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ABSTRACT
Neonates are dependent on a caregiver to discover that they are in pain and to manage it. Numerous
pain assessment scales have been developed, but pain assessment is challenging because neonates of
different gestational ages (GAs) have widely varied pain responses. Individual contextual factors
such as GA or health status may account for this variability in pain response. The aim of the present
dissertation was the validation and revision of the Bernese Pain Scale for Neonates (BPSN) by testing
its psychometric properties and analyzing the influence of individual contextual factors on the
variability in pain response. The BPSN is a pain assessment tool that is widely used in Swiss neonatal
intensive care units. In this prospective multisite validation study, 154 neonates between 24 2/7 and
41 4/7 weeks of gestation were videotaped during 1-5 routine capillary heel sticks in their first 14
days of life. For each heel stick, three video sequences were produced: baseline, heel stick, and
recovery. Comprehensive psychometric testing was conducted to examine the BPSN’s underlying
factor structure, interrater reliability, concurrent and construct validity, sensitivity and specificity.
Single and multiple linear mixed effects analyses were used to examine the influence of individual
contextual factors on variability in pain response. The results of the psychometric testing indicated a
significant reduction of the scale from nine to four items: crying, facial expression, posture and heart
rate. This modified BPSN showed promising reliability and validity, especially when the cut-off that
discriminates between no or low pain and moderate to severe pain is adjusted to increase with
increasing GA. Apart from the GA, baseline behavioral state and ventilation status were the
individual contextual factors which the revised BPSN should account for. The BPSN-Revised is a
promising tool for acute procedural pain assessment in full-term and preterm neonates with different

GAs. Future studies should test its validity, feasibility and clinical utility.
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1. Introduction

Until the middle of the eighties the common assumption existed that neonates are not able to
sense pain, due to their neurological immaturity (Unruh & McGrath, 2014). This assumption changed
abruptly in 1985, when the mother of an extremely preterm neonate appealed to the public because
her little son Jeffrey Lawson had experienced an operation on his open heart while he was only
sedated, but not anesthetized (Lawson, 1986). This incident with its following popular outrage was
an important turning point in neonatal pain management. Shortly after, Anand and Hickey (1987)
showed that preterm and full-term neonates’ nervous systems are developed sufficiently that they
may have a sensation of pain. Since then, massive efforts have been undertaken to explore the
underlying mechanisms of neonatal pain and to provide appropriate pain assessment and management
strategies. Despite this progress, operationalization and assessment of neonatal pain remains a major
challenge. The influence of individual contextual factors (e.g., neonate gestational age) on pain
response poses one of these challenges.

During the past 30 years, there has also been an increase in preterm birth rate in most countries
(Blencowe et al., 2012). Preterm birth is defined as birth of a neonate with a gestational age (GA)
younger than 37 weeks. Preterm neonates can be subdivided based on their GA into extremely
preterm (< 28 weeks), very preterm (28-31 6/7 weeks), and moderate to late preterm (32-36 6/7
weeks) neonates (World Health Organization, 2018). In Switzerland, the preterm birth rate averages
7% (Bundesamt fiir Statistik, 2018). Of these, about 14% are born with a GA younger than 32 weeks.
Depending on their GA and state of health, preterm neonates spend their first postnatal days, weeks
or months in a neonatal intensive care unit (NICU), where they are exposed to multiple painful
diagnostic and therapeutic procedures (Carbajal et al., 2008; Cignacco, Hamers, et al., 2009; Stevens

et al., 2011). A recent review indicated that preterm neonates experience 7.5 to 17.3 invasive
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procedures each day on average during their first two weeks postnatal (Cruz, Fernandes, & Oliveira,
2016). The most immature infants often experience the highest number of painful procedures because
of their longer stay in a NICU and their poorer state of health (Grunau, Oberlander, Whitfield,
Fitzgerald, & Lee, 2001). The procedures are important for the survival and health of preterm
neonates, but the results of several studies indicate that repeated painful experiences at this early age
with an immature nervous system lead to negative short- and long-term consequences (e.g.,
Brummelte et al., 2012; Doesburg, 2013; Grunau et al., 2009; Ranger et al., 2013; Schneider et al.,
2018; Vinall & Grunau, 2014). Therefore, reliable and valid pain assessment tools are crucial for an
appropriate pain management and a healthy development of this vulnerable population group.

The aim of this dissertation was the validation and revision of the Bernese Pain Scale for
Neonates (BPSN) by testing its psychometric properties (Cignacco et al., 2017; Schenk et al., 2019;
see Appendixes II and III) and analyzing the effect of individual contextual factors on variability in
neonates’ pain response (Schenk et al, submitted; see Appendix IV). Chapter 2 summarizes the
theoretical background regarding neonatal pain, Chapter 3 presents the research questions of this
dissertation and Chapter 4 summarizes the method. Chapter 5 includes a synopsis of the study results

and Chapter 6 contains a general discussion of the main findings and the conclusions.

2. Theoretical background
2.1 Conceptualization of pain

The International Association for the Study of Pain (2017) conceptualizes pain as “an
unpleasant sensory and emotional experience associated with actual or potential tissue damage, or
described in terms of such damage.” Because some individuals (e.g., neonates) are not able to
communicate their experiences verbally, this definition was updated in 2001 to include the

proposition that “the inability to communicate verbally does not negate the possibility that an
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individual is experiencing pain” (Hadjistavropoulos, Breau, & Craig, 2011). Williams and Craig
(2016) recently recommended to define pain as “a distressing experience associated with actual or
potential tissue damage with sensory, emotional, cognitive, and social components”. This new
definition considers all aspects of the biopsychosocial model of pain, which describes pain as
complex interaction between biological, psychological and social characteristics (Craig, 2009).

The subjective pain experience and pain expression may be influenced by many factors. The
social communication model of pain describes pain as a dynamic and interactive process between a
person in pain and its caregiver (Craig, 2009). Sellam, Cignacco, Craig and Engberg (2011) adapted
this model to preterm neonates in a NICU, where demographic and medical factors are particularly
relevant and may have an immediate influence on neonates’ pain experience and pain response. Cong,
McGrath, Cusson and Zhang (2013) suggest in their conceptual framework of pain measurement that
neonates’ behavioral, physiological and biochemical pain response may be influenced by
characteristics of the painful stimulus (e.g., type and duration of pain) as well as contextual factors
(e.g., GA, number of painful experiences). Pain response as well as the measured pain level may also
be influenced by characteristics of the observer (e.g., knowledge, attitude about pain) and the pain
assessment tool used. In the present dissertation, neonates’ pain response measured with the BPSN
as well as the influence of individual contextual factors on variability in pain responses will be

examined.

2.2 Individual contextual factors

A neonate’s demographic characteristics (e.g., sex, age) and medical conditions (e.g., health
status, medication) and his or her history of painful and stressful experiences might impact pain
response (Cong et al., 2013; Lee & Stevens, 2014; Sellam et al., 2011). For instance, in neurologically

impaired and very ill neonates, and in neonates on medications such as sedatives, pain may be
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dampened or not observable (Hummel & van Dijk, 2006). Such individual contextual factors may
account for the high variability in pain responses within and between neonates (Cignacco,

Denhaerynck, Nelle, Biihrer, & Engberg, 2009).

2.3 Physiology of pain

Whereas the concept of pain encompasses biological, emotional, cognitive, social and other
contextual components, nociception refers to the neural process of transmission, processing and
modulation of noxious stimuli at different levels of the nervous system. Potentially or actually
noxious stimuli are detected by receptors of the peripheral somatosensory nervous system
(nociceptor) and are transduced into electrical signals (Walker & Baccei, 2014). These nociceptive
signals are transmitted to the dorsal horn where the processing of noxious information by the central
nervous system (CNS) begins (Walker & Baccei, 2014). Nociceptive signals are processed through
excitatory (increasing neural response to stimulation) and inhibitory (decreasing neural response)
neural circuitry (Beggs, 2015). The conscious perception of pain happens in the brain, where
nociceptive signals are combined with emotional and cognitive processes of the brain (Simons &
Tibboel, 2006).
2.3.1 Nociception in preterm neonates

The neurophysiological system of extremely preterm neonates is already developed to such a
degree that it is capable of transmitting nociceptive signals (Fabrizi, 2011; Fitzgerald, 2005). In
preterm neonates, the excitatory circuitry in the dorsal horn is predominant and facilitates the activity-
dependent development and re-organization of the CNS (Beggs, Torsney, Drew, & Fitzgerald, 2002;
Fitzgerald, 2005); which are crucial processes in the maturation of neonates’ CNS. The inhibitory
circuitry is immature and leads to reduced sensory discrimination between tactile and noxious

stimulation and poor spatial localization of noxious stimuli (Cornelissen et al., 2013; Walker,
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Fitzgerald, & Hathway, 2015). The specific neuronal circuits that are necessary to distinguish
between touch and noxious stimuli do not emerge until 35 to 37 weeks of gestation (Fabrizi, 2011).

Cortical neurons and networks are activated by noxious stimulation (Fitzgerald, 2015; Slater
et al., 2006), but cortical responses to tactile and noxious stimulation are non-specific in very preterm
neonates and become more specific with increasing age (Cornelissen et al., 2013; Green et al., 2019).
Most of the brain regions that are involved in adults’ pain are also activated in full-term neonates
(Goksan et al., 2015), but the ability of cognitive pain processing (e.g., interpretation) emerges later
in development (Ranger & Grunau, 2015). Due to this immaturity of the nociceptive system and
CNS, preterm neonates may be more sensitive to pain than older neonates and adults (Grunau, 2013).
2.3.2 Consequences of early pain exposure

Repeated painful and stressful experiences during the critical period of nervous system
plasticity have the potential to impact the development of the CNS in both the short- and long-term.
Neonates’ pain response may be impaired after only 20 painful procedures (Grunau et al., 2005), but
the direction of this impairment is unclear. Some studies reported less intense pain responses in
neonates subjected to frequent painful procedures (e.g., Grunau et al., 2001; Johnston & Stevens,
1996; Morison et al., 2003). Other study results suggested that repeated painful experiences may lead
to increased pain response (hyperalgesia) or to pain responses without a painful stimulus (allodynia)
(e.g., Fitzgerald, Millard, & MclIntosh, 1989; Taddio, Shah, Gilbert-MacLeod, & Katz, 2002).

Painful experiences may impact the development of the CNS with consequences that persist
into adulthood (Walker, Beggs, & Baccei, 2016). Adults who were injured during the neonatal period
may show an increased response to painful stimulation of a previous injured region (local
hyperalgesia; Beggs, Currie, Salter, Fitzgerald, & Walker, 2012) and a reduced response to painful

stimulation on other parts of the body (global hypoalgesia; Walker et al., 2015). Furthermore, early
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pain exposure is associated with long-term effects on the developing brain, such as reduced
maturation of white matter and subcortical grey matter (Brummelte et al., 2012) and impaired
structural and functional reorganization of the nervous system (Schneider et al., 2018). Further
consequences of early pain exposure are for example an impaired cognitive and motor development
(Bhutta & Anand, 2002; Grunau et al., 2009) and changes in the function of the stress-response
system (Grunau et al., 2010). Accurate pain assessment and appropriate pain management are

therefore fundamental for a healthy development of preterm neonates.

2.4 Pain assessment

Neonates depend on caregivers who detect and assess their suffering by observing behavioral
and physiological pain responses. Because caregivers’ judgments are subjective (Craig, 2009), pain
assessment scales are used in the clinical setting to make the assessment more objective. Pain
assessment scales can be classified as either unidimensional or multidimensional (Lee & Stevens,
2014). Unidimensional scales include behavioral pain indicators (e.g., facial expression, crying);
multidimensional pain scales are a combination of behavioral and physiological indicators (e.g.,
changes in heart rate and oxygen saturation). Some pain assessment scales further include contextual
factors such as GA or behavioral state (e.g., the Premature Infant Pain Profile-Revised [PIPP-R];
Stevens et al., 2014). Recently, more objective approaches for pain assessment have been
investigated, such as measurement of skin conductance or heart rate variability (Cong et al., 2013).
For a better understanding of the underlying mechanisms in neonatal pain and for an improvement in
pain assessment, newer brain-oriented techniques such as functional magnetic resonance imaging
(fMRI) are used (Fitzgerald, 2015; Ranger & Grunau, 2015). However, for a systematic clinical pain

assessment, exclusively observable behavioral and physiological indicators are appropriate.
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More than 40 pain assessment scales for neonates and infants have been developed in the past
three decades (Cong et al., 2013). Most pain scales were designed for research purposes and are
inappropriate for the clinical practice because their application requires too much time (Franck &
Bruce, 2009). Of the pain scales developed for clinical pain assessment, only few have undergone
rigorous psychometric testing (e.g., the Behavioral Infant Pain Profile [BIIP; Holsti & Grunau, 2007];
the Neonatal Pain, Agitation and Sedation Scale [N-PASS; Hummel et al., 2008; Hummel eta 1.,
2010]), and have been validated in extremely preterm neonates (AAP, Committee on Fetus and
Newborn, & Section on Anesthesiology and Pain Medicine, 2016; Badr, 2013). In addition, the
feasibility and clinical utility of validated pain scales have been rarely examined (Lee & Stevens,
2014). For this reason, none of the existing pain assessment scales are referred as being the gold
standard (Lee & Stevens, 2014).

2.4.1 Challenges in pain assessment

Pain assessment in neonates is hindered by different reasons: (1) A lack of consensus exists
in the international research community regarding the appropriate dimensionality of a pain scale
(Pillai Riddell et al., 2016). Only low to moderate associations exist between behavioral and
physiological indicators of pain (e.g., Holsti, Grunau, Oberlander, & Osiovich, 2008; Lucas-
Thompson et al., 2008). In addition, no consistent association between behavioral and physiological
pain indicators and nociception-specific brain activity has been detected so far (Pillai Riddell et al.,
2016; Relland, Gehred, & Maitre, 2019). (2) The fact that unspecific physiological and behavioral
indicators of pain may also be shown during non-painful, stressful experiences (e.g., agitation
because of hunger or other factors) makes pain assessment more difficult (Hummel & van Dijk, 2006;
Johnston, Fernandes, & Campbell-Yeo, 2011). (3) The absence of a pain reaction to a procedure that

would normally be considered painful (e.g., heel stick) does not necessarily mean that the neonate
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does not sense any pain (Johnston et al., 1999). In a study of Slater, Cantarella, Franck, Meek and
Fitzgerald (2008) some infants showed no observable behavioral reaction to heel stick procedures,
although their cortex was strongly activated. (4) Until today, no uniform definition exists for the
different kinds of pain in newborns. Anand (2017) recently suggested that chronic pain in newborns
should be defined as pain that lasts eight days or longer, with clearly different behavioral and
physiological response patterns compared to acute pain. (5) The examination of the influence of
individual contextual factors on variability in neonates’ pain response is hindered because contextual
factors may be strongly correlated with each other (Sellam et al., 2011). Extremely preterm neonates
may, for example, have a longer stay in the NICU due to their poorer health status and may therefore
experience more painful procedures compared to more mature neonates. Because neglecting the
influence of individual contextual factors in pain assessment might lead to misjudgment of a painful
state followed by a lack of effective pain management strategies (Hatfield & Ely, 2015), the
consideration of relevant contextual factors in pain assessment has been recommended to enhance
the accuracy of pain scales (e.g., AAP et al., 2016; Sellam, Engberg, Denhaerynck, Craig, &
Cignacco, 2013).
2.4.2 Pain assessment and management in the clinical practice

The integration of pain assessment into clinical practice is a further challenge. Routine pain
assessment in neonates has been strongly recommended (e.g., AAP et al., 2016; Hall & Anand, 2014),
but the implementation and systematic use of valid and reliable pain assessment scales in daily
practice have remained problematic (Avila-Alvarez et al., 2016; Cong et al., 2014; Polkki, Korhonen,
& Laukkala, 2018; Stevens et al., 2012). In a recently conducted survey that captured the assessment

of continuous pain in 18 European NICUs, pain assessment varied between 0% and 100% (Anand et
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al., 2017). Only 31.8% of neonates received assessment of pain at least once during their stay in a
NICU, and only 10% received daily assessments.

Pain assessment scales are also used to determine whether a pain-relieving intervention was
successful or if further interventions are needed. Non-pharmacological pain-relieving interventions
in a NICU are used for prevention and management of mild to moderate pain and include oral sucrose,
non-nutritive sucking, swaddling, facilitated tucking, kangaroo (skin-to-skin) care and breastfeeding
(Carter & Brunkhorst, 2017; Hatfield, Murphy, Karp, & Polomano, 2019). Pharmacological methods
commonly used for pain management in NICUs include opioids (e.g., morphine, fentanyl), non-
opioids (e.g., paracetamol, indomethacin), sedatives (e.g., propofol, midazolam), and ketamine

(Carter & Brunkhorst, 2017; Hall, 2012).

2.5 The Bernese Pain Scale for Neonates

The BPSN was developed in 1996 by nurses of the University Hospital Bern, primarily for
clinical use. The BPSN is a multidimensional pain assessment tool that includes seven subjective
items (sleeping, crying, consolation, skin color, facial expression, posture and breathing) and two
physiological items (heart rate and oxygen saturation; Cignacco, Mueller, Hamers, & Gessler, 2004).
Since its first validation in the year 2004, the BPSN has been widely used in Swiss NICUs (Boettcher
et al., 2012). The results of the first validation study suggested that the BPSN is a reliable and valid
tool for assessing acute pain in preterm and full-term neonates (Cignacco et al., 2004). A limitation
of this study was the small study population of only 12 neonates. In addition, feedback from clinical
practice related to difficulties in pain assessment with the BPSN in very preterm neonates and the
increasing scientific evidence that neonates’ pain response is influenced by individual contextual

factors suggested that a revalidation of the BPSN was required. Because the BPSN is already widely
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used in the clinical setting, a modified version of the BPSN should be quickly adopted by the health

professionals.

3. Research questions

The present dissertation had three overarching aims: (1) the validation of the BPSN using a
large sample of neonates with different GAs; (2) the analysis of the influence of individual contextual
factors on the variability in pain responses; and, (3) the revision of the BPSN according to the study

results. Two sub-studies addressed the following research questions:

Sub-study 1 (Manuscript 2)

1. What are the psychometric properties of the BPSN?

Sub-study 2 (Manuscript 3)

2. Which individual contextual factors have an influence on variability in neonates’ behavioral and
physiological pain responses?

3. Which modifications are required to improve pain assessment with the BPSN based on the study

results?

4. Method
4.1 Sample and Setting

This prospective multisite validation study with repeated measurement design was conducted
in three university hospital NICUs in Switzerland (Basel, Bern, and Zurich). Preterm neonates born
between 24 0/7 and 36 6/7 weeks of gestation were included if they were expected to undergo 2-5
routine capillary heel sticks in their first 14 days of life. Full-term neonates born between 37 0/7 and
42 0/7 weeks of gestation were included if they were expected to have at least two routine capillary

heel sticks during their first 14 days of life.
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4.2 Recruitment and data collection procedure

Neonates were recruited by consecutive sampling and then stratified according to GA at birth
(Cignacco et al., 2017). After parents granted written informed consent, trained study assistants
videotaped neonates during their next 1-5 routine capillary heel sticks. For each heel stick, three video
sequences were produced: baseline, heel stick, and recovery phase. During each of the three phases,
the study assistants recorded the neonate’s highest heart rate and lowest oxygen saturation. Every
neonate received a dose of 24% oral sucrose (0.2 ml/kg bodyweight) before the heel stick procedure
as a pain-relieving intervention, in accordance with standards of care (Stevens, Yamada, Ohlsson,
Haliburton, & Shorkey, 2016). Five nurses who were working in a NICU and were experienced in
using the BPSN rated the behavioral pain expression using the BPSN and the PIPP-R. Individual
contextual factors were retrospectively retrieved from patient charts or from observations made

during video recording.

4.3 Measures

Neonates’ pain response was measured with the BPSN (Cignacco et al., 2004) and the PIPP-
R (Gibbins et al., 2014). The BPSN includes seven subjective items (sleeping, crying, consolation,
skin color, facial expression, posture, breathing) and two physiological items (heart rate, oxygen
saturation). Each item is rated on a 4-point Likert scale (0, 1, 2, and 3). The scores of 11 or more
points indicate pain. In a first validation study the BPSN showed good construct validity among 12
neonates with GAs between 27 and 41 weeks (Cignacco et al., 2004).

The PIPP-R is a well validated multidimensional pain assessment tool for use with preterm
and full-term neonates, widely used for research purposes and in clinical settings of North America
(Gibbins et al., 2014; Stevens et al., 2014). The PIPP-R includes three behavioral items (brow bulge,

eye squeeze, and naso-labial furrow), two physiological items (heart rate and oxygen saturation), and
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two contextual factors (GA and baseline behavioral state). Each indicator is rated on a 4-point Likert
scale (0, 1, 2, and 3). Contextual factors are only factored in if the infant’s behavioral and
physiological sub score is > 1 (Stevens et al., 2014). Neonates with younger GA and neonates in a
quiet and sleep state score the highest. Zero points indicate no or perhaps no response to pain, 1-6
points indicate low pain, 7-12 points indicate moderate pain, and > 13 points indicate severe pain.
The PIPP-R showed good construct validity among 202 full-term and preterm neonates with GAs as
young as 26 weeks (Gibbins et al., 2014).

Individual contextual factors were determined based on the findings of a systematic review
(Sellam et al.,, 2011). Three dimensions of individual contextual factors were collected: (1)
demographic contextual factors including GA at birth, sex, birth weight, nationality, parity, and way
of delivery; (2) medical contextual factors including the primary diagnoses (premature or term birth)
and common comorbidities in preterm neonates, the number of comorbidities, the neonate’s health
status measured by the Clinical Risk Index for Babies (CRIB; Biihrer, Grimmer, Metze, & Obladen,
2000), ventilation status, and medication; and, (3) experiences with previous painful and non-painful
procedures (Cignacco et al., 2008). In addition, the following contextual factors were assessed for
each measurement point: postnatal age (PNA), post-menstrual age (PMA; GA birth combined with
PNA), weight, the duration of each heel stick procedure, the number of additional sucrose doses given
during heel stick procedures, and the baseline behavioral state measured with the PIPP-R (Stevens et

al., 2014).

4.4 Statistical analyses
In the first sub-study (Manuscript 2), the BPSN’s psychometric properties were examined
using the statistics programs SPSS (IBM© SPSS© Statistics Version 23.0, IBM Corp, Armonk, NY,

USA) and R (R Core Team, 2017). Intraclass correlation coefficients (ICCs) were calculated to
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determine interrater reliability of the seven subjective items. Multiple-group confirmatory factor
analysis (CFA) was used to evaluate the extent to which individual items correlated with the
unobservable pain construct and whether factor loadings were invariant across time and raters. The
internal consistency was evaluated by calculating Cronbach’s a.. Construct validity was determined
by comparing the level of pain scores between the three phases of the heel stick procedure (baseline,
heel stick, and recovery) using linear mixed effects analyses. Pearson product-moment correlation
coefficients were calculated to establish concurrent validity between the BPSN and the PIPP-R and
the association between behavioral and physiological pain scores. Receiver-Operating Characteristic
(ROC) curve analysis was used to evaluate the ability of the BPSN to detect pain in neonates and to
determine the cut-off value that maximizes both sensitivity and specificity. Because the study sample
was heterogeneous (neonates’ GA at birth ranged from 24 2/7 to 41 4/7 weeks), the data was
reanalyzed separately for the four GA-groups: extremely preterm neonates, very preterm neonates,
moderate to late preterm neonates, and full-term neonates (World Health Organization, 2018). The
CFA was not reanalyzed for different GA-groups separately because the subsamples were too small.
GA was already considered in the linear mixed model analyses.

In the second sub-study (Manuscript 3), the influence of individual contextual factors on
variability in neonates’ behavioral and physiological pain responses was analyzed by conducting
linear mixed effects analyses. The analysis was divided into two stages. First, the effect of each
contextual factor on the level of pain scores was separately tested in simple linear mixed effects
models. Second, all contextual factors that reached a p-value below 0.20 were included in a multiple
linear mixed effects model and backward elimination of non-significant contextual factors was

conducted.
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5. Results

A total of 162 neonates was enrolled in the study; 8 neonates were excluded from data
analyses because video sequences were missing or of poor quality. Mean GA at birth of the 154
neonates was 30.9 weeks (SD = 4.5).

The following chapters summarize the results of the two sub-studies. Sub-study 1 (Schenk et
al., 2019) analyzed the psychometric properties of the BPSN. Sub-study 2 (Schenk et al., submitted)
examined the influence of individual contextual factors on the variability in neonates’ pain response

and modified the BPSN according to the results of the two sub-studies.

5.1 Psychometric properties of the BPSN
5.1.1 Factor structure and reliability of the BPSN

The level of interrater agreement differed between the subjective items of the BPSN. During
the heel stick phase of the five measurement points, interrater agreement was good to excellent for
the items crying (/CCs = 0.905-0.945), facial expression (ICCs = 0.833-0.905), posture (/CCs =
0.722-0.860), consolation (/CCs = 0.634-0.805), and breathing (/CCs = 0.627-0.770). Interrater
reliability was moderate to good for the item sleeping (/CCs = 0.532-0.646) and poor for the item
skin color (/CCs = 0.189-0.285).

The results of the CFA showed that the items consolation, crying, facial expression, and
posture had factor loadings higher than 0.30 for the subjective subscale. The factor loadings of the
items breathing and skin color were low (range = -0.167-0.293), and loadings for the item sleeping
varied widely between raters and measurement points (range = 0.096-0.982). Further analysis of the
subjective subscale showed that a model including the three items crying, facial expression, and
posture fit the data best. These three items showed within-rater invariance during the heel stick phase

of the five measurement points, but no between-rater invariance.
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The physiological items heart rate and oxygen saturation did not load on a common factor,
nor did they correlate with each other (» = -0.028-0.106). Therefore, the physiological items’
sensitivity to detect pain was analyzed by calculating linear mixed models. Scores of the item heart
rate were on average 0.65 points higher during the heel stick phases than scores during the recovery
phases (SE = 0.09, t-value = -7.38); scores of the item oxygen saturation were on average 0.26 points
higher during the heel stick than during the recovery phases (SE = 0.12, t-value = -2.14).

Due to the results of the previous analyses, a first modification of the BPSN was conducted.
This modified BPSN included a behavioral subscale (facial expression, crying, and posture) and the
item heart rate as a physiological pain indicator. The next analyses were conducted with this modified
version of the BPSN.

5.1.2 Validity of the modified BPSN

To determine construct validity of the modified BPSN, the level of pain scores of the
behavioral subscale between the three phases was compared. Behavioral pain scores in the heel stick
phases averaged 1.04 higher than pain scores in the baseline phases (SE = 0.07, t-value = 15.01), and
1.13 higher than pain scores in the recovery phases (SE = 0.07, ¢-value = 16.04). As mentioned
previously, pain scores of the item heart rate were on average 0.65 points higher during the heel stick
phases compared to the recovery phases (SE = 0.00, ¢-value = 7.38). GA at time of birth significantly
affected behavioral pain scores (SE = 0.01, ¢ = 5.49) and scores of the item heart rate (SE = 0.01, t =
6.15); pain scores increased with increasing GA. Concurrent validity between the modified BPSN
and the PIPP-R ranged from » = 0.600-0.758 (Mdn = 0.688) among the five raters and measurement

points and tended to increase as GA increases.
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5.1.3 Sensitivity and specificity of the modified BPSN

The results of the sensitivity and specificity analyses indicated that cut-off points needed to
increase along with GA to reach about 80% sensitivity and similarly high specificity; extremely
preterm neonates require 0.5 points, very preterm neonates require 1.5 points, moderate to late
preterm neonates require 2.5 points, and full-term neonates require 3.5 points.
5.1.4 Correlations between behavioral and physiological pain indicators

Correlations between the modified behavioral BPSN subscale and the item heart rate were
low during the five heel stick phases (»=0.102-0.379, Mdn = 0.235). There was no obvious difference

between the correlation coefficients calculated for the four GA-groups separately.

5.2. Influence of individual contextual factors on pain response

Preterm neonates had about 0.72 points lower behavioral pain scores (p < 0.001) and about
0.23 points lower physiological pain scores (p = 0.004) than full-term neonates. Neonates in an active
and awake state before the heel stick procedure showed the highest behavioral pain scores during the
heel stick procedure. Neonates in an active and awake state scored about 0.28 points higher than
neonates in a quiet and awake state (p < 0.001), about 0.16 points higher than neonates in an active
and asleep state (p = 0.006) and about 0.50 points higher than neonates in a quiet and asleep state (p
< 0.001). Neonates who received caffeine had about 0.30 points lower behavioral pain scores than
neonates who did not receive caffeine during or shortly before the recorded heel stick procedure (p <
0.001). Finally, neonates who were mechanically ventilated during the recorded heel stick procedure
had about 0.20 points lower physiological pain scores than neonates who were not ventilated (p =

0.002).
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5.3 The Bernese Pain Scale for Neonates-Revised

The BPSN was revised based on the results of the two sub-studies. The BPSN-Revised
(Appendix I) includes three behavioral items (crying, facial expression, and posture), one
physiological item (heart rate), and three individual contextual factors (PMA, baseline behavioral

state, and ventilation status).

6. Discussion

The main objective of this dissertation was a revised BPSN that accounts for relevant
individual contextual factors. Therefore, the dissertation included a comprehensive psychometric
testing of the BPSN (Manuscript 2) and the examination of the influence of individual contextual

factors on variability in neonates’ pain response (Manuscript 3).

6.1 Factor structure and reliability of the BPSN

The CFA showed that a model that includes the behavioral items crying, facial expression
and posture fits the data best. Crying, facial expression and body movements are widely studied pain
indicators and are considered as the most sensitive behavioral indicators for pain assessment in
neonates (Anand, 2007; Hatfield & Ely, 2015). In the following sections, pros and cons of these three
pain indicators are discussed and suggestions for improving the reliability of the BPSN items are
made. The results of the CFA indicated that different raters assess pain differently, an assumption
further supported by the results of the interrater reliability analysis. Therefore, improving the
guidelines and training for applying the BPSN in the clinical practice may improve its reliability.

Facial expression is considered as the most reliable and sensitive indicator for pain assessment
in both preterm and full-term neonates (Anand, 2007). Brow bulge, eye squeeze, nasolabial furrow,
and vertical mouth stretch are facial expressions that neonates with different GAs show (Gibbins,

Stevens, Beyene, et al., 2008). The BPSN’s item facial expression assesses neonate’s face more
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generally. This general assessment may facilitate pain assessment in preterm neonates who wear
CPAP masks or tapes that are used to fix a tube to the skin, which hide specific components of facial
expression such as nasolabial furrow. On the other hand, the assessment of specific components of
facial expression that neonates typically show when they sense pain makes pain assessment more
precise and therefore more reliable. The inclusion of a description of these specific components in
the guideline may enhance the BPSN’s reliability.

Crying is included in several pain assessment scales (e.g., Hudson-Barr et al., 2002; Hummel,
Puchalski, Creech, & Weiss, 2008; Merkel, Voepel-Lewis, Shayevitz, & Malviya, 1997), but the use
of crying as a pain indictor has also been put into question. Some neonates have a limited ability to
cry due to mechanical ventilation, inhibiting drugs or severe illness (Gibbins, Stevens, McGrath, et
al., 2008; Hatfield & Ely, 2015). Furthermore, crying is not specific to pain, because neonates cry
also when they are hungry or feeling unwell (Hatfield & Ely, 2015). However, preterm neonates with
immature facial muscles are less able to communicate their pain through facial expressions, and
therefore, crying may be an important first indication that alerts their caregiver (Craig, Korol, &
Pillai, 2002; Johnston, Stevens, Craig, & Grunau, 1993). Because some neonates are not able to
express an audible cry, “silent crying” should also be considered in pain assessment (Kostandy et al.,
2008).

Specific or more general body movements are also included in several pain assessment scales
(e.g., Carbajal, Paupe, Hoenn, Lenclen, & Olivier-Martin, 1997; Holsti & Grunau, 2007; Hudson-
Barr et al., 2002). The BPSN item posture assesses body movement more generally by evaluating if
the neonate’s body is relaxed or tense. Holsti, Grunau, Oberlander and Whitfield (2004) found that
early preterm neonates show specific body movements like flexing and extending their arms and legs,

making fists, and finger splaying more often during a heel stick procedure. In addition, Morison et
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al. (2003) found that neonates with lower GA at birth made more specific body movements but
showed less facial expression at 32 weeks PMA. These results confirm that the consideration of body
movement provides supplementary information that enhances accurate pain assessment among
neonates with different GAs. The inclusion of a description of specific body movements observed in
very preterm neonates in the guideline may also enhance the BPSN’s reliability.

The item oxygen saturation was excluded from the BPSN because heart rate was more
sensitive to pain. This conclusion is in line with the suggestion of the authors of another study that
validated a Norwegian version of the PIPP-R (Vederhus, Eide, & Natvig, 2006).

6.1.2 Validity of the modified BPSN

The modified BPSN that includes the behavioral items crying, facial expression, and posture,
and the physiological item heart rate showed promising construct validity and concurrent validity
with the PIPP-R. Behavioral and physiological pain indicators were significantly higher during the
heel stick phases compared to the baseline and recovery phases. Pain scores slightly increased with
increasing GA.

6.1.3 Sensitivity and specificity of the modified BPSN

The results of the sensitivity and specificity analyses suggested that the cut-off that
discriminates between no or low pain and moderate to high pain (as measured with the PIPP-R) had
to increase with increasing GA. To reach a sensitivity and specificity of approximately 80%,
extremely preterm neonates require a cut-off value of 0.5 points, while full-term neonates require 3.5
points (total overall scores = 12 points). Compared to the original BPSN’s cut-off of 10.5 points that
discriminates between pain and no pain (total overall score = 27 points), these cut-offs are much
lower. In the present study, the means of the original BPSN total score varied widely between the

five raters, but did not reach the cut-off value of 11 points that indicates a painful state. The oral
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sucrose administered to each neonate before the heel stick may have lowered pain response, an effect
which was already demonstrated in numerous studies (Stevens et al., 2016).

The ROC analysis showed also that the modified BPSN was least able, but still moderately
good (Streiner, Norman, & Cairney, 2015) in discriminating between neonates who experience no or
low pain and neonates who experience moderate to high pain in the lowest GA-group. Extremely
preterm neonates’ pain expression may be less obvious and weak due to their immature nervous
system and muscles that prevent them from expressing a robust pain reaction (Gibbins, Stevens,
Beyene, et al., 2008; Gibbins, Stevens, McGrath, et al., 2008; Morison et al., 2003). As mentioned
previously, adding information about specific components in extremely preterm neonates’ pain
responses to the guideline may make pain assessment in this vulnerable population more accurate
and reliable.

6.1.4 Correlations between behavioral and physiological pain indicators

Correlations between the modified behavioral subscale and the item heart rate were low. This
result confirms previous findings (e.g., Vilitalo et al., 2016; Vederhus et al., 2006). However, the
consideration of both behavioral and physiological indicators in neonatal pain assessment is generally
assumed to be most appropriate for the clinical setting because of the complex nature of pain (Lee &
Stevens, 2014). Moreover, the results presented in the next chapter show that behavioral and

physiological indicators are influenced by different individual contextual factors.

6.2 Influence of individual contextual factors on pain response
In the second sub-study, the influence of numerous individual contextual factors on variability
in neonates’ pain response was examined (Schenk et al., submitted). The relevance of significant

contextual factors in pain assessment is discussed in the following chapters.
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6.2.1 Gestational age

Preterm neonates had lower behavioral and physiological pain scores than full-term neonates.
These results concur with the findings of the first sub-study; the younger the GA, the lower the cut-
off should be that discriminates between no or low pain and moderate to high pain. Neonates with
younger GA show less obvious and more inconsistent behavioral pain responses than more mature
preterm or full-term neonates because they have an immature nervous system and less muscular
strength, posture and body movements (Gibbins, Stevens, McGrath, et al., 2008; Johnston et al.,
2011). Preterm infants may show less change in heart rate because they are in a state of constant
autonomic arousal due to the repeated painful and stressful procedures they often experience during
their NICU stay (Grunau et al., 2001). Therefore, neglecting neonate’s age in pain assessment might
lead to underestimation of a painful state in preterm neonates.
6.2.2 Baseline behavioral state

Neonates in a quiet (asleep or awake) behavioral state before the heel stick procedure had
lower behavioral pain scores than neonates in an active (asleep or awake) state. This finding confirms
the results of other studies (e.g., Ahn, 2006; Badr et al., 2010; Johnston et al., 1999). A lower pain
response does not necessarily mean that a neonate senses less pain. Holditch-Davis, Brandon, and
Schwartz (2003) showed that neonates’ behavioral responses to environmental stimuli reflect also
the sleep-wake state in which the responses occur. Preterm neonates spend up to 70% of their time
in a sleep state (with active sleep as the major behavioral state) and the sleep-wake state changes with
increasing PMA (Foreman, Thomas, & Blackburn, 2008; Werth et al., 2017). Therefore, the
consideration of the baseline behavioral state in the assessment of acute procedural pain may enhance

the accuracy of pain assessment.
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6.2.3 Ventilation status

Neonates who were mechanically ventilated had lower physiological pain scores than
neonates who were not ventilated during the recorded heel stick. There was also a tendency that
neonates treated with CPAP had lower pain scores than neonates without any ventilation. These
findings confirm the result of a previous study (Sellam et al., 2013), while other studies found no
association between ventilation status and neonates’ pain response (Grunau, Holsti, & Peters, 2006;
Grunau et al., 2001; Johnston, Stevens, Yang, & Horton, 1996). When the effect of ventilation status
was examined in a single mixed model, a significant association between ventilation status and
behavioral pain scores was identified. Behavioral pain scores may be decreased because CPAP or
tapes that are used to fix the tube hide neonate’s face and impede pain assessment. Therefore, the

consideration of ventilation status may reduce misjudgment of pain.

6.3 Bernese Pain Scale for Neonates-Revised

The BPSN was revised according to the results of the two sub-studies. While the behavioral
and physiological items showed promising psychometric properties, the adding of the three
contextual factors demands a further testing of the validity of the BPSN-Revised (BPSN-R). In
addition, the BPSN was validated and revised for the assessment of acute procedural pain. Because
the BPSN is used for routine pain assessment in the clinical setting, the BPSN-R should also be
validated for different painful and stressful procedures and for different types of pain. Acute pain
shows a clearly different behavioral and physiological response pattern compared to, for example,
chronic pain (Anand, 2017). While the behavioral response to acute pain is reactive and reflexive,
neonates’ response to chronic pain may be hypo- or hyperreactive (Anand, 2017). Furthermore, in

the assessment of pain that contains no clear beginning and end (e.g., prolonged or chronic pain), the
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assessment of a baseline behavioral state may be problematic. Future validation studies should

examine the feasibility and clinical utility of the BPSN-R.

6.4 Strengths and limitations

This study has several strengths. First, the study sample included full-term and preterm
neonates that cover a wide range of GAs. This is advantageous compared to other studies mostly
focusing on preterm neonates with higher GA or full-term infants, as this allows the generalization
of the study results to the entire population in which the BPSN is applied. Second, neonates’ pain
response was measured repeatedly across the first 14 days of life. This allowed the consideration of
neonates’ development across time. Most studies that evaluated neonates’ pain response used a cross-
sectional design (Williams, Khattak, Garza, & Lasky, 2009). Third, the influence of numerous
individual contextual factors that may have an influence on neonates’ pain responses was examined.
The use of multiple linear mixed effects analyses allowed the examination of each factor’s
independent contribution in explaining neonates’ pain responses. Fourth, the influence of contextual
factors on physiological and behavioral pain indicators was analyzed separately, because these
indicators show only low correlations with each other.

There are several limitations that need to be considered when interpreting the study results.
First, characteristics of the video sequences may have affected the reliability of the ratings (e.g., poor
lighting conditions). Second, different nurses performed the heel sticks, and their individual
characteristics may have influenced the neonates’ pain response. Third, particularly during the
baseline and recovery phases, where the scores of the items were low and therefore upper categories
were almost or completely left empty, floor effects may have influenced study results. For example,
a variety of extensions of the model specification was considered in the factor analysis, but they were

discarded because of convergence problems likely related to floor effects. Fourth, hypothesis testing
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may be compromised by measurement error caused by differences between the ratings of the five
nurses (Hallgren, 2012). This possible influence was compensated by either including the raters in

the model, or by conducting separate analyses for each rater and pooling the results afterwards.

6.5 Conclusions and outlook

This is the first study that examined the factor structure of the BPSN and tested its
psychometric properties among a large sample of neonates that cover a wide range of GAs. The
results of this dissertation suggested a significant reduction of the number of items in the original
BPSN, leaving only three behavioral items (crying, facial expression, and posture) and the
physiological item heart rate. The results further suggested to add the contextual factors PMA,
behavioral state and ventilation status to the BPSN-R.

The BPSN-R is one of few pain scales that have undergone rigorous psychometric testing
among full-term and preterm neonates with different GAs and across repeated measurement points.
It is also one of few pain scales that considers preterm neonates’ immaturity by using different cut-
offs for different PMA-groups. The consideration of PMA and other contextual factors in the BPSN-
R will contribute to higher accuracy of pain assessment and prevent misjudgment of a painful state.
The results of this dissertation emphasize that neonates’ pain response is influenced by more than the
noxious stimulus itself. As many preterm neonates spend more than 14 days on a NICU, future studies
should observe neonates during their entire NICU stay. Neonates with the same PMA, but born with
different GAs may not show the same pain response because neonates with younger GA have spent
a longer time outside the intrauterine environment and consequently have had different experiences
(e.g., they may have had more painful experiences and longer maternal separation). In sum, the
BPSN-R is a promising tool for acute procedural pain assessment in full-term and preterm neonates

with different GAs. However, further testing of its validity, feasibility and clinical utility is warranted.
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Appendix I: The Bernese Pain Scale for Neonates-Revised

Pain indicators 0 1 2 3
Brief period of . Increased, shrill
e Increased crying -
Crying Not crying (less than 2 (mo.re than 2 (more than 2
. minutes) .
minutes) minutes)
. Permanent
Increase grimace rimace of face
Facial expression Face relaxed Brief grimace and trembling of g .
: and trembling of
chin .
chin
e Fre?elfsrit: (‘E)l::ts ! Permanentl
Posture Body relaxed short bouts of . Y
. relaxation tense
tension .
possible
Increase of 20 Increase of 20 Increase of 30
Heart rate (bpm) bpm or more over
. bpm or more over bpm or more over .
Baseline score: Normal . . . . baseline or more
. the baseline with  baseline without .
(Baseline) frequent episodes

return to baseline

return to baseline

of bradycardia

within 2 minutes . .
within 2 minutes

within 2 minutes

Subtotal 2>
Subtotal > 1: Contextual factors need to be added!

Contextuatfactors | 0| 1+ | 2 | 3 |score]

Postmenstrual age Full-term MBI Very preterm Extremely
preterm neonates neonates
(GA + number of neonates (32 0/7 - 36 6/7 (28 0/7—31 6/7 preterm neonates
days since birth) (= 37 0/7 weeks) (< 28 weeks)
weeks) weeks)
Behavioural state Active Quiet
(baseline) (awake or asleep) (awake or asleep)
Ventilation status CPA}.) 0? 1o Mecl.lan}cal
ventilation ventilation

Overall Total >

Overall total = Subtotal of pain indicators + score of contextual factors (if subtotal of pain indicators > 1).

0-4 points = no pain or no observable pain reaction
> 5 points = pain

Procedure:
1. Observation of the neonate during the baseline phase for 15 seconds: Assessment of the highest
heart rate and behavioural state
2. Observation of the neonate during the procedure for 2 minutes: Assessment of the three
behavioural pain indicators (crying, facial expression, posture) and the highest heart rate.
Calculation of the sub-total based on the 4 pain indicators.
4. If subtotal > 1 point, evaluation of the three contextual factors and calculation of the overall total.
Opverall total = subtotal + contextual factors

(O8)
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Abstract

Background: The Bernese Pain Scale for Neanates (BPSN) is a multidimensicnal pain assessment tool that is already
widely used in clinical settings in the German speaking areas of Europe. Recent findings indicate that pain
responses in preterm neonates are influenced by individual contextual factors, such as gestational age (GA), gender
and the number of painful procedures experienced. Currently, the BPSN does not consider individual contextual
factors. Therefore, the aim of this study is the validation of the BPSN using a large sample of neonates with
different GAs. Furthermore, the influence of individual contextual factors on the variability in pain reactions across
GA groups will be explared. The results will be used for a modificatien of the BPSN to account for individual
contextual factors in future clinical pain assessment in neonates.

Methods and design: This prospective multisite validation study with a repeated measures design will take place
in three university hospital necnatal intensive care units (NICUs) in Switzerland (Bern, Basel and Zurich). To examine
the impact of GA on pain responses and their variability, the infants will be stratified into six GA groups ranging
from 24 0/7 to 42 0/7. Among preterm infants, 2-5 routine capillary heel sticks within the first 14 days of life, and
among full-term infants, two heel sticks during the first days of life will be documented. For each heel stick,
rmeasurements will be video recorded for each of three phases: baseling, heel stick, and recovery. The infants’ pain
responses will be rated accarding to the BPSN by five nurses who are blinded as to the number of each heel stick
and as to the measurement phases. Individual contextual factors of interest will be extracted from patient charts.

Discussion: Understanding and considering the influence of individual contextual factors on pain responses in a
revised version of the BPSN will help the clinical staff to more appropriately assess pain in necnates, particularly
preterm necnates hospitalized in NICUs. Pain assessment is a first step toward appropriate and efficient pain
management, which itself is an important factor in later motor and cognitive development in this vulnerable
patient population.

Trial registration: The studly is registered in the database of Clinical Trial gov. Study ID-number: NCT 02748467,
Registration date: 12 April 2016.
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Background

In order to ensure their survival, premature born infants
hospitalized in a necnatal intensive care unit (NICU) are
subjected to many painful diagnostic and therapeutic pro-
cedures [1-3]. Although there have been efforts in recent
years to quantify, and most importantly, reduce the num-
ber of procedural exposures to pain in preterm infants,
procedural acute pain remains a challenge in the NICU
setting [3-5]. Often, these treatment interventions take
place during a crucial peried in the development of the
nociceptive and central nervous systems [6—8]. There is
more and more alarming evidence that repeated painful
stimuli at this early age may induce both structural and
functional reorganization of the nervous system [7, 9-13]
and result in an altered pain response [14-16]. As a con-
sequence, the motor and cognitive development of prema-
ture infants may be impaired [9, 13, 17-22]. In premature
infants requiring intensive care, the frequency of exposure
to pain and systematic implementation of preventive pain
measures are therefore of key importance for their later
development [4, 5]. Accurate pain measurement is the
first step toward effective pain management.

Pain assessment in neonates
Clinical pain assessment in neonates, particularly those
delivered preterm, is highly challenging [4, 23]. In the
clinical setting, their pain respenses have te be observed
and assessed using behavioral and physioclogical indica-
tors, which can vary across premature infants depending
on their physiological and neurclogical development
stages [23]. Behavioral indicators used as pain assess-
ment tools include body movements, facial expressions
and crying [24]. Some pain assessments also include be-
havier status indicators, e.g., sleep-wake state [25, 26].
Physiological responses to pain include, for instance,
changes in heart rate, respiratory rate, blood pressure,
oxygen saturation, vagal tone, and peripheral blocd flow
[25, 27]. Recently, researchers have begun to investigate
more objective approaches to pain assessment, such as
measurement of heart rate variability, skin conductance
and cortisol as a biomarker of stress [23, 25]. To better
understand and assess necnatal pain respenses at cortical
level, newer brain-oriented techniques, such as electroen-
cephalography (EEG) [28, 29] and functional magnetic
resonance imaging (fMRI) [30, 31], are used [11, 32-34].
However, for systematic clinical pain assessment, exclu-
sively observable indicators need to be considered.
Because of the complex nature of pain, multidimen-
sional pain measures that include behavioral and physio-
logical indicators are generally assumed to be most
appropriate for the clinical setting [23]. Although most
infants show both types of pain response indicators, the
correlation between these two indicators is often low
[25, 35]. Moreover, no consistent associations between
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behavioral, physiclogical and cortical measures of pain
have been detected so far [36]. In the face of inconclu-
sive associations between different indicators of pain, the
validity of existing multidimensional tocls and their
choices of indicators are currently being questioned,
and, to date, no universally accepted gold standard exists
for neonatal pain assessment [23].

More than 40 pain assessment scales for premature and
full-term infants exist to date [25, 37]. The majority were
designed for research purposes and are inappropriate for
routine clinical procedures (e.g, because they require ex-
tended observation periods) [25, 38]. Furthermore, only a
few have undergone extensive psychometric testing and
are both reliable and valid [25, 39]. Of the pain assessment
scales compiled for clinical application, few have been
validated in premature infants and even fewer consider
individual contextual factors, e.g. gestational age (GA) and
health status [23, 40].

The Bernese pain scale for neonates

The Bernese Pain Scale for Neonates (BPSN; [41]) was
developed by nurses of the University Hospital of Berne
primarily for clinical use. Since its development in 1996,
it has been widely used for bedside pain assessment in
NICUs in the German speaking areas of Europe. Several
hospitals in Switzerland have fully integrated the BPSN
inte their daily routine.

The BPSN is a 9-item multidimensional pain assess-
ment tool that includes behavioral and physiological in-
dicators. The instrument consists of seven subjective
(alertness, crying, consclation, skin color, facial expres-
sion, posture, and changes in respiratory rate) and two
physiological (ie. objective) (changes in heart rate and
oxygen saturation) indicators. Each item is rated on a
four peint Likert scale (0, 1, 2, and 3). Higher scores
indicate greater pain-related distress, and a total score of
11 or higher is considered to indicate pain.

In the year 2004, the BPSN was validated to differenti-
ate between pain and non-pain status in neonates be-
tween 27 and 41 weeks of gestation [41]. The results
suggested that the BPSN is a valid and reliable pain as-
sessment instrument for assessing acute pain in term
and preterm neonates. A shortcoming of this first valid-
ation study of the BPSN is the small study population of
12 infants. Furthermore, increasing evidence indicates that
pain reactions of neonates are probably influenced by
more than noxicus stimulation alone; individual context-
ual factors might also impact pain reactivity [40, 42—44].
Currently, the BPSN focuses entirely on physioclogical and
behavioral indicators.

Individual contextual factors
Individual contextual factors encompass individual in-
fant characteristics (e.g., GA, gender, health status, and
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weight), previous pain experience, or the duration of
hospitalization [23, 44]. The variability in pain responses
between and within premature infants as well as the low
association between behavioral and physiological pain
responses may be explained by the influence of individ-
ual contextual factors [35, 42, 45, 46].

Neonatal age is the most commonly examined individ-
ual contextual factor asscciated with neonatal pain re-
sponse [44]. Premature neonates generally seem more
sensitive to painful stimulation than full-term newborns.
In addition to having low reflex thresholds [47, 48],
newborns lack the inhibitory control that mature brain
structures would exert [49]. As a result, premature neo-
nates display diffuse responses to noxious stimuli rather
than more complex affective reactions [50]. Moreover,
the association between behavioral and physiological
stress responses may differ depending on GA [35]. Al-
though older GA infants displayed a positive association
between the extent of behavioral pain reaction and heart
rate levels, Lucas-Thompson et al. (2008) found no associ-
ation between physiclogical and behavioral responses in
the youngest GA infants. Despite the high variability in
behavioral and physiclogic pain responses in premature
neonates, their responses are less intense (42, 45, 51, 52].

The results of several studies suggest that facial
expression in response to pain increases with GA
[45, 52-55]. This difference is manly influenced by
the older infants’ increased facial expressiveness, which re-
sults from their more developed nervous system and facial
muscles [53, 54]. In contrast, several studies have reported
no significant relationship between GA and facial expres-
sion in response to pain [44, 56]. However, the consider-
ation of reduced facial movement in response to pain in
premature necnates is important. Using pain assessment
scales which rely only on facial expressions may lead clini-
cians to the incorrect conclusion that younger premature
infants do not feel or feel less pain [57]. In addition, the
presence of endotracheal tubes in premature neonates im-
pedes using facial reaction and crying as indicators of pain
because endotracheal tubes are typically secured by taping
them to the skin of the face [52, 54, 57]. Therefore, the
consideration of other behavioral pain indicators encoded
in specific body movements (e.g., hand on face), may pro-
vide further information about pain in premature infants
with extremely low GA [52, 56, 58].

Several studies have examined the influence of previ-
ous pain exposure on reaction to pain, but the findings
do not provide a clear answer [44]. Some studies report
that infants subjected to frequent painful procedures
during their hospitalization display less intense behav-
ioral responses to heel sticks than those who have
undergone fewer procedures [46, 52, 59]. The dampened
pain responses in very premature neonates may be a sign
of exhaustion or a state of passivity resulting from the
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numercus procedures they experience during their stay in
a NICU [43, 60, 61]. Contrary to those findings, other
studies suggest that repeated exposure to pain may lead
either to increased pain response (hyperalgesia) or to pain
responses without painful stimulus (allodynia) [15, 62].
Few studies have investigated the influence of other
contextual factors (e.g., gender, health status) on pain
reactions in neonates, and of those that have, the results
are inconsistent [44]. This might be explained by meth-
odological limitations (e.g. the comparison of different
GA groups and the use of a variety of pain assessment
tools) [44]. One challenge in examining the influence of
contextual factors on pain response is the associations
between the individual factors [44]; for example, ex-
tremely low GA infants have a longer stay in a NICU
and are exposed to a higher number of painful proce-
dures than mere mature infants. Due to the fact that
contextual factors can lead to underestimation or mis-
judgment of pain severity [54, 63—65], further research is
needed to better understand the factors that influence
pain responses in necnates. Relevant contextual factors
should also be considered in future pain assessment.

Study aims
The aim of this cbservaticn study is the validation of the
BPSN, using a large sample of necnates spanning a full
range of GAs. The validation will involve the detection of
the underlying structure of the data and the examination of
the concurrent validity of the BPSN with the Premature
Infant Pain Profile-Revised (PIPP-R; [26]), construct validity,
interrater reliability, specificity and sensitivity. Furthermore,
the variability of pain reactions over time related to behav-
ioral and physiological patterns will be analyzed and the
relationship between behavioral and physiclogical indicators
examined. In addition, the influence of contextual factors
on the variability of pain reactions across GA groups will be
explored. Finally, the results of this analysis will be used for
modification of the BPSN, to account for individual context-
ual factors in future clinical pain assessment in neonates.
Based on a previous validation study of the BPSN [41],
we hypothesize that the BPSN will be a valid and reliable
pain assessment tool for premature and term infants. In
addition, we expect that the impact of single contextual
factors on infants’ pain reaction will be described and
considered for future pain assessment. In particular, we
anticipate finding a difference in pain reaction depend-
ing on GA. Moreover, we hypothesize that behavioral
and physiological indicators will show low association
across time and that this low association may be ex-
plained by the influence of individual contextual factors.

Methods
This prospective multisite validation study focuses on
psychometric testing of the BPSN and involves repeated
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measurement design. The study will take place in three
university hospital NICUs in Switzerland (Basel, Bern
and Zurich).

In total, 150 preterm and healthy-term infants hospi-
talized in a NICU will be included. Consecutive sam-
pling will be used to recruit subjects and the infants will
be stratified according to GA at birth (Fig. 1). Stratifica-
tion is based on the assumption that premature neonates
with a lower GA will show a higher variability in pain
responses, due to their neurological immaturity, than
will premature neonates with a higher GA and full-term
infants [42]. Therefore, larger sample sizes of premature
infants with GAs between 24 0/7 and 29 6/7 weeks
(1 = 102) will be included, compared to the samples of
those with GAs between 30 0/7 and 42 /7 weeks
(1 = 48).

Inclusion and exclusion criteria

Premature infants born between 24 0/7 and 36 6/7 weeks
of gestation will be included if they are expected to
undergo 2-5 routine capillary heel sticks during the first
14 days of life. Full-term infants bern between 37 0/7
and 42 0/7 weeks of gestation will be included if they
are expected to have at least 2 routine capillary blood
samplings during their first days of life. Furthermore,
signed consent is needed from the infant’s parents, who
have to understand either German eor French.

Infants will be excluded if they have suffered a high-
grade intraventricular hemorrhage (grades III and IV), if
they have a severe life-threatening malformation or suffer
from any condition involving partial or total less of sensi-
tivity, if they have had an arterial cord pH < 7.15, if they
have had surgery for any reason, or if they have a congeni-
tal malformation affecting brain circulation and/or cardio-
vascular system. Infants treated with continuous positive
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airway pressure (CPAP) or mechanical ventilation will be
included if they meet the other inclusion and exclusion
criteria.

Recruitment and data collection procedures

In each study center, a trained study assistant will iden-
tify potentally eligible infants and inform the parents
about the study both verbally and via printed informa-
tion material. Interested parents will receive the infor-
mation material and a copy of the informed consent
form to read. A member of the research team will an-
swer any parental questions about the study. No study
procedures will be performed until a signed informed
consent form is obtained from the child’s parents.

After written consent has been received, the necnate
will be videotaped (using a HC-V757 high-definition
camcerder manufactured by Panasonic, Osaka, Japan)
during his or her next 2-5 routine capillary heel sticks.
Before each heel stick procedure, every infant will re-
ceive a dose of 24% oral sucrose (0.2 ml/kg bodyweight)
as a pain relieving intervention in accordance with stan-
dards of care [66]. Video sequences and physiological
variables will be recorded continuously from 2 to 3 min
before the beginning of the heel stick procedure (base-
line phase), through the heel stick (heel stick phase) and
until 2-3 min after the heel stick (recovery phase).
Therefore, three rating sequences will be produced for
each heel stick. The camera operator will begin each
video sequence by focusing on the face of the necnate
for at least one minute to allow adequate assessment of
facial activity and cry. Then, the infant’s body will be
recorded for another minute. For healthy-term infants,
six video sequences per infant will be produced, result-
ing in 96 videos (2 heel sticks * 3 phases * 16 n). For pre-

mature necnates, 2010 video sequences (5 heel sticks * 3

e
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‘ 240/7-258/7 ‘ ‘ M4 ‘ ‘ 13 ‘ ‘ 13 ‘ ‘ 8 ‘
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Fig. 1 Stratification of sample accerding to gestational age {(GA) and expected sample numbers {n) (ELGA = extremely low gestational age;
LGA = low gestational age)
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phases * 134 n) will be produced. This will lead to a total
of 2106 video sequences, all of which will be filmed by
trained study collaborators. Each video sequence will be
checked for quality, and digitally elaborated by trained
study assistants using Final Cut Pro X (Apple Inc,
Cupertino, CA, USA) video editing software. To pre-
serve rater blindness, any information that could indi-
cate the heel stick phase to the raters will be eliminated.
Data quality and completeness of the video sequences
will be controlled continuously by the doctoral student
before uploading each video sequence onto a web-based
rating tool. The web-based rating tool has been devel-
oped specially for the study and includes a randomizing
generator. Uploaded sequences are randomized related
to sequence number, phases and presentation order. Five
trained nurses who are presently working in a NICU and
are experienced users of the BPSN will retrieve the
randomized sequences from the web-based platform and
will rate the behavioral pain reaction by means of the
BPSN and the PIPP-R.

Individual contextual factors will be retrieved retro-
spectively from patient charts by trained study assistants.
All extracted data will be entered intec secuTrial®, a web-
based data capture system (InterActive Systems, Berlin,
Germany). Five percent of the patient charts will be
audited by the doctoral student to detect and correct
discrepancies. Emerging questions and inconsistencies
during the overall data collection process will be con-
tinuously discussed to ensure the quality of ongoing data
extraction.

Measures

To establish concurrent validity, neonates’” pain expres-
sion is measured by the BPSN [41] and the PIPP-R [26].
The BPSN measures 9 indicators. The two physiological
indicators will be captured on an ongeing basis from the
neonate’s routine continucus monitoring records (heart
rate and oxygen saturation) during the video recording.
The six subjective indicators (sleeping state, crying,
consolation, skin color, facial expression, posture, and
breathing) will be rated by five independent and blinded
video raters on a 4 point Likert scale. The raters are
blinded towards the phase of the video sequence they
are looking at (baseline, heel stick, and recovery). The
PIPP-R, which is widely used in North America for
assessing acute pain in neonates, measures five indica-
tors of which two are physiological (heart rate and oxy-
gen saturation). The three behavioral indicators (brow
bulge, eye squeeze, and naso-labial furrow) will also be
assessed by the five raters. Each indicator of the PIPP-R
is numerically rated on a Likert scale from 0 to 3 peints,
with higher ratings reflecting the rater’s impression of
more intense pain responses. Additionally, the PIPP-R
accounts for GA and baseline behavioral states as
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contextual factors. According to the instructions of the
authors, these contextual factors need only be scored if
there are changes in any of the behavioral or physio-
logical items [26]. Neonates with the youngest GAs and
those in quiet sleep receive the highest scores for these
indicators. The PIPP-R scores will be used as a standard
reference in this study.

Based on the findings of a systematic review [44], the
following individual contextual factors will be retrieved
from patient charts: demographic contextual factors,
including GA at birth, gender, birth weight, nationality,
parity and way of delivery; the primary diagnosis and the
most common comorbidities in preterm neonates, includ-
ing bronchopulmonary dysplasia, necrotizing enterocolitis,
respiratory distress syndrome, patent ductus arteriosus,
septic events, cardiac events and respiratory events; the
health status at time of birth measured by the Clinical
Risk Index for Babies (CRIB; [67]). For the time of each
heel stick, the following individual contextual factors will
be retrieved: postnatal age; post-menstrual age (GA at
birth combined with postnatal age); weight; CPAP or
mechanical ventilation at the time of the heel stick pro-
cedure; medication administered (sedatives, opioids, non-
opioids, steroids, caffeine, antibiotics and catecholamines)
from birth and between the recorded heel stick proce-
dures; number of previous painful (e.g, heel stick) and
non-painful (e.g., diaper change) interventions from birth
and between the recorded heel stick procedures (painful
and non-painful interventions were defined in a previous
study [68]); number of painful and nen-painful procedures
in the past 24 h; time since the last painful and non-
painful interventions; and, finally, type of last painful
and non-painful interventions. The duration of each
heel stick and the number of additional sucrose doses
given during the heel stick procedures will be regis-
tered while video recording.

Data analyses
Data will be analyzed using SPSS (IBM® SPSS@ Statis-
tics Version 23.0, IBM Corp, Armonk, NY, USA) and
Stata (Stata/MP 13.1, StataCorp LP, Lakeway Drive,
USA). Initially, an exploratory analysis will be conducted
to describe the data and uncover any anomalies that
may impact the validity of the data analysis. Methods for
handling missing data will be applied after considering
the volume and pattern of missing data. Descriptive
statistics including measures of central tendency and
dispersion will be used to characterize the individual
variables and to determine the distribution of the data.
Several data analyses will be used for the validation of
the BPSN. An exploratory factor analysis will be per-
formed to analyze the underlying structure of the data.
Cronbach’s Alpha and item-total correlations will be con-
ducted to analyze the reliability of the scale. Furthermore,
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construct validity will be examined by comparing mean
measurements at each of the three rated phases (baseline,
heel stick and recovery). The analysis will be performed
for the total sum score of the BPSN as well as for the
physiological items and the behavioral items alene. In
order to determine the concurrent validity of the BPSN
with the PIPP-R, the total sum scores of the two teols will
be correlated. Intra-class correlation (ICC) will be used to
determine interrater reliability across the 2-5 heel sticks.
To test sensitivity and specificity in the BPSN, a receiver
operating characteristic (ROC) curve analysis will be
performed using the PIPP-R as reference value. Further-
more, the pain and non-pain cut-off values of the two
instruments will be compared.

To explore and depict both temporal variability of pain
reactivity between measurements of each subject, and
variability between correspending measurements of all sub-
jects, linear mixed modeling will be applied to the behav-
ioral and physiological data on pain reactivity. Additicnally,
individual contextual factors will be added to these models
to test for associations with the BPSN scores. As contextual
factors are highly dependent en organizaticnal procedures,
the possible confounding effect of the participating sites will
also be taken into account.

In addition toc analyzing the total sum scores of the
BPSN, the separate physiclogical and behavieral sub-
scores will be tested both against the total scores and
against one another. Pearson correlation will be used as
a descriptive indication of the strength of associations,
while linear mixed modeling will be used to test the
associations themselves.

Sample size and power

The target sample size of 150 neonates is indicated on a
power analysis of the hypothesized association between
the BPSN and GAs at baseline. This analysis is based on
the data from a descriptive-explorative analysis (z = 23)
and a previous study (# = 71; [69]), ie., assuming an
alpha of 0.05, a beta of 0.80, with at least three baseline
heel sticks conducted per study infant (taking into ac-
count both intra- and inter-infant variability). Because
an attrition rate of 10-15% is anticipated, approximately
170 infants will be enrclled in the study.

Discussion

The BPSN is already widely used in clinical settings in
the German speaking areas of Eurcpe. Pain assessment
with the BPSN requires only two to three minutes of
observation. Despite its practical application, anocther
advantage of the BPSN is its consideration of various
aspects of behavioral pain responses. Because of less
intense facial reactions in premature necnates and the fre-
quent presence of artificial respiration in this patient popu-
lation, the consideration of various behavioral indicators of
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pain may provide further infermation for appropriate pain
assessment. In addition, the repeated measurement design
in this study will facilitate consideration of the development
of pain responses across time.

The validation of the BPSN cn a large sample of neo-
nates with different gestational age and the consider-
ation of the influence of individual contextual factors on
pain reactivity should lead to a higher accuracy of rou-
tine pain assessment. A revised version of the BPSN may
help the clinical staff to prevent and minimize the pain
endured by neonates, particularly preterm neonates in
NICUs. For preterm infants requiring intensive care, ap-
propriate and efficient pain management is an important
factor in later motor and cognitive development. This
study will hepefully contribute to a mere accurate pain
assessient tool and to the prevention of negative long-
term outcomes in this vulnerable patient population.
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Abstract

Background: Assessing pain in necnates is challenging because full-term and preterm neonates of different
gestational ages (GAs) have widely varied reactions to pain. We validated the Bernese Pain Scale for Neonates
(BPSN} by testing its use among a large sample of necnates that represented all GAs.

iMethods: In this prospective multisite validation study, we assessed 154 necnates between 24 2/7 and 41 4/7
weeks GA, based on the results of 1-5 capillary heel sticks in their first 14 days of life. From each heel stick, we
praduced three video seguences: baseline; heel stick; and, recovery. Five blinded nurses rated neonates’ pain
responses according to the BPSN. The underlying factor structure of the BPSN, interrater reliability, concurrent
validity with the Premature Infant Pain Profile-Revised (PIPP-R}, construct validity, sensitivity and specificity, and the
relationship between behavioural and physiological indicatars were explared. We considered GA and gender as
individual contextual factors.

Results: The factor analyses resulted in a model where the following behaviours best fit the data: crying; facial
expression; and, posture. Pain scores for these behavicural items increased on average more than 1 point during
the heel stick phases compared to the baseline and recovery phases (p < 0.001). Among physiclogical items, heart
rate was more sensitive to pain than oxygen saturation. Heart rate averaged 0646 points higher during the heel
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gestation, the average increase of behavioural pain score was 0.063 paints (SF =001, r=1549); average heart rate
increased 0.042 points (SE=0.01, t=6.15}. Sensitivity and specificity analyses indicated that the cut-off should
increase with GA. Maodified BPSN showed good concurrent validity with the PIPP-R (r = 0.608-0.758, p < 0.001).
Correlations between the modified behavioural subscale and the item heart rate were low (r=0.102-0379).

Conclusions: The madified BPSN that includes facial expression, crying, posture, and heart rate is a reliable and
valid tool for assessing acute pain in full-term and preterm neonates, but our results suggest that adding different
cut-off points for different GA-groups will improve the BPSN's clinical usefulness.
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Background

Acute painful status in preverbal infants is assessed and
interpreted by observing measurable behavioural and
physiclogical indicators. An infant who undergoes an in-
vasive procedure may react to pain that is not caused
solely by the painful stimulus [1, 2]. Incerporating individ-
ual contextual factors, like gestational age (GA) and gen-
der, into pain assessment tools might make them more
accurate [3, 4]. The physiological and behavioural dimen-
sions of pain in neonates are measured by several multidi-
mensional pain assessment tools developed over the last
three decades [4-6], but experts agree that behavioural,
physiclogical and cortical measures of pain do not con-
verge to reliably depict and assess the phenomencn of
pain in such a vulnerable population [7, 8]. Discrepancies
and low-to-moderate associations between behavicural
(e.g., facial expression) and physiological (e.g., changes in
heart rate) indicators of pain [9-12] have sparked ongoing
debate about the appropriate dimensionality of pain scales
[7]. Infants may also display nonspecific physiclogical and
behavioural pain indicators during stressful experiences
that are not painful, which makes it more challenging to
accurately assess pain in neonates [13, 14].

Many pain assessment tools are used in neonatal in-
tensive care unit (NICU) settings. Most add behavioural
and physiological indicators to a summary score that is
then measured against a cut-off that separates pain from
no pain [4]. Rigorous psychometric testing has been ap-
plied only to a few [15] (e.g, the Premature Infant Pain
Profile [16]). Most were validated for a specific GA in
tests that assessed acute pain in full-term and healthy
preterm infants with higher GA [4]. However, neurode-
velopment and the associated ability to react to painful
stimulus varies greatly among early and late preterm in-
fants and full-term neonates: necnates with lower GA
express less behavioural pain than more mature neo-
nates [17-22]. In neurologically impaired and very ill ne-
onates, and in neonates on medications (e.g., sedatives),
pain may be faintly expressed, or not at all [13, 23].

The Bernese Pain Scale for Neonates (BPSN) is a
multidimensional pain assessment tool that includes
seven subjective items (sleeping, crying, consolation, skin
colour, facial expression, posture, and breathing) and
two physiological items (changes in heart rate and oxy-
gen saturation) [24]. The BPSN has been used by clini-
cians since 2001; 46% of Swiss NICUs rely on this tool
to assess pain in necnates [25]. The results of the first
validation study in the vear 2004 suggested that the
BPSN is a valid and reliable scale for assessing acute
pain in full-term and preterm neonates with different
GAs [24]. However, clinical experts have said the tool is
less useful for assessing pain in extremely preterm neo-
nates who, for example, always score very low. This
feedback and the increasing scientific evidence which
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indicates that neonates’ pain reaction is influenced by in-
dividual contextual factors [1] have motivated us to
re-evaluate the tocl with sophisticated psychometric
tests to assess its accuracy across all GAs.

This study is the first part of a comprehensive BPSN
validation and extension study, designed to develop a
modified version of the BPSN that includes relevant in-
dividual contextual factors in pain assessment. In this
first part, we evaluated the BPSN with psychometric
tests. The second part of the study will explore the influ-
ence of individual contextual factors (e.g., medication, or
number of previous painful experiences) on variability in
pain reactions across repeated measurement points.

We used psychometric tests to determine the applic-
ability of the BPSN across neonates who ranged from 24
to 42 weeks of GA. We evaluated interrater reliability,
the underlying factor structure of the BPSN, and the in-
ternal consistency of the scale. We also assessed concur-
rent validity with the Premature Infant Pain Profile-
Revised (PIPP-R; [26]), construct validity, specificity and
sensitivity, and determined the relationship between
behavicural and physiclogical indicators of pain. GA
groups and gender were considered as individual con-
textual factors.

Based on the results of the first validation study of the
BPSN [24], we hypothesized that the BPSN is a valid and
reliable tool for assessing pain in preterm and full-term
neonates. Due to feedback from clinical experts concern-
ing difficulties in pain assessment in extremely preterm
neonates and the increasing scientific evidence that
indicates neonates’ pain reaction is influenced by indi-
vidual contextual factors [1], we assumed that we will
find a difference in pain reaction depending especially
on neonates’ GA. Furthermore, we hypothesized only a
low-to-moderate association between behavieural and
physiological indicators of pain.

Methods

Sample and settings

This was a prospective multisite validation study with
repeated measurement design. It was conducted in three
university hospital NICUs in Switzerland (Basel, Bern
and Zurich). The study was approved by the Ethics
Committee Bern, the Ethics Committee northwest/cen-
tral Switzerland, and the Ethics Committee Zurich. Re-
cruitment and data collection were ongoing, from
January 1 to December 31, 2016. Data collection was ex-
tended in Bern until January 31, 2017, because we
needed to recruit more extremely premature neonates.
We included premature neonates born between 24 (/7
and 36 6/7 weeks of gestation, if they were expected to
undergo 2-5 routine capillary heel sticks in their first
14 days of life. We included full-term neonates born be-
tween 37 0/7 and 42 0/7 weeks of gestation, if they were
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expected to have at least two routine capillary heel sticks
during their first 14 days of life. We needed parental per-
mission to include preterm and full-term neonates. We
excluded neonates if they had had a high-grade intraven-
tricular haemorrhage (grades III and IV}, if they had a
severe life-threatening malfermation or suffered from
any condition that caused partial or total loss of sensitiv-
ity, if they had an arterial cord pH < 7.15 at birth, if they
had surgery for any reason, or if they had a congenital
malformation that affected brain circulation and/or car-
diovascular system.

Recruitment and data collection procedures

Neonates were recruited by consecutive sampling and
then stratified according to GA at birth [27]. Trained
study assistants in each study centre identified poten-
tially eligible neonates and informed their parents of the
aim and purpose of the study. After parents granted
written infermed consent, trained study assistants video-
taped neonates (using a HC-V757 high-definition cam-
corder manufactured by Panasonic, Osaka, Japan) during
their next 1-5 routine capillary heel sticks. For each heel
stick, we produced three video sequences: baseline, heel
stick, and recovery phases. Each video sequence began
by focusing on the face of the neonate for at least 1 mi-
nute to allow adequate assessment of facial activity and
cry. Thereafter, the infants body was recorded for at
least 1 minute. Bedside nurses were asked not to handle
the neonates before the baseline phase was recorded, to
avoid additional distress that could change the measure-
ment. During the heel stick procedure, the neonates
were lying in their incubator (or crib) and the position
of the infants was unchanged for the video recording.
The baseline phase was recorded 2 to 3 min before the
beginning of the heel stick procedure. Afterwards, the
bedside nurse warmed the neonate’s heel and gave the
infant a dose of 24% oral sucrose (0.2 ml/kg bedyweight)
to relieve pain [28]. When the nurse disinfected the neo-
nate’s heel, the recording of the heel stick phase began.
First, the necnate’s face was recorded, until the nurse
finished the heel stick procedure, which lasted at least a
minute. Then the infant’s body was recorded for at least
one more minute. The recovery phase began immedi-
ately after the heel stick phase was recorded. During
each phase of the heel stick procedure, our study assis-
tants recorded the infant’s highest heart rate and lowest
oxygen saturation measurement from the infant’s moni-
tors, which tracked this data continuously.

Each video sequence was checked for quality and digit-
ally elaborated by trained study assistants in Final Cut
Pro X [29] video editing software. We removed any in-
formation that could have revealed the heel stick phase
to the raters to ensure continued blindness. The video
sequences were uploaded onto a web-based rating tool
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developed for our study. Uploaded sequences were ran-
domized by sequence number, phase, and presentation
order. Five nurses who were working in a NICU and
were experienced in using the BPSN (Meai = 8.3 years
of experience, 8D = 6.1, Range = 3.5-15 years) retrieved
the video sequences from the web-based platform and
independently rated the behavioural pain expression of
the neonates using the BPSN and the PIPP-R. The
nurses were trained to use and score the PIPP-R.

Measures

Pain reaction was measured with the BPSN [24] and the
PIPP-R [26]. Each of the nine items of the BPSN is rated
on a 4-point Likert scale (0, 1, 2, and 3), and then the
scores are summed. On the BPSN total score, which in-
cludes seven subjective items (ie., sleeping, crying, con-
solation, skin colour, facial expression, posture, and
breathing), and two physiological items (i.e., changes in
heart rate and oxygen saturation), the scores of 11 or
more points indicate pain (BPSN total scores range from
0 to 27). In a first validation study in the year 2004 [24],
the BPSN showed good construct validity among neo-
nates with GAs between 27 and 41 weeks (1 = 12); BPSN
scores were significantly higher during painful (M=
15.96, SD =5.7) compared to non-painful (M =232, §D
= 1.6, p < 0.001) situations. Furthermore, the correlations
between the BPSN and the Visual Analog Scale (VAS; r
=0.855, p <0.0001) and the PIPP (r=0.907, p <0.0001)
were high, as well as the interrater (r=0.86-0.97) and
intrarater reliability (r = 0.98-0.99) of the BPSN [24]. In
our study, five independent blinded raters watched the
videos to rate the seven subjective items. Both physic-
logical indicators were captured from the neonate’s
monitoring records during videc recordings. Because the
raw data on heart rate, oxygen saturation and breathing
rate in the baseline phase was used to calculate differ-
ences during the heel stick and recovery phases, we set
the baseline scores of these items to zero, and retro-
spectively converted the raw data between baseline, heel
stick, and recovery phase into BPSN scores that ranged
between 0 and 3.

The PIPP-R is a well validated pain assessment tool for
use with premature and full-term neonates, widely used in
North America in clinics and for research [16, 26, 30, 31].
The PIPP-R includes three behavioural indicatoers (brow
bulge, eye squeeze, and naso-labial furrow) and two
physiological indicators (heart rate and oxygen saturation).
Each indicator is rated on a 4-point Likert scale (0, 1, 2,
and 3). The PIPP-R accounts for GA and baseline behav-
ioural state as contextual factors. Neonates with younger
GAs and neonates in quiet sleep state score the highest,
but they are only factored in if the infant’s behavioural and
physiological sub score is 21 [26]. Zero points indicate no
pain or perhaps no response to pain, 1-6 peints indicate
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low pain, 7-12 points indicate moderate pain, and > 13 se-
vere pain. Total PIPP-R scores range from 0 to 21 for neo-
nates with GA <28 weeks in a quiet and sleep baseline
behavioural state, and from 0 to 15 for full-term necnates
in an active and awake baseline behavioural state [26].
The PIPP-R shews beginning censtruct validity [30];
PIPP-R scores were significantly higher during painful (M
=6.7, 8D =3.0) compared to non-painful (M=4.8, $D=
2.9; p <0.001) procedures among full-term and preterm
neonates with GAs as young as 26 weeks of gestation (7 =
202). In addition, the PIPP-R showed good interrater reli-
ability between nurses and pain experts (R = 0.87-0.92; p
<0.001), and nurses reported that the PIPP-R is a feasible
and appropriate pain assessment tool [30]. In our study,
both physiological indicators were captured from the neo-
nate’s monitoring records and converted into PIPP-R scale
values like the physiological indicators of the BPSN. The
behavioural indicators and behavicural state were rated
from the videos by the same five independent raters. We
calculated interrater reliability of the three behavicural
items with a two-way random-effects, absolute agreement,
single measure model that ranged from 0.750 to 0.842
(Mdn = 0.803) in the heel stick phases of the five measure-
ment points.

We retrieved individual contextual factors retrospect-
ively from patient charts [27] and will publish a separate
paper describing their influence on the variability of pain
reaction across repeated measurement points.

Sample size and power

Our target sample size of 150 neonates was based cn an
a priori power analysis of the hypothesized association
between the BPSN and GAs at baseline. That analysis
was based on data from a previous study (#="71; [32])
and a descriptive-explorative analysis (1 =23); it as-
sumed a Type I error probability of 5%, a power of 80%,
and at least three documented baseline heel sticks per
study infant.

Data analysis

Factor analyses explored the structure of the BPSN
and measurement invariance. Psychometric tests ex-
amined interrater reliability, internal censistency, con-
struct validity, concurrent validity with the PIPP-R
[30], association between behavioural and physio-
logical items, and sensitivity and specificity. Because
the sample was heterogenecus, we also conducted
analyses for different GA-groups. We used the statis-
tics programs SPSS [33] and R [34] for all analyses.
Space restriction limit us to reporting mainly our re-
sults from the heel stick phases. In this comprehen-
sive validation study, we did multiple testing of
outcome data arising from individual neonates. Cor-
rection of p-values with Bonferroni adjustment [35]
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would not have rendered findings non-significant.
Therefore, all p-values are presented uncorrected for
multiple testing unless otherwise specified. A p-value
<0.05 was considered statistically significant.

Preliminary analyses

Exploratory analyses described the data and locked for
anomalies that could reduce the validity of the data ana-
lysis. We used descriptive and frequency statistics to de-
scribe sample characteristics and each rater’s pain
scores.

Missing values

We analysed the ratings of the 1'817 video sequences
for the volume and pattern of missing data, since single
items of the BPSN and the PIPP-R could be rated
“non-evaluable”. Because it is impossible to compute
BPSN and PIPP-R sum scores when an item was not
rated, we used multiple imputation [36] and the
R-package partykit [37] to derive those scores by re-
placing the values of non-rated items with randem sub-
stitutes generated from conditional inference regression
trees [38]. We generated five data sets, so there were five
variants on the BPSN and PIPP-R sum scores.

Interrater reliability

Intraclass correlation coefficients (ICCs) and their 95%
confidence intervals were calculated to determine inter-
rater reliability of the seven subjective BPSN-items [39,
40]. Since pain reaction of a necnate is rated by a single
nurse in the clinical setting, and pain level scores were
central to our outcome, we assessed interrater reliability
with a two-way random-effects, absolute agreement, sin-
gle measure medel [41]. ICC coefficients were also cal-
culated with a two-way random-effects, absclute
agreement, average measure model, to generate more in-
formation about the reliability of the mean ratings pro-
vided by the five raters [40]. Each phase of the five
measurement peoints was analysed separately, resulting
in 120 ICC coefficients (8 rating scores * 3 phases * 5
measurement points) per model.

Factor analyses

Measurement construct

Multiple group longitudinal confirmatory facter analysis
[42] was used to evaluate the extent to which individual
items correlated with the unobservable pain construct,
the predictive performance of the construct, and
whether factor loadings were invariant across time and
raters. The R-package [avaan [43] was used for this ana-
lysis. Full maximum likelihood estimates were based on
the assumption that data were missing at random.
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Model specification

Figures 1 and 2 show the structures of our confirmatory
factor analysis (CFA) models for the subjective and
physiological subscales. For item selection, we used only
data from the heel stick phases of the five measurement
points. Measurement invariance tests were based on
data from all phases (baseline, heel stick, and recovery)
and all measurement points (t1-t5).

The longitudinal structure of the data was accounted
for by implementing covariances between factors (Fig. 3,
structure of the subjective subscale). The covariance
structure of factors for the physiological subscale or add-
itional phases or measurement peints was implemented
as shown.

For the subjective subscale, we stacked the data re-
cords of raters, and used the rater as a grouping variable.
This specification of this model made it impossible to
model covariances between values of the same child
measured by different raters. We chose this specification
because it did allow us to test invariance of model pa-
rameters within and across raters.

Analytical procedure

We selected items to improve the fit of the CFA model.
At estimation, to remove Inconsistent items, we re-
stricted leadings of a given item to a common value
across raters and measurement points. For both sub-
scales, we estimated several model configurations with
at least two items, resulting, for the subjective subscale
with 7 items, in 120 models. For the physiological sub-
scale, we used only one model since it included only two
items. Selecting the final model was a three-step process.
First, we excluded several models with loadings <0.3
and also excluded models with root mean square errors
of approximation (RMSEA) > 0.06, Comparative Fit Indi-
ces (CFIL; [44]) <095 and Tucker-Lewis Indices <0.95
(TLL [45]). The minimal loading size of 0.3 was inspired
by Brewn [46], and the combinations of cut-offs for the
RMSEA, CFI and TLI were inspired by Hu and Bentler
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[47, 48]. Second, we chose from the remaining meodels
those with the highest number of parameters because
we wanted to keep as many appropriate items as pos-
sible. Third, we planned to select the model with the
highest CFI if Step 2 left us with more than one candi-
date, but this step turned out to be unnecessary. We
found no suitable factor model for the physiological sub-
scale and therefore, we used regression analysis to pick
the item most sensitive to pain.

We continued factor analysis by examining measure-
ment invariance across time points within-raters and
overall measurement invariance. Only loading (weak) in-
variance was considered, because other parameters like
intercepts and variances could be expected to vary over
time and phases. Measurement invariance was examined
with Satorra and Bentler’s likelihood ratio test [49] and
tests based on the RMSEA, CFI and TLI that used

Cheung and Rensvold’s critical values [50].

Reliability and validity of the modified BPSN

The results of our factor analyses showed that only the
behavioural items crying, facial expression, and posture
had consistently high factor loadings over time. The
physiclogical items heart rate and oxygen saturation did
not load on a common factor and did not correlate with
each other. Further analyses showed that the item heart
rate was more sensitive to pain than oxygen saturation.
We thus decided to exclude the items sleeping, conscla-
tion, skin colour, breathing, and oxygen saturation from
the BPSN. In following examinations, we used a modi-
fied version of the BPSN that included facial expression,
crying, and posture, as a behavioural subscale, and heart
rate as an additional physiclogical indicator. Because the
results of the measurement invariance analyses showed
that the measurement construct measured with the
modified behavioural subscale works differently for dif-
ferent raters, we accounted for differences between the
raters by either including the raters in the model, or by

Facial Express_ion

Breathing
| Consolation |
Crying 4

Posture

Skin Colour

Sleeping

Subjective Subscale

Fig. 1 The structure of the factor model used for the subjective subscale of the BPSN
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Heart Rate

Oxygen Saturation

Physiological Subscale

Fig. 2 The structure of the factor model used for the physiclogical subscale of the BPSN

,

conducting separate analyses for each rater and then
peeling the results.

Internal consistency and corrected item-total correlation
We evaluated the internal consistency of the modified
version of the behavioural subscale that included items
facial expressicn, crying and posture by calculating
Cronbach’s a. We calculated corrected item-total corre-
lations to analyse correlations between single items and
the behavioural subscale. In addition, we calculated the
resulting Cronbach’s Alpha when an individual item is
removed from the scale (Cronbachs Alpha if Item De-
leted) [51]. Data from each rater were analysed separ-
ately, resulting in 75 analyses (5 raters * 3 phases * 5
measurement points), and then we used cocron [52], a
web interface, to statistically compare the Cronbach’s
Alpha coefficients calculated for each rater.

Correlations between behavioural and physiological
indicators of pain

Pearson product-moment correlation coefficients were
calculated to establish the association between the modi-
fied behavioural subscale of the BPSN and heart rate.
Data from each rater were analysed separately, resulting
in 50 analyses (5 raters * 2 phases * 5 measurement
points). Afterwards, for each phase we examined at each
measurement point whether the correlation coefficients
calculated for the five raters were statistically different,
using the y*-statistics of Steiger [53].

Construct validity
We compared the level of pain scores between the three
phases (baseline, heel stick and recovery) to determine

construct validity of the BPSN. We analysed the modified

behavioural subscale and heart rate in a linear mixed effect
analysis that used the R-package /me4 [54]. Linear mixed
effect analysis allowed us te contrel variance created by
multiple measurement points per subject [55]. The three
phases, five measurement points, GA at time of birth, and
gender were fixed effects in the model. Neonates and
raters were random intercepts. Likelihcod Ratic Tests
tested the effect of the three phases on the level of pain
scores [55].

Concurrent validity

Pearson product-moment correlation coefficients were
calculated to establish concurrent validity between the
modified total scores of the BPSN (facial expression, cry-
ing, posture, heart rate) and the PIPP-R. Separate ana-
lysis were performed for the data of each rater, resulting
in 75 analyses (5 raters * 3 phases * 5 measurement
points), and afterwards, we examined for each phase at
each measurement peint if the correlation coefficients
calculated for the five raters were not statistically differ-
ent, again using the x -test of Steiger [53].

Specificity and sensitivity analysis

A Receiver-Operating Characteristic (ROC) curve ana-
lysis was used to evaluate the ability of the modified
BPSN total score to detect pain in neonates and to de-
termine the cut-cff value that maximized both sensitivity
and specificity [56]. The PIPP-R was the reference value
that allowed us to determine sensitivity and specificity;
PIPP-R values of <6 characterized neonates as experien-
cing no or low pain; values =7 characterized neonates as
experiencing meoderate to severe pain. We tested
whether the area under the curve (AUC) was greater
than 0.5 and calculated sensitivity and specificity of the

7 Subjective
Subscale
2

Subjective
Subscale
t1

Fig. 3 Specified covariances between factors

/ Subjective
Subscale
3

7 .Subjecﬁve
Subscale
t5

; Subjective %
Subscale
t4
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BPSN by using the cut-off values the ROC curve sug-
gested. We performed this analysis separately for the
heel stick phases of the five measurement points and the
five raters, resulting in 25 ROC curves analysis (5 raters
* 5 measurement points), and we averaged the values
calculated for each rater.

Secondary analyses by GA-groups

Infants that ranged from 24 2/7 to 42 5/7 GA at time of
birth were included in the primary analyses. Because the
sample was heterogenous, we reanalysed the data separ-
ately for four GA-groups [57]: extremely preterm neo-
nates (24 0/7-27 6/7 weeks GA); very preterm neonates
(28 0/7-31 6/7 weeks GA); moderate to late preterm ne-
onates (32 0/7-36 6/7 weeks GA); and, full-term neo-
nates (37 0/7-42 6/7 weeks GA). Analyses remained the
same with exception of the factor and linear mixed
model analyses. We could not reanalyse the factor ana-
lysis for different GA-groups separately because the
sub-samples were too small. In the linear mixed model
analyses, GA was already considered as a fixed effect.
We did not use Bonferroni adjustment in this subgroup
analyses because we exploratively analysed if there were
any obvious differences between the four GA-groups.
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Results

Missing data and sample characteristics

We enrolled a total of 162 neonates in the study; 8 were
excluded from data analysis because video sequences
were missing or of poor quality. Figure 4 illustrates the
flow of recruitment and data collection.

For the five raters, < 1.0% data was missing for the
BPSN items sleeping, crying, consolation, skin colour
and posture; for facial expression, 0.1 to 4.0% (Mdn =
0.8%) data was missing, and for breathing, 0.3 to 8.7%
(Mdn=19%) was missing. For the PIPP-R, 0.5 to
3.3% (Mdn=1.0%) of data was missing for brow
bulge, 0.4 to 3.6% (Mdn=0.7%) for eye squeeze, 0.6
to 28.3% (Mdn =4.3%) for naso-labial furrow, and 0.1
to 0.9% (Mdn =0.4%) for behavioural state, Less than
1% of data was missing for the physiological items
heart rate and oxygen saturation.

Mean GA at birth of the total sample was 30.85 (SD =
4.5) weeks and ranged from 24.29 to 41.57. Demo-
graphic and medical characteristics of the sample are
summarized in Table 1.

Results of descriptive and preliminary analysis
Means of the BPSN total-scale, subjective subscale, and
items are summarized in Table 2. Physiological items are

e

Assessed for eligibility during
the study period n = 1673

~

No further neonate included because of complete GA-group
n=1152

Infants included in the study
n=162

-GA<240/7 weeksn=6

- Early deathn=1

- Not 2-5 heel sticks expected n = 89

- Parents declined to participate n = 79

- Language limitations n = 21

- Neonates transferred into another hospital/at home n = 25
- Intraventricular hemorrhage (grades lll and IV) n = 12

- Severe malformation n =7

- Arterial cord pH < 7.15n =42

- Other reasons/unapproached n = 77

Before the first video recording:

- Early deathn=1

-Intraventricular hemorrhage (grades llland IV) n=1
-Parents withdrew written consent n =1

-No further heel stick n = 4

Video recordings were made for
N = 155 infants;

1,941 video sequences recorded
I

l I 130 video sequences were excluded because quality was poor

tl t2 t3 t4 t5

Number of infants per measurement point and phase:

Baseline phase: 142 139 114 109 101
Heel stick phase: 144 140 118 108 97
Recovery phase: 143 140 115 101 100

Poor video quality prevented us from analysing
sequences for one full-term neonate

Fig. 4 Flow diagram of the recruitment and data collection process
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Table 1 Dermographic and medical characteristics of the total sample and the four gestational age groups

Gestaticnal age groups

Total Sarmple Extremely preterm Very preterm Moderate to late Full-term

neonates neonates preterm neonates neonates
Sample, n {(34) 154 {100) G i3zs 45 {29.7) 38 (247) 21 (138)
S, 1 (%)

- Male 87 {56.5) 31 (62.0) 23(51.1) 20 (526) 13 ©1.9)
GA at birth in weeks, mean {50) 3085 (45) 26.23(1.2) 2944 (1.0 341 (01.0) /8113
Birth weight in grams, mean (50) 1630.10 {934.3) 85140 (1964) 1285101 {3282 209368 (3775) 338452 (8116)
Number of comorbidities, mean {5D) 5.70 (4.4) 10.06 (4.2) 544 {24) 266 (14) 1.38(1.1)
CRIB score, mean (5D 376 (3.9 7.50 (3.7 324 28) 1.05 (1.7 086 (1.8)
Way of delivery, n {%6)

- Vaginal-spantan 36 {234) 10 {200) 4{89) 13 (34.2) 9 {429

- Vaginal-cperativ 4 {2.6) 0 {0 122 24{53) 1{4.8)

- Flanned c-section 23{14.9) 3.0 8{17.8) 7 184) 5{23.8)

- Emergency ccection 91 {59.1) 37 (74.0) 32710 16 (42.1) 6{28.6)
Nurmber of birth, mean {SD)

- Single 104 (67.5) 43 [85.0) 20 (444 21 {553) 20 952)

- One of twing 44 (286) 4 (8.0 22 (48.9) 17 (44.7) 1 {4.8)

- One of triplet 6 {3.9 ER (0] 3{67) 01{Q) 010
Cray of life at first measure point, mean (50) 3.95 (2.0) 480 {2.2) 35619) 308 01.0) 4.19 (2.6)

Note. CRIB Clinical Risk Index for Babies

not included in this table because they were captured
from the neonates’ monitoring records during video re-
cordings and the raw data was retrospectively converted
into BPSN scores between 0 and 3. The mean scores for
heart rate ranged from 047 to 0.76 (Mdn = 0.72) during
the five heel stick phases, and from 0.03 to 0.11 (Mdsn =
0.09) during the five recovery phases. The mean scores
for oxygen saturation ranged from 0.77 to 1.25 (Mdn=
0.86) during the five heel stick phases, and from 0.51 to
0.71 (Mdn = 0.61) during the five recovery phases.

Interrater reliability

We derived the results of our interrater reliability ana-
lyses by calculating two-way random-effects, absolute
agreement models. The results are summarized in
Table 3. We again excluded heart rate and oxygen satur-
ation. Interrater agreement for the items crying, consola-
tion, facial expression, and posture tended to decrease
across the five measurement points.

Factor analyses

ltem selection

First, we used all items and heel stick phases of the five
measurement points to estimate the multiple group con-
firmatory factor models for the subjective and physio-
logical subscale. No parameter restrictions were applied,
so that loadings could vary across measurement points

and raters. To compare the loadings of all items, we re-
stricted factor variance to 1. Figure 5 shows the esti-
mated factor loadings of the model for the subjective
subscale and Fig. 6 for the physiological subscale. For
the subjective subscale, loadings for breathing {range =
-0.167-0.110) and skin colour (range = - 0.034-0.293)
are low, while loadings for sleeping vary widely between
raters (range = 0.096-0.982). Loadings of the remaining
items, consolation, crying, facial expression, and pos-
ture, seem consistent, but they tend to decrease over
time. Rater D’s loadings often conflict with other raters
and vary over time.

For the physiclogical subscale, two loadings exceed by
far a value of 1, indicating poor fit between model and
data. Additional analyses showed no association between
heart rate and oxygen saturation. Pearson product-mo-
ment correlations between heart rate and oxygen satur-
ation ranged from r= - 0.028 to 0.106 (Mdn=0.017; p>
0.05) during the heel stick phases of the five measurement
points. Large loadings are probably numerical artefacts
and should not be over-interpreted. Because the physio-
logical items did not load on a common factor or correlate
with each other, we discarded all but one of the physio-
logical items based on their sensitivity to pain. We ana-
lysed the sensitivity to pain of heart rate and oxygen
saturation by calculating linear mixed effect models (see
next section).
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Table 2 Means of the Bernese Pain Scale for Neonates total-scale and the subjective subscale and items
Rater A Rater B Rater C Rater D Rater E
Phase Means 1115 Means 11-15 Means 115 Means 1115 Means t1-15
Range (Median) Range (Median) Range (Median) Range (Median) Range (Median)
BPSN total-scale Baseline 0.89-1.14 (1.086) 1.89-247 2.21) 1.31-1.51 {1.38) 4.44-5.15 {4.98) 456-4.97 {(4.80)
N=81-142 Heel Stick 4.03-477 (4.14) 5.98-6.98 {6.33) 457-541 {4.87) 8.15-9.53 (8.29) 8.00-907 {8.52)
Recovery 1.84-230(2.19) 3.08-340 {3.22) 2.37-267 {2.46) 5.27-6.27 (6.06) 5.37-59% {5.65)
Subjective subscale Baseline 0.89-1.14 {1.086) 1.90-247 2.21) 1.31-1.51 {1.38) 4.44-5.15 (4.98) 466-4.97 (4.80)
N=82-142 Heel Stick 2.51-282 (268) 4.64-4.95 {4.73) 3.00-335(331) £.50-7.47 (5.84) BE5-7.04 {5.90)
Recovery 1.17-163 (145) 230-276 {2.51) 1.70-1.97 (1.77) 4.59-5.60 (5.28) 466-5.26 {4.94)
Sleeping Baseline 0.23-0.28 {0.23) 0.39-043 {041) 042-0.51 {047) 1.04-1.28 (1.19) 089-1.10{1.05)
N=95-143 Heel Stick 0.39-045 (042) 0.75-0.91 {0.89) 0.55-0.63 {060) 1.19-1.29 {1.23) 1.35-146{1.41)
Recovery 0.20-032 (020) 040-049 {041) 041-051 {042) 1.02-1.31 11.19) 089-1.08 {1.08)
Crying Baseline 0.02-006 (006) 0.04-0.09 {0.07) 0.04-0.10 {008) 006-0.11 {0.09) 007-0.12 {009
N=1096-143 Heel Stick 0.21-0.30 (0.24) 0.30-043 {0.38) 0.31-042 {037) 0.35-047 (0.42) 036-048 {043)
Recaovery 0.02-006 (003) 0.03-0.10 {0.08) 0.03-0.11 {007) 0.05-0.11 {0.08) 004-0.12{0.09)
Consolation Raseline 0.02-006 (005) 0.05-0.10 {0.09) 0.04-0.12 {0.07) 077-1.07 (0.97) 003-0.12 {008
N=95-143 Heel Stick 0.21-032 ©21) 031-0.48 {0:43) 0.28-043 {0.33) 1.19-1.48 (1.26) 035-0.55 {046)
Recovery 0.00-007 (002) 0.03-0.13 {0.06) 0.01-0.15 {0.09) 068-0.99 (0.85) 002-014 {0.11)
Skin colour Baseline 0.02-006 (0.04) 1.00-1.27 (1.11) 0.02-006 {0.03) 0.86-1.06 (0.97) 151-167 {161)
N=96-143 Heel Stick 0.05-008 (007) 1.19-1.29 {1.26) 0.03-005 {0.03) 0.99-1.36 (1.07) 1.55-1.79{1.69)
Recovery 0.00-006 {0.04) 1.05-1.18 {1.13] 0.02-0.04 {0.03) 0.89-1.09 {1.04) 148-1.69{1.53)
Facial expression Baseline 0.16-029 (0.24) 0.17-0.29 {0.19) 0.22-032{0.25) 073-0.86 [0.75) 043-08% {087)
N=95-143 Heel Stick 0.50-064 (061) 061-0.69 {0.64) 0.60-065 {0.63) 1.01-1.13 (1.08) 1.08-1.18{1.12)
Recovery 0.19-033 (0.24) 0.09-0.19 {0.17) 1.16-026 {0.23) 062-0.79 (0.69) 0.80-08%9 {087)
Posture Baseline 0.33-049 (040) 0.27-0.36 {0.30) 0.45-049 {048) 093-1.04 (0.99) 1.15-1.29{1.19)
N=97-143 Heel Stick 0.55-067 (060) 069-0.80 {0.78) 0.57-071 {070 1.07-1.24 {1.20 138-145{141)
Recovery 0.32-043 (034 0.20-0.34 {0.32) 0.37-046 {041) 080-0.94 (0.87) 106-1.20{1.19)
Breathing Heel Stick 047-057 (0.50) 0.32-0.65 {0.54) 0.61-072 {0.65) 0.50-0.62 [0.64) 039-0.62 {047)
N=84-142 Recavery 0.35-054 {045) 0.31-0.46 {0.40) 0.40-0.63 {0.58) 049-0.64 [0.53) 031-058 {041)
Raw Scares Baseline 267-27.9 (276) 25.7-269 {258) 27.8-295{28.1) 26.0-269 (266) 284-30 {29.5)
Breathing Heel Stick 28£-29.2 (285) 261278 (270) J82-209(289) 2722283 (275) 294-304 {30.0)
N=91-142 Recovery 270-287 (277) 25.3-271 {26.2) 274-293 (28.3) 264-274 (J6F) 280-300 {29.7)

Mote. N =number of neonates included in the analysis. This number varies because of differences in the amount of missing data between the raters at each
measurement point and differences in the number of neonates included at each point of measurement

We selected items of the subjective subscale by esti-
mating several configural models with at least two items.
In contrast to the model presented in Fig. 5, we re-
stricted factor loadings of a given item to a common
value across time points and raters. We excluded models

with factor loadings < 0.3, a RMSEA > 0.06 and CFI and

TLI « 0.95. This left us with four models, from which we
selected the model with the highest number of items.
Our final medel included only the items crying, facial
expression and posture. Table 4 compares model fit indi-
ces of the baseline model with all items to the final
model with only crying, facial expression, and posture.
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Table 3 Intraclass Correlation Coefficients and thelr 5% confident intervals for the single items of the Bernese Pain Scale for Neonates

Heel Stick Phase 1

Heel Stick Phase 2

Heel 5Stick Phase 3

Heel Stick Phase 4

Heel Stick Phase 5

ICC [95%CN ICC [95%C]1] ICC [95%C1N ICC [85%C1] ICC [95%C1]
Sleeping
N 135 139 17 105 93
Single measures 0215 [0.13-031) 0.267 [0.18-0.38] 0211 [0.13-030 0.185 [0.11-0.28) 0.221 [0.13-0.33]

Average measures
Crying

N

Single measures

Average measures
Censclaticn

N

Single measures

Average measures
Skin colour

N

Single measures

Average measures
Facial expression

N

Single measures

Average measures
Posture

N

Single measures

Average measures
Breathing

N

Single measures

Average measures
Raws Scores Breathing

N

Single measures

Average Mmeasures

0.578 [0.43-069]

138
0773 [072-082]
0.945 [0.93-096]

140
0453 [0.31-058)
0.805 [0.69-087]

141
0.074 [0.02-0.14]
0.285 [0.09-045]

135
0655 [0.53-075]
0.905 [0.85-094]

141
0551 [0.38-0568]
0860 [0.75-097]

i
0.252 [0.17-0.34]
0627 [0.51-072]

128
0.636 [0.56-071]
0897 [0.87-092]

0646 [0.52-0.74]

140
0694 [0.63-0.76]
0919 [0.89-0.94]

140
0381 [0.22-053]
0755 [0.58-0.85]

138
0.049 [0.03-0.37]
0.205 [0.03-0.37]

130
0555 [0.43-0.66]
0.862 [0.79-091]

139
0487 [0.31-053]
0826 [0.69-089]

111
0.348 [0.26-044]
0727 [0.64-0.80]

123
0632 [0.56-0.71]
0.896 [0.86-0.92]

0572 [043-069)

n7
0721 [0.65-078]
0928 [0.90-095]

mn7
0420 [0.27-0.55]
0.784 [0.65-0.8¢]

15
0.073 [0.02-0.15]
0.284 [0.08-04¢]

nz2
0.558 [0.45-0.66]
0.863 [0.80-091]

n7
0536 [0.38-068]
0852 [0.75-091]

100
0.334 [0.24-044]
0715 [0.62-079)

107
0674 [0.59-075]
0912 [0.88-094]

0.532 [0.37-068]

107
0.719 [065-0.78]
0.927 [0.90-0.95]

108
0.319 [0.16-048)
0.701 [048-0.87]

108
0.045 [0.00-0.10]
0.189 [0.01-0.36]

102
0.500 [0.37-062]
0.833 [075-089]

108
0.400 [0.25-0.54]
0.769 [062-085]

95
0.348 [0.25-045]
0.727 [063-081]

106
0.610 [0.53-069]
0.887 [085-0.92]

0.586 [043-0.71]

94
0.655 [057-0.73]
0.905 [0.87-0.93]

94
0.257 [0.11-041]
0.634 [0.38-0.78]

96
0.072 [001-0.15]
0.280 [0.06-0.47]

92
0.514 [037-0.64]
0.841 [0.74-0.90]

97
0342 [0.21-0.48]
0722 [057-082)

82
0402 [0.30-0.51]
0.770 [068-0.84]

91
0.630 [054-0.71]
0.895 [0.86-0.93]

Note. ICC =Intraclass Correlation Coefficients, calculated with two-way random-effects, absolute agreement models; [95% CI] =95% confident intervals of the ICCs

This improves the CFI and the TLI indices from about
0.8 to 0.95.

Physiological items’ sensitivity to pain

Because the factor analysis indicated that the physio-
logical items heart rate and oxygen saturaticn do not fit
the data well, we next examined these items for their
sensitivity to pain. We calculated linear mixed models
that included the variables phases, measurement points,
GA at time of birth, and gender as fixed effects, and ne-
onates as random intercept. We used Likelihood Ratic

Tests to compare a model without the heel stick and re-
covery phases to a model that included the phases.
There was a significant effect of phase on heart rate
(X2(5)=172.91, p <0.001). Heart rate scores during
the recovery phases were, on average, (.646 point
lower than scores during the heel stick phases (SE=
0.09, f-value=-7.383). Phase also significantly af-
fected oxygen saturation (XZ(S) =33.658, p<0.001).
Oxygen saturation scores were, on average, 0.258
points lower during the recovery phases than during
the heel stick phases (SE=0.12, f-value = - 2.136). We
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thus decided to use only heart rate for the physio-
logical subscale.

Measurement invariance
Measurement invariance was examined only for the sub-
jective subscale, since the physiological subscale con-
tained one item. In this analysis, we re-estimated the
final model that included crying, facial expression and
posture. We used different parameter restrictions: (Free)
= all parameters are free; (WRLInv) = within-rater load-
ings invariance was assumed by restricting loadings of
items across time but not across raters; (OLInv) = overall
loadings invariance was assumed by restricting loadings
across time and across raters. We already applied the
OLInv assumption to select items. We next asked if the
restricted models fit the data as well as the unrestricted
models, and whether factor loadings are (partially} in-
variant. We performed the same analysis but used only
data from the heel stick phase of the five measurement
points. Then we used data from all phases and measure-
ment points. Table 5 shows differences between fit indi-
ces of the unrestricted and restricted medels, including
the likelihood ratio test. At a 5% significance level, the
zero hypothesis of equal fit or loadings invariance is not
rejected for within-rater invariance when we used only
data from the heel stick phases, but it was otherwise
rejected, most sharply for overall loading invariance
(OLInv).

Differences between the fit indices RMSEA, CFI and
TLI vyield different test results. Using the 1% level

rejection areas [50] for the RMSEA, measurement in-
variance is rejected when the difference is > 0.013, for
the CFI, it is rejected when it is < —0.0085, and, for the
TLI, when it is <« —0.0078. Accordingly, within-rater
loadings invariance (WRLInv) is never rejected, but
overall measurement invariance (OLInv) is always
rejected with CFI and TLI, and never with RMSEA.

The tests strongly suggest that the pain measurement
construct under consideration works differently for dif-
ferent raters. For within-rater invariance, invariance Is
not rejected during the heel stick phases; for all data, it
is rejected by the y*-test but not by RMSEA, CFI and
TLI. We may assume approximate invariance, while
keeping in mind the results.

Reliability and validity of the modified BPSN

Our factor analysis and analysis of the physiological
items’ sensitivity to pain led us to adopt a modified ver-
sion of the BPSN for our next analyses. The modified
BPSN includes a behavioural subscale (facial expression,
crying, and posture) and adds heart rate as a pain
indicator.

Cronbach’s alpha and corrected item-Total correlation

Cronbach’s Alpha, corrected item-total correlation coeffi-
cients and the resulting Alpha when an individual item is
removed from the scale (Alpha if Item Deleted) for the
moedified behavioural subscale are summarized in Table 6.
During the heel stick phases of the five measurement
points, Cronbachs Alpha coefficients of the five raters
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Fig. 6 Factor loadings of the baseline factor models for the
physiological subscale

differed significantly (p < 0.01). Internal consistency of the
behavioural subscale tended to decrease over time.

Correlations between behavioural and physiological
indicators of pain

We examined the associations between behavioural and
physiological indicators of pain with the modified behav-
ioural subscale of the BPSN including the items crying,
facial expression, and posture, and the physiological item
heart rate. See Table 7 for the correlation coefficients of
these analyses. At measurement point 3, the correlation
coefficients differed significantly between the five raters
(p =0.008), while the correlation coefficients were ap-
proximately the same during the other measurement
points (p > 0.05). When we considered a Bonferroni
adjusted p-value (p<0.05/10}, none of the correlation
coefficients would differ significantly between the five
raters.

Construct validity

To determine construct validity of the BPSN, we com-
pared levels of pain scores of the modified behavioural
subscale between the three phases. The residual variance
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of this analysis was o = 1.708 (SD = 1.307); variances of
the random effects were ¢ = 0.354 (SD = 0.595) for neo-
nates and o® = 0.391 (SD = 0.625) for raters. Phases sig-
nificantly affected the level of behavioural pain scores
(X2(10)=864.18, p<0.001). Behavioural pain scores in
the heel stick phases averaged 1.04 higher than pain
scores in the baseline phases, and 1.13 higher than pain
scores in the recovery phases. More results are summa-
rized in Table 8. The same analysis was performed for
the item heart rate (Table 8). The residual variance of
this analysis was ¢@ = 0.588 (5D = 0.767) and variance
of the random effect neonates was o = 0.037
(8D =0.191). GA at time of birth significantly affected
behavioural pain scores (SE=0.01, £=5.488) and heart
rate (SE=0.01, £=6.145). Gender had no effect on
behavioural pain scores (SE=0.10, £=-0.170) or con
heart rate (SE = 0.05, £=0.051).

Concurrent validity

We examined the concurrent validity between the modi-
fied total score of the BPSN and the PIPP-R. See Table 9
for the correlation coetficients of these analyses. The
correlation coefficients of the five raters were the same
in about half of the cases. They differed significantly at
measurement point 1 (p = 0.010) and measurement point
4 (p=0.045). With a Bonferroni adjusted p-value
(p < 0.05/15), none of the correlation coefficients differed
significantly between the five raters.

Sensitivity and specificity

The results of the ROC analyses to examine sensitivity
and specificity of the modified BPSN total scere (includ-
ing crying, facial expression, posture, and heart rate) are
shown in Table 10. During the heel stick phases of the
five measurement points, a cut-off of 1.5 points fits best
to reach a sensitivity of approximately 80% and a specifi-
city of similar accuracy.

Results of the psychometric testing of the BPSN
separated by GA-groups

Interrater reliability

ICCs coefficients of the four different GA-groups are
summarized in Table 11. Interrater reliability of the
items facial expression, posture and consolation tended
to improve as GA increases.

Table 4 Fit indices of the Baseline and Final Maodels differ by itern inclusions

Maodel df e AlC RMSEA CFI TLI SRMR
Baseline {7 subjective items) 2918 40985 36,875 0.068 0.807 0.803 0.135
Final (Crying, Facial expression, Posture) 472 648 13,575 0.049 0961 0957 0111

MNote. Model indices: df = degrees of freedom; AlC = Akaike Information Criterion; RMSEA = root mean squared error of approximation; CFl = Bentler's Comparative
Fit Index; TLI = Tucker-Lewis Indices; SRMR = standardized root mean square residual
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Model Restriction df A RMSEA A CFI ATU Ay A df P )

Heel stick phases of measurement points t1-15 WRLInv 440 0 0.000 0002 39 40 0531
OLlnhv 448 0 -0015 -0015 115 48 0.000

Al phases and measurement points WRLInv 4340 0 -Q.007 - 0.006 123 40 0000
Ollnv 4348 0 -0024 - 0025 343 48 0000

Note. WRLInv = within-rater loadings invariance; OLInv = overall loadings invariance; df = degrees of freedom; RMSEA =root mean sguared error of approximation;
CFl = Bentler’s Comparative Fit Index; TLI = Tucker-Lewis Indices; Ay” = Satorra-Bentler 2010 y’-test statistic

Internal consistency of the modified behavioural BPSN
subscale

Cronbach’s Alpha calculated separately for the four
GA-groups, are summarized in Table 12. Most Cron-
bach’s Alpha coefficients were in the range of acceptable
to excellent [58] during the heel stick phases of the five
measurement points.

Correlations between behavioural and physiclogical
indicators of pain

During the heel stick phases of the five measurement
points and among the five raters, correlations between
the meodified behavioural subscale of the BPSN and the
item heart rate ranged from r=-0.173-0577 (Mdu=
0.196) among extremely preterm necnates, from r=
0.024-0480 (Mdn=0329) among very preterm neo-
nates, from r= - 0.174-0.442 (Mdzn = 0.172) among mod-
erate to late preterm necnates, and from r=-0.044 to
0.402 (Mdn = 0.236) among full-term neonates.

Concurrent validity

During the heel stick phases of the five measurement
points and among the five raters, correlations between
the total scale of the modified BPSN and the PIPP-R
ranged from r=0.560-0.775 (Mdn = 0.683) among ex-
tremely preterm neonates, from r = 0.582-0.875 (Mdn =
0.750) among very preterm neonates, from r=0.603—
0.860 (Mdn=0.769) among moderate to late preterm
neonates, and from r=0757-0.898 (Mdn =0.808)
among full-term necnates.

Sensitivity and specificity

The results of the ROC analyses to examine sensitivity
and specificity of the modified BPSN total scale separ-
ately for each GA-group are provided in Table 13. We
found cut-off points needed to increase along with GA
to reach about 80% sensitivity and similarly high
specificity.

Discussion

After rigorous statistical testing, we significantly reduced
the number of items in the original BPSN, leaving only
three behavioural items: facial expression, crying, and
posture. We included only one physiological item, heart

rate, in the new version. Psychemetric properties of
these four items indicate convincing validity across all
GA groups, but GA should be considered in pain assess-
ment because different GA-groups require different
cut-off points.

Factor structure and reliability of the BPSN

The factor analysis showed that a model that includes
the items crying, facial expression, and posture fits the
data best. In fact, facial expression, crying, and body
movement are widely studied indicators for pain assess-
ment in neonates and are considered the most sensitive
behavioural indicators of pain [4, 59, 60].

Facial expression is considered the most reliable and
sensitive indicator for pain assessment in both preterm
and full-term neonates [4]. Facial expressions extremely
preterm necnates are likely to show include brow bulge,
eye squeeze, nasolabial furrow, and vertical mouth
stretch [20]. The BPSN mere generally assesses facial ex-
pression, which aids in assessing preterm infants who
wear CPAP masks and tapes to fix tubes to the skin,
which can make it difficult to assess specific components
of expression, like nasolabial furrow. The PIPP-R item
nasolabial furrow was the least frequently rated item in
our study, often because it was obscured by CPAP masks
or tapes.

Crying is a common pain response in neonates and is
included in several pain scales (e.g., [27, 61-63]), but
some have questioned crying as an indicator of pain be-
cause it cannot be assessed in some neconates [21, 59].
Mechanical ventilation, inhibiting drugs, severe illness,
and other reasons may limit the ability to cry. Although
crying is not specific to pain [59], it may be the first in-
dication a caregiver has that an infant is in pain [64].
Preterm neonates with immature facial muscles are less
able to communicate their pain through facial expres-
sions, so crying can alert their caregivers [17].

Several pain assessment tools include one or more
items that assess body movements (e.g., [9, 61, 65, 66].
Holsti, Grunau, Oberlander and Whitfield [67] analysed
behavioural pain reaction of early preterm neonates with
the Newborn Individualized Development Care and As-
sessment Program (NIDCAP). They found that necnates
flexed and extended their arms and legs, put their hands
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Table 7 Pearson product-moment correlation coefficients of the correlations between the maodified behavioural Bernese Pain Scale
for Neanates-subscale and heart rate

Heel Stick Phase 1 Heel Stick Phase 2 Heel Stick Phase 3 Heel Stick Phase 4 Heel Stick Phase 5
N 144 140 118 109 97
Median (Range) 0.318% (0.237-0329% 0.235 {0.183-0.285) 0.234 {0.102-0.327%) 0188 {0.155-0251) 0.305 {0223-0379%)

Note. Median = Median of the Pearson product-moment correlation calculated for each rater separately; * Bonferroni adjusted p-value < 0.001

Table 8 Results of the linear mixed madelling analysis for the medified behavioural Bernese Pain Scale for Neonates-subscale and

heart rate

Behavioural Subscale
2

Likelihood Ratio Test X df p-value
Phases 864.18 10 < 0001
Fixed effects Estimated coefficients Std. Error t-value
Intercept 0.265 0.458 0579
Baseline phase —1.041 0.069 —-15008
Recovery phase -1.134 0.069 —16.040
Measurement point 2 -0130 0.070 —-1.852
Measurement point 3 0.079 0.074 1.077
Measurement point 4 - 0078 0075 -1.038
Measurement point 5 0.097 0.079 1.238
GA at time of birth 0.063 0012 5488
Gender {female) 0017 0.101 -0.170
Measurement point 2 # Baseline 0.251 0.099 2538
Measurement point 2 ¥ Recavery 0.309 0.098 3140
Measurement point 3 * Baseline 0.147 0.104 1419
Measurement point 3 * Recavery 0.071 0.103 0682
Measurement point 4 ¥ Baseline 0.308 0.106 2919
Measurement point 4 * Recovery 0.354 0.105 2359
Measurement point 5 ¥ Baseline 0.062 0.109 0.569
Measurement point 5 * Recovery 0.067 0.109 0614
Item Heart rate

Likelihood Ratio Test ¥ df p-value
Phases 17291 5 < 0.001
Fixed effects Estimated coefficients Std. Error t-values
Intercept -0.563 0221 —2547
Recovery phase -0.646 0.088 -7.383
Measurement point 2 0.023 0.089 0.260
Measurement point 3 -0.199 0.093 -2.139
Measurement point 4 —0.141 0.095 —1477
Measurement point 5 07 0.099 1.183
GA at time of birth 0.042 0.007 6.145
Gender {female) 0.003 0.054 0.051
Measurement point 2 * Recovery 0.021 0128 0167
Measurement point 3 ¥ Recovery 0.206 0137 1578
Measurement point 4 ® Recovery 0.155 0133 1.180
Measurement point 5 ® Recovery —0.032 0.138 -0.231

Note. x* = Chi-square value; df = degrees of freedom; N = 154. Bonferroni adjusted p-value < 0.025
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Table 9 Pearson product-mament carrelation coefficients of the correlations between the total scores of the madified Bernese Pain

Scale for Neonates and the PIPP-R

Heel Stick Phase 1 Heel Stick Phase 2

Heel Stick Phase 3

Heel Stick Phase 4 Heel Stick Phase 5

N 144 140 118
0.688% {0.649-"*0.723%%)

Median (Range) 0697 (0.652%-0758%%)  (0.709" (0.662%-(0.735%%)

109 97
0.666"" (0636™%-0735%)  0.648%* (0.6007%-0.711%)

Mote. Correlation coefficients were calculated for the heel stick phases of the five measurement points (t1-(5); Median = Median of the Pearson product-moment
correlation coefficients that were calculated separately for each rater; **p < 0.01; * p<0.05

on their faces, fisted, and finger splayed more often dur-
ing the heel stick procedure. Morison et al. [68] found
neonates with lower GA at birth made more specific
body movements but had less facial expression at 32
weeks post-conceptional age, which suggests assessing
bedy movements could provide useful supplementary in-
formation about preterm neonates. The BPSN more
generally assesses body movement by evaluating a neo-
nate’s posture on a 4-peint Likert-scale, ranging from re-
laxed body to permanent tension. Our results suggest
that posture is a sensitive indicator for assessing pain
across GA-groups.

We found that heart rate and oxygen saturation did
not load on a common physiolegical factor or correlate
with each other. Because heart rate was more sensitive
to pain and more strongly associated with the three be-
havicural indicators of pain, we included heart rate in
the new version of the BPSN. The results of our analyses
confirm previous findings that correlations between

Table 10 Results of the ROC analyses far the modified Bernese
Pain Scale for Neonates total score

Cut-off points AUC
Heel stick phase N 05 15 25 [95% C
t1 144
Sensitivity 0926 0.853 0724 0.863
Specificity 0515 0.662 0.857 [0.800-0.926]
12 140
Sensitivity 0508 0.811 0.667 0.825
Specificity 0442 0.597 0.805 [0.756-0.894]
i3 18
Sensitivity 0874 0.769 0.631 0812
Specificity 0424 0.672 0.858 [0.734-0.8%90]
t4 109
Sensithvity 0870 0.750 0.574 0812
Specificity 0484 0.685 0.876 [0.730-0.8%4]
t5 97
Sensitivity 0869 0.794 0.646 0812
Specificity 0383 0.670 0.879 [0.722-0.902]

Mote. The PIPP-R was the reference value, with a cut-off point of 6.5 that
discriminated between no/low pain (< 6 points) and moderate to high pain (>
7 points); AUC = Area under the curve; [85% CI] =95% confidence intervals of
the AUC; the results were originally computed separately for each rater and
aggregated assuming normal distribution of the parameters; bold-set fort =
cut-offs with sensitivity and specificity nearest 80%

behavioural and physiological indicators of pain were
low [69-71], behavioural indicators were more sensitive
to pain than physiclogical indicators [69, 72], and heart
rate was more sensitive to pain than oxygen saturation
[71].

Though factor loadings of crying, facial expression,
and posture did not vary within raters during the heel
stick phases, they did vary between raters. This result
suggests that different raters assess pain differently, an
assumption further supported by the results of our inter-
rater reliability analysis. There was good to excellent
interrater agreement on crying, but agreement on facial
expression and posture ranged from poor to goed [73],
depending on the measurement point and the model to
calculate ICCs. The differences in interrater reliability
could be explained by differences in the way raters de-
fined the items. Crying may be a more objective and reli-
able item than facial expression or posture because it
considers duration. Improving the guidelines and train-
ing for applying the BPSN may improve interrater
agreement.

The first validation study of the BPSN [24] used Cron-
bach’s Alpha reliability coefficient to calculate interrater
reliability, and found interrater reliability of the subjective
subscale of the BPSN (r = 0.77-0.97) was high. Cronbach’s
Alpha determines if the ratings of two or more persons
are consistent, but it does not measure absolute agree-
ment [74]. Since the cut-off differentiates between a pain-
ful and non-painful state, agreement between nurses and
other caregivers about an infant’s level of pain is crucial
We thus decided to use the more stringent absolute agree-
ment medel to calculate interrater reliability.

Interrater agreement and factor loadings of the items
crying, facial expression, consolation, and posture tended
to decrease over time. Cronbach’s Alpha and corrected
item-total correlations of the items crying, facial expres-
sion, and posture tended to decrease too. This accords
with the results of another study that showed high
within-subject variability among preterm neonates’ pain
reaction across repeated measurement points [75].
Interrater reliability was high during the heel sticks
1-3 and decreased during heel sticks 4-5. These find-
ings cannot be explained by rater fatigue, because the
video sequences were analysed in random order. The
variability in pain reactions might be explained by the



Individual contextual factors in neonatal pain assessment

Schenk et al. BMC Pediatrics

(2019) 19:20

59

Page 17 of 21

Table 11 Intraclass Correlation Coefficients far the subjective Bernese Pain Scale for Neanates-items calculated with two-way
random-effects, absaclute agreement madels

Extremely Preterm
MNeonates

Heel Stick Phases t1-5

Very Preterm
Necnates

Heel Stick Phases t1-t5

Moderate to Late
Preterm Neanates

Heel Stick Phases t1-45

Full-term Neonates

Heel Stick Phases

Range (Median) Range (Median) Range {(Median] t1-15 Range

Sleeping

N 41-47 32-44 20-34 14-20

Single measures 0.175-0.210 {0.260) 0.145-0.356 {0.198) 0.090-0.289 (0.160) 0.155-0.225

Average measures 0.515-0692 {0.637) 0.459-0.734 {0553) 0.330-0670 (0.487) 0478-0.592
Crying

N 40-47 33-44 21-35 14-20

Single measures 0.622-0794 {0.701) 0.538-0.786 {(0.716) 0.564-0.783 (0.702) 0619-0.680

Average measures 0.892-0951 {0.921) 0.854-0.948 {0.926) 0.866-0948 (0.922) 0890-0.914
Consolation

N 40-47 33-44 21-35 14-20

Single measures 0.227-0281 {0.257) 0.216-0.565 {0.390) 0.374-0.598 (0.469) 0389-0.684

Average measures 0.595-0661 {0.634) 0.579-0.866 {0.761) 0.749-0881 (0.815) 0.761-0.915
Skin colaur

N 41-48 34-44 21-36 13-19

Single measures 0010-0058 {0.051) 0.002-0.104 {0.062) 0.057-0.166 {0.069) 0071-0.080

Average measures 0.049-0236 {0.211) 0.011-0.367 {0.248) 0.230-0498 (0.271) 0276-0.302
Facial expression

N 41-46 31-40 20-34 13-19

Single measures 0.392-0514 {0436) 0.498-0.698 {0.526) 0438-0.748 (0601) 0616-0.817

Average measures 0.763-0841 {0.794) 0.832-0.921 {0.847) 0.796-0937 {0.883) 04880-0.957
Posture

N 42-48 34-44 21-35 14-20

Single measures 0.333-0479 {0420) 0.369-0.501 {0472) 0.286-0685 (0.519) 0576-0.795

Average measures 0.714-0821 {0.783) 0.745-0.834 {0817) 0667-0916 {0.839) 0.872-0.951
Breathing

N 36-41 29-37 17-35 9-14

Single measures 0.019-0378 {0.287) 0.313-0.507 {0371) 0.158-0419 (0.314) 0.171-0317

Average measures 0.090-0752 {0.669) 0.695-0.837 {0748) 0485-0.783 (0.696) 0508-0.699
Breathing Raw Scores

N 39-45 32-40 19-35 11-14

Single measures 0508-0680 {0.618) 0.530-0.637 {0.587) 0.655-0780 {0.681) 0558-0.664

Average measures 0838-0914 (0.890) 0.850-0.898 (0.879) 0.905-0.947 (0.914) 0863-0.908

Note. N = Number of observations per measurement point

influence of individual contextual factors and needs
to be investigated [1, 2, 20, 21].

Validity of the modified BPSN

The modified BPSN that includes crying, facial expres-
sion, pesture, and heart rate showed gocd construct val-
idity and concurrent validity with the PIPP-R. Pain
scores on the behavioural subscale averaged more than
one peint higher during the heel stick than during the

baseline and recovery phases. Pain scores on heart rate
averaged 0.65 points higher during the heel stick phase
than during the recovery phase. Neonates” GA at time of
birth influenced their pain scores. With every additional
week of GA, pain scores on the behavicural subscale
(crying, facial expression, posture) increased about 0.063
points. If we apply this result on cur study sample
with a wide range of GAs (24 2/7-42 5/7 weeks of
GA), behavioural pain reaction of the necnate with
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Table 12 Cronbach’s Alpha for the modified behavioural Bernese Pain Scale for Neonates-subscale, separated by GA-groups

Cronbach’s Alpha

Heel Stick Phase 1
Median {Range)

Heel Stick Phase 2
Median (Range)

Heel Stick Phase 3
Median (Range)

Heel Stick Phase 4
Median (Range)

Heel Stick Phase 5
Median {Range)

Extrermnely preterm neonates

N=42-48

\/ery preterm neonates

0819 (0.813-0.894)

0908 (0.833-0.915)

0821 (0.695-0.862)

0835 (0.787-0.868)

0.760 (0.720-0.883)

0.800 0.705-0878)

0.79 (0.690-0.841)

0.794 (0.624-0.902)

0.830 {0.691-0.840)

0824 (0.708-0.841)

N=32-44

Moderate to late preterm neonates 0836 (0.736-0.932)
N =20-36
Full-term necnates

N=13-20

0909 (0.906-0.964)

0863 (0.724-0.930)

0892 (0.844-0924) 0872 (0.765-0.89) 0774 (0.576-0.871)

0832 (0.813-0932)

Mote. Median = Median of the coefficients calculated for each rater separately; Range =Range of the five coefficients calculated for each rater

the highest GA was about 1.13 points higher than
pain reaction of the neonate with the lowest GA.
Heart rate of the neonate with the highest GA was
alse about 0.76 points higher than heart rate of the
necnate with the lowest GA. Like other studies that
analysed the relationship between gender and pain re-
action in neonates (e.g., [76-78]), we found gender
had no effect on the level of pain scores.

Sensitivity and specificity of the modified BPSN

The results of the sensitivity and specificity analyses sug-
gest that a cut-off of 1.5 peints (total overall score =12
points) would discriminate between no to low pain and
moderate to high pain (measured with the PIPP-R). For
the original BPSN scale, the cut-off was much higher, at
10.5 points (total overall score =27 points). We found
that the mean of the BPSN total scale that included nine

Table 13 Results of the ROC analyses for the medified Bernese Pain Scale for Neonates total score, separated for GA-groups

Heel Stick Phases of Measurement Polnts t1-t5

AUC Cut-off Sensitivity Specificity
Range (Median) points Range (Median) Range (Median)
Extremnely Preterm Neonates 0.707-0.878 {0.801)
N=42-48 0.5 0.734-0.875 {0.839) 0.398-0.562 {0.538)
15 0.637-0.765 {0.666) 0.691-0853 [0.713)
25 0410-05% (0494) 0.901-0970 (0.945)
Very Preterm Neonates 0.810-0.930 {0.852)
N=34-44 05 0.849-0.970 {0.905) 0.284-0.606 (0.439)
15 0.745-0.901 {0.811) 0.638-0.728 (0.680)
25 0.596-0.785 {0.648) 0.864-0977 (0.902)
Moderate to Late Preterm Neonates 0.874-0.941 {0.927)
N=21-37 55 0.900-0.990 {0.970) 0.564-0.660 (0.581)
25 0.763-0.950 {0.897) 0.705-0.832 (0.787)
35 0.532-0763 (0675) 0.879-0975 (0.933)
Fullterm Meonates 0.893-0.906
N=14-20 75 0.942-0959 0.419-0664
35 0.807-0.888 0.808-0.824
45 0.714-0831 0.835-089%
55 0423-0.751 0.892-0.969

Note. The PIPP-R was the reference value, with a cut-off point of 6.5 that discriminated between no/low pain (< 6 points) and moderate to high pain (= 7 points);
AUC = Area under the curve; [95% CI] =95% confidence intervals of the AUC the results were originally computed separately for each rater and aggregated
assuming normal distribution of the parameter; Range = heel stick phases of measurement points t1-t5; bold-set font = cut-offs with sensitivity and specificity

nearest 80%
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items varied widely and depended on the rater, but it did
not reach the cut-off value of 11 points during the heel
stick phases of the five measurement peints. The prelim-
inary dose of oral sucrose administered to neonates be-
fore each heel stick may have lowered pain scores in our
study [28]. In the first validation study of the BPSN, neo-
nates received no pain relieving intervention before the
heel stick, and BPSN total scores increased significantly
during the heel stick, averaging 15.96 points (SD=5.7)
[24]. The relief provided by sucrose should be factored
into the decision about a new cut-off value for the modi-
fied BPSN.

Comparison of different GA-groups

Neonates with younger GA at birth had lower pain
scores than more mature infants. The results of the sep-
arate sensitivity and specificity analyses for the four
GA-groups indicated as GA increases, so should the
cut-off of the BPSN that discriminates between no to
low pain and moderate to high pain (measured with the
PIPP-R). To reach a sensitivity and specificity of ap-
proximately 80%, extremely preterm neonates require a
cut-off value of 0.5 points, very preterm neonates re-
quire 1.5 points, moderate to late preterm neonates re-
quire 2.5 points, and full-term necnates require 3.5
points. Qur ROC analysis showed that the meodified
BPSN was least able, but still moderately good [41], to
discriminate between neonates who experience no or
low pain and neonates who experience moderate to high
pain in the group of extremely preterm neonates and in-
creases with increasing GA. Extremely preterm neonates’
pain expression may be less apparent because their im-
mature nervous system and facial muscles prevent them
from expressing a robust pain reaction [20, 21, 60, 68].
Understanding the difficulty this poses for accurate pain
assessment in extremely preterm neonates could be
helpful when establishing cut-off values for the BPSN.
Based cn cur study results, we recommend differentiat-
ing between GA-groups and establishing cut-off values
based on GA. The PIPP-R already includes GA in pain
assessment; the younger the GA, the more points
PIPP-R adds to the pain score [26].

The other analyses we conducted separately for the
four GA-groups showed that cencurrent validity of
the modified BPSN total score with the PIPP-R was
highest for full-term neonates (r=0.814-0.834) and
lowest, but still good, for extremely preterm neonates
(r=0.631-0.710). Interrater agreement on facial ex-
pression and posture tended to improve as GA
increased.

Limitations
This study is limited, first, by our decision to rate necnates’
pain expression from video sequences. Characteristics of

Page 19 of 21

the videos may have affected the reliability of the ratings
(e.g., poor lighting conditions, quality of the raters’ screen,
positicn of the neonate, several assistants for video record-
ing). Second, different nurses performed the heel sticks,
and their individual characteristics may have influenced ne-
onates’ pain reaction. Third, particularly during the baseline
and recovery phases, where the scores of the items were
low, floor effects may have influenced our study results. For
example, we considered a variety of extensions of the model
specification in our factor analysis but discarded them be-
cause of convergence problems likely related to floor
effects, when upper categories were almost or completely
left empty. Treating the rating scores as numeric did not re-
solve floor effect problems, or rather the opposite [79], but
allowed to obtain results. Floor effects may also have low-
ered interrater agreement, especially during the baseline
and recovery phases. Fourth, our later hypothesis testing
may be compromised by measurement erroer caused by low
interrater agreement [40]. We compensated for this pos-
sible problem by either including the raters in the model,
or by conducting separate analyses for each rater and then
pocling the results. Fifth, pain reaction was measured dur-
ing the heel stick, so our results cannot be generalized to
other acute painful procedures or more persistent or
chronic pain. The BPSN is used for routine pain assessment
in NICUs and should therefore be sensitive to repeated and
more prolonged and chronic pain, so future validation stud-
ies should assess and compare the level of pain scores
during different painful situations.

Conclusions

The modified version of the BPSN that includes facial ex-
pression, crying, posture, and heart rate is a promising
tool for assessing acute pain in full-term and preterm neo-
nates across gestational ages, but our results suggest that
adding different cut-off points for different GA-groups
will improve the BPSN’s clinical usefulness.
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Significance: We identified individual contextual factors associated with dampened pain
response in neonates and incorporated them into the revised version of the Bernese Pain Scale
for Neonates-Revised (BPSN-R), providing clinicians with a tool they can use to more

accurately assess and then manage pain in this vulnerable population.



Individual contextual factors in neonatal pain assessment 67

Running head: The Bernese Pain Scale for Neonates-Revised 3

Abstract
Background: Individual factors like gestational age (GA) or a history of painful experiences
create a context for neonates’ pain responses. If pain assessment instruments do not account
for these individual contextual factors, they may not adequately capture a neonate’s pain
level.
Objectives: We set out to determine the influence of individual contextual factors on
variability in pain response in neonates, and, if necessary, to revise the BPSN to reflect our
findings. This is part of a comprehensive validation study designed to improve the Bernese
Pain Scale for Neonates’ (BPSN) by incorporating relevant individual factors that may
influence a neonate’s pain response.
Methods: We videotaped 154 full-term and preterm neonates of different GAs during 1-5
capillary heel sticks in their first 14 days of life. For each heel stick, we produced three video
sequences: baseline, heel stick, and recovery. The randomized sequences were rated on the
BPSN by five blinded nurses. Individual contextual factors were retrospectively extracted
from patient charts and from the video recordings. We analysed the data in single and
multiple linear mixed models.
Results: Premature or term birth (p < 0.001), behavioural state (p < 0.01), and caffeine (p <
0.001) were associated with changes in behavioural pain scores. Premature or term birth (p =
0.004), mechanical ventilation (p = 0.002), and duration of the heel stick procedure (p <
0.001) were associated with changes in physiological pain scores.
Conclusions: Individual contextual factors change behavioural or physiological pain patterns,

so we incorporated relevant factors in the revised BPSN.
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1. Imtroduction

Ewven though our understanding of pain in neonates has advanced significantly over the
last 30 vears, and spurred the development of myriad pain assessment tools for neonates, it is
still ¢linically challenging to ascertain a painful status (AAP, Committee on Fetus and
Newborn, and Section of Anesthesiology and Pain Medicine, 2016; Anand et al., 2017). A
neonate’s pain response may be influenced by more than the invasive procedure itself (Sellam
et al., 2011). Individual contextual factors play a major role in the ability of a child to express
his or her experienced pain. These include demographic factors (e.g., age, sex) and medical
factors (e.g., health status, medication). For example, more premature neonates tend to
demonstrate lower behavioural pain responses than preterm neonates of more mature
gestational age (GA) or than full-term neonates (Johnston et al., 1995; Grunau et al., 2001;
Gibbins et al., 2008a; Gibbins et al., 2008b; Williams et al., 2009). Ignoring individual factors
that create a context in which neonates feel and express pain could reduce the accuracy of a
clinician’s estimate of how much pain the neonate is in, and make it harder to successfully
manage their pain (Sellam et al., 2011; Valeri and Linhares, 2012; Hatfield and Ely, 2015).
But considering these individual contextual factors could make pain assessment more accurate
(Craig et al., 1993; Johnston et al., 1999; Sellam et al., 2013; AAP et al., 2016).

The consequences of painful experiences in very early life are well known. Early life
painful experiences are associated with negative short- and long-term neurological
consequences (Brummelte et al., 2012; Ranger et al., 2013; Ranger and Grunau, 2014; Vinall
and Grunau, 2014; Vinall ¢t al., 2014), like changes in structural and functional brain
development in preterm neonates (Schneider et al., 2018). Since we need to effectively
manage pain in neonates based on accurate pain assessments, we need to determine which

factors clinicians should include in their clinical assessments of pain (Sellam et al., 2011).
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There are already a few pain assessment scales for neonates that account for individual
contextual factors like GA and behavioural state (e.g., the Premature Infants Pain Profile-
Revised [PIPP-R; Gibbins et al., 2014]; the Neonatal Pain, Agitation and Sedation Scale [N-
PASS; Hummel et al., 2008; Hummel, 2017]). Until today, none of the existing scales is
considered as gold standard for clinical pain assessment in preterm and full-term neonates
(Lee and Stevens, 2014).

The Bernese Pain Scale for Neonates (BPSN) is a multidimensional pain assessment
tool that is already widely used in the clinical setting of Swiss neonatal intensive care units
(NICLU;, Boettcher et al., 2012). Feedback from clinicians related to challenges in pain
assessment with the BPSN in preterm neonates with low GA. Therefore, we decided to
validate and revise the BPSN to better assess pain in neonates. We conducted a
comprehensive validation study of the BPSN with a sample of 154 neonates of different GAs.
The results of this study indicated a significant reduction of the scale from nine to four items:
facial expression, crying, posture, and heart rate (Schenk et al., 2019). This modified BPSN
showed good reliability and validity, but our analyses showed that the younger the GA, the
lower the cut-off point should be that diseriminates between no or low pain and moderate to
severe pain (Schenk et al., 2019). At the same time, we set out to identify individual
contextual factors that could explain variability in neonates” pain response across repeated
measurement points. We set out to improve our assessment of acute procedural pain in
preterm and full-term neonates of different GAs by exploring individual contextual factors,

and to revise the BPSN accordingly to our study results.
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2. Methods

2.1 Design

This study is an integral part of a prospective multicentre validation study with
repeated measurement design (Cignacco et al., 2017). The main goal of the comprehensive
validation study was to develop a revised version of the BPSN for clinical pain assessment
that accounts for relevant individual contextual factors that influence neonates” pain response.
In the first sub-study, we analysed the psychometric properties of the BPSN. The results of
these analyses suggested that the original 9-item scale should be limited to four items (Schenk
¢t al., 2019). In this sub-study, we explored the influence of individual contextual factors on

the variability in neonates’ pain response across repeated measurement points.

2.2 Ethical considerations

The study was approved by the Ethics Committee Bern (2015-238), the Ethics
Committee Northwest/Central Switzerland (2015-385), and the Ethics Committee Zurich
(2015-563). All parents gave written informed consent before participation, as described in
the protocol approved by the ethics committees. No infant received a heel stick only for
research purposes; infants were not exposed to any other type of pain. To reduce pain, all

infants received oral sucrose before each heel stick.

2.3 Sample and Setting

Preterm and full-term neonates were recruited in the neonatal intensive care units
(NICU) of three Swiss university hospitals (Basel, Bern and Zurich). Recruitment and data
collection were ongoing, from January 1 to December 31, 2016. We extended data collection
in Bern until January 31, 2017, to recruit more extremely premature neonates. Premature

neonates born between 24 0/7 and 36 6/7 weeks of gestation were included if they were
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expected to undergo 2-5 routine capillary heel sticks; full-term neonates born between 37 0/7
and 42 (/7 weeks of gestation were included if they were expected to have at least two
capillary heel sticks during their first 14 days of life. Exclusion criteria were 1) high-grade
intraventricular haemorrhage (grades 11l and 1V); 2) severe life-threating malformation or any
condition that caused partial or total loss of sensitivity; 3) arterial cord pH < 7.15 at birth; 4)
previous surgery for any reason; or, 5) congenital malformation that impaired brain

circulation and/or cardiovascular function.

2.4 Data collection

We consecutively sampled for the recruitment and stratified neonates into six different
groups based on their GA at birth (Cignacco et al., 2017). Trained study assistants collected
data from 1-5 routine heel stick procedures that were performed on each neonate. Each heel
stick procedure was captured in three video sequences: baseline, heel stick, and recovery
phases. We filmed with an HC-V757 high-definition camcorder (Panasonic, Osaka, Japan).
Since causing neonates additional stress that could affect their pain reaction, bedside nurses
were asked not to handle the neonates before we recorded the baseline phase. After the
baseline phase was recorded, the bedside nurse warmed the neonate’s heel; every neonate
received a dose of 24% oral sucrose (0.2 ml/kg bodyweight). We started recording the heel
stick phase when the nurse disinfected the neonate’s heel; we recorded the recovery phase
immediately after the heel stick phase. For each phase, the camera focused on the neonate’s
face for at least a minute. Afterwards, we recorded the infant’s body for at least one more
minute. Trained study assistants digitally elaborated each video sequence with Final Cut Pro
X (Apple Inc., Cupertino, CA, USA) video editing software. To ensure rater were blinded, we
removed any information that might have shown the heel stick phase (e.g., the arm of the

nurse while she was performing the heel stick).
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We produced a total of 1’941 video sequences, but excluded 130 because video quality
was poor (e.g., neonate’s face was not visible, poor light quality, reflections on the incubator).
The remaining1°811 video sequences were uploaded into a web-based rating tool and
randomized by sequence number, phase, and presentation order. Five nurses experienced in
using the BPSN (Mean = 8.3 years, Range = 3.5-15 years) and blinded to the phase of the heel
stick procedure and measurement points, independently rated neonates” behavioural pain
responses on both the BPSN and the PIPP-R. Therefore, the nurses were also trained to use
and score the PIPP-R. Our study assistants recorded the neonate’s highest heart rate and
lowest oxygen saturation from the neonate’s monitors while the three phases of video were
recorded. Individual contextual factors were retrospectively retrieved from patient charts. We
captured a few of these contextual factors during the video recording (e.g., duration of the

heel stick procedure).

2.5 Measures
2.5.1 Pain assessment

Neonates’ pain response was measured with the BPSN (Cignacco et al., 2004) and the
PIPP-R (Stevens et al., 2014). The BPSN is a multidimensional pain assessment tool that
includes seven subjective items (sleeping, crying, consolation, skin colour, facial expression,
posture, and breathing) and two physiological items (changes in heart rate and oxygen
saturation). Each item is rated on a 4-point Likert scale (0, 1, 2, and 3); the higher the score,
the more intense the pain response. Based on the results of our first sub-study, we
significantly reduced the scale from nine to four items. The modified BPSN includes facial
expression, crying, posture, and heart rate (Schenk et al., 2019). We then used the modified
BPSN to analyse the effect individual contextual factors might have had on a neonate’s pain

level, and to see if they accounted for variation in pain reaction among infants. The modified
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BPSN is reliable and valid for preterm and full-term neonates (Schenk et al., 2019). We
calculated the interrater reliability for the behavioural subscale of the modified BPSN with
two-way random-effects, average measure, absolute agreement models (Streiner et al., 2015);
interrater reliability ranged from 0.874 to 0.931 (Mdn = 0.906) during the heel stick phases of
the five measurement points.

In the first sub-study, we used the PIPP-R, a well-validated multidimensional pain
assessment tool widely used in the clinical setting of North America and for research purposes
(Gibbins et al., 2014; Stevens et al., 2014), to test concurrent validity and sensitivity and
specificity of the modified BPSN (Schenk et al., 2019). The PIPP-R includes three
behavioural items (brow bulge, eve squeeze, and naso-labial furrow) and two physiological
items (changes in heart rate and oxygen saturation). The PIPP-R also accounts for GA and
baseline behavioural state as contextual factors. Extremely preterm neonates and neonates in a
quiet sleep state at baseline score the highest if their behavioural and/or physiological sub
score is > 1 (Stevens et al., 2014). Each of the seven items of the PIPP-R is rated on a 4-point
Likert scale (0, 1, 2, and 3). In this sub-study, we considered the PIPP-R item baseline
behavioural state as a contextual factor. We calculated interrater reliability for the item
behavioural state with two-way random-eftects, average measures, absolute agreement
models; interrater reliability ranged from 0.874 to 0.915 (Mdn = 0.896) during the baseline

phase of the five measurement points.

2.5.2 Individual contextual factors

We determined individual contextual factors based on the findings of a systematic
review (Sellam et al., 2011) and a study that analysed the effect of individual contextual
factors on variability in preterm neonates” pain response (Sellam ¢t al., 2013). We collected

contextual factors retrospectively from patient charts and during video recordings. Individual
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contextual factors had three dimensions. The first is comprised of demographic contextual
factors including GA at birth; sex; birth weight; nationality; parity; and, mode of delivery.
The second are medical contextual factors including primary diagnosis (premature or term
birth) and common comorbidities in preterm neonates like necrotizing enterocolitis,
respiratory distress syndrome, patent ductus arteriosus, septic events, apnoea bradycardia
syndrome. Other medical factors are the number of comorbidities since birth, neonate’s health
status during the first 12 hours gince birth (measured by the Clinical Risk Index for Babies
[CRIB; Bihrer et al., 2000]), CPAP or mechanical ventilation at the time of the heel stick
procedure, and medication administered from birth to the first recorded heel stick procedure
and between recorded heel stick procedures, including sedatives (e.g., Propofol,
Chloralhydrate), opioids (e.g., Morphine, Fentanyl), non-opioids (e.g., Paracetamol,
Indomethacin), steroids, caffeine, antibiotics, catecholamines, medication for lung maturation
during pregnancy, surfactant administered after birth, or muscle relaxant. The third dimension
includes a neonate’s history of painful and non-painful interventions, including the number of
previous painful and non-painful interventions from birth and in the past 24 hours, the time
since the last painful and non-painful interventions (0-15 minutes, 16-30 minutes, 31-45
minutes, 46-60 minutes, and, > 60 minutes), and the type of the last painful and non-painful
intervention. We defined painful (e.g., heel stick, intubation) and non-painful (e.g., changing
diaper, removal of nasogastric tube) interventions based on a previous study (Cignacco ¢t al.,
2008). At each measurement point, we retrieved the following contextual factors from the
patient chart or from observations made while the video was recorded: postnatal age (PNA);
post-menstrual age (PMA; GA at birth combined with PNA); weight; the duration of each
heel stick procedure; and, the number of additional sucrose doses given during the heel stick
procedures. The behavioural state at baseline was rated by the five nurses with the PIPP-R

item behavioural state (Stevens et al., 2014).
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2.6 Statistical methods

The five raters could rate single items of the BPSN and PIPP-R as “non-evaluable™.
For BPSN items crying and posture, 1.0% or less of the data were missing, and for facial
expression 0.1 to 4.0% (Mdn = 0.8%) of the data were missing. For PIPP-R item behavioural
state, 0.1 to 0.9% (Mdn = 0.4%) were missing and for heart rate, less than 1% of data. Since
we could not compute BPSN sum scores when an item was unrated, we used multiple
imputation (Rubin, 2008) and the R-package pariykit (Hothorn and Zeileis, 2014) to replace
the values of unrated items with random substitutes generated from conditional inference
regression trees (Hothorn et al., 2006). We generated five data sets this way, performed
statistical analyses with each data set separately, and then pooled the results.

We analysed the influence of individual contextual factors on the variability in
neonates’ pain reaction by conducting linear mixed effect analyses using the statistical
program R (R Core Team, 2017) and specifically the R-package lme4 (Bates et al., 2015).
Because the behavioural BPSN sub-score and the BPSN item heart rate had low correlation (
=(.102-0.379) during the heel stick procedures (Schenk et al., 2019), we analysed the
modified BPSN total scale and the behavioural and physiological subscales separately.

We divided the analysis into two stages, based on the methodology of a study that
analysed the influence of individual contextual factors on pain reaction (Sellam et al., 2013).
First, we tested the effect of each contextual factor on the level of pain scores separately in
simple linear mixed effect models. The simple linear mixed effect models included the
contextual factor and considered the three phases and five measurement points as fixed
effects; neonates and raters were random intercepts. Raters were not included in our analyses
of the physiological subscale, since we captured heart rate from the patient’s monitor during

the video recording. We determined the effect of each contextual factor on pain scores with
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likelihood ratio tests (e.g., Winter, 2013). We included all contextual factors into the second
variable selection stage that reached a p-value below 0.20. Because we considered a high
number of contextual factors, this method was useful in the first round of excluding irrelevant
predictors.

At the end of this first stage, we used Pearson product moment correlations for
continuous variables and Spearman’s Rho for ordinal variables to screen individual contextual
factors for multicollinearity. If we identified two or more highly correlated variables (v 2
0.90), the researchers designated one of those variables as eligible for the second selection
stage. We excluded contextual factors in this second selection stage if they occurred in less
than 1% of our study sample. Since data was collected in three different NICUs, we also
tested the effect of the study centre on the pain scores. If this effect was smaller than p < 0.20,
we included study centre as an organisational contextual factor in the multiple linear mixed
effect model to control this possible influence.

In the second stage, we included all the contextual factors we selected in the first stage
and ran large multiple linear mixed effect models. As in the single linear mixed model
analyses, we included phases and measurement points as fixed effects and neonates and raters
as random intercepts. For all three outcome variables (modified BPSN total score, behavioural
and physiological BPSN sub-scores), we used likelihood ratio tests to see if the multiple
models that included a random slope for neonate and measurement point fit the data better
than the same model without a random slope (Twisk, 2006). Adding a random slope for
neonate and measurement point allows the model to return different slopes for different
neonates. After we decided on the specification for the random effect, we used the R-package
LmerTest (Kuznetsova et al., 2017) to perform backward elimination of non-significant
contextual factors. This package uses Satterthwaite’s method for approximating degrees of

freedom for the F-Test and a fixed alpha of 0.05. We also analysed the remaining contextual



Individual contextual factors in neonatal pain assessment 77

Running head: The Bernese Pain Scale for Neonates-Revised 13

factors for multicollinearity by calculating variance inflation factors (VIFs) for each predictor
with the R-package car (Fox and Weisberg, 2011). Multicollinearity may exist when VIF
values > 10 (Myers, 1990; O'Brien, 2007). In the last model, we considered a level of p < 0.01
to be statistically significant. We performed statistical analyses on each of the five imputed

data sets separately, and then pooled the results of the five analyses.

3. Results

3.1 Characteristics of the sample

Between January 2016 and January 2017, we assessed a total of 1’673 consecutive
neonates for eligibility and finally enrolled 162. A flow chart with reasons for exclusion
appears in our previous study (Schenk et al., 2019). Eight neonates were excluded from data
analysis for missing or poor-quality video sequences. Mean GA at birth of the total sample
was 30.85 (+ 4.5) weeks, ranging from 24.29 to 41.57 weeks. Characteristics of the sample

are summarized in Table 1.

<< INSERT TABLE 1 - CHARACTERISTICS OF THE TOTAL SAMPLE AND THE

FOUR GESTATIONAL AGE GROUPS — HERE>>

3.2 Individual contextual factors associated with the modified BPSN scores

We present the results of the single linear mixed model analyses we conducted for
each individual contextual factor with the modified behavioural and physiological BPSN sub
scores and with the modified BPSN total score as outcome variables, in AppendixS1. There
were high correlations between GA at birth and birth weight (r = 0.901), between birth weight

and PMA at heel stick (» = 0.873), between GA at birth and weight at heel stick (r > 0.903),

between PMA and weight at heel stick (v = 0.899), and between GA at birth and PMA at heel
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stick (r 2 0.990), so we decided to include only the variable PMA in our multiple mixed
model analyses. We did not include individual medications in our multiple mixed model

analyses if less than 1% of our study sample had taken them.

3.2.1 Behavioural sub score

Based on the results of the single mixed model analyses, where the modified
behavioural BPSN sub score was the outcome, we included all individual contextual factors in
the multiple linear mixed model that had a p-value < 0.20 (see AppendixS1). Study centre (p
=10.163) was included in this model. A model that included a random slope for neonate and
measurement point fit the data better than a model without random slope (p < 0.001), so we
included a random slope for infant and measurement point into the multiple linear mixed
model. After backward elimination, the factors premature or term birth, CRIB, PNA, caffeine,
indomethacin, time since the last painful procedure, and baseline behavioural state were
included in the multiple mixed model analysis (Table 2). The behavioural pain scores of
preterm neonates were 0.72 points lower than the scores of full-term neonates (p < 0.001).
The behavioural pain scores of neonates who received caffeine were 0.30 points lower than
the scores of neonates who did not receive caffeine (p < 0.001). Neonates who were in an
active and awake state before the heel stick procedure always had the highest behavioural
pain scores; their pain scores were (.28 points higher than those of neonates in a quiet and
awake state (p < (0.001), 0.16 higher than neonates in an active and asleep state (p = 0.006),
and 0.50 points higher than neonates in a quiet and asleep state (p < 0.001). CRIB (p = 0.024),
PNA (p = 0.013), indomethacin (p = 0.053) and time since the last painful intervention (p =
(0.045) were not significantly associated with the modified behavioural sub-score. None of the

contextual factors had a VIF = 2.7.
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3.2.2 Physiological sub score

Based on the results of our single mixed model analyses, where the modified
physiological BPSN sub score was the outcome, we included all individual contextual factors
in the multiple linear mixed model that had a p-value < 0.20 (see AppendixS1) and considered
study centre (p = 0.007). For the physiological pain scores, a model that included a random
slope for neonate and measurement point was not a better fit than a model without random
slope (p = 0.752). After backward elimination, we were left with the factors premature or term
birth, apnoea bradycardia syndrome, ventilation status, duration of the heel stick procedure,
and administration of additional sucrose for the multiple mixed model analysis (Table 2). The
physiological pain scores of preterm neonates were 0.23 points lower than those of full-term
neonates (p = 0.004). The physiological pain scores of neonates who received mechanical
ventilation were 0.20 lower than those of neonates who had not been ventilated (p = 0.002).
The length of the heel stick procedure and physiological pain scores were positively
associated; pain scores increased 0.02 points (p < 0.001) with each additional minute. Apnoea
bradycardia syndrome (p = 0.050), CPAP (p = 0.062), and additional sucrose (p = 0.014) were
not significantly associated with the modified physiological sub-score. None of the contextual

factors reached a VIF = 1.4.

3.2.3 Total score

Based on the results of our single mixed model analyses, for which the modified
BPSN total score was the outcome, we included in the multiple linear mixed model all
individual contextual factors that had a p-value < 0.20 (see AppendixS1) and study centre (p =
0.015). A model that included a random slope for neonate and measurement point fit the data
better than a model without random slope (p < 0.001), so we included the random slope in the

model.
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After backward elimination, we included the factors premature or term birth, PNA,
caffeine, time since the last painful intervention, baseline behavioural state, and duration of
the heel stick procedure in the multiple mixed model analysis (Table 2). Overall scores for
preterm neonates were 0.91 points lower than the scores of full-term neonates (p < 0.001).
The pain scores of neonates who received caffeine were 0.40 points lower than the pain scores
of neonates who had no caffeine (p < 0.001). The pain scores of neonates in an active and
awake state were (.27 points higher than the scores of neonates in a quiet and awake state (p
<0.001) and 0.46 points higher than the scores of neonates in a quiet and asleep state (p <
0.001). Every minute added to the heel stick procedure increased pain scores 0.06 points (p <
0.001). PNA (p = 0.029) and time since the last painful intervention (p = 0.055) were not
significantly associated with the modified BPSN total scale. None of the contextual factors

reached a VIF > 1.8.

<< INSERT TABLE 2 — THE INDIVIDUAL CONTEXTUAL FACTORS THAT
INFLUENCE PAIN SCORES — RESULTS OF THE MULTIPLE LINEAR MIXED MODEL

ANALYSES AFTER BACKWARD ELIMINATION — HERE=>>

4. Discussion

Our results indicate that individual contextual factors account for variability in
neonates” pain response. Behavioural pain scores were mainly influenced by premature or
term birth, caffeine, and baseline behavioural state. Physiological pain scores were mainly
influenced by premature or term birth, ventilation status and the duration of the heel stick

procedure.
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4.1 Postmenstrual and postnatal age

Preterm neonates had lower behavioural and physiological pain scores than full-term
neonates. Our single mixed model analysis revealed a positive association between PMA and
behavioural and physiological pain scores confirm the results of earlier studies. Because
preterm neonates with younger GA have a more immature nervous system and less muscular
strength, posture, and body movements, their behavioural pain responses are less obvious and
more inconsistent than those of more mature preterm or full-term neonates (Craig et al., 1993;
Gibbins and Stevens, 2003; Morison et al., 2003; Ahn, 2006b; Ranger et al., 2007, Gibbins et
al., 2008a; Gibbins et al., 2008b; Johnston &t al., 2011). Heart rate may be more stable in
preterm infants because they are in a state of constant autonomic arousal caused by repeated
painful and stressful procedures they often experience during their NICU stay (Grunau et al.,
2001). Gibbins et al. (2008b) did not find the increase in heart rate differed between different
GA-groups, but extremely and very preterm neonates had a higher heart rate before and
during the heel stick procedures than older preterm and full-term neonates. In our study, the
categorization of the contextual factor primary diagnosis in premature or term birth may have
reduced the effect of PMA in the multiple mixed model.

Postnatal age tended to be positively associated with behavioural pain scores. As
preterm neonates develop and mature with increasing PNA, neonates may express a more
robust and sustained behavioural pain response with increasing PNA (Craig et al., 1993;

Johnston et al., 1996).

4.2 Baseline behavioural state
Neonates in a quiet (asleep or awake) behavioural state before the heel stick procedure
had lower behavioural pain scores than neonates in an active (asleep or awake) behavioural

state. Several studies indicated that behavioural state before a procedure influences preterm or
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full-term neonates’ pain response (Grunau and Craig, 1987; Stevens and Johnston, 1994,
Stevens et al., 1994; Johnston et al., 1999; Ahn, 2006a; Ranger et al., 2007; Badr et al., 2010).
Neonates in a more active and awake state have higher pain responses than neonates in a quiet
sleeping state. Since preterm neonates spend up to 70% of their time in a sleep state (active
sleep is the main behavioural state), their response to a painful procedure may often be
dampened (Foreman et al., 2008; Werth et al., 2017), which is why it is appropriate to

consider a neonate’s behavioural state when assessing acute pain.

4.3 Medical contextual factors

Neonates treated with mechanical ventilation had lower physiological pain scores than
neonates who were not ventilated during the recorded heel stick. Neonates treated with CPAP
tended to have lower pain scores than neonates who were not ventilated. These findings align
with the results of a study that analysed the effect of different contextual factors on pain
responses in neonates who were treated with non-pharmacological, pain-relieving
interventions (Sellam et al., 2013). Other studies found no association between ventilation
status and behavioural or physiological pain responses (Johnston et al., 1996; Grunau et al.,
2001; Grunau et al., 2006). When we examined the effect of ventilation in a single mixed
model we identified a significant association between ventilation status and behavioural pain
scores, which accords with the findings of Williams et al. (2009). Neonates who received
CPAP or mechanical ventilation had lower behavioural pain scores than neonates who did not
receive any ventilation. Ventilation status may lower behavioural pain scores because CPAP
or tapes that fix the tube hide the neonate’s face and make it harder to assess their pain level.
Mechanically ventilated neonates may show dampened physiological and behavioural pain

responses due to administered medications.
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Neonates who received caffeine before or during the recorded heel stick procedure had
lower behavioural pain scores than neonates who did not receive caffeine. Caffeine prevents
preterm neonates from apnoea of prematurity (Schmidt et al., 2006), so caffeine
administration is associated with a neonates” need for ventilation and PMA. A study that
examined the association between caffeine and PIPP scores found these two variables were
not correlated (Johnston et al., 1999).

We found no association between the number of earlier painful procedures and a
neonate’s behavioural or physiological pain scores. There was a tendency that neonates who
had had experienced a painful procedure immediately before the heel stick tended to have
lower behavioural pain scores than neonates who had not had a painful intervention within an
hour of the heel stick. This aligns with Johnston et al. (1999)’s findings, which suggested that
neonates who were younger, sleeping, and had had a recent painful procedure were less likely

to show behavioural and physiological pain responses.

4.1 Bernese Pain Scale for Neonates-Revised

We revised the BPSN based on these results and the results of our psychometric tests
of the BPSN (Schenk et al., 2019). The BPSN-Revised (AppendixS2) includes three
behavioural items (crying, facial expression, and posture), one physiological item (heart rate),
and three individual contextual factors (PMA, baseline behavioural state, and ventilation
status). The results of our first sub-study showed the importance of considering a neonate’s
GA when assessing their pain. The cut-off that discriminates between pain and non-pain

should be lowered in proportion to neonate’s GA (Schenk et al., 2019).
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4.2 Limitations and strengths

This study had several limitations. First, the blinded raters may have had trouble
assessing pain response in lower quality videos (e.g., poor lighting conditions) even though
we tried to exclude videos of very poor quality. Second, the way individual contextual factors
are operationalized may vary across studies (¢.g., health status or kind of painful procedures)
and this heterogeneity needs to be considered if researchers want to compare our study results
to others. Third, individual contextual factors are often correlated strongly (e.g., younger and
sicker neonates endure greater number of painful procedures), which can affect study results.
Fourth, the BPSN was validated and revised to assess acute procedural pain, but the BPSN-
Revised needs to be validated for different painful and stressful procedures and for different
types of pain (Anand, 2017) to increase its validity and applicability in the clinical settings. It
may not be appropriate to consider baseline behavioural state when assessing pain that has no
clear beginning and end (e.g., prolonged or chronic pain). Future studies should also test the
feasibility and clinical utility of the BPSN-Revised.

This study also has several strengths. Our study sample included full-term and preterm
neonates, covering a wide range of GAs, when other studies mainly focused on preterm or
full-term infants. We repeatedly measured neonates” pain responses across the first 14 days of
life, improving on the cross-sectional design of existing studies that evaluated neonates’ pain
responses (Williams et al., 2009). Since cohort or history effects, rather than systematic
individual changes, could account for differences in pain responses between different GA-
groups, longitudinal data are more suitable for investigating change over time (Singer and
Willett, 2003). Finally, we analysed the influence of contextual factors on physiological and

behavioural pain scores separately.
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5. Conclusions

Individual contextual factors like premature birth, quiet behavioural state and
mechanical ventilation dampen neonates” response to acute procedural pain. The presented
BPSN-Revised accounts for these relevant contextual factors. However, while the behavioural
and physiological items of the BPSN-Revised were subject to rigorous testing and proved to
have good psychometric properties (Schenk et al., 2019), the adding of the three contextual
factors based on the results of this sub-study demands further testing of the validity, feasibility

and clinical utility of the BPSN-Revised.
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Table 1 Characteristics of the total sample and the four gestational age groups
Characteristic Total Sample Gestational age groups
Mean £ SD orn Extremely Very preterm Moderate to late Full-term
(%) preterm neonates preterm neonates

neonates neonates

Sample 154 (100%) 50 (32.5%) 45 (25.2%) 38 (24.7%) 21 (13.6%)
At time of birth
Male 87 (56.5%) 31 (62.0%) 23 (51.1%) 20 (52.6%) 13 (61.9%)
GA (weeks) 30.85+£45 26234+ 12 29444110 3421£10 3881+13
Weight (g) 1630.1 £9343 | 85141964 | 12851+3282 | 20937+3775 | 33845+8116
Way of delivery:
- Vaginal-spontan 36 (23.4%) 10 (20.0%) 4 (8.9%) 13 (34.2%) 9 (42.9%)
- Vaginal-operativ 4 (2.6%) 0 (0%) 1(2.2%) 2(5.3%) 1 (4.8%)
- Planned c-section 23 (14.9%) 3 (6.0%) 8(17.8%) 7 (18.4%) 5(23.8%)
- Emerg. c-section 91 (55.1%) 37 (74.0%) 32 (71.1%) 16 (42.1%) 6 (28.6%)
Number of birth:
- Single 104 (67.5%) 43 (86.0%) 20 (44.4%) 21 (55.3%) 20 (95.2%)
- One of twins 44 (28.6%) 4 (8.0%) 22 (48.9%) 17 (44.7%) 1 (4.8%)
- One of triplets 6 (3.9%) 3 (6.0%) 3 (6.7%) 0 (0%) 0 (0%)
CRIB 38+39 75+37 32+28 1.1+1.7 09+1.6
AtHS 1
PNA (days) 395420 480+22 3.56+19 31809 419426
PMA (weeks) 31.42+£45 2691+1.2 2994+ 1.0 34.67+1.0 3941+£14
Weight (g) 1573.8+9166 | 81231831 | 1220.1+3220 | 20320+334.1 | 33155+755.1
CPAP 77 (50.0%) 40 (80.0%) 30 (66.7%) 7(18.4%) 0 (0%)
Mech. ventilation 14 (9.1%) 10 (20.0%) 1(2.2%) 2(5.3%) 1 (4.8%)
Total comorbidities 57+44 10.1+42 54+24 27+14 1.4+1.1
NEC 2 (1.3%) 1 (2%) 1(2.2%) 0 (0%) 0 (0%)
RDS 113 (73.4%) 50 (100%) 41 (91.1%) 19 (50.0%) 3(14.3%)
PDA 44 (28.6%) 40 (80.0%) 4 (8.9%) 0 (0%) 0 (0%)
ABS 91 (59.1%) 46 (92.0%) 32 (71.1%) 13 (34.2%) 0 (0%)
Neonatal infection 82 (53.2%) 35 (70.0%) 27 (60.0%) 13 (34.2% 7(33.3%)
Sedatives 21 (13.6%) 11 (22.0%) 6 (13.3%) 2 (5.3%) 2 (9.5%)
Opioid 49 (31.8%) 31 (62.0%) 12 (26.7%) 4 (10.5%) 2 (9.5%)
Non-opioid 24 (15.6%) 21 (42.0%) 0 (0%) 1(2.6%) 2 (9.5%)
Steroid 5(3.2%) 1(2.0%) 2 (4.4%) 2(5.3%) 0 (0%)
Caffeine 80 (51.9%) 46 (92.0%) 31 (68.9%) 3 (7.9%) 0 (0%)
Antibiotic 95 (61.7%) 46 (92.0%) 29 (64.4%) 10 (26.3%) 10 (47.6%)
Catecholamine 8 (5.2%) 7 (14.0%) 1(2.2%) 0 (0%) 0 (0%)
Medication for lung | 82 (53.2%) 38 (76.0%) 33 (73.3%) 11 (28.9%) 0 (0%)
maturation during
pregnancy
Surfactant after 59 (38.3%) 38 (76.0%) 16 (35.6%0) 3(7.9%) 2 (9.5%)
birth
Muscle relaxant 29 (18.8%) 19 (38.0%) 8(17.8%) 1(2.6%) 1 (4.8%)
Total number PT 43494+321 69.46+£34.0 4029£225 2232£165 26.86+24.0
PI past 24 hours 962+56 1296+ 56 029+472 6.76 £5.0 752+54
Total number nPI 43.95+£252 57.86£279 39.22+£237 30.55+102 45194251
nPT past 24 hours 1261 £33 1292+ 26 12.07+ 3.0 1208429 14.00+5.2
AtHS 5
PNA (days) 901+30 10,04 +£3.1 8.60+ 27 761£27
PMA (weeks) 30.19+3.1 2754+ 12 3045+ 09 34.99+1.0
Weight (g) 12892 £526 4 895.0+2042 12576+ 2473 210874+ 2919
CPAP 52 (50.5%) 33 (73.3%) 17 (48.6%) 2 (8.7%)
Mech. ventilation 10 (9.7%) 10(22.2%) 0 (0%) 0 (0%)
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Note. 3D, standard deviation; extremely preterm neonates, < 28 weeks of gestation; very preterm neonates, 28
0/7-31 6/7 weeks of gestation; moderate to late preterm neonates, 32 0/7-36 6/7 weeks of gestation; full-term
neonates, = 37 0/7 weeks of gestation, GA, gestational age; emerg. c-section, emergency cesarean-section;
CRIB, Clinical Risk Index for Babies, HS, heel stick; PNA, postnatal age; PMA, postmenstrual age; Mech.
ventilation, mechanical ventilation, CPAP, continuous positive airway pressure; NEC, necrotizing enterocolitis;
RDS, respiratory distress syndrome; PDA, patent ductus arteriosus; ABS, apnoea bradycardia syndrome; PI,
painful intervention; nPI, non-painful intervention.
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Table 2 The individual contextual factors that influence pain scores — results of the multiple
linear mixed model analyses after backward elimination

Outcome variable Contextual factor Fixed effect SE df t-value | p-value
Modified Term birth® 0.721 0.199 | 172916 3.620 0.000%*
behavioural BPSN | CRIB 0.024 0.010 | 95.535 2.300 0.024
sub score PNA 0.033 0.013 186.919 2.503 0.013
Caffeine -0.302 0.084 | 212.593 -3.580 | 0.000%**
Indomethacin -0.205 0.106 | 399963 | -1.939 | 0.053
Last PI: 16-30 min -0.029 | 0.197 | 426.866 | -0.148 | 0.883
Last PI: 31-45 min -0.077 0239 | 426.321 -0.322 | 0.748
Last PI: 46-60 min | 0.033 0.208 | 363.230 0.160 | 0.873
| Last PI: > 60 min 0.275 0.137 | 371.246 2011 | 0.045
Quiet & awake state -0.283 0.058 8027.899 -4.848 0.000%*
Active & asleep state -0.158 0.057 | 5980.223 2,764 | 0.006*
Quiet & asleep state -0.498 | 0.061 | 4272785 | -8.226 | 0.000%*
Modified Term birth® 0.232 0.080 | 460.300 2.909 0.004*
physiological BPSN | ABS -0.083 | 0.042 | 144.280 -1.985 | 0.050
sub score CPAP -0.071 0.038 | 228.620 -1.880 | 0.062
Mechanical ventilation | -0.196 0.063 | 178.080 -3.123 0.002%
Duration HS (sec) 0.0004 0.000 | 934.160 3.337 0.000%*
Additional sucrose 0.144 0.058 | 902.800 2.492 0.014
Modified BPSN Term birth® 0.907 0.234 | 184.280 3.870 0.000%*
total scale PNA | 0.036 0.017 | 193.740 2.206 0.029
Caffeine | -0.402 0.093 | 205.280 -4.331 0.000%*
Last PI: 16-30 min -0.007 0.235 | 350.731 -0.029 | 0971
Last PI: 31-45 min -0.152 0.290 | 441.660 -0.526 | 0.599
Last PI: 46-60 min -0.054 0.251 | 390.400 -0.216 | 0.829
Last PT: = 60 min 0.317 0.167 | 397.760 | 1.922 0.055
Quiet & awake state -0.274 0.069 | 8139.200 -3.956 | 0.000%*
Active & asleep state -0.127 | 0.068 | 6192200 |-1.118 | 0.062
Quiet & asleep state -0.459 0.072 | 4482.200 | -6.395 | 0.000%*
Duration HS (sec) 0.001 0.000 | 378.200 3.698 0.000%*

Note. BPSN, Bernese Pain Scale for Neonates; SE, standard error; df, degree of freedom; CRIB, Clinical Risk
Index for Babies, PNA, postnatal age; PI, painful intervention, ABS, apnoea bradycardia syndrome; CPAP,
continuous positive airway pressure, HS, heel stick.

“=Primary diagnosis was categorized into premature or term birth., *p < 0.01; *¥*p < 0.001.
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AppendixS1: Results of the single linear mixed regression models of the modified behavioural and
physiological BPSN sub scores and the modified BPSN total score.

BPSN behavioural subscale BPSN physiological subscale BPSN total scale
[ndividual Fixed [SE [X2 df - Fixed SE X2 af |- Fixed | SE| 32 |df| p-
contextual factors _ffect value | |effect value effect value
Sex (female) -0.015 [0.11 0.02 |L 0.8941] 0.013 004 V.13 | 0.726 -0.01310.14] 001 | 1 [0.924
Nationality 154 P 0.464 n.15s p 0.926 0.87 | 2 10.648
- other than Swiss  [0.148 [0.12 -0.01510.04 -0.11610.15
- unknown 0.063 [0.40 -0.0220.13 0.217 |0.49
[Weight birth (g)  10.230 [0.06 |15.02 | 0.000 ] 0.087 .02 [17.94 | 0.000 0.341 |0.07] 22.76 | 1 |0.000
GA birth (weeks) 0.063 [0.01 2765 [l 0.000 ] 0.022 000 R7.79 | 0.000 0.091 |0.01] 40.90 | 1 |0.000
Parity 1.72 2 10.423 1.70 P 0.430 1.32 | 2 |0.516
- one of twins FO.149 10.12 0.020 10.04 -0.14210.15
- one of triplets 0.097 [0.28 0.114 [0.09 0.180 |0.35
Birth method 035 B 10.951 B79 B 0.289 0.61 | 3 10.894
- vaginal-operativ [-0.094 [0.36 0.222 [0.12 0.291 [0.44
- planned c-section [0.071 [0.18 0.044 [0.06 0.095 [0.22
- emerg. c-section  [0.052 [0.14 0.041 [0.04 0.092 |0.16
Term birth? 0.927 10.15 B3.81 [ 0.000] 0.178 006 BSS |1 0.003 1.244 |0.18| 41.93 | 1 |0.000
CRIB Total -0.023 [0.01 268 |l 0.102 | -:0.01810.00 [17.44 | 0.000 -0.04510.02] 7.03 | 1 [0.008
Number of F0.042 10.01 |11.63 |1 0.001 | -0.0170.00 [15.90 |1 0.000 -0.06110.02] 17.07 0.000
comorbidities
INEC 0.003 10.27 10.00 [l 0.992 | -0.1010.14 0.50 |1 0.478 0.021 0.32] 0.00 | 1 |0.949
RDS F0.412 10.12 ]11.03 1 0.001 | 10131005 .76 |1 0.006 -0.57510.15] 14.60 | 1 [0.000
PDA -0.331 [0.12 [7.68 |l 0.006 | -0.1500.04 [13.72 |1 0.000 -0.51810.14] 12.79 | 1 [0.000
IABS -0.406 [0.10 [16.81 |l 0.000 ] -0.1730.04 [18.88 |1 0.000 -0.48610.12] 16.04 | 1 [0.000
[nfect 0.099 [0.12 0.75 |l 0.387] 10.041004 095 11 0.331 0.048 10.1410.12 1 [0.733
|AL time of HS
PNA 0.030 [0.01 [7.15 |l 0.008 ] 0.000 001 001 |1 0.935 0.041 |0.01] 218 | 1 |0.002
PMA 0.068 [0.01 32.37 [ 0.000 | [0.028 .01 [B3.71 |l 0.000 0.098 |0.01] 47.44 | 1 |0.000
[Weight 0.233 [0.06 [14.95 |l 0.000] 0.124 002 524 |1 0.000 0.363 |0.07] 25.24 | 1 |0.000
Ventilation 41.09 2 10.000 2893 P 0.000 62.77 | 2 [0.000
- CPAP -0.127 [0.06 -0.156 0.04 -0.23410.07
- Mechanical F0.687 10.11 -0.30410.07 -1.02010.13
ventilation
Duration of HS 0.000 10.00 [L10.90 |1 0.001 | [0.001 .00 23.24 |l 0.000 0.001 [0.00] 36.85 | 1 |0.000
(sec)
lAdditional sucrose |0.016 [0.06 |0.08 | 0.795] [0.150 P.O5 B.45 0.004 0.13510.07] 346 | 1 |0.071
Baseline 333.18 3 [0.000 63 B 0.455 183.41( 3 (0.000
lbehavioural state
(PIPP-R)
- quiet and awake [0.551 [0.05 0.000 0.07 -0.52510.07
- active and asleep [0.220 [0.05 0.043 [0.06 -0.17210.06
- quiet and asleep  [0.701 [0.05 0.066 [0.06 -0.64110.06
Medication (no)
Sedatives 0.279 10.08 ]11.29 |1 0.001 ] 0.128 pO7 P29 |l 0.086 0.315]0.10] 10.26 | 1 |0.001
Opioids 0.247 [0.06 [15.31 |l 0.000] 0.121 OS5 546 |1 0.020 0.303 |0.08] 16.35 | 1 10.000
[Non-opioids 0.192 [0.06 [11.00 |l 0.001 ] 0.148 005 BST |1 0.003 0.322 |0.07] 22.08 | 1 |0.000
Steroids 0.339 [0.16 32 |l 0.039] 0.083 P.16 028 |1 0.594 0.32510.19] 2.84 | 1 |0.093
Caffeine 0.263 [0.06 [17.82 |l 0.000 ] 0.146 0.04 [15.43 |l 0.000 0.379 10.07] 2598 | 1 |0.000
lAntibiotics 0.127 [0.05 6.55 |1 0.011] 0.028 P04 057 |1 0.458 0.164 |0.06] 7.76 | 1 |0.005
Catecholamines 0.113 [0.13 0.71 |1 0.399] 0.143 .12 1.35 |1 0.246 0.166 |0.16] 1.09 | 1 |0.298
Propofol 0.367 10.09 17.01 [1 0.000 ] 0.107 0O8 161 |1 0.205 0.400 |0.11] 1447 | 1 |0.000
Midazolam 0.045 10.20 10.05 [ 0.822 ] [0.186 0.15 [1.49 11 0.223 0.060 ]0.24] 0.07 | 1 10.802
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Chloralhydrate -0.420 10.29 216 I [0.146 ] [0.229 .27 072 |1 0.397 | [-0.33810.34] 1.00 [ | [0.322
Morphine 0312 011 (779 |1 0.005 | 10.159 0.07 p.o4 | 0.025 0.588 [0.13] 19.50 [ 1 10.000
Fentanyl 0.021 0.08 [0.07 1 [0.789] [0.074 0.08 .94 (1 0.332 0.017 |0.09] 0.04 | 1 |0.853
Pethidin 0.305 040 1063 I 04641 10337 0.38 .78 |l 0.378 0.778 1048 2.70 | 1 10.110
Remifentanyl 0.365 [0.09 ]16.24 |1  0.000 | |0.084 0.09 o3 |1 0.336 0.376 [0.11] 1230 | 1 [0.000
Paracetamol 0.139 10.10 [1.99 I  [0.160 ] [0.011 0.0 ©0.O1 [1 0.909 0.11410.12] 096 | 1 [0.329
[Tylenol 0.645 [0.16 |15.97 |1 0.000 | [0.128 [0.16 67 |l 0.412 0.710 [0.19] 13.86 [ 1 |0.000
[Becetamol 0.325 10.15 478 I [0.030 ] [0.151 j0.14 [1.09 1 0.296 0.419 10.18| 570 | 1 [0.017
[Indomethacin 0.307 10.06 [26.84 I  [0.000 ] [0.174 0.05 [11.21 |1 0.001 0.467 10.07] 44.48 | 1 [0.000
[buprofen 0.645 [0.16 |15.97 |1  0.000] |0.128 j0.16 .67 | 0.412 0.710 |0.19] 13.86 | 1 [0.000
Lung maturation  [0.360 (0.07 27.80 1  [0.000 [ |0.159 .06 [f.07 |l 0.008 0.442 10.08| 29.84 | 1 |0.000
during pregnancy

Surfactant 0.131 10.07 402 1 [0.046 ] [0.141 .06 535 |1 0.021 0.151 10.08| 3.82 | 1 [0.051
[Muscle relaxation  [0.005 10.08 [0.01 |1  [0.951] [0.067 |0.07 .83 |l 0.364 | [-0.010]0.09| 0.02 [ 1 |0.914
[Painful and non-painful interventions

PI total 0.001 0.00 [0.65 I 0421 ] [0.00100.00 HMOS1 1 0.028 0.000 10.00] 0.01 | 1 10933
PI past 24 hours ~ £0.011 10.00 [6.49 |1  [0.011] [0.009)0.00 P18 [l 0.003 | [-0.015]0.01] 780 [ | [0.005
[Type of last PI 18.98 10 [0.041 17.53 |l1  0.096 24.63 | 10 |0.006
- CPAP prongs 0.060 [0.05 -0.089 10.04 0.054 10.06

insertion/removal

- Heel stick 0.034 [0.07 0.048 10.06 0.122 10.08

- Tape removal 0.007 [0.11 0.155 [0.11 0.176 [0.13

- Endotracheal 0223 (0.12 -0.12510.08 0.252 10.14

suctioning

- [nsertion F0.333 (0.12 -0.08310.31 -0.35910.14

nasogastric tube

- Naso-pharyngeal 0.043 [0.10 -0.100 10.09 -0.028 10.12

suctioning

- Removal thoracal [0.468 (0.45 -0.271 10.39 -0.482 10.54

drain

- Extubation F0.004 [0.22 -0.26210.22 -0.178 10.26

- Insertion F0.252 (0.19 -0.29910.20 -0.546 10.23

lintravenous camila

- Venipuncture -0.093 0.38 -0.122 10.39 -0.059 10.45

[Time since last PI 5490 4 10.000 3.84 U 0.429 50.14 | 4 10.000
- 16-30 minutes  [-0.058 [0.11 -0.126[0.11 -0.21510.13

- 31-45 minutes  [-0.294 0.13 -0.1130.13 -0.441 10.16

- 46-60 minutes  [-0.271 10.12 -0.13210.12 -0.356 10.14

- > 60 minutes 0.206 [0.08 -0.01910.08 0.150 10.09

nPI total 0.003 10.00 .20 I  [0.003 ] [0.000 0.00 p.O1 |1 0.948 0.004 10.00] 11.83 | 1 [0.001
mPI past 24 hours  0.014 [0.00 [4.14 |1  |0.042 ] |0.008 .01 P35 | 0.131 0.022 |0.01] 7.85 | 1 [0.005
[T'ype of last nPI 41.99 B 10.000 10.37 B 0.242 2728 | 8 10.001
- Position -0.014 10.04 -0.03810.03 -0.059 10.04

- Kangaroo 0.092 [0.08 -0.002 0.08 0.086 [0.09

- Cranial ultrasound{0.084 0.19 0.168 10.20 0.172 |0.22

- X-ray 0.326 [0.40 -0.19210.39 0.233 |0.48

- Removal 0.631 (0.19 0.121 10.20 0.795 (0.23

nasogastric tub

- Removal F0.136 (0.27 0.661 10.27 0377 (0.32

lintravenous cannula

- Removal 0.527 (0.38 -0.3250.39 0.181 [0.45

EKG/EEG stickers

- Other 0.569 [0.11 -0.02610.21 0.364 |0.13

[Time since last nPI 28.50 4 10.000 .19 H 0.878 41.43 | 4 10.000
- 16-30 minutes  [-0.141 0.09 -0.046 10.08 -0.266 0.11

- 31-45 minutes  [-0.215 0.12 -0.06910.12 -0.24710.15
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- 46-60 minutes 0.018 [0.09 -0.083 [0.09 -0.044[0.11

- > 60 minutes 0.148 [0.05 -0.029 10.05 0.195 ]0.06

Organizational

contextual factor

Study centre 3.63 P 163 10.05 R 0.007 8.39 [ 2 |0.015
- B 0.265 [0.14 0.141 10.05 0.488 10.17

- C 0.069 [0.13 0.026 [0.04 0.117 |0.15

Note. BPSN, Bernese Pain Scale for Neonates; SE, standard error; df, degree of freedom; G A, gestational age;
emerg. c-section, emergency cesarean-section; CRIB, Clinical Risk Index for Babies; NEC, Necrotizing
enterocolitis; RDS, Respiratory distress syndrome; PDA, Patent ductus arteriosus; ABS, Apnoea bradycardia
syndrome; HS, heel stick; PNA, postnatal age; PMA, postmenstrual age; CPAP, continuous positive airway
pressure; Mech. ventilation, mechanical ventilation; PL, painful intervention; nPL, non-pamful intervention; PIPP-
R, Premature Infant Pain Profile-Revised.

®=Primary diagnosis was categorized into premature or term birth.
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AppendixS2: The Bernese Pain Scale for Neonates-Revised for acute procedural pain assessment

Pain indicators

Brief period of ; Increased, shrill
e Increased crying it
£rying Npherag (less than 2 (mOTe P (more than 2
: minutes) .
minutes) minutes)
: Permanent
Increase grimace rimace of face
Facial expression Face relaxed Brief grimace and trembling of £ :
) and trembling of
chin :
chin
Ll Fre?;i?é: %fts o Permanentl
Posture Body relaxed short bouts of : :
. relaxation tense
tension ;
possible
Increase of 20 Increase of 20 et ol D
Heart rate (bpm) bpm or more over
. ] bpm or more over bpm or more over .
Baseline score: Normal , - ) : baseline or more
. the baseline with  baseline without !
(Baseline) frequent episodes

return to baseline
within 2 minutes

return to baseline
within 2 minutes

of bradycardia

within 2 minutes

Subtotal 2>
Subtotal = 1: Contextual factors need to be added!

Moderate to late Very preterm

Postmenstrual age Full-term Extremely
preterm neonates neonates
(GA + number of neonates preterm neonates
. ) (320/7-3606/7 (280/7-316/7
days since birth) (= 37 0/7 weeks) (<28 weeks)
weeks) weeks)
Behavioural state Active Quiet
(baseling) (awake or asleep) (awake or asleep)
Yentilation status CPAP orho Mecl_qan}cal
ventilation ventilation

Overall Total 2>

Overall total = Subtotal of pain indicators + score of contextual factors (if subtotal of pain indicators = 1).

0-4 points = no pain or no observable pain reaction
= 5 points = pain

Procedure:

1. Observation of the neonate during the baseline phase for 15 seconds: Assessment of the highest
heart rate and behavioural state

2. Observation of the neonate during the procedure for 2 minutes: Assessment of the three
behavioural pain indicators (crying, facial expression, posture) and the highest heart rate.

3. Calculation of the sub-total based on the 4 pain indicators.

4. If subtotal > 1 point, evaluation of the three contextual factors and calculation of the overall total.
Overall total = subtotal + contextual factors
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Swiss
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