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ABSTRACT (ENG)

Suboptimal treatment of pediatric postoperative pain can negatively impact a child’s
recovery, and lead to chronic post-surgical pain. Therefore, appropriate treatment is needed,
based on the mechanisms that affect a patient’s respective pain experience, such as the
inflammatory, stress, and nociceptive response systems. Following a surgical insult, the
inflammatory response releases inflammatory mediators to sensitize nerve endings for
nociception, and the nociceptive response mediates an inhibitory pain response through
endogenous monoamine neurotransmitters. Psychological stress response activation is
characterized by anxiety, in anticipation of surgery, which can facilitate pain postoperatively.
Assessing markers of these main pain processes may allow for a more informed decision on the
interventions required to achieve optimal pain management for pediatric patients undergoing
invasive surgery.

This project aimed to evaluate plasma Interleukin-6 (IL-6), a pro-inflammatory cytokine,
as a proxy of perioperative pain, assess salivary Alpha-Amylase (SAA) activity as a
marker/predictor of perioperative anxiety and postoperative pain intensity, and to identify the
relationship between the perioperative modulation of plasma monoamines and self-reported pain
intensity, in a pediatric cohort undergoing invasive surgery. It was hypothesized that increasing
plasma IL-6 levels would correlate with increasing self-reported pain intensity, increasing SAA
activity levels would be associated with increasing self-reported anxiety, increasing preoperative
sAA activity levels would be associated with increasing levels of self-reported postoperative pain
intensity, and analyzing the perioperative trajectories of plasma monoamines in relation to self-
reported pain would be able to identify groups of patients with differences in the postoperative
descending control of pain.

Adolescent Idiopathic Scoliosis patients, undergoing corrective surgery, were recruited
for this project. Patients’ blood and saliva samples, and self-reported pain/anxiety scores, were
collected perioperatively. Plasma IL-6 levels were analyzed with cytokine magnetic 30-plex
assays, SAA activity was analyzed with kinetic enzyme assays, and plasma monoamines’ levels
were analyzed with liquid chromatography-tandem mass spectrometry. Spearman’s rank
correlation was used to assess perioperative associations between plasma IL-6 levels and self-
reported pain scores, and between sAA activity levels and self-reported anxiety/postoperative

pain scores. Growth mixture modelling followed by multiple correspondence analysis was used



to identify clusters of patients with similar perioperative monoamines and self-reported pain
trajectories.

In 21 patients, there was no association between plasma IL-6 levels and pain intensity,
postoperatively, but rather, an association between plasma IL-6 levels and pain intensity,
preoperatively. In 31 patients, no associations were observed between perioperative SAA
activity, and self-reported anxiety or postoperative pain intensity. In 85 patients, two clusters of
patients were identified; where one cluster was mainly characterized by patients with increasing
plasma monoamine levels perioperatively, and the second cluster was largely characterized by
patients with constant plasma monoamines levels perioperatively. However, no differences in
pain trajectory membership were observed between the two clusters.

Pain is a complex experience, and evaluating markers of the inflammatory, stress, and
nociceptive response as proxies of perioperative pain, individually, remains an incomplete
representation of a patient’s actual physiological response to postoperative pain. Analyzing the
perioperative trajectories of multiple markers of these different pain processes, all at once, in
relation to self-reported pain, may provide a more accurate perspective into the relationship

between these physiological response systems and postoperative pain.



ABREGE

Un traitement sous-optimal de la douleur post-opératoire pédiatrique peut entrainer une
douleur post-chirurgicale chronique. Par conséquent, un traitement appropri¢ de la douleur basé
sur les réponses inflammatoire, de stress et nociceptive est nécessaire. Suite a une chirurgie, des
médiateurs inflammatoires sont libérés pour sensibiliser les terminaisons nerveuses libres, et la
réponse nociceptive en découle. L'activation de la réponse psychologique au stress est
caractérisée par l'anxiété, par anticipation de la chirurgie, qui peut amplifier la douleur post-
opératoire. L'évaluation de marqueurs de ces principaux processus de douleur permettrait une
décision éclairée sur les interventions nécessaires pour mieux gérer la douleur.

Ce projet visait a évaluer la cytokine pro-inflammatoire interleukine-6 (IL-6) plasmatique
en tant que proxy de la douleur péri-opératoire, a évaluer l'activité de 1’alpha-amylase salivaire
(sAA) en tant que marqueur d'anxiété péri-opératoire et d'intensité de douleur post-opératoire,
puis a identifier la relation entre la modulation péri-opératoire des monoamines plasmatiques et
l'intensité de la douleur de patients pédiatriques subissant une chirurgie invasive. Les hypothéses
étaient qu'une augmentation d'IL-6 serait corrélée a une augmentation de l'intensité de la douleur,
une augmentation de SAA serait associée a une augmentation de I'anxiété, et qu’une
augmentation de SAA préopératoire serait associée a une augmentation des niveaux de l'intensité
de la douleur, et l'analyse des trajectoires péri-opératoires des monoamines plasmatiques par
rapport a la douleur permettrait d'identifier des groupes de patients présentant des différences
dans le contrdle de la douleur.

Des adolescents ayant une scoliose idiopathique et subissant une chirurgie correctrice ont
¢été recrutés pour ce projet. Les échantillons de sang et de salive et les scores de douleur et
d’anxiété ont été prélevés durant la période péri-opératoire. Les niveaux d'IL-6 ont été analysés
avec des dosages quantitatifs multiplex de cytokines, l'activité sAA avec des dosages
enzymatiques et les niveaux de monoamines par chromatographie liquide-spectrométrie de
masse. La corrélation de rang de Spearman a ¢été utilisée pour évaluer les associations péri-
opératoires entre les taux d'IL-6 et les scores de douleur, et entre les niveaux d'activité sAA et les
scores d'anxiété et de douleur post-opératoire. Une modélisation du mélange de croissance suivie
d'une analyse de correspondance multiple a été utilisée pour identifier des groupes de patients
présentant des quantifications de monoamines péri-opératoires et des trajectoires de douleur

similaires.



Chez 21 patients, aucune association entre les taux d'IL-6 et l'intensité de la douleur en
période post-opératoire n’a été identifiée, mais plutdt une association entre le niveau d'IL-6 et
l'intensité de la douleur préopératoire. Chez 31 patients, aucune association n'a été observée entre
l'activité de sAA péri-opératoire et 1'anxiété ou l'intensité de la douleur post-opératoire. Chez 86
patients, deux groupes de patients ont été identifiés : un sous-groupe principalement caractérisé
par des patients présentant des taux plasmatiques de monoamines croissants durant la période
péri-opératoire, et un second sous-groupe présentant des taux plasmatiques de monoamines
constants. Aucune différence dans 'appartenance a la trajectoire péri-opératoire de la douleur n'a
été observée entre les deux groupes.

La douleur est un phénoméne complexe, et I’évaluation de marqueurs individuels de la
réponse inflammatoire, de stress et nociceptive en tant que substituts de la douleur péri-
opératoire ne peut que suggérer une représentation incomplete de la réponse physiologique réelle
d’un patient par rapport a la douleur post-opératoire. L'analyse simultanée des trajectoires péri-
opératoires de plusieurs marqueurs des différents processus physiologiques en lien avec la

douleur pourrait fournir une perspective plus précise.
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INTRODUCTION

Over one thousand children undergo orthopedic surgery each year at the Shriners
Hospitals for Children-Canada alone. These procedures are often invasive, and can lead to tissue
damage, which causes a cascade of physiological responses that lead to pain in the acute
postoperative period for patients. This pain can have negative effects on a patient’s postoperative
outcomes if inadequately treated, such as poor recovery, delaying physical rehabilitation, and in
some cases, this pain can persist, and lead to the development of chronic post-surgical pain.
Thus, the need to accurately assess pain in the postoperative period is of the utmost importance,
in order to provide proper pain management to these patients based on their individual needs.
Furthermore, since preoperative anxiety in children has been associated with greater pain
intensity experienced in the acute postoperative, the patient’s anxiety before surgery needs to be
accurately assessed as well in order to identify the patients who may be at risk of poor pain
management in the postoperative periods. However, the current gold standards of assessing
pediatric pain and anxiety in the clinic come in the form of self-reported measures. These
subjective self-reported measures are known to have limitations when it comes to their use in
non-verbal patients. Thus, there is a need to identify objective measures of pain and anxiety in
pediatric patients who are scheduled to undergo major orthopedic surgery. To address this need,
this project was developed in order to evaluate physiological molecular markers of the
nociceptive and inflammatory response, as biomarkers of pain, and anxiety response, as

biomarkers of anxiety, in a pediatric cohort.

The aims of this project were to:

1. Quantify the levels of interleukin-6 (IL-6), a marker of the inflammatory response, across
the perioperative period, in pediatric patients scheduled for orthopedic surgery.

2. Quantify the levels of salivary alpha amylase (sAA), a salivary marker of anxiety, across
the perioperative period.

3. Quantify the levels of serotonin (5-HT), dopamine (DA), epinephrine (EPI),
norepinephrine (NE), and the respective metabolites of EPI and NE: metanephrine (ME)
and normetanephrine (NME), as markers of the nociceptive response, across the

perioperative period.
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4. Assess for associations between the regulation of the physiological marker levels, and

self-reported pain and anxiety scores throughout the perioperative period, accordingly.

The hypotheses were:

1. Plasma IL-6 concentrations will increase in the acute postoperative period, before
returning to baseline levels (preoperative levels) six weeks after the surgery.

2. sAA activity levels will increase preoperatively, and then decrease in the postoperative
period.

3. Plasma monoamines’ levels will increase in the postoperative period, in comparison to
baseline level.

4. Increased postoperative plasma IL-6 levels will be associated with an increase in
postoperative self-reported pain scores. Increased preoperative sAA activity levels will be
associated with an increase in preoperative self-reported anxiety scores, and an increase
in postoperative self-reported pain scores in the acute postoperative period. Increasing
postoperative plasma levels of the monoamines, and their respective metabolites, will be

associated with increasing postoperative self-reported pain scores.

Identifying objective biomarkers of pain and anxiety in this study will have the benefit of
highlighting the possible underlying mechanisms of perioperative pain in pediatric patients. This
would then allow clinicians to better identify patients at risk of poor pain management, and

provide personalized pain management.
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LITERATURE REVIEW
1. PAIN

The International Association for the Study of Pain defines pain as “an unpleasant
sensory or emotional experience associated with, actual or potential tissue damage” [1]. Pain
plays an important role in humans as a warning system for actual or potential injury, and is
useful in initiating protective mechanisms in response to such injury [2]. However, the problem
arises when this pain becomes chronic, which is “defined as persistent or recurrent pain lasting
longer than 3 months” [3], and is no longer acting as a protective mechanism, since there is no
physiological need for it [2]. Pain is one of the most prevalent reasons people seek care from
medical professionals [4, 5]. In fact, it is estimated that 11% to 38% of children and adolescents
are affected by chronic pain [6], with approximately 1-3 millions of these children and
adolescents living in Canada with chronic pain [6, 7].

Despite the great economic burden presented as a result of chronic pain in the pediatric
population [8, 9], chronic pain has also been shown to have negative effects on their quality of
life, affecting them on a social, psychological, and physical level [10]. Children and adolescents
with chronic pain were reported to have less friends, and found themselves more isolated when
compared to their peers who are healthy [11]. Disturbances in sleep were also commonly
reported in children and adolescents with chronic pain [12], and proper sleep plays a crucial role
in adolescent development, whereby it affects their cognition and behaviour during the day [13].
Furthermore, children and adolescents reporting greater severity of pain were associated with
absences from school, increased pressure related to school, and more experiences of being
bullied [14], which can adversely impact their cognitive and social development [15]. Lastly,
pediatric chronic pain may eventually add to the societal and economical costs of chronic pain in
the adult population, as well, since pediatric chronic pain can persist into adulthood [16, 17].

Thus, the need for adequate pediatric pain management is of the utmost importance.

1.1 Surgical Pain

Considering over a million children will undergo surgery per year, in the U.S. alone [18,
19], clinicians are constantly challenged with providing effective postoperative pain
management, which is especially important for these patients not only in the short term period,

but also affects their long term outcomes, such as the potential development of chronic post-
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surgical pain (CPSP) [20]. The prevalence of this issue was highlighted in a prospective study
conducted by Rosenbloom et al. (2019), where the authors identified an incidence of moderate-
to-severe chronic pain in 35% of a pediatric cohort 6 months following either orthopedic or
general surgery, and an incidence of 38% 12 months after surgery [21]. Ocay et al. (2020) also
observed that pediatric patients who experienced moderate to severe pain in the acute
postoperative period, following orthopedic surgery, also had a greater probability of reporting
higher levels of pain severity, more pain medication use, and a greater number of missed school
or work days 6 months after their surgery [22]. Thus, the acute postoperative period appears to
be a time at which proper pain management can positively impact the long-term outcomes of a
patient following surgery, especially if the patient is at risk of experiencing a greater severity of

acute postoperative pain.

1.1.1 Predictors of Postoperative Pain

Identifying predictors of postoperative pain has important clinical value since it would
allow for an earlier implementation of pain management strategies, and help identify a more
appropriate pain management strategy based on the predictive factors for postoperative pain
identified in the patient [23]. In regard to this, a study conducted by Kain ez al. (2006)
highlighted increased levels of preoperative anxiety, in children, as a factor that is associated
with greater pain experienced in the acute postoperative periods, as well as increased analgesic
intake during their recovery at home, within the first 14 days after surgery [24]. This link
between preoperative anxiety and postoperative pain was also replicated in a pediatric population
undergoing orthopedic surgery, where higher levels of preoperative anxiety was shown to predict
poorer improvements in postoperative pain [25]. However, along with preoperative anxiety,
preoperative pain intensity was highlighted as a predictor of poorer improvements in
postoperative pain in this study, as well [25]. Preoperative pain catastrophizing, which is defined
as a “set of exaggerated and negative cognitive and emotional schema brought to bear during
actual or anticipated painful stimulation” [26], was also shown to be linked to the intensity of
acute postoperative pain in pediatric patients undergoing orthopedic surgery, with patients
experiencing moderate-to-severe acute postoperative pain having an increased likelihood of
being pain catastrophizers in relation to the patients reporting mild acute postoperative pain [22].

Thus, identifying the psychological (preoperative anxiety and pain catastrophizing) and
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physiological (preoperative pain) factors affecting a patient before surgery may be crucial to
providing optimal postoperative pain management in a pediatric population. This is especially
important since preoperative pain, anxiety, and pain catastrophizing have been identified as risk

factors for the development of CPSP, as well [27, 28].

1.1.2 Treatment of Postoperative Pain

Currently, the treatment of postoperative pain largely involves the use of opioid
analgesics, as it has been shown to be one of the more effective drugs used in pain management,
for a variety of situations [20]. In the acute clinical setting, the opioid analgesic, morphine, is
commonly administered either orally or intravenously [29]. With low lipid solubility, morphine’s
onset of action is made slower since it passes through the blood-brain barrier slowly [29]. The
blood-brain barrier acts as a barrier between the brain tissue and the circulatory system, and thus,
is an anatomical structure that needs to be crossed if a drug needs to be delivered to the central
nervous system (CNS) [30]. Thus, with morphine passing through the blood-brain barrier
relatively slowly, it will also take a bit of time for morphine to reach its peak analgesic effect
[29]. Furthermore, with an elimination half-life of approximately 2.5 hours, morphine will need
to be given to patients in relatively frequent doses in order to maintain and optimize analgesia
[29]. However, fentanyl and remifentanil are other opioid analgesics provided in the clinical
setting, that differ in their pharmacokinetic properties when compared to morphine, as these
drugs are more lipid soluble and have a faster onset of action [29]. Remifentanil is also rapidly
metabolized in the body, which makes it especially useful as a short-acting opioid analgesic,
when a rapid clearance of the opioid is preferred [29]. However, despite opioids being the gold
standard to which other analgesic medication is compared [29], the usefulness of these drugs in
achieving analgesia is also met with certain risks, such as drug abuse and opioid-related adverse
drug events (e.g. nausea, vomiting, constipation, dizziness, and negative effects on cognitive
function, balance, alertness and psychomotor coordination) [20]. These opioid-related adverse
drug events then require treatment as well, which raises health care costs, and affects the
patient’s recovery period following surgery [20]. The risk of experiencing such adverse events
greatly increases with the usage of higher opioid doses, and therefore, strategies, such as

multimodal postoperative recovery protocols, have been implemented in the postoperative
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setting in order to balance out the reduction in opioid usage, with providing effective analgesia
[20].

A type of non-opioid analgesic agent used in the acute postoperative period are
nonsteroidal anti-inflammatory drugs (NSAIDs), since surgery can lead to inflammation and pain
[31, 32]. NSAIDs are preferably administered intravenously, in the postoperative period, if the
patient already has an intravenous line, but intramuscular and oral administration are also
considered to be effective, depending on whether the pediatric patient is sedated, or conscious,
nauseated or unable to swallow, respectively [31]. NSAIDs and opioids are often used in
conjunction, as a part of multimodal analgesia, since it can reduce postoperative opioid usage,
and minimize the risk of any opioid-related adverse drug events [31]. The NSAIDs, ketorolac,
ibuprofen, and diclofenac, have all been shown to be effective at achieving analgesia in pediatric
patients, having undergone orthopedic surgery, when used alongside opioid analgesics [31].
Another non-opioid drug that NSAIDs are used alongside, as a part of multimodal analgesia, is
acetaminophen, which can be administered orally or intravenously [31, 33]. Acetaminophen is
commonly known as an effective agent for acute pain relief [33]. In the context of a surgery,
although its mechanism of action is not well understood, thanks to its analgesic and antipyretic
effects, acetaminophen administration has also been shown to have opioid-sparing effects
postoperatively [33, 34].

Currently, the multimodal approach to the treatment of postoperative pain is an important
step in providing effective postoperative pain management for patients, all the while minimizing
any potential adverse events [20]. However, there is still a need to provide better targeting
postoperative management [35], and therefore, understanding the underlying mechanisms of a
patient’s postoperative pain in order to provide a more personalized pain treatment would prove

to be invaluable.

1.2 Nociceptive Response

The term “nociception” is used to refer to an organism’s ability to detect and respond to a
noxious stimuli [36], whereas pain refers to the perceived somatic sensation resulting from the
higher centres of the brain processing the information conveyed from the periphery in response

to noxious stimuli [36, 37]. The nociceptive response is separated into 4 sub-sections in this
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literature review: transduction, transmission, processing of pain, and the descending control of

pain.

1.2.1 Transduction

Transduction in the nociceptive response is the process by which “external stimuli are
converted to electrical signals that can be perceived as pain” [37]. External noxious stimuli can
come in the form of thermal, mechanical, and chemical stimuli [38]. Thermal noxious stimuli is
often detected at temperatures greater than 43 degrees Celsius (heat), or at temperatures lower
than 25 degrees Celsius (cold) [38]. Mechanical noxious stimuli often comes in the form of
intense punctate or pinch pressure [39]. Lastly, chemical noxious stimuli can refer to certain
foods (e.g. chilli peppers), environmental toxins, and inflammatory mediators that are released
during tissue damage [38].

In the early 1900s, Charles Sherrington proposed that certain nerve endings in the skin
had the specific function of detecting noxious stimuli, which would eventually be coined the
term “nociceptors” [40]. The peripheral nerve fibers with these free nerve endings are classified
into subtypes based on their physical properties, such as the diameter and myelination of the
fibers, as well as their conduction velocity of nerve impulses [2, 41]. The diameter and
myelination of these primary afferent fibers have a positive correlation with the conduction
velocity, for example, as the diameter and myelination of the nerve fiber increases, so does its
conduction velocity [41]. Thus, these nociceptive afferent fibers are separated and labelled as AP

fibers, Ao fibers, and C fibers [41].

1.2.1.1 AB fibers

Ap fibers have the largest diameter (6-12 pm) and most myelination of the peripheral
nerve fibers [2, 41]. Thus, A fibers have a rapid conduction velocity (35-75 m/s) for nerve
impulses [41]. AP fibers are not known to conduct nociceptive inputs, and rather, are known to
be largely involved in detecting vibration, and light touch, as well as conducting proprioceptive
inputs [2, 41]. However, the A fibers are involved in the inhibition of nociceptive inputs
[41],where the activation of peripheral nerve fibers by an innoxious stimulus can have an

inhibitory effect on the nociceptive inputs from the same area of the skin [41, 42].
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1.2.1.2 AS fibers

AJ fibers have a smaller diameter (1-5 um) than A fibers and are lightly myelinated [2,
41]. Thus, A0 fibers have a conduction velocity (5-30 m/s) slower than AP fibers, and faster than
C fibers [41]. AJ fibers are involved in detecting mechanical, thermal and chemical nociceptive
inputs [2, 41]. The Ad fibers can even be further classified into two separate subtypes of
nociceptive nerve fibres: 1) nociceptor nerve fibers involved primarily in the detection of intense
noxious mechanical stimuli, and 2) nociceptor nerve fibers that detect noxious mechanical,
thermal and chemical stimuli [2, 41]. A single noxious stimuli will evoke two distinct pain
sensations referred to as first and second pain [43]. The initial first pain is brief, pricking, and
well localized, and the second pain that follows is longer lasting, less localized, and provides a
more diffuse, dull and aching pain sensation [41, 43]. Therefore, with a relatively fast conduction
velocity compared to C-fibers, and a small receptive field allowing for a more well-localized

pain sensation, Ad fibers mediate the first pain sensation [41, 43, 44].

1.2.1.3 C fibers

C fibers have the smallest diameter (0.2-1.5 pm) when compared to A3 and Ad fibers,
and are also unmyelinated [2, 41]. Therefore, C fibers have a conduction velocity (0.5-2 m/s)
slower than both A} and AJ fibers, as well [41]. C fibers are involved in detecting noxious
mechanical, thermal and chemical stimuli [2], but they also play a role in detecting certain non-
nociceptive inputs as well, such as itch for example [41, 45]. In the context of first and second
pain, C-fibers will mediate the second pain sensation, due to the fact that it has a slower
conduction velocity than AJ fibers, and C-fiber branches have a broad distribution, which leads

to the less localized pain sensation associated with second pain [39, 41, 43, 44].

1.2.1.4 Action Potentials

In the nociceptive response, transduction is dependent on the generation of action
potentials [46]. In most neurons, the resting potential is -70mV, due to a greater concentration of
Na* externally to the neuron compared to the internal concentration of K*, and the threshold
potential of these neurons is approximately -55mV [46]. When a nociceptor detects a noxious
stimulus, either inhibitory postsynaptic potentials or excitatory postsynaptic potentials are

generated, and the summation of these potentials can increase a neuron’s membrane potential to
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the threshold in order to create an Voliage (mV)

action potential (Figure 1) [46]. An

action potential begins with an influx “T
of Na*, through voltage-gated Na*

channels, and the membrane potential

is depolarized until the peak potential 0 T T T T > Time (ons)

2 3 4 5
of the neuron (+40mV) [46]. T S A A RS IS R Threshold potential
Following this, the Na* channels close, 0 Resting potential

and voltage-gated K* channels are

: +
opened, causing an efflux of K* that Figure 1. Action Potential of a Neuron. Once the threshold

will cause membrane potential potential (-55mV) is achieved, an action potential is
o generated until the membrane potential is
hyperpolarization [46]. In the end, depolarized to the peak potential (+40mV). The

neuron then undergoes hyperpolarization before
returning to the resting potential (-70mV). Image
neuron reverts back to the resting taken from Yam, M.F., et al., General pathways of
pain sensation and the major neurotransmitters
involved in pain regulation. International journal of
close and through Na*/K* molecular sciences, 2018. 19(8): p. 2164.

the membrane potential of the

potential when the K* channels

transporters, the Na" and K* concentrations external to the neuron, and internally, are restored
[46]. Thus, the action potentials are carried through the axon to the axon terminal, where the
influx of Ca?" through voltage-gated Ca** channels allow for synaptic transmission [46, 47]. This
synaptic transmission is what allows the transmission of the nociceptive signals from one neuron
to another. With the influx of Ca?" into the presynaptic neuron, neurotransmitter vesicles release
neurotransmitters into the synaptic cleft, and these neurotransmitters bind to ligand-gated ion
channels on the postsynaptic neuron membrane to begin action potentials in the second neuron
[46]. One such neurotransmitter that plays a pivotal role in sending nociceptive signals to higher
centres in the brain is glutamate [41, 48]. However, neuropeptides, such as substance P (SP) and
calcitonin-gene related peptide (CGRP), have also been shown to mediate and modulate this

process by working in synergy with neurotransmitters, such as glutamate [49].
1.2.2 Transmission

Once a noxious stimuli is detected by nociceptors, the primary afferent fibres transmit the

nociceptive signal from the periphery to the dorsal horn of the spinal cord before sending these
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signals up to the brain to process the pain (Figure 2) [41, 50]. At the site of the dorsal horn, the

peripheral nociceptive fibers will synapse with
more neurons tasked with transmitting the
nociceptive signals to higher centers [2, 41, 50,
51]. However, at the synaptic contact between
the primary afferent fibers and the second-order
neurons, there is a complex network of
excitatory and inhibitory interneurons that
modulate the nociceptive inputs being sent from
the periphery up to the higher centers [41, 50].
One of these inhibitory mechanisms is proposed
to occur through the recruitment and activation
of inhibitory interneurons at the dorsal horn of
the spinal cord, while the AP fibers are
conducting non-nociceptive inputs [41].
Following this, the nociceptive signal is
projected up to the thalamus, through the
spinothalamic and spinoreticular tracts, in order
for the higher brain centers to begin the

processing and perception of pain [41, 50, 51].

1.2.3 Processing of Pain

The nociceptive signal is carried from
the periphery to the thalamus, eventually
reaching the cortical regions of the brain [41,

50, 52, 53]. The cortex can be separated to
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Figure 2. Nociception of Pain. The peripheral
nociceptive nerve fibers (Ad fibers and C
fibers) transmit nociceptive signals from the
periphery to the spinal cord. The peripheral
nerve fibers synapse with second-order
neurons at the level of the dorsal horn before
transmitting nociceptive signals up to the
brain. Image taken and adapted from Steeds,
C.E., The anatomy and physiology of pain.
Surgery (Oxford), 2009. 27(12): p. 507-511.

different regions based on its activity in processing pain, and these regions are the primary and

secondary somatosensory cortices, insular cortex, anterior cingulate cortex, and the prefrontal

cortex [41, 54]. The primary and secondary somatosensory cortices are involved in the

processing of sensory information related to the nociception, such as location of the stimuli, as

well as intensity and quality discrimination [41, 54-56], whereas the insular and anterior
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cingulate cortices are largely involved in the affective processing of the pain experience [41, 54,
57-59]. The prefrontal cortex is also proposed to be involved in the processing of pain in relation
to certain cognitive variables such as attention and memory [54, 60, 61]. Thus, the differential
processing of pain in the cortical regions highlight the complexity of pain interpretation, and why
proper pain management would require an understanding of all of the variables involved in the
patient’s pain experience, such as the patient’s sensory, emotional, and cognitive experience
[41].

Although pain processing mainly occurs in the cortical regions of the brain, the activation
of the thalamus has also shown to play a role in the pain experience [41, 54, 62]. When imaged,
the thalamus has shown to be one of the most activated regions of the brain in response to
noxious stimuli [62]. In fact, the stimulation of specific regions of the thalamic somatosensory
nucleus has been shown to evoke memories of the affective and sensory information of pain that
patients no longer experience, but had experienced previously [41, 63]. Therefore, it is possible
that specific neurons in the thalamus are involved in preserving previous experiences of pain,

which in turn, may affect one’s current perceptions of pain [41].

1.2.4 Descending Control of Pain

Once pain is perceived, the brain sends signals through descending tracts to modulate and
reduce pain [41, 50, 64]. The two regions of the brain involved in the descending inhibition of
pain are the periaqueductal gray (PAG) and the nucleus raphe magnus (NRM), which are
situated in the brainstem [41, 50]. The PAG receives information regarding the perception of
pain from the cortical regions of the brain and the thalamus prior to modulating the pain [50, 64].
The PAG also has bidirectional connections to the amygdala [64], which is important due to the
neurons in the amygdala that are involved with stress related changes to nociception [65, 66].
Thus, a neural circuit has been proposed, consisting of the amygdala, PAG and the rostral
ventromedial medulla (RVM), that causes the inhibition of nociceptive inputs when activated
directly by the amygdala through a stressor [65]. The PAG also receives collateral projections
from the spinothalamic tract [50], and ascending nociceptive signals from the parabrachial
nuclei, which is involved in relaying these signals from the periphery to higher brain centers
involved in the processing of pain [64, 67, 68]. With all of these nociceptive inputs, and inputs

from brain regions involved in pain interpretation, the activation of neurons in the PAG exerts its
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anti-nociceptive properties by sending excitatory signals to neurons in the RVM, that includes
the NRM [50, 64, 69].

The activation of the NRM then results in pain inhibition through the complementary
activation of inhibitory interneurons in the spinal cord [41, 50]. Another mechanism by which
the stimulation of the NRM results in analgesia is through projections down the spinal cord to
inhibit dorsal horn neurons involved in pain transmission [50, 70]. However, the descending
control of pain is not just inhibitory, but can be facilitatory as well [64, 71]. A study conducted
by Fields et al. (1983) highlighted the increased activity of “on-cells” during a noxious stimuli,
and the inhibition of “off-cells” during this period, at the level of the RVM [41, 64, 71, 72]. On
the other hand, the activation of these “off-cells” and inhibition of the “on-cells” is sufficient to
provide an analgesic effect [64, 71, 72]. Thus, the brainstem is crucial in the descending
modulation of pain since the RVM directly, and the PAG indirectly, modulates both the
facilitatory and inhibitory mechanisms for nociception.

Once again, neurotransmitters play a very important role in sending these signals for the
descending control of pain [41, 46]. The neurotransmitters serotonin (5-HT) and norepinephrine
(NE) are implicated in the descending inhibition of pain from the PAG and NRM, following a
painful experience [41]. The neurotransmitter dopamine has also shown to be involved in these
inhibitory descending pathways [41, 73, 74]. Furthermore, with opioid receptors present in the
PAG and RVM, opioid-mediated analgesia is achieved through the stimulation of these
descending inhibitory pathways, as well [29].

1.3 Inflammatory Response

The inflammatory response in the pain experience begins with any tissue injury, such as
one would experience in an invasive surgical procedure, which causes the release of a variety of
chemical mediators from the cells that have been damaged during tissue injury (Figure 3) [53,
75]. These chemical mediators can then either directly activate peripheral nociceptors to initiate
the nociceptive response, or some chemical mediators can recruit immune cells that can further
release more mediators that activate nociceptors [53, 75]. Furthermore, the released
inflammatory mediators also contribute towards peripheral sensitization, which is an increased

responsiveness of the peripheral nociceptive nerve fibers for further noxious stimulation [53, 75].
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Figure 3. Inflammatory Pain. Upon tissue injury, inflammatory mediators are released
from damaged cells to activate nociceptors, recruit immune cells to release more
inflammatory mediators, and sensitize the nerve endings for further nociception.
Image taken and adapted from Scholz, J. and C.J. Woolf, Can we conquer pain?
Nature neuroscience, 2002. 5(11): p. 1062-1067.

One of the inflammatory mediators released during the inflammatory response to tissue
injury is bradykinin [53, 75]. Bradykinin has been shown to bind to two different types of
bradykinin receptors, Bi and B [75], but the direct activation of nociceptors in acute pain is
proposed to occur through the activation of the B> receptor subtype [76, 77]. Furthermore, the
bradykinin receptors are localized at the nerve endings of nociceptive neurons [77, 78]. Thus, in
a concentration-dependent manner, bradykinin has been shown to be capable of activating these
nociceptors, providing evidence for bradykinin as an algogenic mediator [76]. Another set of
important inflammatory mediators involved in the acute pain response are cytokines [53, 75].
Cytokines have shown to be largely involved in the peripheral sensitization of nociceptors [75,
79]. A study conducted by Oprée and Kress (2000) highlighted the thermal sensitizing effect of
the pro-inflammatory cytokines, interleukin-6 (IL-6), interleukin-1f (IL-1f) and tumor necrosis
factor-a (TNF-a), on peripheral nociceptors, in an in vitro model [80]. Even in in vivo models,
the injection of the pro-inflammatory cytokine IL-1f is also shown to be capable of producing
enhanced pain sensitivity [79, 81]. However, when studying the sensitizing effect of TNF-c,
prostaglandins were identified as possible mediators of this process [79, 82]. Prostaglandins are

also important inflammatory mediators in the acute pain response, as they commonly take part in
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the peripheral sensitization of nociceptors, but in certain cases, can directly activate nociceptors,
as well [75]. These prostaglandins are produced through the cyclo-oxygenase-2 ( COX-2)
enzyme in response to pro-inflammatory stimuli from cytokines such as IL-1 and TNF-a [75, 83,
84]. The mechanism of action for NSAID-mediated analgesia involves the inhibition of the
COX-2 enzyme activity, and thereby, inhibits prostaglandin synthesis [85]. The enzyme COX-1
is also capable of synthesizing prostaglandins, but in this case, the prostaglandins produced by
COX-1 are involved in maintaining the mucosal epithelium of the stomach and intestines [83]. In
conclusion, following a surgical insult, a large network of inflammatory molecules would be
linked to a patient’s postoperative pain experience, as all of these inflammatory mediators are
working in conjunction to achieve peripheral sensitization and activate the nociceptive response

[75].

1.4 Stress Response

Stress is defined as “a state of real or perceived threat to homeostasis” [86]. Anxiety, on
the other hand, can be defined as a state of alarm that is characterized by vigilance, in response to
a threat in the near future [87]. The neural circuitry involved in assessing a potential anxiety-
inducing situation as threatening requires the coordination of the amygdala, the bed nucleus of
the stria terminalis, the ventral hippocampus, and the prefrontal cortex [88]. Of these structures
in the brain, the amygdala plays a crucial role in the determination of external stimuli as
threatening because it is capable of associating sensory stimuli with emotion [88]. However,
another reason the amygdala is important in the face of aversive stimuli is due to its role in the
overlapping function between the neural circuitry of fear and anxiety, and the stress response
[89]. When faced with a stressor, the amygdala can process this information, and then modulate
the hypothalamus to initiate a physiological response [90, 91].

This physiological stress response begins with the activation of the hypothalamic-
pituitary-adrenal (HPA) axis in response to the stressful situation (Figure 4) [86]. Initially,
neurons from the paraventricular nucleus of the hypothalamus synthesize and release
corticotropin-releasing factor (CRF) into hypophysial portal vessels [86]. Through these vessels,
CREF reaches the anterior pituitary gland, which in turn, causes the secretion of
adrenocorticotropic hormone (ACTH) into the circulation [86]. The ACTH then reaches the

adrenal cortex, which responds by synthesizing and releasing cortisol into the circulation [86]. In
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return, cortisol is involved in
modulating a range of
physiological functions [86],
as well as taking part in
cognitive functions such as
decision-making and alertness
[92]. Lastly, cortisol also
plays an important role in the
inhibition of the stress
response through negative
feedback loops in the HPA
axis [86, 93].

A second component
of the physiological stress
response involves the
activation of the sympathetic
nervous system, but more
specifically, the
sympathetic-adrenal-
medullary system (SAMS)
[94, 95]. The activation of
the SAMS is associated with
certain physiological

changes as well, such as
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Figure 4. Hypothalamic-pituitary-adrenal (HPA) Axis. In response

to stress, the HPA axis is activated; causing corticotropin-
releasing factor (CRF) to be secreted from hypothalamic
neurons. The CRF travels to the anterior pituitary gland to
then cause the release of adrenocorticotropic hormone
(ACTH) into the systemic circulation. The ACTH targets the
adrenal cortex to cause the release of glucocorticoids such as
cortisol into the circulation. Through a series of negative
feedback loops, cortisol is then able to inhibit further
activation of the HPA axis, and the secretion of more cortisol.
Image taken from Smith, S.M. and W.W. Vale, The role of
the hypothalamic-pituitary-adrenal axis in neuroendocrine
responses to stress. Dialogues in clinical neuroscience, 2006.
8(4): p. 383-395.

increased heart rate, increased respiration, and increased blood glucose levels [95]. These

physiological changes occur in preparation for a “fight or flight” response from the body, which

is largely mediated through the release of catecholamines such as norepinephrine, from the nerve

endings of sympathetic fibers, and epinephrine, from the adrenal medulla [96]. Thus, the

activation of both the HPA axis and the sympathetic nervous system prepares an individual, both

physiologically and cognitively, to respond to anxiety-inducing stimuli.
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1.5 Central Sensitization

Central sensitization refers to the alterations that occur in the CNS, leading to the
sensation of pain in the absence of noxious stimuli, or where the pain experienced is no longer
representative of the intensity and/or duration of the peripheral stimuli [97]. The alterations in
the CNS refer to an abnormal responsiveness of the nociceptive system, with a shift from “high-
threshold nociception to low-threshold pain hypersensitivity” [97]. Repeated C fiber activation
has shown to be able to produce central sensitization through altered membrane excitability of
the dorsal horn neurons that synapse with the primary afferent neurons, resulting in their
increased responsiveness and spontaneous activity [41, 98]. N-methyl-d-aspartate (NMDA)
receptors play a key part in the nociceptive signalling pathways as they are activated by the
excitatory neurotransmitter, glutamate [48, 99]. Continued activation of NMDA receptors also
results in transcriptional changes at the level of the dorsal horn neurons, such as the increased
expression of pronociceptive genes, leading to sensitization of the nociceptors [41, 100, 101].
Central sensitization also develops in response to a reduction of inhibitory interneurons and
inhibitory transmitter action, leading to disinhibition, and hypersensitivity to pain [100]. Thus,
central sensitization is involved in maintaining chronic pain, which is characterized by pain

hypersensitivity [101].

1.6 Pain Psychology

Research has shown a significant interaction between pain and an individual’s emotional
state [102]. For example, in the case of fear and anxiety, fear has an inhibitory effect on pain,
whereas anxiety can increase the pain perceived by an individual [102, 103]. However,
continuous exposure to experiences eliciting fear can result in anxiety, in anticipation of said
experience, which can then contribute to persistent pain [102]. Similarly, psychological stress
and trauma has been shown to be linked to persistent pain, and therefore, is thought to be a
possible predisposing factor for persistent pain [102]. One such study identified the combination
of childhood abuse and Post-Traumatic Stress Disorder to be a significant risk factor for pain in
adulthood [102, 104]. Therefore, understanding the neurobiology that connects pain and
psychological state can help identify how an individual would respond to a painful experience
[102].
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2. ASSESSMENT OF POST-SURGICAL PAIN

Since the personal pain experience has both a sensory and emotional component, the
assessment of pain becomes very complex [42, 105]. Furthermore, pain can come in the form of
acute pain, such as surgical pain, or it can come in the form of chronic pain, as well as pain as a
symptom of another disease [105]. Thus, to begin with, the assessment of pain in the clinic
becomes quite difficult when trying to analyze the personal experience of the patients and how it
relates to the type of pain they have [105]. However, in the surgical context, being able to
accurately assess an individual’s pain postoperatively is extremely valuable when trying to

provide them with the optimum pain management strategies.

2.1 Tools to Assess Pain

Currently, the assessment of pediatric pain in the clinic is largely accomplished through
subjective self-reported measures [106]. Although self-report measures of pediatric pain appear
to be the gold standard in assessing the pain experience of children, it does not come without its
set of disadvantages and limitations. There are currently over 30 different self-report measures to
assess pediatric pain, but of these self-report measures, the Pieces of Hurt Tool [107], the Faces
Pain Scale [108] and Faces Pain Scale Revised [109], the Wong-Baker FACES Pain Scale [110],
the Oucher [111], and visual analogue scales provide the greatest evidence of reliability and
validity [110, 112-118]. However, a systematic review conducted by Stinson et al. (2006) saw
that in these six self-report measures for pediatric pain, there was not one that was “reliable and
valid across age groups and pain types”, especially in the case of pre-school children, for most of
these self-report measures [112]. To further this point, one of the major limitations of using self-
reported measures for pain becomes apparent in younger children who have difficulty
understanding and expressing their pain experience [105]. This limitation would also extend to
children who are non-verbal, or have developmental delays, as well [105]. Thus, there is a need
to find an objective means of assessing pain in children since an accurate assessment of pain has
diagnostic utility, and helps with decision-making in terms of a patient’s pain treatment [105].

The most frequent assessment of self-reported pediatric anxiety in the clinic is
accomplished through the State-Trait Anxiety Inventory for Children (STAI-C), which has
shown to be reliable and valid [119, 120]. This self-report instrument, however, does have its

drawbacks when it comes to its use in children who have limited linguistic competency, and
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those who have difficulty understanding the items presented on the form [119, 121]. Other self-
report measures of anxiety and fear have been developed and validated for the pediatric
population [119], such as the Children’s Fear Scale [122], the Revised Child Anxiety and
Depression Scale [123], and the Visual Analog Anxiety Scale [124]. However, as self-report
measures, these tools would also face the same limitations as the STAI-C, and the self-report
measures of pediatric pain previously mentioned. Thus, there is also a need to find an objective
means of assessing pediatric anxiety, especially in the context of a patient’s perioperative
experience. Since high levels of preoperative anxiety have been associated with greater
postoperative pain experienced, among a list of other poor postoperative outcomes, in the
pediatric population [24], the accurate assessment of anxiety would prove to be valuable in
identifying patients who may be at risk of poor pain management, and may find benefit in an

intervention prior to surgery to reduce their anxiety, for example.

2.2 Biomarkers of Pain

Biomarkers are “objective, quantifiable characteristics of biological processes” that are
measured externally and in a reproducible manner [125]. The use of biomarkers are already
integrated in the clinical setting; such as when a clinician takes an individual’s pulse or blood
pressure [125]. Therefore, biomarkers are especially useful in the diagnosis of diseases, and in
some cases, also allow clinicians to effectively follow the progress of, and assess the
effectiveness of treatments against, these diseases [126]. Thus, biomarkers can be effectively
used as diagnostic, prognostic, and predictive tools [126]. In the case of clinical trials,
biomarkers are even utilised as surrogate endpoints, based on the evidence that points to the
biomarker being able to correctly predict a clinical outcome pertaining to the trial [125]. Current
methods in identifying and analyzing biomarkers takes a more proteomic approach by looking at
specific molecules in blood, saliva, cerebrospinal fluid, urine, etc. samples [126]. Thus,
analyzing biomarkers of pain in these samples can provide a glimpse into the underlying
mechanisms of the patient’s perceived pain, and this information can help clinicians provide
more personalized treatments to patients based on whether the patient is experiencing more
inflammatory pain or nociceptive pain, for example.

Due to the involvement of the inflammatory response in the pain experience [53, 75],

inflammatory mediators, especially cytokines, have been studied in association with pain in a
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variety of painful conditions [127-131]. The pro-inflammatory cytokines TNF-¢ and IL-6 have
been shown to have elevated serum levels in adult patients with chronic low back pain, in
comparison to healthy controls [132]. A pilot study conducted by Ang et al. assessed the use of
cytokines, specifically the chemokines: monocyte chemotactic protein-1 (MCP-1) and
interleukin-8 (IL-8), as biomarkers of pain in fibromyalgia [133]; which is a chronic pain
syndrome [134]. In this study, both MCP-1 and IL-8 plasma concentrations had longitudinal
associations to pain severity in fibromyalgia [133].

Neurotransmitters are another class of molecules that are implicated in the nociceptive
response [41, 46]. Platelet serotonin (5-HT) levels have been shown to be significantly elevated
in headache patients compared to controls, but the monoamine neurotransmitters, dopamine
(DA), epinephrine (EPI) and norepinephrine (NE), had plasma levels that were significantly
decreased in the headache patients when compared to the controls [135]. Furthermore, there was
a negative correlation between plasma EPI levels and headache severity [135], suggesting a
degree of variability in the modulation of monoamine neurotransmitters in a pain condition.
Catechol-O-methyltransferase, the enzyme responsible for metabolising EPI, NE, and DA, was
also discovered to lead to pain sensitivity with the inhibition of its activity, suggesting increased
levels of EPI and NE play an important role in pain hypersensitivity [136].

Thus, these studies highlight the potential utility of pro-inflammatory cytokines, and

monoamine neurotransmitters as potential markers of pain.

2.2.1 Biomarkers of Pain in the Surgical Context

In the context of acute pain, the gene expressions of the cytokines IL-6, IL-8, and MCP-1
were found to be upregulated following oral surgery, and were correlated to patient pain
intensity, except in the group of patients who received the NSAID ketorolac [137]. Even
following an orthopedic procedure, the serum inflammatory mediators IL-6, prostaglandin E»
(PGE»), and C-reactive protein (CRP) were shown to be positively correlated with self-reported
pain scores in an adult population [138]. Therefore, the cytokine IL-6 appears to be a promising
inflammatory mediator to assess as a potential biomarker of pain in a pediatric cohort undergoing
orthopedic surgery, as well.

In a study looking at the effect of acute postoperative pain on plasma EPI and NE levels

in an adult population undergoing an orthopedic or plastic surgery, there was no significant
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association between plasma EPI or NE, and self-reported pain severity [139]. On the other hand,
when the researchers then separated the self-reported pain scores according to whether the
patients experienced no pain, mild pain, moderate pain or severe pain, plasma levels of NE were
significantly higher in the patients reporting severe pain, compared to patients reporting no pain
or mild pain in the acute postoperative period [139]. A study published from our lab also
highlighted preoperative plasma NE and its metabolite, normetanephrine (NME), as well as
cerebrospinal fluid NE, to be possible predictors of postoperative pain intensity in AIS patients
undergoing corrective surgery [140]. However, in the two aforementioned studies, the
researchers assessed these monoamine neurotransmitter levels at one time point, in correlation
with self-reported pain scores at a single time point, as well. Perhaps, by assessing the
modulation of these monoamine neurotransmitters, and their respective metabolites, across the
perioperative period, in conjunction with the perioperative modulation of the patients’ pain
scores, may provide greater insight into pediatric perioperative pain. Furthermore, the differing
perioperative modulation of these monoamines, between patients, could be a viable marker of

their postoperative pain outcomes.

2.3 Biomarker of Anxiety

The identification of a biomarker of anxiety, in pediatric patients undergoing major
surgery, holds great importance and clinical value. With the analysis of a biomarker of anxiety,
preoperatively, clinicians can be made aware of patients who may experience greater pain after
surgery, allowing the medical staff to monitor these patients more closely in the acute
postoperative periods. The enzyme salivary alpha-amylase (SAA) has been characterized as a
marker of SNS activity [141], and elevated sAA levels have been observed in generalized social
anxiety disorder [142]. Furthermore, elevated sAA levels have shown to be correlated to
increased anxiety in athletes, 3 minutes prior to competition [143]. However, there is conflicting
evidence on the association between sAA activity and anxiety, as seen in a study that found no
associations between sAA levels and self-reported anxiety in children with and without
temporomandibular disorders [144]. Similarly, no associations between sAA levels and dental
anxiety were observed in a cohort of adult participants [145]. Therefore, sAA needs to be further

studied, in association with anxiety, to validate its possibility as a biomarker of anxiety,
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especially with the scarcity in literature looking at correlations between sAA activity and

preoperative anxiety, in a pediatric cohort.

3. ADOLESCENT IDIOPATHIC SCOLIOSIS

Scoliosis is defined as a “three dimensional deformity of the spine” with the spine
curving laterally at an angle greater than 10° in the coronal plane [146, 147]. The three major
subtypes of scoliosis are congenital, syndromic and idiopathic scoliosis [146]. Congenital
scoliosis occurs as a result of improper development of the vertebrae, which in turn, may be
caused by damage to the fetus during the development of the spine [146, 148]. Syndromic
scoliosis refers to any scoliosis that arises in conjunction with a systemic disease [149], and these
systemic diseases are often related to disorders that can affect the neuromuscular, skeletal and
connective tissue systems [146], such as Ehler Danlos syndrome, Marfan syndrome, Prader-Willi
syndrome and Down syndrome [150]. As its name suggests, the cause of idiopathic scoliosis is
not known [146]. However, the subtypes of idiopathic scoliosis are separated by the age at which
one develops scoliosis, and the diagnosis of said idiopathic scoliosis depends on if the other
major types, and causes, of scoliosis have been excluded, as well [146]. If a patient develops a
case of idiopathic scoliosis between the ages of 0-3 years, this is referred to as infantile
idiopathic scoliosis, and similarly, if the idiopathic scoliosis develops between the ages of 4-10
years, this is known as juvenile idiopathic scoliosis [146]. However, the most common form of
scoliosis that is seen in clinics is adolescent idiopathic scoliosis [151], which refers to patients
who develop idiopathic scoliosis at an age between 11-18 years [146, 152].

Adolescent idiopathic scoliosis (AIS) is a common disease, with data from several studies
putting the prevalence of AIS between 0.47% to 5.2% in children [152-159]. Furthermore, these
studies also indicate a prevalence of AIS in females compared to males [155, 158], as well as
higher Cobb angles in females [154, 156]. The Cobb angle is measured by making parallel lines
from the top of the top vertebra and the bottom of the bottom vertebra which are involved in the
curve, and then measuring the angle at which these parallel lines would intersect (Figure 5)
[160]. This measurement of the Cobb angle is the gold standard for assessing the severity of the
spinal curve [161]. The Cobb angle provides a good indication of how a patient’s AIS is
managed; where a Cobb angle less than 25° only calls for observation every four to six weeks to

assess the curve progression of the patient [146]. However, should the patient’s Cobb angle
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progress to a 25°-45° curve, brace treatment is often
offered to these patients in order to limit and delay
curve progression [146]. In the case that a patient’s
Cobb angle curve exceeds 45°-50°, a surgical
intervention would then be required to stop the curve
progression [146]. In the case of AIS, the corrective
surgery is a spinal fusion surgery that requires screws
to be inserted into the spine, and two metal rods are
then attached to these screws, at either side of the
spine, and tightened (Figure 6) [146].

Although an agreed cause of AIS is not
known, there is a consensus that “AlS is a
multifactorial disease” with certain genetic factors
that could put an individual at risk of developing AIS
[146, 160, 162]. These genetic factors, such as
polymorphisms in the CHD7 gene, may affect
the normal growth patterns of an adolescent,
and in the process, be predisposing them to
spinal deformities [162]. Other factors such as
neurophysiological dysfunctions [163], and

even abnormal modulation of metabolomic and
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Figure 5. Measuring the Cobb Angle. The Cobb

angle is measured by making lines parallel to
the top of the top vertebra and the bottom of
the bottom vertebra and measuring the angle at
which these lines intersect. Image taken and
adapted from Cheng, J.C., et al., Adolescent
idiopathic scoliosis. Nature reviews disease
primers, 2015. 1(1): p. 1-21.

hormonal factors have also been proposed to play a role in the pathogenesis of AIS [160, 164]. In

the end, a better understanding of the combined effects of these various factors, that could have a

link to the aetiology of AIS, may provide greater insight into the preventative measures that can

be taken, as well as ways to improve current treatment options, for patients diagnosed with AIS.

3.1 Adolescent Idiopathic Scoliosis and Pain

A study conducted by Makino ef al. (2015) highlighted the prevalence of low back pain

(LBP) in AIS patients, who had yet to undergo surgery, to be approximately 35% [165].

Similarly, a study published from our lab also observed that 50% of patients experienced pain

prior to their spinal fusion surgery, and furthermore, 40% of them reported mild pain, while 10%
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of these patients reported
moderate to severe pain [140].
However, even though there is a
significant prevalence of pain in
AIS patients, the role of AIS in
causing this pain is not well
understood [166]. In trying to
understand the relationship
between AIS and pain, Theroux

et al. (2017) identified an

association between the severity

of main thoracic or lumbar Figure 6. Spinal Fusion Surgery for AIS. Radiograph of patient

o with AIS before surgery (left) and after spinal fusion
scoliotic curves and the level of surgery (right). Image taken from Altaf, F., et al.,

pain intensity experienced by Adolescent idiopathic scoliosis. Bmj, 2013. 346.

patients [167]. Furthermore, Teles et al. (2020) showed an association between the location of
back pain and the location of a patient’s major curve [168]; the major curve being the greatest
structural curve in a scoliotic patient [169]. Teles ef al. also identified pelvic asymmetry and
decreased thoracic kyphosis (referring to the curve of the thoracic spine [170]) as possible risk
factors for back pain in these AIS patients [168]. However, these morphological variables may
not be the only driving force of pain in AIS patients, as some psychological variables, such as
pain catastrophizing and poor mental health, were also identified as risk factors for back pain in
this study [168]. Furthermore, on a molecular level, the activation of Toll-like receptors (TLR)
have also been suggested to contribute towards facet joint degeneration in AIS patients, which in
turn, may play a role in the development of back pain due to the downstream inflammatory
response from TLR activation [171]. Thus, a better understanding of the aetiology of pain in AIS

is required in order to provide more targeted pain management for these patients.

3.2 Perioperative Pain in Adolescent Idiopathic Scoliosis Patients
Spinal fusion surgery also introduces another variation of pain for the AIS patients who
require corrective surgery. Due to the invasiveness of the surgical procedure, the acute

postoperative period following a spinal fusion surgery has also been characterized by the

32



presence of pain for AIS patients [140, 172]. In some cases, the pain severity experienced in the
acute postoperative period has detrimental long-term effects for AIS patients [172]. In some
cases, the postoperative pain of these patients can even develop into chronic post-surgical pain
[173, 174] which, in turn, could result in poor health and functional disability in the long-term
period [175]. Thus, the need for proper analgesia for these patients undergoing such an invasive
surgical procedure is evident, but as the etiology of pain can differ between patient to patient
[176], assessing the various response systems involved in perioperative pain may provide a

means of identifying better targeting pain treatments in the future.

4. RESEARCH QUESTIONS, AND HYPOTHESES OF M.Sc. PROJECT

The research questions posed in this M.Sc. project are:
1. Can plasma IL-6 levels be utilised as a valid biomarker of pain to assess the perioperative pain
of AIS patients scheduled to undergo spinal fusion surgery?
2. Can sAA activity be utilised as a valid marker of preoperative anxiety in pediatric patients,
and would the level of SAA activity preoperatively be associated with the patient’s pain
postoperatively?
3. How are plasma monoamines, and their respective metabolites, modulated in the perioperative
period, for pediatric patients scheduled to undergo a major orthopedic procedure?
4. Can the perioperative modulation of plasma monoamine levels be utilised as a valid marker of

pediatric perioperative pain?

Thus, these research questions were addressed in this M.Sc. project through three sub-
projects. In this thesis, they are presented in distinct manuscripts. The objective of the first sub-
project was to assess the pro-inflammatory cytokine IL-6 as a proxy of perioperative pain in
pediatric patients undergoing a major orthopedic surgery, by analyzing the relationship between
plasma IL-6 levels and self-reported pain across the perioperative period. It was hypothesized
that self-reported pain scores and plasma IL-6 concentration would increase in the acute
postoperative period, before returning to baseline levels (preoperative levels) six weeks after the
surgery. It was also hypothesized that higher self-reported pain scores would correlate with
higher plasma levels of IL-6 across the perioperative period. The objective of the second sub-

project was to assess SAA as a marker of preoperative anxiety in a pediatric population
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scheduled to undergo major orthopedic surgery. The hypotheses in this sub-project were that
patients would self-report higher levels of anxiety prior to surgery, and greater SAA activity
would correlate to an increase in self-reported anxiety levels. Furthermore, increasing levels of
sAA activity before surgery would be associated to increasing levels of self-reported
postoperative pain intensity. The objective of the third sub-project was to analyze the modulation
of perioperative plasma monoamines levels’ in a pediatric population scheduled to undergo
major orthopedic surgery, and to then assess the perioperative modulation of these plasma
monoamines as a marker of self-reported perioperative pain. We hypothesized that the plasma
monoamines’, and their respective metabolites’, levels would increase in the postoperative
period, and elevated plasma monoamines’ levels would be associated with higher self-reported

pain scores across the perioperative period.
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METHODOLOGY

The methodology used in this thesis project is described in each of the manuscripts presented in
the Results section. The experimental design of these sub-projects (manuscripts) is summarized

below:

Patient Recruitment and Consenting Process

The patients recruited for this thesis project agreed to participate in an ongoing
longitudinal study aiming to assess the perioperative pain experience of AIS patients undergoing
corrective surgery, which had received ethics approval from the Research Ethics Board of
McGill University. The AIS patients, aged 12-18 years, were recruited from the outpatient spine
clinic of the Shriners Hospitals for Children-Canada, where the surgeon would bring up the study
to the patient, if the choice is made to undergo orthopedic surgery. Following this, a research
assistant would be tasked with explaining the study in great detail, and obtaining a written
informed consent/assent from the patient and/or parents if an agreement has been made by the

patient to participate in the study.

General Design

This thesis project was split into three separate manuscripts based on the assessment of
plasma IL-6 as a proxy of perioperative pain (manuscript 1), the assessment of sAA as a marker
of preoperative anxiety, and as a predictor of postoperative pain (manuscript 2), and the
assessment of the perioperative modulation of plasma monoamine levels as a marker of the
perioperative modulation of pain intensity (manuscript 3), in AIS patients scheduled to undergo
orthopedic surgery. In all three manuscripts, the study design was that of a prospective
longitudinal study.

In manuscript 1 and 3, the study design consisted of four timepoints; one week before
surgery (baseline), postoperative day 1 (PODI, 24 hours after surgery), postoperative day 2
(POD2, 48 hours after surgery), and six weeks after surgery. At each of these four timepoints, ten
ml of blood was collected from the patients for molecular analysis, along with their self-reported
pain scores. In manuscript 2, the study design consisted of five timepoints; baseline, the morning
of the surgery, POD1, POD?2, and six weeks after surgery. At each of these five timepoints,

saliva was collected from patients for molecular analysis through the passive drooling method.
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Patients’ self-reported anxiety scores were taken at baseline, on the morning of surgery, and six
weeks after surgery, and patients’ self-reported pain scores were taken at baseline, POD1, POD2,

and six weeks after surgery.

Outcome Measures

The primary outcome measures of this thesis project were the plasma IL-6
concentrations, SAA activity levels, and the plasma concentrations of EPI, NE, ME, NME, DA,
and 5-HT. Plasma IL-6 concentrations were analyzed with human cytokine magnetic 30-plex
assays (cat. #LHC6003M, Life Technologies, Vienna, Austria), and sAA activity levels were
quantified through a-amylase kinetic enzyme assay Kkits (cat. #1-1902, Salimetrics, Carlsbad,
United States). Plasma concentrations of the monoamines, and their respective metabolites, were
analyzed with liquid chromatography-tandem mass spectrometry by Phenoswitch Bioscience
(Sherbrooke, QC, Canada).

The secondary outcome measures were the patients’ self-reported numerical pain rating
scores, on a scale from 0 (no pain at all) to 10 (worst pain imaginable), using the Faces Pain
Scale-Revised, the patients’ plasma C-reactive protein (CRP) concentrations (in manuscript 1) to
confirm the presence of inflammation, which was quantified using enzyme-linked
immunosorbent assay kits (cat. #10011236, Cayman Chemicals, Ann Arbor, United States), the
patients’ self-reported anxiety scores measured using the STAI-C, and patient perioperative

medication intake, which was extracted from patients’ electronic medical charts.
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Abstract

Introduction/Aim: The aim of this preliminary study was to assess the pro-inflammatory
cytokine interleukin-6 (IL-6) as a physiological proxy of perioperative pain to allow for better
targeting pharmacological intervention to adolescents with idiopathic scoliosis that do not

respond well to the current standard of care.

Materials and Methods: Twenty-one patients scheduled for an elective spinal fusion surgery
participated in the study. Patients reported their pain intensity and provided a blood sample
before surgery, one day and two days after surgery (postoperative day 1 and 2 (POD1, POD?2)),
and 6 weeks after surgery. Concentrations of plasma IL-6 were quantified using a magnetic 30-
plex assay (Life Technologies), in parallel to the C-reactive protein (CRP), a marker of
inflammation. Repeated measure ANOV As were used to identify changes in pain and IL-6 levels
over time. Correlation analyses were performed to identify associations between the 1L-6
concentration and the patient pain intensity at each timepoint. Mann Whitney test was used to see

if patients reporting pain preoperatively had higher IL-6 levels than patients without pain.

Results: Forty-seven percent of patients reported having back pain before surgery. There was a
significant effect of time on pain level and IL-6 levels, with an increase on POD1 and POD2 (p <
0.0008) compared to baseline, and returned to baseline levels 6 weeks after surgery. An
association was found between the pain intensity reported before surgery and the preoperative
IL-6 levels (r=0.614, p=0.003), but not after the surgery (p > 0.05). IL-6 concentration was
significantly higher in patients reporting pain prior to surgery in comparison to patients reporting

no pain (Mann-Whitney U=12.50, p=0.0016).
Discussion: These preliminary findings suggest that circulating IL-6 levels is not a quantifiable
proxy for pain intensity after surgery but should be investigated furthermore as a proxy of pain in

adolescents with idiopathic scoliosis.

Keywords

Adolescent idiopathic scoliosis; Cytokine; Inflammation; Interleukin-6; Perioperative pain
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Introduction

Adolescent Idiopathic Scoliosis (AIS) is a three dimensional deformity of the spine
affecting 1-3% of children between 10-16 years [1, 2]. Patients with lateral curvature of a Cobb
angle greater than 50° are recommended for spinal fusion surgery with instrumentation to correct
the spinal deformity [3]. Spinal fusion surgeries are invasive orthopaedic procedures that cause a
significant increase in acute postoperative pain intensity [4, 5] that persists in 64% of patients 2
years after surgery along with 29.5% reporting continued analgesic use for back pain [6].
Furthermore, 35% of patients diagnosed with AIS experience significant pain prior to surgery
[7]. The presence of preoperative pain has been observed to predict greater postoperative pain
intensity in AIS patients [5], and greater preoperative pain intensity also predicted slower
improvements in pain following spinal fusion surgery [8]. Previous studies have shown that
inadequate postoperative pain relief can result in persistent post-surgical pain, significantly
impairing quality of life [6, 9].

Postoperative standard of care has now turned towards a multimodal approach to achieve
proper analgesia through the synergistic properties of different analgesic classes [10]. It has been
shown that the combination of Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) in
combination with opioid analgesics provided great efficacy in treating acute postoperative pain
by targeting inflammatory processes [11]. This is due to the fact that pro-inflammatory cytokines
are direct facilitators for the occurrence of surgical pain [12]. Following tissue injury, cytokines
are released by immune cells in the local environment of afferent nerve fiber endings, thus
sensitizing nociceptors and contributing to hyperalgesia [13]. Among the pro-inflammatory
cytokines, Interleukin-6 (IL-6) has been shown to have an up-regulatory effect during acute
inflammation and has been associated to surgical pain [14, 15]. Non-Steroidal Anti-
Inflammatory Drugs (NSAIDs) are currently used to decrease pain, and their anti-inflammatory
mechanism of action is mainly targeting the selective inhibition of the enzyme Cyclo-Oxygenase
(COX) to reverse inflammation [16-18]. However, current postoperative pain management is still
too often insufficient to alleviate the patient’s pain, and it may result from the unspecificity of
the treatment in targeting molecular mechanisms directly involved in the endogenous nociceptive

processes.
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The objective of this study was to assess IL-6 as a potential proxy of pain in adolescents
undergoing spinal fusion surgery by analyzing its relationship with the self-reported
perioperative pain intensity. We hypothesized that pain intensity and IL-6 levels would increase
following a surgical insult and return to baseline levels 6 weeks after the surgery. We further
hypothesized that high plasma levels of IL-6 would correlate with high self-reported pain
intensity over the perioperative period. Such preliminary results were hypothesized to provide
clinical significance to improve the perioperative pharmacological interventions proposed to our

patients by investigating furthermore IL-6 specific targeting.

Materials and Methods

This study was conducted after obtaining ethics approval from the Research Ethics Board of
McGill University (A05-M57-11B and A08-M71-14B). Patients were recruited from the
outpatient clinic of the Shriners Hospitals for Children-Canada. Written informed consents were

obtained prior to the beginning of the study.

Study participants

Patients aged between 12 and 18 years old, diagnosed with an Adolescent Idiopathic
Scoliosis (AIS) and scheduled to undergo an elective spine surgery participated in the study. The
exclusion criteria included adolescents who could not speak English or French, patients unable to
complete the self-report measurement of pain intensity as a result of a diagnosed developmental
delay (e.g. cognitive impairment), and patients with major chronic medical conditions (American

Society of Anesthesiology status III or higher) [19].

Pain assessment and molecular analysis

Study variables were assessed at baseline (7-10 days prior to surgery), at postoperative
day 1 (PODI, 24 hours after surgery) and postoperative day 2 (POD2, 48 hours after surgery), as
well as at six weeks after surgery matching the standard of care follow-up visit with the treating

surgeon. At each time point, patients were asked to report their pain intensity using a Numerical
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Rating Scale (NRS) from 0 (no pain) to 10 (worst pain imaginable) which has been validated for
use in children [20]. Scores ranging from 1 to 3 indicate mild pain intensity, 4 to 6 indicate
moderate pain intensity and 7 to 10 indicate severe pain intensity [21].

Subsequently, 10 ml of venous blood were collected in EDTA-coated tubes. The time of
collection was recorded and blood samples were immediately centrifuged at 1200 g for 10
minutes at 4 °C. Plasma was isolated and stored in microtubes at -80 °C pending analysis. The
IL-6 levels were assessed in triplicate and quantified using human cytokine magnetic 30-plex
assay (cat. #LHC6003M, Life Technologies, Vienna, Austria), with a sensitivity of <0.5 pg/ml.
The mean was calculated for each sample at each time point. To confirm the presence of
inflammation, C-reactive protein (CRP) plasma concentrations were also quantified using
commercially available enzyme-linked immunosorbent assay kit (cat. #10011236, Cayman
Chemicals, Ann Arbor, United States) with a detection range of 46.9-3000 pg/ml. Both

procedures were conducted following the manufacturer’s instructions.

Anesthetics and analgesics in postoperative pain management

All patients undergoing spinal fusion surgery followed the institutional perioperative
anesthesia, surgical, and spinal cord monitoring protocols. The anesthesia protocol was
standardized to include total intravenous anesthesia with propofol and remifentanil or sufentanil,
ketamine, and dexamethasone. After induction, all patients received a single injection of spinal
morphine (0.005 mg/kg).

The postoperative pain management was standardized for the study purposes and
included morphine and ketamine patient-controlled analgesia (PCA, bolus 1/1 mg) upon arrival
to the post anesthesia care unit (PACU) with a starting bolus dose of 20 mg/kg, lockout 6
minutes and a 4 hours’ maximum dose up to 0.4 mg/kg. The NSAID ketorolac was provided to
the patients based on the individual decision of the treating anesthesiologist. Medication

administration and time of administration were extracted from the patient medical charts.
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Statistical Analysis

Normality of data was assessed using the Shapiro-Wilk test. Non-parametric repeated-
measures ANOVA (Kruskal-Wallis test) followed by Dunn’s multiple comparisons test to assess
differences in time for pain intensity, IL-6 and CRP levels. Due to the non-parametric
characteristics of IL-6 plasma levels, Spearman’s Rho-rank statistics were used for correlative
analyses between perioperative IL-6 concentrations and patient pain intensity. In order to control
for the effect of NSAIDs on postoperative IL-6 levels and pain, partial correlations were used for
correlative analyses between postoperative IL-6 levels and pain with NSAIDs dosage as a
covariate in the analysis. IL-6 levels being a non-parametric variable, Mann-Whitney tests were
used to analyze differences in IL-6 concentration between patients reporting pain and no pain
preoperatively.

Power analysis was performed using G*Power 3.1 software. An estimated sample size of
19 patients revealed to provide 95% power and a two-sided alpha value of 0.05 for this
preliminary study on AIS patients. Data analysis was performed using SPSS software package
(IBM SPSS Statistics Version 24.0, Chicago, United States). A two-tailed p value of less than

0.05 was considered statistically significant.

Results

Patient Characteristics

Twenty-one participants were included in this exploratory study, with a majority of
female patients. All patients completed the study measurements over the 4 timepoints and
measures were collected, with the exception of 5 blood samples that could not be collected on
POD1 due to coordination issues.

Almost half of the cohort reported experiencing back pain prior to their surgery. Patients
reporting preoperative pain had an average pain score of 2.5+1.1 with a range between 1.0 and
4.0 on the NRS at baseline. Non-parametric Spearman correlations revealed no associations
between baseline IL-6 levels and age (p=0.2400) or weight (p=0.1831). Mann-Whitney tests

revealed no significant difference in baseline IL-6 levels between gender (p>0.9999), as well. All
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patients underwent a posterior spinal fusion with instrumentation either across the thoracic
and/or the lumbar spine. Two patients received the Non-Steroidal Anti-Inflammatory Drug
(NSAID) ketorolac on PODI at least 6 hours before blood was collected. Six patients received
ketorolac at least 6 hours before blood collection on the POD2 timepoint. None of the patients

received ibuprofen prior to blood collection on either POD1 or POD2.

Pain intensity over the perioperative period

A mean score pain intensity of 1.2+1.5 on the 0-10 numerical rating scale was observed
with all 21 patients at baseline. Patient’s pain intensity increased significantly on POD1
(4.0£1.4) and POD2 (3.6£1.8) from baseline (p=0.0002 and p=0.0008 respectively, Figure 1A).
Six weeks after surgery, patient’s average pain intensity decreased and returned to baseline

levels, with no significant variation in pain intensity between the two time points (p>0.05).

Perioperative molecular levels

Baseline plasma IL-6 concentration was 3.5+2.9 pg/ml. Plasma IL-6 increased
significantly in all patients on POD1 (129.2+69.3 pg/ml) and POD2 (114.5£107.3 pg/ml) before
returning to baseline levels 6 weeks after surgery (p<0.0001, Figure 1B). Baseline plasma CRP
concentration was 1.312.9 ug/ml. Plasma CRP levels increased significantly on POD1
(144.8+£200.5 pg/ml) and POD2 (313.2+614.5 pg/ml) before returning to baseline levels 6 weeks
after surgery (p<0.0001, Figure 1C).
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Figure 1: Average pain intensity, IL-6 and CRP levels measured throughout the
perioperative period. A) A significant increase in average pain intensity is seen on PODI
(p=0.0002) and POD2 (p=0.0008) before decreasing to baseline levels 6 weeks after surgery
(n=21). B) Plasma IL-6 levels were shown to increase significantly on POD1 (p<0.0001) and
POD2 (p<0.0001) before returning to baseline levels 6 weeks after surgery (n=21). C) Plasma
CRP levels were shown to increase significantly on POD1 (p<0.0001) and POD2 (p<0.0001)



before returning to baseline levels 6 weeks after surgery (n=21). (Data expressed as Mean + SD.

*a%=p<0.001, ****=p<0.0001). POD1: Postoperative Day 1; POD2: Postoperative Day 2; 6

wks = 6 weeks after surgery.

Association between perioperative plasma IL-6 levels and pain intensity

A moderate positive association was found between baseline plasma IL-6 levels and
baseline pain intensity ((r=0.614, p=0.003, Figure 2). However, no other associations were
observed at any of the postoperative time points, either at 24 hours (r =-0.3820, p=0.1444), 48
hours (r =-0.0747, p=0.7476) or 6 weeks (r =0.2558, p=0.2631) after surgery. Partial
correlations, while controlling for ketorolac intake, also showed no association between IL-6
concentrations and pain intensity 24 hours (r =-0.3510, p=0.1990) or 48 hours (r =-0.1010,
p=0.6710) after surgery. Mann-Whitney tests revealed a significant difference between patients
with and without preoperative pain (Mann-Whitney U=12.50, p=0.0016). Patients with
preoperative pain (score greater than 0) had higher levels of plasma IL-6 (5.4£2.9 pg/ml) in

comparison to patients without preoperative pain (1.8+1.6 pg/ml) (Figure 3).

Pain Intensity

(0 ‘ocmee-o T L

0 5 10 15
IL-6 Concentration (pg/ml)

Figure 2: Association between baseline plasma IL-6 levels and pain intensity. A moderate,
positive correlation (r=0.614, p=0.003) is observed between baseline plasma IL-6 levels and

baseline average pain intensity (n=21).
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Figure 3: Baseline plasma IL-6 levels of patients with and without preoperative pain intensity.
Patients with preoperative pain had higher levels of plasma IL-6 (5.4+2.9 pg/ml) in comparison
to patients without preoperative pain (1.8£1.6 pg/ml, p=0.0016) (n=21). (Data expressed as mean
+ SD. #*=p<0.01).

Discussion

Adolescent patients who underwent spinal fusion surgery reported experiencing an
increase in pain intensity 24 hours and 48 hours after surgery, which returned to baseline levels 6
weeks after surgery. The results confirmed the hypothesis that plasma IL-6 levels would rise
following a surgical insult in the acute postoperative period (POD1 and POD2) before decreasing
back to baseline levels six weeks after surgery. The inflammation process was also confirmed by
a similar result for the CRP levels, suggesting that the invasive nature of the surgery causes an
upregulation of pro-inflammatory processes involving IL-6.

We also hypothesized that high pain intensity would correlate with high levels of plasma
IL-6. Baseline plasma IL-6 levels and preoperative pain intensity of the patients were associated,
but no correlation was observed between IL-6 and pain intensity after surgery. This may have
occurred due to the fact that two of the patients received ketorolac on POD1 and six on POD2 at
least 4-6 hours before blood collection. Ketorolac has an elimination half-life of 4-6 hours, and
in the postoperative period it has been shown to downregulate IL-6 production following surgical

wounds from caesarean deliveries and oral surgeries involving the tooth removal [22-24]. This
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may have skewed results because six patients received ketorolac prior to blood collection on
POD?2 and only one of these patients reported severe pain, three reported moderate pain and two
reported mild pain on POD2. Following orthopaedic surgery in paediatric patients, ketorolac has
been shown to cause a greater decrease in pain scores postoperatively in comparison to morphine
alone [25], and thus, it is possible these patients reporting mild to moderate pain after ketorolac
administration in our cohort may have had higher pain scores without ketorolac administration.
We attempt to control for the effect of ketorolac on POD1 and POD2 on IL-6 concentrations and
pain intensity by adding the doses of ketorolac given to patients at least 6 hours prior to blood
collection as a co-variate in our partial correlations. However, the effect of the duration of time,
within the 6 hour cut-off, between ketorolac administration and blood collection could not be
accounted for in this analysis. Furthermore, the effect of ketorolac on the actual change in a
patient’s pain experience prior to and after ketorolac administration cannot be accounted for in
this analysis, as well.

Although a correlation between plasma IL-6 and pain after surgery was not observed,
there was a moderate positive correlation between baseline IL-6 levels and pain before surgery.
These results are in agreement with the findings observed in a recent publication where
preoperative IL-6 levels correlated with preoperative pain in adult patients scheduled to undergo
total knee arthroplasty [26]. In their study, the authors also hypothesized that high postoperative
serum IL-6 levels would be associated with high pain scores, and concluded that no associations
were found. Therefore, it was suggested that the elevated cytokine levels may have a role in
contributing to the chronic preoperative pain rather than the acute postoperative pain. In our
cohort of AIS patients, we observed that 10 of the 21 patients came to their baseline timepoint
with preoperative pain, and these patients had significantly higher levels of IL-6 in comparison
to the patients with no preoperative pain. In a previous publication from our team, it was noted
that 47% of AIS patients scheduled for spinal fusion surgery had reported sporadic episodes of
back pain preoperatively [5]. A previous study has also shown that back pain affects three-
quarters of AIS patients prior to surgery, and AIS has also been observed to be a possible risk
factor in the development of paediatric low back pain [6, 27, 28]. Back pain is a common cause
of chronic Musculoskeletal (MSK) pain in youth [29], and therefore, the role of IL-6 in the
pathophysiology of paediatric chronic MSK pain may need to be explored further. Analyzing IL-

6 levels in pediatric chronic MSK pain patients in comparison to a healthy pediatric cohort could
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help further validate IL-6 as a possible proxy of chronic MSK pain to be pharmacologically
targeted.

Lastly, this was an exploratory study and the sample size should be increased to draw any
conclusion of the results. Another limitation of this preliminary study resides in the
quantification of the circulating molecule, being affected by various covariates related to the
surgical experience such as the anesthetics and analgesics intake, as well as the surgical stress
induced. An alternative approach would be to test the same hypotheses but by assessing the
mRNA levels of IL-6 in the peripheral blood mononuclear cells, along with the plasma IL-6
protein analysis. This may provide more accuracy in the results of the postoperative levels of
these inflammatory mediators due to the fact that stable mRNAs usually have longer half-lives
than the protein themselves [30]. In this study there was large variation in the plasma IL-6
protein levels on POD1 and POD2, and adding the IL-6 mRNA analysis would indicate if this
large variation is replicated in the transcription of IL-6 as well. Thus, this would further validate
the results obtained in this study. This would better highlight whether IL-6 is involved in the
pathophysiology of chronic MSK pain in the pediatric population or whether it is just a marker of
inflammation that is upregulated in response to the inflammatory processes involved with the

invasiveness of orthopedic surgeries.

Conclusion

In conclusion, this study revealed that circulating IL-6 is not a proxy of perioperative
pain in patients scheduled to undergo spinal fusion surgery and may not be a viable
pharmacological target for pain postoperatively. However, an association between IL-6 and pain
intensity before surgery was observed, with higher IL-6 in patients reporting back pain. Thus,
more work should be done to assess the validity of IL-6 as a possible proxy of pain in

adolescents with MSK pain compared to healthy controls.
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Analyzing a Preoperative Predictor of Postoperative Pain

Plasma IL-6 levels were associated with patients’ self-reported pain scores in the
preoperative period, but this association was not observed in the acute postoperative period.
Thus, further investigation is required into the association between plasma IL-6 levels and pain
in AIS patients, as there was a significant increase in the plasma IL-6 concentration of patients
reporting pain, when compared to patients reporting no pain, prior to surgery. However, plasma
IL-6 levels were not a viable marker of postoperative pain in AIS patients undergoing orthopedic
surgery, and there is still a need to identify an objective measure of pain intensity in this cohort
of patients.

One of the confounding factors identified in the assessment of IL-6 as a marker of
postoperative pain, was the pain medication use in the acute postoperative period. Although
NSAID use in the acute postoperative period was added as a co-variate in our analyses, the
extent to which the NSAID, ketorolac, has an effect on certain individuals’ postoperative pain
experiences could not be revealed through this statistical analysis. Therefore, medication intake
remains an important variable to take into account when studying postoperative pain biomarker
levels in association with postoperative pain.

However, preoperative anxiety has been previously shown to be associated with
increased postoperative pain in the pediatric population [24], and therefore, identifying a
preoperative biomarker of anxiety in our AIS cohort undergoing orthopedic surgery, may also be
a viable predictor of postoperative pain intensity. Thus, SAA activity level was assessed as a
proxy of preoperative anxiety, and also assessed for associations with postoperative pain

intensity in an AIS cohort undergoing orthopedic surgery, in the following sub-project.
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Abstract

Introduction/Aim: The evaluation of perioperative stress and anxiety in patients undergoing
major surgery is key to their management and for an efficient recovery. As salivary Alpha-
Amylase (SAA) has been shown to be a marker of anxiety, the aim of this study was to assess

sAA as a biomarker of pediatric preoperative anxiety.

Materials and Methods: Thirty-one patients scheduled to undergo corrective surgery for
adolescent idiopathic scoliosis were enrolled in the study. SAA activity was measured 1 week
before surgery (baseline), on the morning of surgery, and 24 hours, 48 hours and six weeks after
surgery. Self-reported state anxiety and worst pain intensity were recorded at each time point in

parallel.

Results: A significant increase in SAA activity was observed from the morning of surgery to
POD2 (p=0.0259). No associations were observed between sAA activity levels and self-reported
state anxiety at baseline (r=-0.2661, p=0.1985) or on the morning of surgery (r=-0.0081,
p=0.9693). Similarly, no main effect of sAA activity was observed as a predictor in the variation

of patient’s self-reported state anxiety over the perioperative period (p=0.175).
Discussion: These findings suggest that sAA is not a reliable marker of preoperative anxiety,

and is not predictive of postoperative pain intensity, in pediatric patients undergoing major

orthopedic surgery.

Keywords

Adolescent idiopathic scoliosis; Alpha-amylase; Anxiety; Orthopedic surgery; Perioperative pain
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Introduction

About 50-70% of children undergoing surgery experience a significant amount of
perioperative anxiety that can negatively affect their post-surgical recovery [1-3]. Anxiety is
defined as an emotional state consisting of tension, apprehension, or nervousness, coupled with
heightened activity of the autonomic nervous system [4]. Anxiety has been shown to have a
significant negative impact on post-surgical recovery in children, where high anxiety states were
found to be predictors of high postoperative pain intensity, higher incidences of postoperative
sleep problems, and increased postoperative analgesic intake [3, 5-9]. In clinical settings,
patient’s anxiety is currently evaluated using self-report questionnaires [10-12]. While useful,
these self-reported measures have limitations due to the necessity of the patient to read and
comprehend the questions. Therefore, its use is impractical for patients that are either too young,
non-verbal, and/or suffer from neurodevelopmental delay [13]. Finding new means to evaluate
perioperative anxiety levels could help identify patients vulnerable to poor postoperative
outcomes, and better manage their postoperative care.

Anxiety is regarded as a form of stressor that can elicit a physiological response by
activating the autonomic nervous system, which consists of the sympathetic and parasympathetic
divisions [14, 15]. The sympathetic nervous system (SNS) plays a key role in influencing anxiety
state and subsequent pain levels by activating the flight-or fight response resulting in increased
alertness of feelings and surroundings [16], thus increasing sympathetic response in anticipation
of pain [17-19]. Salivary Alpha-Amylase (sAA), a digestive enzyme responsible for the
breakdown of complex sugars into maltose and glucose, has been characterized as a biomarker of
the SNS activity [20] and its enzymatic activity has been shown to increase in the presence of
both psychological and physical stressors [21, 22]. In this present work, we measured
perioperative sAA catalytic activity in adolescents undergoing spinal fusion surgery, a surgical
procedure invasive in nature, that is characterized by preoperative anxiety and postoperative pain
[23]. The objective of this study was to identify sAA as a potential biomarker of anxiety in
adolescents scheduled to undergo a major surgery. We hypothesized that patients would self-
report high levels of anxiety before their surgery, and an increase in self-reported anxiety would

be associated with an increase in sAA catalytic activity levels. We also hypothesized that
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increased preoperative SAA activity levels would be associated with increasing levels of

postoperative pain experienced.

Methods

This study was conducted after obtaining ethics approval from the institutional Research
Ethics Board (A05-M57-11B and A08-M71-14B). Patients were recruited from the outpatient

clinic of our hospital, and written informed consents were obtained prior to the start of the study.

Study Participants

Patients between the ages of 12 and 18 years, diagnosed with adolescent idiopathic
scoliosis (AIS) and scheduled to undergo corrective surgery (posterior spinal fusion with
instrumentation), participated in the study. The exclusion criteria included adolescents who could
not speak English or French, a diagnostic of any developmental delay that would interfere with
study measurements completion, and diagnostic of a major chronic medical condition (American

Society of Anesthesiology status III or higher) [24].

Study Protocol

Saliva samples from patients were collected through passive drool [25], one week before
surgery (baseline), on the morning of surgery, 24 hours after surgery (POD1), 48 hours after
surgery (POD2) and 6 weeks after surgery. All samples were obtained between 7am and 10am
with at least an hour of fasting before the sample collection. The passive drool technique was
implemented with a 1-inch straw that was connected to a sterile tube. The saliva samples were
then centrifuged at 3000 x g for 5 min. Supernatant was aliquoted and stored at -80°C until
further biochemical analysis.

Patients completed the validated State-Trait Anxiety Inventory-child (STAI-c)
questionnaire at baseline, on the morning of the surgery, and six weeks after surgery. The STAI-
c is a self-reported questionnaire based on 40 statements, that measures a patient’s state and trait

anxiety [10]. The state scale measures the child’s anxiety during a particular situation, whereas
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the trait scale is indicative of the individual differences in a child’s proneness to anxiety [4].
Higher scores on the STAI-c represent higher levels of anxiety for the children. The STAI-c
questionnaire consists of separate subsets of state and trait anxiety scales with 20 items each that
are answered based on a 3-point Likert scale. As the experimental design of this study centres
around a surgical insult at a given period of time, and the children’s physiological responses to
this particular moment, the total score of the state anxiety subscale was used to assess the
patient’s anxiety across all timepoints in association with sAA activity.

Patients were also asked about their average and worst pain intensity at baseline, POD1,
POD?2 and 6 weeks after surgery by providing a numerical rating score (NRS) on a scale of 0-10,

where 0 is no pain at all and 10 is the worst pain ever.

Biochemical Analysis

Salivary alpha-amylase activity for all the samples were analyzed using the Salimetrics®
a-Amylase Kinetic Enzyme Assay Kit and performed according to manufacturer’s instructions
(catalog number 1-1902, Salimetrics, Carlsbad, CA, USA). Briefly, samples were thawed and
centrifuged at 1500 x g for 15 minutes and using a chromogenic substrate, enzymatic activity
was measured after | minute and 3 minutes following substrate addition. All samples were
assessed in triplicates, and changes in absorbances were read at 405nm using a microplate reader

set at 37°C (EIx808, Biotech Instruments, Winooski, VT, USA).

Medication Intake Across the Perioperative Period

Medication intake before surgery were collected in an interview form by a research
assistant. All patients undergoing spinal fusion surgery followed the institutional perioperative
anesthesia, surgical and spinal cord monitoring protocols [23]. To summarize, the anesthesia
protocol was standardized across all patients who received total intravenous anesthesia with
propofol and remifentanil or sufentanil, ketamine, and dexamethasone during surgery. After
induction, patients were given an injection of spinal morphine (0.005 mg/kg). Following surgery,
all patients received morphine and ketamine patient-controlled analgesia (PCA, bolus 1:1) upon

arrival to the post anesthesia care unit (PACU), with a starting bolus dose of 20 mg/kg, lockout
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time of 6 minutes and a 4 hours maximum dose up to 0.4 mg/kg. Patients received PCA dose
adjustments and additional medication when required (e.g. acetaminophen, naloxone, anti-
inflammatory drugs). PCA data was recorded in the patients’ electronic medical charts.
Postoperative medication administration, and time of administration, were extracted from the

patient medical charts.

Statistical Analysis

All analyses were performed using SPSS software version 22 (IBM Corparation,
Armonk, NY), and GraphPad Prism 7.0 (GraphPad Software, La Jolla, CA). Normality was
assessed using the Shapiro-Wilk test. Associations between sAA activity and any of the patient’s
sociodemographic results (age, weight and gender) as confounding factors were assessed with
Spearman’s rank correlation and Mann-Whitney U tests, respectively. Non-parametric Friedman
tests followed by Dunn’s multiple comparisons tests were performed to assess differences of
sAA activity levels and self-reported pain over time, with a significance level of 0.05.
Differences in patient’s self-reported anxiety over time were assessed with one-way ANOV As
followed by Tukey’s multiple comparisons test with a 95% confidence interval (CI) of
difference. Non-parametric Spearman rank correlations with a 95% CI were used to assess
associations between preoperative sAA activity levels, preoperative anxiety levels, and
postoperative levels of pain. Linear mixed models were used to assess the relationship between
sAA activity levels, and pain and anxiety over time. Two different models were built, with one
for pain and one for anxiety as dependent variables (DV). On both models, time was used as
factor and sAA as covariate. Linear effects were applied and the model was built using a non-
structured design. An interaction term between sAA and time was tested on both models. Mann-
Whitney U tests were performed to identify differences in sAA activity between patients
receiving medication, and those who did not receive medication, prior to saliva collection, so as
to identify medication intake as a possible confounding factor in this study. All results are
expressed as mean + standard deviation (SD) unless otherwise stated. The number of study
participants to be recruited in this study was determined through a power analysis based on a
previous study that found a significant correlation (r=0.589, p<0.01) between the percent change

in SAA levels and State anxiety scores [26]. The required sample size was calculated with
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G*Power 3.1 for a univariate correlation. With an a of 0.05 and power of 0.95, the required

sample size for this study was 27.

Results

Patient Characteristics

Thirty-one patients were consented to take part in the study, and completed their 6-week
follow-up timepoint as scheduled (Table 1). All patients had their saliva samples collected across
all timepoints. However, some patients’ self-reported measures were not recorded across certain
timepoints. Only twenty-five of the 31 participants had their self-reported state anxiety recorded
from baseline to 6 weeks after surgery, as a result of coordination issues in filling the
questionnaires on the morning of surgery for six of the participants. Furthermore, only twenty-
nine of the 31 participants had their self-reported pain recorded at all time points starting from
baseline to 6 weeks after surgery. This was a result of missing values in the questionnaires, at
baseline and at their 6-week follow-up, for two participants.

Upon looking at the patient’s sociodemographic results as confounding factors in the
analysis of sAA activity, no associations were observed between preoperative sAA activity and
age (C195%:[-0.4221, 0.3027], r=-0.06878, p=0.7131, n=31) or weight (C195%:[-0.4788,
0.2367], r=-0.1391, p=0.4554, n=31). No differences were observed in sAA activity
preoperatively between female (n=24) and male (n=7) participants (CI195%:[-0.5012, 0.3153],
Mann-Whitney U=81, p=0.9081).

Perioperative Salivary Alpha Amylase (SAA)

The sAA enzymatic activity from thirty-one saliva samples were measured at all time
periods (Figure 1a). Significant change in SAA activity was observed across the perioperative
period (x%(4)=10.81, p=0.0288). The sAA activity levels did not vary from baseline (0.88+ 0.53
nKat/L) to morning of surgery (0.69 £ 0.45 nKat/L, p=0.8959), POD1 (0.89 £ 1.01 nKat/L,
p>0.9999), POD2 (1.40 £ 1.18 nKat/L, p>0.05) or 6 weeks after surgery (0.93 + 0.60 nKat/L,
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p>0.05). However, a significant increase in sAA activity was observed from the morning of

surgery to POD2 (p=0.0259).

Perioperative State Anxiety

State anxiety of twenty-five patients was measured at baseline (1 week before surgery),
on the morning of surgery as well as 6 weeks after surgery (Figure 1b). Significant differences in
state anxiety were observed across the perioperative period (F(2, 72)=22.52, p<0.0001). Patient’s
state anxiety was significantly decreased 6 weeks after their surgery (Mean: 28.92+ 3.99) in
comparison to the baseline values (35.56% 5.47, C195%:[2.922, 10.36], p=0.0002) and the
morning of surgery (39.20 £ 6.68, C195%:[6.562, 14.00], p<0.0001). No significant difference in
state anxiety was observed between baseline and the morning of the surgery (CI195%:[-7.358,

0.0777], p=0.0563).

Perioperative Pain

Patient self-reported pain was also monitored for twenty-nine participants throughout the
postoperative period (Figure 1c and 1d). Significant differences in worst pain levels were
observed throughout the perioperative period (y%%(3)=50.12, p<0.0001). Patients worst pain
reported increased significantly from baseline to POD1 (4.78 + 3.04 and 6.97 £ 2.20
respectively, p=0.0191). Patients’ worst pain experienced decreased 6 weeks after surgery (2.00
+ 1.85) in comparison to baseline (p=0.0015), POD1 (p<0.0001) and POD2 (6.17 + 2.02,
p<0.0001). Similarly, significant differences in average pain levels were observed throughout the
perioperative period (y*(3)=51.75, p<0.0001). A significant increase in average pain was
observed between baseline (2.95 £+ 2.14) and POD1 (4.50 £ 2.09, p=0.0362). Significant
decreases in average pain intensity were observed from baseline (p=0.0033), POD1 (p<0.0001)
and POD2 (4.14 £ 1.50, p<0.0001) to 6 weeks after surgery (0.93 £ 1.17).
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Association Between Perioperative sAA Activity and State Anxiety

No association was observed between baseline sAA activity levels and baseline state
anxiety (CI195%:[-0.6062, 0.1563], r=-0.2661, p=0.1985, n=25, Figure 2a). No association was
also observed between sAA activity levels and state anxiety on the morning of surgery (CI195%:[-
0.4123, 0.3987], r=-0.0081, p=0.9693, n=25, Figure 2b). Furthermore, no main effect of SAA
activity or interaction between sAA activity and time were observed as predictors in the variation

of patient state anxiety throughout the perioperative period (p=0.175, n=31).

Predictive Role of sSAA Activity on Postoperative Pain

No association was observed between preoperative sAA activity levels at baseline and
postoperative levels of worst pain on POD1 (CI195%:[-0.4697, 0.2477], r=-0.1277, p=0.4937,
n=31), POD2 (CI195%:[-0.2569, 0.4730], r=0.1249, p=0.5108, n=30), and 6 weeks (CI95%:[-
0.4013, 0.3377], =-0.0369, p=0.8467, n=30) after surgery (Figure 3a-c). No association was also
observed between preoperative SAA activity levels on the morning of surgery and postoperative
levels of worst pain on POD1 (CI95%:[-05569, 0.1335], r=-0.2421, p=0.1894, n=31), POD2
(CI195%:[-0.5594, 0.1438], r=-0.2389, p=0.2037, n=30), and 6 weeks (CI195%:[-0.5982,
0.08614], r=-0.2931, p=0.1159, n=30) after surgery (Figure 4a-c). No association was observed
between preoperative sAA activity levels at baseline and postoperative levels of average pain on
POD1 (CI195%:[-0.2563, 0.4648], r=0.1215, p=0.5151, n=31), POD2 (CI95%:[-0.2696, 0.4623],
r=0.1114, p=0.5577, n=30), and 6 weeks (C195%:[-0.3833, 0.3564], =-0.0156, p=0.9348, n=30)
after surgery (Figure 3d-f). No association was observed between preoperative SAA activity
levels on the morning of surgery and postoperative levels of average pain on POD1 (CI195%:[-
0.5541, 0.1160], r=-0.2485, p=0.1776, n=31), POD2 (CI95%:[-0.4595, 0.2522], r=-0.1189,
p=0.5314, n=30), and 6 weeks (C195%:[-0.4560, 0.2563], r=-0.1145, p=0.5468, n=30) after
surgery (Figure 4d-f). Furthermore, no main effect of sAA or interaction between sAA and time
were observed as predictors in the variation of patient’s self-reported pain throughout the

perioperative period (p=0.915, n=31).
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Effect of Medication Intake on Study Variables

Two out of the 31 patients received acetaminophen at least 2.5 hours prior to saliva
collection on PODI. Eight patients also received acetaminophen at least 2.5 hours prior to saliva
collection, and five patients received an increase in the rate of continuous infusion of naloxone at
least 1 hour prior to saliva collection on POD2. Acetaminophen has an approximate half-life of
2-2.5 hours in humans [27], and naloxone has an approximate half-life of 1 hour in humans [28,
29].

Naloxone was found to have a significant effect on sAA activity levels, where an increase
in enzyme function was observed in patients receiving an increase in the rate of continuous
infusion of the drug, compared to the ones that did not on POD2 (2.519 £+ 1.952 nKat/L, n=5
versus 1.185 £ 0.868 nKat/L, n=26 respectively (C195%:[-1.979, -0.0036], Mann-Whitney
U=28, p=0.0476)) (Figure 5). However, no differences in self-reported worst pain were observed
between the patients who received acetaminophen and those who did not receive acetaminophen,
at least 2.5 hours prior to self-reporting their pain scores, on POD1 (Mann-Whitney U=23.5,
p=0.6364) or POD2 (Mann-Whitney U=48.5, p=0.1175). Similarly, no differences in self-
reported average pain were observed between the patients who received acetaminophen and
those who did not receive acetaminophen, at least 2.5 hours prior to self-reporting their pain
scores, on POD1 (Mann-Whitney U=17, p=0.4323) or POD2 (Mann-Whitney U=41.5,
p=0.1121).

Discussion

The goal of this study was to identify sAA as a potential biomarker of anxiety in
adolescents undergoing a major orthopedic procedure, and to assess its relationship with
postoperative pain. However, no changes in sAA activity were denoted between baseline and the
morning of surgery, while sAA activity levels were greatly increased on POD2. Moreover, no
associations were observed between sAA levels and self-reported anxiety or pain throughout the
perioperative period. Interestingly, there was a significant increase in sAA activity between the

patients who received an increase in the rate of continuous intravenous infusion of naloxone
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compared to the patients who received no naloxone or had no changes in the rate of continuous
infusion of naloxone at least 1 hour prior to saliva collection on POD2.

Previous studies assessing the relationship between anxiety and sAA have demonstrated
an increase in this enzyme’s activity in the presence of a stressor, both physical and
psychological [30-32]. The number of studies that find significant increases in the enzyme’s
activity during a stressor, vastly outweigh the studies that indicate no significant changes in SAA
activity [33, 34], suggesting sAA is a highly sensitive parameter that is influenced by stress [20].
Still, the assessment of SAA as a marker of anxiety in a surgical setting, with pediatric patients, is
limited. In contrast to the previous literature, no significant changes in sAA activity were
observed in this study from baseline to the morning of surgery, in anticipation of the surgical
procedure. Therefore, the differences observed in the effect of stress on SAA activity may be a
result of the different types of stressor and the population being studied [20]. Findings from a
study conducted by Robles et al. (2012) highlighted a marked decrease in sAA levels during the
surgical visit, in an adult population undergoing dental surgery, in comparison to the
preoperative consultation and post-surgical visits, suggesting the patients’ adrenergic responses
may have peaked prior to arrival at the clinic. The anticipation of the surgery itself and the
energy expended to reach the clinic on time can activate the stress response, that diminishes upon
arrival to the surgical visit [35]. This may explain the lack of change observed in sAA activity
from baseline to the morning of the surgery in our study, where patients have the initial anxiety
towards the surgical procedure, that diminishes as patients arrive to the clinic and get
accustomed to the new environment. Therefore, SAA may be too sensitive and influenced by
external factors, that cannot be controlled for in adolescents undergoing a major orthopedic
procedure, to identify changes in its activity in anticipation of a surgery, in this study.

No associations were also observed between sAA activity levels and self-reported anxiety or
pain throughout the perioperative period. However, it must be mentioned that the clinical use of
these subjective scores does not hinge on the accuracy of the objective measures of a child’s
physiological response. Rather, the subjective scores are a tool on its own that may be
complemented by an objective measure [36]. Furthermore, the sensitivity of response systems to
a certain anxiety inducing stimuli may vary from individual to individual [37]; thus, this may
explain the lack of a direct correlation between the sAA activity levels and self-reported anxiety

in this study. Although the STAI-c is widely utilized in a multitude of studies, certain drawbacks
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to the questionnaire are still present. One study highlighted the fact that children aged 5-18 years
had difficulty understanding and completing the STAI-c, with only 60% of children having
completed the entirety of the questionnaire in a sample size of five-hundred and seventy-two
children [38]. Therefore, it is possible that the self-reported anxiety scores of certain individuals,
used in this study, may not be the best representation of their actual anxiety levels when trying to
associate these subjective scores with an objective physiological marker of anxiety.

However, a significant increase in sAA activity was noted on POD2, but no significant
increase in sAA activity was observed on POD1 or 6 weeks after surgery. Morphine is used as an
opioid analgesic in the postoperative periods following major surgery through PCA, and opioids
are also a drug class commonly associated with causing dry mouth [39]. Therefore, with limited
saliva production, the activity of SAA during sample collection, in the acute postoperative
periods, may be abnormally declined. Thus, the administration of morphine in the postoperative
periods can explain why no differences in preoperative sAA activity levels and sAA activity
levels on POD1 are observed. Interestingly, naloxone was shown to have an effect on sAA
activity on POD2, with a significant increase in sAA activity noted in the patients who had an
increase in their rate of continuous intravenous infusion of naloxone within 1 hour prior to saliva
collection. Naloxone is an opioid receptor antagonist used to reverse the effects of opioids, and
has been shown to be effective in reducing opioid-induced pruritis [40, 41]. Naloxone has also
been shown to increase sympathetic activity in multiple animal models [42, 43]. However, only 5
of 31 patients received an increase in the rate of continuous intravenous infusion of naloxone,
due to opioid-induced pruritus, 1 hour prior to saliva collection on POD2, and no patients
received naloxone or had a change in their rate of continuous infusion of naloxone 1 hour prior
to saliva collection on POD1. Although this result may be due to the individual variability in
sAA activity within a small sample size, this finding suggests that naloxone administration might
also be responsible for the significant increase of SAA activity on POD2. Furthermore, the 5
patients who received an increased rate of continuous infusion of naloxone on POD2 had higher
SAA activity than the median sAA activity on POD2. Therefore, in future studies, it would be
interesting to look at the direct correlations that may exist between sAA activity and the
administration of naloxone to patients, and further assessments should be made between the
naloxone-sympathetic nervous system-sAA activity relationship. These results also highlight

some of the difficulties that arise when identifying any salivary biomarkers in a post-surgical
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setting. The effects of different drugs after surgery, on the physiological response, is difficult to
account for, and the extent to which it may affect certain individuals is yet to be explored and
quantified.

Certain limiting factors in this study have to addressed. First, there is an approximate 3:1
sex ratio of our recruited participants, with 24 female and 7 male patients, as AIS is predominant
in females [44]. This would limit the external validity of our findings to the general pediatric
population, especially when taking into consideration the conflicting evidence on the sex
differences in basal sAA levels [45, 46]. This study also does not have a control group to
compare the sAA activity to the group undergoing surgery. Although the sample collection one
week before surgery is meant to be the basal level of sAA activity, it is possible that the
anticipation of the upcoming surgery, and the fact that the saliva collection is conducted in a
clinical setting, may affect the sAA activity of these individuals even one week before surgery.
Therefore, the addition of a control group in similar future studies, assessing SAA activity
perioperatively, would allow for better understanding of a patient’s stress response before a

major surgery.

Conclusion

This study demonstrated that salivary alpha amylase is not a viable proxy of perioperative
anxiety. Further investigation should be conducted to find means of evaluating stress and anxiety
in children vulnerable to poor postoperative outcomes after major surgery. After surgery,
naloxone administration may have an effect on the increase in patients’ sAA activity, through the
mediation of the sympathetic nervous system (SNS). Assessing such relationship would help
clarify the viability of assessing SAA as a perioperative salivary biomarker in patients

undergoing major orthopedic surgery.
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Table 1. Patient Characteristics

Sociodemographic n=31
Age, years (SD) 15.54 (£1.82)
Sex, female/male 24/7
Clinical Presurgical Indicators

Worst Pain 0-10, Mean (SD) 4.78 (£2.99)
Average Pain 0-10, Mean (SD) 2.95 (£2.14)

Anxiety State, score (SD)
SAA Activity, nKat/L (Range)

35.62 (£6.35)
0.88 (0.30-2.91)

SD: Standard Deviation.
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Figure 1. Salivary Alpha Amylase Activity, State Anxiety, Worst Pain and Average Pain
Intensity throughout the perioperative period. A) A significant increase in SAA activity is
observed from Sx day to POD2 (p = 0.0259) (n=31). B) A significant decrease in state anxiety is
observed at 6 weeks after surgery, compared to values at Baseline (p = 0.0002) and Sx day
(p<0.0001) (n=25). C) Worst Pain increased significantly from Baseline to POD1 ( p =0.0191),
before decreasing during the 6 weeks after surgery. A significant decrease in worst pain is
observed from Baseline (p = 0.0015), POD1 (p<0.0001) , and POD2 (p <0.0001) to 6 weeks
after surgery. (n=29) D) Average Pain increased significantly from Baseline to POD1 (p=0.0362)
before deceasing during the 6 weeks after surgery. Average Pain decreases significantly from
Baseline (p=0.0033) , POD1 (p <0.0001) , and POD2 (p <0.0001) to 6 weeks after surgery.
(n=29) (Data expressed as Mean *+ SD. *= p<0.05, **= p<0.01, ***= p<0.001, ****= p<0.0001).
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Baseline = 1 week before surgery; Sx day = morning of surgery; POD1 = postoperative day 1 (24
hours after surgery); POD2 = (48 hours after surgery); 6 wks after sx = 6 weeks after surgery.
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Figure 2. Associations between sAA activity and State Anxiety at baseline and on the
morning of surgery. A) No significant correlation is observed between sAA activity and State
anxiety at baseline (r=-0.2661, p=0.1985) (n=25). B) No significant correlation is observed
between sAA activity and State anxiety on the morning of surgery (r=-0.0081, p=0.9693) (n=25).

Baseline = 1 week before surgery.
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Figure 3. Associations between baseline sAA activity and postoperative worst and average
pain intensity. A) No significant correlation is observed between baseline sAA activity and
worst pain on POD1 (r=-0.1277, p=0.4937) (n=31). B) No significant correlation is observed
between baseline sAA activity and worst pain on POD2 (r=0.1249, p=0.5108) (n=30). C) No
significant correlation is observed between baseline sAA activity and worst pain 6 weeks after
surgery (r=-0.0369, p=0.8467) (n=30). D) No significant correlation is observed between
baseline sAA activity and average pain on POD1 (r=0.1215, p=0.5151) (n=31). E) No significant
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correlation is observed between baseline sAA activity and average pain on POD2 (r=0.1114,
p=0.5577) (n=30). F) No significant correlation is observed between baseline sAA activity and
average pain 6 weeks after surgery (1=0.0156, p=0.9348) (n=30). Baseline = 1 week before

surgery; PODI1 = postoperative day 1 (24 hours after surgery); POD2 = (48 hours after surgery).
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Figure 4. Associations between sAA activity on the morning of surgery and postoperative

worst and average pain intensity. A) No significant correlation is observed between sAA
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activity on the morning of surgery and worst pain on POD1 (r=-0.2421, p=0.1894) (n=31). B) No
significant correlation is observed between sAA activity on the morning of surgery and worst
pain on POD2 (r=-0.2389, p=0.2037) (n=30). C) No significant correlation is observed between
sAA activity on the morning of surgery and worst pain 6 weeks after surgery (r=-0.2931,
p=0.1159) (n=30). D) No significant correlation is observed between sAA activity on the
morning of surgery and average pain on POD1 (r=-0.2485, p=0.1776) (n=31). E) No significant
correlation is observed between SAA activity on the morning of surgery and average pain on
POD2 (r=-0.1189, p=0.5314) (n=30). F) No significant correlation is observed between sAA
activity on the morning of surgery and average pain 6 weeks after surgery (r=-0.1145, p=0.5468)
(n=30). POD1 = postoperative day 1 (24 hours after surgery); POD2 = postoperative day 2 (48

hours after surgery).
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Figure 5. Differences in SAA activity between patients that received an increase in the rate
of continuous naloxone infusion, or did not receive naloxone or any changes in the rate of
continuous naloxone infusion before saliva collection on POD2. The sAA activity level is
significantly increased in patients who received an increase in the rate of continuous naloxone
infusion prior to the saliva collection (n=5), in comparison to those who did not receive naloxone
or received no changes in the rate of continuous naloxone infusion (n=26, p=0.0476). (Data

expressed as Mean + SD. *= p<0.05). POD2 = postoperative day 2 (48 hours after surgery).
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Trajectory Analysis of Perioperative Biomarker Levels and Self-Reported Pain Scores

sAA activity levels were not associated either with self-reported preoperative anxiety
scores, or self-reported postoperative pain scores in a pediatric cohort undergoing orthopedic
surgery. Thus, sAA activity level is not a viable proxy of preoperative anxiety, or a predictor of
postoperative pain intensity, in AIS patients undergoing orthopedic surgery. However,
identifying associations between physiological markers and self-reported pain through
correlation analyses may not be an accurate representation of the relationship between these
markers and self-reported pain across the perioperative period. Future work in the identification
of a biomarker of perioperative pain may need to focus on the differences observed between
individuals of a cohort in their respective postoperative pain experiences, since the pain response
after surgery can differ between groups of patients of the same cohort. This was highlighted in a
recent study that identified 4 subgroups of patients, in a pediatric cohort undergoing orthopedic
surgery, based off their acute postoperative pain intensity trajectories, where individuals
belonging to the different subgroups had varying long-term postoperative outcomes in regards to
their pain and medication use [22]. Therefore, analyzing the differences in the perioperative
modulation of physiological markers of pain, in relation to the perioperative modulation of self-
reported pain intensity, may reveal the associations between the markers and the postoperative
pain experience between individuals in the same cohort, effectively. In the future, having the
information on the differential modulation of multiple physiological markers of pain for an
individual may eventually be integrated in personalized postoperative pain management for these
patients, based on which pain mechanisms are stimulated or inhibited, and are influencing their
acute postoperative pain experience.

In the following sub-project, a different statistical analysis approach was used in
comparison to the first two sub-projects, where the perioperative modulation of the plasma
monoamine neurotransmitters EPI, NE, DA, and 5-HT, and the respective metabolites of EPI and
NE: ME and NME, were analyzed using trajectory analysis, in conjunction with the
perioperative trajectory analysis of patients’ self-reported pain scores. Finally, multiple
correspondence analysis was used to identify the relationship between the perioperative
modulation of monoamines and self-reported pain by assessing the differences in the
monoamines’ and pain trajectory memberships between sub-groups of AIS patients scheduled to

undergo orthopedic surgery.
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Abstract

Introduction/Aim: The descending monoaminergic pathway is involved in regulating the
endogenous pain system. Understanding how plasma levels of monoamines change across the
perioperative period in pediatric patients undergoing surgery can provide insight into the
mechanisms underlying post-surgical pain, allowing for better targeted pharmacological
treatment to be provided to patients. This study aimed to analyze the perioperative modulation of
plasma monoamines in a pediatric cohort undergoing surgery, and to assess the modulation of

plasma monoamines as a marker of patients’ postoperative pain experiences.

Materials and Methods: One hundred and two patients scheduled to undergo corrective surgery
for adolescent idiopathic scoliosis were enrolled in the study. Blood samples and self-reported
pain scores of patients scheduled for surgery were collected one week before surgery (baseline),
and 24, 48 hours and 6 weeks after surgery. Liquid chromatography-tandem mass spectrometry
was used to analyze the plasma concentrations of four monoamines and metabolites (dopamine:
DA, epinephrine: EPI, norepinephrine: NE, metanephrine: ME, normetanephrine: NME, and
serotonin: 5-HT). Growth mixture modelling was performed to identify perioperative
monoamine and pain trajectories, and multiple correspondence analysis to identify groups of

patients displaying similar perioperative monoamine and pain trajectories.

Results: Three perioperative trajectories for plasma EPI were identified, with one trajectory
reporting decreasing plasma levels (226.50£60.93 pg/ml to 22.184+37.24 pg/ml), the second
trajectory reporting stable plasma levels (range: 162.38+£95.00 pg/ml — 194.56+54.64 pg/ml), and
the third trajectory reporting increasing plasma levels (191.50£15.15 pg/ml to 488.31+166.66
pg/ml). Three perioperative trajectories for plasma NE were identified, with the first trajectory
reporting stable plasma concentrations (range: 347.29£166.58 pg/ml — 584.40£186.13 pg/ml),
the second trajectory reporting an increase in plasma concentrations starting from POD2
(436.67+227.88 pg/ml) to 6 weeks after surgery (1037.42+169.17 pg/ml ), and the third
trajectory reporting increasing plasma concentrations across the perioperative period starting
from baseline (535.06£245.58 pg/ml) to POD1 (1117.84£202.79 pg/ml). Three perioperative

trajectories for plasma ME were identified, with one trajectory reporting increasing plasma
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concentrations in the acute postoperative period (49.13£14.49 pg/ml to 133.80+£51.53 pg/ml), the
second trajectory reporting stable plasma concentrations (range: 49.00£27.55 pg/ml —
57.96+28.88 pg/ml), and the third trajectory also reporting increasing plasma concentrations in
the acute postoperative period (73.34123.05 pg/ml to 220.10+£34.81 pg/ml). Three perioperative
trajectories for plasma NME were identified, with one trajectory reporting stable plasma
concentrations (range: 82.82+69.38 pg/ml — 153.91£120.67 pg/ml), the second trajectory
reporting increasing plasma concentrations (128.03+49.22 pg/ml to 745.83+353.22 pg/ml), and
the third trajectory also reporting increasing plasma concentrations (172.17+61.57 pg/ml to
1240.25427.57 pg/ml). Two perioperative trajectories for plasma DA were identified, with one
trajectory reporting stable plasma concentrations (range: 35.80+£18.73 pg/ml — 65.20+£54.88
pg/ml), and the second trajectory reporting an increase in plasma concentrations (46.49+12.23
pg/ml to 334.09£177.46 pg/ml). Two perioperative trajectories for plasma 5-HT were identified,
with one trajectory reporting stable plasma concentrations (range: 43.384+32.59 pg/ml —
162.78+131.86 pg/ml), and the second trajectory reporting an increase in plasma concentrations
(376.761£214.99 pg/ml to 626.41+£184.30 pg/ml). Based on perioperative monoamines trajectory
membership, two groups of patients were identified in this cohort, with one group mainly
consisting of patients reporting increasing plasma levels of EPI, NE, ME, NME, and DA
postoperatively, decreasing plasma levels of EPI postoperatively, and stable plasma levels of 5-
HT. The second group mainly consisted of patients reporting stable plasma levels of EPI, NE,
ME, NME, and DA, and increasing plasma levels of 5-HT postoperatively. No difference in pain

trajectory membership or postoperative pain intensity was identified between the two groups.

Discussion: This study identified two groups of pediatric surgical patients, with increasing or
stable plasma monoamine levels, perioperatively. The modulation of plasma monoamine levels
between the two groups is not associated to postoperative pain intensity, and may be associated

to minimal or increased sympathetic nervous system activity in response to the surgical insult.
Keywords

Monoamines; Adolescent idiopathic scoliosis; Orthopedic surgery; Perioperative pain; Trajectory

analysis
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Introduction

The descending biphasic modulatory systems involved in the sensory transmission of pain
from the brain have been identified as being both facilitatory and inhibitory [1]. Among the brain
regions involved in this descending modulation, the brainstem rostroventral medial medulla
(RVM) is one of the key relay in the bulbo-spinal inhibitory and facilitatory circuit [1].
Importantly, the balance between inhibition and facilitation is dynamic and critical in the transition
from acute to chronic pain which favors descending facilitation, and can therefore affect the
therapeutic efficacy of analgesics [2]. The monoaminergic pathways are the main endogenous
transmitter systems involved in descending pain controls [3-7]. Monoamine neurotransmitters
include serotonin (5-hydroxtryptamine or 5-HT), dopamine (DA), epinephrine (EPI), and
norepinephrine (NE) as well as their respective metabolites metanephrine (ME) and
normetanephrine (NME). Through their binding to different G protein-coupled receptor subtypes,
they play a key role in pain modulation by regulating the release of other neuromodulators from
nociceptive afferents, such as glutamate and substance P, and by controlling the level of
excitability of dorsal horn neurons [3, 8]. Although NE has been largely identified as having anti-
nociceptive properties through its binding to alpha-2 adrenergic receptors at the level of the spinal
dorsal horn, 5-HT and DA can exert both anti- and pro-nociceptive effects through interaction with
serotonin and dopamine receptor subtypes [3].

The regulation of monoamines, mainly NE and EPI, has previously been assessed in adults
undergoing various surgeries [9-14]. These studies found that monoamine levels significantly
increased immediately after surgery and returned to preoperative levels 24 hours up to 5 days after
surgery [10-12, 14]. Most of these studies have analyzed the modulation of monoamines, in the
perioperative period, in relation to surgical stress and sympathetic activity [10, 11, 14]. Similarly,
in neonates, perioperative plasma NE and EPI levels were shown to be significantly correlated to
the degree of surgical stress experienced [15]. However, there is little information regarding the
modulation of monoamines throughout the perioperative period of pediatric patients, and their
relation to pain. Our group previously demonstrated that preoperative plasma NE and NME are
potential predictors of postoperative pain intensity in pediatric patients undergoing spine surgery
[16]. Given the relevance of monoamine neurotransmitters in the descending modulation of pain,

we hypothesized that the analysis of the perioperative trajectories of plasma monoamines, and their
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respective metabolites, will reveal trajectories indicating an increase in plasma monoamine levels
in the acute postoperative period, and similarly, analyzing the perioperative trajectories of self-
reported pain intensity will also reveal trajectories indicating an increase in pain intensity in the
acute postoperative period. Furthermore, it was hypothesized that the patients with the trajectories
highlighting a greater increase in the plasma monoamines’ levels in the acute postoperative period
would belong to the perioperative pain trajectories indicating greater levels of self-reported pain
intensity in the acute postoperative periods, as well.

The main objective of this study was to observe the systemic modulation of perioperative
monoamines in pediatric patients undergoing surgery and to assess the perioperative modulation
of plasma monoamine levels as a marker of the patient’s postoperative pain experience. To this
aim, we studied the patients’ perioperative plasma monoamine trajectories in relation to their
perioperative self-reported pain score trajectories, and morphine intake in the acute postoperative

period.

Methods

This study was conducted at the Shriners Hospitals for Children-Canada. Ethics approval
was obtained prior to the beginning of the study from the Research Ethics Board of McGill
University (A05-M57-11B and A08-M71-14B). Patients with Adolescent Idiopathic Scoliosis
(AIS) aged between 12 and 18 years old and scheduled to undergo spinal fusion surgery were
recruited from the outpatient clinic. Exclusion criteria included diagnosis of a cognitive and/or
developmental disability that would interfere with completing clinical outcome measures, and
major chronic medical conditions (ASA physical status III or higher before surgery). Written

informed consents were obtained prior to the beginning of the study.

Sample Collection and LC-MS/MS Parameters (Multiple Reaction Monitoring)

To limit the effect of time, all samples were collected between 7:00-10:00 a.m. Five ml of

blood were collected in EDTA-coated collection tube one week before surgery (baseline), in the

acute postoperative period (POD1: 24 hours after surgery and POD2: 48 hours after surgery), and
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at the first postsurgical follow-up visit at the hospital (6 weeks after surgery). After each collection,
samples were centrifuged at 1200 g for 10 minutes and stored at -80°C pending biochemical
analysis.

Samples were prepared and analyzed as previously described [16], and unless indicated
otherwise, all manipulations were performed at room temperature. Briefly, 400 pl of plasma was
first acidified, precipitated by the addition of 3 volumes of acetonitrile-containing internal
standards, and then evaporated. 800 pl of derivation solution (0.37 M acetate buffer, 2.23 g/L
cyanoborohydride and 1.42% acetaldehyde) was added and the samples were incubated for 1h at
37°C. The reaction was quenched by the addition of ammonium acetate (50 mM, pH 7.0). Samples
were then purified by weak cation exchange (WCX) solid phase extraction (SPE) and dried down.
Catecholamines were reconstituted with 0.2% formic acid-containing water before being
processed by liquid chromatography coupled with tandem mass spectrometry using a TripleTOF
5600 mass spectrometer (AB Sciex, Foster City, CA, USA), equipped with a DuoSpray source
(AB Sciex). Samples were introduced to the electrospray ionization source in a 50 pm electrospray
ionization probe (Eksigent, Concord, On, CA), using a microLC200 system (Eksigent) equipped
with a 150mmx150mm Synergi-Fusion-RPC18 4pum column (Phenomenex). Acquisition was
performed with a ABSciex equipped with electrospray interface with a 25 um iD capillary and
coupled to an Eksigent WtUHPLC (Eksigent, Redwood City, CA, USA). Analyst TF 1.6 software
was used to control the instrument and for data processing and acquisition. The source voltage was
set to 5.2 kV and maintained at 400°C; curtain gas was set at 27 psi; gas one at 12 psi and gas two
at 10 psi. Separation was performed on a reversed phase HALO PFP column 0.3 pm i.d., 2.7 um
particles, 50mm long (Advance Materials Technology, Wilmington, DE) which was maintained at
40°C. Samples were injected by loop overfilling into a 5 pL. loop. For the 2.5 min LC gradient, the
mobile phase consisted of the following solvent A (0.2% v/v formic acid and 10mM ammonium
formate in water) and solvent B (0.2% v/v formic acid in acetonitrile) at a flow rate of 30 pL/min.
The gradient steps consisted of the following: hold 3% B from 0 to 0.2min, from 3% to 50% B
from 0.2 to 1.85 min, from 50% to 100% B from 1.85 to 1.9 min, hold 100% B from 1.9 to 2.3
min, from 100% to 3% B from 2.3 to 2.35 min, hold 3% B from 2.35 to 2.5 min, followed by a 0.4
min post-flush at 30ul/min at final condition. Monoamine quantification was performed with
MultiQuant software version 2.0 (AB Sciex) using the area under the curve. Analyses were

performed by PhenoSwitch Bioscience (Sherbrooke, QC, CA).
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Pain Intensity Measurements

For all time points throughout the study (baseline, POD1, POD2 and 6 weeks after surgery),
the patient’s current pain intensity was rated by using a numerical rating score (NRS) after being
asked the following question: “How would you rate your level of pain on a scale from 0 to 10,
with 0 being no pain at all and 10 being the worst pain imaginable?”. A self-reported pain score
between 1-3 represented mild pain, between 4-6 represented moderate pain, and a pain score

between 7-10 represented severe pain [17].

Perioperative Care

The institutional perioperative anesthesia, surgical and spinal cord monitoring protocols
were followed for the perioperative care of all patients undergoing corrective surgery for scoliosis.
The standards of care remained unchanged for all patients. All patients received total intravenous
anesthesia with propofol and remifentanil, ketamine and dexamethasone. Following their
induction, all patients received a single dose injection of spinal morphine (5 mecg/kg). Upon arrival
to the post-anesthetic care unit, pain management was standardized and included patient-controlled
analgesia (PCA) morphine and ketamine (bolus 1mg:1mg) with a starting bolus dose of 20 pg/kg,
lockout 6 minutes and a 4 hours maximal dose up to 0.4 mg/kg, as well as acetaminophen and non-
steroidal anti-inflammatory drugs. Patients also received subsequent dose adjustments to the PCA
when necessary. PCA data were recorded in the patients’ electronic medical charts and cumulative

morphine intake was calculated per postoperative periods.

Statistical Analysis

All analyses were performed using SPSS software version 22 (IBM Corporation, Armonk,
NY), SAS® version 9.3 (SAS Institute Inc, Cary, NC), GraphPad Prism 6.0 (GraphPad Software,
La Jolla, CA) or R version 3.2.1. Growth mixture modelling was used to perform trajectory
analysis for perioperative levels of monoamines and pain intensity, as detailed in previous

literature [18]. Patient’s average plasma levels of monoamines and pain intensity at baseline,
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POD1, POD2 and 6 weeks after surgery were used as the basis for this analysis. The heterogeneous
linear mixed effects function of the latent class mixed model package in R version 3.2.1 was
utilized to test five linear and five linear+quadratic trajectory models for the perioperative plasma
monoamines’ levels and perioperative pain intensity. Low values for Akaike Information Criterion
(AIC) and Bayesian Information Criterion (BIC), indicating a better fitting model, a minimum
trajectory class size of 5% of the total sample size of the study cohort, and parsimony [18-20] were
utilised to select the best trajectory model. The FactoMineR package in the R studio software was
used to identify clusters of patients displaying similar trajectories through an unsupervised
hierarchical clustering method [21]. Multiple correspondence analysis (MCA) was first conducted
to identify relationships between the patient trajectory memberships for each of the monoamines
and pain intensity in order to condense the information into principal components (PC). PCs with
eigenvalues >0.2 were retained to explain the greatest amount of variation in our data, and variable
loading >0.3 was considered significant, on each component [22]. The best grouping of clusters
was based on the highest relative loss of inertia and parsimony [22]. Chi-squared tests were used
to identify differences in patient trajectory memberships for each monoamine analyzed and pain
intensity, between clusters. T-tests were used to identify differences in self-reported pain scores
and morphine intake on PODI1, POD2, and 6 weeks after surgery between patient cluster

memberships. Results are presented as mean + standard deviation (SD) unless otherwise stated.

Results

A total of 102 pediatric patients scheduled for spinal fusion surgery were recruited. Sixteen
patients were removed from the plasma monoamine trajectory analysis: two patients were lost to
follow-up, and fourteen patients were removed because their analytes could not be measured at
any time points due to the absence of integrated peaks in the LC-MS/MS readings. Three patients
were removed from the pain trajectory analysis: two patients were lost to follow-up, and one
patient had most clinical variables missing. An additional time point (POD1) was added after the
start of the study; therefore, blood sample collection on that day was done for 80 patients only.
Patient characteristics, clinical and post-surgical variables are described in Table 1. In this study,

the length of surgery, on average, was of 4.44+1.29 hours and blood loss was of 807.7+464.2 ml.
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On average, the number of vertebrae fused per surgery was 10.77+2.56, and the length of stay in
the hospital was 6.68+1.42 days.

Monoamine Trajectories Across the Perioperative Period

The perioperative trajectories of the six monoamines analyzed for 86 patients are presented
in Figure 1. The goodness of fit indices of the ten trajectory models tested for each monoamine,
the description of the final trajectory models for each monoamine, and the predicted and raw
plasma monoamine concentrations according to the selected trajectory model can be found in
Table 2, Table 3, and Table 4, respectively. The simplest model with the best fit for EPI levels
across the perioperative period (AIC=3350.52; BIC=3379.97) contained 3 trajectories (Figure 1a).
Trajectory 1 (n=20) for EPI levels was characterized with decreasing plasma concentrations across
the perioperative period, with a mean plasma EPI concentration of 226.50+£60.93 pg/ml at baseline,
and a mean plasma EPI concentration of 22.18+37.24 pg/ml 6 weeks after surgery. Trajectory 2
(n=60) for EPI levels was characterized with stable plasma concentrations across the perioperative
period (range of mean plasma EPI levels: 162.38+95.00 pg/ml — 194.56+£54.64 pg/ml). Trajectory
3 (n=6) for EPI levels was characterized with increasing plasma concentrations across the
perioperative period, with a mean plasma EPI concentration of 191.50£15.15 pg/ml at baseline,
and a mean plasma EPI concentration of 488.31£166.66 pg/ml 6 weeks after surgery. Through
trajectory analysis, three groups of patients were identified in this cohort based on their differing
perioperative modulations of plasma EPI levels, with 70% of patients reporting stable plasma EPI
levels across the perioperative period, and 30% of patients reporting changes (increase or decrease)
in the modulation of plasma EPI levels perioperatively. The simplest model with the best fit for
NE levels across the perioperative period (AIC=4138.2; BIC=4167.66) had 3 trajectories (Figure
1b). Trajectory 1 (n=50) for NE levels was characterized with stable plasma concentrations across
the perioperative period (range of mean plasma NE levels: 347.29+166.58 pg/ml — 584.40+186.13
pg/ml). Trajectory 2 (n=16) for NE levels was characterized with a visibly large increase in plasma
concentrations starting from POD2 to 6 weeks after surgery, with a mean plasma NE concentration
0f436.67+227.88 pg/ml on POD2, and a mean plasma NE concentration of 1037.42+169.17 pg/ml
6 weeks after surgery. Trajectory 3 (n=20) for NE levels was characterized with increasing plasma

concentrations across the perioperative period, starting in the acute postoperative period from
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baseline to POD1, with a mean plasma NE concentration of 535.06+245.58 pg/ml at baseline, and
a mean plasma NE concentration of 1117.84+£202.79 pg/ml on POD1. Therefore, three groups of
patients were again identified in this cohort based on their differing perioperative modulations of
plasma NE levels, with 42% of patients reporting an increase in plasma NE levels at some point
postoperatively, and 58% of patients reporting stable plasma NE levels across the perioperative
period.

The simplest model with the best fit for ME levels across the perioperative period
(AIC=3110.54; BIC=3139.99) contained 3 trajectories (Figure 1c). Trajectory 2 (n=45) for ME
levels was characterized as having stable plasma concentrations from baseline to 6 weeks after
surgery (range of mean plasma ME levels: 49.00£27.55 pg/ml — 57.96128.88 pg/ml). Trajectory 1
(n=18) and Trajectory 3 (n=23) for ME levels were characterized by increasing plasma
concentrations in the acute postoperative period, with the greatest rate of increase in plasma ME
concentrations belonging to Trajectory 3. Trajectory 1 contained patients with a mean plasma ME
concentration of 49.13+14.49 pg/ml at baseline, and a mean plasma ME concentration of
133.80£51.53 pg/ml on POD2. Trajectory 3 contained patients with a mean plasma ME
concentration of 73.34+£23.05 pg/ml at baseline, and a mean plasma ME concentration of
220.10434.81 pg/ml on POD2. Through trajectory analysis, three groups of patients were
identified based on their differing perioperative modulations of plasma ME levels, with 48% of
patients reporting an increase in ME levels in the postoperative periods, and 52% of patients
reported stable plasma ME levels postoperatively. The simplest model with the best fit for NME
levels across the perioperative period (AIC=4275.25; BIC=4304.71) had 3 trajectories (Figure 1d).
Trajectory 1 (n=42) for NME levels was characterized as having stable plasma concentrations from
baseline to 6 weeks after surgery (range of mean plasma NME levels: 82.82+69.38 pg/ml —
153.91£120.67 pg/ml). Trajectory 2 (n=35) and Trajectory 3 (n=9) for NME levels were
characterized by increasing plasma concentrations across the perioperative period, with the
greatest rate of increase in plasma NME concentrations belonging to Trajectory 3. Trajectory 2
contained patients with a mean plasma NME concentration of 128.03+49.22 pg/ml at baseline, and
a mean plasma NME concentration of 745.83+353.22 pg/ml 6 weeks after surgery. Trajectory 3
contained patients with a mean plasma NME concentration of 172.17£61.57 pg/ml at baseline, and

a mean plasma NME concentration of 1240.25+27.57 pg/ml 6 weeks after surgery. Three groups
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of patients were identified in this cohort based on their differing perioperative modulations of
plasma NME levels, with 51% of patients reporting an increase in NME levels in the acute
postoperative period, and 49% of patients reported stable perioperative plasma NME levels.

The simplest model with the best fit for DA levels across the perioperative period
(AIC=3505.44; BIC=3520.16) had 2 trajectories (Figure le). Trajectory 2 (n=27) for DA levels
was characterized with an increase in plasma concentration in the acute postoperative period, up
to 6 weeks after surgery, with a mean plasma DA concentration of 46.49+12.23 pg/ml at baseline,
and a mean plasma DA concentration of 334.09+£177.46 pg/ml 6 weeks after surgery. Trajectory 1
(n=59) for DA levels was characterized with stable plasma concentration across the perioperative
period (range of mean plasma DA levels: 35.80+£18.73 pg/ml — 65.20+54.88 pg/ml). In this case,
two groups of patients were identified based on their differing perioperative modulation of plasma
DA levels, with 31% of patients reporting an increase in DA levels in the acute postoperative
period, and 69% of patients reported stable perioperative plasma DA levels.

The simplest model with the best fit for 5-HT levels across the perioperative period
(AIC=3929.48; BIC=3944.21) contained 2 trajectories (Figure 1f). 5-HT Trajectory 2 (n=17) was
characterized by increasing plasma concentrations from baseline to 6 weeks after surgery, with a
mean plasma 5-HT concentration of 376.76£214.99 pg/ml at baseline, and a mean plasma 5-HT
concentration of 626.41+£184.30 pg/ml 6 weeks after surgery. 5-HT Trajectory 1 (n=69) was
characterized by stable plasma 5-HT concentrations from baseline to 6 weeks after surgery (range
of mean plasma 5-HT levels: 43.38+32.59 pg/ml — 162.78+£131.86 pg/ml). Two groups of patients
were again identified based on their differing perioperative modulation of plasma 5-HT levels,
with 20% of patients reporting an increase in 5-HT levels in the acute postoperative period, and

80% of patients reported stable perioperative plasma 5-HT levels.

Pain Trajectories Across the Perioperative Period

The perioperative trajectories of self-reported pain intensity for 99 patients are presented
in Figure 2. The quality of fit indices of the ten pain trajectory models tested can be found in
Table 5. The description of the final pain trajectory model, and the predicted and raw perioperative
pain intensity values according to the selected trajectory model can be found in Table 6. The

simplest model with the best fit for pain intensity across the perioperative period (AIC=1380.68;
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BIC=1422.20) contained 4 trajectories. Patients in Pain Trajectory 1 (n=35) reported mild pain
consistently, from before surgery to 6 weeks after surgery. Patients in Pain Trajectory 2 (n=35)
reported moderate pain before surgery and in the acute postoperative period before declining to
mild pain 6 weeks after surgery. Patients in Pain Trajectory 3 (n=22) reported mild pain before
surgery, which increased to moderate pain during the acute postoperative period, before declining
to mild pain 6 weeks after the surgery. Patients in Pain Trajectory 4 (n=7) reported moderate pain
before surgery, and severe pain in the acute postoperative period before declining to mild pain 6

weeks after surgery.

Multiple Correspondence Analysis of Monoamines and Pain Trajectory Membership

Multiple correspondence analysis on our data derived 2 principal components accounting
for 35.85% of the total variation in data. Principal component 1 was summarized as representing
the dimension of constant perioperative plasma EPI levels (EPI Trajectory 2), ME levels (ME
Trajectory 2), NME levels (NME Trajectory 1), DA levels (DA Trajectory 1) and 5-HT levels (5-
HT Trajectory 1), as well as increasing plasma ME levels (ME Trajectory 3), NME levels (NME
Trajectory 2), DA levels (DA Trajectory 2) and 5-HT levels (5-HT Trajectory 2) from baseline to
PODI1, POD2 and 6 weeks after surgery. Principal component 2 was summarized as representing
the dimension of an increase in plasma NE levels (NE Trajectory 3) across the perioperative period,

starting at baseline.

Cluster Analysis of Monoamines and Pain Trajectory Membership

Based on the highest relative loss of inertia and parsimony, 2 clusters accounting for 27%
of the total variation best represented the data (n=85). Results from Chi-squared tests revealed
significant differences in patient trajectory memberships for all six monoamines between clusters
(Table 7). Cluster 1 (n=38) displayed a greater distribution of patients with stable perioperative
plasma levels of EPI (y>=28.64, p<0.001), NE (y>=21.42, p<0.001), ME (y*=48.74, p<0.001),
NME (%?=47.19, p<0.001), and DA (%>=29.40, p<0.001), in comparison to cluster 2 (n=47). On
the other hand, cluster 2 displayed a greater distribution of patients with both increasing and

decreasing plasma levels of EPI across the perioperative period, patients with an increase of plasma
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NE levels in the acute postoperative period, patients with increasing plasma levels of ME across
the perioperative period, patients with increasing plasma NME levels across the perioperative
period, and patients with increasing plasma levels of DA perioperatively.

However, in the case of 5-HT, cluster 1 showed a greater distribution of patients with
increasing perioperative plasma levels, whereas cluster 2 displayed a greater distribution of
patients with stable plasma levels across the perioperative period (}*=23.56, p<0.001).
Furthermore, no significant difference in self-reported pain intensity trajectory membership was

observed between clusters (y%=4.10, p=0.25).

Differences in Postoperative Pain Intensity and Morphine Intake Between Cluster

Membership

The differences in postoperative pain intensity on POD1, POD2 and 6 weeks after surgery
between cluster membership are shown in Figure 3. However, no significant difference in average
pain intensity was observed between patients in cluster 1 and cluster 2 on POD1 (p=0.298, Figure
3a), POD2 (p=0.082, Figure 3b), and 6 weeks after surgery (p=0.328, Figure 3c). The differences
in acute postoperative morphine intake on POD1 and POD2 between cluster membership are
shown in Figure 4. No significant difference in morphine intake was observed between patients

in cluster 1 and cluster 2 on POD1 (p=0.362, Figure 4a), or POD2 (p=0.132, Figure 4b).

Discussion

The objectives of this study were to analyze the variation in plasma levels of monoamines
in a pediatric population undergoing an invasive surgical procedure, and to assess for associations
between the modulation of these monoamines, and the modulation of patients’ self-reported pain
intensities, across the perioperative period. We observed a variation in the monoamines’, and their
respective metabolites’, modulations in pediatric patients, throughout the perioperative period.
Through trajectory analysis, 3 distinct trajectories (groups of patients) were identified, based on
the variations in the perioperative modulation of either plasma EPI, NE, ME, or NME. Similarly,
2 distinct trajectories were identified when based on the variations in the perioperative modulation

of either plasma DA or 5-HT. The identification of multiple trajectories for the six monoamines

90



analyzed highlights the possibility of sub-groups of patients in our pediatric cohort with
postoperative interindividual differences in their physiological responses to surgery. Similarly,
self-reported perioperative pain trajectory analysis also revealed sub-groups of patients with four
different trajectories identified. In a study conducted by Ocay et al. (2020), acute postoperative
trajectory analysis in AIS patients undergoing orthopedic surgery also revealed four distinct
trajectories, where patients belonging to the trajectories indicating moderate-to-severe pain
intensity experienced in the acute postoperative period, as opposed to mild pain intensity
experienced in the acute postoperative period, were more likely to develop negative long-term
postoperative outcomes, such as reporting greater levels of pain and pain medication 6 months
after surgery [18]. Thus, the sub-groups of patients identified in our pediatric cohort through pain
trajectory analysis may also represent patients with worse long-term postoperative outcomes, as
the severity of pain experienced in the acute postoperative increases. This is especially concerning
since three of the four perioperative pain trajectories identified in this study were characterized by
patients experiencing moderate or severe pain in the acute postoperative period. Therefore, these
differences in an individual’s postoperative modulation of pain intensity may need to be taken into
consideration when providing postoperative pain management strategies, and thus, the assessment
of objective physiological markers of pain that are able to differentiate these sub-groups of
patients, with varying postoperative pain experiences, would be valuable for clinicians in
identifying patients at risk of poor pain management, and providing insight into the underlying
mechanisms of their pain experience.

Following the multiple correspondence analysis to assess the associations between the
perioperative modulations of all of the monoamines, and their respective metabolites, and self-
reported pain intensity, two distinct groups (clusters) of patients were identified with significant
differences in the distribution of perioperative monoamines’ trajectory memberships. Major spinal
surgeries cause a great degree of surgical trauma that leads to postoperative pain, and also activates
the postoperative “stress response”, which triggers sympathetic nervous system (SNS) activity
[23]. The SNS activation plays an important role in pain inhibition by activating descending
inhibitory pathways involving NE and 5-HT [5], also results in the secretion of EPI and NE from
the adrenal medulla [24]. Furthermore, DA is stored in sympathetic nerve terminals alongside NE,
since DA is a precursor molecule that is converted to NE by the enzyme dopamine-3-hydroxylase,

and is released in conjunction with NE following SNS activity [25]. Therefore, increased surgical
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trauma may have elicited greater SNS activity in the group of patients characterized by increasing
plasma monoamine levels postoperatively, as opposed to the second group of patients
characterized by stable plasma monoamine levels across the perioperative period. The
postoperative “stress response”, when prolonged, leads patients into a hypermetabolic and
hypercatabolic state that induces postoperative complications, such as impairments in the
inflammatory response and wound healing, and organ dysfunction, leading to delayed recovery
[26]. Therefore, following the group of patients characterized by increasing postoperative plasma
levels of monoamines, and their respective metabolites, more closely in the acute postoperative
period, and providing appropriate nutritional supplementation, exercise and pharmacological
treatment, may help reduce the negative postoperative outcomes associated with the
hypermetabolic and hypercatabolic responses [26].

One of the monoamine neurotransmitters that did not follow this above-mentioned trend
between the two groups of patients identified was plasma 5-HT. Although the group of patients
characterized by stable perioperative plasma monoamine levels also contained the 17 patients
belonging to the increasing perioperative trajectory of plasma 5-HT levels, 21 of the patients
belonging to the stable perioperative trajectory of plasma 5-HT were also part of this group of
patients, and the rest of the 47 patients with the stable perioperative trajectory of plasma 5-HT
belonged to the other group of patients characterized by increasing postoperative plasma levels of
monoamines. However, when analyzing the mean plasma 5-HT levels between both perioperative
trajectories identified in this study, there is a sharp decline in the plasma 5-HT concentration on
PODI1 and POD?2. The largest source of peripheral 5-HT are platelets and mast cells [27], and the
levels of these cellular sources for 5-HT may have been reduced significantly following the blood
loss that occurs during major surgery. This may explain why the perioperative modulation of
plasma 5-HT may be skewed in our results, and why there is a marked reduction in mean plasma
5-HT levels in the acute postoperative period. Therefore, future work studying the modulation of
5-HT perioperatively will benefit from analyzing the mRNA expression of 5-HT receptors from
peripheral blood mononuclear cells, in order to bypass the complication that blood loss during
surgery may have on peripheral 5-HT levels.

However, no significant differences were identified in the perioperative pain trajectory
memberships, or mean self-reported pain intensity scores between the two groups of patients

identified, suggesting a lack of relationship between the monoamine modulation and the
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postoperative pain experience. As our results show, Ledowski et al. (2012) also found no
association between blood levels of EPI and NE with the severity of acute postoperative pain in
adult patients who had elective orthopedic or plastic surgery. Furthermore, they had noted the
residual effect of drugs, such as volatile anesthetics and analgesics, provided to these patients in a
surgical setting as a possible limitation to their study [28]. Similarly, this may have also been a
confounding factor in our study, that could affect the associations we would expect to see between
perioperative monoamine modulation and acute postoperative pain. Therefore, we analyzed the
differences in morphine intake in the acute postoperative between the two groups of patient, since
opioid-mediated analgesia is achieved through the stimulation of descending inhibitory pathways
[29]. However, no significant differences in morphine intake were observed between the two
groups of patients, as well. A study conducted by Li ef al. (2019) observed five distinct opioid
consumption trajectories, in AIS patients undergoing orthopedic surgery, where high opioid
consumers experienced increased levels of acute postoperative pain intensity in relation to low
opioid consumers [30]. Thus, using a similar trajectory analysis of the acute postoperative opioid
consumption in the current study may elucidate any associations between the patients’ trajectory
memberships for the perioperative monoamines or self-reported pain intensity trajectories, and the
acute postoperative opioid consumption trajectories, more effectively.

One of the limitations of this study is the lack of healthy age-matched controls for our
baseline measurement. The average plasma EPI concentration and NE concentration in healthy
control is averaged at 50 pg/ml and 210 pg/ml, respectively [31]. Thus, the mean baseline plasma
concentrations, for EPI and NE, in our AIS cohort are elevated in comparison to these basal EPI
and NE values in healthy controls. Since NE levels have been shown to be elevated in AIS patients
[32], further investigation is required into monoamine neurotransmitter levels in relation to the
pathology of AIS. This may provide an explanation for the decrease in plasma EPI levels observed
in some patients towards 50 pg/ml, following the corrective surgery. Furthermore, another
limitation of this study is that our cohort consists of only AIS patients, which represent a specific
subset of pediatric surgical candidates. It is therefore important to take into consideration that our
results limit us from extrapolating our conclusions to the general pediatric population. Lastly,
increasing in the sample size will confirm the trends observed in our small cohort to a larger
population, and validate the perioperative monoamines’ trajectories with n<10, in case they are

affected by the variability in plasma monoamine concentrations observed in our data.
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Conclusion

In the present work, we identified AIS patients that had increasing levels of monoamines
following surgery, but this was not observed in all patients. Thus, these two groups of patients may
represent individuals with greater or minimal activation of the SNS in response to the degree of
surgical insult caused by major surgery. No association with patient’s perioperative pain scores
was observed between the two groups of patients, suggesting that the perioperative modulation of
plasma monoamines, and their respective metabolites, is not a viable marker of patients’
postoperative pain experiences. However, while limited to AIS patients, our results provide a
glimpse at plasma monoamine modulation following surgery in adolescents, for which knowledge

is scarce and underexplored.
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Table 1. Patient Characteristics, Clinical and Post-Surgical Variables. Data are presented

as Mean = standard deviation, or otherwise stated.

Patient Characteristics n=102
Sex (Female: Male) 81:21
Age (years) 15.36 £2.02
Weight (kg) 5490+ 11.44
Clinical Variables Mean (Range)

Epinephrine concentration at baseline (pg/ml)
Norepinephrine concentration at baseline (pg/ml)
Metanephrine concentration at baseline (pg/ml)
Normetanephrine concentration at baseline (pg/ml)
Dopamine concentration at baseline (pg/ml)
Serotonin concentration at baseline (pg/ml)

201.20 (101.00-362.00)
515.80 (196.30-1195.00)
56.37 (20.90-120.00)
120.70 (27.25-338.40)
38.26 (6.80-107.40)
212.80 (7.00-721.00)

Presence of preoperative pain (yes:no) 79:23
Post-Surgical Variables

PCA total dose at POD1 (mcg/kg) 0.48 £0.35

PCA total dose at POD2 (mcg/kg) 0.88 +0.48

PCA: Patient-Controlled Analgesia. POD: Postoperative Day
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Table 2. Goodness of Fit Indices for the Ten Trajectory Models Tested for Each

Monoamine
. . Linear Linear + quadratic
Number of trajectories (EPI) AIC BIC SC (%) ALC BIC SC (%)
1 3408.71 3416.08 100 3405.24 3415.06 100
2 3364.62 3379.64 7.0 3357.08 3376.71 9.3
3 3361.09 3383.18 7.0 3350.52%* 3379.97* 7.0*
4 3345.27 3374.73 1.1 3358.52 3397.79 0
5 3351.27 3388.09 0 3336.07 3385.16 0
. ) Linear Linear + quadratic
Number of trajectories (NE) ALC BIe C SC (%) ALC © ];1;1 Cd SC (%)
1 4343.18 4350.54 100 4340.11 4349.93 100
2 4226.17 4240.89 244 4149.56 4169.2 24.4
3 4230.29 4252.38 15.1 4138.2% 4167.66* 18.6*
4 4236.29 4265.74 0 4146.2 4185.47 0
5 4242.29 4279.1 0 4143.27 4192.36 0
. ) Linear Linear + quadratic
Number of trajectories (ME) ALC BIe C SC (%) ALC ¢ ];1;1 Cd SC (%)
1 3349.43 3356.79 100 3333.83 3343.65 100
2 3189.28 3204.01 314 3133.61 3153.24 29.1
3 3180.62 3202.71 20.9 3110.54* 3139.99* 20.9%*
4 3186.62 3216.07 0 3118.54 3157.81 0
5 318543 3222.25 0 3077.86 3126.95 0
. . Linear Linear + quadratic
Number of trajectories (NME) ALC BIC SC (%) ALC ];11 C SC (%)
1 4412.48 4419.84 100 4410.83 4420.65 100
2 4316.31 4331.03 48.8 4299.51 4319.14 50.0
3 4322.31 4344 4 0 4275.25% 4304.71* 10.5*
4 4303.72 4333.18 0 4283.25 4322.52 0
5 4309.72 4346.54 0 4291.25 4340.34 0
. ) Linear Linear + quadratic
Number of trajectories (DA) ALC BIC SC (%) ALC ];11 C SC (%)
1 3603.99 3611.36 100 3605.88 3615.7 100
2 3505.44* 3520.16%* 31.4* 3508.83 3528.47 314
3 3511.44 3533.53 0 3516.83 3546.29 0
4 3468.59 3498.04 0 3432.32 3471.59 0
5 3474.59 35114 0 3440.32 3489.41 0
. ) Linear Linear + quadrati
Number of trajectories (5-HT) ALC BIeC SC (%) ALC ¢ ];l?cd ¢ SC (%)
1 3981.79 3989.15 100 3923.35 3933.17 100
2 3929.48* 3944.21%* 19.8* 3770.76 3790.39 24.4
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3 3935.48 3957.57 0 3778.76 3808.21 0
4 3941.48 3970.94 0 3740.82 3780.09 0
5 3938.22 3975.03 0 3748.82 3797.91 0

*indicates the model with the best fit. AIC: Akaike Information Criterion. BIC: Bayesian

Information Criterion. SC: Smallest Class Size

100



Table 3. Description of Final Plasma Monoamines’ Trajectory Models

Slopes
Monoamine n Intercept Linear Quadratic
EPI Trajectory 1 20 448.7 -272.01 42.7
Trajectory 2 60 253.51 -70.09 13.44
Trajectory 3 6 74.64 173.86 -20.2
NE Trajectory 1 50 786.2 -380.77 81.77
Trajectory 2 16 1300.38 -874.79 198.73
Trajectory 3 20 -124.04 818.47 -122.12
ME Trajectory 1 18 -46.31 118.62 -19.81
Trajectory 2 45 42.1 11.81 -2.55
Trajectory 3 23 -107.17 224.59 -36.49
NME Trajectory 1 42 178.06 -85.42 19.91
Trajectory 2 35 -312.86 570.7 -80.31
Trajectory 3 9 -686.15 1091.76 -158.72
DA Trajectory 1 59 2431 10.97 -
Trajectory 2 27 -26.8 85.33 -
5-HT Trajectory 1 69 131.07 -14.01 -
Trajectory 2 17 139.94 77.35 -
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Table 4. Predicted and Raw Plasma Monoamine Concentrations According to Trajectory

Model

Predicted values Raw values, mean (SD)

Monoamine Baseline PODI1 POD2 6wks  Baseline PODI POD2 6wks
EPI (pg/ml)  Trajectory 1 20 219.39 75.48 16.97 43.86 226.5 34.22 17.78 22.18
(60.93) (45) (28.87) (37.24)

Trajectory 2 60 196.86 167.09 164.2 188.19  194.56 179.79  162.38  190.83

(54.64) (104.92) (95) (81.2)

Trajectory3 6  228.3 341.56 41442 446.88 191.5 445.15 358.58  488.31
(15.15) (67.42) (169.59) (166.66)

NE (pg/ml) Trajectory 1 50  487.2 351.74 379.82 571.44 47258  392.03  347.29 584.4
(119.08) (191.07) (166.58) (186.13)
Trajectory 2 16 62432 34572 464.58  980.9 644.72  417.87 436.67 103742
(222.95) (166.66) (227.88) (169.17)
Trajectory 3 20 57231 1024.42 123229 119592 535.06 1117.84 1154.02 1232.87

(245.58) (202.79) (199.15) (70.63)

ME (pg/ml)  Trajectory I 18 52.5 111.69 131.26 111.21 49.13 115.47 133.8 116.84
(14.49) (60.89) (51.53) (61.43)

Trajectory 2 45 51.36 55.52 54.58 48.54 51.5 57.96 51.7 49

(18.23)  (28.88) (30.64) (27.55)

Trajectory 3 23 80.93 196.05 238.19 207.35 73.34 219.59 220.1 214.71

(23.05) (41.71) (34.81) (42.61)

NME (pg/ml) Trajectory 1 42 112.55 86.86  100.99 15494 107.11 105.85 82.82 153.91
(57.04) (117.03) (69.38) (120.67)

Trajectory2 35 177.53 507.3  676.45 68498  128.03 682.78  570.53  745.83
(49.22) (365.52) (315.93) (353.22)
Trajectory3 9  246.89 862.49 1160.65 1141.37 172.17 1183.98 1023.19 1240.25

(61.57) (149.62) (311.65) (27.57)

DA (pg/ml) Trajectory I 59  35.28 46.25 57.22 68.19 35.8 42.73 57.18 65.2
(18.73)  (35.94) (55) (54.88)

Trajectory 2 27  58.53 143.86 229.19 314.52 46.49 197.67 184.04  334.09
(12.23)  (137.71) (81.33) (177.46)

5-HT (pg/ml) Trajectory 1 69 117.06 103.05  89.04 75.03 162.78 45.62 43.38 115.36
(131.86) (45.34) (32.59) (108.52)

Trajectory 2 17 21729 294.64 371.99 44934  376.76 162.33 129.2 626.41

(214.99) (132.41) (82.39) (184.3)

SD: Standard Deviation. POD: Postoperative Day. 6wks: 6 Weeks After Surgery
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Table S. Goodness of Fit Indices for the Ten Pain Trajectory Models Tested

Number of Linear Linear + quadratic

trajectories AIC BIC SC (%) AIC BIC SC (%)
1 1719.61 1727.4 100 1502.65 1513.03 100
2 1721.01 1736.58 45.5 1444.73 1465.5 37.4
3 1727.01 1750.36 0 1393.91 1425.05 232
4 1733.01 1764.15 0 1380.68* 1422.2* 7.1%
5 1739.01 1777.93 0 1368.38 1420.29 6.1

*indicates the model with the best fit. AIC: Akaike Information Criterion. BIC: Bayesian

Information Criterion. SC: Smallest Class Size

Table 6. Description of Final Pain Trajectory Model, and the Predicted and Raw

Perioperative Pain Intensity Values According to Trajectory Model

Pain Slopes Predicted values Raw values, mean (SD)

Trajectory n Intercept Linear Quadratic Baseline POD1 POD2 6wks Baseline POD1 POD2 6wks
1 35 -3.96 6.04 -1.23 0.85 3.2 3.09 0.52 0.93 285 332 036
(0.92) (1.18) (0.92) (0.9)

2 35 1.4 4.27 -1.08 4.59 562 449 1.2 4.67 534 493 1.18
(1.31) (1.12) (1.16) (1.16)

3 22 953 13.03 -2.62 0.88 6.05 598 0.67 0.82 6 635 0.71
(0.85) (1.19) (0.95) (0.72)

4 7 -3.05 9.35 -1.98 4.32 773 718  2.67 4.43 7.5 7.79 271
(1.9)  (0.55) (0.7) (1.11)

SD: Standard Deviation. POD: Postoperative Day. 6wks: 6 Weeks After Surgery
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Table 7. Differences in Patient Monoamines and Pain Trajectory Memberships Between

Cluster 1 and Cluster 2

Trajectories ((Jllluitgg)l ((:llluitzl,;)z ¥2 value P-value
Epinephrine 28.64 <0.001
1 0 19
2 38 22
3 0 6
Norepinephrine 21.42 <0.001
1 31 19
2 7 9
3 0 19
Metanephrine 48.74 <0.001
1 2 15
2 36 9
3 0 23
Normetanephrine 47.19 <0.001
1 34 7
2 4 31
3 0 9
Dopamine 29.4 <0.001
1 38 20
2 0 27
Serotonin 23.56 <0.001
1 21 47
2 17 0
Pain 4.10 0.25
1 12 19
2 13 17
3 8 10
4 5 1

P-values from Chi-squared tests considered significant (p<<0.05) are bolded.
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Figure 1. Perioperative Monoamine Trajectories. a, Perioperative plasma EPI trajectories:
Trajectory 1 (n=20), Trajectory 2 (n=60), and Trajectory 3 (n=6). b, Perioperative plasma NE
trajectories: Trajectory 1 (n=50), Trajectory 2 (n=16), and Trajectory 3 (n=20). ¢, Perioperative
plasma ME trajectories: Trajectory 1 (n=18), Trajectory 2 (n=45), and Trajectory 3 (n=23). d,
Perioperative plasma NME trajectories: Trajectory 1 (n=42), Trajectory 2 (n=35), and Trajectory
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3 (n=9). e, Perioperative plasma DA trajectories: Trajectory 1 (n=59), and Trajectory 2 (n=27). f,
Perioperative plasma 5-HT trajectories: Trajectory 1 (n=69) and Trajectory 2 (n=17). Baseline =
1 week before surgery; PODI1 = postoperative day 1 (24 hours after surgery); POD2 =
postoperative day 2 (48 hours after surgery); 6wks = 6 weeks after surgery.
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Figure 2. Perioperative Pain Trajectories. Perioperative pain trajectories: Trajectory 1 (n=35),
Trajectory 2 (n=35), Trajectory 3 (n=22), and Trajectory 4 (n=7). Baseline = 1 week before
surgery; POD1 = postoperative day 1 (24 hours after surgery); POD2 = postoperative day 2 (48

hours after surgery); 6wks = 6 weeks after surgery.
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Figure 3. Differences in Postoperative Pain Intensity According to Cluster Membership. No
significant difference in pain intensity observed between cluster 1 and 2 on POD1 (p=0.298; a),
POD2 (p=0.082; b), and 6 weeks after surgery (p=0.328; ¢). (Data expressed as Mean + SD).
PODI1 = postoperative day 1 (24 hours after surgery); POD2 = postoperative day 2 (48 hours

after surgery); 6wks = 6 weeks after surgery.
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Figure 4. Differences in Acute Postoperative Morphine Intake According to Cluster
Membership. No significant difference in morphine intake observed between cluster 1 and 2 on
POD1 (p=0.298; a) and POD2 (p=0.082; b). (Data expressed as Mean = SD). POD1 =
postoperative day 1 (24 hours after surgery); POD2 = postoperative day 2 (48 hours after
surgery).
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DISCUSSION

Subjective self-reported measures of anxiety and pain, in the clinic, pose certain
limitations when it comes to their use in children who are distressed, too young, non-verbal due
to motor or cognitive impairments, and/or suffer from neurodevelopmental delays [119, 177,
178]. Therefore, the goal of this thesis project was to identify objective markers of pain and
anxiety in a pediatric cohort scheduled to undergo spinal fusion surgery; a surgical procedure
which has previously been characterized by postoperative pain [140], and for some patients,
preoperative anxiety, as well [24]. In working towards this goal, the physiological markers
assessed as proxies of pain and anxiety in this project were based off the response systems that
would be active during the perioperative period, such as the inflammatory response, the stress
response, and the nociceptive response, which were examined individually in separate
manuscripts. The objective of the first sub-project was to assess plasma IL-6, a pro-inflammatory
cytokine, as a marker of perioperative pain in AIS patients scheduled for corrective surgery. In
the second sub-project, we assessed SAA as a proxy of preoperative anxiety and as a predictor of
postoperative pain in another cohort of AIS patients undergoing spinal fusion surgery. The
objective of the final sub-project was to assess the perioperative modulation of plasma
monoamine levels as a marker of the perioperative modulation of pain intensity in AIS patients
scheduled to undergo corrective surgery, as well. Although the external validity of the findings
from this thesis project may be limited due to the cohorts used in each of these manuscripts only
representing a subset of pediatric patients undergoing surgery and experiencing postoperative
pain, this thesis project provides a closer look at the molecular mechanisms that could underly a
pediatric patient’s postoperative pain. Furthermore, to my knowledge, there is a scarcity of
studies that examine the viability of using objective biomarkers of perioperative pain and anxiety
in a pediatric population, and therefore, the results from this project can provide future directions
to explore in the search for an objective means of measuring perioperative pain or anxiety in a

pediatric cohort.

Perioperative Pain
In the first two sub-projects of this thesis, there was a significant difference in patients’
self-reported pain scores across the perioperative period, with an increase in pain scores in the

acute postoperative period, when compared to the scores at baseline. Then, it was observed that
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the elevated acute postoperative pain scores were significantly decreased once more, 6 weeks
after the surgery. Although the modulation of patients’ self-reported pain appears uniform among
the first two sub-projects, a change in the approach to the statistical analysis of perioperative
self-reported pain scores, in the third sub-project, provided greater detail into the patients’
perioperative pain. Trajectory analysis revealed four distinct trajectories for the modulation of
self-reported pain in our pediatric cohort. Thus, there is significant variability in the modulation
of patients’ self-reported perioperative pain intensities between certain groups of patients.
Similarly, Ocay et al. (2020) also observed a total of four distinct trajectories for the pediatric
patients’ self-reported pain scores in the acute postoperative period [22]. In their study, the
patient’s trajectory membership was able to identify their long-term outcomes 6 months after
surgery, with patients in the moderate pain trajectories being more likely to report greater pain
severity and pain medication usage, when compared to the patients belonging to the mild pain
trajectories in the acute postoperative period [22]. Therefore, using trajectory analysis for self-
reported pain scores, across the perioperative period, is able to effectively identify sub-groups of
patients with differing acute postoperative pain, that translate to varying long-term postoperative
outcomes, and this may not be readily seen if assessing the patients’ postoperative pain by only
taking the mean of the self-reported pain scores at each timepoint.

In our pediatric cohort, in the third sub-project, two of the trajectories identified patients
who reported moderate pain intensity in the acute postoperative period, and interestingly, one of
the trajectories identified seven patients who reported severe pain intensity in the acute
postoperative period (POD1 and POD?2), and still reported pain 6 weeks after surgery. Therefore,
in future studies, analyzing the perioperative levels of inflammatory mediators, such as IL-6,
between the pain trajectory membership of these patients, similar to what was done with the
monoamine neurotransmitters, may reveal the relationship between the postoperative pain and
these potential inflammatory pain biomarker levels, more accurately. Furthermore, a study
conducted by Pagé et al. (2016) also observed four distinct acute postoperative pain trajectories
in patients undergoing orthopedic surgery, and found anxiety to be a significant predictor of pain
trajectory membership in their cohort [179]. Thus, analyzing the preoperative self-reported
anxiety scores (STAI-c), in conjunction with preoperative SAA activity levels, as predictors of
pain trajectory membership in our pediatric cohort may also lead to the identification of sub-

groups of patients whose postoperative pain are significantly affected by anxiety, when
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compared to others. In addition, as a marker of anxiety, preoperative sAA activity levels can be
assessed for associations to postoperative pain by analyzing its ability to objectively identify

these sub-groups of patients based on their pain trajectory membership.

Variability of Biomarkers Across the Perioperative Period

Both plasma IL-6 levels, and plasma CRP levels, a known marker of the inflammatory
response [180], were significantly elevated during the acute postoperative period, similar to the
patients’ self-reported average pain intensity scores. Similarly, when it came to the modulation
of plasma monoamines perioperatively, one sub-group of patients were identified to have a
greater distribution of individuals with increasing plasma levels of EPI, NE, ME, NME, and DA
in the postoperative periods, with the exceptions of also having the greatest distribution of
patients with decreasing plasma levels of EPI postoperatively, and patients with stable levels of
plasma 5-HT perioperatively, when compared to the second sub-group of patients identified in
our pediatric cohort, with the greatest distribution of individuals with stable plasma levels of EPI,
NE, ME, NME, and DA perioperatively, as well as the greatest distribution of individuals with
increasing plasma levels of 5-HT in the postoperative period. As a pro-inflammatory cytokine,
IL-6 plays an important role in the peripheral sensitization of nociceptors following tissue injury,
and has also been shown to affect the responsiveness of CNS neurons by playing a
pronociceptive role through the reduction of inhibitory neurotransmission [53, 181]. Thus,
following surgery, the increase in plasma IL-6 levels in the acute postoperative period can also
be linked to an increase in the transmission of nociceptive signals to the brain, that eventually
lead to the modulation of the surgical pain through the descending pathways, as seen in one sub-
group of patients in our cohort, with the increase in plasma levels of EPI, NE, ME, NME, and
DA in the acute postoperative periods, as well.

However, in this sub-group of patients with increasing plasma levels for most
monoamines and their respective metabolites, plasma EPI levels were also observed to decline
significantly for some of the patients, postoperatively. The plasma concentration of EPI in
healthy individuals is approximately 50 pg/ml [182], but in a study conducted by Ledowski et al.
(2012), in a cohort of patients scheduled to undergo orthopedic or plastic surgery, the range for
the plasma levels of EPI were from 0-394 pg/ml for individuals who were reporting no pain

[139]. Therefore, even though the trajectory for decreasing plasma EPI levels in this sub-group
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of patients, in our cohort, stays within the previously mentioned range, from baseline to six
weeks after surgery, the decline in plasma EPI levels does occur following the surgical insult,
and approaches the 50 pg/ml concentration in the acute postoperative period. Seeing as NE has
been shown to be elevated in AIS patients when compared to non-scoliotic individuals [183], and
NE is converted into EPI using the enzyme phenylethanolamine-N-methyl transferase [184],
future work should investigate the basal plasma levels of EPI in AIS patients, in relation to
healthy age-matched individuals, which may reveal whether the pathology has an effect on
increased plasma EPI levels, as was observed with these patients at the baseline timepoint.
Serotonin is a monoamine neurotransmitter that plays an important role in the descending
modulation of pain as it has both algesic and analgesic properties depending on the subtype of
receptors it binds to [185]. Much like the pro-inflammatory cytokine, IL-6, 5-HT is also involved
in sensitizing peripheral nociceptors following tissue injury [185], suggesting that an increase in
plasma 5-HT levels should be observed in our pediatric cohort following a surgical insult, as
seen with IL-6. However, in the trajectory analysis of plasma 5-HT levels across the
perioperative period, two trajectories were identified, where 69 of the 86 patients analyzed had
stable levels of plasma 5-HT levels across the perioperative period, and only 17 patients had an
increase in their plasma 5-HT levels in the postoperative period. Furthermore, when the patients
were divided into two sub-groups based on their trajectory membership for the monoamines
analyzed, one sub-group consisted of 47 patients belonging to the trajectory with stable plasma
5-HT levels across the perioperative period, and the second sub-group consisted of 21 patients
belonging to the trajectory with stable plasma 5-HT levels across the perioperative period, as
well as the 17 patients belonging to the trajectory with an increase in plasma 5-HT levels
postoperatively. Therefore, there is a difference in the plasma 5-HT trajectory memberships
between the two sub-groups, but both groups are mainly characterized by patients with no
changes in their plasma 5-HT secretion following a surgical insult. This may be due to the fact
that platelets and mast cells represent one of the largest sources of 5-HT in the periphery [185],
and with an invasive procedure such as a spinal fusion surgery, the blood lost during the
procedure can affect the platelet and mast cell count, with a decrease in platelets in the acute
postoperative period also being caused by hemodilution and consumption of platelets in order to

stop the bleeding caused during the surgery [186], thereby affecting peripheral 5-HT secretion.
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In the second sub-group of patients identified, in our pediatric cohort, when analyzing the
perioperative modulation of plasma monoamines, and their respective metabolites, there was a
greater distribution of patients with stable levels of EPI, NE, ME, NME, and DA across the
perioperative period. Surgery has been shown to cause several hormonal and metabolic changes
in the body, which is referred to as the “stress response” to surgery [187]. These changes are
initiated through the activation of the sympathetic nervous system which also plays a role in pain
inhibition through the descending control of pain pathways [187, 188]. Since the magnitude and
duration of this “stress response” to surgery is related to the degree of surgical injury and any
surgical complications [189], this second sub-group of patients may have a reduced activation of
the SNS in response to minimal surgical trauma, whereas the first sub-group of patients, with
increasing plasma levels for most monoamines and their respective metabolites, may have
increased SNS activity in response to experiencing greater surgical trauma. Therefore, it may be
worth investigating certain surgical variables, such as number of vertebrae fused, blood loss
during surgery, and duration of surgery, as predictors of patient trajectory membership in the
perioperative plasma monoamines’ trajectories in our AIS cohort. This analysis would allow for
the assessment of these surgical variables as factors that can help identify individuals at risk of
poor postoperative pain management, if elevated postoperative levels of plasma monoamines are
associated with increased postoperative self-reported pain intensity.

Lastly, no significant changes in sAA activity levels was observed across the
perioperative period in our pediatric cohort, except for a sharp increase in SAA activity levels
observed after the surgical insult, on POD2, in relation to the morning of surgery. It was initially
hypothesized that the increase in SAA activity levels would have been observed preoperatively,
presumably when these patients would be most anxious, and, as such, a significant decrease in
self-reported anxiety was then observed between the preoperative period and 6 weeks after
surgery, suggesting that these patients were more anxious prior to their surgery, rather than after.
In our analysis, it was observed that naloxone, an opioid antagonist [190], had a significant effect
on sAA activity levels on POD2, where patients receiving an increase in the continuous infusion
rate of naloxone also had increased sAA activity levels. 3-endorphins are endogenous peptides
that belong to the opioid receptor agonist system, and have both an analgesic effect, and is
involved in the reducing the activity of the stress response [191]. B-endorphin levels increase

following surgery [191, 192], and SNS activity has been shown to result in the release of 3-
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endorphin [193]. Thus, an increase in $-endorphin levels in the acute postoperative period may
have reduced any sAA activity in the acute postoperative period, seeing as sAA is a known
biomarker of the SNS [141], which would be activated following surgery since it is also involved
in the suppression of pain through descending noradrenergic and serotonergic pathways [188].
However, since naloxone antagonizes [3-endorphin’s effects [191], this may explain the increase
in sAA activity levels observed on POD2 in our pediatric cohort. Therefore, quantifying the
perioperative plasma levels of B-endorphin in our pediatric cohort would provide greater insight
into the endogenous opioid system, and its effect on the patients’ postoperative pain, as well as
the SNS activity in these patients, following a surgical insult. This data would be important to
compare and analyze for any associations when assessing the perioperative modulation of other

physiological markers as proxies of postoperative pain.

Associations Between Biomarkers and Perioperative Pain

A positive correlation was observed between preoperative plasma IL-6 levels and
preoperative pain scores in our cohort of AIS patients. This association between IL-6 levels and
pain before surgery may be an indication of the mechanisms underlying the back pain
experienced by 35-50% of AIS patients [ 140, 165]. Bisson et al. (2018) also observed an
increased expression of inflammatory mediators in the facet joint cartilage of AIS patients,
showing facet joint degeneration similar to osteoarthritis patients, and came to the conclusion
that as in these osteoarthritis patients, this facet joint degeneration may be the cause of pain
observed in certain AIS patients [194]. Thus, using inflammatory mediators, such as IL-6, as
markers of back pain in AIS patients may provide an objective assessment of the patients who
are experiencing pain prior to their surgery. Studying IL-6 levels, along with a number of other
pro-inflammatory cytokines such as IL-8, IL-13 and TNF-c, in AIS patients, could help develop
new therapeutic approaches for providing analgesia in the patients experiencing back pain.
Furthermore, identifying AIS patients with this increased inflammatory expression profile, and
providing NSAIDs, prior to their corrective surgery, may be beneficial for these individuals’
postoperative outcomes, since greater preoperative pain intensity is a predictor of poor
postoperative recovery [25].

However, no associations were observed between plasma IL-6 levels and patient self-

reported pain intensity in the acute postoperative period, or at 6 weeks after the surgery,
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suggesting plasma IL-6 levels are not a viable proxy of perioperative pain in AIS patients
undergoing major orthopedic surgery. Similarly, when analyzing patients’ trajectory
memberships for the four perioperative pain trajectories identified in the third sub-project,
between the two sub-groups of patients identified, no significant difference in pain trajectory
membership was observed. No significant difference in self-reported pain scores was also
identified between these two sub-groups in the acute postoperative period, or 6 weeks after
surgery, suggesting the perioperative modulation of plasma monoamines, and their respective
metabolites, may not be a viable marker of perioperative pain in AIS patients undergoing
orthopedic surgery, as well. One of the major caveats of studying perioperative pain that can
affect or mask any associations between pain intensity and biomarkers levels, is the medication
intake in the perioperative period. Although none of the patients in our cohort indicated any pain
medication use preoperatively, and the variable of medication intake was standardized in the
protocol for postoperative pain management, the extent to which a drug can affect one
individual, in comparison to another, may not have been effectively accounted for in our
statistical analysis. A study conducted by Housby ef al. (1999) highlighted how the use of
NSAIDs can inhibit the expression of genes encoding a number of cytokines, including IL-6, in a
human monocytic cell line [195]. Furthermore, in a cohort of AIS patients undergoing spinal
fusion surgery, Li et al. (2019) observed that high opioid consumers in the acute postoperative
period were the ones reporting greater pain intensity, in comparison to low opioid consumers
[196]. In our statistical analysis, acute postoperative NSAID intake was only used as a covariate
in the assessment of associations between plasma IL-6 levels and self-reported pain, and only the
differences in acute postoperative morphine intake was assessed between the two sub-groups of
patients with differing trajectory memberships. Therefore, future work in the identification of a
biomarker of perioperative pain may benefit from categorizing patients based on whether the
patients are high pain medication users and experience mild postoperative pain, low pain
medication users experiencing mild postoperative pain, high pain medication users experiencing
moderate-to-severe postoperative pain, and low pain medication users experiencing moderate-to-
severe postoperative pain. This type of categorization may help understand the individual
differences in the postoperative pain experience in relation to the patient’s reliance on pain
medication use, and will also allow researchers to observe, more clearly, the extent to which pain

medication affects the postoperative modulation of physiological markers of pain, by analyzing
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the differences in the plasma levels of these markers between each of the above-mentioned
categories.

Another variable, that is a part of pain medication intake, to take into account in our three
sub-projects is the use of patient-controlled analgesia (PCA, morphine and ketamine) in the acute
postoperative period. PCA refers to the patient’s use of a programmable computerized pump to
administer analgesics to themselves, and this route of administration reduces both the risks of an
overdose, and pain intensity following surgery [197]. However, preoperative psychological
characteristics of patients are highlighted as a factor to be taken into consideration when
providing PCA in the postoperative periods [198]. Of these preoperative psychological
characteristics, high levels of anxiety were associated with greater levels of postoperative pain
and more frequent PCA demands in patients provided with postoperative PCA [198-200]. Since
significantly increased levels of anxiety were observed in our pediatric cohort of AIS patients
before surgery, in sub-project 2, there may have been a significant effect on postoperative PCA
use, which, in turn, can significantly affect a patient’s postoperative pain. However, no
associations were observed between preoperative sAA activity levels and self-reported pain
scores in our cohort, which may have been affected by the combined effects of PCA with other
drugs given in the acute postoperative period, such as NSAIDs and acetaminophen, as well.
Furthermore, SAA activity levels were also not observed to be associated to preoperative self-
reported anxiety in our pediatric cohort. Thus, SAA activity levels are not a viable proxy of
preoperative anxiety, or a predictor of postoperative pain intensity, in AIS patients scheduled to
undergo orthopedic surgery. Although sAA activity levels have shown significant correlations to
the STAI in healthy adult cohorts [201, 202], this relationship may not be reflected in a pediatric
cohort with AIS, preparing to undergo corrective surgery, where the patients’ self-reported
anxiety is measured through the STAI-c questionnaire. Furthermore, using a control group at
baseline, with healthy age-matched individuals, may reveal differences in SAA activity levels,
when compared to the AIS patients anticipating major surgery. However, the relationship
between sAA activity levels and the STAI-c questionnaire needs to be investigated further in
pediatric cohorts, to assess the viability of studying sAA activity as a marker of anxiety in
association with the self-reported anxiety scores from the STAI-c.

Of the physiological markers of pain studied in this thesis project, none of the markers

were associated with the postoperative pain experience of AIS patients undergoing orthopedic
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surgery. However, future work may require changes in the analysis of these physiological
markers in relation to self-reported pain, and the type of physiological markers analyzed, as well.
Perhaps, approaching the analysis of these physiological markers following orthopedic surgery
from a genomic or genetic perspective, rather than having a proteomic approach, may provide a
deeper understanding of the patient’s physiological response following surgery. A study
conducted by Wang et al. (2009) observed associations between IL-6 gene expression with
postoperative pain following oral surgery in an adult cohort [137]. However, they found that this
association between IL-6 gene expression and postoperative pain scores was only present in the
placebo group of their study, and was not replicated in the group that received intravenous
ketorolac preoperatively, highlighting the potent analgesic effect of ketorolac, since it was able
to lower the patients’ pain scores without affecting the gene expression of IL-6 in the acute
postoperative period [137]. A study conducted by Henker et al. (2013) also highlighted that
genetic variations in the catechol-o-methyltransferase (COMT) gene were associated with
postoperative pain and opioid consumption in an adult cohort undergoing orthopedic surgery
[203]. The COMT gene encodes the enzyme COMT which is responsible for inactivating the
neurotransmitters EPI, NE, and DA [204], and COMT gene polymorphisms have been
previously implicated in human pain sensitivity [205]. Thus, genomic/genetic approaches for
pain biomarker identification in a pediatric population may yield a clearer picture of whether
these markers are truly associated with self-reported postoperative pain scores, but medication
intake remains a confounding variable in studies spanning the perioperative period.

Furthermore, other inflammatory mediators can also be analyzed as potential markers of
postoperative pain in a pediatric cohort undergoing orthopedic surgery. The gene expression of
the inflammatory mediators, Interleukin-8 (IL-8) and monocyte chemoattractant protein-1 (MCP-
1), along with IL-6, were upregulated following surgery, and were observed to be correlated to
pain intensity [137]. Bradykinin is another inflammatory mediator that is released following
tissue trauma, and acts as an algogenic mediator through the acute activation of nociceptors [77].
In patients undergoing orthopedic surgery, cerebrospinal fluid (CSF) levels of prostaglandin E2
were also elevated, alongside CSF IL-6 levels, after surgical incision, and was associated with
postoperative pain [206]. Therefore, analyzing the perioperative modulation of these above-
mentioned inflammatory mediators through trajectory analysis, along with IL-6, in relation to the

perioperative self-reported pain trajectories of AIS patients undergoing surgery, may reveal
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associations between markers of the inflammatory response and postoperative pain more clearly,
than identifying correlations between postoperative levels of plasma IL-6 and self-reported pain
intensity.

The neuropeptides Substance P and CGRP are another set of physiological marker
candidates to be assessed as viable proxies of perioperative pain in AIS patients undergoing
surgery. Both of these neuropeptides are involved in modulating synaptic transmission of
nociceptive signals from the periphery [207, 208]. Thus, adding these neuropeptides in the
analysis of the perioperative modulation of monoamine neurotransmitters would give a more
complete picture of the nociceptive response following surgery, rather than exclusively studying
the descending control of pain, which can then be associated to the perioperative modulation of
patients’ self-reported pain scores. Future work may also need to focus on studying the markers
of the inflammatory and nociceptive response together, in relation to the patients’ postoperative
pain. This analysis would be a more accurate representation of the patient’s perceived pain, since
all of these molecular networks and processes interact and work together to collectively
influence postoperative pain, and the relationship of these various mechanisms to the perceived

pain intensity may be lost when looking at each molecular network or process individually.

Limitations

One of the limitations of this thesis project is that our pediatric cohort in all three
manuscripts consists largely of female patients since AIS is more prevalent in females [155,
158], and pain perception has been shown to be influenced by sex [209]. Thus, this limits the
external validity of these findings to the general pediatric population. By separating our pediatric
cohort by males and females, we may have observed differences in self-reported pain scores
between the two groups, but this was not possible with a small sample size in some of our sub-
projects, which comes to our second limitation in this thesis project.

A small sample size in the first and second sub-projects was also a limitation of the
findings, as there was significant variation in plasma IL-6 concentration and SAA activity levels
in the acute postoperative period. A larger sample size for these manuscripts may have
compensated for this variability, since this variability in IL-6 levels and sAA activity would have

had less of an impact on the results in a study with a larger sample size. This is due to the fact
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that with a larger sample size, the standard deviation in our data would be reduced, and outliers

in our data set can be more readily identified.
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CONCLUSION

In conclusion, the objectives of the research were met, by assessing perioperative plasma
IL-6 levels, and the perioperative modulation of the monoamine neurotransmitters EPI, NE, ME,
NME, DA, and 5-HT, as markers of perioperative pain in a pediatric cohort diagnosed with AIS,
scheduled to undergo spinal fusion surgery. Similarly, this project assessed SAA activity levels
as a marker of preoperative anxiety and a predictor of postoperative pain in an AIS cohort
undergoing corrective surgery, as well. Preoperative plasma IL-6 levels were identified as a
possible marker of back pain in AIS patients, suggesting further investigation into the role of
plasma IL-6 levels in chronic musculoskeletal (MSK) pain in the pediatric population.
Understanding how plasma IL-6 levels contribute to pediatric MSK pain may provide insights
into how we can approach the treatment of these patients in the future. Furthermore, two distinct
clusters of patients were identified based on differing perioperative modulations of plasma
monoamines, suggesting two different physiological responses to surgery were identified in this
pediatric cohort. The cluster mostly characterized by increasing levels of plasma monoamines
perioperatively would represent patients with elevated postoperative SNS activity, in comparison
to the cluster largely characterized by stable levels of plasma monoamines perioperatively.

However, none of the physiological markers were found to be viable markers of
postoperative self-reported pain in this pediatric population. The sAA activity levels were also
found to have no association to preoperative self-reported anxiety. These results highlight the
difficulties of associating objective physiological markers to subjective self-reported pain and
anxiety scores in a pediatric surgical population, where postoperative medication intake is a
prominent confounding variable. Furthermore, the results from this project provide a chance for
future work, in the search of a biomarker of perioperative pain, to approach the subject from a
more multifaceted approach. Analyzing the perioperative modulation of many physiological
markers, belonging to different molecular networks and processes involved in the perception of
pain (e.g. pro-inflammatory cytokines, prostaglandins, monoamine neurotransmitters, Substance
P, CGRP), simultaneously, may provide a more realistic depiction of the underlying mechanisms
of a pediatric patient’s postoperative pain. From these findings, researchers can then develop and
provide therapeutic strategies to achieve effective postoperative analgesia in pediatric patients
undergoing major surgery in a more personalized manner, based on each patient’s perioperative

physiological response.
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