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Abstract
The trend toward single-room neonatal intensive care units (NICUs) is increasing; however
scientific evidence is, at this point, mostly anecdotal. This is a critical time to assess the impact of
the single-room NICU on improving medical and neurobehavioral outcomes of the preterm infant.
We have developed a theoretical model that may be useful in studying how the change from an
open-bay NICU to a single-room NICU could affect infant medical and neurobehavioral outcome.
The model identifies mediating factors that are likely to accompany the change to a single-room
NICU. These mediating factors include family centered care, developmental care, parenting and
family factors, staff behavior and attitudes, and medical practices. Medical outcomes that plan to
be measured are sepsis, length of stay, gestational age at discharge, weight gain, illness severity,
gestational age at enteral feeding, and necrotizing enterocolitis (NEC). Neurobehavioral outcomes
include the NICU Network Neurobehavioral Scale (NNNS) scores, sleep state organization and
sleep physiology, infant mother feeding interaction scores, and pain scores. Preliminary findings
on the sample of 150 patients in the open-bay NICU showed a “baseline” of effects of family
centered care, developmental care, parent satisfaction, maternal depression, and parenting stress
on the neurobehavioral outcomes of the newborn. The single-room NICU has the potential to
improve the neurobehavioral status of the infant at discharge. Neurobehavioral assessment can
assist with early detection and therefore preventative intervention to maximize developmental
outcome. We also present an epigenetic model of the potential effects of maternal care on
improving infant neurobehavioral status.
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The prevalence of preterm birth in the United States is a significant public health problem
that has increased in the last decade. Prematurity rates, which have increased steadily since
the early 1980s, have shown a slight decrease in the United States to 12.3%. Even so, 1 in 8
infants, or more than 500,000 per year, are premature, and there continues to be a parallel
increase in the risk of adverse health outcomes and multiple disabilities.1–4 Advances in
perinatal and neonatal care, such as administration of antenatal steroids and surfactant, have
improved survival rates for preterm infants. However, the increase in survival is

© 2011 Elsevier Inc. All rights reserved.
Reprint requests Barry M. Lester, PhD, Director, Brown Center for the Study of Children at Risk at Women and Infants Hospital, 101
Dudley Street, Providence, RI 02905. Blester@wihri.org.

NIH Public Access
Author Manuscript
Semin Perinatol. Author manuscript; available in PMC 2012 February 1.

Published in final edited form as:
Semin Perinatol. 2011 February ; 35(1): 8–19. doi:10.1053/j.semperi.2010.10.003.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



accompanied by a parallel increase in the risk of adverse health outcomes and multiple
disabilities.1–3,5 In 1991, Escobar and colleagues6 reported on a meta-analysis of 111
outcome studies of very low birthweight infants (<1500 g at birth), citing a median
incidence of disability of 25%.

During the past decade, as survival of infants <1000 g has become more prevalent,
investigators continue to report a litany of sequelae related to prematurity and low
birthweight, including respiratory, gastrointestinal, immunologic, central nervous system,
hearing and vision, and longer-term motor, cognitive, behavioral, and social emotional
problems.3,7–12 Work from our group in the National Institute of Child Health and Human
Development Neonatal Research Network found that nearly one-half (49%) of infants born
at birth weights <1000 g went on to have abnormal neurodevelopmental and/or sensory
findings at 18–22 months of age.13 Thirty-seven percent of the study cohort had significant
cognitive delays, and 29% had significant motor delays. These infants suffer serious health
consequences and their families carry an enormous emotional burden.13,14 In a more recent
meta-analysis of very low birthweight infants the focus was on more narrow band behaviors
and specific areas of function.15 This analysis showed substantial effect sizes (d statistic) in
areas, such as spelling (D = 0.76), attention (D = 0.59), and verbal fluency (D = 0.57). Thus,
these infants are also at risk for more subtle deficits that could broaden the impact of very
low birthweight on the individual and on society.

Although the range of morbidity in preterm infants is due, in part to the immaturity of their
organ systems and their disease states, there is mounting concern that this morbidity may be
compounded by an unfavorable environment in the neonatal intensive care unit (NICU).
Large variations in outcomes exist among NICUs that cannot be explained by patient mix or
other characteristics, such as volume and level of care.16 The determinants of high-quality
NICU care need to be better understood to improve the health and development of NICU
survivors.

Recommendations for NICU private rooms emerged in the 1990s.17,18 It has been suggested
that caring for infants in individual private rooms in a NICU, in contrast to the open-bay
environment in which most infants are cared for, may provide the type of high-quality care
and physical environment that will lead to improved infant outcome.19,20 Some NICUs have
designated a portion of their space for single-room care; however, there is some
inconsistency in the types of patients assigned to these spaces. For example, some nurseries
use the single-room spaces for their convalescing level II infants, allowing families an
opportunity to room-in before discharge. In this model, infants are treated in the open-bay
environment until they are physiologically prepared for discharge. Other units assign their
more critically ill infants to the single rooms, moving them out to small open-bays when
they become more stable. Still others assign most ventilator-dependent infants to the open-
bay environment.20 To date, only a modest number of NICUs in the United States have
converted all levels of care exclusively to single-family-room care. In the first published
report of the benefits of a single-room NICU, Walsh and colleagues20 conducted a
retrospective analysis after the move to a single-room NICU and reported a decrease in
nosocomial infection rates. In surveys conducted in the same NICU, 6 months before and 6
months after the transition to the private room, nurses reported increased job satisfaction,
team member support, and validation of individual opinions. Parents reported improvements
in privacy, noise, and lighting in the NICU.21 Clearly there is a paucity of research in this
area.
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The Single-Room NICU
The NICU is the first extrauterine environment for an increasing number of preterm infants.
Critically ill infants require prolonged NICU stays; sometimes as long as 5 months, yet the
typical NICU environment could be stressful for infants and their families.22–24 Most NICU
patients continue to be cared for in an open-bay environment, in which the sensory impact of
the NICU may adversely affect infant outcome.17,25–27 Stimulation in the NICU, such as
light and sound, have been related to adverse outcome in preterm infants.28–34 We35

documented sound levels in our open-bay NICU and found that the sound levels rarely
dropped to less than 60 dB and often exceeded 70 dB despite the American Academy of
Pediatrics recommended maximum level of 45 dB.36 Sound control and other interventions,
for example, light reduction, may improve infant medical and neurobehavioral
outcome.37–39 The single-room NICU is a strategy that could address environmental
concerns and minimize iatrogenic effects by reducing the risk of infection and stress on the
preterm infant. Although participation of families in the care of family members receiving
critical care has become the accepted standard, and single-room care has long been
considered the optimal environment for critically ill adults,40 only in the past decade has this
consideration been expanded to include neonatal intensive care.

Our primary interest is the impact of the single-room NICU design on improving the
medical and neurobehavioral outcome of the preterm infant. The single-room NICU
provides control over several factors that could improve these outcomes, such as those
associated with hospital-acquired infections.17,25,41 Rates of nosocomial infection increased
significantly when infants were moved to a less-spacious, temporary NICU, and
subsequently decreased when infants were moved to a newly constructed facility with an
improved sink-to-bed ratio.42–49 Late-onset bacterial sepsis, a serious complication of NICU
care, is known to be related to prolonged treatment with central catheters, prolonged time on
parenteral nutrition, delayed initiation of enteral feedings and a prolonged period to reach
full enteral feeds.17,25,50 Care of high-risk infants in a single family room may promote care
practices that impact some of these associations and ultimately impact rates of late onset
sepsis. The Vermont-Oxford Neonatal Network has used a quality improvement approach to
identify best practices related to nosocomial infection (eg, practices related to hand washing,
nutrition, skin care, respiratory care, vascular access, etc) and were able to demonstrate a
reduction in late-onset sepsis in participating NICUs.50 Single-family rooms promote better
practices for infection control by avoiding overcrowding, providing areas for hand washing
within each room, creating an atmosphere that promotes breastfeeding, and providing a
more controlled environment for placement of intravascular catheters. In 2 unpublished
reports, Oelrich noted an increase in nosocomial infection with the change to single family
room care, whereas Rosenblum reported an 11.8% reduction in documented bacterial and
fungal infections.51,52 Clearly, there is question of whether single-room NICU design is a
significant factor in reducing hospital-acquired infection.

There are other medical outcomes that may also improve in a single-room NICU.
Necrotizing enterocolitis (NEC) is a serious condition of unknown etiology that is more
prevalent among the smallest and most fragile infants. Ischemia and/or reperfusion appear to
play a significant role in the development of NEC. Temporal and spatial clustering is often
present in an outbreak in the NICU, suggesting the possibility of an infectious etiology.
Human milk-fed infants seem to be protected from fulminant NEC.53,54 The single-room
NICU aim of reducing infant stress has the potential to improve physiological stability,
feeding tolerance and growth. The potential for increased privacy in the single-room NICU
alone, offers opportunities for reduced pathogen exposure, increased skin-to-skin holding,
breast milk pumping at the bedside, breastfeeding, and the associated behavioral and
immunologic benefits for the infant.55,56
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Control over environmental stimuli, such as light, sound, and temperature, could reduce
stress on infants and caregivers and have other benefits.49,57 Infants, family members and
staff will no longer have the same exposure to the sights and sounds of critical care being
administered to multiple infants, sources of extraneous noise (ie, staff conversation and
multiple alarms) should be reduced,44 and more optimal sleep patterns are likely to be
increased.58 The single-room design should be more conducive to the provision of
developmental care, including modifying environmental conditions to the needs and
tolerances of the individual, for example, cycled lighting.59 Staff will be able to focus on
one infant at a time, with fewer distractions and interruptions,19 possibly reducing
medication errors.60 The single-room NICU should facilitate family centered care and a
more consumer-focused orientation. Additional privacy and confidentiality can be provided
for families, in accordance with Health Insurance Portability and Accountability Act
guidelines, as well as the enhanced ability to participate in their infants’ care.61 Privacy for
pumping of breast milk, skin-to-skin care, putting the infant to breast, parent support
counseling, and participation with the medical team on rounds62 should contribute to
increased family satisfaction and improved infant medical and neurobehavioral outcome. In
addition to the aforementioned considerations, improved thermal regulation, reduced need
for sedation, less movement of infants, and reduced overall cost for hospitalization have also
been mentioned as advantages of a single-room NICU design.63 Staff may find the physical
environment of the single-room design to be more satisfying and report more job
satisfaction.20,21,64

However, there are also potential problems with the single-room NICU design. There is
concern over infant safety and the potential need for additional nursing staff to effectively
observe and monitor infants in single rooms. Isolation of nursing staff who are accustomed
to providing care in close proximity with other nurses and reduced availability of collegial
support in caring for infants is a possible liability of single-room care. Nurses point out the
significant amount of teaching and learning that takes place by observation of other nurses
in the open-bay environment. Nurses and house staff also voice concerns regarding the
increased presence of family members at the bedside during procedures, including additional
infection control concerns. As mentioned previously, there is a report of increased
nosocomial infection in the single-room NICU that could be attributable to the increased
presence of family members.52 The inherent difficulties of performing (and learning to
perform) procedures under the watchful eyes of parents, and a perceived increase in the
potential for medical liability, under these circumstances may also be troubling to NICU
nurses and house staff. Families also may experience increased isolation and stress as they
begin to spend greater amounts of time at the bedside and less time in traditional gathering
places, such as waiting areas.20,21,64 Added to these care-related concerns are the logistical
difficulties of single-room occupancy by infants and their families. These include increased
planning and coordination of services required in preparing, stocking, cleaning, and
maintaining individual rooms that will be occupied by the same infant and family members
for prolonged periods. There may be greater stress on the nursing staff. Increased staff
workload could lead to lower professional satisfaction, and the need for additional
staff.20,21,64

Mediating Factors
The preceding discussion highlights the many factors that may influence infant outcome in a
NICU and that could change with the move to a single-room NICU design. To develop
evidence-based practice for optimal standards of care, it is important to analyze the
individual contribution of these factors on infant medical and neurobehavioral outcome.
Research in the NICU is challenging because the NICU is a highly integrated,
interdisciplinary, dynamic system. There are likely to be changes in the NICU correlated
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with the changeover from open-bay to single-room NICU. These changes could also
contribute to medical and neurobehavioral improvements. We have developed a theoretic
model (Fig. 1) that may be useful in studying how the changeover from an open-bay NICU
to a single-room NICU could affect infant medical and neurobehavioral outcome. The model
identifies factors that are likely to accompany the change to a single-room NICU and allows
for the inclusion of these factors as potential mediating variables. We have identified 5
categories of possible mediators. These are discussed below and include family centered
care, developmental care, parenting and family factors, staff behavior and attitudes, and
medical practices.

Family Centered Care
In general pediatric use, family centered care is a philosophy of care that recognizes and
respects the pivotal role of the family in the lives of children with special health needs.62 It
is a philosophy that strives to support families in their natural caregiving roles by building
upon their unique strengths as individuals and as families. It views parents and professionals
as equals in a partnership committed to excellence at all levels of healthcare.65 In neonatal
care, family centered care is the active partnership of the parents in the infant’s plan and
delivery of care.22 It is a philosophy of care that supports the integrity of the family and
individualizing care to promote infant and parent health.66,67 In some cases, family centered
care includes developmental care (described below) resulting in terms, such as
“developmentally supportive family centered care.”67 Although we recognize that in
practice, it may make sense to combine family centered care and developmental care, for
heuristic reasons we will keep them separate and treat them as different (albeit related)
factors. There are very few studies of infant outcomes related to family centered care.
Infants receiving developmentally supportive family centered care showed fewer behavioral
stress cues than controls, but there were no differences in any of the physiological or growth
variables except respiratory rate.67 A pre-post study of the implementation of potentially
better practices found no differences in length of stay and feeding of very-low-birthweight
infants.68 In a study in which daily interdisciplinary rounds occurred at the bedside with
parents participating in care decisions, significant effects included reduced length of stay,
fewer rehospitalizations, reduced use of the emergency department, and reduced parental
anxiety.69 Reduced parenting stress, increased comfort level and confidence were also
related to family centered care.70

Parental measures of family centered care in the NICU focus on parent satisfaction with the
hospitalization experience.67,71 Parents report overall satisfaction but suggest a need for
improvement in the following areas: communication with the health care team, more hands-
on practice in caring for infants, better relationships with nursing staff, and more room at the
infant’s bedside for the family.71 No differences in parental perception of family centered
care were found in the above study of infants receiving developmentally supportive care.67

There are also challenges when trying to implement family centered care in an institution
where a provider centric model has predominated. Parental satisfaction with family centered
care may vary depending on infant medical (eg, birthweight) or parental demographic (eg,
education) factors.71 Parents report that poor relationships with the health care staff increase
parental stress and that better relationships develop when professionals recognize the
mothers’ ability to care for their infant, provide information appropriately and are sensitive
to parents’ emotional needs.72–75 Barriers to family centered care reported by nurses include
lack of adequate education on implementing elements of family centered care, lack of skills
in counseling and family dynamics, and a need for clarification of health professional roles,
lack of support and accountability to incorporate family centered care into daily professional
practice and no shared understanding of what family-centered care is among professionals
and families.65,76,77
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Developmental Care
Developmental care is a broad category of interventions designed to reduce the effects of
stress on the infant in the NICU.78 The goal is to conserve the infants’ energy for growth,
facilitate physiological stability and the infants’ recovery from illness. It has been estimated
that 64% of U.S. NICUs have instituted some type of developmental care.79 Descriptions of
the components of developmental care differ although there is considerable overlap.
According to the National Association of Neonatal Nurses, the principle components of
developmental care are flexed positioning, clustering of care, promotion of nonnutritive
sucking, kangaroo care, cobedding of multiples, activities to promote self-regulation and
state regulation, and collaboration with parents to promote bonding.80 A Cochrane review
identified the elements of developmental care as control of external stimuli (vestibular,
auditory, visual, tactile), clustering of nursery care activities and positioning or swaddling.78

Developmental care interventions may be used singly (swaddling the infant) or in
combinations (eg, control of light, vestibular stimuli and clustering nursing care activities).
The Neonatal Individualized Developmental Care and Assessment Program81 includes a
combination of developmental care components that are individualized to the needs of each
infant. The individualized aspect of developmental care is thought to be especially
important.82 There is empiric support to show that when this approach is used, the infant
demonstrates improved regulation of motor activity, sleep/wake cycles, heart rate and
oxygen saturation levels.83,84 Two recent randomized clinical trials have shown mixed
results of Neonatal Individualized Developmental Care and Assessment Program
intervention.85,86 Sensitivity training for parents of preterm infants in the NICU was related
to reduced infant stress, increased kangaroo care, and increased maturation in brain white
matter using diffusion tensor imaging.87 Our own work88 with more of a focus on parental
psychological issues and helping them get to “know” their infant showed positive effects of
an individualized intervention on both infant and parent behavior.

The Cochrane review examined the best evidence (36 studies) on developmental care to
guide nursing practice and research.78 The review served to point out some of the problems
in these studies, including the wide variation in the types of interventions included as
“developmental care,” the wide range of outcomes, and lack of blinding. Nevertheless, they
did conclude that there was evidence of limited benefit of developmental care. Clearly more
research in this area is needed. It is noteworthy that developmental care effects were found
on medical outcomes (eg, chronic lung disease) as well as neurodevelopment, 2 outcome
domains in our model (Fig. 1). Although we acknowledge that skin-to-skin holding/
kangaroo care, breastfeeding, and parent visitation and participation in infant care are often
considered elements of developmental care, we treat these factors as part of parenting and
family factors below.

Parenting and Family Factors
Parenting and family factors can affect infant outcome and may also change with the
transition to the single-room NICU. These factors include parenting behavior as well as
psychological factors. Parenting behavior includes visitation as well as parent’s participation
in their infant’s care. The importance of maternal visitation has been well documented and is
related to factors, such as length of stay.89 Maternal participation in their infant’s care in the
NICU through practices, such as breastfeeding, massage,90 kangaroo care/skin to skin,91–93

and infant care have also been shown to be beneficial. It is reasonable that mothers who
have increased privacy as afforded in a single-room NICU will have increased opportunities
for provision of skin-to-skin holding, pumping of breast milk and breastfeeding, and will be
more likely to continue to provide breast milk for their infants through discharge which in
turn may improve infant outcome.94 A recent cost analysis suggested that the impact of

Lester et al. Page 6

Semin Perinatol. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



breastfeeding on a variety of illnesses could result in a potential cost savings of US$13
billion per year.95

Maternal psychological factors may also affect infant outcome. The typical NICU is
stressful for caregivers as well as infants.23,24,96 Maternal depression in the NICU has long
been recognized,97–100 and family functioning may also be disrupted by the NICU
experience.14,101,102 Our own work examined maternal stress and depression88 and maternal
concerns determined by experiences in the NICU that affected mother infant interaction.103

We88 as well as others104 have shown that parenting-based NICU interventions can improve
maternal mental health outcomes. Parent satisfaction may also be related to infant outcome.
Roman et al105 reported that parent–parent support increased self-esteem and reduced
anxiety in a family centered care group. With more privacy for caregiving, such as skin-to-
skin holding and breastfeeding and increased participation in infant care, parent satisfaction
may also improve.

Staff Behavior and Attitudes
Caring for infants in the NICU is stressful for nurses and the entire staff. Everyday realities
in the NICU include unusual sights, painful realities, and life-and-death decisions.106

Factors contributing to this stress include providing highly technological care, regularly
confronting ethical-moral dilemmas and interpersonal conflicts among staff and between
staff and parents. These conflicts can lead to reduced job satisfaction, high nurse turnover
rates and potentially poorer patient out-comes.107,108 These events may lead to burnout
shown by emotional exhaustion, depersonalization and a reduced sense of personal
accomplishment. Nurses in intensive care environments may experience traumatic stress
similar to that of soldiers and rescue workers.109

Stress and trauma may be intensified because neonatal nurses care for the parents as well as
the infant. Parents may feel overwhelmed by the NICU environment110–112 and may find it
difficult to understand the complex information they receive making it problematic to
collaboratively interact with professionals to arrive at treatment decisions.113,114 It is often
the NICU nurse who translates medical information, supports parent-professional
discussion, and helps parents recognize the infant’s condition and progress. Helping the
family work through these emotions to optimally support their infant is part of a team
approach, including the NICU nurse, advanced practice nurse, and social worker.88 Most
research on staff behavior and attitudes is based on nurse reports, as they represent the
largest professional group in a NICU.

Changes in Medical Practice
Changes in medical practice may also occur that could affect infant outcome. Researchers
have reported tracking their “in-house” practices in the NICU. Tracking practices in the
NICU have been used to measure changes in the incidence of pneumothorax among infants
<28 weeks115 and to improve practices for pain management and sedation.116 In other work,
a computer-based tracking system led to a reduction in medication errors.117 A comparison
of 2 NICUs showed differences in phlebotomy and transfusion practices that were used to
identify areas for improvement.118

Studying the Effects of the Single-Room NICU Design
As mentioned previously, there is every reason to hypothesize that the single-room NICU
will have positive effects by reducing stress to the infant and parent, improving infant
outcome, increasing sensitivity to the developmental needs of the infant, increasing family
involvement in care, providing more privacy which will increase breastfeeding and
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kangaroo care, and increasing staff satisfaction. However, this is still somewhat of an “urban
legend.” A retrospective analysis after the move to a single-room NICU showed a decrease
in nosocomial infection rates.20 In surveys conducted in the same NICU, 6 months before
and 6 months after the transition to the private room, nurses reported increased job
satisfaction, team member support, and validation of individual opinions. Parents reported
improvements in privacy, noise, and lighting in the NICU.21 In other prospective studies,
improvements in the single-room NICU have been reported by the staff in the physical
environment, patient care, job, technology and off-the-job quality as improved in the single-
room NICU.119 Concerns have also been expressed. Staff and parents perceived the
advantages and disadvantages differently.120 These include infant safety, need for more
staff, increased isolation of staff and families, complications of having families present
during procedures, increased pressure on parents to take care of their infants, and increased
stress on staff and logistical complications.20,21,119,120 We are conducting a study to
compare infant medical and neurobehavioral outcomes between infants in an open-bay
nursery and infants in a single-room NICU by using the model shown in Fig. 1. Our new 70-
room single-room NICU opened in the fall of 2009. Our previous open-bay NICU had 60+
beds organized into 5 bays, each housing 10–12 individual bed spaces, falling far short of
the recommended minimum guideline of 120 square-feet per bed (Fig. 2A, B). Because we
were aware of the dramatic impact that the new NICU could have, we collected data in the
“old” open-bay NICU on 150 patients. The demographics of this sample were 22.4%
Hispanic, 21.8% black, 49.1% white and 3.6% Asian. The mothers ranged in age from 16 to
42 (mean is 29.26), 49.1% had a high school education or higher, 26.2% had multiple births,
and 93% had a partner. Family income was less than US$25,000/year for 45.5% of the
sample. Infants birthweight ranged from 490 to 1430 g (mean 1024 g), gestational age
ranged from 23 to 33 weeks (mean, 27 weeks). Regarding illness, 17.3% had sepsis, 23.5%
had intra-ventricular hemorrhage (grade 1 and 2 only) 26.9% had bron-chopulmonary
dysplasia, 11.3% had NEC, and 37.7% had retinopathy of prematurity (30.2% stages 1–2).
This sample provides an exciting and unprecedented opportunity to compare infant outcome
in the open-bay NICU with the outcome of infants in the new single-room NICU.

Our primary infant neurobehavioral outcome measure is the NICU Network
Neurobehavioral Scale (NNNS).121 The NNNS is a comprehensive assessment of infant
neurobehavior that was developed to provide an assessment of both neurological integrity
and behavioral function of infants at risk due to factors, such as prenatal exposure to drugs
and/or prematurity. The NNNS has been used in studies of cocaine exposed infants,122,123

tobacco-exposed infants,124 infants treated for withdrawal with opiates and phenobarbital
versus opiates alone,123,125 withdrawal symptoms in infants of buprenorphine and
methadone-treated heroin addicted mothers,126 and infants of depressed mothers.127 Fetal
behavior was correlated with scores on the NNNS.128 In a study of preterm infants, NNNS
scores were related to brain volumes of white matter, basal ganglia, and total brain tissue129

and impaired neurobehavioral findings on the NNNS was related to decreased regional brain
volumes.130,131 In this same sample, NNNS scores predicted motor outcome on the Bayley
scales at 24 months. In our work, Miller-Loncar et al132 found that motor scores on the
NNNS were related in a path model to motor outcomes at 18 months. The NNNS has also
been shown to have long-term predictive validity. Figure 3A shows 5 profiles or “types” of
infants on the basis of their NNNS scores from a sample of more than 1200 at risk infants.
Infants with profile 5 (Fig. 3A) showed the most abnormal pattern. They had poor attention
that required extensive handling, poor regulation, highly aroused and excitable, poor quality
of movement and a high number of stress signs. As shown in Fig. 3B, infants with profile 5
were more likely to show abnormalities between 2 and 4½ years on the Bayley Scales,
behavior problems on the Child Behavior Checklist, deficits in school readiness (DIAL R),
and low IQ. This is important because it suggests that infant neurobehavioral status at time
of discharge from the NICU may be related to long-term developmental outcome. Thus,
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improvements in neurobehavioral status attributable to the single-room NICU could
maximize the developmental outcome of NICU graduates. Other neurobehavioral outcomes
that we plan to study include sleep state organization and sleep physiology, infant mother
feeding interaction scores and pain scores.

The medical outcomes we plan to measure include sepsis, length of stay, gestational age at
discharge, weight, weight gain, illness severity and resource use, gestational age at enteral
feeding, and NEC. We expect that the NICU design will affect infant medical and
neurobehavioral outcome and that this relationship will be attenuated with the mediators in
the model. The mediating factors were described earlier.

Figure 4 shows an example of a hypothetical outcome that could come from this study
design. In the model all the paths represented by beta (β) coefficients are statistically
significant. The path from NICU to infant outcome (β = 0.50) indicates that there is
improvement in infant outcome in the new NICU with all the other factors in the model
controlled. This would be considered a “main effect.” The model also shows that there are
also effects of the mediator factors, suggesting that medical practice, developmental care,
family centered care, staff behavior/attitudes, and parent/family each make their own
independent contribution to improving infant outcome in the new NICU. Other scenarios are
also possible. For example, there could be a main effect of the new NICU but that effect is
substantially reduced or no longer statistically significant when all the mediating factors are
entered into the model.

We have already analyzed some of the data from the sample of 150 patients in the open-bay
NICU to explore some of the relationships among factors that we expect to change in the
single-room NICU. We developed 7 composite scores to measure some of the mediators
shown in Fig. 1. We used multivariate analysis to determine the effects of each factor on
NNNS summary score with all the other factors controlled. As shown in Figure 5 the
composite score indicating more family centered care and higher parent satisfaction was
related to lower excitability and lower arousal on the NNNS. The maternal depression and
parenting stress score showed that mothers who were less depressed and parents who were
less stressed had infants with lower arousal. More developmental care was related to better
attention, less hypotonia, and fewer nonoptimal reflexes. These preliminary findings are
important because they provide a “baseline” of effects that are present in the open-bay
NICU that we expect to change in the single-room NICU. For example, we expect
breastfeeding and kangaroo care to increase in the single-room NICU and will also correlate
with better NNNS scores. It is also noteworthy that the effects we do find are independent of
the other variables in the model. Thus, even in an overcrowded, noisy, open-bay NICU,
family centered care, parent satisfaction, maternal depression, parenting stress, and
developmental care improve infant neurobehavior. We look forward to comparing these and
other findings with data from the single-room NICU using structural equation modeling (a
statistical technique) where causal pathways can be measured and we expect the
relationships observed to date in the open-bay NICU to become even stronger in the single-
room NICU.

Ideally, randomized trials of the single family room NICU paradigm compared with the bay-
style NICU would be conducted. Although there are advantages of a randomized control
trial over an observational study, there are also limitations to a randomized trial for this type
of study. The infants of parents who agree to let their infants be randomized may not be
representative of the NICU population in the same hospital. Infants will already be in an
open bay or single room when the parents are approached for consent. Therefore, their
decision to participate may be biased in their feelings about the current location of the
infant. Because they will be unblinded, their interaction with their infant (which could
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change infant outcome) could be affected by where the infant is randomized. In addition, our
study is also interested in additional factors related to the change from open bay to single-
room nursery that may also affect infant outcome. Factors, such as changes in staff attitudes,
family centered and developmental care could not be measured if both types of nurseries
coexist in the same hospital unless different staff and different care were used in the 2 types
of nurseries which are both unethical and impractical.

Theoretic Models
Theoretic models based on general systems theory133 are relevant for this type of study
because they address the failure of linear models to explain variable outcomes for children
with serious antecedent conditions, such as prematurity.134 Multilevel, incremental models
of developmental change bring biological and social development into one theory. Change
creates increases in the individual’s characteristics that expand the scope of their interactions
with the environment.135 The neurobiological organization of the preterm infant is seen
within the environmental systems of the NICU, including interaction between the child,
caregiver and environment.136 There is a strong connection between the medical condition
and physiological stability of the infant137 and the infant’s ability to benefit from
developmental affordances138 within the environment. During the “in-turning” period, infant
resources are primarily focused upon maintenance of physiological stability. Only after the
infant is able to tolerate routine care without a loss of physiological stability, can the infant
begin to demonstrate organized motor responses and to participate in social interaction with
caregivers. The continual interplay between the immature preterm infant and the
environment influences infant health, physiological functioning and neurobehavioral
organization.81 Mechanisms of brain plasticity show how brain function can be altered
through experience.139 Plasticity can be bidirectional and costly to the organism. In
preclinical studies, rats with early cortical lesions at birth produced dendritic atrophy,
whereas rats with later lesions showed increases in dendritic arborization and better
recoveries. However, regeneration of new tissue after injury is not always adaptive and,
depending on experience, can limit later proliferation.140 Four developmental courses have
been suggested: injury so severe that the child does not recover; development proceeds
despite injury; development is impacted early, but the child improves with age; and,
developmental dysfunction becomes more evident with age.139,141 Thus, the timing of the
injury and extent of plasticity (prenatally, during birth, postnatally), including the postnatal
care environment in the NICU impacts later development. However, there may be another
model based on developmental plasticity that involves epigenetic mechanisms.

An Epigenetic Model for the Single-Room NICU
Epigenetic changes that operate either prenatally or postnatally could also explain infant
outcome in the NICU. In a word, epigenetics can be viewed as inheritance of information
based on gene expression control rather than on gene sequence;142 heritable,
environmentally induced changes in chromatin remodeling and gene expression without
altering DNA sequences. Here we provide one example of an epigenetic scenario that could
occur in a NICU. We have selected this example because it has a history in animal research
and because it is likely to be related to the single-room NICU.

Epigenetic changes due to effects of maternal care have been demonstrated in animal
models. Rat pups licked and groomed by their mothers were less anxious, handled stress
more effectively, and were more nurturing parents of their own offspring. Conversely, pups
that were not licked and groomed had early menarche, more sexualized adolescent and adult
behavior, greater pregnancy rates, and neglected their young. These maternal behaviors
produced an epigenetic effect by altering the methylation status of the glucocorticoid
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receptor promoter region in the hippocampus of the rat pups.143 The rat pups licked and
nurtured at birth had more developed hippocampi and produced less cortisol.143–145 These
changes persisted into adulthood as reduced fear and moderated hypothalamic-pituitary-
adrenal response to stress.144 Thus, maternal care modifies the expression of genes
associated with behavioral and neuroendocrine responses, including response to distress, and
fostered more optimal hippocampal synaptic development. The model in Figure 6 shows
how a single-room NICU could produce similar effects. The single-room NICU provides the
opportunity for enhanced maternal care and more positive mother infant interaction. This
includes spending more time with the infant, participating in direct care (as part of family
centered care), more breastfeeding, kangaroo care, and in general holding, talking to and
interacting with the baby. Recall from our previous discussion that the goal of many of these
parenting and developmental interventions were to reduce stress, on the infant and on the
parent. These enhanced maternal care behaviors could result in similar epigenetic changes
that observed in the rat studies; decreased methylation of the glucocorticoid receptor in the
hippocampus in the infants. As a result, the infant would produce less cortisol and show less
stress reactivity. On the NNNS these infants would show more modulated, better organized
neurobehavior. They should be less reactive, less stressed, less excitable and aroused and
show better self regulation and better attention. Thus, at discharge from the single-room
NICU, these infants should have the optimal neurodevelopmental profile for long-term
positive outcome.

Conclusions
The evolution of the single-room NICU is a major response toward improving the care of
preterm infants. It is a credit to the many disciplines that have worked together to bring
about this change. The increasing rate of prematurity and associated morbidities in the
United States demands a response of this magnitude. The trend toward single-room NICUs
is increasing, and, although there is some justification for this change from several
perspectives, scientific evidence is, at this point, mostly anecdotal. This is an exciting time
with good reason to be optimistic in the development of our NICU “graduates.” The single-
room NICU has the potential to improve the neurobehavioral status of the infant at
discharge. Our neurobehavioral assessment can help with the early detection of which
infants to target for preventive intervention to maximize their developmental outcome. In
addition, as we learn more about mechanisms, such as epigenetics that affect infant
behavior, we will be able to develop additional interventions to further improve the
neurobehavioral status of these infants.
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Figure 1.
Model of NICU design and infant outcome.
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Figure 2.
(A) “Old” open-bay NICU. (B) “New” single-room NICU. (Color version of figure is
available online.)
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Figure 3.
(A) Five NNNS profiles. (B) Proportion of infants with poor developmental outcomes.
(Color version of figure is available online.)
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Figure 4.
Hypothetical outcome effects.

Lester et al. Page 21

Semin Perinatol. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
Open-bay factors and infant outcome.
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Figure 6.
Model of single-room NICU improving infant outcome through epigenetic changes. (Color
version of figure is available online.)

Lester et al. Page 23

Semin Perinatol. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


