pro-
moter region ol the gene for MAO (A or B) associated with differential
degradation of serotonin, norepinephrine, and epinephrine in the synapse
(Hartl & Jones, 2005).

Investigators have reported relations between one or more of these
polymorphisms and psychological variables potentially related to the tem-
peramental biases psychologists study. For example, relaxed, compared
with irritable, 2-year-olds possessed the longer variant of 5-HI'T'LPR
{Auerbach et al, 1999), and very shy school-age children, as well as
prepubertal rhesus monkeys who showed timidity to novelty, had the two
short forms of 5-HTTLPR {Bartaglia et al., 2005; Bethea et al., 2004).
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Further, the serotonin transporter gene was less active in the amygdala of
depressed adults (Parsey et al., 2006b) and in the raphe nucleus of female
cynomolgus monkeys who were prone to stress (Bethea et al., 2005).

Further evidence has come from research on the seven repeat variant of
the DRD4 gene. This gene was more common among: (1) I-year-old Israeli
infants who showed less sustained attention to objects in a play situation
(Auerbach et al., 2001); (2) Italian 3-year-olds who were intense in their
reaction to novelty (DeLuca et al,, 2003); and (3) heroin addicts (Kotler
et al., 1997). In studies with adults, Polish women with panic disorder were
more likely to have four or more repeats in the promoter region of the
MAO A gene (Samochowiec et al., 2004); whereas European men who used
violent means in an attempted suicide, compared with those who used
nonviolent methods, were more likely 1o have fewer repeats (lwo to three
repeats) in this region (Courtet et al., 2005).

Because brain states are the products of reciprocal interactions among
many melecules, many psychological phenotypes should be the product
of combinations of polymorphisms. For example, oxytocin potentiates the
secretion of norepinephrine to a novel event (Pfister & Muir, 1989), vaso-
pressin is suppressive of norepinephrine secretion (Onaka & Yagi, 1993),
and androgen modulates the consequences of norepinephrine release fol-
lowing exposure to novelty (Handa etal., 1994; Kerr, Beck, & Handa, 1996;
Hanson, Jones, & Watson, 2004).

Combinations of polymorphisms have been implicated in the number
and variety of behaviors. One-year-olds who showed extreme levels of
avoidant behavior to a stranger possessed both the two short alleles of 5-
HTTLPR, as well as the seven repeat polymorphism of DRD4, whereas the
least avoidant children combined the two long forms of 5-HTTLPR with the
seven repeat polymorphism (Lakatos et al., 2003). In adulis from a much
larger sample a small proportion of individuals who had very high scores on
a measure of novelty seeking combined one or both of the long forms of 5-
HTTLPR, valine rather than methionine in the amino acid codon of the
COMT gene, and seven repeats in the DRD4 gene (Benjamin et al., 2000).
Hungarian adults who had high scores on a measure of harm avoidance
possessed the two short forms of 5-HTTLPR and the seven repeat of DRD4
(Szekely et al., 2004). Caucasian college women who reported binge drink-
ing were more likely to have the two shortalleles of 3-HTTLPR and an allele
of MAO A associated with greater expression of the gene (Herman et al,,
2005). In one investigation, the combined effects of 19 diflerent brain mol-
ecules were required in order to account for 60% of the variation in avoid-
ant behavior in a sample of rats (Ray, Hansen, & Waters, 2006). It is likely
that inconsistencies across studies in the reported relations between genes
and psychological variables may reflect the common strategy ol measuring
only one polymorphism, rather than several (Arbelle et al., 2003).



THE INTERACTION WITH EXPERIENCE

Environmental influence is apparent from a growing body of studies
documenting interactions between genes and experience. For example,
upper-middle-class adults with two or five, rather than seven, repeats of the
gene for the DRD4 receptor were high on novelty seeking, but those from
economically disadvantaged backgrounds with two or five repeats were not
(Lahti et al., 2006). Three different research groups have reported that
adolescents who combined one or both of the wo short alleles of 53-
HTTLPR with lifetime experiences characterized by poverty and stress
were more likely than others to report a depressed mood (Caspi et al., 2003;
Eley et al., 2004; Kaufman et al., 2004). This inding was not replicated,
however, in a much larger sample from a different cultural background
(Surtees et al., 2006).

Related evidence showed that young adults characterized by a combi-
nation of a harsh childhood environment and a shorter number of repeats,
and therefore less activity, in the MAO A allefe were most likely to display
asocial behavior (Caspi et al., 2002). Similarly, adolescent boys with the
shorter number of repeats {three repeats) in the promoter region for MAO
A showed asocial characteristics if they also had experienced a high-risk
rearing environment (maltreatment and an economically stressed family),
whereas adolescent boys with the shorter number of repeats who came from
economically advantaged homes had the lowest criminality scores (Nilsson
et al., 2005). The combination of a disadvantaged background and mal-
treatment, which are psychological variables, was a more significant pre-
dictor of self-rated criminality than the MAO polymorphism. The presence
of the short allele of 5-HTTLPR explained only 2% of the variance in the
self-reported distress of a large sample of German adults between 20 and 80
years of age; the distress scores were best predicted by a combination of
gender (women more than men) and employment (unemployed more than
employed) (Grabe et al., 2005). Thus, investigators trying to predict crim-
inality, depression, or psychic distress would do far better to rely on
demographic features than genetic markers alone, even though the
combination of genetic markers and psychological features predicts crim-
inality or depression with greater accuracy for a small group. Because his-
torical events alter the prevalence of poverty and childhood abuse within a
society, the relation between genes and a specific psychological outcome
should vary across time and culture. Thus, current evidence relating
genetic variation to psychological phenomena implies that the inconsistent
results across studies is probably due to interactions among the diverse
physiological products of genes, interactions with experience, and the fact
that the relations often vary with the ethnicity, social class, gender, and
cultural background of the participants (Manuck et al., 2004).
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OTHER CONTRIBUTING FACTORS

Nonheritable alterations in brain chemistry also may account for some
neurochemical profiles that influence temperament. For example, a female
fetus lying next to her fraternal twin brother is affected by the androgen
secreted by the latter and is likely, as an oider child, to have a higher pain
threshold (Morley-Fletcher et al., 2003). Another example is the modest
association between season of conception with behaviors and moods that
could be derivatives of a temperament. Early fail conceptions in the North-
ern Hemisphere (and conceptions in February through April in the South-
ern Hemisphere} are associated with extreme shyness in children
{Gortmaker et al., 1997), an affective disorder (Pjrek et al., 2004; Torrey
et al., 1997; Minoshima & Okagami, 2000; Joiner et al., 2002; Hare, 1975),
and differential dopamine turnover in the brain (Chotai & Adolfsson, 2002;
Chotai et al., 2003). By contrast, spring conceptions in the United States
predict iflicit drug use (Goldberg & Newlin, 2000) and reports of maximal
alertness in the morning rather than the evening (Caci, Robert, Dossios, &
Boyer, 2005). It is interesting that the few clinically depressed adolescents in
the sample to be described in this monograph were most likely to have been
conceived in August or September and none was conceived during the
spring months.

Melatonin, secreted by the pineal gland, is a likely contributor to these
correlations. All humans secrete larger amounts of melatonin when the
hours of daylight are decreasing. Hence, it is not surprising that 8-week-old
infants who had been conceived in October had the highest concentration of
melatonin metabolites in their urine (Sivan et al., 2001). A pregnant moth-
er’s secretion of high levels of melatonin can affect fetal brain development
in diverse ways. This molecule binds to receptors in many sites, including
the hypothalamus (Thomas et al., 2002), contributes to cell death (Ciesla,
2001), and suppresses both dopamine release (Zisapel, 2001) and cortisol
production (Torres-Farton et al., 2004). Hence, it is conceivable that a fetus’s
genetic vulnerability to a specific temperamental bias could be potentiated
by a conception that occurred during the months when the hours of day-
light were decreasing.

Summary Comment

If each gene that contributes to a temperamental bias is regarded as a
word in a long sentence whose letters could be rearranged (analogous to a
polymorphism), and the meaning of the sentence is analogous to a tem-
perament, there are many opportunities for a rearrangement to change the
meaning of the sentence. Some alterations, such as “ran” for “run” will have
little effect on meaning, but spelling “hate” as “mate” or “rape” as “race”
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would change meaning more seriously. If a printer had changed “‘fear” to
“tears” or “years” in T. 8. Eliot’s poetic line, “I'll show you fear in a handful
of dust,” reader comprehension would have been altered dramatically,
Because laboratory assays exist only for a small proportion of the large
number of possible polymorphisms (D’Souza & Craig, 2006); however, it is
likely that when investigators can measure more of the alleles that affect
mood or behavior they will discover that combinations of genes and rearing
environments are always the best predictors of the psychological variations
that define human temperaments and accompanying personalities.

‘The immaturity of our current understanding of the relations among
genes, brain chemistry, experience, and behavior frustrates any attempt to
posit a robust relation between a particular gene or physiological profile and
a temperamental bias. As a result, every current definition of a tempera-
ment is based on behavior, observed directly, or described by an informant,
or self-report questionnaires. Although future investigators will add bio-
logical measures to these behaviors when they define a temperamental bias,
a psychological component will always be part of the definition because
temperament is a psychobiological concept.

REACTION TO UNFAMILIARITY

The central nervous system of every animal is exquisitely sensitive to
change. Tiny hairs on the posterior appendage of a cockroach are sensitive
to subtle perturbations in air low (Rinberg & Davidowitz, 2000). Even the
tiny nemotode worm (C-elegans), with only 302 neurons, displays a reflex
withdrawal if the plate in which it rests is tapped (Rankin, 2000). The in-
fant's cry to the approach of a stranger, one of the first reliable signs of fear
to unexpected or novel events, appears long before children experience a
fear of failure, attack, domination, spiders, or loss of status.

The simplest unexpected event perturbs the chemistry of the genes
within neurons. For example, a novel sound provokes production of the
protein c-fos in the rat’s cochlear nucleus (Kandiel, Chen, & Hillman, 1999}
a novel location provokes production of the CREB molecule (which reg-
ulates the synthesis of proteins necessary for creating long-term memories)
in the hippocampus (Moncada & Viola, 2006). The novelty of an event can,
on occasion, be as important as its hedonic quality. The magnitude of in-
crease in CRH within the central nucleus of the rat amygdala, which usually
occurs following stress, is equally large when rats are unexpectedly re-
strained, which they do not like, but, also, when they are unexpectedly fed
(Merali et al., 1998).
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The brain states created by unexpected events that are quickly assim-
ilated (e.g., the sound of thunder on a sunny day) and unexpected events
that are unfamiliar and thus not easily assimilated (e.g., high-pitched sounds
from the fireplace) differ within the first 300 ms. It is also important to
distinguish between the state created by an unfamiliar event and the state
produced by a familiar event that has become associated with a strong
emotion; neuropeptide S contributes to the former but not to the latter
(Reinscheid & Xu, 2005). On some occasions, unfamiliar events facilitate
recognition memory more effectively than familiar, highly arousing ex-
periences (Izquierdo, 1987).

The unfamiliarity or unexpectedness of an event always depends on the
context. Although faces with fearful expressions usually activate the human
amygdala, when fear faces were presented along with scenes representing
fearful events, the latter, but not the former, activated the amygdala because
they were less salient when presented together with the scenes (Schafer,
Schienle, & Vaitl, 2005). Similarly, a schematic face with a fearful expression
usually evokes a larger ERP waveform than a schematic face with a neutral
expression, but presenting the schematic fearful face together with a pho-
tograph of a fearful face reduces the power of the former to evoke the
waveform (Holmes, Winston, & Eimer, 2005). The approach of a stranger is
more likely to produce a cry in 8-month-olds if the setting is an unfamiliar
laboratory room rather than the infant’s familiar living room. There are few
consistent consequences of any foreground event, only consequences of
events in specific contexts.

INHIBITED AND UNINHIBITED CHILDREN

Two extensively studied temperamental biases in children older than 1
year are defined by the contrast between a restrained, cautious, or avoidant
reaction to unfamiliar persons, objects, events, or places—-called inhibit-
ed—and a spontaneous approach, called uninhibited (Asendorpf, 1989,
1991; Bates, 1989). There are good reasons to study the behavioral re-
actions to unfamiliarity. These responses are moderately stable over time,
relatively easy to measure, and display variation within every animal species
studied (Jones, Hou, & Cook, 1996; Kitchigina, Vankov, Harley, & Sara,
1997, Momozawa et al, 2005; Sara, Dyon-Laurent, & Herve, 1995;
Schneirla, 1959; Scott & Fuller, 1965; Wirtshafter, 2005).

The behaviors defining the concepts inhibited and uninhibited to the
unfamiliar, first introduced almost 20 years ago, were moderately stable
from the second to the fifth year and modestly associated with peri-
pheral biological measurements in theoretical accord with the presumed
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physiological bases for the two temperaments (Kagan, Reznick, & Snidman,
1988). That is, middle-class, Caucasian 2-year-olds who showed consis-
tent avoidance of, or distress to, unfamiliar people, procedures, and
situations—which was the original definition of the concept inhibited—
preserved some form of these tendencies over the next few years, along with
greater sympathetic tone in the cardiovascular system. By contrast, the un-
inhibited 2-year-olds displayed minimal avoidance of the unfamiliar and
greater parasympathetic tone.

The features that define inhibited and uninhibited behavior to the un-
familiar appear to be heritable. Identical twins have been found to be more
similar in displays of inhibited or uninhibited behavior during early child-
hood than fraternal twins (Bartels et al., 2004; Goldsmith, Lemery, & Buss,
1999; Di Lalla, Kagan, & Reznick, 1994; Kagan & Saudino, 2001; Matheny,
1990). Research findings have found inhibited children to be more likely to
be barn to families in which one or both parents have an anxiety disorder
(Merikangas, Lieb, Wittchen, & Avenevoli, 2003; Rosenbaum et al., 1991),
and inhibited children who had a parent diagnosed with panic disorder
were likely to have a distinct polymorphism in a region of the CRH gene
(Smoller et al., 2005). However, heritability estimates based on equations
that assume additivity of the variance associated with genetic and environ-
mental influences are often inflated because the variance allocated to genes
represents the combined influences of genes and the interactions between
genes and experience. This claim is supported by evidence showing that the
heritability values for several salient behaviors characteristic of five dog
pedigrees bred especially for hunting were lower than the values reported
for most human personality traits; the former were typically <0.4 and some
were <0.1 (Schmutz & Schmutz, 1998). It is unlikely that human person-
ality dimensions are more heritable than the behaviors of varied dog stiains
bred for hunting.

Other research has documented the modest preservation of variation in

the psychological reaction to unfamiliarity. For example, teacher ratings of

fearfulness from kindergarten through the sixth grade in a group of more
than 1,800 Canadian children (Cote et al., 2002) showed modest stability.
Boys described by their mothers as very shy during late childhood married,
became parents, and established a career later than their less shy peers.
Similarly, although very shy girls married at normative times, they were less
apt to develop a career and likely to terminate their job once they had
married or had a child and to conform to the traditional sex role norms for
that historical era (Caspi, Elder, & Bem, 1988; see, also, Kerr, Lambert, &
Bem, 1996). Similar reports of stability were found in a sample of more than
1,000 children growing up in New Zealand (Caspi & Silva, 1995).

With respect to relations with age mates, Rubin, Burgess, and Hastings
(2002) distinguish between children in peer groups who play alone, stare at
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other children, and show behavioral signs of timidity (called reticent) and
children who also play alone but display no signs of anxiety (called solitary
passive). Both types appear to be stable over time, but the former resemble
the children we call inhibited (Coplan, Rubin, Fox, Calkins, & Stuart, 1994).
Evidence of modest preservation of reticent behavior was also reported
for German (Asendorpf, 1991) and Swedish children (Broberg, Lamb, &
Hwang, 1990).

Environmental influences

Shy, reticent behavior also is subject to environmental influences, how-
ever. Two-year-olds who were reticent in a laboratory setting preserved that
behavioral style only if they also had intrusive, protective, hypercritical
mothers. The reticent 2-year-olds were likely 1o become more sociable over
time if their mothers were less protective and discouraged shy behavior
(Rubin, Burgess, & Hastings, 2002). Placement in daycare before the second
birthday can also reduce the preservation of shy behavior (Fox, Henderson,
Rubin, Calkins, & Schmidt, 2001), although the effect of daycare depends
on the child’s typical behavior pattern. Young infants described by their
mothers as distressed by, and reactive to, novelty were more likely to have
internalizing symptoms at 24 years if they spent many hours in out-of-home
care, rather than being raised only at home (Crockenberg & Leerkes, 2005).

Despite the evidence of individual and proximal environmental influ-
ences, culture, social class, and historical era are among the most important
determinants of the behaviors that define a persona of traits and emotional
displays. For example, the proportion of children in the United Arab
Emirates who are quiet and subdued is greater than the proportion found
in most American cities (Eapen et al., 2005). A survey of more than 1,400
Americans revealed that, among women with one or more children, reports
of anxiety, sadness, or anger were most frequent for those who did not have
a college education (Simm & Nath, 2004). The best predictors of depression
and anxiety in American 10-year-olds were membership in a poor, ethnic
minority and rearing by a depressed mother who used marijuana during
her pregnancy (Leech et al., 2006). Thus, temperamental biases tweak the
more important influences of culture, class, and historical era and have their
greatest effect on behavior and mood for individuals who live in a particular
culture-time warp. As an example, variation in timid or bold behavior
among Caucasian children in contemporary middle-class American homes
should reflect their temperaments because ethnicity, culture, and historical
moment have been controlled. This conclusion does not imply, however,
that variation in experiences at home, in school, or with peers are un-
important.



. THELONGITUDINAL STUDY

Because our initial assessments of temperamental differences
occurred in the second year of life, there was sufficient time for experienc-
es to create the behaviors that define inhibited and uninhibited behavior.
For that reason, our laboratory initiated a longitudinal study of a large
sample of 16-week-old, Caucasian, middle-class infants with the explicit
aim of discovering behaviors that might predict the inhibited and uninhib-
ited profiles, but were unlikely to be the sole product of experience
(Kagan, 1994). We theorized that the behavioral reactions to unfamiliar
events in older children and adults are the result of three independent
factors: the social categories to which individuals believe they belong
{e.g., gender, class, ethnicity), the familiarity and social structure of the
local context, and temperamental biases. Sixteen-week-old infants are
unaware of their social categories and are relatively indifferent to the
context in which they are observed. Hence, their behavioral responses
to unfamiliar stimuli are governed primarily, but not completely, by
temperament.

INFLUENCE OF THE AMYGDALA

The central hypothesis that guided the infant assessments and the
analyses of data were that variation in the excitability of the amygdala and
its projections to other brain sites and motor and autonomic targets rep-
resented an important basis for the later development of inhibited and
uninhibited profiles. This hypothesis does not exclude the likely possibility
that other brain circuits are also important. The amygdala consists of
a number of neuronal clusters— basolateral, cortical, medial, and central
areas—each with distinct profiles of connectivity, neurochemistry, and
function. The first two clusters, which evolved later than the latter two,
establish associations between stimuli and are closely connected to sites in
the cerebral cortex. The central and medial areas mediate more automatic,
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defensive reactions and are more closely connected to the bed nucleus and
hypothalamus (McDonald, 2003).

Each cluster within the amygdala projects to at least 15 different sites
and receives input from about the same number of regions, resulting in
about 600 known amygdalar connections (Petrovich, Centeras, & Swanson,
2001; Stefanacci & Amaral, 2002). Each cluster is differentially sensitive
to varied aspects of an event. Some neurcnal clusters are sensitive to
the physical features of a stimulus (e.g., contour contrast); others to its
unfamiliarity; still others to its hedonic valence (e.g., a sweet liquid or a
bitter taste) (Holland & Gallagher, 2004; Rolls et al., 2005). The threshold of
excitability in the various amygdalar clusters is influenced by a large num-
ber of molecules; some are excitatory and some inhibitory. These molecules
include GABA, glutamate, opioids, CREB, norepinephrine, dopamine,
vasopressin, and oxytocin (Adamec, Blundell, & Burton, 2005a, b; Kirsch
et al., 2005). The balance among the molecules will determine the neural
state within the components of this structure.

Unfamiliar or unexpected events, whether appetitive or aversive,
activate the neurons of the basolateral area of the amygdala which estab-
lishes a link between a conditioned stimulus and a salient, unconditioned
event. The projections from the central nucleus, which receives input from
the basolateral nucleus, can lead to immobility, defensive behavior, in-
creased sympathetic activity, and activation of the HPA axis (Stark et al.,
2005; Meller & Dennis, 1991), as well as increased power in the high-
frequency y band of the EEG (Jung et al., 2005).

An amygdalar reaction is not restricted to events that represent a threat
of harm or danger (Fitzgerald et al., 2006). For example, some neurons in
the monkey amygdala respond to a visual stimulus that signals a desirable
liquid reward, whereas other neurons respond to a stimulus signaling an
aversive air pufl (Paton et al., 2006). Direct recordings from a large number
of amygdalar neurons in monkeys watching brief video clips of three actor
monkeys displaying either a threat face, a coo face, or a scream face revealed
that the facial configuration of one actor emitting a coo call- which has a
pleasant valence—generated greater activity in some amygdalar neurons
than the face of the same monkey displaying a scream expression associated
with fear (Kuraoka & Nakamura, 2006).

Amygdala and Reactivity in Infancy

There is indirect support for the suggestion that a young infant with an
excitable amygdala is likely to display inhibited behavior several years later.
Newborn infants whose rate of sucking increased dramatically following an
unexpected change in tasie sensation from water to a sweet substance were
markedly more inhibited in the second year than newborns who showed a
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minimal increase in sucking rate following the same change in taste
(LaGasse, Gruber, & Lipsitt, 1989). The unexpected change in taste would
have activated the central nucleus of the amygdala, through projections
from gustatory receptors to the brainstem and thence to the amygdala,
which would be followed by activation of the motor centers that control
sucking (Barot & Bernstein, 2005; Koh, Wilkins, & Bernstein, 2003). In-
fants with a more excitable central nucleus of the amygdala should have
displayed a greater increase in sucking rate compared to infants with a less
excitable central nucleus.

In many mammalian species activation of the amygdala is followed by
limb movements mediated by projections from the basolateral nucleus to
the ventral striatum and ventral pailidum; arching of the back mediated by
projections from the central nucleus to the central gray; and distress cries,
mediated, in part, by projections from the central nucleus to the nucleus
ambiguus (Pitkanen, 2000). These data imply that young infants who in-
herited a neurochemistry that rendered one or more areas of the amygdala
excitable should display more vigorous motor activity, especially arches of
the back, and more frequent crying to unfamiliar or highly stimulating
events, compared with infants who had a neurochemistry that rendered the
amygdalar clusters less excitable.

This hypothesis is in accord with Rothbart’s (1989) emphasis on
variation in reactivity as a temperamental quality in infants, It also appears
consistent with varied findings of greater motor tension among high
reactives. For example, high levels of muscle tension in the head, neck, and
limbs have been found to occur more often in individuals with high levels of
uncertainty (Fridlund, Hatfield, Cottam, & Fowler, 1986; Hoehn-Saric,
Hazleuwt, Pourmerabbed, & McLeod, 1997; Wasserman et al., 2001). Among
college students who lived together for a semester in 10 member groups,
relative perception of power was associated with a relaxed, open-body pos-
ture combined with frequent talking (Cashdan, 1998). Evidence from
baboons has shown that when a female olive baboon is resting within 5 m of
a dominant, compared with a subordinate, animal she makes self-directed
motor responses (e.g., scratching, grooming, touching, and shaking)
(Castles, Whiten, & Aureli, 1999). The greater motor tension among high
reactives could be an indirect consequence of amygdalar projections to the
central gray and/or the ventral striatum.

Although the amygdala is the proximal cause of increased motor ac-
tivity and distress in infants, other neural structures also may be implicated
in this connection. Unexpected events activate the locus ceruleus in the
brainstem and in turn sends norepinephrine projections to the hippocam-
pus and amygdala. Further, the hippocampus and the perirhinal cortex,
which are reciprocally connected to the amygdala, are also activated by
novel events (Strange et al., 2005). Therefore, the inherent excitability of
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the hippocampus, parahippocampal, perirhinal, or entorhinal cortices
could be sources of variation in motor activity and crying to unfamiliar or
unexpected events (Fried, MacDonald, & Wilson, 1997; Witter et al., 2000).
In addition, sites in the anterior cingulate and orbitofrontal prefrontal cor-
tex modulate the amygdala and the behavioral and biological reactions to
unfamiliarity (Fischer et al., 1998; Johanson et al., 1998; Kent et al,, 2005).
It should be noted, however, that this modulating circuit originates in the
prefrontal cortex, which is not fully mature at 4 months ofage.' Alt!mugh we
propose that amygdalar activity participates in the complex circuit respon-
sible for the variation in the motor and distress behaviors that define
high and low reactive infants, we do not argue that the excitability of th.is
structure is the only basis for these defining properties. Future research will
have to clarity this important issue.

SELECTION OF HIGH AND LOW REACTIVE INFANTS

The behaviors of more than 500 healthy, 16-week-old, Caucasian, mid-
dle-class infants, born at term, were filmed while they were presented with
unfamiliar visual, auditory, and olfactory stimuli. We quantified limb move-
ment, arching of the back, fretting, crying, vocalization, smiling, at‘1d heart
rate during the 45-minute battery (see Kagan, 1994, for details). Brle':ﬂy, the
mother initially looked down at her infant smiling but not talking for
1 minute and then went to a chair behind the infant in order to be outside
the infant’s field of vision. The examiner then placed a speaker batfle to the
right of the infant and turned on a tape recorder that played eigh_t short
sentences read by a blending of male and female voices. Most m.fants
became quiet and remained alert; a minority of infants thrashed their limbs
and cried.

The speaker baffle was removed and the examiner, standing in back of
the infant, presented a set of mobiles composed of one, three, or seven
unfamiliar colorful toys that moved back and forth slowly in front of the
infant’s face for 9-, 20-second trials. The examiner then dipped a cotton
swab into water or very dilute butyl alcohol and presented it close to the
infant’s nostrils for eight trials (the first and last trials were water). The
speaker baffle was replaced and the infant heard a female voice speaking
three nonsense syllables (ma, pa, ga) at three loudness levels. Finally, the
mother returned to gaze at her infant for the final minute.

About 20% of the sample displayed qualitatively higher levels of motor
activity (limb movement and arches of the back) and crying duri.ng the
stimulus presentations than the remainder of the sample. _These m.fants,
called high reactive, were more likely than the remaining infants to dlsplay

facial expressions indicative of a state of distress (e.g., frowns, pained
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expressions), and to cry to the onset of a taped human voice. We believe that
these reactions are not conditioned responses but reflect the inherent ex-
citability of the central area of the amygdala. By contrast, the 40% of infants
who showed minimal motor activity, very few arches, and little crying were
classified as low reactive. The remaining infants —about 40% — were assigned
to one of two other groups (high motor activity with minimal crying or low
motor activity with frequent crying) (Kagan, 1994).

The decision to define discrete groups based on the combination of
motor activity and crying, rather than a continuum of reactivity, was sup-
ported by a taxonomic analysis of the 4-month data. The results of this
analysis implied that the combination of the two variables fit a categorical
conception better than a continuous one {(Woodward et al., 2000). The
finding is also in accord with the fact that very high levels of motor activity,
which usually involve frequent arches of the back, are mediated by projec-
tions from the central nucleus of the amygdala to the central gray. By con-
trast, less vigorous movements of the arms and legs, without any arching of
the back, are mediated by projections from the basolateral nucleus to the
ventral striatum. Thus, very high levels of motor activity combined with
crying are likely to be the result of different neurochemistries than low
levels of motor activity and minimal crying. There may be ethnic differences
in the prevalence of these two biases. The proportion of infants classified as
high reactive was significantly smaller, and that of low reactives higher, in
Chinese 4-month-old born in Beijing than in Caucasian-American (Boston)
or Irish samples (Dublin) administered the same battery (Kagan et al.,
1994).

longitudinal Evaluations

Most of these infants (N = 468) were evaluated in the laboratory at 14
and 21 months. Fewer children were assessed at 4, 54, and 7} years. At 11
years of age, children (N = 237) were evaluated. These latter data, summa-
rized in Kagan and Snidman (2004), revealed modest preservation of in-
hibited behavior among high reactives and uninhibited behavior among low
reactives. For example, high reactives were significantly more avoidant of
unfamiliar objects and people during the second year, whereas low reactives
were more sociable, showed more frequent smiling, engaged laboratory
tasks with enthusiasm (Kagan, 1994), and resembled the 3-year-old chil-
dren classified as extraverted (Olino et al., 2005). Marshall and Fox {2005)
have reported that high reactives are most likely to show a pattern of dis-
tress during episodes of the Strange Situation that fit the insecure attach-
ment categories called B3-C2 because they cried intensely to maternal
departure and were not easily soothed when the mother returned.
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BIOLOGICAL MEASURES AT AGE 11

Measures of four biological variables that indirectly reflect the excit-
ability of the amygdala were administered to the 237 children seen at
11 years of age: asymmetry of activation in the EEG; size .of" Wave 5
response; event-related potential (ERP); and cardiovascular activity. These
variables, or variations on them, were also measured on the sample
described in this monograph (see Kagan & Snidman, 2004 for details).

Asymmelry of Activation in the EEG

The EEG represents the synchronized activity of large pumbers of cor-
tical pyramidal neurons, which, at any moment, have a dommalju: freqyem_:y
of oscillation at particular sites. There are usually slight hemispheric ‘dlf-
ferences in the amount of a power (8-13 Hz) at frontal and parietal sites.
Because o frequencies are associated with a relaxed psychologica! state a_nd
higher frequencies with a vigilant state, the less « power at a particular site,
the more active the neurons at that site (Smit, Eling, & Coenen, 2004). The
technical terms for the loss of « power is desynchronization. Increased
desynchronization of « frequencies is a sign that the individual has moved
from a relaxed to a more aroused state; that is, the site is activated. Left
hemisphere activation is more likely when the individual is in a happy or
relaxed state. Individuals with greater activation in the left frontal area
more often report sanguine moods, are biased to detect pleasa-nt features in
pairs of words, and show less anxiety than the smaller proportion whq show
greater activation in the right frontal area (Davidson, 2003; Dawdsgn,
Jackson, & Kalin, 2000; Fox, Calkins, & Bell, 1994: Fox et al., 2005; Schmidt
et al., 1999; Sutton & Davidson, 2000). Adults viewing an emotionally
arousing aversive film in the left visual field (i.c., with the right hemisphere)
show greater increases in blood pressure and secrete more cortisol thap
when they view the same film in the right visual field (with the- lef-t hemi-
sphere), despite no difference in subjective fecling between viewing the
films in the right or the left visual field (Wiutling & Pfluger, 1990). Six-
month-old infants who had responded to the unfamiliarity of a laboratory
setting with increased cortisol also showed greater right, than left, frontal
activation and displayed a sad facial expression to the approach of a strang-
er (Buss et al., 2003). Administration of cortisol to adults produced right
hemisphere activation (Tops et al.,, 2005).

However, there are exceptions to these generalizations (Vuga et al,,
2006). Because the amygdala projects ipsilaterally, via the nucleus basalis, to
the frontal cortex, greater activity in the right amygdala should lead to
greater EEG activation in the right frontal area (Cameron, 2002; McLin,
Miasnikov, & Weinberger, 2002). Further, visceral feedback from the body
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to the central nucleus of the amygdala is greater to the right, than to the left
a_mygda[a (Pauli, Wiedemann, & Nickola, 1999; Wittling, 1995), and the’
right amygdala of rats becomes more activated than the left following ex-
posure to 4 cat {Adamec, Blundell, & Burton, 2005a). Therefore, children
who experience greater visceral activity, either spontaneocusly or in re-
sponse o an unfamiliar event, should have a more active right amygdala
a_nd display right, rather than left, frontal activation. It should be noted that
right versus left frontal activation reflects both a moderately stable trait as
well as a transient state (Schmidt et al,, 2003; Hagemann et al., 2002, 2005;
Vuga et al, 2006). In a group of adults evaluated on three differ(;nt oc:
casions, measures of asymmetry of EEG activation revealed that 40% of the
variance related to greater left or right activation represented a stable trait
whereas about 60% reflected a transient state (Hagemann et al., 2005)?
Further, asymmetry of activation appears to be less heritable than the
amount of power in the « band (Anokhin, Heath, & Myers, 2006).

' The 1l-year-olds, who had been high, compared with low, reactive as
infants had greater activation in the right relative to the left partetal lobe
Further, the high reactives who had been inhibited in the second yea:i
sho-wed greater right than left hemisphere activation in both frontal and
parietal sites. These data are consistent with evidence reported by Davidson
(2003), Fox, Calkins, and Bell (1994), Schmids, Fox, Schulkin, and Gold
(1999), and Wiedemann et al. (1999). ’

Wave 5

The brainstem auditory evoked response (BAER), which consists
of a number of waveforms, is usually measured by administering a
senes_of clicks through earphones over a 1- or 2-minute interval. The
magnitude of the fifth positive waveform in the BAER, called Wave 5 and
usually quantified as the difference in amplitude between the trough of
Wa.ve 3 and the peak of Wave 5, has a latency between 5.5 and 6.0 ms and is
believed to reflect the neuronal activity generated by termination of the
fibers of the lateral lemniscus on the inferior colliculus (Chiappa, 1983),
Because the. neurons of the inferior colliculus are primed by the amygdala
a more excitable amygdala should be accompanied by a larger Wave 5'
(Branfiao, Coimbra, & Osaki, 2001; Marsh et al., 2002; Perez-Gonzalez
EMalmler_ca, & Covey, 2005). The [ 1-year-olds who had been high reactive a;
1nfan.ts displayed a significantly larger Wave 5 than those who had been low
reactive. This finding is consistent with evidence that adults displayed a
largfer Wave 5 when they believed they might receive electric shock than
during safe intervals when they knew no shock would be delivered {Baas
et al., 2006).
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ERP

The third measurement at age 11 years was the magnitude of the ERP
to discrepant scenes. The ERP is a time-locked post-synaptic potential gen-
erated by large numbers of cortical neurons to a stimulus. The waveforms
called P300 and N400, evoked by unexpected or unfamiliar visual events
when individuals have no cognitive task to perform, usually appear between
250 and 800 ms primarily at frontal sites. The N400 waveform, which usu-
ally appears between 350 and 800 ms, with a mean latency of 400 ms at
central and frontal sites, also occurs to the final word in a sentence that
renders it semantically inconsistent (e.g., “Carrots are good things to
breed”) (Federmeier & Kutas, 2002). Studies with monkeys have docu-
mented that neurons in the monkey’s basolateral nucleus and orbitofrontal
prefrontal cortex respond to unfamiliar events and habituate with repeated
exposure (Ono & Nishijo, 2000; Rolls et al., 2005). Human young adults
who had been classified as inhibited in the second year sustained greater
amygdalar activity (as measured by fMRI) to the repeated presentation of
unfamiliar, compared with familiar, faces fall with neutral expressions) than
adults who had been uninhibited in the second year (Schwartz et al., 2003).

Reciprocal connections between the basolateral nucleus of the
amygdala and the locus ceruleus and ventral tegmentum should be accom-
panied by increased cortical concentrations of norepinephrine and dopa-
mine and, therefore, enhanced synchronization of cortical pyramidal
neurons. In addition, the central nucleus of the amygdala projects to the
thalamus, which, in turn, projects to cortical neurons. These mechanisms
imply larger ERP waveforms to discrepant or unfamiliar events than to
familiar or expected ones (Aston-Jones & Bloom, 1981).

The 11-year-olds were presented, through goggles, two series of paired
identical chromatic scenes with 169 pictures in each series. In the first series,
70% of the pictures were identical (a fireworks display); 15% were of the
same Aower (the oddball stimulus), and the remaining 15% were different,
but ecologically valid. In the second series the frequent picture presented

70% of the time was a yellow fire hydrant; the oddball stimulus was ofavery
different Aower; and the remaining 15% were unique, but each was eco-
logically invalid (a chair with three legs, a baby’s head on an adult body).
The 1 1-year-olds simply looked at each picture with no task to perform. The
high, compared with the low, reactives showed a larger ERP waveform at
frontal sites to the invalid scenes.

Cardiovascular System

The fourth set of measurements consisted of indicators sympathetic and
parasympathetic tone within the cardiovascular system. Cardiovascular ac-
tivity is influenced by many brain sites, including the central nucleus of the
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am'ygdala, parabrachial nucleus, and hypothalamus (Critchley, 2005). The
ratio of high-to-low frequency power in the cardiac spectrum is especially
valuab.le. This ratio is assessed by using a Fourier analysis to evaluate several
peaks in the frequency distribution of the beat-to-beat differences in resting
heart rate when respiration is controlled. A higher frequency peak, at about
0.2 Hz, represents vagal influence. The lower frequency peak, 0.5-0.15 Hz
reﬁects-both sympathetic and parasympathetic influences on heart rate due’
primarily to slower oscillations in blood pressure and body temperature
and the briskness of the baroreceptor reflex in the carotid sinus, which is,
controlled by changes in blood pressure (Loewy, 1990). High-reactive
adolescents had greater cardiovascular sympathetic tone than low reactives.

These results are in accord with other reports (Davidson, 2008; Fox
et al., 2005; Schmidt, Fox, Schulkin, & Gold, 1999). Among adults w,'ith a
fear of ﬂyi.ng, those who had low heart rate variability (reflecting greater
sympathetic tone) reported more anxiety to pictures of airplanes than those
wh? had greater heart rate variability (Bornas et al., 2005). Panic disorder
patients had a larger than expected increase in blood pressure when they
c}‘langed- their posture from sitting to standing (Coupland et al,, 2003).
F lqally, in a group of 52 adult males who experienced premature ejacu-
lation (a sympathetically mediated reaction) a large proportion had shown

;)(r)r(r)lg)toms of social anxiety preceding the sexual dysfunction (Corretti et al.,
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The interval between 11 and 14-17 years is marked by both biological
maturation and diverse experiences. We wished to assess the degree to which
the behavioral and physiological characteristics of the two temperamental types
were preserved over the 4 years since our last assessment. This monograph
summarizes the results of an assessment of a subset of the larger sample who
were between 14 and 17 years of age; the mean and modal age was 15 years.

RATIONAILE

Psychological Variables

The selection of behavioral variables was based on the assumption that
high and Jow reactives would differ in talking, smiling, and motor tension
while interacting with an unfamiliar examiner in a laboratory or during a
home interview. Spontaneous talking, compared with restraint on speech, is
mediated, in part, by projections from the amygdala to motor sites that me-
diate speech. Hence, we expected individuals with a more excitable amygdala
to show an inhibition of spontaneous comments in unfamiliar social situations
(Schulz et al., 2005). We further expected the two temperamental groups to
vary in the focus of their primary worries, with high reactives more con-
cerned with unfamiliar events they were unable to control. Accordingly, the
interviewer asked questions about sources of anxiety. Adolescents also pro-
vided subjective perceptions of their personality characteristics, which were
examined in connection with objective measures. Each participant was ad-
ministered two Q-sort procedures. Finally, adolescents described their usual
somatic reactions to a number of familiar situations.

In addition, the interviewer asked about the adolescents’ religiosity. The
conditions that contribute to a commitment to a formal religion are multiple
and the balance among them varies with the historical era, culture, and age of
the person, as well as the beliefs of their family. Thus, there is no single
answer to the question of what determines a religious commitment that is
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valid across time or societies. It is possible, however, to discover some con-
tributing conditions in current contexts. Youth in contemporary America are
trying to establish their personal philosophy at a time when there is no con-
sensus on the meaning of life or its origin. Further, the political commitment
to egalitarianism has made individual achievement an urgently felt imper-
ative. This combination of factors is uncommon in history and creates high
levels of uncertainty in some adolescents. As a result, youths with a temper-
amental bias that renders them vulnerable to tension or worry might be
motivated to find activities or belief systems that would mute their private
angst. A religious commitment is one effective strategy because it provides a
partial answer to the meaning of daily responsibilities and assures each be-
liever of their essential value when disappointments, failures, or frustrations
occur (Fischer et al., 2006; Hendricks-Ferguson, 2006; Masten et al., 2004).

Biological Variables

The selection of biological measures was guided by the same rationale
that motivated the 11-year assessment. We assessed asymmetry of activation
in the EEG, the ratio of B over o power in the EEG as an index of cortical
arousal, the magnitude and latency of Wave 5 from the inferior colliculus,
event-related potential waveforms to discrepant visual and semantic infor-
mation, several measures of cardiovascular functioning (resting heart rates,
spectral analysis of heart rate and blood pressure) and, finally, on a smaller
sample, the ratio of the length of the index over the ring finger (the 2D:4D
ratio). The reason for the latter variable is that several investigators have
reported associations between the 2D:4D ratio and aspects of personality
related to our temperamental categories. These data were available for only
half the sample because they were gathered for a different purpose by a
graduate student. Most males have a smaller ratio than females (i.c., the
index finger is slightly shorter than the ring finger) because of the effect of
prenatal androgen on the growth of the distal carpal on the ring finger of
the fetus (Sanders et al., 2005; Roney & Maestripieri, 2004). Female fetuses
lying next to their twin brother had smaller, more masculine, ratios than
same sex female twins (van Anders, Vernon, & Wilbur, 2006).

High-reactive children, especially girls, have consistently smiled less
often than low reactives, and we speculated that this difference might have
biological correlates related to sex hormones. The human smile can ac-
company three quite different psychological states: (1) when individuals
comprehend an initially difficult idea or achieve a goal following effort,
(2) when they experience sensory pleasure, and (3) when they wish to signal
a non-threatening posture or a desire to affiliate (Fridlund, 1994), The
human smile is believed to be a phylogenetic derivative of the bared teeth
grin of the chimpanzee, which is displayed when an animal is about to
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initiate an affiliative response (Parr, Walder, & Fogate, 2005; Waller &
Dunbar, 2005). Females are less disposed than males to express physical
aggression or to present a threatening posture (Hyde, 2005). The girls from
all three temperamental groups smiled more often than boys at both 11
and 15 years. (F s0g)=23.27, p<.001 at age 11 in the laboratory;
F(1’|44,=27.5, p<.001 at age 15 dul‘ing the interview; F(I,GS)= 197,
£<.001 at age 15 in the laboratory). Thus, we were curious about the 2D):4D
ratio in these adolescents.

METHOD

Participants

Laboratory assessments were conducted on 72 members of our longi-
tudinal sample when they were between 14 and 17 years of age (mean age
15 years). These 72 adolescents were the oldest members of the longitudinal
sample, but they did not differ from the remaining participants on glemo-
graphic features or behaviors during preceding assessments. Forty of these
72 adolescents had been low reactive (20 girls) and 32 had been high
reactive (13 girls). Only high and low reactives were evaluated in the lab-
oratory. Only 72 adolescents were assessed in the laboratory because of the
loss of facilities following the senior author’s retirement.

These 72 adolescents were members of a larger group of 146 adolescents
from this longitudinal sample that included 74 youths who were not seen in
the laboratory. This larger group was comprised of 59 low reactives (30 girls),
49 high reactives (26 girls), and 38 from the other temperamental group (24
girls) (low motor combined with high crying or high motor combined with low
crying). These 146 participants were visited at home, where they r?sponded
to a lengthy interview, two (-sorts, and a series of questions inquiring about
their usual somatic reactions to different situations. The 74 adolescents
who were interviewed, but not seen in the laboratory, were the next oldest
members of the sample. They did not differ in demographic features or prior
behaviors from the participants who were not seen for this assessment.

During the interview nine adolescents—all girls—reported that they
had been diagnosed by a psychiatrist as depressed and were under psychi-
atric care; five had been high reactive, one low reactive and three were from
the other temperamental group. One high-reactive boy was diagnosed with
anxiety disorder, and one boy from the other temperamental group had
been diagnosed with ADHD. Thus, 11 of the 146 adolescents belonged to a
DSM psychiatric category according to their report. We did not conduc.t a
psychiatric interview with them. However, all 11 were in school and dealing

moderately well with their daily responsibilities.
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We have been critical of the assumption that inferences based on self-
reports are valid substitutes for direct behavioral observations (Kagan &
Snidman, 2004). Buttressing our position, a meta-analysis of 27 studies with
questionnaire data on extraversion, neuroticism, and emotional expressive-
ness, as well as observations of emotional expressiveness, revealed that the two
sources of evidence had different meanings and the self-reports should not be
treated as equivalent to the observed behaviors (Riggio & Riggio, 2002). This
position does not mean, however, that self-reports of emotions or personality
features lack psychological value. Although we do not assume that all adoles-
cents who say they worry about school failure or report being unhappy,
compared with those who deny these features, would necessarily display
behavioral or biological signs supporting their verbal statements. But these
statements likely have theoretical significance because individuals’ descriptions
of their feelings and traits are influenced, in part, by their ego ideal. Adults who
deny feeling angry or anxious may show signs of these states in their behavior
and biology, and their denial could reflect a significant personal characteristic.

PROCEDURES

Laboratory Evaluation

Behavior

A coder, blind to the adolescent’s past history or temperamental clas-
sification, coded a filmed record for the number of spontaneous comments
and smiles displayed during the initial 40 minutes of the laboratory session
while the examiner gathered heart rate, blood pressure, and administered a
test for auditory acuity but before the placement of electrodes for the EEG
and ERP recordings and the instruction to remain quiet. These behavioral
variables had separated high and low reactives at every prior assessment
(Kagan & Snidman, 2004},

Biological Variables

For the EEG, ERP and Wave 5 procedures electrodes were placed ac-
cording to the international 10/20 system at F3, Fz, F4, P3, Pz, P4, M1, M2,
and referenced to Cz. Vertical eye movements were recorded from elec-
trodes placed super- and suborbitally on the left eye, and horizontal eye
movements were recorded from the same electrodes placed at the outer
canthus of each eye. Data were sampled at 1,000 Hz, and signals were band-
pass filtered between .08 and 100 Hz. The data were resampled at 512 Hz
and re-referenced to average linked mastoids offline. The waveforms were
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inspected visually for eye movement or muscle artifacts. When an artifact
was identified on any channel, all data on all channels were excluded for
that time interval.

EEG

The subject sat quietly with eyes open for 2 minutes. o power was
defined as the sum of spectral power between 8 and 13 Hz; f power as the
sum of spectral power between 14 and 30 Hz. The spectral power estimates
were log-transformed to normalize the distribution. Asymmetry of activa-
tion was computed by subtracting log o power on the left from log « power
on the right; hence, a positive value reflected less « power and therefore
greater activation on the lefi side. Data were available for 61 adolescents.

Event-Related Fotential: N100 and N400 to Pictures

A set of chromatic pictures was displayed in a darkened roomon a TV
monitor placed one meter in front of the subject. Each picture was shown
for 1,000 ms with an inter-stimulus interval of 1,200 ms. Data were collected
for a 50 ms prestimulus baseline and for the duration of the picture. An
observer noted if the subject failed to pay attention to any picture, Data were
available for 66 adolescents. Blocks of ecologically valid pictures alternated
with blocks of ecologically invalid pictures with 20 pictures in each block.
Blocks 1, 3, and 5 displayed the valid pictures and blocks 2, 4, and 6 the
invahid pictures. All 120 pictures were unique, and none was suggestive of
disgust, fear, anger, or sadness.

The individual ERP waveforms to each picture were combined to pro-
duce average waveforms for the valid and invalid categories of pictures. The
mean integrated voltage for each picture category had to contain a min-
imum of 12 values from each block of 20 pictures. A visual inspection of the
grand averages, using all leads and both picture types, identified two com-
ponents. One variable was the total amount of negative voltage integrated
from 100 to 180 ms; the second area was the integrated voltage from 350 to
450 ms. These two variables were computed separately for each class of
picture at frontal, central, and parietal sites. In an oddball paradigm adults
showed larger N100 waveforms to infrequent, compared with frequent,
stimuli (Potts, Patel, & Azzam, 2004); and very brief exposures of masked
faces with a fearful expression that are not detected consciously evoke more
activity in the brainstem and amygdala than faces with neutral expressions
(Liddell et al., 2005; Carlsson et al., 2004). These facts suggest that the brain
detects some features of salient stimuli within the first 100-150 ms. There-
fore, the adolescents in our sample should have been able to respond dif-
ferentially to the valid and invalid scenes within the first 150 ms.
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ERP (N40O) to Semantic Incongruily

A series of 80 short sentences (four to six words in length) composed of
familiar words were constructed. One-half of the seniences were semanti-
cally congruent; the other haif had a final word that rendered the sentence
semantically incongruent. (These words were supplied by Philip Holcomb
of Tufts University.) Each word appeared on the TV monitor for 300 ms
with an interstimulus intervat of 500 ms between each word, and 1,300 ms
between the last word of a sentence and the first word of the next sentence.
A fixation cross appeared for 300 ms at a point 800 ms before the first word
of each new sentence. The variable of interest was the ERP waveform fol-
lowing the last word in each of the 80 sentences. These waveforms were
combined to produce average waveforms for the two categories of sentenc-
es, valid and invalid, and the integrated voltage from 350 to 450 ms was
computed for the N400. A total of 53 adolescents had valid data on this
episode (25 high reactives and 28 low reactives). Seventeen participants
were excluded because they blinked whenever a word appeared on the
screen, and this reaction seriously contaminated the resulting waveform.

Heart Rate

Heart rate electrodes were placed in a standard configuration on the
subject’s chest. Baseline heart rate was collected while the subject sat quietly
for 2 minutes and also while the subject was in a standing posture. The
subject was then asked to lay supine on a comfortable mat and breathe in
time to a computer-generated waveform which cycled at .25 Hz for 3 min-
utes. The data were analyzed using a fast Fourier transformation (FFT) to
characterize the frequency distribution of the cardiac signal. The variable of
interest was the ratio of high (> .2 Hz) to low (.5-1.5 Hz) frequency power in
the cardiac spectrum that represents the ratio of vagal to sympathetic and
parasympathetic influences. Data were available for 57 adolescents. We also
assessed systolic and diastolic blood pressure in sitting and standing pos-
tures and data were available for 69 participants.

Wave 5

Each child was screened for ear heaith prior to measuring the BAER.
The screening included a medical history from the parent and a test of
auditory acuity (a two-alternative procedure at 2,000 Hz). Earphones were
first placed on the subject’s head. The adolescent was told that two lights
placed one meter in front would be lit in succession, but a tone would only
be transmitted through the earphones when one of the lights was lit; when
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the other light came on there would be no tone. After both lights had lit, the
adolescent indicated which light was associated with the presentation of the
tone. Four tones that became increasingly softer were presented. The few
children with impaired hearing were excluded from the analysis.

Following the acuity test, data were collected at Cz, M1, and M2. The
adolescent heard through an earphone on the right ear a series of 2,200
clicks of alternating polarity (0.1 ms clicks; 70 dBspl presented at a rate of 27
per second. The recording epoch was 37 ms (10 ms were utilized for anal-
ysis). Waveforms were band-pass filtered at .08 to 3,000 Hz. The data were
digitized at 10,000 Hz and digitially refiltered at 30-30,000 Hz. The peaks
and troughs of Waves 3 and 5 from the reference electrode, contralateral to
the stimulated ear, were identified with a computer algorithm and checked
manually by a coder unaware of the child’s temperamental category. The
contralateral values are more sensitive than the ipsilateral values because
more fibers cross from the basilar membrane on the right side to the left
hemisphere. The variables of interest were the difference (in microvolts)
between the trough of Wave 3 and the peak of Wave 5, and the latency to the
peak of Wave 5. Data were available for 60 adolescents.

Home Interview

The home interviews were conducted by one of two women. Neither
woman had any knowledge of the adolescent’s temperamental category at 4
months or their past history. The filmed interviews, which lasted from 90 to
120 minutes, dealt with the adolescent’s academic interests and perfor-
mance, extracurricular activities, sources of worry, sadness, anger, empathy,
joy, and guilt, as well as attitudes toward religion and society.

A coder, also without knowledge of the adolescent’s past history or
infant temperament, studied each filmed interview and rated four behav-
ioral variables (each on a 4-point scale) based on behavior during the entire
interview. The four behavioral variables rated were: amount of talking,
frequency of smiling, degree of postural tension together with frequency of
hand and limb movements, and, fnally, an overall rating of behavioral
inhibition based primarily on the absence of talking and smiling, but in-
cluding excessive motoricity, defensiveness, a soft voice, and frequent turn-
ing away from the examiner. A rating of 1 for each of the four variables
reflected an uninhibited persona; a rating of 4 reflected an inhibited style.
Thus, an adolescent who received a | for behavioral inhibition talked and
smiled frequently, showed minimal motor tension, and no defensiveness;
whereas an adolescent who received a rating of 4 gave minimally elaborated
replies, rarely smiled, showed frequent motor tension, a soft voice, and an
extreme level of defensiveness.
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The coder also rated each adolescent’s degree of religiosity based on
answers to five questions about their religious beliefs. The adolescents were
asked whether they thought a spiritual or metaphysical force made any
contribution to life, whether and how regularly they attended religious
services, whether attendance at religious services made them feel good,
whether they prayed regularly, and whether they had any experience that
persuaded them that God might exist. Each adolescent was classified as
religious if they attended religious services regularly, derived a feeling of
satisfaction from this experience, prayed often, and awarded some power
for life on earth to a spiritual force (even if they accepted the validity of
scientific positions on the origins of the universe and life).

A second, independent coder, also blind to the adolescent’s history,
rated these five variables on 35 randomly selected participants. Kappa val-
ues for talking, smiling, motoricity, overall inhibition, and religiosity were
high, ranging from .76 to .81.

Q-sorts

Each adolescent completed two Q-sorts—one during and one at the
end of the interview. The first Q-sort consisted of 15 statements dealing with
sources of worry; the second consisted of 20 statements describing person-
ality traits, Table 1 lists the items from the two Q-sorts. Each adolescent
ranked each statement with respect to how accurately it characterized the
self. (Five of the 146 adolescents did not fill out Q-sorts because of time
constraints,)

Somatic Reactions

Each adolescent indicated which of six somatic reactions occurred to
each of nine situations. The nine situations, which were read to the ado-
lescent by the interviewer, were: meeting a stranger, speaking in front of the
class, criticism from a teacher, criticism from a parent, insects, storms, being
alone at home, being snubbed by a peer, and exposure to a large quantity of
blood. The somatic reactions, which were printed on cards, and placed in
front of the adolescent, were: sweating of the palms, a rise in heart rate,
difficulty breathing, flushing of the face, muscle tension, and stomach ten-
sion. (Nine of the 146 adolescents did not complete this procedure.)

This procedure derives from evidence regarding physiological com-
ponents of awareness of bodily states. Afferent feedback from the cardio-
vascular system, gut, skin, respiratory, and skeletal muscles, carried by
sympathetic or parasympathetic fibers, synapses in the medulla and
is integrated in the parabrachial nucleus within the pons region of the
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TABLE 1
(}-SORT PROCEDURES

Q-Sort 1: Worries
1. Having enough money when I am an aduit.

. Being alone.

. Having enough time to finish my school work.

. Not doing well in school.

. Not doing well in exwracutricular activities (band/orchestra, sports, theater).

. How smart I am.

- How I dress.

. A terrorist attack.

. My parents heing disappointed in me.

10. My future.

11. Not having friends.

12. Dirt on something clean I am wearing.

18. Being pressured by my friends 1o do something I don't want to do.

14. Being popular.

15. How physically auractive I am.

Wos T U A L3R

(-Sort 2: Personality

. I feel bad if my father or mother criticizes me.
. I often wonder what my friends think of me.

. I worry about getting a bad grade.

. I don't like disagreeing with my [riends.

. Most of the time I am happy.

. I like going to new places I haven't seen.

. I prefer being with a lot of my [riends rather than one or two.
. I laugh easily.

9. I am pretty serious.

10. I am shy with adults I don’t know.

11. I am shy with other kids I don’t know.

12, I like doing things that are a liude risky.

13. 1 like exciting experiences like roller coasters.
14. I make new friends easily.

15. 1 make decisions too quickly.

16. 1 think too much before deciding what to do.
17. I like doing things that make my friends laugh.
18. I think of myself as easy-going.

19. I wish 1 were more relaxed.

20. I startle easily to loud sounds.

00 ~J n O i O R —

brainstem. This information is sent to the postro-medial nucleus of the
thalamus and then to the amygdala, insula, anterior cingulate, and orbito-
frontal prefrontal cortex. It has been suggested that activity in the
right anterior insula provides a critical foundation for the consciousness

of one’s bodily state, compared with an awareness of external events
{Craig, 2003).
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Analytic Plan

The analyses of this large corpus of data were guided by several a priori
ideas. First, as always, we examined the differences among the tempera-
mental and gender groups for each variable with ANOVA before imposing
other analyses. Second, we occasionally examined extreme scores, rather
than relying only on mean values. We justify this practice on the grounds
that it is usually the case that, when a significant correlation between two
variables is less than .5, the relation is rarely linear and is due to individuals
with values in the top or bottom 20-25% of the distribution.

The nine behavioral variables examined were the following: talking and
smiling during the interview and the laboratory, interview ratings of inhi-
bition, motoricity, and religiosity, a Q-sort variable reflecting a sanguine or a
dour personality based on four items from the Q-sort, and the mean num-
ber of somatic reactions reported for four evaluative situations. The [7
biological variables quantified were asymmetry of frontal & power in the
EEG, the ratio of B-a power at rest in frontal sites, the magnitude and
latency of Wave 5 to the hemisphere contralateral to the ear receiving the
stimuli, the difference in integrated voltages of the event-related potential
to invalid versus valid scenes for each successive pair of blocks for both the
N400 and the N100 waveforms, the difference in integrated voltage be-
tween the invalid and valid sentences, the spectral analysis of heart rate, and
resting heart rate in a sitting position, systolic and diastolic blood pressure
under sitting and standing postures. Table 2 lists the means and standard
deviations for all the variables and Table 3 lists the results of the ANOVAs
that yielded significant effects for temperament, gender, or the tempera-
ment by gender interaction.
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TABLEE2
MEANS AND STANDARD DEVIATIONS FOR VARIABLES WI'TH SIGNIFIGANT EFFECTS FOR TEMPERAMENT. SEX. OR INTERACTION

Other

High-Reactive

Low-Reactive

Girls

Boys

Girls

Girls

Boys

Laboratory

17.4 (9.1)

21.9(12.7)

6

97.5 (21.9)

2

10.9 (9.0)
214 (12.9)
59.4 (7.6)
63.1 (6.6)

131.7 {9.0)

130.7 (9.4)

Smile
Talk

6{16.5)

5

(5.9)

15

59.1 (6.3)
62.4 (1.7)

61.8 (7.7)
64.7 (7.7)

12

B P Diastolic Sit

66.9 (6.5)

BP Diastolic Stand
BP Systolic Sit

128.5 (9.6) 125.9 (6.8)

128.1 (10.8)

1.5 (11.2)

127.3 (9.3)

1217 (11.4)

1.01 (.2)

BP Systolic Stand

EEG B/o

94 (.2)
O1LD

- 59(6.1)

95 (.2)
01N

1.53 (4.6)

92(2)

031
—-.80(5.1)

091
—1.45(6.3)

EEG Fronmal Asymmetry

71(5.1)

- 1.77 (3.4)

54 (5.04)
~4.90 (9.6)

1.44 (2.9)

01 (5.2)
1.62 (5.8)

ocks 3+4
ocks 5+6
ocks 1+2
ocks 3+4
ocks 5+6
n -V

5

16 (7

3.26 (7.3)

B4.(5.1)

—-1.29 (4.1)
—3.89 (4.8)

—-1.6(7.4)
—.88 (8.2)
—-2.28 (8.0)

04 (3.8)
— 471 (3.8)

1.65 (4.6)
~2.90 (7.6)

8)
- 1.2 (4.2)
973.2 (105.3)

)
[

112

RP NI10O Picuw
ERP N100 Picty

E

ERP NI10O Picu

ERP N40¢ Pictu

R N400 Pictu
ERP N400 Sentences Mea

Heart Rate Baseline

E

2 (4.4)
844.9 (79.2)

—-2.2 4.1

—139
8.9 (103.3)

918.4 (107.6)

14 (1.7) 1.0 (1.0)
54.(.99)

1.1 (1.2)

1.8 (1.9)

Parasympathetic/Sympathetic

Wave V Conura Amplitude
Wave V Contra Latency
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56 (.20)
5.4 (.21)

(.15)

54 (.13)

o™
[l=]

G

52 (.18)

(.26)

o
(2]

5 (.20)

5.5

Interview

1.5 (.6)
1.6 (.7)

11.4 (2.0

1.7 (.8)
1.6 (.8)
10.6 (2.4)
2.2 (9)
1.6 (.8)

1.6 (.8}

1.9 (.8)
2.0 (.7)
11.7 (3.6)
2.1(.7)
1.6 (.8)
1.4 (.8)

2,6 (.7)

1.8 (.8)
1.8 (&)
12.9 (3.1

1.6 (.6)
1.6 {7
13.9(3.4)

Inhibition
Motoricity
Sanguine

Smile

2.6 (.7)

12.8 (3.2)

1.7 (.8)
1.6 (.7)

2.9 (1.0)
15 (.

9

(:8)

1.5 (.7)

1.7

10

2.4 (.8)
(7

Somatic Reaction

Talk

b
~

1.4 (.5)

1.3 (.5) 2(1.1)

1.8 (.9



Variable

Laboratory
Smiles

Latency Wave 5 1,58

Interview
Talk
Smiles
Motoricity
Inhibition
Sanguine

30

Temperament

. F o p

1,67 586 .01
7.2 <0l

NS

2,140 6.90 <.01
2,140 109 <.001
2,140 165 <.001
2,135 63 <.01

TABLE3
SIGNIFICANT EFFECTS FOR TEMPERAMENT, SEX OR INTERACTION

Sex

i F p

1,67 19.74 <.001
1,68 7.67 <.0]

1,140 123 <.001
1,140 26.3 <.001
NS
1,140 87 <.01
NS

Interaction

df F p

NS
NS

NS
NS
2,140 4.0 <.05
NS
NS

Variance

R2

.29
19

.24
17
.25
A1

IV. RESULTS

LABORATORY BEHAVIOR

Although there was no difference between the low or high reactives
in the number of spontaneous comments during the first 40 minutes of
the laboratory session, high reactives smiled significantly less often than
low reactives (F(1 ps =5.86, p=.01), and girls smiled more than boys
(Fu,esy = 19.74, p<.001). There was no interaction between temperament
and gender. High reactives have consistently displayed fewer spontaneous
smiles than low reactives when interacting with a stranger in an unfamiliar
situation.

INTERVIEW BEHAVIOR

Motoricity

The rating of motoricity (based on hand and leg movements and pos-
tural tension) clearly separated the high and low reactives (Fig, 140 = 10.89,
$<.001), with no effect of gender, but there was a gender by temperament
interaction because high-reactive males had very high ratings of motoricity.
Forty-nine percent of high reactives, but only 16% of low reactives and
others, received a rating of 3 or 4 for motor tension (x*(1)=21.6, p<.001).
High reactives had shown significantly more tension in the corrugator
muscle of the forehead while watching unpleasant, pleasant, and neutral
pictures during the laboratory evaluation of potentiated startle at 11 years
of age (Kagan & Snidman, 2004).

Tafking and Smiling

A majority of girls from all three temperamental groups talked and
smiled frequently during the interview and, as a result, high- and low-reactive
girls did not differ significantly on these variables. However, high-reactive
boys talked less often and were rated as more inhibited than low-reactive boys
{t(50) = 1.92, p = .05 for talking; £(50) = 4.98, p <.001 for rating of inhibition).
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TABLE4
PERCENT QF LOW-REACTIVE, HIGH-REACTIVE, AND OTHER BOvs GIVEN RATINGS OF 3 OR 4
(SUBDUED) FOR TALKING, SMILING, AND BEHAVIORAL INHIBITON DURING THE INTERVIEW

Variable Low Reaciive (%)

Other (%) High Reactive (%)
Talking 24 7 43
Smiling 38 29 Gi
Inhibition 10

21 61

Table 4 contains the percentage of high-reactive, low-reactive, and other
boys who received a rating of 3 or 4 (inhibited persona) for talking, smil-
ing, and overall inhibition. By contrast, 55% of low-reactive boys, but only
one high-reactive boy, received a rating of 1 on inhibition, whereas 61%
of high-reactive boys, compared with only 10% of low-reactive boys,
received a rating of 3 or 4 (¥%(1) = 15.92, p<.001). Three of the four ad-
olescents who did not look at the interviewer for most of the 2-hour
session—a very unusual reaction — had been high-reactive boys.

‘Twenty-seven of the 49 high reactives interviewed at age 15 had been
observed at 43 years of age in a peer play situation consisting of three
children of the same sex and age, who were unfamiliar with each other,
playing in a laboratory setting with all three parents present (Kagan, Snid-
man, & Arcus, 1998). Thirteen of the 27 high reactives had been classified as
extremely inhibited in this play situation, whereas the remaining 14 were
less inhibited (very few low reactives were inhibited in this setting). Seven of’
the 13 inhibited 4-year-olds were rated as inhibited during the interview at
age 15 (rating of 3 or 4), compared with only three of the 14 who were not
inhibited during the play session (p < .05 by the Exact Test).

Relation to Fear in the Second Year

Seventy-one percent of the 15-year-old low reactives, but only 26% of
high reactives and 43% of others, had displayed very low fear scores to
unfamiliar events in the second year (mean fear score at 14 and 21 months
was < 2.0; y%(2) = 21.8, p<.001). However, level of fearful behavior in the
second year, when considered alone and ignoring 4-month temperament,
did not predict behavior in the laboratory or during the home interview.
The 4-month temperamental category was not a less sensitive predictor of
interview behavior than the combination of 4-month tem perament and fear
score in the second year. This fact implies that the tendency to approach or
to avoid unfamiliar people or objects in the second year of life can be a
learned reaction. Several low reactives who were uninhibited at ages 11 and
15 had high fear scores at 21 months.
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p<01 B Boys

Correlation

Lab15/Int1S Lab15/Lab11

FiGukre 1.—Correlations for smiling between laboratory and home.

Smiling in laboratory and Home

Figure 1 illustrates the correlations between frequerllcy of smiling ir} Fhe
laboratory and during the home interview, and the relation between smiling
in the laboratory at 11 and 15 years (sexes sepz!rately). The adolescents were
relatively consistent in their tendency to smile in the Iaboratc?ry an'd at home
(r=.58, p<.01 across all subjects), and there was modest intra-individual
stability of smiling in the laboratory from 11 to 15 years of age (r=.47,
p<.001}. _ J

We assigned the high and low reactives to one of two groups, basell.on
frequency of smiling in the laboratory.and at home._ The .hlgh smiling
group, who received a rating of | for smiling during tlhe interview and had a
value for laboratory smiles equal to or above the median, consisted of !4 low
reactives and four high reactives. The low smiling group, who received a
rating of 3 or 4 for smiling during the interview and had.a value for lab-
oratory smiles below the median, contained seven low reactives and 11 high

reactives (y*(1)=17.4, p<.01).

Relation of Smiles to 2D:4D Ratio

The 2D:4D data affirmed the usual sex difference in the ratio. More
important, the low-reactive girls, who smiled more than any other group at
every evaluation, with ratios > .99 smiled more frequently at bot.h 11 apd
15 years of age than low-reactive girls with sma!ler, more masculine ratios
{p <.05 by the Exact Test). Further, adolescents with ratios in tll1e top quartile
of the distribution {mean ratio for the two hands > .99) smiled 2mon: fre-
quently than others during the laboratory session at 14 m9nths (x gl) =72,
p<.01). The two boys with the largest ratios (> 1.0) were high reactives who,
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during the interview, said they were easily intimidated and tried to avoid
confrontations with others,

Sources of Worry

Three questions posed at different times during the interview asked
each adolescent to report the targets of their worries. ‘The questions were:
“What things make you nervous or anxious?” “What do you worry about?”
“Can you name two times you were worried over the past few months?” The
answers fell into one of five categories that resembled the factors derived
from 2 fear survey of over 800 adults (Fisher et al., 2006). The categories of
worry were: (1) quality of performance in school or extracurricular activ-
ities; (2) uncertainty over encounters with unfamiliar people, places, or
situations, or the inability to know the future; (3) social rejection and main-
taining friendships; (4) Physical harm; and (5) worries over the health of a
relative or pet.

Worry over competent performance in school or extracurricular activ-
ities was named most frequently (54% cited only this concern). Low reac-
tives were more likely than high reactives or others to nominate
performance as their only source of worry to all three questions (61% of
low reactives vs. 37% of high reactives and 55% of others). By contrast, 67%
of high reactives named encounters with crowds, unfamiliar peecrs, visits to
new places, or the inability to know the future as a serious source of WOTTY to
at least one of the questions, compared with 20% of low reactives and 29% of
others (¥*(2) = 19.0, $<.001). Every one of the 11 high-reactive adolescents
(five boys and six girls) who became so distressed during the final episode of
the 4-month assessment the session had to be terminated named unfamil-
iarity as a source of worry during the interview.

Some verbatim excerpts illustrate the concern with unfamiliar or
unpredictable situations among high reactives: “In a crowd I feel isolated
and left out, I don’t know what to pay attention to because it is all so
ambiguous”; “I worry about the future, over not knowing what will
happen next”; “I wanted to be a doctor but decided against it because I felt
it would be too much of a strain”; *I like being alone and, therefore, horses
are my hobby, I don't have to worry about fitting in with others when 1
am with my horses”; “I get nervous before every vacation because [ don't
know what will happen.” Similar statements were rare among low reactives

or others.
Religiosity

Thirty-three percent of the participants in the sample were classified as
religious and the remaining two-thirds as nonreligious, a value close to the
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estimate of 42% of Americans who regularly attend religiogs services
{Wuthnow, 2006). The distributions of family religions were Sl.mllar for the
three temperamental groups; 40% of the families were Catholic, 30‘_% Prot-
estant, 25% Jewish, 4% belonged to another religion, and 1% denied any
religious affiliation. Forty-five percent of the youths who had been h'1gh
reactive were classified as religious, compared with 25% of low reactives
and 28% of the others (3%(2) = 4.4, p<.05). Although the religious adoles-
cents were more likely to have grown up in religious homes (85% had one or
both parents who attended religious services regularly), there was no sig-
nificant difference between high and low reactives in parental religious
commitment. _

Further, the ratio of power in the B over the « band, gathered. u{hlle each
adolescent sat quietly with eyes open, was higher f()f~ the n(_)nrellgu')us thfm
the religious adolescents (F; 57, = 3.85, p<.05), W'lth no mtera.cuon with
temperament or gender. Because the higher o ratio reflects a higher level
of cortical arousal, this result implies that religious youth may have be.61'1 less
apprehensive in the laboratory situation. Not one of the ﬁ.ve_ clmufally
depressed high-reactive girls was religious; not one of the religious high-
reactive girls was under psychiatric care.

Q-Sorts

We created an index of a sanguine compared with a dour mood by
averaging the ranks for four highly correlated Q—sort_ items {see Table 1,
numbers 9, 16, 18, and 19): “I am pretty serious,” I think too much b?‘fo,re
deciding what to do,” “1 wish I were more relaxed,” and the reverse of “I'm
easy-going.” High scores reflect a sanguine mood; low scores a dour lTlO('Jd.
Low reactives were more likely than high reactives or othf:rs to describe
themselves as sanguine (Fig, 135y = 6.34, p <.01), with no si.gm.ﬁcam effect of
gender and no interaction. This difference was only significant f01" the
comparison of low reactives with others. Forty-one percent of low reactives,
compared with 23% of high reactives and none of the other temperamemal
group, had a mean rank equal to greater than the average value ot 15 for
this variable (¥*(2) = 19.2, p <.001). _ _

High and low reactives also differed signiﬁcamly in the rank asmgnec'l to
the single item from the Q-sort: “Most of the time I'm happy.” High
reactives described themselves as less happy than the two ot.her groups
(Fo, 138 = 12.66, p<.001), and there was no interaction wnh gender.
The statement, “I'm happy most of the time” was the only item also
present in the @-sort administered to this sample when they were 11 years
old. More low than high reactives or others reported bc1.ng hap[?y at
both ages (x%(2)=13.8, $#<.01). A repeated measures analysis of variance
revealed a significant effect of temperament (F2, 199)=6.16, p<.01) and
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TABLES

PERCENT OF THE “HAPPy" ADOLESCENTS (RANKS 1-4) RANKING OTHER | I'FMS A%
CHARACTERISTIC OF SELF

_Item - — ! Low I_{czlctive _(%) High Reactive (7)
T laugh easily (ranks 1-3} 46 -2')_ -
I'm easy-going (ranks 1-3) 32 lé
I'm too serious (ranks 1-8) 8 25
I think too much (ranks 1-8} [3 ‘*}‘%

gender_(F“' 122) = 8.69, p<.05), with boys happier than girls, but no

Interaction between temperament and gender. The low-reactive boys were
distinctive. Fifty-four percent reported being happier at age 15 than at age
11 (rank at 15 was lower than the rank at 11), whereas high-reactive girls
were least likely to be happier at the older age (only 16% of high-reactive
girls did so).

' However, the personal meaning of the endorsement “Most of the time
I'm l?appy” varied with the youth’s temperament because high and low
reactives endorsing this item (they placed it in the first four ranks) gave
different ranks to four other Q-sort items related to mood. Two items re-
ﬂected a serious mood (“I'm too serious” and “I think too much™); two
1ems reflected a relaxed mood (“] laugh easily” and “I'm ezlsy—goi;1g”).
More low than high reactives who said they were “happy” ranked the two
re-‘laxed items as characteristic of self (46 and 32%), whereas the “happy”
high reactives ranked the two items reflecting a serious mood as more
cl_mracteristic of self (25% and 33%) (see Table 5; y7=8.5, p<.01). Thus
high and‘ low reactives possessed different understz;ndings of, or semanti(;
connotations to, the word “happy” as applied to self.

Maternal Q-Sorts of 11-Year-Olds

. The mothers of 90% of this sample had ranked 28 statements describ-
ing their child at 11 years in a Q-sort procedure (Kagan & Snidman 2004)

We as.ked whether these maternal descriptions predicted the adol(’ascent’s.
terview behavior or Q-sorts at age 15. Four correlated items in the ma-
ternal Q-sort described a shy, inhibited child (shy with other children he or
she doeﬁn't know, shy with unfamiliar adults, worries about what might
hfqppen in the future, and becomes quiet and subdued in unfamiliar places).
F1've cor.related items described an uninhibited personality (has a lot of
frlen'ds, s easy-going, talks a lot with other children, likes to try new things

and is outgoing with other boys and girls). The mean of each set was com-’
puted and, as expected, the correlation between the two means was negative
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(r= — .61). We subtracted one mean from the other so that a positive score
reflected a maternal description of an inhibited child.

There was only a modest relation between the maternal descriptions at
age I1 and the rating of adolescent inhibition in the interview at age 15
(r =.29 for boys and .30 for girls, p<.05), and no predictive relation to the
adolescents’ Q-sorts. The maternal descriptions were only accurate for three
high reactives (6% of that group) who were extremely inhibited during the
interview (they received a rating of 4). Only 7 of 24 children described by
their parent as inhibited at age 11 showed inhibited behavior during the
interview; whereas 18 of 21 children described as inhibited had been high
reactive. Thus, the 4 month infant temperamental category was a better
predictor of behavior during the interview than the mother’s descriptions of
these children when they were 11 years old.

Somatic Reactions

The participants were most likely to report somatic reactions to the four
situations in which they were being evaluated by another (meeting a strang-
er, speaking in front of the class, and when a teacher or a parent criticized
them). Each of these four evaluative situations was associated with a slightly
different profile of somatic reactions. Because few adolescents reported
breathing difficulties or stomach or muscle tension, we pooled these three
reactions into one category. Speaking in front of the class was most olten
associated with reports of increased heart rate; teacher criticism with facial
flushing; parental criticism with breathing or stomach or muscle tension;
and meeting a stranger with sweating of the palms. Few reported somatic
reactions to insects, storms, being alone at home, being snubbed by a peer,
or seeing a large amount of blood. Young adults from different nations also
reported fear of evaluation by others more frequently than fear of bodily
harm, witnessing aggression, or small animals, such as insects and mice
(Arrindell et al., 2003).

We computed the mean number of somatic reactions reported to the
four evaluative situations (mean = 1.5, $D =7, median 1.5 and range of
-25-4.75). An ANOVA revealed no significant difference attributable to
temperament, in part, because most adolescents reported somatic reactions
to evaluation of their performances in and out of school. However, 15 of 20
adolescents combined frequent somatic reports (greater than the mean)
with high systolic blood pressure values atage 11 (z > .5). Eleven of these 15
named unfamiliarity as a primary source of worry during the interview, and
only 4 named performance. By contrast, only 6 of 22 adolescents who had
infrequent somatic reports {less than the mean) and lower systolic blood
pressure (z< — .5) named unfamiliarity as a primary source of worry while

11 named performance (x*(1) = 10.8, p <.01; see Table 6).
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TABLE®6

RELATION OF SYSTOLIC BLOOD PRESSURE AT AGE 11 AND SOMATIC REPORTS TO
SOURCES OF WORRY

Somatic Reports

Systolic Blood Pressure High Low

High z>.5 N=20 N=19
IOHR5LR50 9HR7LR30Q

Lowz< - .5 N=16 N=22
2HRILRS50

6 HRBLRB D

BIOLOGY

EEG Asymmelry

The difference in the log of a power between left and right frontal sites
(F3 and F4) revealed that 71% of low reactives but 52% of high reactives
were left frontal active (difference >.00), a difference that missed the con-
ventional level of significance (;* = 2.7). However, the display of left or right
frontal activation was moderately stable from 11 to 15 years of age (r =.43,
p<.01 for low reactives; r =.34, p = .09 for high reactives; r = 40, p<.01 for
the entire sample). Furthermore, more high than low reactives showed
greater activation on the right, compared with the left, frontal sites (less o
power at F4 than at F$) atboth 11 and 15 years of age (28% vs. 5%), whereas
more low reactives were left frontal active at both ages (34% vs. 24%,
x> =4.7, p<.05). In contrast to the data at 11 years of age, there was no
temperamental difference in asymmetry of activation ar parietal sites.

A significant effect of temperament also emerged when both the rating
of inhibition during the interview and frontal asymmetry were treated as
dependent variables (F 57, = 15.79, p <.01), with no effect for gender and
no interaction. Low reactives were more likely than high reactives (69% vs.
24%) to combine uninhibited interview behavior (a rank of 1 or 2) with left
frontal activation; only 16% of high-reactive girls displayed both features.

B—x Ratio

The ratio of B over o power in frontal sites with eyes open was stable
from 11 to 15 years (r=.60, p <.01 for low reactives: 7=.51, p<.01 for high
reactives; r =.56, p<.01 for the entire sample), but this variable did not
separate the temperamental groups. Although there was no relation be-
tween frontal asymmetry and the B« ratio, high reactives were more likely
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FIGURE 2.— Temperamental differences in -« ratio and asymmetry of activation.

than low reactives to combine a high B« ratio (above the median value of
.90) with right frontal activation (32% vs. 10%), whereas lcm‘r regctives were
more likely to combine a high - ratio with left frontal activation @43% vs.
24%; x2(1) = 5.6, p<.05; see Figure 2). Studies of adults suggest high !1er-
itability of & and B power values (h* = .87 for « and .86 for p at frqntal sites)
(Smit, Posthuma, Boomsma, & DeGeus, 2005), and for the functional con-
nectivity of ¢ and B frequency bands (Posthuma et al., 2005).

Wave 5

The two variables quantified from the brainstem auditory evoked
potential were the magnitude of Wave 5 (the difference between the trough
of Wave 3 and the peak of Wave 5) and the latency to the peak of Wave 5.
Although the high reactives had slightly larger Wave 5 magnitudes than low
reactives (.55 vs. .52 uV), the difference missed statistical significance. How-
ever, this variable, too, was stable from 11 to 15 years (r =.64, p <.01). As was
true for EEG asymmetry, more high than low reactives had larger Wave 5
magnitudes (greater than the mean) at both 11 and 15 years (40% vs. 0%),
whereas more low than high reactives had values below the mean at both
ages (40 vs. 24%, °(1) = 10.3, p <.001). _

Second, high reactives had a significantly faster latency to the peak of
Wave 5 than low reactives (F( 53, = 7.20, p = .01), and more high than low
reactives combined a latency faster than the mean with an amplitude great-
er than the mean (28% vs. 8%), whereas more low reactives showed the
opposite profile (31% vs. 8%, x*(1) = 6.9, p<.05). As at age 11, there was no
relation between the magnitude of or latency to Wave 5 and behavior dur-
ing the interview or the adolescents’ Q-sort profiles. However, the orﬂy
biological variable assessed at age 11 that separated the ﬁ\.fe high-reactive
girls who reported during the interview that they were clinically depressed
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from the remaining 21 high-reactive girls was a large Wave 5 (four of the
five depressed girls had values >.80pV, compared with 8 of the 21 non-
depressed, high-reactive girls).

N400 to the Pictures

A repeated measures analysis of variance on the six blocks of pictures
revealed a significant difference in integrated voltage among the six blocks
(Fes.318=10.3, #<.001), with significantly larger values to the invalid than
to the valid pictures (F1.69) = 18.8, p<.001). Although the mean difference
between invalid and valid pictures (I-V difference) was not associated with
temperament, the high and low reactives differed with respect to the block
pair during which they showed their largest I-V difference.

Seventy percent of the adolescents showed their largest 1-V difference
on the first or second block pairs (comparison of block 1 with 2 or block 3
with 4), rather than during the final block pair, implying habituation of the
ERP response to discrepancy. However, more high than low reactives
(61% vs. 39%) showed their largest I-V difference on the final block pair,
implying 2 shallower habituation to the invalid pictures (y*(1)=4.6,
£<.05).

The magnitude of Wave 5 gathered at age 11 was related to the I-V
difference on the final block pair, but not to the I-V differences on the first
two block pairs (r = .34, p <.05). Eighty-five percent of the adolescents with
an I-V difference greater than the mean on the final block pair had Wave 5
values greater than the mean at age 11 (12 of 14); whereas only 33% with
small I-V differences had a large Wave 5 (x*=9.1, p<.01). Eight high
reactives (three boys and five girls from a group of 27), but only one low
reactive, with a large 1-V difference on the final block pair also had
large Wave 5 values at 11 years, and seven of these eight high reactives had
large Wave 5 values at age 15. This profile implies a special brain state and
these eight high-reactive adolescents displayed unique features. Two high-
reactive boys often avoided looking at the interviewer and four other high
reactives reported atypical fears during the interview. One boy was afraid of
a terrorist attack, one girl was anxious when she thought she might be
touched, a third worried about planned school trips to unfamiliar places,

and a fourth told the interviewer, “I feel vulnerable when I'm with people
I don’t know because I don’t know what to do or say.” The remaining
two from the group of eight were high-reactive girls who were clinically
depressed and under psychiatric care. Thus, every one of the eight high
reactives with large values for Wave 5 at age 11 and relatively shallow ha-
bituation of the N400 waveform to the invalid pictures displayed either
extreme uncertainty or a seriously depressed mood. Not one low reactive
displayed this combination of features.
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Frontal Asymmetry of the N40O

Larger I-V differences were associated with larger integrated vo!tages
at F4 (right frontal area) than at F3 (left frontal area), a result that is ex-
pected because the stimuli were pictures. Among the adolescen‘ts whose
largest I-V difference on any block pair was greater than the median value
for the entire sample, 65% had larger values at I'4 thal? F3 (by atleast 1 pV).
By contrast, among adolescents whose largest I—qulfference was ;maller
than the median, only 25% had larger values at F4 than at F3 (3; =§.2,
p<.01). In addition, the larger the resting EEG asymmetry value tavormg.
lefi frontal activation, the smaller the N400 values to the final block of
invalid pictures (r = .43, p <.05). Thus, a bias that favored left frorfta! ac-
tivation at rest was associated with more rapid habituation to the invalid
pictures, especially among the low reactives. Nine O.f 10 low reactives wh(.)se
largest I-V difference occurred on the first block pair were left frontal active
at rest, compared with two of seven low reactives whose largest I-V differ-
ence was on the final block pair {(§<.05 by the Exact Test).

A similar result emerged on the larger sample of 205 children on whom
ERPs had been gathered at age 11 years. Recall that the ll'-year-o_lds saw
two series of pictures in an oddball paradigm with 1_69 pictures in .each
series. Fifteen percent of the pictures in the first series were ecologfcally
valid, whereas 15% of the pictures in the second series were ecologlcal_ly
invalid. The 11-year-olds with larger voltages to the i-nvalid than to the valid
pictures had larger values at F4 than at F3; those with large‘r values to the
valid scenes had larger values at F3 than at F4 (Kagan & Snidman, 2004).

NI1QO 1o the Pictures

The 15-year-olds showed a prominent negative waveform, usually
larger at F4 than at F3, with a peak magnitude at about 140 m second and a
range between 100 and 180 ms that probably represents the components of
the N100 waveform (Naatanen & Picton, 1987).

Figure 3 illustrates the median values for the integrated volta'ges from
100 to 180 ms to the valid and invalid pictures across each of the six blocks.
Because the values at F4 were consistently higher than those at F3 we
analyzed the F4 values (see Figure 3). We determined which adolescents
showed a linear decrease in magnitude of the N100 across the thre_e blocks
of invalid pictures, compared with those showing no chat?ge or an increase
in voltage across blocks. Thirty-seven percent of low reactives, but or?ly 18%
of high reactives, showed a linear decrease in the magmtude. of this egrly
waveform. By contrast, 16% of low reactives but 52% of high re'actw:es
showed no change or an increase in voltage over the three blocks of invalid

pictures (x*="17.6, p<.0L).
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Finally, for 77% of low reactives, compared with 85% of high reactives
the ]arges't values on the final block pair were responses to the valid rather,
than the invalid pictures for both the early (N100) and later (N400) wave-
forms. By contrast, 65% of high reactives, but 23% of low reactives, had their
]alz'gest values for both waveforms on the final block pair to the inv;llid scenes
(x*(1)=10.3, p<.01). Thus, high reactives showed shallower habituation of
both the N100 and N400 waveforms to the invalid scenes.

N400 1o the Incongruous Sentences

A repeated measures analysis of variance on the mtegrated voliages
frqm .?»50 to 450 ms for the 40 valid and 40 invalid sentences failed to re\f:al
a significant F for sentence validity or temperament, even though the volt-
ages were higher for invalid than for valid sentences,

Cardiovascular Profiles

The raftio of power in the higher frequency band (> .2Hz) over
the power in the lower frequency band (.05-.15 Hz), comptied from the
spectral analysis of each adolescent’s supine heart rate, did not separate the
temperamental groups at age 15 although this variable did so at age 11
years. The ratio of low over high power was stable from 11 to 15 years for
bc?ys (r=.60, p<.05) but not for girls (r= — 10), Resting heart rate also
failed to separate the temperamental categories, even though it, too, was
stable from 11 to 15 years for both sexes (r =.36, p<.05 for boy’S' r=, 53
p< 0 1 for girls). However, 7 of 18 low-reactive boys, but only one of ’14 hi. h:
reactive boys showed spectral ratios greater than the median (reﬂegct-
Ing vagal tone) and resting heart rates greater than the median at both
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11 and 15 years of age. By contrast, five high-reactive boys, but only two
low-reactive boys, showed ratios less than the median and heart rates great-
er than the median at both ages (# < .05 by the Exact Test). As was true at age
11, only low-reactive boys displayed greater vagal tone than high-reactive
boys at 15 years of age. These variables did not separate the high- and low-
reactive girls.

Although there was no significant temperament difference in mean
systolic or diastolic blood pressure (sitting or standing), higher sitting sys-
tolic blood pressure was associated with the rating of inhibition during the
interview for high-reactive boys (r =.62, p <.05). Further, the magnitude of
increase in heart rate from a sitting to a standing posture was larger than
predicted for high- than for low-reactive boys (based on regression of
the change in heart rate on standing over the sitting value); 76% of high
reactives but only 36% of low reactives had a larger than predicted increase
in heart rate (¢*(1)=5.8, P <.05). There were no significant differences
in mean systolic or diastolic blood pressure under a sitting or standing
posture.

A final unexpected result warrants mention. It will be recalled that
more high than low reactives confessed to being worried over unfamiliar
people, sitvations, or the future. Because this target of concern could
be potentiated by afferent feedback from the cardiovascular system, we
examined the relation between systolic blood pressure and reporting that
performance, on the one hand, or unfamiliarity, on the other, was a source
of worry. We used the 11-year-old systolic values in order to maximize the
sample size. The stability correlation for sitting systolic blood pressure from

11 to 15 years was .3 (p <.05). The adolescents who nominated unfamiliarity
or the future as a source of worry on at least one of the three interview
questions had significantly higher sitting systolic blood pressure at age 11
compared with those who only nominated performance (Fan=4.83,
£ <.05). There was no effect of temperament or gender and no interaction.
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V. DISCUSSION

This assessment of 15-year-olds classified as high or low reactive at 4
months has affirmed only some of the results found at earlier ages. High
reactives continued 1o differ from low reactives in degree of affective spon-
taneity in unfamiliar social sitvations. More high than low reactives, at every
assessment, from 14 months to 15 years, were motorically tense and smiled
tnfrequently, whereas more low reactives were relaxed and smiled often.
These behavioral differences were clearer for boys than for girls at 15 years.
Second, high reactives described themselves as less sanguine and more dour
than low reactives. However, the small number of high-reactive adolescents
who reported a sanguine mood, especially those who were religious, relied
primarily on a concordance between their ethical standards for the qualities
ofa good person and their accomplishments. By contrast, low reactives who
reported a sanguine mood seemed to rely primarily on their internal feeling
tone as referent. Plato and Aristotle would probably have agreed with the
definition of happy held by the high reactives because of their view that
eudaimonia—a special quality of happiness—is attained through a rational
control of impulse that allows each person to live a virtuous life {(Yu &
Gracia, 2003). It should be noted, however, that low reactive adolescents are
not L!n-cl61'—con[r0]led or impulsive; they simply have a higher threshold of
reactivity to uncertainty.

Although the two temperamental groups continued to differ in asym-
metry of activation in the EEG, magnitude of Wave 5, rate of habituation of
the ERP to discrepant visual scenes, and sympathetic or vagal tone in the
cardiovascular system, these differences were much less dramatic at age 15
than they were at age 11. As a result statistical significance was only seen
when we combined the evidence at both ages. The reason for the less pro-
nounced differences between adolescents originally classified as high versus
low reactive is not clear. One possibility is that puberty is accompanied by
both biological and psychological changes that enhance the control of the
frontal cortex.
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It is also unclear why the ERP wave forms to the invalid pictures sep-
arated the high from the low reactives better than the waveforms to the
semantically incongruent sentences. One possibility is that the invalid pic-
tures recruited a more vigorous surprise reaction than the invalid sentenc-
es. A second interpretation argues that the high reactives may be more
susceptible to discrepant visual events than to semantic incongruity, and this
distinction is honored by the brain. This is consistent with evidence that the
parahippocampal gyrus is preferentially activated by discrepant scenes;
whereas the perirhinal cortex is preferentially activated by semantic disso-
nance (O'Kane, Insler, & Wagner, 2005),

The complete corpus of evidence supports the hypothesis that the two
temperamental types vary in threshold of amygdalar activation to unfamil-
iarity, which we suspect is due to the inheritance of ditferent neurochemical
profiles in the amygdala and, perhaps, other sites. One possible candidate,
among many, is the effectiveness of GABA-ergic processes in the central
nucleus of the amygdala. Unpublished research conducted in collaboration
with Kevin Nugent revealed that the small number of newborns who cried
so intensely they could not be soothed during a standard newborn exam-
ination were most likely to be classified as high reactive at 4 months. The
failure to regulate extreme levels of distress during the opening days of life
may imply a compromise in the inhibitory functions of GABA and/or its
receptors.

This speculation should be viewed in connection with the finding, at
both ages 11 and 15, that relations among and between the contemporary
behavioral and biological measures were usually low and insignificant. The
most behaviorally inhibited high reactive 15-year-old boy was left frontal
active, had a small Wave 5, a small I-V difference, and more vagal than
sympathetic tone. A low-reactive girl who described herself as melancholic
on the Q-sort and told the interviewer she worried about the future showed
left frontal activation, a small Wave 5, a small I-V difference, but greater
sympathetic than vagal tone.

SOURCES OF WORRY

High and low reactives at age 15 differed more markedly in their self-
reported worries and moods than in their observed behaviors with the
interviewer or the laboratory examiner. More high than low reactives re-
ported serious concern over future encounters with the unfamiliar and
confessed to frequent melancholic moods. At the same time, some high-
reactive youth (boys as well as girls) with this affect profile were not un-
usually subdued or shy during the interview, nor did these adolescents
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report timidity in their social encounters. Their social behavior was disso-
ciated from their private feelings—a phenomenon that may be related o
maturation of frontal, executive functions with a corresponding increase in
abilities to control public acts (see similar result in Willinger & Aschauer,
2005).

The adolescents’ descriptions of their worries point to the importance
of distinguishing between realistic and less realistic concerns. Inadequate
performance at school, or on the athletic field or stage, constitute realistic
concerns with relatively clear features. Most youths know their level of tal-
ent, know the qualities of their performances that will be evaluated, un-
derstand that poor school performance can affect their vocational future,
and appreciate that study and practice can decrease the probability of ob-
taining a grade or athletic performance less adequate than the one they
desire. Further, the likelihood of complete school failure is low in this middle-
class, conscientious sample. These realistic worries are marked by minimal
ambiguity and adolescents’ knowledge that they have some control over the
outcome. As a result, the level of uncertainty is muted to some degree.

By contrast, future encounters with strangers, new places, or novel
challenges have more ambiguous features, the ability to control the outcome
is compromised, and serious failure is possible. The adolescents reporting
these worries are unsure of the personal qualities others will judge, how
they will react, and believe there is not much they can do to reduce the
probability of awkward or inappropriate behaviors. Therefore, the level of
uncertainty in these youth is higher than the level experienced by those
concerned only with performance. One prototypic, high-reactive adoles-
cent girl, who had been very inhibited at 14 months, told the interviewer she
does not like spring because of the unpredictable changes in weather.
A high-reactive boy reported feeling anxious in dyadic interactions because
he was aware of all the alternative things he could say and was uncertain as
to which statements would be interpreted as undesirable.

This distinction between worry over an adequate performance and
woITy over encountering new people, places, and challenges, which re-
sembles Freud’s contrast between realistic and neurotic anxiety, is support-
ed by others (Fisher et al., 2006; Laugesen, Dugas, & Bukowski, 2003). For
example, a survey of the fears of college students from seven different
societies revealed no significant cultural or gender differences in the inci-
dence of realistic fears of dangerous animals (tigers or sharks), but signif-
icant cultural and sex differences in the incidence of less realistic fears of
small animals, such as cockroaches, worms, and rats (Davey et al., 1998).
The small group of young accountants working in large firms who regarded
their role assignment as ambiguous and a major source of worry reported
bringing their uncertainty from the workplace to their home (Doby &
Caplan, 1995),

DISCUSSICN

Adults classified as high in anxiety sensitivity reported a heightened
concern over future events they could not control (Floyd, Garfield, & La
Sota, 2005), and more intense, unpleasant affect during the first few min-
utes of a carbon dioxide challenge (the subjects were breathing 10% CO»
enriched air) (Feldner et al.,, 2006). A large sample of middle-class adults
with a diagnosis of social phobia contained two different sub-groups sep-
arated by the realistic nature of their fears. The patients who were anxious
over meeting strangers reported anhedonia and a depressed mood; the
group anxious over the quality of their public performances reported high
levels of physiological arousal (Hughes et al., 2006). The amygdala is ac-
tivated more consistently by unfamiliar events than by possible failure (Hsu
et al., 2005; Rozin & Cohen, 2003). That is probably why individuals in an
induced state of cognitive uncertainty showed activation of the areas to
which the amygdala sends projections, especially the medial prefrontal
cortex, ventral striatum, and anterior insula (Grinband, Hirsch, & Ferrera,
2006).

The self-reported fears of monozygotic twins and their spouses char-
acterized by a low probability of harm (e.g., an accident while boating or
walking in a dark place) had significantly higher heritability values than the
occurrence of realistic fears of illness, an automobile accident, task failure,
or criticism for a mistake (Sundet et al., 2003). This last result suggests that
inherited temperamental biases have a greater influence on the intensity
and frequency of less realistic, improbable threats, and might explain why
individuals with social anxiety overestimate the frequency of angry faces
presented in a long series that included both happy and neutral faces
(Garner, Mogg, & Bradley, 2006).

VULNERABILITY TO VISCERAL FEEDBACK

All adolescents meet new people, visit unfamiliar places, and can nei-
ther know nor control future events. Thus, we must ask why high reactives
were more likely than low reactives to name these events as primary sources
of worry. One possible answer is that they are more susceptible to spon-
taneous visceral feedback, especially from targets of the autonomic nervous
system, that pierces consciousness and creates uncertainty because it is un-
predicatable and its origin ambiguous. This feeling of uncertainty shares
features with the state evoked when children encounter unfamiliar objects,
people, or situations. Because the amygdala participates in both states, it is
possible that the state created by the unexpected visceral feedback functions
as a conditioned stimulus to provoke the earlier state of uncertainty that
accompanied encounters with unfamiliarity. Stated differently, because the



feeling generated by the unexpected visceral feedback is uncontrollable,
and its origin ambiguous, it resembles the feeling evoked when the person
anticipates a future encounter with strangers or new places.

Adults with larger evoked potentials in the prefrontal cortex, insula,
and anterior cingulate (associated with the R-wave of a systole} are better
able to detect their heartbeats (Pollatos, Karsch, & Schandry, 2005). If high
reactives had larger evoked potentials to a systole, or possessed a prefrontal
cortex that was less effective in modulating the amygdala (Price, 2005), they
should have higher scores on measures of anxiety sensitivity (Bernstein
et al., 2006) and, perhaps, social anxiety as well (see Eisenberger,
Leiberman, & Satpute, 2005). A fear of tachycardia, respiratory distress,
inability to concentrate, and display of signs of anxiety to others-—called
anxiety sensitivity—should be regarded as a qualitative category, rather
than a continuum. About 15-20% of young adults from six different coun-
tries fit this category (Bernstein et al., 2006). Recall that about 20% of the
infants in our sample were high reactive.

The suggestion that anticipation of a novel event can evoke associations
created in the past under a state of uncertainty is supported by research
with animals. A large sample of 3-month-old rats experienced a single elec-
tric shock, an unexpected event that would have activated the amygdala,
when they stepped down from an elevated platform onto a grid. Subgroups
of animals were tested subsequently at varied intervals to determine how
long they delayed before stepping off the platform. Animals exposed to a
harmless, but novel, environment 1 hour before being placed on the plat-
form retained their memory of the original shock experience for 19
months. By contrast, rats not exposed to the novel environment showed no
behavioral evidence of a memory for the original event (Izquierdo et al,
2003). This intriguing result implies that memories of salient childhood
events that created uncertainty can be triggered by anticipations of, or en-
counters with other, quite different, sources of uncertainty.

High-reactive youth in our culture are biased to interpret the feeling
evoked by visceral feedback as implying that they are worried about their
ability to cope with a future novel encounter because strangers and new
places are the most frequent novelties in their lives, and the folk theory they
have learned implies that their feelings of uncertainty are due to a com-
promise in their psychological characteristics. Members of other cultures
might impose different interpretations on the same visceral feedback.
Cambodian refugees living in Massachusetts interpret an unexpected bout
of tachycardia as implying a weak heart caused by a loss of energy following
lack of sleep or a diminished appetite (Hinton et al., 2005a, 2005b). We
remind readers that our sample is composed of middle-class, Caucasian
children and it remains a possibility that samples from different class or
ethnic groups might produce different results.

DISCUSSION

Kindfing

If unexpected visceral feedback, or intense uncertainty accompanying
encounter with the unfamiliar, were frequent experiences during child-
hood, the amygdalahippocampal pathway could become permanently sen-
sitized — the technical term is kindled—and such children could remain
vulnerable to anxiety over anticipated unfamiliarity for a long time (Pape &
Stork, 2003). Cambodian refugees who suffered severe trauma during the
Pol Pot regime were vulnerable to occasional episodes of sleep paralysis
accompanied by images and hallucinations of threatening figures (Hinton
et al., 2005b). It is reasonable to assume that the earlier traumatic expe-
riences kindled the amygdalae of some refugees, rendering them suscep-
tible to spontaneous amygdalar discharge and activation of the neurons of
the central gray responsible for body immobility to a threatening incentive.

Rat strains differ in the ease of amygdalar kindling due, in part, to
inherited neurochemical profiles (Mchapel & McIntyre, 1998; Kelly et al.,
2008). Oxytocin, which mutes excitatory flow from the amygdala to the
brainstermn, might be one candidate molecule (Huber, Veinante, & Stoop,
2005). Adults given oxytocin intranasally showed less activation of the
amygdala to faces with fearful or angry expressions than individuals given a
placebo (Kirsch et al., 2005). Hence, an inherited compromise in oxytocin
function should render children more vulnerable to anxiety over the
unfamiliar.

AN INTEGRATED PROPOSAL

We suggest that unexpected encounters with unfamiliar events, in-
cluding unexpected visceral feedback, activate the locus ceruleus, amyg-
dala, cingulate, and prefrontal cortex to create a unique brain state that can
function as a conditoned stimulus capable of evoking a host of past rep-
resentations possessing the same biological feature. Internal states can serve
as conditioned stimuli in both rats and humans (De Grandpere, Bickel, &
Higgins, 1992; Dekeyne & Millan, 2003; Servatius & Beck, 2005). When the
senior author was jogging on the side of a country road in 1966 he twisted
his ankle, had a vasovagal reaction, fell to the ground, and was unconscious
for a few minutes. Twenty years later, when his ankle twisted only slightly
while walking slowly on a different road, the memory of the earlier expe-
rience pierced consciousness immediately, implying that the incentive for
the recalled memory was the brain state created by sensory feedback from
the muscles of the slightly twisted ankle.

It is possible that encounters with the unfamiliar generate a more
salient psychobiological state in high than low reactives because of their




neurochemistry. This state is evoked when they think about a future
encounter characterized by unfamiliarity. The psychological derivatives of
this state are a conscious feeling of worry and a disposition to avoid the
feared events. Although a feeling of anxiety can accompany realistic concern
over a final examination or the less realistic concern over a visit to New York
City for the first time, these worries might have different neurobioclogical
foundations (Phelps, 2006). A rat’s response to fox odor and to a condi-
tioned stimutus for shock activate different genes and the behaviors ac-
companying each incentive are uncorrelated across or within rat strains
(Rosen, Adamec, & Thompson, 2005).

If the sources of unfamiliarity were the colors, tastes, and viscosities of
liquids with a bitter taste, rather than strangers or new places, high reactives
might worry about drinking liquids with a novel color or viscosity, and
psychiatrists would have created a category called “drinking phobia.” Cli-
nicians are familiar with patients who have phobias of unfamiliar foods, a
phenomenon also found in animals. Social anxiety is more frequent in our
culture than anxiety over drinking an unfamiliar liquid because strangers
and new places are more common. Pious medieval Christians who suffered
a misfortune after violating an ethical norm worried because they believed
that their distress was caused by God’s wrath. John Calvin, the strict Prot-
estant reformer from Geneva, worried continually over God's disapproval
of his actions (Bouwsma, 1984). The Saulteaux Indians of Manitoba worry
about contracting a serious disease because illness implies violation of an
ethical norm on sexual, aggressive, or sharing behavior (Hallowell, 1941).

Social anxiety is a natural phenomenon, but it is especially salient in
societies, like our own, where encounters with strangers and new places are
frequent sources of uncertainty, and social acceptance is a primary goal.
Temperaments can render individuals especially vulnerable to some mem-
ber of the emotional family called anxiety; history and culture supply the
specific target of this family. In contemporary America occupational and
social failure have replaced the seven traditional sins of pride, anger, envy,
avarice, sloth, gluttony, and lust as bases for anxiety or guilt.,

Segments of a society can become vulnerable to anxiety over the validity
of their ethical beliefs when historical changes in economy or demography
alter the certainty of traditional norms and motivate those wishing to
remain loyal to the older mores to support a counter-reformation that re-
stores the traditional ideology. The witch craze in 15th century Furope was
brought on, in part, by the desire among some citizens o restore women,
who were beginning to enter the workforce, to their traditional roles as

homemakers and mothers. Ideological uncertainty can, in certain coniexts,
Jead to increased violence, especially when there is group support and cit-
izens agree on who is responsible for their uncertainty. Hitler took advan-
tage of this dynamic. Gould (2003) notes that homicides in Corsica peaked
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during periods of political unrest when an individual's social positi
became ambiguous. e

New ld‘eas with ethical implications are as powerful incentives for
human anxiety or anger as unexpected or unfamiliar events are for animals
but we suspect that the physiological mechanisms are different. Worry OVCI,‘
the abortions performed on unmarried adolescents does not require the
basolgteral nucleus of the amygdala; a rat’s acquisition of conditioned
freezing to a stimulus that signaled electric shock does. Thus, scientists
shguld not treat classically conditioned responses in animals as ’an appro-
priate model for all human anxieties (for a different view, see Min(fki &
Zlmbal-'g, 2006, and Phelps, 2006). Classical conditioning of freezing or
poFentlated startle might be a good model for human phobias ofanimai or
heights, but it is less likely to illuminate the reasons for anxiety over a trip to
Eur_ope., a party with strangers, or becoming ill because one violated an
ethical imperative to share food with a relative.

The claim that unfamiliar and unexpected events create a distinct brain
state may apply to other classes of experience. For example, it is possible
that. events that produce sensory pleasure (e.g., sweet foods, sexual stim-
}llathﬂ, warmth when cold) generate a distinct brain state tha,t involves the
insular cortex and its projections. Perhaps that is why the semantic terms for
love objects, sweet-tasting foods, and summer are closely associated Similar
arguments could be made for the events that (a) generate sensory ;;tates of
displeasure (e.g., pain, bitter taste, the sight or smell of mutilated or rottin
flesh) (Morrison etal., 2004); (b) accompany the anticipation ofan uncertaig
but desirable goal; or (c) signal imminent physical harm, failure, or criticism
(Schulez, 2006). Most languages have terms for the emotions th;t in English
are named “joy,” “disgust,” “excitement,” and “fear”. ¢

INTERACTIONS WITH GENDER

The relations among the variables differed occasionally as a function of
gender, or a combination of temperament and gender. High systolic blood
pressure, for example, only predicted inhibited interview behavior for high-
reactive boys, not for girls. Low-reactive boys, but not low-reactive i%]s
were most likely to report being happier at age 15 than at age 11; Eigh:
::zz:: E:;;:wele far more spontaneous during the interview than high-

Other mv-estigators have also found that gender interacts with the tem-
peramental biases that contribute to personality types. The association
between the_ DRD4 polymorphism and extraversion in African-American
adults was significant for women, but not men (Bookman et al., 2002}, and




the association between respiratory or skin allergies and depression was
strong for females but not for males (Timonen et al., 200:9)). Although men
and women breathing 20% COg-enriched air showed equivalent changes in
heart rate, skin conductance, and muscle tension, more women than men
reported feelings of fear and symptoms of panic (Kelly, Forsy-th, & Kargkla,
9006), Women showed shallower habituation of amygdala activation to faces
with fearful expressions than men (Williams et al., 2005), and- women from
different cultures reported more fears of small, har_mless ammzsls (worms,
flies, and mice) than men (Arrindell et al., 2003). This last fact might reflect
a sex difference in concern over contamination,‘rather than a Fear of ph)‘/s-
ical injury (Husted, Shapira, & Goodman, 2006)..Many additional studies
reinforce the claim that it is common for the relations among, or between,
behavioral and hiological variables to be different for males and femnales.

RISK FOR PSYCHOPATHOLOGY

The only adolescent male diagnosed with soci.al a.nxiety disorc%er, whg
was under psychiatric care, had been a high-reactive infant \_Mho dlSPlfl}:’C
frequent arches of the back and a chronically unhappy facial expless;:m
during the 4-month battery, as well as fear scores in the second year t ::t
were in the top quintile of the distribution. This boy screamed at 14 months
when a stranger entered the playroom and, at 21 months, screamed whe:r;1 a
blood pressure cuff was applied and when a clown .unexpecFedly opened the
door of the playroom where he was playing. This boy I'IllSS.Cd many days
during his senior year of high school because of extreme _socnal anxiety. ll-lef
reported that he feels “panicky” in crowds and was spending a great‘ deal o
time playing video games in his bedroom. However, rather tha.n present a
timid persona, he was an angry young man who pepper_ed his interview
replies with obscenities. This youth had adopted a rebellious seli-'-p‘rese.n-
tation that denied guilt, moments of happiness, anFl any hopfz for‘ his future.
This boy’s longitudinal record invites the co_nclusnon 'that his hlgh-reacuv:;
temperament made a substantial contribu.tlop to his current mood an
personality profile. It is probably not a coincidence that college students
who reported an intolerance of uncertainty (e.g., they‘endorsed'?tatementj
such as “My mind is not relaxed if 1 don’t know‘ what will happen”} reporte
frequent and intense worries on a questionnaire (Buhr & Dugas, 2006).

Although high reactives are more likely.than ot_hers to become shy
adults, most will not develop a diagnosis of social phobia. Only one of every
two adults in the 90th percentile for self-reported shyness were diagnosed
as social phobics (Chavira, Stein, & Malcarne, 2002), and less than 50‘7;l of
chronically shy children developed the psychiatric symptoms that define
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social anxiety disorder (Biederman et al., 2001; Prior, Smart, Sanson, &
Oberklaid, 2000). Further, about one-half of adults diagnosed with social
phobia reported that they did not remember being excessively shy as young
children, although they might have distorted the memories of their child-
hood personalities (Cox, McPherson, & Enns, 2005).

It is possible to change the behaviors of adolescents diagnosed with
social anxiety. A 12-week school-based intervention with adolescents who
had social phobia reduced the level of social anxiety in two-thirds of the
youth (Masia-Warner et al., 2005). These facts are in accord with animal
work implying that the amygdala links a conditioned stimulus with the
sensory features of an unconditioned stimulus, whereas the orbitofrontal
cortex links the conditioned stimulus to an operant response (Holland &
Gallagher, 2004), suggesting that the overt behavioral profile displayed by
unfamiliarity is malleable, even though the vulnerability to uncertainty is
preserved.

Serious depression, although infrequent in our sample, occurred more
often among high than low reactives. Five of the nine cases of clinical de-
pression under psychiatric care had been high-reactive girls (the other four
included one low-reactive girl and three girls from the other temperamental
group). A longitudinal study of over 500 Canadian children, ages 6-14,
revealed that the small number of adolescents who showed an increase in
depressed mood from 11 to 14 years were girls who had been described by
their mothers as unusually reactive to frustration, pain, or disappointment
when they were 6 years old (Brendgen et al., 2005).

A small number of high-reactive girls developed both anxiety to the
unfamiliar and a depressed mood. One of many possible explanations of
this fact is less effective binding of the serotonin transporter within the
amygdala, a condition that would be associated with greater amygdalar
activity. Adults with one or both of the short alleles of 5-HTTLPR showed
greater activity in the right amygdala to unexpected presentation of fearful
or angry faces (Hariri, Drabant, & Weinberger, 2006). Another research
team reported that depressed adults, who had never taken antidepressants,
possessed a lower binding potential of the serotonin transporter within the
amygdala (Parsey et al., 2006b); however, this compromise was not related
to possession of the short polymorphism in the promoter region of the
5-HTTLPR gene (Parsey et al., 2006a).

It is a speculative possibility that the neurochemistry of high reactives
might interfere with the intensity of the subjective state of “pleasure” that
often occurs when a person receives, or anticipates receiving, an unexpect-
ed or larger than anticipated desired experience. This state is mediated, in
part, by the discharge of dopamine producing neurons accompanying
the anticipation of a desired event (Fiorillo, Tobler, & Schultz, 2003;
Schultz, 2006). Further, CRH neurons, which are usually activated by the



anticipation of threat, and are present in dopamine-producing brain sites,
can suppress the release of dopamine to an imminent reward (Austin,
Rhodes, & Lewis, 1997). Several laboratories have reported an association
between introversion and polymorphisms of the COMT gene that affect the
efficiency of dopamine degradation in the synapse (Stein et al., 2005;
Reuter & Hennig, 2005; Golimbet et al., 2005).

Perhaps one reason why high-reactive adolescents do not like novel or
risky activities, even though they promise the pleasure of excitement, is that
they fail to experience pleasure when they anticipate visiting a new city,
meeting a new person, or engaging in a new activity, and more often ex-
perience an unpleasant feeling. This profile should make them risk averse
to novelty, rather than motivate the seeking of new events (Netier, 2006).
This argument finds support in a study of 111 college students who had
initially filled out a questionnaire measuring social anxiety, and later rated
their moods on 21 consecutive days. The students with high scores on the
social anxiety scale were least likely to report pleasurable experiences, and
often reported a melancholic mood, across the 21 days (Kashdan & Steger,

20060).

Fear Versus Disgust

It is likely that fear of harm and disgust, two states associated with
avoidance, are mediated by different neurophysiologies. Worry over being
harmed or attacked by some external agent usually involves vision and
hearing, the basolateral amygdala, sympathetic nervous system, ventral
striatum, and central gray. This combination is the flee or fight system
provoked by threatening external events, or their anticipation, and is linked
to a semantic network whose nodes are fear, anxiety, and danger. By con-
trast, worry over being contaminated by particular objects or animals,
probably derived from earlier experiences with unpleasant tasies and
smells, involves the olfactory and gustatory cortex, feelings of discomfort
from the gut, anterioy insular cortex, central nucleus of the amygdala, and
parasympathetic nervous systert (Fitzgerald et al., 2004). This combination
is linked to a semantic network whose nodes are disgust, polluted, defiled,
and contaminated.

This distinction could explain why factor analyses of self-reported fears
usually reveal distinct factors for events that can injure the body, such as
large animals and airplane flights, and events that can contaminate, such as

worms, mice, and spiders. Pictures of human injury due to aggression,
compared with pictures of dirty toilets, elicit different y band profiles (Oya
et al., 2002).

Bitter or sour tastes, the pungent smell of hydrogen sulfide, and a
stomach-ache activate the insular cortex automatically, and do not require
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of one hemisphere varied with the individual's personality an'd the- ambl-
ence of the test situation (Stabell et al., 2004). The profiles of br.am actlvauton
evoked by faces with surprise or fearful expressions also .varled across in-
dividuals (Kim et al., 2004; Moriguchi et al., 2005_), and s?m‘llar bra‘m pro-
files to erotic or disgusting scenes were accompanied by distinctly different
ratings of level of arousal (Stark et al., 2005).‘ o -

It is generally the case that the psychological significance, or bce‘l'lzn.'u:ntll
consequences, of most emotional incentives can not be confidently inferre
from the pattern of brain activity the incenuves.provoked becau_s_e t.he
brain’s response is influenced not only by the.physmal features,‘famlllarlty,
and expectedness of the events, but also by its personal meaning for thfa
individual (Kim et al., 2004). Each brain state can.be'tl‘le fo:mdatlor? of a
number of psychological states, depending on the individual’s past history
and the local context (Balaban, Alper, & Kasamon, 1996). The‘ pattern of
brain activity in the anterior cingulate to a painful thermal fsu-mulus, for
example, depended on whether self or anoth.er person administered the
painful event (Mohr et al., 2005; see also Rollmk,. Schmitz, & K‘ugler, QOQI).
Major theoretical advances will follow the invention of terms for the varied
brain states that are currently given psychological names. ‘

Our evidence also illustrated the ambiguity of verbal replies to ques-
tions as simple as: “Are you happy most of the time?” or “Does your heart
rate increase when you speak in front of the class?” .Beca_usg these self-
reports had different correlates in low and high reactives, it 15 likely th'a;:
reports of more complex psychological states are equall){ amblgum’ls, an
investigators should not treat similar answers to a question as having the
same transparent meaning (Schienle et al., 2006).

Recall that the maternal descriptions of our adolesce_nts when t.hey were
11 years old did not predict their behavior in the_ imervnew or tl}en‘ Q-sorts
at age 15, whereas their infant temperament dlq. Elghteen hlgh-reactl_ve
adolescents were extremely inhibited during the interview, compared with
only three low reactives, but their mothers had described 11 of these 18.as
being uninhibited when they were 11 years (?ld. Thus the constructs lf‘;'-
ferred from parental descriptions should be given a c_onceptual name dif-
ferent from the ones used to describe observed behavior.

Adults instructed to worry about issues they had pr'ew(?usly told the
investigator were serious sources of concern showed activation of frontal
sites (measured by PET), but less activity in the amygdala and the insula,
and no change in heart rate or skin conductancc?. This result suggests that
their self-reports of worry, produced by broodlqg about personal issues,
were primarily cognitive judgments (Hoeh'n-Sz_u‘lc et al., 2005). Japanese
patients who complained of chronic somatic dlscomfort_(e.g., chest pain,
fatigue, tension headache) reported higher levels of tension to a cognitive
stress than controls but, surprisingly, displayed lower levels of muscle
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tension and skin conductance (Kanbara et al., 2004). In addition, stroke
patients with lesions in the right or left hemisphere, which should have
compromised the ability to experience an emotion, correctly named the
emotions of faces displaying fear, anger, sadness, or disgust (Braun et al.,
2005). Finally, aithough the brain activation profiles induced by the initial
exposure to faces displaying fear or disgust were dramatically reduced
when adults saw them a week later, their subjective ratings of arousal were
unchanged (Stark et al., 2003). All of this evidence implies that investigators
cannot assume that a verbal report of an emotional state reflects the same
biological or psychological state in all respondents offering the same verbal
description (see Stark et al., 2005).

A single variable, like the meaning of the word “missed” in a sentence,
does not have a univocal theoretical meaning because most self-reports,
behaviors, or physiological reactions can be the product of more than one
set of conditions. This conclusion is especially relevant for the popular
constructs “fear” or “anxiety” when applied to animals and humans. Rats
with preconditioning lesions in different brain structures experienced elec-
tric shock in one distinctive chamber and no shock in an equally distinctive
chamber. The animals were then placed, on different occasions, in either the
shock or safe chamber while several variables presumed to be indicative of a
fear state were measured. The rats with lesions of the fornix (which me-
diates input to and output from the hippocampus) showed equivalent
freezing, ultrasonic vocalizations, and defecation in the shock and safe
chambers, implying that they were not very fearful. However, the same
animals showed more urination and a higher heart rate when in the shock
chamber, suggesting that they were fearful (Antoniadis & McDonald, 2006).
Investigators who coded vocalization and freezing would have concluded
that the lesioned rats were not fearful; those who quantified urination and
heart rate would have concluded that they were fearful.

A second example involves the elevated maze. Many behavioral bio-
logists assume that an animal’s failure to enter the brightly lit area of an
elevated maze reflects a state of “anxiety” in a mouse or rat. However, this
conclusion is open to criticism. One research team compared the behaviors
of rats, who had varied on a prior occasion in their exploration of the it
areas of an elevated maze, as they underwent classical Pavlovian condition-
ing with electric shock as the unconditioned stimulus. The animals who had
failed to explore the lit areas on earlier tests emitted more ultrasonic vo-
calizations during Pavlovian conditioning than the animals who had ex-
plored the lit portions of the maze. This result implies that the prior failure
to explore the lit areas might reflect the same state of anxiety present during
conditioning. However, no rat emitted ultrasonic vocalizations in the ele-
vated maze (Borta, Wohr, & Schwarting, 2006). If rats being conditioned
with electric shock are presumed to be in an anxious state because they



emitted vocalizations, the fact that they did not vocalize when in the maze
suggests that their psychological state in the maze was diflerent and the rats
who avoided the lit areas were in a different state.

It is likely that the observations that comprise the foundation§ of many
currently popular psychological constructs, not only fear or anxiety, have
more than one set of causal conditions. A person might be classified as
impulsive, for example, because of a life history that produced minimal
concern with quality of performance or a biology that produced a compro-
mise in frontal lobe function. A prolonged period of apathy coul_d be pro-
voked by loss of a loved one or a neurochemistry characterized l:->y a
compromise in norepinephrine function. However, self—'rep'o.rted feelmgs
are unlikely to reveal these two conditions because most individuals ﬁl?d it
difficult to differentiate between the feeling of apathy produced by a serious
loss or an inherited neurochemistry. Similarly, most adolescents or adults
can not discriminate between the quality of worry generated by anticipated
failure on an examination and worry over a trip to Europe provokeq by
spontaneous bouts of visceral feedback. Two photographs of thf: Wasl‘m.]g—
ton Monument, one made with traditional film and the other with a digital
camera, appear very similar despite the distinctly different mechanisms
producing the two pictures.

THE ROMANCE WITH BIOLOGY

Most scientists acknowledge that complex psychological profiles, such
as social anxiety, depression, and violent behavior, are ajoi.nt- function c.>f a
biologically based diathesis and a set of experience§. Hence, itis appropriate
to ask why there is more enthusiasm and financial suppport fc?r rt?search
probing the biological, rather than the environmental, conmbutlons. to
these profiles when the priorities were reversed a half-century earlier.
There are several reasons for the current bias.

First, most natural scientists prefer materialistic explanations of [?l?e-
nomena. Genes, neurons, transmitters, and circuits are material entities
whose forms can be observed or imagined, whereas feelings and thoughts
do not have this property. Hence, the suggestion that the chemical -changes
that accompany conditioned gill withdrawal in the sea snail Aplysia share
features with human anxiety states is appealing (Kandel, 1983). Second,
anxiety, mood disorders, and criminality are more common among those
who are poor and/or belong to an ethnic minority. Therefore, investigators
who reported that parental practices contributed to thesel symptoms might
provoke the accusation that they held a prejudicial amtude_ tqwarcl the
socially disadvantaged. It is politically incorrect to blame the victim.
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Third, theoretical advances in every science often follow the invention
of new, more powerful methods. Investigators interested in the influence of
the environment on humans continue to use the traditional methods of
questionnaires, interviews, or behavioral observations, and have not devel-
oped more powerful ways to measure the psychological consequences of
experience. By contrast, geneticists, molecular biologists, and neuroscien-
tists enjoy many novel technologies that became available over the past 2 or
3 decades. Some of these methods are more easily implemented with rats
and mice than with humans. Hence, investigators secking research funds, as
well as acceptance from colleagues, rationalize the use of rodents as a useful
model for human mental illnesses. These investigators typically probe the
biological, rather than the environmental, contributions to a behavioral
outcome. However, there is no experimental manipulation with mice that
could simulate the effects of being an economically disadvantaged member
of an ethnic minority, a homely child rejected by peers, or a parent who
believes that her negligence was responsible for her infant’s death.

We are skeptical of the claim that the genetic and physiological features
that mediate a mouse’s avoidance of the brightly lit areas of an elevated
maze will account for most pathological forms of anxiety in humans. Psy-
chologists who were committed to behaviorism 50 years ago rationalized
studies of rats learning the correct turns in mazes as a useful model for the
acquisition of human competences, such as language and reading. History
has not been kind to that premise. Thus, materialism, a reluctance to blame
the victim, and powerful biological techniques that can be used more
effectively with animals than humans came together to create the current
imbalance in the study of the causes of variation in human psychopathology
and personality.

This imbalance was present in a recent paper reporting that, among
English-speaking respondents 18 years and older, the lifetime prevalence
for anxiety disorders was 28.8% and for mood disorders 20.8% (Kessler
etal., 2005). This claim, similar to epidemiological reports of the prevalence
of Huntingtons disease or Williams syndrome, implies, without stating so
explicitly, that the pathophysiological bases for anxiety and mood disorders
lie primarily within the patients, rather than in profound interactions be-
tween the biology of individuals, which are potentially measurable, and
their past histories and current social settings, which are more difficult to
quantify. Rather than report a national prevalance of 20% for anxiety dis-
orders, investigators should present the prevalence rates for groups defined
by their social class, ethnicity, and, perhaps, region of the country, for de-
pression is, and has always been, more common among the urban poor than
the rural rich (Weich, Twigg, & Lewis, 2006).

Nineteenth century European scholars, obsessed with social statistics,
suggested that the year-to-year stability in the frequency of suicides and
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criminal acts implied that individuals who' took thc?u‘ own or ano;]her ] llf;
were not completely responsible for their behaviors because tbfzylowiec a]
obeying statistical laws (Hacking, 1990). Al[hough the E;I}lhrrent Lc;sg “
perspective has great value, it has two disadvantages. The (_3l;np. asis on
biological causation diverts attention from .the persopal contri uStl( 102
patient’s symptoms by those who interact w1.th potential patients. e::]o [hé,--
motivates a single-minded approach to finding new drugs apd pls'yc‘ 0 "
apeutic treatments directed only at patients, ratl?er than urging c| l;]lf:lans t
combine these treatments with strategies that mlgh.t alt.er the socia cont:a)f .
Each river is capable of becoming polluted a_nd losing its capacity tf) 1sus ﬁ:;
life. However, ecologists do not attribute an 1pherent ﬂa\jv toa IIVS:I that i
become polluted. Rather, they urge chfmges in th(la practlceslot in uslt]l;ly as !
agriculture that are the root causes of the p_ollutlofl. Psychlatrlsg ;_ 015 e):_
chologists should adopt a similar strategy with anxiety and mood dis :

SUMMARY

The central hypothesis proposed to ex[;_)la'm the behavim‘"all andll)JIC)Ingl-l
ical differences between high and low reactives centers on (.lestl.n‘cl, ;t sti
unknown, neurochemistries that affect the excnta!:u'lllty of llmb“ﬁ an cIlzbesrt-
haps frontal cortex, sites to unexpected or un-famlllar events. Td e m(l)n ; e:
but significant, differences in spontaneous Sf)CIal be‘hawor,lmo}? , as{);iovas-
try of frontal activation, Wave 5, sympathetic dominance 1'nlt e :i:ar ovas-
cular system, and habituation of the eve'nt-related. potential to disc pt !
visual events between 15-year-olds classified as high or low reactive am|
months imply that the features that characterl:ze these two terll;lpt?rame:r a
biases are not completely malleable to the profound effects of brain gro

and experience.
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COMMENTARY

Lavrence Steinberg

The study of biological influences on psychological development has a
long history among scholars of adolescence (Collins & Steinberg, 2006).
This Monograph by Kagan, Snidman, Kahn, and Towsley (2007) departs
from this tradition in a very important way, however. In the empirical lit-
erature on adolescent development, the study of biology is seen mainly in
research on the impact of the somatic, hormonal, and, increasingly, neuro-
biological changes associated with puberty; to most scholars of adolescence,
biology is viewed as a change agent (Susman & Rogol, 2004). In the present
Monograph, though, the emphasis is not on biology as a source of transtor-
mation but on biology as a source of stability. Its focus is on the persistence
into middle adolescence of biological and psychological differences between
individuals that were first observed in infancy. Although there have been
prior studies of adolescent manifestations of early temperament— ironical-
ly, one of them authored by this commentator (Steinberg, 1985)—itis nota
topic that has received a good deal of sustained attention, and certainly no
previous investigators have blended such a wide and unusual array of bi-
ological and behavioral indicators of temperament in the long-term longi-
tudinal perspective characteristic of this highly original Monograph.

The sample studied here is well-known among developmental scientists
interested in the biological underpinnings of temperament (Kagan, 1994).
Very early in life, a subset of these individuals (20% of the sample) were
identified as high-reactive, a group of babies who exhibited high motor
activity and frequent crying, and a second subset (40% of the sample) were
classified as low-reactive, and showed the opposite profile. These two
groups of youngsters who were at the temperamental extremes as infants
are the focus of the current report, and the central question posed is
whether the biological and behavioral patterns that distinguished these
groups at earlier points in development are visible now that the individuals
have rurned 15. The answer, by and large, is that temperament is preserved
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for some but not all, in some respects but not others, and, most importantly,
more strongly in people’s psychological functioning than in their biology.

Although the high- and low-reactive groups do not always differ in
predicted ways as teenagers, when they do, the differences are consistent
with the notion that their different infant temperaments were preserved, to
use the authors’ terminology, into adolescence. Many of the highly reactive
infants grew up to be what might best be described as “nervous”: when
interviewed at age 15, compared with their low-reactive peers, they smiled
and made spontaneous comments less ofien and appeared more tense;
when they described themselves, they were more likely to say they are
morose, that they worry about interpersonal relationships, and they are less
likely to report being happy. (These nervous teenagers were also signifi-
cantly more religious than their peers, but I will resist the temptation to
render a causal interpretation of that correlation.) However, the evidence
for continuity over time is far stronger when behavioral and self-reported
indicators are examined than when biological functioning is measured di-
rectly. Indeed, across a very extensive battery assessing brain activity and
cardiovascular functioning in mid-adolescence, few significant differences
were found between those who had been highly reactive as infants and their
low-reactive counterparts. Over time, and notably, between ages 11 and 15,
biological continuity fades, while behavioral stability is maintained, at least
to some modest degree. And, as the authors note, over this interval the
connections between contemporaneous biclogical and behavioral indicators
weaken as well.

The fact that biological and behavioral indicators of negative reactivity
become increasingly disconnected as individuals mature is not all that sur-
prising. With age, individuals learn how to adapt behaviorally to their bi-
ological predilections, and adolescents who are especially aroused by the
unfamiliar or unexpected likely become increasingly able to compensate for
an easily excitable amygdala with more sophisticated emotion-regulation
abilities that are facilitated by the ongoing maturation of brain systems that
govern self-control (Steinberg, 2007). This story line leads, however, to the
prediction of greater stability over time in biological than in psychological
functioning. Why the opposite appears to be true—why behavior is more
stable than the biology presumed to undergird it—is the Monograph's big
(and unanswered) mystery.

Several possibilities come to mind. One is that the underlying causes of
temperamental continuity over time are not primarily biological, but social.
Thus the biological predisposition toward negative reactivity that is present
early in life, and reflected in heightened motor activity and frequent crying
observed during infancy, sets in motion a behavioral trajectory that is self-
perpetuating even as the biological systems that originated the behavior
may themselves change (see Fox, Hane, & Pine, 2007). Emotionally reactive
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children often provoke responses from parents and significant others that
strengthen their temperamental tendency—parental overprotectiveness
makes fearful children more anxious, and the peer rejection that often
results in childhood from excessive timidity likely leads to social withdrawal
and increased worry about being rebuffed in the future. These conse-
quences, in turn, lead to more overprotectiveness and rejection, which
continue the cycle and, in so doing, “preserve” the temperament.

This is not the preservative process implied by the Monograph’s authors,
however. Kagan and colleagues suggest that the nervous anxiety charac-
teristic of the adolescents who were highly reaciive infants stems from their
heightened awareness of the visceral sensations generated by a “permanently
sensitized” amygdala-hippocampal pathway (emphasis added), but this
suggestion is undermined by the general absence of over-time continuity in
the various measures of brain and cardiovascular functioning, and by the
increasingly weak contemporaneous links between biology and behavior
observed once individuals reach preadolescence. If the pathways were in-
deed kindled, as the authors suggest, these longitudinal links should be
more impressive than they are, and the contemporaneous links should be-
come stronger, not weaker, over time.

Whence the biological discontinuity, then? A second possibility is that
the biological changes of puberty remodel brain systems in ways that un-
dercut the stability in biological functioning seen prepubertally. Our emerg-
ing understanding of brain development in adolescence points to the period
as one of surprising, experience-dependent plasticity, especially in systems
that undergird stress responsivity and the coordination of emotion and
cognition (Steinberg, Dahl, Keating, Kupfer, Masten, & Pine, 2006). Indeed,
there is good evidence that the hormonal changes of puberty make indi-
viduals more sensitive to stress {Walker, Sabuwalla, & Huot, 2004) and to the
social environment (Nelson, Leibenluft, McClure, & Pine, 2005), which
conceivably could lead to different patterns of neural remodeling among
young adolescents who are exposed to highly stressful environments versus
those whose environments are supportive. In other words, patterns of neuro-
biological functioning seen in infancy may be undone by environmental
factors present during and around the time of puberty.

Understanding why and under what conditions the transition into ad-
olescence interrupts continuity in biological and, to a lesser degree, psy-
chological functioning is an intriguing question. Unfortunately, however,
there is scant attention paid in this Monograph to the adolescent experiences
of the study participants, which is a significant shortcoming of an otherwise
creative and provocative piece of work. The period between 11 and 15 is
arguably one of the most, if not the most, important transitional periods in
the human life span, but it is treated here as if it were any ordinary 4-year
interval. The list of changes that regularly take place during these 4 years is
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absolutely staggering-—not only puberty and the concomitant changes it
leads to in appearance, affect, and motivation, but the onset of hypothetical
thinking, transformations in family relations, the emergence of peer crowds
and romantic relationships, the transition to secondary school, and, of
course, the remodeling of many brain regions, systems, and circuits, to
name just some of the more significant events. G. Stanley Hall's contention
that adolescence is “a new birth” (Hall, 1904, p. xiii) may have been an
overstatement, but new research on the period, informed by work on brain
development and neural plasticity, has led many Contemporary scientists to
reconsider the field’s sweeping dismissal of Hall’s view as romantic hyper-
bole {Dahl & Hariri, 2005).

If patterns of biological and behavioral functioning during adolescence
are neither as predictable from the past or as interconnected with each
other as they had been in carlier developmental epochs, perhaps the ex-
Planation inheres in the nature of the adolescent transition. Although it is
Important to ask whether extremes of early temperament are preserved
mto adolescence, it is also important to identify those individuals for whom
early biology continues to affect later functioning and those for whom it
does not, and to search for the factors that shape their different develop-
mental trajectories. Those factors are likely to inhere in the interaction
between the individual's biology and the social context in which the ado-
lesce:nt transition occurs. Being born with an extreme temperament may be
destiny, but only if the destination is no longer than 10 years down the road,
and even then, only if the contours of the road and the terrain over which it
travels remain little changed.

References

Collins, W A., & Steinberg, L. (2006). Adolescent development in interpersonal context. in
N. Eisenberg (Vol. Ed.), W. Damon & R. Lerner (Eds.), Social, emotional, and personality
development. Handbook of Child Psychology (pp. 1003-1067). New York: Wiley.

Dahl,ﬁ R., & Harir, A. (2005). Lessons from G. Stanley Hall: Connecting new research
in biological sciences to the study of adolescent development. Journal of Research on
Adolescence, 15, 367-382.

Fox, N., Hane, A., & Pine, D. (2007). Plasticity for affective neurocircuitry: How the en-
vironment affects gene expression. Current Directions in Psychological Science, 16, 1-5,

Hall, G. 8. (1904). Adolescence. New York: Appleton.

Kagan, . (1994). Galen's Prophecy. New York: Basic Books.

Kagan, J., Snidman, N., Kahn, V., & Towsley, S. (2007). The preservation of two infant
temperaments into adolescence. SRCD Monographs, 72(2).

Nelson, E., Leibenluft, E., McClure, E., & Pine, D. (2005). The social re-orientation of
adolescence: A neuroscience perspective on the process and its relation to psycho-
pathology. Psychological Medicine, 35, 163-174.

Steinberg, L. (1985). Early temperamental antecedents of Type A behavior. Developental
Psychology, 22, 1171-1180.



LAURENCE STEINBERG

Steinberg, L. (2007). Risk-taking in adolescence: New perspectives from brain and
behavioral science. Current Directions in Psychological Science, 16, 55-59.

Steinberg, L., Dahl, R., Keating, D., Kupfer, D., Masten, A., & Pine, D. (2006). Psychopa-
thology in adolescence: Integrating affective neuroscience with the study of context. In
D. Cicchetti & D. Cohen (Eds.), Developmental psychopathology, Vol. 2: Developmental
newroscience (pp. 710-741}. New York: Wiley.

Susman, E., & Rogol, A. (2004). Puberty and psychological development. In R. Lerner &
L. Steinberg (Eds.), Handbook of adolescent psychology (2nd ed., pp. 15-44). New York:
Wiley.

Walker, E.YF., Sabuwalla, Z., & Huot, R. (2004). Pubertal ncuromaturation, stress sensitivity,
and psychopathology. Develapment and Psychopathology, 16, 807-824.

COMMENTARY

FINISHED AND UNFINISHED BUSINESS

Nathan A. Fox

It may be fair to say that developmental psychologists have had an
approach-avoidance conflict towards research on the lasting importance of
carly-appearing individual differences or of events early in life {(including
prenatal development) on subsequent psychological development (see
Caspi, Harrington, Milne, Amell, Theodore, & Moffitt, 2003). On the one
hand, there are the studies of children who have been exposed to neuro-
toxins in utero demonstrating the lasting effects of such exposure on
attention and cognition (Mattson & Riley, 1998; Welsh-Carre, 2005). And
there are long-term follow-up studies of infants born with congenital cat-
aracts demonstrating “sleeper effects” in which certain competencies,
known to emerge in late childhood, adolescence, or adulthood, are im-
paired, if the infant is deprived of early visual experience (Maurer, Mond-
loch, & Lewis, 2007). On the other hand, developmental science is
dedicated to the notion that environmental intervention, particularly in
the early years of life, can have positive effects upon children who have
experienced early adversity (Gottlieb & Blair, 2004). And the area of re-
silience has focused on identifying factors that are facilitative of adaptive
behavior across multiple developmental transitions (Masten, Burt,
Roisman, Obradovic, Long, & Tellegen, 2004). Even within the areas of
normative or typical development, the power of the transactional model,
first articulated by Sameroff (1975), continues to exert an influence on
thinking about pathways or trajectories to adaptive and maladaptive out-
come. The transactional model states that development occurs within
a context, imtially, focused on the caregiver—infant interaction, then
broadened to the family, and later the peer and school environments. This
model is an extension of Bronfenbrenner’s ecological model of develop-
ment (Bronfenbrenner & Ceci, 1994), in which the child is nested within an
ever-broadening set of contexts that exert influence on her development.
The transactional approach highlights the importance of the child’s and
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context’s contributions to these interactions and focuses on the
bi-directional influences that each have on the other (Sameroff, 1975,
2000). As all-encompassing as this transactional model is, psychologists have
attempted empirically and conceptually to place different weights upon
these influences, with some placing emphasis on the child’s contribution
(Scarr & McCartney, 1983}, others more directly on the parents and family
(Belsky & Barends, 2002), and still others on the cultural context of
development {Rogott, 1990).

Part of the issue with understanding the effects of early experience is an
issue of measurement. We can all understand why exposure in utero to
significant qualities of alcohol or neurotoxins such as lead during certain
periods of fetal development may increase the likelithood of cognitive defi-
cits in childhood (Chiodo, Jacobson, & Jacobson, 2004). Level of exposure
can be measured and the effects on neurogenesis can be quantified. Data
describing the neurobiology and embryology of fetal development have
elegantly described the timing and sequence of brain development during
the prenatal period (see Monk, Webb, & Nelson, 2001, for a review). Ex-
posure to toxins interferes with that development and compromises brain
architecture. Hence it is not surprising that such exposure leads to atypical
outcomes. It is important to note that variability in outcomes continues to
puzzle psychologists, as individual differences in behavioral outcomes
appear to be present in children exposed to similar levels of certain
neurotoxins at similar points in prenatal life.

It is more difficult to understand why individual differences in tem-
perament in infancy should have a lasting effect on personality and social
development. There have been multiple definitions of infant temperament
and as many approaches to its measurement. The modern study of infant
temperament, articulated-by Thomas and Chess (1977) almost 40 years ago,
relied for some time on questionnaire methods to identify individual
differences in infant temperament. While there is some value to under-
standing parent or caregiver perception of individual differences in infant
disposition, the data from these methods may not directly reflect the
biological reality of infant temperament. Of notable exception is the work of
Rothbart and her colleagues who developed questionnaire methods for
studying infant and child temperament based, in part, on conceptual ap-
proaches that involved understanding physiological differences in infant
reactivity (Rothbart, Ahadi, Hershey, & Fisher, 2001).

The pioneering work of Jerome Kagan and his colleagues has changed
our understanding of the importance of early individual differences in in-
fant reactivity and the link between these differences and social behavioral
outcomes (Kagan, Reznick, & Snidman, 1987, 1988; Kagan, Reznick, &
Gibbons, 1989). Kagan's work describing a group of children characterized
by heightened vigilance for novelty broke new ground for three important
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reasons. First, most previous research on infant temperament utilized ques-
tionnaire methods. For example, a well-done longitudinal study in Australian
(Prior; Smart, Sanson, & Oberklaid, 2000} was based initially on question-
naires to parents about their children. Kagan, by contrast, relied on behavioral
observation of children in the laboratory to identify those who exhibited the
temperament of behavioral inhibition. There are of course those who would
argue that questionnaire methods continue to be useful in describing
variations in children’s temperament (see Rothbart & Bates, 2006, for a full
discussion). He then followed these children over time, creating the laboratory
situations that allowed him to observe the behaviors conceptually linked to the
temperament of behavioral inhibition at successive ages. As such, Kagan and
colleagues reported on a fair degree of stability of the trait of behavioral
inhibition from infancy through childhood. A second difference in Kagan's
approach was his use of extreme, selected samples rather than examining the
behavior across a typical population of children. The research from his lab-
oratory examined stability of behavior and physiological correlates of behav-
ioral inhibition amongst children who at least initially present with behaviors
that are at the extreme end of the distribution. One of the arguments that
Kagan and colleagues have made is that temperament represents a trait and
that this trait may be viewed as a category in nature (Kagan, 1994; Kagan,
Snidman, & Arcus, 1998). Thus, behaviorally inhibited children, in Kagan's
view, are qualitatively different as a result of a confluence of behavioral, bi-
ological, and neurochemical elements, which together create this type of child.
Although each measure, whether behavioral or physiological, is itself on a
continuous scale, the category of behavioral inhibition is the unique set of data
from each of these measurements.

The third innovation of Kagan's research and perhaps the one that
has had the broadest impact is the link that was made between the research
on behavioral inhibition and the work that was itself just emerging at
the time, describing the neural circuitry associated with fear. Kagan sensed
the implications of the work of Joseph LeDoux (LeDoux, 2000; LeDoux,
Iwata, Cicchetti, & Reis, 1988) and Michael Davis, (1986, 1992) in working
out, in elegant detail, the neural circuitry underlying conditioned fear.
Their work suggested that at the heart of the circuitry that underlay
fear responses in the rat was a small structure in the mid-brain called
the amygdala. These neuroscientists detailed the different nuclei within
the amygdala and their functions with regard to input and output. The
central nucleus of the amygdala (Cna) was found to be an important
way station from which projections found their way to other limbic
centers that controlled heart rate, neuroendocrine responses, and freezing
behavior. Input into the amygdala from thalamic, sensory cortical,
and hippocampal areas was “organized” in the amygdala to detect novelty
and perhaps threat.
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Kagan’s observations of the freezing behavior of behaviorally inhibited
children and his measurement of their physiological responses, including
high and low variable heart rate and elevated cortisol, convinced him that
the neurobiological “epicenter” of behavioral inhibition was an over-active
amygdala. This hypothesis led to two different approaches to the study of
behavioral inhibition. In the first, Kagan and colleagues hypothesized that
because of output from the amygdala to the periaquaductal gray, infants
with an over-active amygdala should display heightened distress and motor
reactivity when confronted with unfamiliar auditory and visual stimuli.
They developed a battery and coding system to identify infants who dis-
played extreme reactions of negative affect and motor activity to these
stimuli and predicted that this pattern of behavior would be the precursor
for behavioral inhibition later in childhood. This prediction has been con-
firmed particularly in the relations among these patterns of infant reactivity
and behavioral inhibition in early childhood (Kagan & Snidman, 2004; Fox,
Henderson, Rubin, Calkins, & Schmidt, 2001). The second approach to the
study of behavioral inhibition was to examine directly amygdala activation
in individuals who were previously characterized with this temperament.
Kagan and colleagues (Schwartz, Wright, Shin, Kagan, & Rauch, 200%)
using a functional MRI paradigm reported that adults who were previously
identified as behaviorally inhibited displayed greater amygdala activation to
novel neutral facial expressions compared with non-inhibited individuals.
In a replication and extension of this work, Pérez-Edgar Roberson-Nay,
Hardin, Poeth, Guyer, Nelson, McClure, Henderson, Fox, Pine, and Ernst
(2007) found that adolescents selected at 4 months of age for their reactivity
and characterized during childhood as behaviorally inhibited displayed
heightened amygdala activation in response to facial expressions of fear
and, indeed, showed heightened amygdala activation to happy faces when
asked to rate how afraid they were of that face. This study highlighted an
important caveat to understanding an individual’s response to uncertainty.
That is, the context in which a novel stimulus is presented appears critical
for eliciting amygdala activation. Across both studies, individuals who dis-
played behavioral inhibition in childhood exhibited heightened amygdala
activation to discrepant events. These differences in amygdala activation
were present even after prolonged period of time had elapsed since their
previous assessment of behavioral inhibition.

Both animal data and human neuroimaging data support the role of
the amygdala in vigilance and attention to uncertainty. Holland and Gallagher
(1999) reviewed the animal data illustrating the importance of the amygdala
for attention and vigilance. They found that the Cna modulates attention
responses as well as changes in activity during fear conditioning. Whalen
(1998) reviewed the human neuroimaging data suggesting that the
amygdala is involved in increasing vigilance. Whalen suggests that the
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amygdala is particularly sensitive to uncertainty and ambiguity. Thus, face
stimuli that elicit such uncertainty (e.g., fearful as opposed to angry faces)
would more likely elicit stronger amygdala activation. The animal data also
suggest that there is important circuitry from amygdala to the forebrain that
is involved in modulation of attention. These data as a whole appear to
indirectly confirm the observations by Kagan on the role of the amygdala
in increasing reactivity and vigilant behavior, particularly in situations of
ambiguity. Also, the data implicate attention processes in the etiology
of psychopathology, particularly anxiety disorders. As Davis and Whalen
(2001} write, “pathological anxiety may not be a disorder of fear, but a
disorder of vigilance.”

The emphasis on assessing responses to uncertainty can be seen in the
methods utilized by Kagan, Snidman, Kahn, and Towsley {2007) in their
evaluation of adolescents who had been previously characterized as behav-
iorally inhibited. Their behavioral observation focused on the adolescent’s
affect and spontaneous conversations with an unfamiliar experimenter, and
in particular around topics that might elicit uncertain responses (e.g., re-
ligiosity). They report significant associations between temperament, iden-
tified and described when infants were 4 months of age, and behaviors and
cognitions in adolescence. For example, high-reactive infants appear to
smile less, exhibit more motor tension, talk less (particularly high-reactive
boys) and critically, express worries about encountering unfamiliar peers,
and novel situations. The pattern of these findings in combination with an
examination of physiological measures designed to also elicit responses to
novelty allow the authors to identify patterns of response, suggesting that
over time, individuals with a biological disposition to exhibit heightened
vigilance continue to display uncertainty.

It is interesting to note that the theme of interpretation of uncertainty
has been one that has occupied much of Kagan'’s approach to thinking about
development. His early work on individual differences examined infant
and child responses to novelty (Kagan & Moss, 1962). And his theoretical
approach to understanding infant cognition involved portraying the infant
as an active solver of discrepancies in the environment. The work in the
current Monograph integrates that theme into understanding the lives of
adolescents whose biclogy Kagan would argue directs their perceptions and
attention to be hyper vigilant about their world.

UNFINISHED BUSINESS

'The current Monograph provides a capstone on a program of research
that continues to have broad influence on our thinking about the effects of
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temperament and early experience on trajectories of development into
adulthood. A number of questions, though, regarding the lives and devel-
opment of behaviorally inhibited children remain to be answered. First, can
we identify the factors that account for the discontinuities as well as the
continuities in the expression of behavioral inhibition over time? Second,
what is the role of attention processes in the maintenance of behavioral
inhibition or in its modification? And third, does the social context of ad-
olescence affect the expression of inhibited behavior and lead to decreased
chances for finding continuities across this time period.

Factors Affecting Continuity of Behavioral Inhibition

In a recent review of longitudinal studies that examined and assessed
behavioral inhibition, Degnan and Fox (2007) identified several factors
that have been proposed as possible contributors to the stability or discon-
tinuity of this behavioral disposition over time. These include styles of par-
enting, emergence of inhibitory control processes, and biological factors
within the child. The data on parenting suggest that certain caregiving styles
appear to maintain and even exacerbate the expression of behavioral in-
hibition over time (c.f. Rubin, Cheah, & Fox, 2001; Degnan, Henderson,
Fox, & Rubin, in press). In particular, caregivers exhibiting over-intrusive
behaviors have children who display greater continuity over time in be-
havioral inhibition, compared with those who are less intrusive and provide
greater autonomy for their child. Inhibitory control processes also appear
to play a role in the maintenance of inhibited behavior. A study by Hen-
derson and Martin (2004) found that behaviorally inhibited children who
were less skilled at inhibitory control (as measured in a delay task) were less
likely to remain inhibited over time, compared with those who were more
skilled at inhibitory control. At first, this appears counter-intuitive as in-
hibitory control processes have been linked by a number of theorists to
adaptive emotion regulation. On the other hand, behaviorally inhibited
children in fact may be over-controlled in their responses and such over-
control thus may limit their flexibility to respond adaptively in social sit-
uations. Finally, biological factors were examined in relation to the main-
tenance of behavioral inhibition. Henderson, Fox, and Rubin (2001) found
that temperamentally reactive infants who exhibited right frontal electro-
encephalogram (EEG) asymmetry were more likely to show heightened
behavioral inhibition, whereas infants with this temperament who did not
exhibit right frontal EEG asymmetry did not show the heightened behav-
ioral inhibition.

A second within-child factor may be their genetic disposition. A recent
paper by Fox, Nichols, Henderson, Rubin, Schmidt, Hamer, Ernsi, and
Pine (2005) reported that behaviorally inhibited children who were either
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homozygous or heterozygous for the short allele of the serotonin transport
gene and whose mothers reported decreased social support were more
likely to show heightened behavioral inhibition over time. Clearly, devel-
opmental trajectories are a product of gene-environment interaction.
Ideptifying both the candidate gene and significant activating aspects of the
environment needs future research.

The issue of identifying factors leading to continuity or discontinuity
takes on an important public health component with regard to the height-
ened incidence of anxiety disorders among the population of behaviorally
inhibited children. This increased incidence has been reported elsewhere
(Biederman, Hirshfeld-Becker, Rosenbaum, Herot, Friedman, Snidman,
Kagan, & Faraone, 2001) and reviewed in detail (Perez-Edgar & Fox, 2005).
Suffice it to say that a significant percentage of behaviorally inhibited chil-
dren display diagnosed anxiety disorders in the adolescent period. Just who
goes on to develop a disorder and who does not is not only of scientific
interest but also of clinical relevance.

The Role of Attention in Behavioral Inhibition

Attemion, in the form of heightened vigilance to threat, may play a key
role in the maintenance of behavioral inhibition. And, attention bias to
threat may provide an important link between the neural substrates of
behavioral inhibition (e.g., heightened amygdala activation) and prefrontal
areas that are involved in the control of orienting and selective attention
processes (c.f. Fox, Hane, & Pine, 2007; Bar-Haim, Lamy, Pergamin, Bak-
ermans-Kranenburg, & van IJzendoorn, 2007). Biases in processing threat-
related information have been assigned a prominent role in the etiology and
maintenance of anxiety disorders, the most common class of psychiatric
illness (Mathews & MacLeod, 2002). The attention system of anxious in-
dividuals may be biased in favor of threat-related stimuli in the environ-
ment. Social threats represent a class of stimuli where particularly robust
gttention biases emerge, consistent with the powerful influence of social
factors on survival. Moreover, work in neuroscience suggests that biases
towards social threat and the modulation of vigilance for threat may be
associated with the same neural circuits hypothesized to be involved in the
expression of behavioral inhibition. Clarifying the cognitive and neural
mef:hanisms underlying the expression of threat-related attention bias to
soqal stimuli in behaviorally inhibited children would therefore seem to be
an important research direction.

Continuity of Behavioral Inhibition Inio the Adolescent Context and Beyond

Adolescence is an important context for studying the continuity and
expression of behavioral inhibition over time. Adolescence brings with it a
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new set of social demands marked by changes in heterosocial activity (Col-
lins, 2003). The confluence of infant and child temperament and the new
social demands of adolescence affect the child’s attention bias and physi-
ological reactivity and also directly affect social cognitions and behaviors
including friendships, self-concept, and peer relationships (La Greca &
Prinstein, 1999). These forces may also influence the development of psy-
chopathology, particularly anxiety disorders in the instance of tempera-
mental inhibition. Adolescence is a period of significant development and
transition in which there are changes across multiple domains including the
biological, interpersonal, cognitive, and cultural (Grotevant, 1998; Masten,
Coatsworth, Neeman, Gest, Tellegen, & Garmezy, 1995). The transitions
and changes that occur across these domains mutually influence each other
and are driven in part by prior developmental changes in self-perceptions
and individual differences in temperament or personality (Grotevant, 1998;
Shiner & Caspi, 2003).

During the adolescent years, peer relations and heterosocial activity
take on increasing prominence, importance, and complexity. The specific
demands of the social context include negotiating romantic relationships
and establishing stable mature friendship patterns (Collins, 2003). The ad-
olescent social context is highly dynamic. Less than half of best friendships
survive over a year, one-third to one-half of friendship groups break apart
over the course of the academic year, and romantic relationships are ofien
measured in weeks (Connolly, Furman, & Konarski, 2000). This is coupled
with the social norms that expect the child to engage in these relationships.
Thus, adolescence can be a time of near-constant negotiation and re-
negotiation of social status. This would be stressful for most individuals. For
the behaviorally inhibited socially reticent child, this may be of particular
concern and cause a good deal of worry and anxiety. Thus, adolescence is a
challenge to the attention style and social competence or lack of competence
that the behaviorally inhibited child has developed over time. As such,
adolescence is a period that has the potential to magnify the effects of early
temperamental differences.

An alternative view would find the adolescent period as transformative
such that continuities from infancy and childhood in personality may dis-
appear as a result of entry into this developmental period and context.
However, temperament biases do not necessarily get transformed during
the period of adolescence to the point that these early dispositions are no
longer relevant. Indeed, recent work by Caspi et al. (2003) would seem to
argue that the strength of continuities from early temperament may in some
instances get stronger with time, post-adolescence as individuals enter into
adulthood. Reporting on the Dunedin sample, Caspi et al. (2003) found
continuities from age 3 temperament to age 26. Temperamentally inhibited
children grew up to display, at age 26, greater over control, and nonassertive
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personalities, reporting that they took little pleasure in life. Indeed, in some
instances, Caspi et al. (2003) report that relations between age 3 year tem-
perament and later personality were stronger at age 26 than during adoles-
cence. The authors reason that as individuals leave the adolescent period and
enter into adulthood, they also leave the constraints of home environment.
They can choose their profession, where they want to live, how interactive or
not they wish to be. ‘Thus, the early manifestations of behavioral inhibition and
the experiences of childhood may in fact express themselves in an even more
dramatic fashion as adolescents enter adulthood.
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