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Neurobiological models propose an evolutionary, vertical-integrative perspective on emotion and
behavior regulation, which postulates that regulatory functions are processed along three core brain
systems: the brainstem, limbic, and cortical systems. To date, few developmental studies applied these
models to research on prenatal and perinatal risk. We propose a conceptual model that incorporates
three integrated levels of observations for the study of early risk: (a) brainstem-related physiological
regulation of cyclic processes and sensory integration, e.g., vagal regulation, circadian rhythms;
(b) emotion and attention regulation capacities that draw on the integration of brainstem and limbic
systems; and (c) higher-level outcomes that draw on the intactness of brainstem and limbic networks,
including socio-emotional self-regulation, inhibitory control, and cognitive processing. We discuss
implications of the model for the development of regulatory capacities during the prenatal and early
postnatal stages in infants born with specific perinatal risk. We underscore the importance of assessing
sub-cortical and brainstem systems and the longitudinal effects of transitory brainstem dysfunction on
physiological homeostasis, motivation, arousal-modulated attention, stress reactivity, and mother-
infant co-regulation. The assessment of brainstem dysfunction can be conducted during hospitalization
and may help detect infants at risk for the development of self-regulatory deficits at the first weeks
of life. Keywords: Audiology, brain development, emotion regulation, executive function, perinatal,
prematurity. Abbreviations: ABR: auditory brainstem evoked responses; IVH: intraventricular
hemorrhage; MRI: magnetic resonance imaging; CBSF: compromised brainstem functioning; VT:
vagal-tone; AMA: arousal-modulated attention; CCK: cholecyctokinin; CNS: central nervous system;
US: cranial ultra-sound; NICU: neonatal intensive care unit.

Neurobiological models of emotions propose an evo-
lutionary, vertical-integrative view on emotion and
behavior regulation (Panksepp, 2005; Tucker, Luu,
& Derryberry, 2005). Regulatory functions are theor-
ized to be processed along three core brain systems:
the brainstem, limbic, and cortical systems, which
are integrated into a vertical-integrative hierarchical
system. This developing system draws upon brain-
stem-related homeostatic systems, which provide
the physiological foundation for the regulation of
state, attention, and emotional reactivity. Brain-
stem-mediated systems, in turn, enable the develop-
ment of arousal, attention, and emotional regulation
that drive high-order self-regulatory abilities, effort-
ful control, and socio-cognitive processes. This
integrated system is based upon brainstem relay,
which undergoes a rapid developmental maturation
during the last quarter of gestation. Optimal develop-
ment of the vertical-integrative system depends on
the provision of specifically-tailored environmental
and maternal stimulation. As such, infants born at

pre- and perinatal risk are at a greater risk for
specific developmental disruptions of this system.

To date, knowledge on the hierarchical functioning
of the brain is based primarily on animal research.
However, electrophysiological, biochemical, imaging,
and behavioral data may be pulled together to
examine the implications of these models for the
development of behavior and emotion regulation
during the very first phases of postnatal life in
infants born prematurely or with perinatal risk.
Incorporating development into the model may
increase empirical attention to the functioning of
brainstem systems as predictors for the development
of regulatory capacities in high-risk neonates.

Evidence for the vertical-integrative perspective
comes from neurochemical, imaging, electrophysio-
logical, and clinical studies, mostly with adults.
Neurochemical systems, including the serotonergic,
dopaminergic, noradrenergic, and other neuropep-
tidergic systems, involve hierarchical and synchron-
ous functioning at brainstem, limbic, and cortical
levels (Caldji, Francis, Sharma, Plotsky, & Meaney,
2000; Damasio et al., 2000; Jentsch, Roth, & Taylor,Conflict of interest statement: No conflicts declared.
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2000; Gunnar & Quevedo, 2007). Such vertical
integration of neurochemical systems also affects
emotion regulation in infants and toddlers (Rothbart
& Rueda, 2005). The noradrenergic system, for
instance, has been shown to mediate arousal
regulation in social contexts, such as mother–infant
interactions, through a brainstem–limbic–right-
hemisphere brain circuitry (Tucker et al., 2005;
Schore, 1997) and fight-or-flight reactions to stress
(Morilak et al., 2005). Specific dopaminergic and
serotonergic genes were found to mediate the
effortful control dimension of temperament. This
dimension, which involves prefrontal activity,
emerges on the basis of brainstem–limbic-related
functions: the surgency/extroversion component
and the negative affectivity component (Rothbart,
Sheese, & Posner, 2007; Posner, Rothbart, & Sheese,
2007).

Imaging studies of human adults similarly point
to brainstem–cortical links in the processing and
regulation of emotions. For example, Damasio and
colleagues (2000) demonstrated the role of the
brainstem in the perception, experience, and mem-
ory of self-relevant emotions. Although little imaging
research is available in neonates, behavioral studies
show that deficits in neonatal sub-cortical systems
are related to later difficulties of attention organ-
ization and inhibitory control (Gardner, Karmel, &
Flory, 2003; Karmel, Gardner, & Freedland, 1996;
Geva, 1995). More specifically, neonates with
brainstem dysfunctions showed poorer attention
regulation as a function of arousal states at
1 month of age (Gardner et al., 2003); poorer
attentional responses that were hyperresponsive to
increased endogenous arousal at 4 months (Karmel
et al., 1996); and less regulated inhibitory control
on rapid automatized naming tasks at 3 years of
age (Geva, 1995; Geva, Gardner, & Karmel, 2004).
This line of work is also complemented by basic
science research and animal decortication models
which highlight the role of brainstem structures in
integrating sensations from the environment with
one’s immediate goals and feelings in order to guide
behavior and enable conscious awareness (Merker,
2007). These studies also indicate that higher-level
capacities, such as executive functioning, self-
regulation, and representational thought, which
most likely involve cortical activity, also require
simultaneous processing at the brainstem and
limbic levels. Thus, brainstem-related systems are
likely to play an important role in self-regulation.
Taking this notion a step further, we propose
that prenatal disruptions in brainstem-related

developmental processes are likely to impact on
the development of self-regulation across childhood

and beyond. Furthermore, since brainstem struc-
tures mature early and precede the development
of limbic and cortical structures, disrupted

development of brainstem structures and their

functions in preterm and high-risk infants may

serve as an indicator of later neuro-functional

deficits.

Effects of prenatal and perinatal risk on
brainstem functions

During late gestation, at 33–38 weeks, there are
significant developmental changes in the brainstem
(Darnall, Ariagno, & Kinney, 2006). At this phase,
various prenatal and perinatal risk factors affect
brainstem functions and physiological homeostatic
regulation of the heart and lung as well as the
regulation of state and satiety (Darnall et al., 2006).
Brainstem dysregulation may be indicated by
anomalies in auditory brainstem evoked responses
(ABR). Dynamical changes in latency of the three
major ABR components correspond well to concur-
rent hypoxic-ischemic brainstem-related patho-
physiological changes in neonates (Jiang, Yin,
Shao, & Wilkinson, 2004). In large community
studies, the risk for anomalies in ABR functions in
neonates with various neurological impairments
was substantially greater than among controls
(N = 1087; Salamy & Eldredge, 1994). Similar ABR
anomalies were found in preterm infants and in
term infants with neurological impairments. Among
premature infants at the Neonatal Intensive Care
Unit (NICU), 16.1–28% of neonates failed the first
ABR test (N = 1613; Galambos, Hicks, & Wilson,
1982; Murray, 1988). These studies highlight the
susceptibility of preterm infants to brainstem dys-
functions.

Several studies have used ABR technology with
groups of preterm infants or infants with specific

perinatal risks. Brainstem dysfunction was found to
be common in selected populations of preterm
infants. Karmel and colleagues found functional
brainstem dysfunctions in neonates with brain
insult or with hydrocephalus (N = 416; Karmel,
Gardner, Zappulla, Magnano, & Brown, 1988). ABR
evaluations in neonates were found to be sensitive
to perinatal asphyxia and hypoxic-ischemic damage
in preterm infants (Jiang et al., 2004). Abnormal
ABRs increased in cases of transient low Apgar
scores even in the absence of chronic hypoxic-
ischemic encephalopathy (Jiang, Xiu, Brosi, Shao,
& Wilkinson, 2007) and in preterm infants dia-
gnosed with chronic lung disease and bronchopul-
monary dysplasia in the neonatal period (Wilkinson,
Brosi, & Jiang, 2007). Such anomalies are
diagnosed in young preterm infants at a critical
period for the myelination of the equilibrium and
auditory pathways in the brainstem, axonal
sprouting, formation of central synaptic connec-
tions, improvement of synaptic efficiency, increase
in axonal diameter, and development of central
dendritic properties (Jiang, Brosi, & Wilkinson,
2006; Krumholz, Felix, Goldstein, & McKenzie,
1985; Moore, Perazzo, & Braun, 1995). Such poor
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myelination of early-maturing brainstem structures
in preterm infants points to the potential links
between brainstem dysfunction and the risk for
disruption in the vertical integration.

Relations between prenatal and perinatal risk
and the development of the vertical-integrated
framework

Specific prenatal and perinatal risks that interfere
with myelination and synaptic functions in the
brainstem may affect the development of adaptive
self-regulation. Follow-ups of premature infants
indicate relations between CNS problems and poor
outcome (Hack et al., 1994; Jongmans, Mercuri,
DeVries, Dubowitz, & Henderson, 1997). These
studies, however, do not specify the neonatal CNS
injury and rarely deal with the underlying mechan-
isms accounting for these deficits. In particular, little
research has documented the contribution of brain-
stem structures to developmental psychopathology.
Reliance on structural information or epidemio-
logical factors alone may not be sufficient to detect
subtle neuro-functional deficits that underpin self-
regulatory capacities.

Recent studies have begun to address the evalu-
ation of brainstem functioning in fetuses, neonates,
and infants. These studies focus mainly on mor-
phological changes or functional anomalies. Struc-
tural brainstem dysgenesis syndromes in fetuses,
such as Pierre Rubin sequence, are rare and bear
grave outcomes (Abadie, Morisseau-Durand,
Beyler, Manach, & Couly, 2002; Roig et al., 2003).
The symptoms are closely dependent on the
excessiveness of the affected brainstem loci and are
often related to orodigestive and cardiorespiratory
anomalies (Abadie et al., 2002). In most cases of

structural brainstem disorder, the cause is fetal
vascular accidents (Roig et al., 2003). Other studies
examined physiological brainstem dysfunctions in
premature infants. Volpe (1995) pointed out that
neuronal pathology can be detected at pontine levels
of the brainstem in as many as 71% of the infants
with intraventricular hemorrhage (IVH), and mag-
netic resonance imaging (MRI) studies indicated
wider brainstem involvement than previously
thought. Yet, very little information is available on
the predicative utility of morphological brainstem
MRI and ABR findings for the development of self-
regulation in infants. It is important to note, how-
ever, that the sensitivity and specificity of ABR
assessments were found to be significantly higher
than those reported for MRI for the detection of
sensory-neuro deficits (Valkama et al., 2001).

Model-driven hypothesis of neonatal
brainstem dysfunction and developmental
outcome

The proposed model (Figure 1) suggests both direct
neurobiological and indirect behavioral long-term
effects of compromised brainstem functioning
(CBSF) on self-regulation. In line with the vertical
perspective of neuro-functions, it is hypothesized
that early brainstem trauma directly affects physio-
logical regulation in the first weeks of life.

Physiological regulatory difficulties that reflect
disturbed brainstem-mediated homeostasis may be
evident in the following systems: (a) the autonomic
nervous system as assessed, for example, by cardiac
vagal-tone (VT; Porges, 1992) and by cardio-
respiratory regulation (Hunt, 2006); (b) circadian
regulation of arousal (Karlsson, Gall, Mohns, Seelke,
& Blumberg, 2005); and (c) the modulation of

Figure 1 A schematic representation of the neurobiological model for the effects of early brainstem functioning on
the development of behavior and emotion regulation in infants
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visceral homeostasis of internal states, such as
hunger and satiety (Batterham et al., 2007). These
systems, which are mediated by the brainstem,
were shown to interact with the development of
emotion and attention regulation in infants
(Porges, 1997). Consequently, the infant’s ability
to maintain proper physiological homeostasis in
order to attend to external stimuli, to modulate
arousal, and to react to stressful situations may be
compromised.

Difficulties in the regulation of basic physiolo-
gical functions such as sleep, feeding, or self-
soothing may disrupt the management of negative
emotions, the development of inhibitory control as
expressed by conduct or antisocial problems, or
lead to attention deficit or hyperactivity disorders
at later stages. Several studies indicated that
certain sub-groups of premature infants exhibit
such symptoms more frequently than full-term
infants, for instance infants diagnosed with intra-
uterine growth restriction (Geva, Eshel, Leitner,
Fattal-Valevski, & Harel, 2005) or very low birth
weight infants with periventricular leucomalacia
(Skranes et al., 2007). During later stages, mat-
uration of top-down fronto-limbic connections,
often in the right prefrontal cortex, is described as
the apex of the proposed hierarchy (Schore, 1997)
and enables adaptive coping responses to stress
(Ellenbogen, Schwartzman, Stewart, & Walker,
2006). Accordingly, the development of higher
functions, such as inhibitory control and social-
emotional self-regulation, is hypothesized to be
compromised (Dennis, 2006).

A developmental neuropsychological
perspective on vertical-integration of
brainstem dysfunction and the development
of self-regulation

Brainstem trauma, as assessed by abnormal ABR
and cranial ultrasound and/or MRI, typically re-
solves during the neonatal period (Wilkinson et al.,
2007). Nevertheless, its physiological and behavioral
consequences are identifiable in the neonatal period,
provided one is searching for mechanisms that are
mediated by brainstem functions. Mechanisms of
arousal and attention are mediated by sub-cortical
brainstem-related structures, especially prior to
2–3 months of age (Gardner & Karmel, 1995; Geva,
Gardner, Karmel, Feldman, & Freedland, 1999a;
Geva, Gardner, & Karmel, 1999b). Arousal influ-
ences not only tonic activity, but also gates specific
sensory processing when internal or external factors
are manipulated through feeding or stimulation
(Geva et al., 1999a, 1999b). This self-limiting
brainstem-related system helps neonates maintain
homeostasis (Zeskind, Goff, & Marshall, 1991).
Disruptions in the ability to shift arousal or maintain
equilibrium impact on later cognitive, behavioral,

and emotion-regulation capacities (Sigman, Cohen,
& Beckwith, 1997).

After the age of 3 months, through the maturation
of collicular–basal ganglia functions and the devel-
opment of the posterior attention systems (Posner,
Petersen, Fox, & Raichle, 1988), there is a develop-
mental shift to sensory-specific attention (Karmel &
Gardner, 2005; Geva et al., 1999a, 1999b; Johnson,
Posner, & Rothbart, 1991). During this period,
through mediation of norepinephrine and dopamine,
modulation of attention affords the adaptive coordi-
nation of vigilance and distress during information
processing (Eckerman, Oehler, Hannan, & Molitor,
1995). The second relevant milestone is the con-
nectivity to the limbic system. Tucker and colleagues
(2005) proposed that two midbrain structures, the
hypothalamus and thalamus, are pivotal in orga-
nizing internal and external influences to ensure
homeostasis of complex vertebrates. The hypothal-
amus is central in securing visceral regulation of
internal states, such as hunger, thirst, temperature,
and pain, and the thalamus at the top of the brain-
stem mediates the sensory and motor interfaces
via projections to the telecephalon, trafficking
limbic input as to the potential value of external
inputs.

The transition to self-regulatory behaviors during
the second year of life often draws upon higher
control systems, reflecting the integration of the
anterior cingulate gyrus that is implicated in the
coordination of distress and attention. The cingu-
late is an integral component of the limbic system.
The functional connectivity to prefrontal loci
marks the final steps of the development of this
system by exerting inhibitory control (Diamond,
1990). Thus, we propose that even transitory
dysfunction of brainstem structures at the new-
born period may disrupt the maturation of the
entire system that supports behavior and emotion
regulation.

Although links have been found between physio-
logical regulation and outcomes in preterm infants,
no information is typically provided on the specific
neuro-pathogenesis leading to emotion dysregula-
tion. Several researchers have proposed mechan-
isms that may mediate the effects of prematurity on
emotion regulation. Anand and Scalzo (2000)
described two pathways by which prematurity dis-
rupts behavior organization. Stimulus overload
related to early maternal separation leads to apop-
tosis (programmed cell-death) in multiple areas of
the immature brain. Additionally, exposure of the
immature CNS to pain causes excessive excitatory
amino acid activation resulting in excitotoxic
damage to developing neurons. Neurologically, these
conditions may lead to changes in prelimbic
prefrontal areas, causing increased excitation and
hyper-reactivity (Risterucci, Terramorsi, Nieoullon,
& Amalric, 2003). Behaviorally, both conditions are
expressed in disturbed reactivity, difficulties in
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sustained attention, and inability to self-regulate
(Chudasama et al., 2003).

A conceptual model for the effects of neonatal
brainstem dysfunction on behavior and
emotion regulation: risk and protective factors

The proposed model describes the behavioral regu-
latory manifestations of neurobiological matura-
tional changes that emerge as a function of time,
exposure to stimulation, and neural integrity. The
model proposes three levels of direct and mediated
hypotheses according to three hierarchical and
nested levels, originating in the assessment of
brainstem functions. The first level includes physio-
logical regulation of cyclic processes and sensory
integration processes; the second level relates to
further integration of three aspects of emotion and
attention regulation; and the final level includes
an integration of higher-level complex behavioral
outputs. Direct relations address links between
components at each level and the level directly
above it. Long-term, potentially mediated relations
refer to links between each level with an outcome
measure one or two levels above, which may be
either direct or mediated by factors at the same or at
lower levels. For instance, relations between brain-
stem dysfunction and both arousal modulation
and stress reactivity (Level 2) are expected. Such
relations may be mediated by (a) physiological reg-
ulation of cyclic processes and sensory integration
(Level 1), (b) mother–infant co-regulation (Level 2),
or (c) both.

Evidence for the direct and mediated hypotheses of
the model

Evidence regarding the hypothesized direct and
mediated links is presented in the model along two
interdependent paths: 1) linking brainstem dys-
function with cognitive processing and inhibitory
control, and 2) linking brainstem dysfunction with
socio-emotional self-regulation.

1: Effects of brainstem dysfunction on cognitive process-
ing and inhibitory control. Two interdependent paths
are proposed to account for the proposed brainstem
effects on cognitive processing and inhibitory control
(Figure 2).One path is through state regulation and
the other path passes through attention regulation.
Examples of these are presented in turn.

(a) Physiological regulation of arousal: sleep–wake cyc-
licity and cardiac tone. Abundant knowledge, using
animal models, human adults, and infant studies,
confirms that the monitoring of physiological regu-
latory status is located in multiple vital locales in the
brainstem. Those include the biological clocks and
the cyclic autonomic changes regarding state, sati-
ety, temperature, and heart rate (Porges, 1997; Geva
& Feldman, in press). Selected groups of premature
infants exhibit disturbed rhythms of activity and rest
(Feldman, Weller, Sirota, & Eidelman, 2002), indi-
cating relations between compromised CNS and the
development of physiological rhythms.

Porges’ (1997) polyvagal evolutionary theory pro-
poses that the nucleus ambiguus moderates the
control of respiratory sinus arrhythmia, a function
unique to the mammalian brainstem organization
and related to processes of attention, emotion, and
communication in humans. The polyvagal theory is
consistent with the developmental vertical-integra-
tive model in proposing brainstem involvement in
higher cognitive and social-emotional processes.
Cardiac vagal-tone, a measure of respiratory sinus
arrhythmia, provides an index of attention regula-
tion in newborns (Arditi, Feldman, & Eidelman,
2006), orientation in neonates (Feldman, 2006), and
information processing during the first months of life
(Bornstein & Suess, 2000). Similarly, sustained
heart rate lowering during visual fixation marks
voluntary, sustained attention in infants (Richards &
Cronise, 2000). Respiratory sinus arrhythmia is re-
lated to an increase in vagal firing during sustained
attention and to its inhibition at attention termina-
tion. Heart rate variability in the newborn period was
found to predict cognitive development at 3 years in
premature infants (Huffman et al., 1998). Cardiac
vagal-tone in preterm neonates was found to deter-
mine the trajectories of cognitive and social emo-
tional development from birth to 5 years of age
(Feldman & Eidelman, in press) and sleep–wake
cyclicity predicted sustained exploration at
6 months in premature infants (Feldman et al.,
2002). These data point to bi-directional relations
between the cyclicity of arousal, attention orienta-
tion, and circadian rhythmicity, functions mediated
by brainstem-related systems, which contribute to
information processing and cognitive competencies
among premature infants.

(b) Arousal-modulated attention (AMA). Evidence
points to the relations between physiological status
and attention. For instance, when less aroused and

Prenatal brainstem 
-dysfunction

Physiological state regulation

Cognitive processing 
inhibitory control

Arousal modulated attention 
(AMA) and information 

Figure 2
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following feeding, full-term neonates look at more
stimulating and novel events, and when more
aroused, such as during the period before feeding,
they look at less stimulating and familiar events.
Such modulation is significantly altered in high-risk
infants (Gardner et al., 2003). The greater the CNS
insult, a lower change in attention toward higher
stimulation or novelty would occur during states of
lower arousal. This pattern of neonatal arousal-
modulated attention differentiates normal neonates
from infants with compromised brainstem func-
tioning (CBSF; Karmel et al., 1996). Furthermore,
feeding-based arousal also modulates visual recog-
nition memory in early infancy, such that infants
are able to prefer novel stimuli when less aroused
(Geva et al., 1999a, 1999b). At 3 and 6 months of
age, the cyclical pattern of arousal during habitu-
ation has been shown to determine the efficiency
of infants’ information processing in terms of
processing speed and recognition memory (Feldman
& Mayes, 1999).

The development of higher levels of output regu-
lation requires inhibitory control capacities that
would allow for stopping, reflecting, and considering
options prior to the execution of output. Deficits in
inhibitory control and executive attention may be
reflected in the child’s difficulties in making mental
or behavioral shifts, which result in perseverative,
impulsive, or distractible behavior (Diamond, 1990;
Feldman, Gardner, Karmel, & Freedland, 1999a).
These phenomena accord well with Rueda, Posner,
and Rothbart’s (2005) conceptualization on the
contribution of attention networks to the develop-
ment of self-regulation and executive control. Hence,
it appears that over the long term CBSF may affect
the development of regulatory capacities by inter-
fering with the development of inhibitory control and
cognitive self-regulation.

2. Effects of brainstem dysfunction on social-emotional
self-regulation. Models of development and psycho-
pathology emphasize the cumulative and interactive
effects of risk factors on child outcomes and the
ongoing interaction between the child and the social
environment in shaping development (Cicchetti &
Cohen, 1995) (Figure 3). Specific risk factors may be
more disruptive to the infant’s social environment,
and certain environments may be more or less ready
to respond to the excessive needs of a high-risk in-
fant. In addition to the effects of risk, resilience
components in the child and the family interact with

risk variables in shaping developmental trajectories
(Sameroff & Rosenblum, 2006). A child with more
regulated dispositions, for example, may elicit more
positive parenting, leading to improved emotion
regulation and self-regulatory capacities even among
infants at greater biological risk.

A multi-level model of self-regulation in children
with CBSF reflects the interaction of risk (e.g.,
brainstem dysfunction) and resiliency (e.g., mother–
child co-regulation and synchrony) factors. Simi-
larly, the early development of brainstem structures
is moderated by social interactions. Neonatal devel-
opment of the vertical-integrative system is thus
hypothesized to be mediated by the nature of early
social interactions. Early maturing arousal systems
are shaped by the rapid maturation of the reticular
activating system in the brainstem and the effects of
environmental stimulation and social interactions
(Schore, 1997) and mother–infant contact and syn-
chrony shape the infant’s emerging regulatory skills
(Feldman, 2007a). Thus, a developmental model
should accommodate both brain programming mat-
urational processes and openness to environmental
stimulation to account for the development of
behavioral and emotional regulation.

Two interdependent paths are proposed in the
model to account for the effects of brainstem systems
on socio-emotional self-regulatory skills. The first
path passes through the development of emotion
regulation and stress reactivity path and the second
passes through the mother–infant co-regulation and
synchrony. As to the first path, brainstem-related
mechanisms were shown to be activated in preterm
infants during emotional arousal. Cardiac vagal-tone
has been shown to predict infants’ response to
intrusive environmental stimulation (Huffman et al.,
1998; Bazhenova, Plonskaia, & Porges, 2001; Feld-
man, 2006). Relationships between satiety and
social behavior were also found. This relationship
was shown in lambs, which exhibit differences in
preferential relationship with the mother as a
function of nutritional and non-nutritional signals
originating from the gastrointestinal region, via
mediation of cholecystokinin (CCK; Weller &
Feldman, 2003). This body of research highlights
the major role of post-ingestive mechanisms played
by the gut–brain axis in the development of filial
bonding (Val-Laillet, Simon, & Nowak, 2004).

As to the second path, which focuses on the
mother’s role in the development of self-regulation,
Hofer’s (1995) model on ‘hidden regulators’ under-

Physiological 
regulation of cyclic 
processes and 
sensory integration  

Brainstem 
dysfunction 

Mother–infant co-
regulation

Socio-emotional 
self-regulation

Emotion regulation and 
stress reactivity

Figure 3
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scores the role of maternal proximity and contact in
the post-birth period to the infant’s physiological
regulation. Maternal milk, touch, smell, body heat,
and biological rhythms provide a set of bio-behav-
ioral regulators to the infant’s autonomic, thermo-
regulation, feeding, and stress-management
systems, most of which are mediated by the brain-
stem. Hence, maternal–infant contact provides the
basis for the development of physiological and emo-
tional regulatory processes (Ferber, Laudon, Kuint,
Weller, & Zisapel, 2002; Feldman, 2004). Early
contact improves the infant’s emotion regulation,
stress reactivity, and social and cognitive develop-
ment (Feldman et al., 2002), pointing to the role of
contact, as moderated by brainstem systems, in the
development of appropriate mechanisms of stress
and emotional coping.

The developmental sequence of social-emotional
self-regulation is bi-directional. Maternal touch
affects the secretion of brainstem-related biochem-
ical substances that mediate homeostasis, comfort,
and arousal (Poeggel et al., 1999). Studies showed
that there is a relationship between secretion of gut
hormones (CCK) and touch effects in pups (Weller &
Feldman, 2003). Scheduled maternal touch, applied
to term infants in the early postnatal period, organ-
ized the infant’s activity–rest cycle (8 weeks) and
regulated melatonin rhythms during the nocturnal
period (12 weeks; Ferber et al., 2002). These results
imply that maternal touch in the perinatal period
serve as a zeitgeber-moderator to enhance brain-
stem-related coordination of the developing circa-
dian system with environmental cues. Together,
these findings point to the interrelationships
between physiological regulation, stress reactivity,
and maternal–infant co-regulation (Feldman, 2007a,
2007b). It may also suggest that maternal–infant
co-regulation, in the form of bodily contact or affec-
tive synchrony, may facilitate the development of
self-regulation even among infants born with brain-
stem dysfunctions.

Socio-emotional self-regulation capacities of
children with CBSF are likely to be compromised.
According Kopp (1982), self-regulation is built on the
maturation of inhibitory functions as well as on the
mutuality between mother and infant. Kochanska,
Murray, and Coy (1997) showed that toddlers’
inhibitory control and mother–child emotional
responsiveness independently predicted socialized
compliance, and mother–infant affect synchrony at 3
and 9 months was found to predict the development
of self-regulation at 2 years (Feldman, Greenbaum,
& Yirmiya, 1999b). Self-regulation, socialization,
and moral internalization were found to be predicted
by physiological self-regulation, inhibitory control,
and mother–infant affect synchrony (Feldman,
2007a). In turn, a longitudinal follow-up from
infancy to adolescence showed that affect synchrony
at 3 months has a direct impact on the development
of the child’s moral orientation and empathy at

13 years (Feldman, 2007b). As such, brainstem
dysfunction in preterm infants or in affected neo-
nates, with its ensuing regulatory deficits, is thus
likely to have a negative impact on the development
of social-emotional regulatory skills.

Overall the conceptual model highlights potential
longitudinal links between brainstem functions and
the development of regulatory capacities across
early childhood in several areas of development,
including physiological systems, attention, stress,
and parent–infant synchrony. There is sufficient
data to support the hypotheses both within each
level of the model and between lower and higher
levels. Previous studies support the proposed links
between disruption to brainstem system and
difficulties at the level of physiological regulation,
between physiological homeostatic systems and the
development of emotion regulation, attention mod-
ulation, and stress reactivity, and between those
and the development of higher-order cognitive and
social processes.

Based on the aforementioned studies, direct rela-
tions are also proposed between non-adjacent levels
of the model. For instance, the model proposes links
between brainstem-mediated physiological func-
tions, such as cardiac vagal-tone with higher-order
cognitive and social self-regulatory outcomes, which
may be either direct or mediated by attention
modulation and stress management. Finally, the
model presents hypothesized relations that call for
further research, particularly between brainstem
functioning and higher-order prefrontally-mediated
functions, such as socio-emotional regulation, or
between brainstem dysfunction and disorders in
higher cortically-mediated skills, such as observed
in attention deficit and hyperactivity disorder or
conduct disorder.

Expected significance of the vertical integrated
model

The vertical-integrative model offers several unique
windows into important current issues, such as
prenatal and perinatal trauma and recovery, the
neurological basis of emotions and self-regulation,
and the role of the environment in shaping develop-
mental outcomes of specific prenatal and perinatal
pathological processes which implicate brainstem
systems. Several points are highlighted by the model.
First, the model incorporates multidimensional
regulatory expressions of the CBSF phenomenon:
biochemical (e.g., melatonin, cortisol), autonomic

(vagal-tone; sleep; feeding), attentional-cognitive

(e.g., arousal-modulated attention, inhibitory con-
trol); emotional reactivity to stress; and co-regulation

of emotional responsivity. These interdependent

expressions are proposed to set the foundation for the
development of higher-order complex cognitive and

emotional processes. Second, the model allows for
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better understanding of the relations between
domains of performance (e.g., attentional versus
socio-emotional) and proposes links between these
domains of functioning. Third, the model points to an
important yet understudied area of research – brain-
stem functioning. It may drive further research on the
specific paths leading from compromised brainstem
functioning to the development of cognitive effortful
control and socio-emotional regulation of behavior,
and such future work will shape and specify the
proposed preliminary model. Fourth, the model sug-
gests potential mechanisms for the development of
self-regulation in the emotional and behavioral
domains that may be applied to developmental theory
in general. Fifth, the model proposes pathways of

recovery from neonatal brainstem – related patho-
genic processes in a developing system. Finally, the
model implies that perinatal diagnosis of CBSF may
afford specific guidelines to neonatologists, clini-
cians, and parents rearing childrenwho are at risk for
behavioral and emotional dysregulation by providing
more specific information for diagnosis, intervention,
and social policies.

Implications of the vertical-integrative model
for early diagnosis of infants born prematurely

The aforementioned developmental progression of
the vertical-integrative model highlights the impor-
tance of assessing dysfunctions related to lower
levels of CNS functioning, particularly of brainstem
dysfunctions, already at the NICU. Disruptions to
the development of these lower-level systems can
serve as important indicators of risk for the emer-
gence of self-regulatory capacities.

An ABR evaluation may be a particularly valuable
diagnostic tool for premature infants during the
neonatal phase, since it has specific features that are
identified as dependent on maturation (Karmel et al.,
1988). ABR recordings in preterm infants first
appear at 26 weeks of gestation, around the age of
extra-uterine viability. The ABR function then
undergoes detectable maturational changes until
34 weeks’ gestational age and thus overlaps the
period of NICU care for most preterm neonates.
During this period, ABR functions are highly sensit-
ive to acute complications, and these are observed by
systematic changes in the latency, amplitude, or
threshold of the ABRs. Using supra-threshold
intensities of 60 dB hearing level or more, it is
evocable in all newborn infants with at least some
minimal hearing capacities (Karmel et al., 1988;
Jiang et al., 2004).

In view of the vertical-integrated framework model,
evaluation of brainstem functioning in the final
weeks of pregnancy or in premature infants is highly
informative. It is also feasible. Structural integrity of
the CNS is routinely assessed in NICUs with cranial
ultra-sound (US) and/or MRI within the first days of

life (Volpe, 1995; Woodward, Anderson, Austin,
Howard, & Inder (2006). Functional integrity of the
CNS is sometimes evaluated in the same period by
ABR recordings using portable evoked potential
equipment (Karmel et al., 1988; Jiang et al., 2007).

Advances in medical care have resulted in a
marked decrease in severe intracranial hemor-
rhage. However, there is no indication of any
decrease in the suspected involvement of brainstem
and other subcortical regions (Volpe, 1995). These
regions are difficult to visualize by ultrasound or by
MRI (Volpe, 1995; Fraser et al., 2007), but are
easily studied functionally by ABRs (Jiang et al.,
2007; Wilkinson et al., 2007). Although providing
different forms of information, agreement between
cranial ultrasound and evoked potential procedures
is high, between 78% and 86% (Karmel et al.,
1988). The disagreements probably reflect foremost
substantive differences in regional CNS injuries,
their differential courses of recovery, or the dis-
tinction between structural and functional integrity
of the CNS.

In view of the vertical-integrative framework, we
suggest that early evaluations of brainstem and
lower-level structures in infants born preterm and
even in fetuses may be highly informative as a
potential early marker of self-regulation deficits.
Since vulnerabilities in ABR functions have been
reported in preterm infants born between 30 and
34 weeks’ gestation (Pasman, Rotteveel, de Graaf,
Maassen, & Visco, 1996), infants born at these
ages at low medical risk may still present com-
promised brainstem functioning. Such assessment
is particularly important for infants born before
the full maturation of brainstem functions (i.e.,
before 34 weeks’ gestation). Detection of neonatal
brainstem dysfunctions may help target infants
who are at risk for self-regulation deficits and allow
for specific early interventions that may improve
the self-regulatory difficulties so commonly obs-
erved in premature infants across childhood and
beyond.
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