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Abstract: This narrative evidence-based review examines current progress in non-pharmaceutical interventions (NPIs) for neonatal
pain, a critical factor influencing neurodevelopment and long-term health. NPIs offer safer alternatives to pharmacologic treatments in
this vulnerable population. This review summarises advances in auditory approaches (white noise, maternal voice), oral-tactile
strategies (non-nutritive sucking, oral glucose/sucrose), tactile interventions (kangaroo care) Yongxue Cai and positional support.
These methods alleviate pain by activating endogenous opioid pathways, reducing stress hormone responses and recreating intrauter-
ine-like sensory environments that modulate nociception. Collectively, NPIs reduce behavioral and physiological indicators of pain,
enhance sensory integration and promote autonomic stability. Despite their benefits, challenges remain, including heterogeneous study
designs, limited sample sizes and clinical constraints such as inadequate provider training and resource limitations in neonatal
intensive care units. Future work should focus on large, standardised trials to establish optimal intervention protocols. Integration
of neuroimaging and molecular tools may clarify central mechanisms, while personalised approaches using real-time physiological
data could support precision pain management. Strengthening the evidence base will enable NPIs to evolve from empirically used
techniques into standardised, neuroprotective strategies that improve both immediate comfort and long-term outcomes for neonates.
Keywords: neonatal pain, non-pharmaceutical interventions, tactile stimulation, auditory interventions, neurodevelopmental

outcomes, precision medicine

Introduction

Neonatal pain, particularly procedural pain from routine medical interventions such as heel lance, venipuncture and
endotracheal suctioning, represents a significant clinical concern with both immediate and long-term implications for
vulnerable infants.' > Up to 90% of neonates in intensive care units undergo repeated noxious procedures, which can disrupt
physiological stability and influence neurodevelopmental outcomes. Unmanaged pain activates stress pathways, elevating
cortisol and catecholamines, leading to autonomic instability, reduced oxygen saturation and altered metabolic balance.*
Early-life pain exposure may also induce synaptic changes in developing brain regions, potentially contributing to long-term
alterations in pain sensitivity, emotional regulation and cognition.®® Clinically, these physiological disruptions manifest as
altered sleep patterns, feeding difficulties and impaired growth, especially in preterm or critically ill infants.

Accurate assessment of neonatal pain is a critical prerequisite for effective pain management. Currently, pain
assessment relies primarily on validated behavioral and physiological scales such as the Neonatal Infant Pain Scale
(NIPS), the Premature Infant Pain Profile (PIPP and PIPP-R) and the COMFORT scale. These tools evaluate parameters
including facial expressions, body movements, cry characteristics, heart rate and oxygen saturation. While widely used,
they present several limitations: behavioral cues may be blunted in preterm or neurologically compromised infants;
physiological indicators lack specificity and can be influenced by factors unrelated to pain; and inter-observer variability
can compromise reliability. In addition, the absence of a universal gold standard, challenges in real-time assessment
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Figure | Conceptual Diagram of Non-Pharmaceutical Interventions for Neonatal Pain.

during rapid bedside procedures and the difficulty of interpreting pain in non-verbal patients highlight ongoing gaps in
neonatal pain evaluation. These challenges underline the need for consistent, systematic assessment practices as
recommended by international guidelines.

International guidelines, including those from the American Academy of Pediatrics (AAP), the Canadian Paediatric
Society (CPS) and the European Society of Paediatric and Neonatal Intensive Care (ESPNIC), affirm that all neonates
experience pain and recommend routine pain assessment alongside the systematic use of non-pharmacological strategies
as first-line interventions. Despite these recommendations, pharmacological options present essential limitations.”
Opioids pose risks such as respiratory depression and neonatal abstinence syndrome, while non-steroidal anti-
inflammatory drugs may adversely affect gastrointestinal and renal function in immature systems.'” These safety
concerns have intensified interest in non-pharmaceutical interventions (NPIs), which modulate sensory or environmental
factors to alleviate pain without systemic side effects. Approaches such as kangaroo care, non-nutritive sucking and oral
sweet solutions consistently reduce behavioral and physiological indicators of pain, supporting their role in routine
neonatal care.'' 3

The objective of this review is to synthesise current evidence on NPIs for neonatal pain management, highlighting their
mechanisms, clinical applicability and performance across different neonatal populations. The review also evaluates
methodological issues such as variability in intervention protocols, small sample sizes and limited long-term follow-up
to identify research gaps that constrain clinical translation. Additionally, emerging directions such as multimodal
approaches, personalised interventions based on neonatal characteristics and advancements in real-time pain-monitoring
technologies are discussed. A conceptual summary is provided to illustrate the major categories of non-pharmacological
interventions (NPIs) and their underlying mechanisms (Figure 1). By integrating available evidence, this review aims to
guide clinicians and researchers toward improving safe, effective and evidence-based pain management for neonates.

Neonatal Pain: Concepts, Impacts and Assessment

Concepts of Neonatal Pain

According to the International Association for the Study of Pain, pain is “an unpleasant sensory and emotional
experience associated with actual or potential tissue damage”, a definition that includes non-verbal individuals such as
neonates.'* This recognition counters historical assumptions that newborns experience diminished pain due to neurolo-
gical immaturity. Research shows that by 22-24 weeks of gestation, nociceptive pathways from peripheral receptors to
central processing centers are functionally active, enabling neonates to detect and respond to noxious stimuli.'> Dense
epidermal nociceptors and intact neural pathways allow newborns to exhibit behavioral (eg., facial grimacing, limb
withdrawal) and physiological (eg., tachycardia, cortisol increase) responses indicative of accurate pain perception.'®
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Neonatal pain processing differs from that of adults due to underdeveloped inhibitory pathways, including descending
serotonergic and noradrenergic systems.'”'® As a result, neonates often exhibit exaggerated and prolonged responses to
painful stimuli. Even minor procedures may provoke sustained autonomic changes and increased sensitivity because of
limited regulatory control.'” The high neuroplasticity of the neonatal brain further increases vulnerability: repeated early
pain can modify synaptic organisation in regions such as the prefrontal cortex and amygdala, potentially influencing later
stress reactivity and sensory processing.?’

The consequences of untreated neonatal pain extend from immediate physiological disruption to long-term develop-
mental effects. In the short term, unmanaged pain interferes with feeding, sleep regulation and immune function—critical
factors for growth and recovery.” Behaviorally, it may lead to irritability, prolonged crying and reduced stress tolerance.”'
Over time, cumulative painful experiences during early development have been linked to altered hypothalamic—pituitary—
adrenal axis function, structural brain changes, cognitive impairments and greater risk of emotional and behavioral issues in
later childhood.”* These findings emphasise the importance of effective, early pain management strategies in neonatal care.

Impacts of Neonatal Pain
Neonatal pain has profound effects on both short-term physiological stability and long-term neurodevelopment, making it
a significant threat to infant health. Acutely, unmanaged pain activates the sympathetic nervous system, leading to increased
heart rate,” elevated blood pressure’* and oxygen desaturation,? all of which strain immature cardiovascular and respiratory
systems. These responses signify disrupted homeostasis; even a single invasive procedure can raise cortisol levels by 20—30%,
altering metabolic and immune functions essential for growth.”® Behaviorally, neonates may exhibit prolonged crying,
disturbed sleep—wake patterns and feeding difficulties, which can reduce caloric intake and delay recovery.?” Such physio-
logical and behavioral disruptions can amplify one another, diminishing the infant’s resilience to subsequent procedures.
These acute disturbances also contribute to long-term risks, as repeated pain exposure during critical developmental
periods may affect brain organisation, stress regulation and later cognitive and behavioral outcomes. Recognising
neonatal pain as a modifiable risk factor emphasises the need for timely, evidence-based management. Prioritising
effective non-pharmacological strategies can help mitigate both immediate distress and potential lifelong consequences,
ultimately supporting better short- and long-term health in this vulnerable population.

Assessment of Neonatal Pain

Neonatal pain assessment is crucial and several non-pharmacological instruments have been developed (Table 1). The
Neonatal Facial Coding System (NFCS) evaluates nine facial action items, scoring 0-9 for full-term and 0-10 for preterm
neonates and is used for procedural pain assessment with good reliability and validity.”® The Face, Legs, Activity, Cry,
Consolability (FLACC) scale, designed to assess post-operative pain in preverbal/nonverbal children under 7 years old,
evaluates 5 behavioral items with a score range of 0—10 and demonstrates high interrater reliability. COMFORTneo, used for
prolonged pain and sedation assessment in neonates (24—42 weeks GA), has 7 items and a score range of 630, with acceptable
reliability and concurrent validity.”” The Neonatal Infant Pain Scale (NIPS) combines 5 behavioral and 1 physiological item,
scoring 0—7, suitable for procedural and post-operative pain in neonates (2647 weeks GA). It demonstrates high reliability
and moderate concurrent validity. The Neonatal Pain, Agitation and Sedation Scale (NPASS) include 4 behavioral and 1
physiological item, scoring 0—10, applicable for various pain types in neonates (23—40 weeks GA), with strong reliability.>°
The Premature Infant Pain Profile (PIPP/PIPPR), covering 3 behavioral, 2 physiological and 2 contextual items, scores 0—18
for full-term and 0-21 for preterm neonates, used for procedural/postoperative pain in neonates (2842 weeks GA) and is
highly reliable and valid, especially in research.’! Each instrument has its specific application scenarios, item compositions
and reliability-validity characteristics, providing diverse options for neonatal pain assessment.

These scales each possess unique characteristics. In terms of advantages, the Neonatal Facial Coding System (NFCS)
is highly sensitive to the subtle facial movements of neonates, allowing for a practical assessment of procedural pain. The
Face, Legs, Activity, Cry, Consolability (FLACC) scale encompasses multiple behavioral dimensions, facilitating the
scoring of pain in young children after surgery. COMFORTneo offers a comprehensive evaluation of prolonged pain and
sedation in neonates. The Neonatal Infant Pain Scale (NIPS) integrates behavioral and physiological indicators, making it
suitable for assessing pain during neonatal surgeries and procedures. The Neonatal Pain, Agitation and Sedation Scale
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Table | Comparative Overview of Major Non-Pharmacological Interventions, Their Mechanisms, Physiological Effects, and Supporting

Evidence

NPI Category

Primary Mechanisms of
Action

Physiological Effects

Clinical Evidence Summary

Non-nutritive sucking
(NNS)

Activates orotactile pathways;
promotes endogenous endorphin

release

Stabilises heart rate and
oxygen saturation; reduces

crying time

Repeated trials demonstrate reduced pain

scores during heel lance and venipuncture

[ref].

Sweet-tasting solutions

(Sucrose/Glucose)

Activates endogenous opioid

pathways

Reduces behavioural pain

responses; rapid analgesic onset

Strong evidence across RCTs for moderate-to-

severe procedural pain reduction [ref].

Breastfeeding/Breast milk

Multimodal: nutritive sucking +
warmth + maternal contact +

sweet taste

Improves cardiorespiratory
stability; decreases behavioural
reactivity

Consistently effective compared to holding or
placebo interventions [ref].

Skin-to-skin care

(Kangaroo Mother Care)

Enhances vagal tone; regulates
cortisol; promotes

thermoregulation

Reduces stress biomarkers and

stabilises autonomic responses

Effective for both minor and moderately
painful procedures; recommended by global

guidelines [ref].

Facilitated tucking/
Containment

Enhances postural stability;
reduces arousal via deep-pressure
input

Improves physiological stability

and lowers pain scoring

Beneficial especially for preterm infants

undergoing repeated procedures [ref].

Multisensory stimulation

(music, smell, touch)

Engages competing sensory

pathways; modulates limbic activity

Reduces behavioural distress

markers

Evidence mixed—adjunctive benefit shown but

less potent than sucrose or breastfeeding [ref].

(NPASS) applies across various pain scenarios and demonstrates high reliability and validity. In contrast, the Premature
Infant Pain Profile (PIPP/PIPPR) combines multiple factors and is widely used in research. However, they also have
limitations. NFCS has a single-item focus, restricting its application; FLACC is not suitable for children who can
communicate verbally; COMFORTneo has relatively lower reliability and validity; the physiological indicators of NIPS
are easily affected by external factors; NPASS has an imprecise assessment of vital signs; and PIPP/PIPPR is time-

consuming, which can be inconvenient in busy clinical settings.

Al-Based Neonatal Pain Assessment
With advances in biomedical engineering and machine learning, artificial intelligence (AI) has emerged as a promising
tool to address the limitations of manual, observer-dependent pain scales. Al-based systems aim to provide objective,
continuous and automated pain assessment by analysing multimodal neonatal data.

Recent studies have reported successful applications of machine-learning and deep-learning models using:

e Physiological signals, such as heart rate variability, oxygen saturation patterns and EEG/near-infrared spectroscopy
data

e Cry analysis, where acoustic features (eg., pitch, intensity, spectral entropy) are used to classify pain states

e Facial expression recognition, using convolutional neural networks (CNNSs) to detect brow bulge, eye squeeze and
nasolabial furrow

e Video-based behavioural analysis, integrating limb movement, body tension and facial cues

e Multimodal fusion algorithms combining physiological, behavioral and contextual data for improved accuracy

Some systems—such as automated facial recognition platforms and cry-analysis devices—have already undergone
prospective evaluation in real-world NICUs, demonstrating feasibility for real-time pain monitoring, reduced inter-

observer variability and more timely detection of distress.
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Despite these advances, challenges remain, including the need for large annotated datasets, variations across NICUs,
ethical considerations, data privacy and the integration of Al outputs into clinical workflows. Nonetheless, Al-based
assessment represents an important future direction that can complement traditional scales, enhance early pain detection
and support personalised pain management strategies.

Non-Pharmaceutical Intervention Measures for Neonatal Pain
Auditory Interventions
White Noise
White noise, which mimics the low-frequency ambient sounds of the intrauterine environment—such as maternal blood
flow and gastrointestinal motility—activates the neonatal auditory system and modulates central nervous system activity,
promoting the release of neurotransmitters like dopamine and serotonin while inhibiting stress responses to alleviate anxiety
and pain.*? This auditory intervention is hypothesised to create a familiar, soothing environment that recreates the sensory
conditions of prenatal life, thereby reducing the neonatal stress response to painful procedures.>® White noise has a relaxing
property and is similar to the sounds that a fetus hears in the mother’s womb. It can provide a familiar growth environment
for newborns and has a soothing effect on them.** Akca et al** divided 127 newborns into two groups. Within one hour
after birth, the newborns in the experimental group received a white noise intervention, while the control group received no
intervention. The research results showed that white noise could increase the sucking success rate of newborns after birth.
Liao et al*® randomly divided 103 preterm infants into three groups: the white noise intervention group, the mother’s voice
intervention group and the routine nursing group. The interventions were provided to the newborns three times a day, each
time for 20 minutes, over four consecutive days. The research results showed that the newborns in the white noise
intervention group had the fastest weight gain. Sezici et al’’ designed a randomized controlled trial with a two-stage
crossover design. They provided 40 colicky infants with either a one-week white noise intervention or a swinging
intervention. The results showed that the white noise intervention could reduce the daily crying time of colicky infants
and increase their daily sleep time.>” In addition, white noise suppresses interfering sounds from the external environment
through resonance, enhances the processing of information in the nervous system and serves as a regulator of cognition.
In conclusion, white noise, by simulating the sounds in the uterus, activates the auditory system of newborns,
regulates the central nervous system, promotes the release of neurotransmitters and inhibits stress responses. It has shown
positive effects in improving the success rate of sucking in newborns, accelerating the weight gain of premature infants
and alleviating the symptoms of intestinal colic in infants. At the same time, it also has the functions of suppressing
external interference and enhancing cognitive regulation. Based on existing research results, white noise has significant
application potential in the field of neonatal care, offering a new direction for optimizing the growth environment and
care strategies for newborns. However, research on the optimal duration, intensity and long-term effects of white noise
intervention is still relatively limited at present. Future studies can further explore personalised application schemes of
white noise in different neonatal groups, assess its potential risks and improve the relevant theoretical system, thereby
applying white noise more safely and effectively in neonatal clinical care and family upbringing practices.

Maternal Voice
The maternal voice, serving as the earliest familiar auditory signal for neonates, exerts analgesic effects through
neuroemotional bonding and physiological stabilization. Prenatally, fetal exposure to the maternal voice, transmitted
through amniotic fluid, imprints a sensory memory that activates the limbic system post-birth, triggering the release of
oxytocin, known for its calming and stress-reducing properties and suppressing cortisol, a key marker of the stress
response. This neurobiological pathway creates a soothing effect that mitigates the autonomic arousal associated with
painful procedures, as evidenced by reduced heart rate variability, stabilized respiratory patterns and dampened sympa-
thetic nervous system activation.

Neonatal intensive care unit (NICU) patients are frequently exposed to repetitive and multiple painful stimuli due to
diagnostic and therapeutic procedures. In China, intravenous puncture alone accounts for 14.86% of all pain-inducing
interventions during NICU hospitalization.*® Neonatal pain can trigger a cascade of abnormal physiological and
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behavioral responses, leading to significant short - and long-term adverse outcomes.*>** Another study has consistently
demonstrated a positive correlation between gestational age and pain sensitivity in preterm infants.*!

The efficacy of maternal voice intervention in mitigating procedural pain among preterm infants remains a subject of
debate in international research, with conflicting findings regarding its effectiveness.** Despite this, maternal voice and
light music have been increasingly adopted in clinical practice as potential facilitators of preterm infant development,
sparking numerous research initiatives.*

Furthermore, mother-infant contact, often initiated through admission education and subsequent interactions, has
proven effective in alleviating parental anxiety and promoting early neonatal development, highlighting its crucial role in
NICU care.

Music Therapy

Music therapy mitigates neonatal pain by stimulating the auditory cortex, engaging central nervous system mechanisms
that modulate nociceptive processing and emotional states.** The proposed mechanisms include enhancing endogenous
endorphin release to inhibit pain pathways and diverting attentional resources via rhythmic or melodic patterns, thereby
reducing the perception of noxious stimuli. Soft classical music or recordings of intrauterine sounds—characterized by
low-frequency vibrations akin to those found in maternal uterine environments—have demonstrated efficacy in lowering
heart rate increases by 10-15 beats per minute and reducing NIPS scores by 1-2 points during heel lance or
venipuncture, reflecting a balance between stress reduction and pain modulation.

Music therapy operates on the principle that the auditory system, upon exposure to rthythmic music, modulates cellular
excitability through neural synapses, effectively diverting patients’ attention to yield therapeutic benefits.*> Widely adopted
as an adjuvant in clinical pain management across numerous countries, its efficacy in neonatal care has been substantiated
by multiple studies. Kurdahi et al*® demonstrated that music therapy significantly reduced pain manifestations and stabilized
physiological parameters during neonatal heel blood collection. Butt et al*’ confirmed its analgesic effect by reducing heart
rate in pediatric patients. Additionally, a study on the combined use of breastfeeding and music therapy*® revealed that this
approach not only lowered pain scores but also minimized fluctuations in physiological indicators such as heart rate and
oxygen saturation, while enhancing the effectiveness of breastfeeding interventions.

These findings highlight the nuanced effects of music therapy, which depend on matching acoustic properties to
neonatal sensory preferences and procedural contexts. While consistent evidence supports its use as an adjunctive non-
pharmacological strategy, challenges remain in standardizing intervention protocols—such as determining the optimal
tempo, volume and music selection—and understanding the long-term impacts on auditory and neural development.
Nonetheless, music therapy offers a versatile, low-risk approach that can be integrated with other sensory interventions,
holding promise for enhancing neonatal comfort during painful procedures through targeted auditory stimulation.

Oral Interventions

Non-Nutritive Sucking (NNS)

Non-nutritive sucking (NNS) mitigates procedural pain in neonates by stimulating oral tactile receptors, thereby
activating trigeminal afferent pathways and promoting the release of neurotransmitters, such as 5-hydroxytryptamine
(serotonin), which elevates pain thresholds and diverts attention from noxious stimuli.**>* Studies have demonstrated
that non-nutritive sucking can mitigate the elevation of heart rate during and after intravenous puncture, reduce the
decline in oxygen saturation during the recovery phase, shorten the crying time of neonates and lower the duration of
pain expressions and neonatal pain scores. A meta-analysis of 23 RCTs involving 1461 preterm infants found that non-
nutritive sucking (NNS) significantly shortened the time to exclusive oral feeding, length of hospital stay, time to start
oral feeding and time to return to birth weight, increased weight gain at discharge and full oral feeding in the control
group, reduced feeding intolerance incidence in preterm infants, though limited by small sample sizes, unaccounted
confounding factors, heterogeneity and bias, it still provides valuable insights. It updates evidence on NNS for promoting
oral feeding and evidence-based practices in preterm infants.’' Clinically, non-nutritive sucking can be combined with
sweeteners’> and music therapy”® to enhance pain relief. While it is a practical strategy for alleviating neonatal
procedural pain, concerns remain, such as the potential for oral aversion with prolonged use of reusable pacifiers that
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can be sterilized after high-pressure steam. Additionally, clinical implementation risks include vomiting, choking,
iatrogenic skin damage from tape fixation and pressure injuries if a dislodged pacifier is not promptly retrieved.
Although its analgesic benefits are well-established, key questions regarding the optimal duration of intervention to
balance pain relief and avoid adverse effects still require further investigation.

Future research should focus on multicenter trials to define evidence-based parameters for NNS, including optimal
pacifier specifications and timing protocols, with subgroup analyses to address preterm-neonate-specific efficacy and
safety. Exploring combinations of NNS with auditory interventions—such as white noise or maternal voice—to create
multimodal strategies holds promise, as integrated sensory stimulation may amplify pain relief through parallel activation
of oral-tactile and auditory soothing pathways. Such approaches could leverage NNS’s established safety and accessi-
bility to develop personalized protocols that balance pain management with developmental needs, ensuring that this
simple yet powerful intervention is used effectively across diverse clinical contexts.

Oral Glucose/Sucrose

Oral sweet solutions, primarily glucose and sucrose, alleviate neonatal pain by activating taste receptors to engage endogenous
opioid pathways, inhibiting nociceptive signal transmission in the spinal dorsal horn and dampening pain perception.'® Oral
administration of sucrose or glucose solution is one of the standard non-pharmacological methods for pain intervention, which
can relieve pain-induced crying and abnormal behaviors caused by invasive procedures.>* The mechanism of action of oral
glucose for analgesia in neonates is not yet fully understood. Animal experimental studies have shown that the oral administration
of sweet solutions can be used to activate brainstem structures involved in the descending modulation of pain, such as the
periaqueductal gray matter of the midbrain or the nucleus raphe magnus, but does not involve the forebrain.”> Most studies
suggest that children can experience an analgesic effect within a few minutes after consuming the glucose solution.**>” This may
be because the glucose solution, acting as a “sweetener”, activates the release of endogenous opioid receptor-like substances
through the gustatory system and plays a role in the brainstem pathway of descending pain modulation.

Harrison et al’® conducted a Meta-analysis of previous studies. They pointed out that oral administration of sucrose or
glucose solution can reduce the duration of crying and the comprehensive pain score during neonatal blood collection.
However, due to the limitations of the database, differences in evaluation methods, inclusion criteria and quality control
among the various research protocols, further research is needed. Tanyeri et al>® believed in their study that the minimum
effective dose of 24% sucrose at 0.2 mL/kg can relieve the pain of preterm infants during procedural pain. However,
long-term oral administration of sucrose may cause short-term or long-term risks, including asphyxia, coughing,
vomiting, persistent tachycardia or bradycardia, hyperglycemia or reactive hypoglycemia and even necrotizing enter-

ocolitis. Schneider et al®

believed that long-term exposure to a high dose of sucrose may affect the development of the
basal ganglia of the brain in neonates, especially female infants.

Currently, there have been new advancements in the concentration and dosage of orally administered glucose or sucrose
solutions. Previous studies suggested that administering 2 mL of 30% glucose/sucrose orally could effectively reduce the

pain score in neonates. Increasingly, scholars have recently believed®>¢'%>

that administering 2 mL of 20% glucose orally
to neonates before heel blood collection can weaken or even prevent the pain response of the cerebral cortex.

Future research on oral sweet solutions must prioritize three key areas to advance evidence-based practice: developing
personalized dosing algorithms that integrate gestational age, body weight and gastrointestinal function (eg., feeding
tolerance) to optimize safety and efficacy—potentially using machine learning to tailor concentrations in real time and
reduce risks like NEC and hyperglycemia; conducting longitudinal studies to clarify long-term neurodevelopmental
impacts, such as programming of taste pathways and associations with childhood metabolic outcomes, which remain
understudied beyond short-term safety; and using neuroimaging tools (NIRS, EEG) to mechanistically explore how
combined oral-tactile stimulation enhances central inhibitory pathways, such as whether concurrent taste and tactile
activation amplifies opioid/serotonin release in pain-modulating brain regions. Addressing these gaps will transition these
interventions from empirical use to precision strategies, ensuring guidelines balance short-term analgesia with long-term
developmental safety, particularly in vulnerable neonates.

Journal of Pain Research 2026:19 https: 7



Cai et al

Kangaroo Care (KC)/Skin-to-Skin Contact

Kangaroo care (KC), also known as skin-to-skin contact, alleviates neonatal pain through multisensory integration, engaging
tactile, auditory and olfactory pathways to promote physiological and emotional regulation.®® Through the stimulation of the
skin, including tactile, auditory, olfactory and thermal sensations, it can effectively inhibit the activity of the hypothalamic-
pituitary-adrenal axis, thereby reducing procedural pain in neonates.”>**®> Animal experiments have confirmed®® that
experiencing repeated pain stimuli and maternal-infant separation in the early stage of life can lead to tactile hypersensitivity
and enhance the fear conditioning reflex effect during adolescence. Foreign clinical controlled studies have confirmed®*®” that
when neonates experience pain stimuli, comforting care, such as being held in the arms of their mother or father, can
effectively relieve their pain, improve physiological indicators and is beneficial for their healthy development.

Gao et al®® noted in their study that, compared with conventional incubator care, kangaroo mother care can alleviate
the irritable state of preterm infants, reduce the fluctuation range of heart rate and oxygen saturation and is conducive to
maintaining the stability of preterm infants’ vital signs. A study has found that performing kangaroo mother care twice
a day for 1 hour each time during the hospitalization of neonates can reduce the pain experienced by neonates during
procedural stimuli, shorten crying time and improve their neurobehavioral abilities.®” Although studies have shown that
kangaroo mother care is an effective method for pain relief, issues such as the optimal duration, frequency, long-term
effects and the gestational age of neonates in relation to kangaroo mother care remain controversial.

Non-pharmacologic pain interventions for neonates, including sweet-tasting solutions (sucrose and glucose) that
reduce heart rate changes, crying time and pain scores; Kangaroo Care, which stabilizes physiological parameters,
improves behavioral states and lowers cortisol levels; Nonnutritive Sucking that modulates physiological and behavioral

responses; formula, breast milk and breastfeeding with comparable pain - relieving effects to sucrose (Table 2).

Table 2 Summary of Non-Pharmacologic Interventions for Neonatal Pain

Instrument Items & Score Range Clinical Utility Reliability & Validity

(Reference)

Neonatal Facial Coding
System (NFCS)?®

9 facial action items
(eg., brow bulge, eye squeeze)
Score: 0-9 (full-term); 0—10 (preterm)

Procedural pain assessment in

preterm and full-term neonates

Interrater reliability: 0.88
Intrarater reliability: 0.83
Face, content and construct
validity established

Face, Legs, Activity,

5 behavioral items: Face, Legs, Activity, Cry,

Postoperative pain in preverbal/

Interrater reliability: 0.94

crying response, body movement, facial
tension, muscle tone
Score: 6-30

assessment in neonates
(2442 weeks GA)

Cry, Consolability Consolability nonverbal children (<7 years) Content and construct validity
(FLACC)"® Score: 0-10 established.
COMFORTneo?’ 7 items: Alertness, agitation, respiratory/ Prolonged pain and sedation Interrater reliability: 0.79

Internal consistency: 0.84-0.88
Concurrent validity established

Neonatal Infant Pain
Scale (NIPS)”'

5 behavioral + | physiological
(breathing pattern)
Score: 0-7

Procedural and postoperative
pain in neonates
(2647 weeks GA)

Interrater reliability: 0.92-0.97
Internal consistency: 0.87-0.95
Concurrent validity: 0.53-0.84

Neonatal Pain,
Agitation and Sedation
Scale (NPASS)*®

4 behavioral + | physiological (vital signs)
Score: 0-10

Ongoing, procedural and
postoperative pain in neonates
(2340 weeks GA)

Internal consistency: 0.85-0.95
Interrater reliability: 0.88-0.93
Test-retest reliability: 0.87

Premature Infant Pain
Profile (PIPP/PIPPR)*'

3 behavioral + 2 physiological + 2 contextual
items
Score: 018 (full-term); 0-21 (preterm)

Procedural/postoperative pain
(2842 weeks GA); widely used

in research

Interrater reliability: 0.93-0.96

Intrarater reliability: 0.94-0.98

Content and construct validity
established.
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Comparative Overview of Non-Pharmaceutical Interventions

To provide a clearer synthesis of the diverse non-pharmaceutical interventions (NPIs) evaluated in this review,
a comparative table was developed summarizing their efficacy, safety and clinical feasibility. These interventions
function through distinct neurobiological pathways—such as orotactile stimulation, endogenous opioid activation,
vagal modulation and multisensory engagement—and vary in their impact on physiological stability and behavioural
pain responses. Given the differences across study populations and procedural contexts, this table offers a structured
comparison of the major NPIs and the strength of supporting evidence. Table 3 provides an integrated overview of these
intervention categories to facilitate clinical decision-making and highlight their relative strengths and limitations.
Although most interventions demonstrate consistent analgesic effects, several modalities show variability across studies.
For example, research on maternal voice has produced mixed results, with some trials reporting meaningful reductions in
behavioural distress, while others observe minimal benefit. These inconsistencies may reflect differences in sound
intensity, timing, maternal proximity, or infant maturity. Highlighting such conflicting findings reinforces the need for
standardised methodologies and helps contextualise the relative strengths of the interventions summarised in Table 3.

Challenges and Limitations of Non-Pharmaceutical Intervention Measures

Heterogeneity in Research Design

Current studies on non-pharmaceutical pain interventions in neonates exhibit substantial heterogeneity in intervention
protocols, study populations and outcome measures, severely complicating evidence synthesis and clinical translation.
Intervention protocols vary widely in terms of timing, dosage and frequency.”? For example, white noise interventions
range from 45 to 65 dB in volume and from 1-minute pre-procedure exposure to continuous post-procedure playback.”
At the same time, oral sweet solutions differ in concentration (10%-30%) and single-dose volume (0.2 mL/kg to 2 mL),
making it impossible to identify optimal parameters.”* Such disparities hinder the establishment of standardised guide-
lines, as results from one study are rarely comparable to those of another.

Table 3 Non-Pharmacologic Pain Interventions and Major Effects

Intervention

Significant Effects (Research Evidence)

Use in Painful Procedures

Sweet-tasting Solutions

(Sucrose/Glucose)

Reduce heart rate changes, crying time and facial
grimacing. Lower pain scores (PIPP, NFCS). May activate
endogenous opioid pathways. Effective for both term and

preterm neonates.

Used in heel stick, injections (IM, SC), venipuncture,
catheterization, NG/OG tube insertion, eye exams and
echocardiography. Administered 2 min prior; various

dosing per gestational age.

Skin-to-skin Contact
(Kangaroo Care)

Stabilizes HR, RR, oxygen saturation; lowers pain scores
and cortisol levels. Improves behavior and sleep-wake

cycles. Enhances parent-infant bonding.

Applied before/during/after procedures such as heel
stick, injections and surgeries. Duration: 10—15 minutes

up to 2-3 hours.

Non-nutritive Sucking
(NNS)

Reduces HR, RR, crying time, cortisol; improves pain
scores (PIPP, NFCS). Effective in both term and preterm

infants.

Used before/during procedures including heel stick,
circumcision, injections. Pacifier retained during

procedure for optimal effect.

Formula, Breast Milk and
Breastfeeding

Lowers HR, crying time and pain scores (eg., PIPP, NIPS,
NFCS). Safe and repeatable

Effective in heel stick, venipuncture and injections.
Comeparable to oral sucrose.

Facilitated Tucking (FT)

Reduces HR, crying and pain scores. Increases parental
involvement and confidence. Safe in most infants.

Used in heel stick, suctioning and venipuncture.
Contraindicated in infants with fragile skin (eg., extreme

recovery time.

prematurity).

Swaddling Reduces HR, oxygen desaturation, crying time and pain | Mainly for heel stick. Should be done before/during/after
scores. Shortens recovery. Enhances parental the procedure and contraindicated in infants with poor
participation. skin integrity.

Heel Warming Lowers HR and pain scores; reduces crying and shortens | Used before a heel stick to improve blood flow and

reduce pain. Safe in preterm neonates.
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The diversity of study populations adds further complexity: preterm and term infants respond differently to tactile
interventions, such as swaddling, with preterm neonates showing weaker analgesic effects due to immature motor
control. However, research focusing on critically ill infants or those with congenital conditions remains scarce, limiting
generalizability to real-world clinical scenarios.”” Outcome measures are also inconsistently reported, with some studies
relying solely on behavioral scales (eg., NIPS, PIPP-R). In contrast, others prioritise physiological parameters (such as
heart rate and oxygen saturation), while only a fraction incorporates neurobiological markers (including cortisol levels
and cerebral oxygen saturation). A 2021 review of kangaroo care, for instance, found that just 30% of studies reported
both pain scores and physiological stability data, creating a fragmented evidence base that undermines the scientific

validity of cross-study comparisons.’®

Inconsistencies in Research Findings
The efficacy of NPIs in neonatal pain management often yields conflicting results due to sample size limitations,
heterogeneous study environments and individual neonatal variability. Most studies are underpowered, with 70% of
white noise research enrolling fewer than 100 infants, which may mask actual effects or inflate statistical noise.”” For
instance, a small trial with 50 participants failed to detect the impact of 50 dB white noise on regional cerebral oxygen
saturation. In contrast, larger subsequent studies demonstrated its ability to stabilise physiological parameters in preterm
infants.”®

Study environment disparities further contribute to inconsistency, as baseline NICU noise levels (40-70 dB), nursing
practice variations (eg., clustered vs. fragmented procedures) and differing conditions can modulate intervention out-
comes. Kangaroo care, for example, reduces pain scores by 30% in quiet NICUs but shows diminished efficacy in noisier
settings, illustrating how environmental context influences results.”® Individual differences in gestational age, neurolo-
gical maturity and genetics also play key roles. Preterm infants respond less to oral sucrose due to immature taste
receptors, while term infants exhibit greater sensitivity. Genetic variations in pain thresholds mean that some neonates
experience significantly smaller reductions in crying than the average, even with identical exposure to white noise.

These factors create wide-ranging outcomes—for example, the reported pain score reductions from combining non-
nutritive sucking with oral glucose vary by 15%—40% across studies, reflecting the complex interplay between individual
and environmental factors. Such inconsistencies hinder clinical translation and highlight the need for methodologically
robust research. Future studies should employ multicenter, large-sample designs to control for environmental variables
and conduct stratified analyses by neonatal characteristics (such as gestational age and health status), enabling the
accurate determination of intervention efficacy and the identification of applicable populations to advance evidence-based
practice.

Future Research Directions

Optimisation of Intervention Protocols
The significant heterogeneity and inconsistent findings in current non-pharmaceutical intervention research necessitate
large-scale, multicenter randomised controlled trials (RCTs) to strengthen the quality of the evidence. These studies
should enrol diverse populations, including preterm and term infants, as well as healthy and critically ill neonates, with
sample sizes exceeding 500 to ensure generalizable results across clinical contexts. For intervention parameter optimiza-
tion, dose-gradient designs are essential: for example, in white noise studies, comparing 45 dB, 50 dB and 55 dB volumes
initiated 1, 3 and 5 minutes before procedures and sustained for 2 minutes afterward, while measuring differences in pain
scores, physiological markers (heart rate, oxygen saturation) and behavioral responses (crying duration, facial grimacing)
to establish “dose-response” relationships. Similarly, oral glucose interventions require a systematic exploration of 20%,
25% and 30% concentrations at doses of 0.2 mL/kg, 0.5 mL/kg and 1 mL/kg, with a particular focus on gastrointestinal
tolerance in preterm infants to define safe and effective dosage boundaries.

Cost-benefit analysis is equally critical for clinical translation, requiring the quantification of resource inputs—such as
white noise device procurement, nursing time for kangaroo care, or materials for positional support—and outcomes,
including reduced stress-related complications (eg., stress ulcers), shortened NICU stays and lower parental anxiety
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scores. For instance, decision-tree modelling might demonstrate that although kangaroo care adds 15 minutes of nursing
time per procedure, it reduces pain-induced oxygen desaturation by 20% in preterm infants, potentially decreasing
ventilator use and saving approximately 3000 yuan per case in cumulative medical costs. Such analyses will guide
healthcare systems in prioritising high-value interventions that balance efficacy, feasibility and economic sustainability,
bridging the gap between research evidence and bedside implementation in neonatal pain management.

In-Depth Mechanistic Insights into Interventions

Unravelling the central nervous system mechanisms of NPIs through neuroimaging and molecular biology represents
a critical frontier in understanding these interventions. Near-infrared spectroscopy (NIRS) enables real-time monitoring
of oxyhemoglobin changes in pain-related brain regions, such as the prefrontal cortex and insula, revealing whether
interventions like white noise reduce pain perception by enhancing prefrontal blood flow (attenuating cognitive proces-
sing of pain) or dampening insular activation (blunting emotional pain responses). Functional magnetic resonance
imaging (fMRI) can dynamically map how kangaroo care modulates limbic structures, such as the amygdala and
hippocampus, potentially via maternal odor recognition, to activate oxytocin pathways and inhibit the hypothalamic-
pituitary-adrenal (HPA) axis stress response. This provides a neurobiological basis for its calming effects.
Electroencephalography (EEG) measures changes in brainwave patterns (eg., 8 waves during sleep, p waves during
wakefulness) to elucidate how auditory interventions, such as maternal voice, enhance pain tolerance by regulating neural
oscillations associated with stress and attention.

Long-term studies on neural plasticity aim to track structural brain changes induced by early interventions, such as
whether frequent kangaroo care in preterm infants promotes prefrontal cortex thickness, linked to improved later
cognitive function, or if oral sucrose alters synaptic connections in the gustatory cortex, potentially shaping childhood
taste preferences. By integrating animal models (eg., neonatal rat pain models) with human cohort studies, researchers
can explore epigenetic mechanisms—such as DNA methylation and histone modifications-that underlie NPIs’ influence
on neurodevelopmental trajectories. These investigations seek to establish causal links between early pain management
and long-term neural health, providing a scientific foundation for developing “neuroprotective analgesia” strategies that
not only relieve acute pain but also safeguard long-term brain development in vulnerable neonates.

Development of Individualised Intervention Systems

Constructing personalised intervention strategies based on neonatal characteristics- including gestational age, birth
weight, genetic susceptibility and pain phenotype is crucial for overcoming the limitations of “one-size-fits-all”
approaches. This requires first establishing a multidimensional assessment framework that integrates genetic testing
(eg., identifying OPRM1 gene A118G polymorphism associated with pain sensitivity), physiological metrics (baseline
heart rate variability, cortisol levels) and behavioral observations (intensity of limb movement, crying duration during
pain) to classify neonates into “high-reactant” or “low-reactant” pain subgroups. For example, extremely preterm infants
(<28 weeks gestation, often high-reactant) might receive a tailored protocol combining 30 minutes of kangaroo care,
0.3 mL/kg of 25% glucose and moderate limb swaddling, with intervention intensity dynamically adjusted using real-
time cerebral oxygen saturation (rScO,) feedback—automatically increasing white noise volume to 55 dB if rScO, drops
by >15% to maintain neural stability.

Technological integration plays a pivotal role in realising this vision, with machine-learning-driven intelligent
systems capable of analysing real-time sensor data (such as heart rate, oxygen saturation and body movement) to
generate personalised intervention recommendations. These systems could autonomously suggest optimal combinations
—such as non-nutritive sucking, maternal voice and curled positioning—and remotely control connected devices (eg.,
adjusting white noise generators in incubators or adjusting the tightness of smart swaddling) through IoT platforms. For
complex procedures like endotracheal suctioning, closed-loop systems that integrate pre-procedure risk prediction (using
NIRS to anticipate cerebral oxygen desaturation), real-time intervention modulation and post-procedure efficacy assess-
ment would ensure synchronised activation of tactile, gustatory and auditory stimuli at the moment of noxious
stimulation, maximising inhibition of pain signal transmission. By aligning interventions with each neonate’s unique
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biological and behavioral profiles, this individualised approach promises to transform neonatal pain management from
empirical practice to precision care, enhancing both acute pain relief and long-term neurodevelopmental outcomes.

Conclusion

Non-pharmacological interventions (NPIs) are a cornerstone of modern neonatal pain management, providing safe and
developmentally appropriate strategies to mitigate both immediate and long-term consequences of procedural pain in
vulnerable infants. By engaging multisensory pathways, including auditory, oral-tactile, tactile and positional mechan-
isms, these interventions effectively reduce pain perception, stabilise physiological stress responses and support neuro-
development, often showing synergistic benefits when combined. Despite their promise, clinical implementation is
challenged by methodological inconsistencies, limited long-term outcome data and variability in intervention protocols.
To advance NPIs from empirical use to precision strategies, specific clinical recommendations include standardising
protocols for widely used interventions (such as oral sucrose/glucose dosing, kangaroo care duration and auditory
stimulation) and integrating multimodal approaches tailored to gestational age and neonatal condition. Research priorities
should focus on large-scale multicenter RCTs to determine optimal intervention parameters, long-term neurodevelop-
mental outcomes and mechanistic studies using neuroimaging and molecular tools to guide individualised care. The
development of intelligent, sensor-driven systems to personalise interventions in real time could further enhance efficacy
and safety. By addressing these gaps, NPIs can be optimised not only to alleviate acute procedural pain but also to
safeguard neurodevelopment, ultimately promoting evidence-based, precision and neuroprotective care that improves
comfort and clinical outcomes in this most vulnerable population.
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