
What do the perception of pain, either physical (Rain-
ville, Duncan, Price, Carrier, & Bushnell, 1997) or social 
(Eisenberger, Lieberman, & Williams, 2003), processing 
of reward (Hampton & O’Doherty, 2007), monitoring of 
conflict (Botvinick, Braver, Barch, Carter, & Cohen, 2001), 
error detection (Dehaene, Posner, & Tucker, 1994), and 
theory of mind (Kampe, Frith, & Frith, 2003) all have in 
common? They all activate an area of midfrontal cortex that 
includes the anterior cingulate gyrus. Is there a single func-
tion that requires all of these important input signals? We 
have argued that the role of this brain area is to regulate 
the processing of information from other networks, serving 
as a part of an executive attention network involved in the 
control of both cognition and emotion. Executive attention 
is a brain network that includes the anterior cingulate cortex 
(ACC) and in adult studies is often activated by requiring 
a person to withhold a dominant response in order to per-
form a subdominant response (Posner & Rothbart, 2007a, 
2007b). In developmental psychology, the ability to control 
our thoughts, feelings, and behavior is called self-regulation. 
This is a broad function, and one that does not lend itself eas-
ily to test or model. However, the self-regulatory view fits 
well with the evidence of brain activation, functional and 
structural connectivity, and individual differences. More-
over, the self-regulatory view helps us understand how brain 
networks relate to important real-life functions.

In this article, we first consider evidence relating the 
midfrontal cortex, and particularly the ACC, to self-
 regulation. We then discuss the origins of self-regulation 
during infancy, and finally examine the role of genes 
and experience in building the network underlying self-
regulation.

Self-Regulation and the ACC
Self-regulation is a central concept in developmental 

psychology and in the study of psychopathologies (Fonagy 
& Target, 2002). In our view, self-regulation is a natural 
function of brain networks, designed to control the influx 
of information from the environment through orienting, in 
order to avoid conflicting responses in behavior (Rueda, 
Posner, & Rothbart, 2004). A good example is the Stroop 
effect, in which word reading is a highly overlearned 
response that must be ignored in order to respond with 
the conflicting ink color. Neuroimaging presents strong 
evidence that conflict tasks like the Stroop effect activate 
common areas of the anterior cingulate gyrus (Botvinick 
et al., 2001; Bush, Luu, & Posner, 2000; Fan, Flombaum, 
McCandliss, Thomas, & Posner, 2003).

Support for the voluntary exercise of self-regulation 
comes from studies that examine either the instruction 
to control affect or the connections involved in the exer-
cise of that control. For example, the instruction to avoid 
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arousal during processing of erotic events (Beauregard, 
Levesque, & Bourgouin, 2001) or to ward off emotion 
when looking at negative pictures (Ochsner et al., 2001) 
produces a locus of activation in midfrontal and cingulate 
areas. If people are required to select an input modality, 
the cingulate shows functional connectivity to the selected 
sensory system (Crottaz-Herbette & Menon, 2006). Simi-
larly, when involved with emotional processing, the cingu-
late shows a functional connection to limbic areas (Etkin, 
Egner, Peraza, Kandel, & Hirsch, 2006). These findings 
support the role of cingulate areas in the control of cog-
nition and emotion. There is also evidence for anatomi-
cal connectivity between the ventral cingulate and limbic 
areas and the dorsal cingulate, parietal, and frontal areas 
(Posner, Sheese, Odludas, & Tang, 2007).

The ACC is a phylogenetically old area of the brain. 
Comparative anatomical studies point to important differ-
ences in the evolution of cingulate connectivity between 
nonhuman primates and humans. Anatomical studies show 
the great expansion of white matter, which has increased 
more in recent evolution than has the neocortex itself 
(Zilles, 2005). One type of projection cell, called the Von 
Economo neuron, is found only in the anterior cingulate 
and a related area of the anterior insula (Allman, Watson, 
Tetreault, & Hakeem, 2005). The two brain areas in which 
Von Economo neurons are found (cingulate and anterior 
insula) are also shown to be in close communication during 
the resting state (Dosenbach et al., 2007). It is thought that 
this neuron is important in communication between the cin-
gulate and other brain areas. This neuron is not present at 
all in macaques, and expands greatly in frequency between 
great apes and humans. Moreover, there is some evidence 
that the frequency of this type of neuron also increases in 
development between infancy and later childhood (Allman 
et al., 2005). In our view, these  neurons—and the rapid and 
efficient connectivity they provide—are a major reason 
why self-regulation in adult humans can be so much stron-
ger than in other organisms.

Origins of Self-Regulation
A number of investigators have traced the development 

of attention and self-regulation during childhood (see, 
e.g., Davidson, Amso, Anderson, & Diamond, 2006; Pos-
ner & Rothbart, 2007a). The presence of machinery for 
self-regulation in some primates suggests that it should be 
found in infancy as well. Most of the study of the devel-
opment of self-regulation has involved children of age 3 
or older who are able to follow instructions used in tasks 
such as those involving conflict.

We have been especially interested in the origins of 
self-regulation in infancy. Studies by Diamond (1990) and 
Wynn (1992) found that infants can control their reaching 
toward objects and detect error. We (Posner & Rothbart, 
2007a) have been interested in determining whether the 
executive attention network that includes the midfrontal 
cortex is involved in this function during infancy. The de-
velopment of executive attention can be observed easily, 
using both questionnaires and cognitive tasks, after about 
age 3–4, when parents can identify the ability of their chil-
dren to regulate their emotions and control their behavior 

in accord with social demands. However, in infancy, it has 
been difficult to pose questions that refer to effortful con-
trol, because most regulation seems automatic or involves 
the caregiver’s intervention. Obviously, infants cannot be 
instructed to press a key in accord with a particular rule.

Infant studies. Error detection is one way to study self-
regulation. We (Berger, Tzur, & Posner, 2006) examined 
the ability of 7-month-old infants to detect error. Infants 
observed a scenario in which one or two puppets were hid-
den behind a screen. A hand was seen to reach behind the 
screen and either add or remove a puppet. When the screen 
was removed, either the correct number of puppets or an 
incorrect number was revealed. Wynn (1992) found that 
7-month-old infants looked longer when the number was 
in error than when it was correct. Whether the increased 
looking time involved the same executive attention cir-
cuitry that was active in adults was unknown. Berger et al. 
replicated the Wynn study but used 128-channel EEG to 
compare the brain activity that occurred during error tri-
als with the activity involved when the infant viewed a 
correct solution. The results indicated that the same EEG 
component over the same electrode sites differed between 
correct and error trials in infants and adults. Since this 
EEG component had been shown to come from the an-
terior cingulate gyrus (Dehaene et al., 1994), it appears 
that the same brain anatomy is involved in infant error 
detection as has been found in adult studies. Of course, 
the result of activating this anatomy for observing an error 
is not the same as has been found in adults for self-made 
errors, where the adults actually slow down after an error 
and adjust their performance. However, it suggests that 
even very early in life, the anatomy of the executive atten-
tion system is at least partly in place.

We also began a longitudinal study with 7-month-old 
infants (Sheese, Rothbart, Posner, White, & Fraundorf, 
2007). We studied eye movements that occurred when at-
tractive stimuli appeared in a fixed sequence of locations 
on a screen in front of the child. On most occasions, the 
children moved their eyes to the stimulus, but on some 
occasions, they moved their eyes to the location where the 
stimulus would occur prior to its being presented (antici-
pation). We believe that the anticipatory movements were 
an early form of voluntary response, because they actu-
ally anticipated the visual event. We previously found that 
3.5-year-olds showed a correlation between performance 
on conflict trials in a voluntary keypress task and the ten-
dency to make correct anticipations when in the visual 
sequence task (Rothbart, Ellis, Rueda, & Posner, 2003).

In the first session of our longitudinal study, we exam-
ined how frequency of anticipatory movements in the vi-
sual sequence task was related to self-regulation during the 
presentation of novel toys and the presentation of a fright-
ening mask. Anticipatory looking was related to more hesi-
tant initial approach to the toys, including longer latencies 
to initial reaching and longer duration of looking without 
physically touching the toy. This result was particularly in-
teresting because anticipatory looks have extremely short 
latencies with respect to the stimulus (either before the 
stimulus or within 130 msec), yet they are associated with 
long latencies in reaching for the toy. The controlled reach 
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is probably of importance in the development of the ability 
to reach to locations other than along the line of sight that 
has been traced in infancy (Diamond, 1990).

Anticipatory looking was also positively related to 
greater use of sucking as a self-soothing mechanism dur-
ing the presentation of masks that caused emotional dis-
turbance. These results indicate that anticipatory looking 
is related both to caution in reaching toward novel toys, 
and to aspects of the regulation of distress in infancy. They 
also suggest that executive attention is present in infancy 
and serves as one basis for the regulation of emotion.

Individuality
Individual differences in self-regulation emerge as a fac-

tor in parent-report studies of temperament in children who 
are about age 3 (Rothbart & Rueda, 2005). Effortful con-
trol (EC) is defined as the ability to control responses so as 
to withhold a dominant response tendency while making 
a subdominant response. At this age, it involves subscales 
of attention focusing, attention shifting, inhibitory control, 
and perceptual sensitivity that all load on a common effort-
ful control factor (Rothbart & Rueda, 2005).

At age 3, one can also use voluntary keypress tasks, 
which require the child to resolve conflict. In adults, a 
number of conflict-related tasks have been shown to ac-
tivate a common brain network that includes the anterior 
cingulate cortex and lateral prefrontal areas (Fan, Flom-
baum, McCandliss, Thomas, & Posner, 2003). One such 
conflict task appropriate for 3-year-olds involves a spatial 
conflict between the identity of an object and its location. 
A target object is displayed on a screen, and the child must 
press a key that has a picture of the identical object, but the 
key may be located on the same side as the target (congru-
ent) or on the opposite side (incongruent). Gerardi-Caulton 
(2000) found the performance in a spatial conflict task 
was related to this higher order EC factor. Similar findings 
linking parent-reported temperament EC to performance 
on laboratory attention tasks have been shown with 24-, 
30-, and 36-month-olds (Rothbart, Ellis, & Posner, 2004), 
3- and 5-year-olds (Chang & Burns, 2005), and 7-year-
olds (González, Fuentes, Carranza, & Estévez, 2001).

EC has also been linked to the brain areas involved in 
self-regulation by imaging studies (Whittle, 2007). Whit-
tle had 155 adolescents fill out a temperament scale (Ellis 
& Rothbart, 2001) and also measured the size of different 
brain structures and their activity. She found that dorsal 
anterior cingulate size was positively correlated to EC and 
that ventral anterior cingulate activity was negatively re-
lated to EC. The reciprocal relation between the ventral 
and dorsal cingulate has also been reported in other imag-
ing studies (Drevets & Raichle, 1998).

EC and executive attention scores have been related to 
many aspects of child development. EC is related to the 
empathy that children show toward others, their ability to 
delay an action, and their ability to avoid such behaviors 
as lying or cheating, when given the opportunity in labo-
ratory studies (Rothbart & Rueda, 2005). There is also 
evidence that high levels of EC and good ability to resolve 
conflict are related to fewer antisocial behaviors, such as 
truancy, in adolescents (Ellis, Rothbart, & Posner, 2004).

Genes and Network Development
As more is known about the developmental progression 

of executive attention (Posner & Rothbart, 2007a), there is 
an increased possibility of accounting for both the general 
development of the network and individual differences by 
examining how genes and experience interact to shape the 
executive attention network.

To determine genes that might be related to building an 
attentional network, we used the Attention Network Test 
(ANT) to examine individual differences in the efficiency 
of executive attention. The ANT (Fan, McCandliss, Som-
mer, Raz, & Posner, 2002) uses cues to indicate when and 
where a target might occur. The target is a central arrow 
that points left or right, and the person is instructed to 
respond with the key in the direction of the arrow. Flank-
ers can be either congruent or incongruent with the arrow, 
thus introducing conflict. Subtraction of RTs to cue or tar-
get conditions is used to measure the efficiency of alerting 
(no cue 2 double cue), orienting (cue at target 2 central 
cue), or executive attention (incongruent flankers 2 con-
gruent flankers).

We first used the ANT in genetic studies to assess atten-
tion in monozygotic and dizygotic same-sex twins (Fan, 
Wu, Fossella, & Posner, 2001). We found strong herita-
bility of the executive network. These data supported a 
search for genes related to executive attention.

We then used the association of the executive network 
with the neuromodulator dopamine as a way of searching 
for candidate genes that might relate to the efficiency of 
the network (Fossella et al., 2002). To do this, 200 per-
sons performed the ANT and were genotyped to examine 
frequent polymorphisms in genes related to dopamine. 
We found significant association of two genes, the dopa-
mine D4 receptor (DRD4) gene and the monoamine oxi-
dase a (MAOA) gene, with executive attention. We then 
conducted a neuroimaging experiment in which persons 
with different alleles of these two genes were compared 
while they performed the ANT (Fan, Fossella, Sommer, 
& Posner, 2003). Groups with different alleles of these 
genes showed differences in the ability to resolve conflict 
as measured by the ANT, and produced significantly dif-
ferent activations in the anterior cingulate, a major node 
of the executive attention network.

Recent studies have extended these observations. In two 
different studies employing conflict-related tasks other 
than the ANT, alleles of the catechol-o-methyl  transferase 
(COMT) gene were related to the ability to resolve conflict 
(Blasi et al., 2005; Diamond, Briand, Fossella, & Gehl-
bach, 2004). A study using the child ANT showed a signif-
icant relation between the DAT1 and executive attention 
as measured by the ANT (Rueda, Rothbart, McCand liss, 
Saccomanno, & Posner, 2005). In addition, research has 
suggested that genes related to serotonin transmission also 
influence executive attention (Canli et al., 2005; Reut er, 
Ott, Vaitl, & Hennig, 2007). Future studies should deter-
mine other genetic influences and examine their interac-
tion and modes of operation.

The relation of genetic factors to the functioning of the 
executive attention system does not mean that the system 
cannot be influenced by experience. Rather, it appears 
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that some genetic variation allows for additional influence 
from parenting and other experiences (Sheese, Voelker, 
Rothbart, & Posner, in press). We found that the 7 repeat 
allele of the DRD4 receptor gene interacted with the qual-
ity of parenting to influence such temperamental variables 
in the child as activity level, sensation seeking, and impul-
sivity. Other research has shown similar findings for ex-
ternalizing behavior of the child, as rated by the parents in 
the Child Behavior Checklist (Bakermans-Kranenburg & 
van IJzendoorn, 2006). There is evidence that the 7 repeat 
allele of the DRD4 gene is under positive selective pres-
sure (Ding et al., 2002). Our results suggest that a possible 
reason for this finding is that genetic variation makes it 
more likely that children will be influenced by their cul-
ture through parenting style. This idea could be important 
for understanding the principles of why the frequency of 
genetic alleles changes during human evolution.

Genes do not directly produce attention. What they do 
is code for different proteins that influence the efficiency 
with which modulators such as dopamine are produced 
and/or bind to their receptors. These modulators are in 
turn related to individual differences in the efficiency of 
the attention networks. There is a great deal in common 
among humans in the anatomy of high-level networks, 
and this must have a basis within the human genome. The 
same genes that are related to individual differences in 
attention are also likely to be important in the develop-
ment of the attentional networks that are common to all 
humans. Some of these networks are also common to non-
human animals. By examining these networks in animals, 
it should be possible to better understand the role of genes 
in shaping networks.

Can animals perform the same tasks we have devel-
oped for humans? The answer is clearly yes. Monkeys 
have been trained to shift attention to cues and to carry 
out conflict tasks like those in the ANT. More recently, 
rodents have also been trained in attention-shifting tasks 
(Beane & Marrocco, 2004). These tasks make it possible 
to examine the role that genes play in carrying out the 
same attentional operations as have been studied in hu-
mans. It has also been reported that areas of the frontal 
midline corresponding to the anterior cingulate are acti-
vated in the mouse during trace but not delayed condition-
ing (Han, O’Tuathaigh, & Koch, 2004). Since trace and 
delayed conditioning are both very simple tasks, and the 
two are quite similar, they could be used to measure opera-
tion of rodent brain areas that may be related to executive 
attention in humans.

An important need in this effort is the development of 
methods to manipulate relevant genes in specific anatomi-
cal locations that are important nodes of a particular net-
work. Usually, genes are expressed at multiple locations, 
so that changes (e.g., knock-out studies) are not specific 
to one brain area. Subtractive genomics is a method cur-
rently being developed (Dumas et al., 2005) to manipulate 
genes at a specific anatomical location. This method is 
now being employed to manipulate the DRD4 gene within 
the midfrontal cortex of the mouse. It should become pos-
sible to determine the specific operations performed by 
genes at particular locations in attentional networks. We 

believe that this kind of genetic analysis of network de-
velopment will create a productive link between genes 
and the development of the networks involved in self-
 regulation (Posner & Rothbart, 2007b).

The self-regulation idea is closely related to many more 
formal theories of the role of the midfrontal cortex. Since 
regulation is most needed when there is conflict between 
activity in different brain areas, the regulation viewpoint 
suggests that the monitoring and/or resolution of conflict 
would activate this area (Botvinick et al., 2001). Since 
error correction is an important aspect of self-regulation, 
the midfrontal cortex would also need to know about the 
occurrence of error, either directly or through feedback 
(Dehaene et al., 1994). Obviously, the reward (Hampton 
& O’Doherty, 2007) or punishment value of stimuli (Rain-
ville et al., 1997) would be important in how to resolve 
conflicts, and thus, self-regulation implies the need for 
information on the reward or punishment associated with 
cues. The voluntary aspect of much of self-regulation also 
fits quite well in the decision-making view of midfrontal 
cortex (Botvinick, 2007). In addition, viewing the mid-
frontal cortex as part of the mechanism of self-regulation 
seems to us to provide a useful framework for examin-
ing how genes and experience shape the shifts in behavior 
seen during early development.
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