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In this paper we examine mechanisms underlying will. By will we refer
to the means through which our intentions lead to our thoughts and be-
haviors. In psychology these mechanisms are variously called self regulation
in childhood and self or cognitive and emotional control in adults. In our
view all these various names refer to specific brain networks that comprise
the organ system involved in attention (Posner, 2012). 
During early development, attentional orienting operates in conjunction

with the actions of caregivers to provide regulation of behavior. This asso-
ciation underlies the frequent observation that infants and young children
are largely controlled by their environment including caregivers. Later the
executive attention network comes to dominate self regulation allowing
internal goals to guide behavior. In this paper we trace the development of
the mechanisms through which volition operates. We consider both the
common networks that serve as mechanisms of voluntary control for all
people and individual differences in the efficiency of these networks. We
stress the joint role of genes and experience, including parenting, in the de-
velopment of the will and in the ability to modify it through training. Find-
ing the mechanisms of will may further our understanding of the extent to
which will is constrained as well as free.

Self Regulation and Attention
Imaging the human brain by use of functional magnetic resonance

(fMRI) has revealed brain networks related to specific aspects of attention
including obtaining and maintaining the alert state, orienting to sensory
stimuli and resolving conflict among competing responses (Posner & Pe-
tersen, 1990; Petersen & Posner, 2012).
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The alerting network is modulated by the brain’s norepinephrine system
and involves major nodes in frontal and parietal cortex. The alert state is crit-
ical to high-level performance. Phasic changes in alertness can be produced
by the presentation of a warning of an impending target. This leads to a rapid
change from a resting state to one of increased receptivity to the target.
The orienting network interacts with sensory systems to amplify infor-

mation relevant to task performance. The orienting network exerts much of
the regulatory control present during infancy and early childhood (Posner,
Rothbart, Sheese & Voelker, 2012; Rothbart, Sheese, Rueda & Posner, 2011).
The executive network is involved in resolving competing actions in

tasks where there is conflict. This is done both by enhancing activity in net-
works related to our goals and inhibiting activity in conflicting networks.
These controls are effected by long connections between the nodes of the
executive network and cognitive and emotional areas of the frontal and
posterior brain. In this way the executive network is important for voluntary
control and self regulation (Bush, Luu & Posner, 2000; Sheth et al., 2012).
Effortful control is a higher order temperament factor assessing self regula-
tion that is obtained from parent report questionnaires (Rothbart, 2011).
In childhood, performance on conflict related cognitive tasks is positively
related to measures of children’s effortful control (Rothbart, 2011). During
childhood and in adulthood effortful control is correlated with school per-
formance and with indices of life success, including health, income and suc-
cessful human relationships (Checa & Rueda, 2011; Moffitt et al., 2011). 
There are individual differences in the efficiency of each of the three

networks. The Attention Network Test (ANT) was devised as a means of
measuring these differences (Fan et al., 2002). The task requires the person
to press one key if a central arrow points to the left and another if it points
to the right. Conflict is introduced by having surrounding flanker arrows
point in either the same (congruent) or the opposite (incongruent) direc-
tion. Cues presented prior to the target provide information on where or
when the target will occur. Three scores are computed that are related to
the performance of each individual in alerting, orienting and executive con-
trol. In our work we have used the Attention Network Test (ANT) to ex-
amine the efficiency of brain networks underlying attention (Fan et al.,
2002). A children’s version of this test is very similar to the adult test, but
replaces the arrows with fish (Rueda et al., 2004).
Studies have shown moderate reliability of conflict scores, but much

lower reliability for the orienting and alerting scores (MacLeod et al., 2010)
and recent revisions of the ANT provide better measures of orienting and
alerting that may improve these results (Fan et al., 2010). The attentional
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networks involve different cortical brain areas (Fan et al., 2005), and scores
on the ANT are related to distinct white matter pathways (Niogi & Mc-
Candliss, 2009) and structural differences in cortical thickness (grey matter)
(Westlye, Grydland, Walhove, Fjell, 2011). The ANT and its various revisions
show significant interaction between networks (Callejas, Lupianex & Tudela,
2004; Fan et al., 2010). It is clear that the networks communicate and work
together in many situations, even though their anatomy is distinct. 
The dorsal part of the anterior cingulate cortex (ACC) is involved in the

regulation of conflict in cognitive tasks, while the more ventral part of the cin-
gulate is involved in regulation of emotion (Bush, Luu & Posner, 2000). One
way to examine this issue is to image the structural connections of different
parts of the cingulate using diffusion tensor imaging (DTI). This form of im-
aging traces the diffusion of water molecules in along myelinated fibers, and
provides a means of examining the physical connections present in the brain.
DTI studies have shown that the dorsal part of the ACC is connected primarily
to parietal and frontal lobes, while the ventral part of the ACC has strong con-
nections to subcortical limbic areas (Posner, Sheese, Odulas and Tang 2006).
The executive attention network also includes the underlying basal ganglia

and adjacent areas of the prefrontal cortex. There is evidence that the anterior
insula is involved particularly when switching between tasks (Supekar &
Menon, 2012), while adjacent midprefrontal cortex is important during com-
plex decision making (Behrens, 2012). Comparative anatomical studies point
to important differences in the evolution of cingulate connectivity between
non-human primates and humans. Anatomical studies show the great expan-
sion 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, two brain areas that are active together even when the
person is resting and not performing a task (Allman, Watson, Tetreault, and
Hakeem, 2005; Dosenbach et al., 2007). It is thought that von Economo
neurons are important in communication between the cingulate and other
brain areas. This neuron is not present at all in macaques and its frequency
increases between the great apes and adult humans. Moreover, there is some
evidence that the frequency of the neuron increases in development between
infancy and later childhood (Allman, et al., 2005). 

Development of Self Regulation 
Resting State Studies
It has recently become common to study the brains of children and

adults while they are resting (resting state rsMRI; Raichle, 2009). One of
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the brain networks active during rest is the executive attention network in-
volved in resolving conflict and related to parent reports of effortful control
(Dosenbach et al., 2007; Fair et al., 2009). Resting state methods can be
applied at any age because they do not require a task. Studies have examined
how brain networks change with age (Fair et al., 2009; Gao, et al., 2009).
Resting state studies have found that during infancy and early childhood
most brain networks involve short connections between adjacent areas, but
the long connections important for self regulation develop slowly over
childhood (Fair et al., 2009; Gao et al., 2009). Development of this system
may relate to the achievements in self regulation that we have documented
between infancy and 7-8 years of age (Rueda et al., 2004). A study using
fMRI for 725 children from 4 to 21 years showed a relationship between
the ability to resolve conflict in a flanker task and the size of the right dorsal
anterior cingulate in the early years of childhood as well as the connectivity
of the cingulate in later years (Fjell et al., 2012). 

Longitudinal Study 
In our work we found that 7-month-old infants activated the anterior

cingulate when they detected an error (Berger, Tzur & Posner, 2006; Wynne,
1994), showing that they have rudimentary executive attention in place,
even though parents are not yet able to report on effortful control and in-
fants do not carry out instructed behaviors. It was not until age three that
children began to show regulation of their behavior by slowing their next
response following an error as adults do (Jones, Rothbart & Posner, 2003). 
We conducted a longitudinal study on the development of self regulation

during infancy and childhood. The testing began when the infants were 7
months old. Because infants are not able to carry out voluntary attention
tasks, we used a visual task in which a series of attractive stimuli are put on
the screen in a repetitive sequence (Clohessy, Posner & Rothbart, 2001; Haith,
Hazan & Goodman, 1988). Infants orient to them by moving their eyes (and
head) to the location. On some trials infants showed they anticipated what
was coming by orienting prior to the stimulus. We found (Sheese et al., 2008)
that infants who made the most anticipatory eye movements also exhibited
a pattern of cautious reaching toward novel objects that predicts effortful con-
trol in older children (Rothbart, 2011). In addition, infants with more antic-
ipatory looks showed more spontaneous attempts at self regulation when
presented with somewhat frightening objects. 
We retested and genotyped the children at age 18 to 20 months and

tested them again at about age 4 when they were able perform the ANT
as a measure of executive attention. We found that the early regulatory ef-
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fects in infancy and at age 2 were correlated with their later orienting net-
work scores rather than their executive network performance in the ANT.
In addition, we found that in infancy orienting of attention was related to
lower negative and higher positive affect. By age two, orienting was no
longer related to affect, but later in childhood and for adults, effortful control
is related to lower negative affect (Rothbart, 2011).
These findings led us to the view that the orienting network provides

the primary regulatory function during infancy. The orienting network
continues to serve as a control system, but starting in childhood the exec-
utive attention appears to dominate in regulating emotions and thoughts
(Isaacowitz, 2012; Posner et al., 2012; Rothbart et al., 2011). This parallel
use of the two networks fits with the findings of Dosenbach et al. (2007)
that in adults the frontal-parietal network controls task behavior at short
time intervals whereas the cingulo-opercular network exercises strategic
control over long intervals.
Our general view is that cognitive and emotional control systems arise

as part of attentional networks. Our view contrasts with some general views
of cognitive development that see self control as arising out of the child’s
ability to employ language to implement control (Luria, 1973; Vygosky,
1934). While we do not deny that language plays an important role in de-
velopment, we have observed young children when they attempt to exercise
control of dominant responses in Simple Simon type games (Jones et al.,
2005). In general, self regulation involved physical actions such as children
sitting on their hands or holding one hand with the other, rather than self
instruction by language. In addition, the importance of the growth of the
right rather than the left ACC in self regulation (Fjell et al., 2012) and as-
sociation of self regulation with attentional orienting support a separation
of control from language. It seems to us that previous work has failed to
recognize the separate evolutionary development of attention systems as a
basis for control, placing too much emphasis on language as a uniquely
human control system. 

Physical changes in connectivity
The changes in connectivity during development reported in resting

state MRI studies involve functional connectivity based upon correlations
between BOLD activity in separated brain areas. Is there evidence of the
actual physical changes in the white matter thought to underlie these cor-
relations? Our recent work with adults using DTI has uncovered white
matter changes that have similarities to those found in development.
Training adults might thus allow us to uncover how the connections de-
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veloping during childhood support the changes in self control between
infancy and adults.
During development there is a large change in the physical connections

between brain areas. The number of axons connecting brain areas increases
followed by an increase in the myelin sheath that surrounds the axon and
provides insulation. Together these changes result in more efficient connec-
tions (Lebel et al., 2012). Fractional anisotropy (FA) is the main index for
measuring the integrity of white matter fibers when using DTI.
In our work we studied FA in college students before and after a form

of mindfulness meditation called Integrated Body Mind Training (IBMT)
in comparison to a control group given the same amount of relaxation
training. We found clear improvement in the executive attention network
after only five days of training. After two to four weeks of training we found
significantly greater change in FA following meditation training than fol-
lowing the relaxation training control in all areas of connectivity of the
ACC, but not in other brain areas (Tang et al., 2010).
These alterations in FA could originate from several factors such as

changes in myelination, axon density, axonal membrane integrity, axon di-
ameter and intravoxel coherence of fiber orientation and others. Several
DTI studies have examined axial diffusivity (AD) and radial diffusivity
(RD), the most important indices associated with FA, to understand the
mechanisms of FA change (Bennett et al., 2010; Burzynska et al., 2010).
Changes in AD are associated with axon morphological changes, with lower
AD value indicating higher axonal density. In contrast, RD implicates the
character of the myelin. Decreases in RD imply increased myelination,
while increases represents demyelination. 
In our study (Tang et al., 2012) – we investigated AD and RD where

FA indicated that integrity of white matter fibers was enhanced in the
IBMT group more than control group. We found that after two weeks
there were changes in axonal density but not in myelination. In some areas
these changes in axonal density were correlated with improved mood and
affect as measured by self report. After 4 weeks of training we found evi-
dence of myelination changes. Since the developmental changes in child-
hood first involve changes in axonal density and only later myelination,
our training may provide changes that are somewhat similar to those found
in development. If so, it might be possible to use training to study how
physical changes in connectivity alter aspects of control including reaction
time, control of affect, stress reduction and other changes found with med-
itation training. 
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Genes and Environment 
We have pursued two strategies to help understand how genes are related

to the individual efficiency of attention networks. One approach involves
adults and uses the association of attentional networks with particular neu-
romodulators (Green et al., 2009; see also Table 1). These associations have
led to identification of candidate genes that are expected to relate to each
network. The results were summarized by Green et al., (2009) and are
shown in Table 1. Since 2009 a number of other results have qualified the
view somewhat. It seems clear that serotonin as well as dopamine can in-
fluence the executive attention network (Reuter et al., 2007), and that there
are interactions between dopaminergic and cholinergic genes at the mo-
lecular level that modify the degree of independence between them (Mar-
ket et al., 2010). Nonetheless the scheme in Table 1 provides a degree of
organization and prediction that is often lacking in studies of genetic influ-
ence on cognition and behavior.

Table 1. Relating Attention Networks to Dominant Modulators and Genetic Alleles

NETWORK MODULATOR GENES 

ALERTING NOREPINEPHRINE ADRA2A

NET

ORIENTING ACETYCHOLINE CHRNA4

APOE

EXECUTIVE DOPAMINE DRD4, DAT1, COMT

MAOA, DBH

SEROTONIN TPH2, 5HTT

This table adapted from Green et al., 2008

Some individuals have stronger activations and connectivity than others
and are thus better able to exercise the various functions of self regulation.
Moreover childhood assessments of effortful control (Moffitt et al., 2011)
and self regulation (Casey, et al., 2011) predict performance as adults. How
do these differences arise? In part they are due to genetic variations. How-
ever, environmental influences and learning can also lead to differences in
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efficiency; so experience and genetics are not separate influences but fre-
quently interact. Gene expression, for example, can be altered by the envi-
ronment in which the genes operate. Genetic differences can also influence
the degree to which specific experience is effective in leading to learning
(Belsky & Pluess, 2009). Our genes thus influence the degree to which our
behavior is altered by experience. This is a far cry from the view of im-
mutability of genes that might underlie the idea that our weaknesses are
unchangeable (see also Spector, 2012). 
We illustrate the complex interaction between genetic variation and en-

vironmental influence with results obtained in our longitudinal study that
involve the 7-repeat allele of the DRD4 gene. This allele has been associated
with attention-deficit/hyperactivity disorder (ADHD) and the tempera-
mental quality of sensation seeking. Evidence that environment and/or ex-
perience can have a stronger influence in individuals with the 7-repeat allele
has been reported (Bakermans-Kranenburg and van Ijzendoorn, 2006; van
Ijzendoorn & Bakermans-Kranenburg, 2006). Moreover, in one study an
intervention that increased parent use of positive discipline reduced exter-
nalizing behavior in toddlers with the 7-repeat allele of the DRD4 gene
significantly more than for those without this allele (Bakersman-Krannen-
burg, Ijzendoorn, Pijlman, Mesman, & Juffer, 2008). This finding is impor-
tant because assignment to the intervention group was random, thus
ensuring that the result is not due to something about the parents other
than the training.
In our longitudinal study conducted at the University of Oregon, cheek

swabs were used to collect DNA samples and genetic variation was identi-
fied in twelve genes that had been related to attention in adult studies
(Sheese, Voelker, Rothbart, & Posner, 2007). The children had been evalu-
ated when they were 7 months old, and genotyping took place when they
returned to the laboratory at about 2 years of age. In addition, parenting
quality was examined through observation of caregiver–child interactions
in which the children played with toys in the presence of one of their care-
givers. Raters reviewed videotapes of the caregiver–child interaction and
rated the parents on five dimensions of parenting quality according to a
schedule developed by NICHD (1993): support, autonomy, stimulation,
lack of hostility, and confidence in the child. According to their scores, par-
ents were divided at the mean into two groups: one showing a higher qual-
ity of parenting, and the other a lower quality. Results showed an interaction
between parenting quality and variation of the DRD4 gene. For children
with the 7-repeat allele, there was a strong influence of parenting quality.
Children with the 7-repeat allele and lower quality parenting were high in
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impulsivity while those with higher quality parenting were normal in im-
pulsivity. Children without the 7 repeat allele showed normal levels of im-
pulsivity regardless of parent quality. Similar results were obtained for activity
level and high-intensity stimulation seeking, which can be combined with
impulsivity into one aggregate measure of sensation seeking.
Some evidence suggests that the 7-repeat allele is under positive selective

pressure in recent human evolution (Ding, Chi, Grady, Morishima, Kidd, et
al., 2002). Why should an allele that has been found to be over represented
in Attention Deficit Disorder (ADHD) be undergoing positive selection?
We think that positive selection of the 7-repeat allele could well arise from
its sensitivity to environmental influences. Parenting provides training for
children in the values favored by the culture in which they live. For exam-
ple, Rothbart and colleagues (Ahadi, Rothbart, & Ye, 1993) found that in
Western culture, effortful control appears to regulate negative affect (sadness
and anger), while in China (at least in the 1980s) it was found to regulate
positive affect (outgoingness and enthusiasm). In recent years, the genetic
part of the nature-by-nurture interaction has been given a lot of emphasis.
Theories of positive selection in the DRD4 gene have stressed the role of
sensation seeking in human evolution (Harpending & Cochran, 2002;
Wang, Kodama, Baldi, & Moyzis, 2006). The finding that individual differ-
ences in impulsivity may be influenced by the interaction between genetics
and parenting style do not contradict this evolutionary emphasis, but suggest
a form of explanation that could have even wider significance. If genetic
variations are selected according to their sensitivity to cultural influence,
this could fit with evidence that the 7 repeat allele is under positive selective
pressure and is over represented among the elderly (Grady et al., 2013). It
remains to be seen whether the other 300 genes estimated to show positive
selection would also increase an individual’s sensitivity to variations in rear-
ing environments. 
How could variation in genetic alleles lead to enhanced influence of

cultural factors such as parenting? The anterior cingulate receives input per-
taining to both reward value and pain or punishment, and this information
is clearly important in regulating thoughts and feelings. Dopamine is the
most important neuromodulator in these reward and punishment pathways.
Thus, changes in the response to dopamine could enhance the influence of
signals from parents related to reward and punishment. Because the ACC
is important in executive attention, we expected that the 7 repeat influence
on behavior was mediated by executive attention. However, in the study
by Sheese and colleagues (2007), data showed that at two years there was
no influence of the 7-repeat allele on executive attention; rather, the gene
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and environment interacted to influence the child’s behavior as observed
by the caregiver. However, the same children at age 4 did show an interac-
tion between the presence of the DRD4 7-repeat allele and parenting qual-
ity in determining effortful control and this effect has been replicated in
another study (Sheese et al., 2012; Smith et al., 2012). Since effortful control
is linked to executive attention, this finding suggests that the executive net-
work could be a mechanism for the widespread effects of Gene x Environ-
ment interactions, at least in older children and adults. Thus the DRD4 7
repeat allele may operate through executive attention after age 4 but
through some other mechanism before executive attention is sufficiently
developed.
There is other evidence that despite changes in the brain and behavior,

the DRD4 7 repeat allele may play the same role in adults as in children.
This study (Larson, et al., 2010) exposed young adolescents to either high
or low levels of alcohol consumption by peers. Adolescents with the 7 re-
peat allele were more influenced in their drinking by peer behavior than
those without the 7 repeat. 
We have illustrated the way parenting and other environmental influ-

ences may show continuity, despite changes in the underlying control net-
works, with the story of only one genetic allele. However, a recent selective
review of the longitudinal literature (Ronald, 2011) reaches a similar con-
clusion over a larger number of genes and studies. More data in this area
are needed to better understand the mechanisms by which genes operate
over the lifespan.
This paper has examined attention and the mechanisms supporting will.

We view will as involving regulation of cognitive and emotional systems,
and argue that such self regulation is carried out in older children and adults
by the executive attention network. We have traced the early reliance of
control on the orienting network and seen how during development con-
trol shifts to the executive network. We have examined methods of changing
the efficiency of self regulation through training as a model for what might
happen in development. Finally we examined how genes influence the de-
gree to which training can shape self regulation. We hope that this approach
will eventually provide a more complete picture of the origins and neural
systems of voluntary control and provide scientific data on the constraints
that operate on will.
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