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Abstract

Background.—To investigate the influence of early life pain/stress and medical characteristics 

on neurobehavioral outcomes in preterm infants.

Methods.—A prospective cohort study was conducted with 92 preterm infants (28–32 weeks 

gestational age [GA]). Early life pain/stress was measured via the Neonatal Infant Stressor 

Scale (NISS) during the first 28 days of NICU hospitalization. Neurobehavioral outcomes were 

evaluated using the NICU Network Neurobehavioral Scale at 36–38 weeks post-menstrual age. 

Functional regression and machine learning models were performed to investigate the predictors of 

neurobehavioral outcomes.

Results.—Infants experienced daily acute pain/stress (24.99±7.13 frequencies) and chronic 

events (41.13±17.81 hours). Up to 12 days after birth, both higher acute and chronic NISS scores 

were associated with higher stress scores; and higher chronic NISS scores were also related to 
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lower self-regulation and quality of movement. Younger GA predicted worse neurobehavioral 

outcomes, GA < 31.57 weeks predicting worse stress/abstinence, self-regulation, and excitability; 

GA < 30.57 weeks predicting poor quality of movement. A higher proportion of maternal 

breastmilk intake predicted better self-regulation, excitability, and quality of movement in older 

GA infants.

Conclusion.—Preterm infants are vulnerable to the impact of early life pain/stress. 

Neurobehavioral outcomes are positively associated with increased GA and higher maternal 

breastmilk intake.

The survival rate of preterm infants has improved with advances in prenatal and neonatal 

care.1–5 However, up to 90% of preterm infants are admitted to the Neonatal Intensive Care 

Unit (NICU). 6–11 These infants are subjected to numerous medically necessary but painful 

diagnostic and therapeutic procedures, and also exposed to stressful routine handling and 

touching, such as changing position, diaper change, mouth care, and bottle-feeding, which 

are not usually considered as ‘harmful’ for the infants.6–11 Such cumulative pain/stress 

is exacerbated by the prolonged NICU stay with other adversities, e.g., maternal-infant 

separation, hypoxia, infection, and feeding difficulties. Altogether, they may lead to altered 

hormonal (cortisol) and physiologic (heart rate, blood pressure, respiratory rate, and oxygen 

saturation) responses and chronic stimulation of neuronal pain pathway (nociception) and 

stress.12 Thus, these early life experiences result in a high risk of neurobehavioral deficits 

and chronic mental illnesses (e.g., anxiety, depression, eating disorders) and metabolic 

illness (e.g., obesity, diabetes, cardiovascular diseases) later in life.13–16 However, there are 

still unknown factors in unraveling the short- and long-term impact of early life pain/stress 

on the programming of infant neurobehavioral outcomes.

Compared to adults and older children, preterm infants may have a lower pain threshold 

and pain tolerance that pose a different level of risk based on their birth gestational age 

(GA).17 Of note, the nociceptive nerve endings begin to develop at 7 weeks of GA, and are 

functional by week 30, allowing the fetus to localize and reflexively withdraw from painful 

stimuli.18 Myelin sheath begins to develop after 25 weeks of GA and is completed by week 

37, acting as an electrical insulator and increasing the speed of a signal from the peripheral 

to the central nervous system.19 Depending on the birth GA and status of pain pathway 

development, preterm infants may experience pain differently. They are highly sensitive to 

repeated and prolonged pain/stress stimulation.6,12 For example, preterm infants have lower 

flexor reflex thresholds and poor localization and discrimination of sensory input, thus they 

experience prolonged hyperalgesia (enhanced sensitivity to pain) and allodynia (pain from 

stimuli that is not normally painful). Meanwhile, due to low tactile threshold and immature 

descending inhibitory pathways, even routine handling and touching may elicit significant 

pain/stress responses in preterm infants.6,12 It is still unclear how pain stimuli may affect 

preterm infants, when the pain pathway is not fully developed, especially those born less 

than 32 weeks of GA.

Despite the potential “harm” from pain/stress-induced by routine care or medical 

procedures, preterm infants continue to receive inadequate pain alleviation during 

approximately 50% of their daily procedures.5,6,20,21 During a mean of 8 days NICU 
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hospitalization, infants experienced a mean number 16 heel sticks and 4 venipunctures 

without routine analgesia.6 A study in 430 neonates revealed that approximately 80 

painful procedures were performed without specific analgesia.5 Preterm infants may not 

be able to demonstrate robust behavioral responses to pain/stress due to their prematurity. 

Thus, subtle or absent behavioral responses may contribute to insufficient pain assessment 

and inadequate pain management. Inadequate comfort or pain alleviation may lead to 

decreased oxygenation, bradycardia or tachycardia, sleep disruption, behavioral agitation, 

hemodynamic and physiologic instability, or increased intracranial pressure.8,22,23 These 

unalleviated short-term pain/stress events may further contribute to long-term reduced 

anthropometric growth and negative developmental sequelae.

Evidence suggests growing concerns over the deleterious effects of repeated early life 

pain/stress on the neurobehavioral outcomes of preterm infants. The brain structure and 

function are established during early periods of development in utero.13 During these 

neuroplasticity periods, brain development is highly susceptible to positive and negative 

experiences, which are theorized to build the foundation for future health and behaviors.13 

For example, researchers showed that preterm infants who received 60 minutes up to 

150 minutes kangaroo care (skin-to-skin holding) daily by their mothers demonstrated 

higher neurobehavioral scores compared to the control group over time.24,25 Mothers who 

directly breastfeed their infants also facilitate the skin-to-skin contact and its benefits, 

thus, breastfeeding is considered the gold standard for infant care.26 On the other hand, 

recurrent early life pain/stress during neuroplasticity periods may repeatedly activate a 

cascade of stress signaling, leading to poor growth and brain development. For instance, 

maternal-infant separation, a source of early life stress, prevents important neural processes 

from taking place and leads to a permanently elevated stress system.27 Researchers also 

demonstrated a correlation between higher early skin-breaking procedures with lower head 

circumference15 and brain dysmaturation at 32 weeks post-menstrual age (PMA) and term 

equivalent,5,12,14,16,28 including reductions in thalamus volume, white matter, and gray 

matter,14 and frontal and parietal brain width.16,28 Of note, early life pain/stress is also 

shown to impact long-term brain development, motor, visual, and cognitive.5 For example, 

in school-age children who were born prematurely, greater exposure of early life pain/

stress was predictive of thinner cortex and smaller regional volumes in the limbic system 

and basal ganglia,12 and decreased cortical thickness and reduced cerebellar volumes.29,30 

Such impairments in brain development are associated with adverse behavioral outcomes 

later in life (8 months corrected age to school-age),5 e.g., poor cognitive and motor 

development15,31 and altered affective and internalizing behaviors.10,32,33 Research has 

begun investigating the linkage between early-life pain/stress and neurobehavioral outcomes 

later in life. However, such associations during NICU hospitalization are underdeveloped. 

Little is known about the extent to which early life pain/stress may impact how preterm 

infants exhibit neurobehaviors during early neurobehavioral examinations.

We hypothesized that preterm infants exposed to early life pain/stress would develop altered 

neurobehavioral outcomes at 36 to 38 weeks PMA. The purpose of the study was to: 

1) Describe acute and chronic early life pain/stress during the first 28 days of NICU 

hospitalization; 2) Describe the neurobehavioral outcomes at 36 to 38 weeks PMA; and 

3) Investigate the influence of multiple factors including early life pain/stress and infant 
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medical characteristics, on neurobehavioral outcomes in preterm infants during NICU 

hospitalization.

Methods

Design

A prospective cohort study design was employed to examine the association between early-

life pain/stress during the first 28 days, infant medical characteristics, and neurobehavioral 

outcomes in a selected cohort of preterm infants during NICU hospitalization. Standard care 

was provided to all infants during their NICU hospitalization. The study was approved by 

the Institutional Review Boards of the study institutes.

Settings and Participants

Ninety-two preterm infants were recruited from two Level IV NICUs in the Northeastern 

U.S. Inclusion criteria were preterm infants: 1) born between 28 to 33 weeks GA, 2) 

admitted in the NICU within 0 to 3 days after birth, and 3) with English or Spanish speaking 

parents who were 18 years and older to give consent. Exclusion criteria were infants having: 

1) known congenital defects; 2) intraventricular hemorrhage (grade III and IV); 3) invasive 

surgery; and 4) maternal substance exposure history.6

Measurements

Demographic Characteristics were collected from electronic medical records including 

infant’s sex, and maternal race/ethnicity, marital status, education level, and age.

Infant Medical Characteristics included GA, delivery type, premature rupture of 

membrane (PROM), growth parameters, Scale of Neonatal Acute Physiology with Perinatal 

Extension-II (SNAPPE II), and the length of hospitalization. We also collected the total 

number of daily feedings (up to 8 times per day), and the frequency of maternal breastmilk 

given to the infant each shift. We then calculated the daily proportion of maternal breastmilk 

given its frequency over the total number of daily feedings.

Early Life Pain/Stress was categorized by acute and chronic. We assessed acute and 

chronic pain/stress during the first 28 days of NICU hospitalization using the modified 

Neonatal Infant Stressor Scale (NISS).6 We adapted and validated the Australia version 

instrument34 based on the NICU settings in the USA.35 The early life pain/stress was 

assessed by 47 acute events (e.g., diaper changes, x-ray, intravenous injection, etc.) and 23 

chronic events [e.g., intranasal oxygen, Nil per os (NPO), etc.].35 The acute and chronic 

pain/stress events were categorized into five severity levels (2 = ‘a little’ to 5 = ‘extreme’). 

Detailed events of each pain/stress level is given in supplementary material. The principal 

investigator randomly audited the completed early life pain/stress data for 20% of infants in 

the study and confirmed 95% agreement.

We calculated the total and average daily acute and chronic pain/stress, for each subject. 

Average daily pain/stress for 1st, 2nd, 3rd, and 4th week after birth was calculated by adding 

weekly frequencies (for acute) and hours (for chronic) of pain/stress events and then divided 

by seven days each week. Total scores of pain/stress were calculated by adding frequencies 
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(for acute) and hours (for chronic) of pain/stress events over 28 days. We assigned acute 

pain/stress of levels 2 and 3 as the expected standard care in the NICU, while levels 4 and 5 

were considered ‘very’ and ‘extreme’ pain/stress events.36

Neurobehavioral Outcomes were evaluated via the NICU Neonatal Neurobehavioral Scale 

(NNNS)37,38 when the infant reached 36 to 38 weeks PMA.6 The NNNS is a standardized 

neurobehavioral assessment that provides an assessment of neurological integrity and 

behavioral function at 34 to 48 weeks PMA. The three main sections of NNNS are 

1) neurological items for tone and reflexes, 2) behavioral items for state, sensory, and 

interactive processes, and 3) stress/abstinence related items. The NNNS includes a total of 

115 items and generates 13 summary scores. As the scope of the study was related to early 

life pain/stress, our study analyses focused on four NNNS summary scores: stress/abstinence 

(NSTRESS), self-regulation (NREGULATION), quality of movement (NQMOVE), and 

excitability (NEXCITABILITY). The NSTRESS is based on signs of stress observed 

throughout the examination, including physiological, autonomic, central nervous system, 

skin, visual, gastrointestinal, and state. Higher NSTRESS indicates more stressful behavioral 

signs. The NREGULATION combines physiological, motor, and attentional activation. 

Higher NREGULATION indicates better regulation ability of infant to cope during the 

examination. The NQMOVE measures smoothness, maturity, modulation of movement of 

the limbs, startles, and tremors. Higher NQMOVE indicates less tremoring, startles, no 

jitteriness, and mature movement. The NEXCITABILITY measures levels of motor, state, 

and physiologic reactivity. Higher NEXCITABILITY indicates more irritability in response 

to handling during assessment and more difficulty to soothe by the assessors.

Procedure

Parents provided informed consent for their infants’ participation in the study. Data of 

demographic characteristics, infant medical characteristics, and pain/stress events during the 

first 28 days of NICU hospitalization were collected from electronic medical records. The 

neurobehavioral examination was administered when the infant reached 36 to 38 weeks 

PMA using the NNNS. The examination took place in a quiet room with the infant initially 

asleep and was completed in 30 minutes. The examination was administered by a neonatal 

developmental specialist in the NICU, who has been trained and certified for using the 

NNNS. The examiner was blinded to the infants’ history and health characteristics to control 

for examiner bias. Parents were encouraged to stay with infants during the examination.

Data Analysis

Data were managed and analyzed using REDCap39 and R 4.1.0.40 Descriptive analyses 

described the demographic characteristics, infant medical characteristics, NISS, and NNNS 

score. Comparison of all variables were done between male and female infants, and p-values 

for the difference between sex groups were calculated using the Mann-Whitney test for 

continuous variables and the Fisher’s Exact test for categorical variables. We also included a 

range for each NNNS summary score.

To examine the time-varying relationship between NNNS summary scores (scalar outcomes) 

and densely collected early life pain/stress at NICU (functional predictors), we adopted a 
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machine learning method for estimating functional regression models using the “FDboost” 

package in R.41 The functional regression models allow us to investigate the non-linear 

effect of the longitudinal pain/stress measures on each NNNS summary score over the 

NICU hospitalization. In each of the functional regression models, an NNNS summary score 

was considered the scalar outcome. Daily severe acute pain/stress (level 4 and level 5), 

daily chronic pain/stress, and daily proportion of maternal breastmilk were considered as 

functional predictors on the domain of postnatal days. To adjust the potential confounding 

effects, baseline characteristics, including birth GA, sex, delivery type, and PROM, were 

treated as scalar predictors with time-invariant effect on the NNNS summary scores. For 

the functional predictors, the non-linear effect was obtained by the base learners of cubic 

spline basis with the second-order penalty and 10 knots. Bootstrap confidence bands of the 

non-linear coefficients for the functional predictors were estimated using 1000 bootstrap 

samples.

We further applied the conditional inference tree (CTree)42 to identify the predictors of 

neurobehavioral outcomes. Specifically, a CTree model was constructed for each of the 

NNNS scores as an outcome variable. The birth GA, the daily proportion of maternal 

breastmilk, and daily average acute and chronic pain/stress at NICU were considered as 

predictors under each of the CTree models. The null hypothesis at the partition of each node 

was rejected if the corresponding p-value was less than 0.05. We conducted this regression 

tree analysis using the package “Partykit” in R.42

Results

Demographic Characteristics.

Ninety-two preterm infants were recruited in the study, with 55.4% female, 80.43% non-

Hispanic, and 72.83% white. Demographic characteristics are summarized in Table 1.

Infant Medical Characteristics.

The infant medical characteristics are summarized in Table 2. The mean GA was 30.64 

weeks (SD = 1.86), and the length of hospital stay was 49 days (SD = 26.54). Male infants 

were older in GA (mean = 31.09, SD = 1.77) than female infants (mean = 30.28, SD = 

1.87), p = .04. The infant feeding pattern is shown in Figure 1. We observed an increase in 

proportion of maternal breastmilk and a decrease in human donor milk and formula during 

the first 28 days.

Early Life Pain/Stress.

Figure 2 shows the unweighted weekly mean acute and chronic pain/stress during the first 

28 days of NICU hospitalization. For acute pain/stress, infants had a total mean frequency of 

614.12 events (SD = 214.84) during the first 28 days, and a daily mean frequency of 24.99 

events (SD = 7.13). Of note, the total mean frequency of level 3 acute pain/stress was 18.57 

events (SD = 4.27) and accounted for 74.29% of all acute pain/stress. Daily mean frequency 

of level 2 and 3 acute pain/stress increased while level 4 and level 5 decreased during the 

first 28 days of NICU hospitalization (Figure 2A). For chronic pain/stress, infants had a total 

mean of 1023.65 hours (SD = 493.03) and daily mean of 41.13 hours (SD = 17.81) during 
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the first 28 days. Of note, the total mean of level 2 chronic pain/stress was 32.93 hours (SD 
= 11.60) and accounted for 80.07% of all chronic pain/stress. The daily mean (hours) of all 3 

chronic pain/stress levels decreased over time (Figure 2B).

Neurobehavioral Outcomes.

NNNS scores were obtained from infants and summarized in Table 3. There was no 

significant difference between males and females.

Factors Associated with Neurobehavioral Outcomes.

Using the machine learning method, we found that the acute and chronic early-life 

pain/stress had different patterns of association with NNNS summary scores (NSTRESS, 

NREGULATION, and NQMOVE) over the first 17 postnatal days (Figure 3). During 4 

to 12 postnatal days, both higher acute pain/stress and chronic pain/stress were associated 

with higher NSTRESS (Fig. 3, A1–A2). However, during 12 to 17 postnatal days, no 

association was noted for acute pain/stress and NSTRESS, while higher chronic pain/stress 

was associated with lower NSTRESS. The pattern of the association between acute pain/

stress with NREGULATION was not clear since the estimated time-varying effect was flat 

(y = 0) over time (Fig. 3, B1). During 5 to 10 postnatal days, higher chronic pain/stress was 

associated with lower NREGULATION (Fig. 3, B2). However, during 13 to 17 postnatal 

days, higher chronic pain/stress was associated with higher NREGULATION. Before 12 

postnatal days, there was no significant evidence for the association between acute pain/

stress and NQMOVE (Fig. 3. C1), but during 12 to 17 postnatal days, higher acute pain/

stress was associated with lower NQMOVE. During 4 to 9 postnatal days, higher chronic 

pain/stress was associated with lower NQMOVE (Fig. 3, C2), but during 13 to 17 postnatal 

days, higher chronic pain/stress was associated with higher NQMOVE.

Figure 4 illustrates results of CTree models for partitioning the preterm infants into the 

subgroups with NNNS summary scores, NSTRESS (Fig. 4, A), NREGULATION (Fig. 

4, B), NQMOVE (Fig. 4, C), and NEXCITABILITY (Fig. 4, D). Birth GA was an 

essential factor to influence neurobehavioral outcomes. The infants were partitioned based 

on the birth GA at 31.57 weeks to two subgroups with different NSTRESS (p < .001), 

NREGULATION (p < .001), and NEXCITABILITY (p = .048), while the cut-off GA 

for NQMOVE (p = .007) was at 30.57 weeks. Infants in the subgroup with younger GA 

had higher NSTRESS (mean = 0.23 vs. mean = 0.14), lower NREGULATION (mean 

= 4.34 vs. mean = 5.15), lower NQMOVE (mean = 3.71 vs. mean = 4.16), and higher 

NEXCITABILTIY (mean = 4.07 vs. mean = 2.83). Of note, within the older GA subgroups, 

the proportion of maternal breastmilk was also a significant predictor of neurobehavioral 

outcomes. In the subgroup with GA older than 30.57 weeks, infants demonstrated higher 

NQMOVE (mean = 4.72 vs. mean = 4.01, p = .041) when receiving a higher than 

92.3% proportion of maternal breastmilk. In the subgroup with GA older than 31.57 

weeks, infants demonstrated higher NREGULATION (mean = 5.66 vs. mean = 4.80, p 
= .042) when receiving higher than 75.4% proportion of maternal breastmilk; and lower 

NEXCITABILITY (mean = 2.10 vs. mean = 4.30; p = .039) when receiving higher than 

44.2% proportion of maternal breastmilk.
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Discussion

As part of the routine and life-saving interventions, preterm infants are exposed to 

considerable procedural pain-related stress during weeks to months of hospitalization in 

the NICU.7 Using computer algorithms, we found an association between the acute and 

chronic pain/stress and NNNS during the first 17 postnatal days. We also observed that 

older GA and infants fed a higher proportion of maternal breastmilk were associated with 

significantly better neurobehavioral outcomes. To the best of our knowledge, this is the first 

study where machine learning models were applied to assess the early life risk factors of 

neurobehavioral outcomes in preterm infants during their NICU hospitalization. Machine 

learning has been widely accepted as a research tool because of its accuracy and efficiency 

in analyzing complex medical data to predict potential risks.43

In our study, over a 28-days observational period, medically stable preterm infants may 

receive up to 59 acute procedures daily, including changing position, changing diaper, mouth 

care, bottle-feeding, nasal suction, etc. In addition, infants would endure up to 18 hours 

of chronic procedures daily, such as nasogastric/orogastric (NG/OG) tube, intravenous line 

(IV), phototherapy, etc. Many procedures that are part of essential daily handling, however, 

have been shown to be associated with pain/stress and physiological instability.12 Research 

showed that even clustered nursing care, which is routinely done in the NICU to limit stress 

exposure, was associated with physiological instability.44 Physical handling of the baby 

was probably the major component of this stress because in the same study, researchers 

found that standardized neurobehavioral assessments that required physical handling caused 

more physiologic instability (e.g., tachycardia, heart rate instability) than one that did not 

require handling.44 In recognition of this fact, strategies such as ambient sound and light 

modifications, kangaroo care, behavioral supports during stressful procedures, ‘no-touch 

times’ and non-nutritive sucking are currently being applied in our NICU. However, more 

needs to be done to ensure adequate recognition, assessment and interventions to mitigate 

the effect of pain/stress in the NICU, and the noxious effects of these on neurodevelopment 

need further evaluation in the future.

Research has begun to shed light on neurobehavioral outcomes in infants using the NNNS, 

however, there are limited published norms of NNNS for preterm infants. The NNNS 

summary scores of the current study (Table 3) were within the range of previous studies of 

preterm infants.6,37 On the other hand, compared to full-term infants, our NNNS summary 

scores exhibited a higher trend for the following items: stress/abstinence, excitability, need 

for handling, non-optimal reflexes, lethargy; and lower scores in self-regulation, quality of 

movement, habituation, attention, arousal.45

We observed an association between the chronic early-life pain/stress and the summary 

scores of NNNS, in the domains of stress/abstinence, self-regulation, and quality of 

movement. Overall, during the first 12 postnatal days, higher chronic stress was significantly 

associated with more stressful behavioral signs, lower regulation ability, more tremors, 

startles, jitteriness, and less mature movement.46 We observed a reversed trend during 

13 to 17 postnatal days, in the observation that higher chronic early life pain/stress 

was associated with less stressful behavioral signs. Our findings suggest that infants are 
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especially vulnerable to stress/pain during the first 12 postnatal days. Rantakari et al. found 

that hypoxic stress was correlated with abnormal neurobehavioral outcomes in preterm 

infants at their first 3 days of life.47 Nist et al. discovered that cumulative stress exposure 

over the first 14 days of life predicted later neurobehavioral deficits in preterm infants.48 

The vulnerable period in the first 12 postnatal days, identified in this study, is supportive 

of the concept of early life critical periods of neuroplasticity. During this period, the 

brain and its associated neurodevelopment in preterm infants are especially vulnerable 

to noxious stimuli as evidenced by reduced gray matter volumes, disrupted white matter 

proliferation, and alterations in synaptic pruning.49 Hence, higher chronic stress during the 

first 12 postnatal days may result in less optimal neurobehavioral outcomes. Additionally, 

the patterns of associations between chronic pain/stress and neurobehavioral outcomes in 

our study may be elucidated by the maturation of infant. Complex neurodevelopment 

begins as early as 2nd month of gestation as evidenced by the proliferation of radial 

glia and neurons and continues until 3 years of age.50 Viable preterm births can occur 

between 22 and 36 weeks of gestation. This period is marked by extreme neurobehavioral 

dynamics in physiologic, structural, and functional processes.13,51 Therefore, consequences 

of prematurity on neurodevelopment can be numerous and diverse. We speculate that the 

disruption of intrauterine neurodevelopment due to an abrupt premature birth may induce 

disturbances in physiologic, structural, and functional processes of the immature neural 

networks, thus making preterm infants more vulnerable to chronic pain/stress during the first 

12 postnatal days. We further speculate that after 12 days, the pain/stress response system 

in preterm infants may begin to adapt to the external environment. These adaptive changes 

may allow infants to buffer the negative effects of chronic pain/stress and exhibit appropriate 

neurobehavioral responses.

Additionally, during the first 12 postnatal days, higher acute stress was associated with more 

stressful behavioral signs; but no associations were found with the domains of regulation 

ability and quality of movement. We observed that acute pain/stress between 12 to 17 days 

was associated with less mature movements. The differences between acute and chronic 

pain are many and varied. Physiologically, they are perceived and processed via different 

brain regions and neuronal pathways; and as such could be considered different entities.52 

Our findings indicate that preterm infants are more susceptible to the negative impacts of 

acute and chronic early-life pain/stress, especially during the first 12 postnatal days. Thus, 

strategies designed to protect infants from such influences during the first 12 postnatal life 

should be prioritized.

In addition, we found that infants who were born younger than 31 weeks and 4 days 

GA had higher stress/abstinence and excitability, lower self-regulation, and poorer quality 

of movement. These younger preterm infants had higher signs of stress and were more 

prone to motor, state, and physiologic reactivity. In contrast, older preterm infants had 

more organized behaviors in response to stimulation while demonstrating more smooth 

and mature movements, and absence of startle and tremors. We speculate that the reason 

may be that younger preterm infants often have more medical complications and are 

more often exposed to higher number of life-saving but painful procedures. This early 

life pain/stress exposure in preterm infants in turn exerts numerous negative effects on 

neurobehavioral outcomes.7,46,53 It is well known that lower GA is negatively associated 
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with infant survival.54 Therefore, it is not surprising that, worse NNNS scores and 

neurodevelopment were correlated with lower GA probably because of infants’ poor ability 

to handle environmental stress.55 Our findings support that younger preterm infants are at 

higher risk for adverse neurobehavioral outcomes compared to older preterm and full-term 

infants.

As demonstrated in our study, intake of maternal breastmilk may buffer the effects of 

acute and chronic pain/stress on neurobehavioral outcomes. We found that infants who 

received higher proportion of maternal breastmilk had higher self-regulation, higher quality 

of movement, and lower excitability. We had previously shown that increased duration of 

skin-skin contact and direct breastfeeding provided to premature infants, was associated with 

better habituation responses at 36 to 37 weeks PMA.6 The various benefits of breastmilk 

compared to formula for early brain development have been well researched.56 Specifically, 

preterm infants fed breastmilk had better white matter development and cortical thickness 

of the brain structure.57 Even infants who received breastmilk at 34 to 41 weeks PMA 

demonstrated better orientation, which suggests better visual and auditory attention to 

people and objects.58 It is important to note that infants who received maternal breast milk 

had better neurobehavioral outcome compared to infants who received donor breastmilk.59 

The effect on preterm infant neurobehavioral outcomes of the type and volume of breastmilk 

received can be sustained into childhood.57 In a recent literature review, researchers 

concluded that maternal breastmilk may offer protection against severe morbidities such as 

necrotizing enterocolitis, late onset sepsis, and retinopathy of prematurity.60 Such protection 

will nurture optimal health, growth and development in premature infants. Our findings 

confirm the importance of maternal breastmilk for fostering optimal neurobehavioral 

outcomes in preterm infants.61 However, further investigation to understand the mechanisms 

underlying the use of maternal breastmilk and its association with early life pain/stress and 

neurobehavioral outcomes needs to be a clinical priority.

There are several limitations to the study. The older GA of males compared with females 

was a confounder in our study, and we had to control for sex and GA factors in our statistical 

analysis. Some early life painful events might not have been captured in the NICU due 

to incomplete documentation; in addition, our NISS data were limited to the first 28 days 

after birth. Additionally, participants in our research only reflected the diversity of race 

and education level of the northeastern area of Connecticut. These issues may limit the 

generalizability of our study findings. For the functional regression models using machine 

learning algorithms, there were no available inferential statistics, so the 95% confidence 

bands were based on a bootstrap method, and are essentially descriptive. Due to the small 

sample size of the study, the multiplicity adjustment was not adopted for the recursive 

partitioning algorithm in the machine learning models. In the future, a comprehensive study 

with a larger sample size will be required to verify the adequacy of the cut-off points 

obtained by the machine learning models.

Acute and chronic early-life pain/stress is inevitable in the NICU and exerts negative 

influences on neurobehavioral outcomes. Follow-up studies are warranted to investigate how 

early life pain/stress is related to long-term neurobehavioral outcomes in preterm infants. 

Typically, neurobehavioral outcomes are evaluated when infants are relatively mature and 
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medically stable. Thus, there might be an extensive gap between birth, and adequate 

neurobehavioral assessment can be done. This delays the early identification of preterm 

infants at risk for altered neurobehavioral outcomes, and hinders the development of critical 

early interventions. The utilization of maternal breastmilk and other maternal/paternal 

involvement may buffer the negative influences of early life pain/stress. Future studies 

are warranted to understand the benefits of such practices and identify/develop additional 

interventions to optimize neurobehavioral outcomes in preterm infants at risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Impact statement

1. During the first 12 days of life, preterm infant neurobehavioral outcomes were 

vulnerable to the negative impact of acute and chronic pain/stress. Future 

research is warranted to investigate the long-term effects of early life pain/

stress on neurobehavioral outcomes.

2. Gestational age remains one of the critical factors to predict neurobehavioral 

outcomes in preterm infants; older gestational age significantly predicted 

better neurobehavioral outcomes.

3. Feeding with a higher proportion of maternal breastmilk predicted better 

neurobehavioral outcomes. Future research is warranted to investigate how 

maternal breastmilk may buffer the negative effects of early life pain/stress on 

neurobehavioral outcomes.
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Figure 1. 
Infant Feeding Pattern Over the First 28 Days of NICU Hospitalization.

The curve represents the daily averaged frequency of feeding types (i.e., maternal 

breastmilk, donor breastmilk, and formula)
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Figure 2. 
Unweighted daily average pain/stress.

A. Daily averaged acute pain/stress frequency by week.

B. Daily averaged accumulated chronic pain/stress hours by week.
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Figure 3. 
The non-linear effect of acute and chronic pain/stress on NSTRESS (A1, A2), 

NREGULATION (B1, B2), and NQMOVE (C1, C2) during the first 17 postnatal days. 

The black solid curves represent the estimated time-varying effect of pain/stress on the 

neurobehavioral outcomes. A positive value (above the horizontal dashed line y = 0) 

indicates an increasing effect on the neurobehavioral outcomes at the certain time point, 

and vice versa. The red dashed curves show the 95% bootstrap confidence bands of the 

estimates. The more deviated from the horizontal dashed line at y = 0, the stronger evidence 

for an increasing/decreasing impact of the pain/stress on the neurobehavioral outcomes at 

the certain period. Each of the grey solid curves represents the estimate from each bootstrap 

sample.
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Figure 4. 
Conditional inference trees for NNNS scores: (A) NSTRESS, (B) NREGUALTION, (C) 

NQMOVE, and (D) NEXCITABILITY. MBM = Maternal breastmilk
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Table 1.

Demographic Characteristics (N = 92)

Variables Total
n (%)

Male 
(n=41) 
n (%)

Female 
(n=51) 
n (%)

p-value

Race

 White 68 (73.91%) 29 (70.73%) 39 (76.47%)
0.6346

 Non-white 24 (26.09%) 12 (29.27%) 12 (24.53%)

  Black or AA 17 (18.48%) 10 (24.39%) 7 (13.73%)

  Asian 3 (3.26%) 1 (2.44%) 2 (3.92%)

  Unknown 3 (3.26%) 0 (0%) 3 (3.26%)

  Not reported 1 (2.44%) 1 (2.44%) 0 (0%)

Hispanic

 Yes 14 (15.22%) 5 (12.2%) 9 (17.65%)
0.3068

 No 78 (84.78%) 36 (87.8%) 42 (82.35%)

Maternal Marital Status

 Married 54 (58.7%) 20 (48.78%) 34 (66.67%)

 Never married 15 (16.3%) 9 (21.95%) 6 (11.76%)

 Divorced 1 (1.09%) 0 (0%) 1 (1.96%) 0.2411

 Single 19 (20.65%) 10 (24.39%) 9 (17.65%)

 Not reported 3 (3.26%) 2 (4.88%) 1 (1.96%)

Maternal Education Level

 Complete Graduate school 17 (18.48%) 8 (19.51%) 9 (17.65%)

 Complete 4-year college 8 (8.7%) 3 (7.32%) 5 (9.8%)

 some College (1 to 4 years) 15 (16.3%) 7 (17.07%) 8 (15.69%)

 Complete high school 9 (9.78%) 4 (9.76%) 5 (9.8%) 0.9873

 some high school 3 (3.26%) 2 (4.88%) 1 (1.96%)

 Refused 8 (8.7%) 3 (7.32%) 5 (9.8%)

 Not reported 32 (34.78%) 14 (34.15%) 18 (35.29%)

Mean (SD) Mean (SD) Mean (SD) p-value

Maternal Age 31.6 (6.21) 32.22 (6.71) 31.1 (5.8) 0.1431

Note. p-value between male and female was calculated based on Mann-Whitney Test/Fisher’s exact test.
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Table 2.

Infant Medical Characteristics (N=92)

Variables Total Male
(n=41, 44.5%)

Female 
(n=51, 55.4%) p-value

n (%) n (%) n (%)

Twins/triplets

 Yes 43 (46.74%) 19 (46.34%) 24 (47.06%)
1

 No 49 (53.26%) 22 (53.66%) 27 (52.94%)

Delivery Type

 Vaginal 27 (29.35%) 15 (36.59%) 12 (23.53%)
0.2493

 C-section 65 (70.65%) 26 (63.41%) 39 (76.47%)

PROM

 Yes 34 (36.96%) 14 (34.15%) 20 (39.22%)
0.668

 No 58 (63.04%) 27 (65.85%) 31 (60.78%)

Resuscitation

 Yes 79 (85.87%) 37 (90.24%) 42 (82.35%)
0.3718

 No 13 (14.13%) 4 (9.76%) 9 (17.65%)

Mean (SD) Mean (SD) Mean (SD) p-value

DFEF 1.97 (0.75) 2.07 (0.65) 1.88 (0.82) 0.1275

Birth GA (week) 30.64 (1.86) 31.09 (1.77) 30.28 (1.87) 0.0366

Birth Weight (g) 1425.2 (412.31) 1494.88
(401.77) 1369.18 (416.03) 0.1275

Birth Length (cm) 40.02 (3.64) 40.43 (3.71) 39.69 (3.58) 0.4405

Birth HC (cm) 27.82 (2.31) 28.31 (2.27) 27.45 (2.29) 0.0731

SNAPPE II 10.11 (10.98) 8.58 (10.97) 11.4 (10.94) 0.1508

Hospital Stay 49.16 (26.54) 45.22 (23.74) 52.33 (28.43) 0.256

Note. p-value between male and female was calculated based on Mann-Whitney Test/Fisher’s exact test. PROM, Premature Rupture of Membranes; 
GA, Gestational Age; DFEF, Day of First Enteral Feeding; SNAPPE II, Score for Neonatal Acute Physiology with Perinatal Extension-II.
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Table 3.

NNNS Summary Scores for Neurobehavioral Outcomes_

NNNS N Total
Mean (SD, range)

Male
Mean (SD)

Female
Mean (SD) p-value

Stress/abstinence (NSTRESS) 87 0.2 (0.1, 0–0.39) 0.18 (0.1) 0.21 (0.1) 0.411

Self-regulation (NREGULATION) 85 4.63 (0.78, 3.23–6.31) 4.64 (0.87) 4.61 (0.7) 0.951

Quality of movement (NQMOVE) 87 3.93 (0.63, 2.83–5.17) 4.01 (0.65) 3.86 (0.61) 0.243

Excitability (NEXCITABILITY) 87 3.64 (1.84, 0–8) 3.33 (1.85) 3.9 (1.8) 0.186

Habituation 43 6.37 (1.53, 3–8.5) 6.24 (1.61) 6.48 (1.48) 0.564

Attention 83 4.56 (1.03, 2.29–6.71) 4.41 (1.03) 4.67 (1.02) 0.223

Need for Handling 87 0.55 (0.2, 0.13–1) 0.55 (0.2) 0.54 (0.21) 0.67

Non-optimal reflexes 87 5.51 (1.6, 2–10) 5.46 (1.5) 5.54 (1.69) 0.913

Arousal 87 3.36 (0.53, 2.43–5) 3.25 (0.49) 3.45 (0.54) 0.076

Lethargy 87 5.8 (2.36, 2–13) 6.05 (2.43) 5.6 (2.31) 0.285

Frequency (%) Frequency (%) Frequency (%) p-value

Hypertonicity 87

 >0 2 (2.3%) 1 (2.56%) 1 (2.08%)
1

 =0 85 (97.7%) 38 (97.44%) 47 (97.92%)

Hypotonicity 87

 >0 34 (39.08%) 13 (33.33%) 21 (43.75%) 0.380

 =0 53 (60.92%) 26 (66.67%) 27 (56.25%)

Asymmetric reflexes 87

 >0 24 (27.59%) 12 (30.77%) 12 (25%) 0.632

 =0 63 (72.41%) 27 (69.23%) 36 (75%)

Note. p-value between male and female was calculated based on Mann-Whitney Test/Fisher’s exact test.
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