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Abstract

The advent of increasingly sophisticated medical technology, surgical interventions,
and supportive healthcare measures is raising survival probabilities for babies born
premature and/or with life-threatening health conditions. In the United States, this
trend is associated with greater numbers of neonatal surgeries and higher admis-
sion rates into neonatal intensive care units (NICU) for newborns at all birth weights.
Following surgery, current pain management in NICU relies primarily on narcotics
(opioids) such as morphine and fentanyl (about 100 times more potent than mor-
phine) that lead to a number of complications, including prolonged stays in NICU
for opioid withdrawal. In this paper, we review current practices and challenges for
pain assessment and treatment in NICU and outline ongoing efforts using Artificial
Intelligence (Al) to support pain- and opioid-sparing approaches for newborns in the
future. A major focus for these next-generation approaches to NICU-based pain
management is proactive pain mitigation (avoidance) aimed at preventing harm to
neonates from both postsurgical pain and opioid withdrawal. Al-based frameworks can
use single or multiple combinations of continuous objective variables, that is, facial
and body movements, crying frequencies, and physiological data (vital signs), to make
high-confidence predictions about time-to-pain onset following postsurgical seda-
tion. Such predictions would create a therapeutic window prior to pain onset for
mitigation with non-narcotic pharmaceutical and nonpharmaceutical interventions.
These emerging Al-based strategies have the potential to minimize or avoid damage

to the neonate's body and psyche from postsurgical pain and opioid withdrawal.
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1 | INTRODUCTION

For newborns of all birth weights in the United States, there is a
trend toward the increased likelihood of admission to the neonatal
intensive care unit (NICU).%? The availability of highly specialized
care for treatment of various healthcare emergencies raises the
probability that premature and sick infants will survive. However,
hospitalization of newborns for life-threatening illnesses requires
repeated episodes of acute and/or prolonged pain from surgery and
other types of tissue trauma.® A major challenge for the scientific
community is to mitigate the adverse effects of postsurgical pain on
newborns, given their inability to verbally express pain, the vulnera-
bility of their developing nervous system, and the effects of pain and
pain management on the structural and functional changes that take
place during the early neonatal period.

Before 1980, pain in newborns was for the most part discounted,
ignored, or under-treated* due to several factors, including the lack
of a working definition for pain in newborns; and, self-reporting as
the gold standard for pain assessment, which is clearly not possi-
ble for newborns in NICU where only indirect pain assessment is
possible.>® In contrast to assumptions that the undeveloped neural
pathways of newborns do not support the perception or recall of
perinatal pain, substantial basic and clinical research confirms that
pain triggers a range of chemical, behavioral, and morphological
changes in the neonate's developing nervous system.7'9 Recent stud-
ies using functional magnetic resonance imaging (fMRI) confirm that
pro-pain brain regions undergo similar activation patterns in infants
as in adults.'®*! Consistent with these findings is the evolutionary
notion that pain responses reflect the newborn's ability to adapt, as
needed, to ensure the organism's survival.

The categorical imperative for minimizing pain and its associ-
ated toxic stress in neonates is now self- evident.”*?¢ By 2010, the
most common drugs used to treat postsurgical pain and anxiety in
the NICU were the highly addictive narcotics (opioids) that require
prolonged withdrawal prior to discharge and a range of non-narcotic
benzodiazepines, barbiturates, ketamine, propofol, acetaminophen,
and local and topical anesthetics.!” Today, the opioids morphine and
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fentanyl, a fast-acting narcotic that are 20-40x and 100x more po-
tent than heroin and morphine, respectively, remain the cornerstone
drugs for the therapeutic management of postsurgical pain in NICUs
worldwide.'®

Preterm births account for about 15 million newborns world-
wide, or about 10% of all births®’ annually. In the United States, a
similar fraction of about 380 000 out of 3.8 million live births are
assessed early in terms of gestational age (<37 weeks) or low birth
weight (<2500 g).15'20 Preterm and term babies born with mild, mod-
erate, and serious healthcare issues typically spend their first weeks
after birth in the NICU. To some extent, remarkable though rare
technological achievements of the past four decades confer realis-
tic possibilities for survival even for preterm babies born as early as
23 weeks gestational age.™® Equally remarkable are the high costs for
this high survival rate in terms of days in the NICU, which average
about five days but in cases with severe complications can climb to
80 days and beyond.®?! In the United States, the financial costs for
NICU care of preterm births average about $78 000 per birth, or an
annual total cost of about $14 billion nationally.??

Figure 1 shows the number of babies (per 1000 births) in specific
regions of North America (United States, Canada) born from 2000 to
2014 with Neonatal Opioid Withdrawal Syndrome (NOWS). These

2326 show clear evidence of

data collected from different sources
increasing opioid addiction in mothers and cases of NOWS in their
babies. Though based on fewer and less comprehensive studies (data
not shown), the numbers of newborns with NOWS stayed stable or
diminished in England and Australia, respectively, during roughly the

same years (for more details, see?32%)

. Given the evidence showing
the harmful effects of opioid withdrawal to the developing brain,
as discussed in the following section, these trends emphasize the
importance to explore novel opioid-sparing strategies for the ther-
apeutic management of neonatal pain in NICU, especially those in
North America.

During the past four decades, animal and human studies have
documented the toxic stress of opioid exposure and withdrawal in ne-
onates. These studies indicate that opioids, which act by binding (stim-
ulating) the endogenous opioid receptors in the neonate's nervous

Opioid Addiction in North America
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system, cause a long-term and likely permanent disruption of devel-
oping newborn's brain structure and function, including reduced brain
volume; decreased neuronal packing density, and impaired dendritic
growth?’; impaired learning ability?®; and, reductions in locomotor ac-
tivity.?? As expected, opioid antagonists such as naltrexone that block
the mu receptor exert opposite effects—increases in brain size, den-
dritic arborization, and numbers of dendritic spines,3° indicating that
stimulation of opioid receptors by endogenous opioids (enkephalins
and endorphins) plays a critical role in neuronal differentiation, syn-
aptic pruning, and dendritic growth during early neurodevelopment.®*
Further studies in animals support the view that overuse of opioids has
long-term consequences on newborns®? in terms of a heightened risk

for neurodevelopmental abnormalities®®3°

including potential sex dif-
ferences with preterm males more vulnerable to aberrant neurodevel-
opment trajectories>® and preterm females more likely to experience
slowed brain development.3*%” Notably, these adverse neurodevelop-
mental effects add to other well-known nonanalgesic complications
of opioid treatment on postsurgical neonates, that is, reduced time to
feeding, constipation, sedation, respiratory depression, and nausea, as
well delays in wound healing.>3*® For instance, Rook et al®’ found that
the topical application of morphine gel resulted in delayed wound clo-
sure in animals in a dose-dependent manner.

Substantial evidence indicates that opioid-based treatments
of postsurgical pain in human newborns alter brain morphology
and disrupt at least some cognitive and sensorimotor domains in

1% reported differences at term-equivalent

later life. Ferguson et a
ages and during childhood in head circumference for 14 morphine-
treated and five placebo-treated children born at 23-32 weeks of
gestation. By 5-7 years, short-term memory was significantly worse
in children treated with morphine compared with those treated with
placebo.®> A recent neuroimaging study** in preterm infants (24-
32 weeks) found that greater neonatal exposure to morphine was
associated with smaller cerebellar volume than at term-equivalent
ages and that greater morphine exposure led to poorer cognitive
and motor outcomes in the same children at 18 months. Another
2018 study45 showed strong negative correlations between neona-
tal morphine exposure and volumes of pain-related brain regions,
total gray volume, and cerebral white matter at school age in children
born preterm at 26-36 weeks of gestation. In addition to morphine,
fentanyl also has disruptive effects on the brains of developing
newborns. In preterm infants (23-30 weeks), a higher cumulative
fentanyl dose was associated with a higher incidence of cerebellar
hemorrhage, as well as lower cerebellar diameter.*® However, this
study and another* found no relation between cumulative fentanyl
dose and developmental outcome assessed at two years of age. This
finding may be due to the fact that only general mental functioning
can be assessed at this young age. The various higher-order cogni-
tive functions of the cerebellum such as visuospatial processing, at-
tention, and executive functioning48 typically do not manifest before
school age.49 Longer-term neuropsychological follow-up of low and
very low birth weight children is critical for improving our under-
standing of the neurodevelopmental outcomes of early morphine

and fentanyl exposure on brain structure and function at later ages.

In sum, these findings support the adage, “the way it wires is the
way it fires,” since both pain and opioid exposure alter the develop-
ment of neuronal circuits in the developing neonate's brain, leading
to measurable changes in cognitive, sensorimotor, and addictive be-
haviors in later life.

This review outlines the current approaches for pain assess-
ment of newborns in NICU, highlights the particular challenges of
pain management following life-saving surgery in newborns, and
explores the potential uses of artificial intelligence (Al)-based frame-
works for understanding, assessing, treating, and averting postsur-
gical pain and opioid withdrawal. Like Al-based machine learning
models in current use for predicting weather and climate events,*®
Al frameworks can use single or multiple combinations of contin-
uous variables, for example, facial and body movements, crying
frequencies, and physiological data (vital signs) for reliable time-to-
pain onset, thereby creating a therapeutic window for interventions
with non-narcotic pharmaceutical and nonpharmaceutical methods.
For instance, acetaminophen (paracetamol) achieves analgesia in
neonates within minutes of administration by the IV (intravenous)
route.>! Recent prospective, randomized controlled trials report that
neonates and infants receiving intermittent IV acetaminophen re-
quired significantly less IV morphine following major cardiac®? and
noncardiac®® surgeries. With a 30-minute window warning of ensu-
ing pain, clinical staff could alert family as part of a “constellation”
of nonpharmacological interventions using individualized strate-
gies where possible. With the goal of staying ahead of the infants’
pain, this constellation of interventions can include, for instance,
sweet solutions (sucrose); music; holding; reassuring vocalizations;
acupressure; skin-to-skin contact (kangaroo care), and scent thera-
py.>457 When effective either alone or in conjunction with nonopi-
oid medications (IV acetaminophen or NSAIDs), such interventions
have the potential to mitigate damage to the neonate's developing
central and peripheral nervous systems caused by both pain and
withdrawal from opioid-based medications. In this way, early pain
detection (EPD) using Al-based frameworks in combination with a
priori opioid-sparing pain avoidance strategies could minimize or
avert damage caused by postsurgical pain and opioid withdrawal to
newborns in NICU.

Among the various options for addressing this need are contin-
uous monitoring and assessment of neonatal pain in NICU,’® novel
strategies for the therapeutic management of prolonged pain and ar-
tificial intelligence (Al)-based predictive approaches for pain avoid-
ance. This review outlines the current pain management strategies
in NICU, highlights the challenges associated with pain mitigation of
newborns, and explores the potential of Al using computer vision
and machine learning to improve our understanding, assessment,

treatment, and avoidance of neonatal pain in the future.

2 | PAIN TYPE AND INDICATORS

Routine care in the NICU requires newborns to undergo various injec-

3,14,59

tions and blood draws, the majority of which occur in the absence
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of analgesia medication.®® The majority of newborns in NICU undergo
multiple painful procedures®**5%612 for a range of purposes: diagnos-
tic (heel stick, venipuncture); therapeutic (bladder catheterization); and
surgical, including minor operations (circumcision) and major repairs
(intestinal atresia, ventricular-septal defect). This number rises precipi-
tously for babies born with potential health emergencies and leads to
the requirement of prolonged stays in the NICU.

Pain in newborns was initially categorized into three types: acute
procedural, acute prolonged, and chronic pain.®*%* Acute proce-
dural pain refers to short-term pain caused by a painful stimulus that
quickly dissipates (eg, immunization). Acute prolonged pain follows a
major surgery, such as omphalocele repair, and continues for a longer
period. Finally, chronic pain is recurrent pain, not associated with a
single event, which continues for a longer duration than prolonged
acute pain.

Several researchers have argued that this pain classification fails
to characterize the full spectrum of neonatal pain.®® Anand et al®’
proposed a more complete pain classification based on the temporal
features (onset and duration); subjective features (burning, piercing,
and shooting); secondary effects (hyperalgesia, allodynia); and re-
sponse pattern (behavioral and physiological). This revised scheme
includes five categories of neonatal pain: acute episodic, acute re-
current, prolonged, persistent, and chronic. An immediate benefit of
this classification is the ability for bedside clinicians to understand
the pain level and expected duration, thus allowing for personalized
therapeutic pain management in individual newborns, rather than
general treatment strategies across broad pain categories.

Pain indicators include both behavioral and physiological
signs.'*%° The major behavioral signs are facial expression, crying
patterns, sleeping patterns, body movements, and communica-
tion patterns. Physiological signs refer to various information from
bedside telemetry such as blood pressure, heart rate, respiration
rate, oxygen saturation, variations in skin color, and conductance-
based on signals of brain activity such as electroencephalography
(EEG). Among all the pain signs, facial expression is the most promi-
nent,%¢%8 but also the most difficult to translate into clinical practice,
especially for example in postoperative (acute prolonged) cases with
facial occlusions in place such as oxygen masks or surgical tapes.®””°
On the other hand, vital signs are the least specific because they
can be associated with other conditions such as inter- and intra-
individual variations of heart rate, noise, underlying disease, hunger,
or anger.68 Hence, a multimodal approach for pain assessment takes
better account of pain as a multimodal event.”*’? Further, this ap-
proach allows pain assessment during circumstances in which not all
pain indicators are available such as occlusions (prone position and
swaddling), clinical condition (eg, Bell's palsy), level of activity (eg,

physical exertion), and sedation.

3 | PAIN MEASUREMENT

At the bedside, pain in neonates is typically assessed by caregiv-

ers using subjective and nonlinear scales (+1, +2, +3...). However,

numerous difficulties arise in the interpretation of these semi-
quantitative data due to the lack of standardization and variable
training®® and numerous confounds such as premature birth.>’ The
next section outlines the range of subjective pain scales in current
use and introduces some more objective tools under development
for assessing and rating pain in newborns. We also discuss more ob-

jective and advanced technologies’®’273

using computer vision and
machine learning recently proposed to help standardize pain scales
using one or more modalities (face and body movements, crying fre-

quency, vital signs, EEG signals, etc).

3.1 | Subjective pain rating

At least 30 pain scales’*’> have been proposed for assessing new-
born pain by bedside caregivers, including general pain scales for
all newborns and others specifically designed for subgroups such
as preterm and term newborns. Broadly speaking, these pain scales
fall into either unimodal (one-dimensional) or multimodal (multidi-
mensional) groups.74 For instance, unimodal pain scales reflect a sin-
gle dimension such as facial expressions, crying patterns, or body
movements. Examples of unimodal pain scales are the Behavioral
Indicators of Infant Pain (BIIP)’¢; Liverpool Infant Distress Score
(LIDS)77 for preterm infants; Neonatal Pain Analyzer—ABC ana-
lyzer’® for term infants; ABC Pain Scale’”; Neonatal Facial Coding
System (NFCS)® for both preterm and term newborns; Children's
and Infant's Postoperative Pain Scale (CHIPPS)®L: and Faces Legs
Activity Cry Consolability Pain Scale (FLACC)®? for both infants
and children. As the name implies, multimodal pain scales combine
multiple indicators such as facial expression, physiological signs, and
crying sounds simultaneously. Examples of these multimodal scales
include Pain Assessment Scale for Preterm Infants (PASPI)®S for pre-
term infants; Neonatal Infant Pain Scale (NIPS)®*; Neonatal-Pain,
Agitation and Sedation Scale (N-PASS)®%; Crying, Requires oxygen,
Increased vital signs, Expressions and Sleepless (CRIES)®%; Premature
Infant Pain Profile (PIPP)® for both preterm and term infants; and,
COMFORT®® for newborns, infants and children. All these unimodal
and multimodal scales are valid for one or more types of pain (ie,
acute pain, prolonged pain, or both).

Considerable difficulties arise with the validation of these sub-
jective scales due to poor inter-rater agreement, especially for pre-
mature babies born at <29 weeks of gestation.’” A “faceless” acute

neonatal pain scale (FANS)®’

has been proposed for premature ba-
bies which does not depend on facial expression, though more work
is needed to confirm the reliability of this scale.>’

All subjective pain rating scales must address the difficulty in
generalizing their assessments across specific pain types and age
groups of newborns. Interactions arise, for instance, based on the
patient's age, type of painful stimuli, environment, and clinical condi-
tion, which can confound efforts to generalize a specific pain rating
scale across multiple patients.”* Again, the inherent subjectivity of
these scales often leads to the disagreement between two or more

raters on the pain score for specific newborns. Finally, caregivers
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(raters) tend to gain experience in one or two specific pain scales,
which increases time and expense and reduces motivation for raters

to gain proficiency in novel scales.

3.2 | Objective pain rating

A desirable alternative to semi-quantitative subjective scales would
be to standardize pain assessment in newborns around objec-
tive data from one or more modalities. Several groups have begun
exploring this approach using a range of automated tools for rat-
ing neonatal pain with computer vision, signal processing, machine
learning, and deep learning. These works can be divided according
to pain indication (modality), pain type, and goals as discussed below.

3.2.1 | Based on modality

Both newborns and adults manifest pain using a range of different
modalities that can be expressed individually (unimodal) or across
domains (multimodal). For newborns, one proposal for objective uni-
modal pain assessment based on facial expression is the COPE pro-
ject.”® This approach uses a total of 204 static images collected from
26 subjects (age range: 18 hours—3 days) grouped into pain, crying,
resting, and response to stimulation with friction or air. Features
were extracted from facial image and PCA (principal component
analysis) and LDA (linear discriminant analysis) feature reduction
approaches followed by Support Vector Machine (SVM) classifier.
More recently, this project has expanded to iCOPE’* where facial
data were collected from video rather than a single static image.
Other unimodal approaches based on crying sounds include a range
of hand-crafted features Harmonic Product Spectrum (HPS),’? Mel
Frequency Cepstral Coefficients (MFCC),?*%> Short-time Frame
Energies (STE),”® Local Binary Pattern (LBP),”” Fuzzy Support Vector
Machine (FSVM)?® and deep learning-based features such as spectro-
gram analysis73 followed by VGG16, RestNet50 to separate infant's
pain from discomfort. Recently, research work’® supports using only
brain data such as Near-Infrared Spectroscopy (NIRS) to identify the
impact of brain activity in case of premature babies. Since newborns
cannot convey subjective assessments of their own pain, an objec-
tive approach is needed for automatic pain assessment based on
behavioral and physiological signs. Multimodal approaches99 use ob-
jective data for indicators such as facial expression, body movement,
crying sounds, as well as physiological and electrophysiological sig-
nals to assess and predict the onset, quality, and duration of neonatal
pain. The use of a standardized pain scale such as NIPS for training
the deep learning model facilitates, at least in theory, the translation
of this approach into the clinical environment. For instance, recently
research work’? reported a multimodal approach for neonatal pain
assessment based on facial expression, body movement, and vital
signs. Pain labeling was done by NICU clinicians using the NIPS pain
scale, then an extended version of the same multimodal data set,

together with data on crying frequency, was used to train traditional

classifier model’? and deep learning model.”® A comprehensive sur-
vey of existing automated methods (unimodal and multimodal) for
neonatal pain assessment can be found in.*%°

Another potential direction of neonatal pain identification would
be the use of neurophysiological data (eg, fMRI, EEG).2°* Recently,
machine learning research using this data has shown success for
adult pain.102 However, these procedures have been less thoroughly
explored for neonates. One of the main barriers is that regular neo-
natal pain scales do not include the fMRI or EEG as a separate pain
modality, though recent research suggests this direction for future
AJ.103

3.2.2 | Based on pain type

As mentioned earlier, one variable refers to pain types, which can
be divided into acute procedural, acute prolonged, and chronic
pain.®®%* Most research to date has been done on acute pain,
which is easier to collect during a short procedure (eg, heel stick)
than prolonged pain following a more complex surgical proce-
dure. However, there is a significant need to include assessment
and predication of postoperative pain due to its greater clinical

70,100,104 5 ;tomated detection of facial and/

value. As reported in,
or body features can be more challenging for postoperative pain,
as compared to acute procedural pain, because of the reduced
intensity for postoperative pain; faces blocked by masks, tape,
and facial position; and, body motions obscured by a blanket.é%7°
Similar differences exist for acute versus postoperative pain with
regard to the time to onset and duration of pain, which in turn
depend on age and other idiosyncratic factors. Thus, more clear
definitions of neonatal pain and associated variables provide the
foundation for developing more objective and therefore more
clinically valuable approaches to neonatal pain assessment, pre-

diction, and management in NICU.

3.2.3 | Based on goal

The primary goals of neonatal pain assessment are pain identifica-
tion and estimation of pain intensity. Pain identification includes
the precise differentiation of pain from other classes such as hun-
ger and need for diaper change that trigger behavioral and physi-
ological signs, for example, crying, facial, and body movements. The
majority of the current automatic assessment tools for this pur-
pose®?7172104105 £4c4s on identifying pain class while others focus
on differentiating pain from other classes such as rest, hunger, dis-
comfort, joy, sleep, and unhappy.’®® In the clinical environment, the
more fruitful approach is to monitor the neonates continuously,’®
thereby generating an unbroken set of pain score signals. In this
case, estimation of pain intensity is the desired goal for both auto-
matic and objective approaches as it is for subjective pain scales.
Some recent works have focused on objective estimation of pain in-

tensity following a unimodal approach using only facial expression.”®
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TABLE 1 List of publicly available neonatal pain datasets for research

CWILEY-¥

Modalities
Dataset Age range Pain Face Body Sound VS/PS NIRS Subjects Pain scale
COPE”® 18 h-3d A v/ X X X 26 -
YouTube 0-12m A v/ v X X 142 FLACC®?
Infant*'®
Human GA 29-47 w, PA 0.5-96 d A X X v/ X 112 PIPP®’
Neonates'®®
APN-db?*10 GA 28-41w, 0-26 w A v/ 101, 112 NFLAP%®
FENP2105 2d-4w A v 106 NFCs!?
USF- GA 27-41w AP v/ 58 NIPS,%4
MNPAD-|'%° N-PASS®

Abbreviations: A, acute pain (procedural pain); d, day; GA, gestational age; h, hour; m, month; NIRS, near-infrared spectroscopy; P, postoperative

pain; PA, postnatal age; PS, physiological signals; VS, vital signs; w, week.

#Declared to be public dataset, but was not publicly available while writing this article.

4 | COLLECTION OF NEONATAL PAIN
DATA

Research involving neonatal pain differs in several important ways
from that involving older cohorts, especially with regard to the pau-
city of publicly available datasets.'®%'%” The primary reasons for this

critical shortage are outlined below.

e There are some unique challenges and barriers of access to the
NICU environment. Most NICUs require special permission for
external persons to enter the environment.

e Parents, staff, and administrators are understandably sensitive to
research that in any way delays, distracts, or could endanger neo-
nates due to under- or over-treatment.

e As humans in an early, preverbal stage of brain development,
neonates cannot understand or consent to any type of data col-
lection. In the event that the baby is under critical care, parents
are unlikely to provide permission for any but the most basic
procedures.

e While parents may agree to the concept of research in general,
the use of device for recording data of their baby in pain is suffi-
cient grounds for many parents to deny consent.

e In most developed countries, data collection for human subjects
requires researchers to establish and follow approved Institutional
Review Board (IRB) protocols. Many IRB protocols specifically
disallow sharing data with others without data de-identification,
which is currently difficult for modern machine learning algo-
rithms to accomplish.

e A critical component of all types of Artificial Intelligence (Al) tech-
niques, including computer vision, machine learning, and deep
learning, is the proper labeling of ground truth. An important
complication in the case of pain in preverbal neonates is that bed-
side caregivers must make subjective decisions based on a combi-
nation of qualitative data (facial expression and body movements)
and quantitative data (vital sign telemetry). Even when these

subjective determinations are used in concert with standardized

pain rating scales for neonates, there is frequent disagreement
between caregivers based on difference in available time and
bias due to human factors, for example, training, experience, and
fatigue.

e Data collection in the NICU is highly dependent on pain type, vari-
able procedures, the availability of trained caregivers, and other
uncontrolled variables. The time available for data collection from
newborns in acute pain (heel stick) is drastically less, typically up
to 10 minutes, compared with hours or days for prolonged and
chronic pain, respectively. Hence, in the case of data collection for
postoperative pain, caregivers are typically only able to perform
routine checks.

e Trained caregivers in the NICU are subject to changing shifts and
interruptions due to changing demands for their attention and
skillsets.

e The NICU environment lacks controlled conditions for the collec-
tion of experimental data. For instance, poor lighting, background
noise, covered faces, and instrument sensors can confound ef-

forts to standardize data collection.

Table 1 summarizes the recent neonatal pain datasets that are

publicly available for research use.

5 | EARLY PAIN DETECTION

5.1 | Future strategies for neonatal pain
management

In order to identify areas in greatest need for novel technology in
the field of neonatal pain management, in Fall 2019 our group car-
ried out in-person interviews.! We interviewed over three dozen

clinical staffs affiliated with three NICUs at local hospitals in the

INational Science Foundation (NSF) Innovation Corps (I-Corps) program at the
University of South Florida, Fall 2019.
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Pain Controlled
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Using EPD

FIGURE 2 Potential benefits of Early Pain Detection (EPD) in neonates. This schematic shows how pain prediction prior to pain onset
could create a time window (30-40 min) for controlling pain using fast-acting, nonopioid pain medications, for example, intravenous
acetaminophen or ibuprofen. The goal of EPD is to “flatten the curve” for the recurring cycle of intermittent postsurgical pain, narcotic
treatment, and opioid withdrawal (as shown by larger peaks and valleys), leading to less toxic stress (smaller peaks and valleys) on babies in

NICU

Tampa Bay region (Tampa General Hospital, St. Joseph's Hospital,
Johns Hopkins All Children's Hospital). From these interviews, we
learned that current pain management of newborns in NICUs can
be generally characterized as manual, subjective, and discontinu-
ous with NICU nurses treating neonates emerging from postsurgi-
cal sedation with pain management plans based on intermittent,
subjective ratings with poor inter-rater agreement. In the vast ma-
jority of cases, newborns undergo pain mitigation with Schedule Il
narcotics (morphine, fentanyl) that require at least 4-5 extra days
for withdrawal due to opioid dependence.®? The vast majority
(>90%) of clinical staff interviewed favored the development of
novel approaches for objective Early Pain Detection (EPD) com-
bined with effective nonpharmacologic and nonopioid medications
over the current approach of subjective pain assessment followed
by opioid treatment for NICU-based management of prolonged
postsurgical pain in neonates. The major reasons given for positive
impacts of EPD on short- and long-term health outcomes in this

vulnerable population are outlined below:

e Objective pain detection: EPD based on an Al framework could
relieve the current burden on NICU clinical staff who must rely
on subjective qualitative and semi-quantitative pain assessment
scales as the basis for pain management in newborns.

e Newborns with NAS/NOWS: According to 2015 United States
data®” from the National Institute for Drug Abuse, 32 000 babies
per year, or 1 baby every 15 minutes, are born either (a) addicted
to opioids with Neonatal Abstinence Syndrome (NAS); or, (b) in
opioid withdrawal with Neonate Opioid Withdrawal Syndrome
(NOWS). These newborns require on average 23 days in NICU
at a cost of $322K per newborn ($14K/day 23 days). In financial
terms, Al-based frameworks for objective early pain monitoring,
prediction, and management have the potential to reduce the
length of stay in NICU for NAS/NOW babies by a least 5 days
at a cost savings of over $70K per newborn in state Medicare

funds.

e Reduced stays in NICU: The goal of postoperative care of neonates
should be minimize opioids with effective pain avoidance and
control. EPD in concert with reduced reliance on opioids for pain
mitigation could reduce postsurgical stays in NICU by 4-5 days,
that is, to 8-9 days from the current average of 12-13 days per
neonate. At about $14K per day for stays in NICU, opioid-sparing
pain management could save on average about $50K to $60K per
neonate stay in NICU. However, time to discharge can be com-
pletely unrelated to surgery and therefore may miss the gains
from decreasing the use of opioids.

e Assessing effects of opioid-sparing treatments: Outcomes for in-
terventions in babies can be difficult to quantify, though those
that have been used successfully during postoperative period are
related to returning the baby to preoperative state. These out-
come measures include time to enteral feeding; time to discontin-
uation of parenteral feedinglos; average opioid consumption up
to 3 postoperative days; pain intensity (N-PASS scores); reduced
level of ventilator support and feeding; and, parent and nurse
satisfaction.'%?

e Reduced healthrisk: A further goal of reducing the length of stay in
NICU for preterm and term births and babies born with NAS and
NOW is to minimize the opportunity for nosocomial infections to

bring further harm and costs to hospitalized neonates.

Our conclusions from these interviews! support the use of
strategies centered around EPD to reduce unmanaged and under-
managed pain in the NICU. Furthermore, we learned that these ap-
proaches, if effective, would likely receive favorable acceptance in

the clinical setting.

5.2 | Benefits of automatic EPD

Efforts are currently underway to develop Al-based approaches for

automatic Early Pain Detection (EPD) for enhancing the assessment,
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FIGURE 3 Al system for early pain
detection of neonates. The future
multimodal Al system can observe several
modalities such as face, body, crying
sound, physiological signals, and assess
the current pain as well as predict the pain
beforehand
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management, and prediction of postsurgical pain in neonates.
Recent research also supports the view that Al systems can esti-
mate pain intensity’® as distinct from pain assessment. By stand-
ardizing pain management in the NICU, computer vision and deep
learning technologies could support an intelligent Al platform for
continuous monitoring of behavioral and physiological variables and
assessment of postoperative pain in neonates.®”7? Analogous to
predicting the time to onset of adverse weather events, for example,
thunderstorms, based on deep learning models trained by a range of
weather indicators, for example, wind speed, temperature, and baro-

50

metric pressure,” a similar approach could use a set of behavioral

69,90,91,110,111 crying

as well as multimodal

and physiological signs such as facial expression,
sounds (frequency),”>?¢ body movements,”%?°
combinations of these inputs®?’172° to estimate time to onset of
postoperative pain in neonates.

Figure 2 represents a typical example of pain scale rating of a
NICU patient. The dashed line indicates the pain threshold required
for a pain signal, and the solid line shows the opioid threshold for
application of narcotics for pain control. EPD technology involves
training machine learning models (algorithms) using real pain data
from patients, rather than data entered by programmers. In conjunc-
tion with real-time patient data, these models allow for early pain
predictions, that is, windows of time-to-pain onset. Highly probable
predictions about time-to-pain onset, for example, “>90% probabil-
ity of pain in 30 minutes,” allow caregivers to initiate opioid-sparing
medications and nonpharmacological interventions with the goal of
preventing newborn trauma from both pain and opioid withdrawal.

The goal of an EPD system is to support continuous and objec-
tive monitoring of neonatal pain that will allow a minimum of 30 min-
utes prior to pain onset for pain mitigation using non-narcotic drugs,
including but not limited to acetaminophen and nonsteroidal anti-
inflammatory drugs (NSAIDs), rather than opioid medications such
as fentanyl and morphine. If EPD can reduce or avoid the need for
severe pain and opioid medications in the majority of cases, the EPD

could substantially reduce the consequences of long-lasting toxic
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stress trauma including behavioral impairments, epigenetic modifi-
cations, and increased complications caused by extreme pain and
opioid addiction on neonates in NICU. Finally, it is expected that EPD
will achieve these treatment goals while decreasing the economic
burden on patients, private hospitals, and government agencies by
reducing the length of stay and complications associated with the
treatment of opioid withdrawal. In this way, Al-based EPD technol-
ogy could protect the neonatal brain from the damage wrought by

both untreated pain onset and withdrawal from opioid addiction.3?

5.3 | Pain prediction by artificial intelligence

Machine learning techniques have already shown substantial pro-
gress in neonatal pain assessment (Section IlI-B). Recent deep
learning approaches®”’? have advanced this field by providing high

72,104

accuracy in case of pain classification, estimation of pain in-

tensity,70 and the ability to capture temporal pain dyna\mics.ég'm’72

697073 it can be estimated that Al can also

Based on this evidence,
be used to predict the pain earlier in the future. Similar to weather
analyses®%112113 that gathers multimodal variables for making pre-
dictions, machine learning-based methods can utilize the neonate's
facial expressions, body movements, crying frequency, and vital
sign data (eg, heart rate, blood pressure, and oxygen saturation
level) to assign a probability of experiencing pain. Deep features
using CNNs (Convolutional Neural Network)**%> can be extracted
from different modality and temporal pain dynamics learned by
Recurrent Neural Network (for example: LSTM!) or Reinforcement
Learning.'*” Moreover, based on the patient's history (ie, previous
medical condition, family history, medication, and genetics) the Al
model can boost up its learning performance, leading to more ef-
ficient and accurate predictions of future pain.

A potential system for providing EPD in neonates requires min-
imal hardware components that can include a data reading device

(eg, A/V recorder such as a camera and/or microphone, vital signs
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reader) for visualizing and recording the neonate's facial expressions,
voice, vital signs, and body movement including arms/legs (Figure 3).
A facial expression classifier can be used for evaluating the pain via
the facial expressions, where the facial expression classifier pro-
duces a facial expression score; a voice classifier for evaluating the
pain via the infant's crying, where the voice classifier can produce a
voice score based on the frequency and pitch of those inarticulate
sounds (eg, using speech signal analysis). A vital signs classifier can
be used to evaluate the neonate's pain according to its physical con-
dition (eg, heart rate, breathing rate, oxygen saturation, changes in
cerebral deoxyhemoglobin concentration, etc) and produce a vital
sign score. The system software can include a processor that runs
a machine learning algorithm (eg, parametric, nonparametric, opti-
cal flow, facial strain, local binary patterns, linear predictive coding,
linear regression, and neural network) for processing images, videos,
signals, and/or a combination thereof. The facial expression score,
voice classifier score, body motions score, and vital signs score can
be combined/weighed to produce a total score for pain assessment.
The system can also include an output device, for example, meter,
LED indicator, for outputting the total score to NICU personnel for
pain monitoring.

Figure 3 shows a potential approach of future EPD technology.
Multimodal data from NICU patients such as facial expression, body
movement, crying sound, and physiological signals can be used by
Al algorithms (ie, computer vision, signal processing, and machine
learning altogether) to simultaneously assess pain and predict it be-
fore it occurs.

In future work, we plan to explore partnerships with industry-
based pharmacologists and medicinal chemists to “close the loop” by
expanding our approach to include not only pain data from neonates
but also the pharmacological actions and effects, as well as unde-
sired effects of various non-narcotic pain relievers in newborns. The
novel availability of an Al-based non-narcotic pain avoidance could
stimulate new funding, research, and incentives to better under-
stand the timelines of absorption, bioavailability, distribution, me-
tabolism, and excretion of various non-narcotic pain relievers, which
has received less attention in newborns due to an overreliance on
morphine, fentanyl, and other narcotics. The goals of such a closed-
loop system would be in line with our Al-based EPD method—more
effective and safer mitigation of postsurgical pain and neonatal ab-

stinence syndrome in this highly vulnerable population.

6 | CONCLUSION

There is a large and growing need for the development of novel
strategies for the therapeutic management of pain in the NICU.
Current approaches for post hoc pain mitigation using narcotics fail
to account for the detrimental and potentially permanent damage to
the neonate from both pain and opioid withdrawal during the post-
operative period. Al-based frameworks using continuous monitoring
of multiple modalities provide the necessary tools for creating a criti-

cal time window to pain onset. Such a time window could support

proactive use of safer, that is, non-narcotics pharmaceutical and
nonpharmaceutical, interventions aimed at avoiding or minimizing
damage to the neonate from both postsurgical pain and withdrawal

due to opioid dependence.
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