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Abstract

Objective—Although many perinatal factors have been linked to adverse neurodevelopmental 

outcomes in very premature infants, much of the variation in outcome remains unexplained. The 

impact on brain development of one potential factor, exposure to stressors in the Neonatal 

Intensive Care Unit, has not yet been studied in a systematic, prospective manner.

Methods—In this prospective cohort study of infants born at <30 weeks gestation, nurses were 

trained in recording procedures and cares. These recordings were used to derive Neonatal Infant 

Stressor Scale scores, which were employed to measure exposure to stressors. Magnetic resonance 

imaging (brain metrics, diffusion, and functional magnetic resonance imaging) and 

neurobehavioral examinations at term equivalent postmenstrual age were used to assess cerebral 

structure and function. Simple and partial correlations corrected for confounders including 

immaturity and severity of illness were used to explore these relationships.

Results—Exposure to stressors was highly variable, both between infants and throughout a 

single infant’s hospital course. Exposure to a greater number of stressors was associated with 

decreased frontal and parietal brain width, altered diffusion measures and functional connectivity 

in the temporal lobes, and abnormalities in motor behavior on neurobehavioral examination.

Interpretation—Exposure to stressors in the Neonatal Intensive Care Unit is associated with 

regional alterations in brain structure and function. Further research into interventions that may 

decrease or mitigate exposure to stressors in the Neonatal Intensive Care Unit is warranted.
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Introduction

Survival rates for very preterm infants (born <30 weeks gestation) have improved 

dramatically in recent decades due to advances in perinatal and neonatal care. However, 

long-term neurodevelopmental outcomes remain a concern, with 5–10% of very preterm 

children having cerebral palsy and up to 40% displaying more mild motor deficits.1 The 

incidence of cognitive deficits is higher, with 30–60% of very preterm children experiencing 

cognitive impairments and social and emotional difficulties.2–4 Perinatal risk factors 

associated with adverse neurobehavioral outcomes include immaturity at birth, postnatal 

steroid use, prolonged ventilation, inotrope use, male gender, and cerebral injury such as 

white and grey matter abnormalities.4–8 However, these risk factors correlate only modestly 

with outcome implying that other neural mechanisms exist. Abnormalities in cerebral 

development, particularly in the frontal and temporal lobes, have been described in preterm 

infants9, 10 with few insights into the mechanisms that may be responsible.

The role of stress as a modifier of brain development in the preterm infant has been debated. 

Experimental animal data suggest that environmental factors in the Neonatal Intensive Care 

Unit (NICU), such as stress, may play a role.11 In addition, several interventional studies 

aimed at reducing stress in premature infants12, 13 have demonstrated improvements in short 

and long term outcomes. Although these studies suggest that exposure to stressors in the 

NICU may be harmful, there have been no studies examining the relationship of stressors in 

the NICU environment to brain injury, altered structural development, and functional 

outcome. This has been hampered by the lack of a systematic measure of stressful exposures 

in the NICU setting, as commonly used methods such as measurement of salivary cortisol 

have not been deemed as reliable indicators of stress in preterm infants. This limitation, 

however, was recently overcome.14 In this study we aimed to quantify stressful exposures 

among hospitalized preterm infants to determine their relationship to brain structure via 

magnetic resonance imaging (MRI) and functional outcome via neurobehavioral evaluations 

at term equivalent age.

Methods

An observational cohort study was conducted in preterm infants recruited within 24 hours of 

birth from November 2008 to December 2009. Exclusion criteria included infants >30 

weeks gestation and infants who were moribund with severe sepsis or respiratory failure in 

the first 12 hours of life. The study was approved by the Human Studies Committee, and 

informed consent was obtained from parents prior to enrollment.

Stress was measured using the Neonatal Infant Stressor Scale (NISS).14 This scale consists 

of an easy-to-use single record sheet listing 36 procedures and interventions, ranging from 

diaper change to intubation, identified to contribute to infant stress. After procedures are 

documented over the course of days, weeks, or months, a cumulative stress score is 

determined. Nurses were trained in recording stressors as they occurred in a dedicated log, 

and documentation was cross-checked against the clinical record. Stressful exposures were 

measured from enrollment in the study until discharge from the NICU or term equivalent 
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postmenstrual age (PMA). Clinical perinatal data from the medical records of mother and 

infant were also collected.

Magnetic Resonance Imaging (MRI)

MRI scans were performed at term equivalent age (36–44 weeks PMA) without sedation15 

on a Siemens Magnetom Trio 3T scanner (Erlangen, Germany). Evaluation included an MP-

RAGE T1-weighted sequence (TR/TE 1500/3 ms, voxel size 1 mm × 0.7 mm × 1 mm) and a 

turbo-spin echo (TSE) T2-weighted sequence (TR/TE 8600/160 ms, voxel size (1 mm)3, 

echo train length 17). A gradient echo, echo-planar-image (EPI) sequence sensitized to T2* 

blood oxygen dependent (BOLD) signal changes (TR/TE 2910/28 ms, voxel size (2.4 mm)3, 

flip angle 90°, FOV 160 mm, bandwidth 1662 Hz) was used to collect 200 frames over 10 

minutes for functional connectivity MRI (fcMRI). Diffusion data were obtained using a 

spin-echo EPI sequence with 48 b values ranging from 0 to 1200 s/mm2 and spatial 

resolution (1.2 mm)3.

Brain injury was scored using 4 scales representing white matter, cortical grey matter, deep 

nuclear grey matter, and cerebellar injury, which were summed to produce a total MRI 

injury score.16 Eight measurements were made on tissue and fluid spaces including 

bifrontal, brain and bone biparietal, white matter, transverse cerebellar, and right and left 

lateral ventricular diameters and interhemispheric distance.17 Diffusion MRI analysis was 

performed using Analyze (Mayo Clinic, Rochester, MN) with regions of interest placed in 

the superior frontal, inferior frontal, and temporal lobes to generate apparent diffusion 

coefficient (ADC) and relative anisotropy (RA) values. fcMRI data were aligned, converted 

to atlas space, and spatially smoothed. Frames with significant motion were excluded. The 

BOLD time series for seed regions was then cross-correlated with all other voxels within the 

brain, generating correlation maps identifying regions with functional connection to the 

regions of interest.18 Ten infants with the higher and lowest NISS scores were chosen with a 

goal to match for gender and race and exclude infants with significant cerebral injury. Maps 

representing ten infants with lower NISS scores and ten infants with higher NISS scores 

were compared to a map representing ten healthy, term-born infants. Additionally, 

premature infants grouped by estimated gestational age at birth (> or <27 weeks) and length 

of ventilation (< 1 v > 10 days) were examined to explore their effect on the patterns of 

functional connectivity as to whether it resembled, and thus may explain, differences noted 

in relationship to stressful exposure. Though brain metrics, diffusion MRI, and functional 

connectivity analyses were performed on multiple regions of the brain, only those regions 

where differences were found to have a significant relationship to exposure to stressors are 

presented in the results.

Neurobehavioral Examination

Infants underwent neurobehavioral testing using the NICU Network Neurobehavioral Scale 

(NNNS)19 and Dubowitz exam at term equivalent PMA.20, 21 Examinations were completed 

by a single trained and certified examiner and were videotaped for reliability of scoring.
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Statistical Analysis

The association of exposure to stressors (daily average cumulative NISS score for the first 

14 and 28 days of life and from admission until term equivalent PMA or hospital discharge) 

with brain injury or abnormal brain development was evaluated using correlations (SPSS 

version 17, Chicago, IL). Simple bivariate correlations (r) were calculated, as were partial 

correlations (ρ) corrected for immaturity (estimated gestational age), initial severity of 

illness (CRIB score22), age at MRI scan, brain injury (total MRI injury score), and length of 

ventilation. Simple bivariate correlations were also used to assess the relationships between 

exposure to stress and continuous covariates (estimated gestational age, CRIB score, and 

length of ventilation) and binary logistic regression was used to assess the relationship 

between exposure to stressors and presence of cerebellar and intraventricular hemorrhage. 

For fcMRI analysis, correlation maps were compared qualitatively between groups, with 

central tendencies in strength of correlation between anatomic regions of interest and level 

of stress identified. Demographic characteristics of the three groups were explored using 

chi-squared (gender, race) and ANOVA (age at scan). Bonferroni adjusted thresholds were 

generated for multiple comparisons in relation to significant findings.

Role of Funding Sources

The sponsors had no role in study design, collection, analysis, or interpretation of the data, 

and writing or revisions of the manuscript.

Results

There were 65 eligible infants during the study period, with 55 recruited. Infants who 

withdrew from the study (n=3) or did not survive to term equivalent age (n=8) were not 

included in the analysis as no outcomes could be obtained. The characteristics of the 44 

infants included in the study are listed in Table 1.

Exposure to Stressors

The average daily exposure to stressors was greatest in the first 14 days of life, with a 

similar pattern for the number of procedures (Table 2, Figure 1). The relationship of NISS 

scores to all MRI measures at term equivalent PMA is listed in Table 3. Infants with higher 

NISS scores over the total length of stay were more likely to be immature at birth (r=−.708, 

p<.001); have higher CRIB scores in the first 12 hours of life (r=.483, p<.001); receive 

prolonged ventilation during their neonatal stay (r=.801, p<.001). These relationships were 

consistent over all three time points. There was no relationship between weight gain (change 

in Z-score of weight from birth to term equivalent scan) and exposure to stressors at all three 

time points (Pearson’s correlation =−.086, −.191, and −.159 for 1st 14 days, 1st 28 days, and 

total stay respectively; p>.05 for all three time points). There were no other relationships 

with perinatal factors listed in Table 1.

Brain Injury

There was no relationship between white and gray matter injury scores and stressful 

exposures. There was a positive correlation between cerebellar hemorrhage and stressful 

exposures only over total length of stay (OR 1.155 [1.055–1.265] p=.002), which persisted 
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when corrected for immaturity. There was also a relationship between total brain injury 

score and stressful exposures (28 days: r=0.362, p=0.02; total average to discharge/term: 

r=0.35, p=0.023), which persisted after adjustment for immaturity (28 days: r=0.391, 

p=0.01; total average to discharge/term: r=0.351, p=0.02). There was no relationship of 

intraventricular hemorrhage to stressful exposures (p>0.05 for all time points).

Brain Metrics

There was no relationship of ventricular diameter to any stress measures. In contrast, 

bifrontal and biparietal (including brain and bone measures) and white matter diameters 

were reduced with increasing stressful exposures (Fig 1). Correction for PMA at scan was 

included in all analyses. Correction for immaturity at birth, early severity of illness [CRIB 

score], MRI injury score, and length of ventilation diminished the relationship of stressful 

exposures in the first 14 days to brain metrics, though correlations of exposures in the first 

28 days persisted. Transcerebellar diameter was associated with increased stressful exposure 

only when uncorrected for immaturity and severity of illness. Using a Bonferroni correction, 

our adjusted threshold for significance is 0.01.

Diffusion Tensor Imaging (DTI)

Two infants were not scanned and 16 scans were not of sufficient quality for DTI analysis. 

Superior and inferior frontal lobe DTI measures [ADC and RA] were not correlated with 

stressful exposures at 14 and 28 days, although the trend was towards increasing ADC and 

decreasing RA with increasing exposure to stressors. The right temporal lobe demonstrated 

decreased anisotropy with increased exposure to stressors in the NICU (r=−0.439, p=0.025), 

which persisted when corrected for immaturity at birth, early severity of illness [CRIB 

score], and MRI injury score. There was also a trend towards decreased anisotropy in the left 

temporal lobe and increased ADC in both temporal lobes associated with increasing 

exposure to stressors (table 3).

Functional connectivity MRI

Discrepancies in fcMRI measures were noted between the designated groups, with the most 

prominent differences in neural networks identified using a seed in the right temporal lobe 

(Fig 3), where interhemispheric correlations, resembling that in term control infants, were 

identified in the temporal lobes of the low stress group but not in the high stress group. No 

differences in functional networks were noted in relationship to immaturity (EGA [< > 27 

weeks] or prolonged ventilation [< 1 v > 10 days]), with particular note of a lack of any 

difference in the pattern of temporal lobe networks due to these factors. Thus, immaturity or 

prolonged ventilation did not appear to account for this regional disturbance in temporal 

lobe networks

Neurobehavior

The relationship of NISS measures to neurobehavioral outcomes at term equivalent are 

listed in Table 3. Abnormal movement pattern (r=−0.422, p=0.04) and reflex (−0.283, 

p=0.08) subscales of the Dubowitz trended or were lower among infants with higher stress 

exposure in the first 14 days, which persisted when corrected for immaturity at birth, early 
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severity of illness [CRIB score], MRI injury score, and length of ventilation (r=−0.403, 

p=0.02 and r=−0.337, p=0.05 respectively). A similar trend of increased non-optimal 

reflexes on the NNNS (r=0.265, p=0.09) was observed in infants with more stressful 

exposures, which also persisted after correction (r=0.343, p=0.04). There was no clear 

relationship between 28 day and total stressful exposures with neurobehavioral measures at 

term.

Discussion

Our study demonstrated that preterm infants in the NICU are exposed to many potential 

stressors, and that the amount of exposure varies between infants and over the course of a 

single infant’s admission to the NICU. Increased exposure to stressors in the NICU was 

associated with decreased brain size in the frontal and parietal regions and altered brain 

microstructure and functional connectivity within the temporal lobes. Alterations in 

neurobehavior at term equivalent were also associated with increased early exposure to 

stress.

Brain metrics, including bifrontal and biparietal diameters, have been shown to be highly 

correlated with brain tissue volume, in particular total brain and cortical gray matter 

volumes.17 Thus, the decreased bifrontal and biparietal diameters documented in our study 

in association with higher exposure to stressors represent reduced brain size. Although 

preterm infants in the NICU tend to be dolichocephalic, it has been shown that metrics such 

as bifrontal and biparietal diameter are correlated with head circumference such that a 

decrease in diameter represents a decrease in total brain size that is not compensated for by 

an increase in fronto-occipital diameter.17 Although long-term consequences of these 

reductions in brain size are unknown, data suggest that brain volumes at term equivalent 

PMA are predictors of neurodevelopmental outcomes later in childhood.23

We found a trend towards increased ADC and decreased RA with increasing exposure to 

stressors, representing altered cerebral white matter microstructure. Though this is the first 

study to examine the relationship between exposure to stressors and alterations in brain 

development, there have been several interventional studies aimed at decreasing stress in the 

NICU by delivery of developmentally appropriate care that have demonstrated positive 

effects on developmental and clinical outcomes.24–26 One study examined the influence of 

stress-reduction interventions on DTI measures and found that infants with the intervention 

had improved RA values in the frontal white matter suggesting more mature fiber tract 

development.24 Consistent with those findings, our data showed a trend towards decreased 

RA and increased ADC in the frontal lobes associated with greater stress exposure, but more 

significant differences were seen in the temporal lobes, in particular the right temporal lobe. 

Hemispheric asymmetries in the temporal lobe in preterm infants have previously been 

described, which is consistent with a differential developmental vulnerability.23

Alterations in functional connectivity related to exposure to stressors were also seen. Recent 

studies have shown differences in functional connectivity between term and preterm infants 

at term equivalent age, with preterm infants demonstrating decreased correlation, decreased 

long range connectivity, and lack of emergence of the default mode network compared to 
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term infants.18 We found a specific association of high stress exposure with altered 

interhemispheric connections between the temporal lobes. Thus, neural network 

development in the temporal lobes in preterm infants exposed to more stressors appeared to 

be less mature and more poorly developed than in infants exposed to fewer stressors. 

Differences between the two groups cannot be explained by immaturity or length of 

ventilation, as infants grouped by these factors did not demonstrate these discrepancies in 

functional connections.

The alterations in the temporal lobes associated with high stress exposure detected in this 

study have not been observed previously. Chronic stress has been found to selectively 

reduce hippocampal volume in rats27, and studies on post-traumatic stress disorder in 

humans support this finding.28 Although this study did not specifically examine the effects 

of exposure to stressors on the hippocampus, it is possible that some of the changes seen in 

temporal lobe microstructure and connectivity may also be reflected in altered hippocampal 

size and structure.

Examining brain metrics, diffusion MRI, and functional connectivity MRI together allows 

for a more complete picture of altered brain development in response to stress exposure. Our 

findings that high stress exposure is associated with differences in the brain on both an 

anatomic and functional level indicate that the differences associated with stress are not only 

structural but also alter the function of the brain and thus potentially affect 

neurodevelopmental outcomes.

Differences in neurobehavioral function in relation to stress exposure were also observed. In 

particular, altered reflex development and abnormal patterns of movement were found in 

infants exposed to greater stress in the first 14 days of life. Our findings are consistent with a 

previous study that detected improved neurobehavioral performance among infants 

receiving developmental care and stress reduction in the NICU. This study also described 

persistent benefits at 9 months24 and 8 years.26 Although the mechanisms for these 

associations are unknown, it is possible that infants exposed to more stressors in the NICU 

are unable to develop mature patterns of movement and instead express abnormal and more 

immature patterns in response to their environment. Neonatal reflexes are very important as 

they form the foundation for later movement acquisition, and abnormal reflex development 

in the neonatal period can impede development and signal an abnormal developmental 

trajectory. Further investigations into whether infants with significant stress exposure have 

higher rates of long term neurodevelopmental sequelae are warranted.

A potential limitation implicit within this study is our attribution of the changes in brain 

size, diffusion measures, functional connectivity, and behavior to stressful exposures rather 

than simply severity of illness. We corrected for the effects of clinical condition at birth, 

immaturity, underlying brain injury at term equivalent PMA, and length of ventilation. Even 

after correcting for these covariates, there are other clinical factors related both to amount of 

stressful exposures and brain development. Although correction for these factors is 

necessary and important for teasing out the independent influence of stress, it also eliminates 

a significant portion of stressful exposures – particularly those related to respiratory illness 

and ventilation such changing tape on endotracheal tubes, frequent suctioning, and blood 
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draws. We believe that stress, rather than simply being a marker of severe illness, is in the 

pathway from severe illness to altered brain development. As a result, relationships between 

stressful exposures and brain structure persisted despite correction for these measures of 

severe illness. Despite this, we cannot completely untangle the effect of severe illness from 

the effects of exposure to stressors in the NICU and cannot exclude the possibility that some 

of the associations found are related to severity of illness rather than or in addition to 

exposure to stressors in the NICU. In addition, multiple comparisons are made with adjusted 

thresholds for significance generated using Bonferroni methods, but reassuringly findings by 

differing methods reveal similar patterns in region and nature.

A further limitation of this study is the consistency and completeness of data collection. 

Over 200 NICU nurses completed stress records, which were cross-checked daily with the 

clinical and nursing charts for consistency. Due to the number of nurses and the long 

duration of NICU admissions, stress was not recorded during every shift for every subject, 

and thus completeness of the data was variable. Clinical and nursing charts were used to 

supplement data provided by nurses on stress records. A sensitivity analysis showed similar 

results when subjects with less data filled out using stress records were excluded. A third 

limitation is the small number of subjects available for analysis. Despite enrolling 55 

subjects in the study, only 44 survived to term equivalent PMA and only 26 had MRI scans 

of high enough quality for diffusion analysis. Finally, the outcome data for these infants is 

not yet known. This cohort will be followed through childhood to determine the effects of 

stressful exposures in the NICU on subsequent neurocognitive, behavioral, and motor 

functioning.

This study demonstrates for the first time the systematic quantification and investigation of 

the effects of stress in the NICU environment on brain development in preterm infants. We 

found the NISS a useful tool in quantifying stressful exposures that could be beneficial in 

future studies. Our data suggest an important vulnerability of the preterm brain to stressful 

exposures, independent of measures of severity of illness that is highly worthy of research 

focus.
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NICU Neonatal Intensive Care Unit

PMA Post menstrual age

NISS Neonatal Infant Stressor Scale

MRI Magnetic Resonance Imaging

Smith et al. Page 8

Ann Neurol. Author manuscript; available in PMC 2015 October 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



ADC Apparent Diffusion Coefficient

RA Relative Anisotropy

BFD Bifrontal Diameter

BPD Biparietal Diameter

BBPD Bone Biparietal Diameter

NNNS NICU Network Neurobehavioral Scale

fcMRI Functional Connectivity Magnetic Resonance Imaging

DTI Diffusion Tensor Imaging
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Figure 1. 

Graphs showing average daily NISS score throughout admission to the NICU. The left pane 

depicts NISS score versus day of life for each infant for the first 28 days of life. Note that 

NISS score is higher and less variable between infants in the first days of life. The right pane 

depicts NISS score average daily NISS scores over the first and second 14 days of life and 

from 29 days. The black bar represents the median NISS score, the gray box the middle 50% 

of scores, and the whiskers the range of scores. Note that NISS score is greatest in the first 

14 days and decreases thereafter.
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Figure 2. 

Graphs showing relationships between average daily NISS score and (left pane) bifrontal 

diameter and (right pane) right temporal lobe relative anisotropy.
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Figure 3. 

Mean functional connectivity correlation maps generated using the right temporal lobe seed 

in (A) term control infants (n=10) (B) low stress infants (n=10), (C) high stress infants 

(n=10). Illustrated quantity is Fisher z-transformed correlation coefficient (threshold value = 

0.3). Note the average correlation map in the infants with high stress exposures does not 

demonstrate the interhemispheric correlation between the temporal lobes identified in low 
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stress and term born control infants. The right side of image corresponds to the right side of 

brain. Age at scan, race, and gender were not significantly different between groups.
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Table 1

Characteristics of Cohort

Demographic Characteristics n=44

Gestational Age at Birth (mean±SD) 26.8±1.8

Birth weight (g) (mean±SD) 971±262

Male, n (%) 20 (44)

Singleton, n (%) 26 (58)

Caucasian, African-American, Hispanic, Asian (n) 20, 20, 2, 2

IUGR*, n (%) 4 (9)

CRIB score,22(mean±SD) 3.2±3.2

Antenatal Steroids, n (%) 32 (71%)

Total Number of Days on Ventilator [median(range)] 3 (0–92)

Oxygen therapy at 36 weeks, n (%) 29 (66)

White matter injury (none, mild, moderate, severe) 4, 24, 10, 4

Intraventricular hemorrhage (none, I, II, III, IV) 32, 6, 5, 0, 1

Postnatal steroids, n (%) 16 (36)

  Dexamethasone only, hydrocortisone only, both 2, 10, 4

Inotropic support, n (%) 13 (30)

  Dopamine only; dopamine and dobutamine; dopamine and hydrocortisone; dopamine, dobutamine and hydrocortisone 9, 2, 1, 1

Confirmed sepsis 6 (14)

  Positive blood/CNS culture, necrotizing enterocolitis 4, 2

Patent ductus arteriosus, n (%) 17 (39)

  Treated with ibuprofen only, ibuprofen and surgical ligation 13, 7

Gestational Age at Term Scan (mean±SD) 38.0±1.6

Treated with laser surgery for retinopathy of prematurity, n (%) 4 (91)

*
Defined as >2SD below mean based on normative data from British 1990 growth reference for preterm data. (http://

www.healthforallchildren.co.uk)
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Table 2

Average daily neonatal Infant Stressor Scale (NISS) score and number of procedures in the first 14 and 28 

days of life and from birth through term equivalent age.

Average daily Neonatal Infant Stressor Scale scores

  First 14 days (mean±SD) 106±13

  First 28 days (mean±SD) 102±18

  Admission until term equivalent/discharge (mean±SD) 80±12

Range of daily Neonatal Infant Stress Scale scores

  First 14 days (min, max) 85, 132

  First 28 days (min, max) 71, 139

  Admission until term equivalent/discharge (min, max) 61, 110

Average daily number of procedures

  First 14 days (mean±SD) 11±4

  First 28 days (mean±SD) 10±5

  Admission until term equivalent/discharge (mean±SD) 7±3

Range of daily number of procedures

  First 14 days (min, max) 4, 18

  First 28 days (min, max) 3, 20

  Admission until term equivalent/discharge (min, max) 3, 14
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