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Abstract
Objectives: Adequate postoperative pain management is crucial in pediatric patients undergoing cardiac surgery because pain
can lead to devastating short- and long-term consequences. This review discusses the limitations of current postoperative pain
assessment and management in children after cardiac surgery, the obstacles to providing optimal treatment, and concepts to
consider that may overcome these barriers. Data Source: MEDLINE and PubMed. Conclusions: Effective pain management in
infants and young children undergoing cardiac surgery continues to evolve with innovative methods of both assessment and therapy
using newer drugs or novel routes of administration. Artificial intelligence– and machine learning–based pain assessment and patient-
tailored management in both pain measurement and prevention are already being integrated into the routine of current practice.
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Introduction

Congenital cardiac malformations account for almost one-third

of all congenital anomalies and nearly 1% of all live births.

According to the Centers for Disease Control and Prevention,

nearly 40 000 babies are born with congenital cardiac malfor-

mation every year in the United States.1 As the field of pedia-

tric and congenital cardiac surgery rapidly advances, and the

boundaries of age, weight, and anatomy are constantly

extended, postoperative analgesia and sedation regimens

remain limited in assessment tools and agents and by compli-

cations and sequelae (eg, withdrawal syndrome, bowel failure,

and potential contributor to adverse neurodevelopment). Ade-

quate postoperative sedation and pain management is crucial in

these patients because pain can lead to devastating short- and

long-term consequences due to insufficient compensatory

mechanisms to respond adequately to pain-related hemody-

namic changes. Inadequate analgesia or sedation is a potential

instigator of pulmonary hypertensive crisis in this population.

Tachycardia may evolve into hemodynamically compromising

tachyarrhythmia, hypertension may represent a critical and

intolerable increase in ventricular afterload or may complicate

hemostasis, and hypoxia may be profound if the child has

cyanotic heart disease or intermittent right-to-left shunting.2

Obstacles and Barriers Affecting
Postoperative Pain Management

Proper assessment of pain in children is challenging and

time-consuming and requires experience and dedication.

Clinician-associated barriers to adequate pain relief in the

intensive care unit (ICU) patients include knowledge deficits;

low prioritization; failure to assess, acknowledge, or evaluate

treatment effects; plus attitudes and biases related to pain

relief and communication difficulties.3 Van Hulle et al found

that pediatric nurses, who must rely on infants’ and young

patients’ behavior, continue to rely on behavior more than the

child’s self-report to judge pain as compared to older children

(>4 years of age) who are clearly able to report their pain levels.

Researchers found that pediatric nurses consistently
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administered amounts of analgesics that were substantially less

than those recommended by national standards and less than

amounts available by physician order.4

A review by Sng looking at children’s experiences of post-

operative pain management indicated that children, parents,

and nurses play important roles in pediatric postoperative pain

management by fulfilling the different needs of children. Chil-

dren can participate more actively in their own pain manage-

ment, either by themselves or by their caregivers, because they

can articulate, identify, and rate their pain. Improvements in

many areas of current practice could provide better pediatric

pain management. Providing educational programs for chil-

dren, parents, and nurses is necessary and important to equip

them with knowledge of pharmacological and nonpharmacolo-

gical strategies for children’s postoperative pain management.5

Other than the cardiovascular intensive care unit (CVICU)

personnel and conditions, there are patient-related barriers that

are not influenced by medical condition. A review by Rahim-

Williams et al indicated that biology, psychology, culture, and

environment contribute to ethnic group differences in pain

responses. Further research that continues to identify and elu-

cidate mechanisms underlying ethnic group differences will

lead the way to reducing ethnic disparities in pain and improv-

ing pain management for all individuals.6

Although protocols for both pain and sedation management

are considered a goal, previous attempts to support the use of

such protocols are inconsistent. Several studies and reviews

have been published over the last 5 years providing only some

evidence in favor of protocolized sedation and pain manage-

ment in the pediatric ICU.7-10 Several clinical trials that are

being conducted to support the use of pain and sedation proto-

cols in this population were found by searching ClinicalTrials.

gov, a database of privately and publicly funded clinical studies

conducted around the world and runs by the National Institute

of Health and the US National Library of Medicine (https://

clinicaltrials.gov/).

van Dijk and colleagues were concerned that protocols are

perhaps too rigid because they are developed for the acute

phase and do not apply to the long-stay ventilated patients.

These patients may experience an accumulation of conditions

such as iatrogenic withdrawal syndrome and/or delirium,

which makes it difficult to decide on the correct pharmacologic

treatment. Complementary to unit-based protocols, it might be

more effective to add individualized daily goals for pain man-

agement and sedation.11

In adults managed in mixed ICUs and CVICUs, pain edu-

cation programs and pain management protocols have reduced

pain scores. In a recent study by van Gulik et al, they evaluated

adherence to a previously implemented pain management pro-

tocol in adult patients undergoing cardiac surgery. Adjustment

of continuous infusions of morphine on pain scores and reas-

sessment of pain after unacceptably high pain scores were poor.

Even with an accepted pain management protocol, adherence

to all steps was hard to achieve.12

Despite the abovementioned practical limitations, providing

comfort and minimizing anxiety, fear, and distress in

postoperative infants and children are an important part of the

daily practice of the CVICU personnel. This special population

deserves consistent, ongoing assessment, and reassessment of

interventions to confirm the best possible treatment for pain,

distress, and inadequate sedation using the existing evaluation

instruments followed by both pharmacologic and nonpharma-

cologic interventions. Clinicians are recommended to select a

validated and reliable assessment instrument and the decision

should always be driven by interpreting factors related to the

context of the patient, environment, and response to therapies.

Other factors should be considered like the ease of use, com-

plexity of the tool, and the time it takes to complete the assess-

ment. All staff working on the CVICU should be trained in the

application of these instruments and their outcomes should be

integrated in treatment decision trees with evidence-based rec-

ommendations for pharmacologic treatment in pediatric

patients.

The Future of Pain Assessment in Pediatric
Patients Following Cardiac Surgery

The major limitation of pain assessment in children arises from

the definition itself, assessment rather than measurement.

Although validated clinical or composite scoring tools, mainly

the COMFORT-B scale, visual analog scale (VAS), and the

Numeric Rating Scale are widely in use, interpretation of some

scores can be problematic because of poor validation in neo-

nates and infants after cardiac surgery. Moreover, items for

rises in blood pressure and heart rate are less useful in children

after cardiac surgery because of the use of inotropic agents.13

The COMFORT-B scale addressed this particular concern by

removing the physiologic parameters of heart rate and blood

pressure from the score. In a prospective study evaluating the

reliability and validity of the Cardiac Analgesic Assessment

Scale (CAAS) as a postoperative pain instrument for children

aged 0 to 16 years after cardiac surgery, Suominen et al showed

that the CAAS significantly reflected changes in pain status

over time but did not correlate well with VAS.14

The subjective nature of assessment should be directly

addressed when developing novel algorithms and monitors.

Developing an objective pain assessment tool therefore needs

to ensure that methodology is both sensitive and specific to

pain. Cowen et al15 reviewed the most promising novel objec-

tive pain monitors. Analgesia nociception index (ANI, Physio-

doloris; Metrodoloris, Loos, France) is a noninvasive tool

based on analysis of the respiratory fluctuations of heart rate

that mainly reflects the variability in parasympathetic tone.16

The respiratory variability of heart rate, which decreases during

a nociceptive stimulation, has significant correlation with pain

intensity.16,17 There are limited data regarding the applicability

of this tool in the pediatric population,18,19 but it has been

suggested that the relative parasympathetic tone, as assessed

by ANI monitoring, is consistently related to pain intensity

during the recovery phase after procedures under general

anesthesia in children.20
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The nociception level (NOL) index (Medasense Biometrics

Ltd, Ramat Gan, Israel) is a multiparameter nonlinear combi-

nation of heart rate and variability, amplitude of the finger

photoplethysmogram, skin conductance level and fluctuations,

and their time derivatives. The NOL index was reliable at

differentiating nociceptive from non-nociceptive conditions,

unaffected by the hemodynamic effects of increasing concen-

trations of the anesthetic agent.21

Concerned by the possibility that heart rate variability will

be altered by the infusion of vasoactive agents, which is com-

mon in pediatric patients after cardiac surgery, Wodey et al

evaluated the likelihood of distinguishing the effect on heart

rate between an intravascular epinephrine infusion and a pain-

ful stimulus, using heart rate variability and beat-to-beat anal-

ysis of heart rate. A lower increase in heart rate produced by

epinephrine than by painful stimulus was shown. T-wave

amplitude increased significantly after epinephrine but not

after painful stimulus. Sixty seconds after the first change in

heart rate, a secondary decrease (in comparison to control

value) was detected with epinephrine in contrast to the painful

stimulus. Using detection of the secondary decrease of heart

rate 60 seconds after the first change in heart rate, sensitivity,

specificity, and positive and negative predictive values were

96%, 100%, 100%, and 96%, respectively, allowing us to dis-

tinguish the effects of a painful stimulus from those related to

the epinephrine infusion.22

An ongoing trial that evaluates the assessment of pain in

newborns and older infants (Infant Pain Assessment Study,

NCT03330496) is being led by Stanford University, Tel Aviv

University, and Autonomous Healthcare, Inc. By using

machine learning algorithms to assess acute pain in nonverbal

infants, the investigators aim to develop a multimodal pain

assessment system that provides an objective measure of pain

that is context dependent and rater independent, using sensor

fusion and novel machine learning algorithms, which will

allow continuous pain monitoring in real time.23

In the last several years, there has been increasing interest in

the use of machine learning for understanding human beha-

vioral responses corresponding to pain/distress based on anal-

ysis of facial expressions, body or head movements, and sound

signals. Several other studies have shown that machine-based

systems can be used to detect and analyze physiological

changes associated with pain such as pupil dilation, changes

in skin color, and changes in the regional cerebral hemody-

namic. Zamzmi et al24 reported methods to analyze infants’

crying sounds, facial expressions, and body movements for the

purpose of developing an automated multimodal machine-

based pain assessment system. The average accuracy of esti-

mating infants’ level of crying was around 88%. Combining

crying sounds with facial expression, body motion, and vital

signs for classifying infants’ emotional states as no pain or

severe pain yielded an accuracy of 96.6%. The reported results

demonstrate the feasibility of developing an automated system

that integrates multiple pain modalities for pain assessment in

infants.24 Zhi et al25 proposed automatic infants’ pain assess-

ment by the dynamics of temporal facial representations of

both geometry and appearance with decision fusion utilization

for multifeature combination. Facial configuration descriptors,

head pose descriptors, and gradient descriptors were extracted

from the time series of frame-level features. The dynamic

facial representation and fusion scheme were successfully

applied for infant pain assessment expressing excellent corre-

lation with the Neonatal Infant Pain Scale. The effects of var-

ious factors that influence pain reactivity in infants, such as

individual variables of gestational age, gender, and race were

also investigated. It was found that gestational age is the most

influencing factor for infant pain assessment.

The main limitation of these cutting-edge instruments, espe-

cially for the low-middle-income countries, is their cost. As

using inexpensive, but appropriate, substitutes for costly med-

ical equipment is a way to establish critical care services, use of

low cost, simple technologies, and techniques early in the

development of critical care can be lifesaving and improve

quality of care in a sustainable long-term manner. Prioritizing

equipment needs based on cost-effectiveness will make the use

of automated multimodal machine-based pain assessment sys-

tem unlikely in these limited resources countries.

Adverse Effects of Current Pain
Pharmacotherapy

Opioids remain the central class of agents for the initial post-

operative pain management, while there are several concepts

that should be well acknowledged in regard to opioids admin-

istration. A growing body of basic and animal evidence sug-

gests potential long-term harm associated with neonatal opioid

therapy. Morphine increases apoptosis in human microglial and

neuronal cells, and animal studies have demonstrated long-

term changes in behavior, brain function, and spatial recogni-

tion memory following morphine exposure.26 In children

younger than 3 years of age, repeated morphine exposure modi-

fies the synaptic neuroplasticity in postsynaptic sites of the

limbic system, which leads to persistent effects on the reorga-

nization of synaptic connections in areas that regulate motiva-

tion, reward, and learning throughout adult life; these changes

are permanent and remain even after removal of morphine.27

In the NEurologic Outcomes and Preemptive Analgesia in

Neonates trial (898 patients), which examined the impact of

morphine on acute brain injury in mechanically ventilated pre-

term infants, subgroup analyses revealed an increase in the

incidence of intraventricular hemorrhage, periventricular leu-

komalacia (PVL), or death associated with randomized and

open-label morphine.28

McPherson et al retrospectively evaluated 103 infants born

at gestational age of �30 weeks for total fentanyl exposure

prior to term equivalent age. All infants underwent magnetic

resonance imaging at term equivalent age. Seventy-eight (76%)

infants received fentanyl (median cumulative dose 3 mg/kg,

interquartile range: 1-441 mg/kg). Cumulative fentanyl dose

in the first week of life correlated with the incidence of cere-

bellar hemorrhage after correction for covariates (odds ratio:

2.1, 95% confidence interval [CI]: 1.1-4.1). Cumulative

Pollak et al 3



fentanyl dose before term equivalent age correlated with

reductions in transverse cerebellar diameter after correction for

covariates including the presence of cerebellar hemorrhage

(r ¼ 0.461, P ¼ .002).29

Furthermore, in December 2016, the US Food and Drug

Administration (US FDA) issued a Drug Safety Communica-

tion, warning that, “repeated or lengthy (ie, over 3 hours) use of

general anesthetic and sedation drugs during surgeries or pro-

cedures in children younger than 3 years of age or in pregnant

women during their third trimester may adversely affect the

development of children’s brains.”30 Anesthetics primarily

modulate 2 major neurotransmitter receptor groups, either by

inhibiting N-methyl-D-aspartate (NMDA) receptors or conver-

sely by activating gamma aminobutyric acid (GABA) recep-

tors. Both of these mechanisms inhibit excitatory activity of

neurons in the developing brain, which is more sensitive to

disruptions in activity-dependent plasticity. This transient inhi-

bition may have long-term neurodevelopmental conse-

quences.31 As the combined administration of an opioid and

a sedative agent in this population is common, the risks and

benefits of opioid analgesia should be considered carefully.2

Perioperative Pain Management: A Lesson
From the Adult Population

Several analgesic agents have been used for postoperative pain

management in adults following cardiac surgery. Although

some of these agents have been used in the pediatric popula-

tion, their use was limited and mostly for off-label indications.

There are no recommendations for their use in the pediatric

postcardiac surgery population and their safety and efficacy

are yet to be evaluated.

Magnesium

Magnesium is the second most common intracellular ion with

an important role in homeostasis. Magnesium is a crucial ele-

ment for the function of enzymes, neurotransmission, and cell

signaling.32 Animal studies have demonstrated that magnesium

is an antagonist of NMDA glutamate receptors, which can alter

the perception and duration of pain.33 De Oliveira et al34 eval-

uated whether magnesium administration should be considered

a strategy to mitigate postoperative pain in surgical patients.

They reviewed the published literature between 1996 and 2011

on perioperative systemic magnesium administration and

found 20 randomized clinical trials consisting of 1257 patients.

The weighted mean difference (99% CI) of the combined

effects favored magnesium over control for pain at rest (�4

hours, �0.74 [�1.08 to �0.48]; 24 hours, �0.36 [�0.63 to

�0.09]) and with movement (24 hours, �0.73 [�1.37 to

�0.1]). Opioid consumption was largely decreased in the sys-

temic magnesium group compared with control, weighted

mean difference (99% CI) of �10.52 (�13.50 to �7.54) mg

morphine intravenous (IV) equivalents. None of the studies

reported clinical toxicity related to toxic serum levels of mag-

nesium. They concluded that systemic perioperative

administration of magnesium reduces postoperative pain and

opioid consumption.34 Adverse effects seen with magnesium

sulfate include adverse neuromuscular function and flushing

(IV, dose related), hypotension (IV, rate related), and vasodila-

tion (IV, rate related).

Gabapentinoids

Pregabalin (Lyrica; Pfizer, Inc, NYC, NY, USA) is a b-isobutyl

of GABA with chemical similarity to gabapentin. Pregabalin

binds to the alpha-2-delta (a2d) subgroup of calcium channels,

thereby reducing excitatory neurotransmitter release and pre-

venting hyperalgesia and central sensitization. Although not

FDA approved for children younger than 17 years, several

off-label studies have examined its safety and tolerability.

Compared to gabapentin, pregabalin seems to have more potent

analgesic effects with fewer adverse effects. Pregabalin is used

as an anticonvulsant but has also been used as an analgesic for

neuropathic pain and, lately, for postoperative pain, in an

attempt to reduce opioid consumption and prevent progression

to chronic pain. In addition, there is evidence that pregabalin

confers an opioid-sparing effect in patients undergoing cardiac

surgery. Ninety-three cardiac surgery patients were randomly

assigned to 3 groups (placebo, pregabalin 75 mg, and pregaba-

lin 150 mg). Patients receiving pregabalin required fewer mor-

phine boluses and had lower pain scores at 8 hours and 3

months and lower morphine consumption at 8 and 24 hours.

The percentage of patients with sleep disturbances or requiring

analgesics was lower in the pregabalin group and even lower

with higher pregabalin dose 3 months after surgery.35 After

publishing their results of modest opioid-sparing effect in post-

operative pregabalin treatment, Myhre et al report the results of

cognitive testing from this same trial. An extensive battery of

cognitive tests was administered before surgery, 24 hours after

surgery, and 3 to 5 days after surgery. On tests of spatial work-

ing memory and executive function tasks, pregabalin recipients

made significantly more errors than placebo recipients at 24

hours, associating pregabalin with some adverse effects on

cognition.36

As previously mentioned, the use of pregabalin in the pedia-

tric population is limited and consists of off-label indications.

The use of GABA receptor antagonists during brain develop-

ment period has also raised some significant concerns, as a2d-1

is involved in excitatory synapse formation and the proposed

therapeutic mechanism of such agents is by blocking new

synapse formation.37

In 2017, Sacha et al38 described their experience with

gabapentin in the neonatal ICU. Twenty-two patients received

gabapentin and were included in the study. The average gaba-

pentin starting dose was 10.2 mg/kg/d, with maximum doses up

to 25.5 mg/kg/d. The median Neonatal Pain, Agitation and

Sedation Scale (N-PASS) score at gabapentin therapy initiation

was 3.1, and after gabapentin initiation, the last N-PASS score

documented was 0 in all but 5 patients. Gabapentin use reduced

the need for analgesics or sedatives. The drug was well
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tolerated, and only 1 patient experienced an adverse reaction to

gabapentin (nystagmus).

Edwards et al reported on the use of gabapentin for the

treatment of term and preterm infants with suspected visceral

hyperalgesia caused by a variety of neurologic and gastroin-

testinal morbidities. Improved feeding tolerance and decreased

irritability were seen, as well as decreased usage of opioids and

benzodiazepines. Adverse events occurred with abrupt discon-

tinuation of this medication. Cardiovascular adverse effects of

gabapentinoids include fluid accumulation and peripheral

edema and should be used with caution in patients with con-

gestive heart failure.39

Serotonin–Norepinephrine Reuptake Inhibitors

Serotonin–norepinephrine reuptake inhibitors (SNRIs) act pri-

marily on serotonergic and noradrenergic neurons and were

originally indicated for depressive and anxiety disorders. Some

promising recent trials of SNRIs for postsurgical pain have led

to considerable enthusiasm for this indication; however, closer

attention to risk–benefit considerations is needed given the

potential for safety problems.40 Wang et al compared bicifa-

dine to aspirin and placebo in 100 patients after abdominal or

orthopedic surgery and both bicifadine (at 150 mg only) and

aspirin were superior to placebo.41 Porter et al conducted a

similar trial comparing bicifadine to codeine and placebo fol-

lowing lower limb orthopedic surgery and found bicifadine to

be of no benefit.42 In a study of total knee arthroplasty by Ho

et al, duloxetine failed to separate from placebo for pain out-

comes but did demonstrate a reduction in morphine require-

ments after surgery.43 Venlafaxine was compared to

gabapentin and placebo by Amr and Yousef in patients under-

going partial or radical mastectomy. No venlafaxine-placebo

differences were reported for pain at rest; however, pain with

movement was reduced on the 7th to 10th postoperative days,

and use of postoperative analgesics (codeine and paracetamol)

on postoperative days 2 to 10 was reduced in the venlafaxine

group.44

Hypertension, palpitations, and vasodilation, primarily hot

flashes, have been experienced in patients on venlafaxine dur-

ing clinical trials. Slight prolongation of the corrected QT inter-

val was also reported. There is no published data in pediatric

patients regarding analgesic properties of these agents and their

use for depression and/or anxiety in the pediatric population is

an area of controversy.45 Furthermore, in a meta-analysis of

efficacy and safety of selective serotonin reuptake inhibitors

(SSRIs) and SNRIs among children and adolescents, Locher

et al have found that patients receiving any antidepressant

reported more treatment-emergent adverse events, severe

adverse events, and study discontinuation compared with those

receiving placebo, which is in line with other meta-analyses

reporting increased suicidality (odds ratio, 2.39; 95% CI, 1.31-

4.33), suicidal ideation, and suicide attempts (risk difference:

antidepressant vs placebo, 0.7%; 95% CI, 0.1%-1.3%) in chil-

dren and adolescents receiving SSRIs and SNRIs compared

with placebo. This finding is mainly due to the large amount

of significant SSRI studies, although patients receiving SNRIs

reported significantly more severe adverse events than did

those receiving placebo. Thus, the results support concerns

about the safety of antidepressants in children and

adolescents.46

Cannabinoids

Within the last decades, cannabinoids-based therapy has found

many applications including anti-inflammatory and analgesia.

Wong and Wilens systematically reviewed the literature of

medical cannabinoids in children and adolescents. Among all

indications, evidence for benefit was strongest for

chemotherapy-induced nausea and vomiting, with increasing

evidence of benefit for epilepsy. There was insufficient evi-

dence to support use for spasticity, neuropathic pain, posttrau-

matic stress disorder, and Tourette syndrome. Additional

research is needed to evaluate the potential role of medical

cannabinoids in children and adolescents, especially given

increasing accessibility from state legalization and potential

psychiatric and neurocognitive adverse effects identified from

studies of recreational cannabis use.47 The 2 most studied exo-

genous cannabinoids include delta-9-tetrahydrocannabinol

(THC) and cannabidiol (CBD). Delta-9-tetrahydrocannabinol

is a partial agonist at both cannabinoid type 1 receptor (CB1R)

and cannabinoid type 2 receptor (CB2R) and likely achieves its

psychoactive properties through modulation of GABA and glu-

tamine. Delta-9-tetrahydrocannabinol appears to possess anti-

seizure activity but may be a proconvulsant in certain species.

Cannabidiol, however, does not appear to bind to either CB1R

or CB2R but does possess neuroprotective and anti-

inflammatory effects.48 Several possible mechanisms of CBD

have been proposed: inhibition of cyclooxygenase and lipox-

ygenase, inverse agonism at CB1R/CB2R, and enhancement of

the endocannabinoid anandamide.49 Because CBD is one of the

most abundant cannabinoids within cannabis resin and its

mechanism is still unclear, there is increased interest in the

possible clinical indications such as treating epilepsy, pain, and

inflammatory disorders. Recent studies have elucidated the role

of peripheral, spinal, and supraspinal sites in CB1R-dependent

analgesia.50

As noted, CBD possesses a neuroprotective effect. Neonatal

imaging and neuropathologic studies of patients with complex

congenital heart defects (CHD) undergoing infant surgical

intervention have revealed a high prevalence of PVL.51 Peri-

ventricular leukomalacia is a specific form of hypoxic–

ischemic white matter injury that commonly occurs in a vas-

cular watershed zone near the lateral ventricles. It is most often

observed in preterm neonates, who have had neurodevelop-

mental outcomes remarkably similar to those of term patients

with CHD. Studies have shown that PVL is related to neuro-

developmental delay in preterm infants.52-55 The endocannabi-

noid system responds early to neuronal damage, working to

prevent glutamate excitotoxicity and regulate the inflammatory

response. While there are no current human studies, results

from mice and pig models demonstrate that CBD can reduce
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the density of necrotic neurons and modulate cytokine

release.56,57

Thus, at least in theory, adjuvant cannabinoid treatment in

pediatric patients with CHDs undergoing cardiac surgery may

contribute in both pain management and neuroprotection. Fur-

ther studies are needed to facilitate this theory.

Future Perspectives

The future of pain management in postcardiac surgery pediatric

patients aims at 3 distinct goals: new targets for novel medica-

tions; improving existing treatment as in new synergistic com-

binations for known targets; and personalized, patient-tailored

treatment of pain based on physiognomic analysis and epige-

netics. Nerve block has been used as an effective treatment for

most pain conditions and relies on suppressing sodium chan-

nels. Human-validated analgesic targets such as the sodium

channels Nav1.7, Nav1.8, and Nav1.9 are of great interest for

the development of new pain pharmacotherapies. If specific

sodium channel subtypes are involved in particular pain

mechanisms, subtype-specific sodium channel antagonists

could, in theory, produce side effect-free pain treatment.58

Transient receptor potential vanilloid 1 (TRPV1) receptors

are present on the terminals of small high-threshold primary

afferents and, when activated by ligands such as resiniferatoxin

or capsaicin, will yield desensitization of the central (after

spinal delivery) or peripheral (after peripheral delivery) affer-

ent terminals expressing the channel, leading to a robust anti-

nociception. A further modality for targeting TRPV1 channels

takes advantage of the fact that, when activated, TRPV1 forms

a pore that is able to pass large charged molecules. Protonated

local anesthetic, QX314, which cannot normally enter the

axon, can pass through TRPV1 channels that have been opened

by TRPV1 agonists such as capsaicin and produce a selective

block of sodium channel function in the TRPV1 afferent

axons.59

A one-size-fits-all dosing regimen may lead to oversedation

or undersedation resulting in less efficacy or increased toxicity.

As clear individualized evidence-based dosing guidelines are

lacking, a wide variety can be expected in clinical practice.

Physiognomic analysis may allow translation of human genet-

ics into clinical practice. This approach for identifying the risk

of acute postsurgical pain would acknowledge patients’ indivi-

duality and diversity by applying and testing the emerging

knowledge of human pain genetics and pharmacogenomics into

clinical practice. For example, we may find that pediatric

patients with alleles associated with high pain sensitivity at

pain-relevant genes in experimental models and genetic altera-

tions in pharmacodynamic and pharmacokinetic genes report

more severe pain, require more opioid analgesics, and experi-

ence more analgesic adverse effects. We may find that pedia-

tric patients with a genetic predisposition for addiction suffer

long-term consequences from our altruistic efforts to relieve

their acute postsurgical pain. However, more clinical research

is needed to identify and characterize these relationships and

their relevance in pediatric patients.60 Potential genetic

markers for pain have been identified with over 400 distinct

genes that have nociceptive roles. A number of genes have

been identified where variation is associated with individual

variability in pain response. Experimental studies provide

strong evidence of correlation of genetic variants with differ-

ential pain sensitivity. Many of these genes (OPRM1, GCH1,

SCN9A, KCNS1, 5-HTTLPR, and TRPV1) associated with

variability in experimentally evoked pain response seem to

affect pain susceptibility in clinical populations as well. Per-

haps the most well-characterized “pain gene” is COMT. Varia-

tion within COMT is associated with experimental pain

responses to heat, cold, pressure, and mechanical stimuli. In

addition, COMT genotype is predictive of several pain-related

conditions among postsurgical pain.60

Goulooze et al proposed a quantitative systems pharmacol-

ogy (QSP) approach that will contribute toward a quantitative

understanding of the various interacting components that

underlie the variability in pain and treatment response. Quan-

titative systems pharmacology approaches can complement

molecular profiling techniques such as metabolomics, in the

search and development of novel biomarkers. Therefore, QSP

approaches will likely improve our ability to predict pain and

treatment response, paving the way for personalized treatment

of pain.61

Nonpharmacologic Pain Modulation

When treating postsurgical pediatric patients, efforts should

also be made to enhance the child’s surroundings as much as

possible. Parental presence should be encouraged, and parents

should be allowed to touch and hold their children as well as

talk to them. Music and dim lighting, when appropriate, can

assist in creating an environment that is soothing for both par-

ents and children. Access to close-to-natural light during the

day and darkness at night will reduce delirium prevalence and

improve restlessness symptoms and disorientation.

Hatem et al investigated the therapeutic effects of music in

children following cardiac surgery. They assessed 84 children,

aged 1 day to 16 years, during the first 24 hours after cardiac

surgery. A beneficial effect from music was found during the

postoperative period by means of vital signs (heart rate and

respiratory rate) and reduced pain score using the facial pain

scale.62 In a randomized controlled trial, Suresh et al found that

audio therapy was an efficacious adjunct method to decrease

postsurgical pain in children undergoing major surgeries.63 In a

meta-analysis of perioperative music interventions in pediatric

surgery, it was indicated that music interventions have positive

effect in reducing postoperative pain, anxiety, and distress in

children undergoing a surgical procedure.64

Conclusions

Effective pain management in infants and young children

undergoing cardiac surgery continues to evolve with innovative

methods of both assessment and therapy using newer drugs or

novel routes of administration. The one-size-fits-all paradigm
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should be abandoned as we are moving toward patient-tailored

management in both pain measurement and prevention, mini-

mizing oversedation or undersedation, resulting in less efficacy

or increased toxicity on one hand and maintaining hemody-

namic and respiratory stability on the other.
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Comparison of heart rate response to an epinephrine test dose and

painful stimulus in children during sevoflurane anesthesia: heart

rate variability and beat-to-beat analysis. Reg Anesth Pain Med.

2003;28(5):439-444.

23. US National Library of Medicine, ClinicalTrials. https://clinical

trials.gov/ct2/show/NCT03330496. Accessed July 30, 2018.

24. Zamzmi G, Pai CY, Goldgof D, et al. Automated pain assessment

in neonates. In: Sharma P, Bianchi FM, eds. Image Analysis. SCIA

2017. Lecture Notes in Computer Science, Cham, Switzerland:

Springer; 2017. Vol. 10270.

25. Zhi R, Zamzmi G, Goldgof D, et al. Automatic infants’ pain assess-

ment by dynamic facial representation: effects of profile view,

gestational age, gender, and race. J Clin Med. 2018;7(7):173.

26. Attarian S, Tran LC, Moore A, et al. The neurodevelopmental impact

of neonatal morphine administration. Brain Sci. 2014;4(2):321-334.

27. Beltran-Campos V, Silva-Vera M, Garcia Campos ML, et al. Effects

of morphine on brain plasticity. Neurologia. 2015;30(3):176-180.

28. Anand KJ, Hall RW, Desai N, et al. Effects of morphine analgesia

in ventilated preterm neonates: primary outcomes from the NEO-

PAIN randomized trial. Lancet. 2004;363(9422):1673e82.

Pollak et al 7

https://orcid.org/0000-0002-4575-3888
https://orcid.org/0000-0002-4575-3888
https://orcid.org/0000-0002-4575-3888
https://www.cdc.gov/ncbddd/heartdefects/data.html
https://www.cdc.gov/ncbddd/heartdefects/data.html
https://clinicaltrials.gov/ct2/show/NCT03330496
https://clinicaltrials.gov/ct2/show/NCT03330496


29. McPherson C, Pineda R, Rogers C, Neil JJ, Inder TE. Brain injury

and development in preterm infants exposed to fentanyl. Ann

Pharmacother. 2015;49(12):1291-1297.

30. US Food and Drug Administration Website. http://www.fda.gov/

Drugs/DrugSafety/ucm532356.htm. Accessed July 30, 2018.

31. Lee JH, Zhang J, Wei L, et al. Neurodevelopmental implications

of the general anesthesia in neonate and infants. Exp Neurol.

2015;272:50-60.

32. Fawcett WJ, Haxby EJ, Male DA. Magnesium: physiology and

pharmacology. Br J Anaesth. 1999;83(2):302-320.

33. McCarthy RJ, Kroin JS, Tuman KJ, et al. Antinociceptive poten-

tiation and attenuation of tolerance by intrathecal co-infusion of

magnesium sulfate and morphine in rats. Anesth Analg. 1998;

86(4):830-836.

34. De Oliveira GS Jr, Castro-Alves LJ, Khan JH, et al. Perioperative

systemic magnesium to minimize postoperative pain: a meta-

analysis of randomized controlled trials. Anesthesiology. 2013;

119(1):178-190.

35. Bouzia A, Tassoudis V, Karanikolas M, et al. Pregabalin effect on

acute and chronic pain after cardiac surgery. Anesthesiol Res

Pract. 2017;2017:2753962.

36. Myhre M, Jacobsen HB, Andersson S, Stubhaug A. Cognitive

effects of perioperative pregabalin: secondary exploratory analy-

sis of a randomized placebo-controlled study. Anesthesiology.

2019;130(1):63.

37. Eroglu C, Allen NJ, Susman MW, et al. The gabapentin receptor

a2d-1 is the neuronal thrombospondin receptor responsible for

excitatory CNS synaptogenesis. Cell. 2009;139(2):380-392.

38. Sacha GL, Foreman MG, Kyllonen K, et al. The use of gabapentin

for pain and agitation in neonates and infants in a neonatal ICU.

J Pediatr Pharmacol Ther. 2017;22(3):207-211.

39. Edwards L, DeMeo S, Hornik CD, et al. Gabapentin use in the

neonatal intensive care unit. J Pediatr. 2016;169:310-312.

40. Watson CP, Evans RJ, Reed K, et al. Amitriptyline versus placebo

in postherpetic neuralgia. Neurology. 1982;32(6):671-673.

41. Wang RI, Johnson RP, Lee JC, et al. The oral analgesic efficacy of

bicifadine hydrochloride in postoperative pain. J Clin Pharmacol.

1982;22(4):160-163.

42. Porter EJB, Rolfe M, McQuay HJ, et al. Single dose comparison

of bicifadine and placebo in postoperative pain. Curr Ther Res.

1981;30:156-160.

43. Ho KY, Tay W, Yeo MC, et al. Duloxetine reduces morphine

requirements after knee replacement surgery. Br J Anaesth.

2010;105(42):371-376.

44. Amr YM, Yousef AA. Evaluation of efficacy of the perioperative

administration of venlafaxine or gabapentin on acute and chronic

postmastectomy pain. Clin J Pain. 2010;26(5):381-385.

45. Garland EJ, Kutcher S, Virani A, et al. Update on the use of SSRIs

and SNRIs with children and adolescents in clinical practice.

J Can Acad Child Adolesc Psychiatry. 2016;25(1):1-10.

46. Locher C, Koechlin H, Zion SR, et al. Efficacy and safety of

selective serotonin reuptake inhibitors, serotonin-norepinephrine

reuptake inhibitors, and placebo for common psychiatric disor-

ders among children and adolescents. A systematic review and

meta-analysis. JAMA Psychiatry. 2017;74(10):1011-1020. doi:

10.1001/jamapsychiatry.2017.2432.

47. Wong SS, Wilens TE. Medical cannabinoids in children and ado-

lescents: a systematic review. Pediatrics. 2017;140(5):e20171818.

48. Baron EP. Comprehensive review of medicinal marijuana, canna-

binoids, and therapeutic implications in medicine and headache:

what a long strange trip it’s been. Headache. 2015;55(6):885-916.

49. Borgelt LM, Franson KL, Nussbaum AM, et al. The pharmaco-

logic and clinical effects of medical cannabis. Pharmacotherapy.

2013;33(2):195-209.

50. Pertwee RG. Cannabinoid receptors and pain. Prog Neurobiol.

2001;63(5):569-611.

51. Mahle W, Tavani F, Zimmerman R, et al. An MRI study on

neurological injury before and after congenital heart surgery.

Circulation. 2002;106(12 suppl 1):109-114.

52. Imamura T, Ariga H, Kaneko M, et al. Neurodevelopmental out-

comes of children with periventricular leukomalacia. Pediatr

Neonatol. 2013;54(6):367-372.

53. Fawer CL, Diebold P, Calame A. Periventricular leucomalacia

and neurodevelopmental outcome in preterm infants. Arch Dis

Child. 1987;62(1):30-36.

54. Miller SP, Ferriero DM, Leonard C, et al. Early brain injury in

premature newborns detected with magnetic resonance imaging is

associated with adverse early neurodevelopmental outcome.

J Pediatr. 2005;147(5):609-616.

55. Fernandez-Lopez D, Lizasoain I, Moro MA, et al. Cannabinoids:

well-suited candidates for the treatment of perinatal brain injury.

Brain Sci. 2013;3(3):1043-1059.

56. Castillo A, Tolon MR, Fernandez-Ruiz J, et al. The neuroprotec-

tive effect of cannabidiol in an in vitro model of newborn

hypoxic-ischemic brain damage in mice is mediated by CB2 and

adenosine receptors. Neurobiol Dis. 2010;37(2):434-440.

57. Pazos MR, Mohammed N, Lafuente H, et al. Mechanisms of

cannabidiol neuroprotection in hypoxic-ischemic newborn pigs:

role of 5HT(1A) and CB2 receptors. Neuropharmacology. 2013;

71:282-291.

58. Emery EC, Luiz AP, Wood JN. Nav1.7 and other voltage-gated

sodium channels as drug targets for pain relief. Expert Opin Ther

Targets. 2016;20(8):975-983.

59. Puopolo M, Binshtok AM, Yao GL. Permeation and block of

TRPV1 channels by the cationic lidocaine derivative QX-314.

J Neurophysiol. 2013;109(7):1704-1712.

60. Manworren RCB, Ruaño G, Young E. Translating the human

genome to manage pediatric postoperative pain. J Pediatr Surg

Nurs. 2015;4(1):28-39.

61. Goulooze SC, Krekels EHJ, van Dijk M. Towards personalized

treatment of pain using a quantitative systems pharmacology

approach. Eur J Pharm Sci. 2017. doi:10.1016/j.ejps.2017.05.027.

62. Hatem TP, Lira PIC, Mattos SS. The therapeutic effects of music

in children following cardiac surgery. J Pediatr (Rio J). 2006;

82(3):186-192.

63. Suresh BSS, De Oliveira GS Jr, Suresh S. The effect of audio therapy

to treat postoperative pain in children undergoing major surgery: a

randomized controlled trial. Pediatr Surg Int. 2015;31(2):197-201.

64. van der Heijden MJE, Araghi SO, van Dijk M, et al. The effects of

perioperative music interventions in pediatric surgery: a systema-

tic review and meta-analysis of randomized controlled trials.

PLoS One. 2015;10(8):e0133608.

8 Journal of Intensive Care Medicine XX(X)

http://www.fda.gov/Drugs/DrugSafety/ucm532356.htm
http://www.fda.gov/Drugs/DrugSafety/ucm532356.htm


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


