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Abstract

Pain in infants is under-treated and poorly understood, representing a significant clinical problem.
In part, this is due to our inability to objectively measure pain in non-verbal populations. Here, we
present an EEG-based measure of infant nociceptive brain activity that is evoked following acute
noxious stimulation and is sensitive to analgesic modulation. This measure will be valuable for
both mechanistic investigations and for testing analgesic efficacy in the infant population.

Introduction

The implicit challenges associated with the measurement of infant pain have led to poor
analgesic provision in infants (1). As pain exposure in early life is associated with both
short-term and long-term negative consequences (2), re-evaluation of analgesic provision is
urgently required, and crucial in infants receiving intensive care who are exposed to a high
burden of pain (1). However, analgesics that are effective in adults may not be suitable for
use in infants, and even when adult analgesics are efficacious, dose scaling remains a
significant, non-trivial issue due to differences in pharmacokinetics and pharmacodynamics,
resulting from differences in absorption, clearance, body composition and receptor
expression (3).

It is therefore imperative that a developmentally sensitive approach is used to assess
analgesic efficacy and dosing requirements in infants. However, as infants cannot describe
their pain, its measurement is reliant on observing indirect noxious-evoked changes in
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behavior and physiology, such as changes in facial expression, crying and heart rate (4).
While these observations may be useful in clinical practice, their utility as an outcome
measure in clinical trials and research investigations is limited as these physiological and
behavioral observations are not uniquely evoked by nociceptive input (4).

More recently, changes in infant electrophysiological and hemodynamic brain activity have
been identified and characterized in response to noxious stimulation (5, 6). As the perception
of pain manifests in the brain, it is plausible that in the absence of language, brain-derived
approaches may provide the best surrogate measures of infant pain and be more directly
linked to pain experience (7). In adults, noxious-evoked changes in brain activity are
correlated with individual subjective pain intensity and can be modulated by analgesic
administration (8, 9). Brain-derived approaches have therefore been proposed as key
methods to optimize drug discovery (10) and to identify targeted analgesic treatments (8, 9).

The potential utility of developing brain-derived measures in pre-verbal infants is
considerable. Here, using EEG (electroencephalography) recordings we aim to identify and
validate a template of nociceptive brain activity that is sensitive to analgesic administration
and suitable for use in clinical trials and research investigations. To this end, a total of 72
infants were included across five studies. The template was derived in Study 1 and then
subsequently validated in four independent samples of infants. In Study 2 the specificity of
the template was examined in response to noxious, visual, auditory and tactile stimuli in
term infants; in Study 3 the applicability of the template to preterm infants aged 34 — 36
weeks’ gestation was investigated; in Study 4 the relationship between noxious-evoked brain
activity characterized by the template and pain-related behaviour was established; and in
Study 5 the sensitivity of the template to analgesic modulation was assessed.

Study 1: Deriving a template of nociceptive brain activity

We identified the template by contrasting the patterns of brain activity, evoked by noxious
(clinically-required heel lance and experimental noxious stimulation) and non-noxious
stimulation (heel lance control procedure and tactile stimulation) in 18 term infants. The
topography and time-course of the response was established by considering activity across
all electrodes in the 1000 ms post-stimulation period. Noxious-evoked activity was maximal
at Cz, and, at this electrode site, significantly different from the activity evoked by the non-
noxious stimuli in the time-window 446 - 611 ms post-stimulation (p=0.003, cluster-
corrected non-parametric test (11); Figure 1A,B). To obtain a representative waveform of the
noxious-evoked brain activity, Principal Component Analysis (PCA) was applied in this time
window (400 — 700 ms post-stimulation) at Cz. A principal component was identified that
was significantly greater in response to the noxious stimuli compared with the non-noxious
stimuli and background activity (p<0.01, Figure 1C). This principal component is
comparable to that identified in previous research investigating noxious-evoked brain
activity in infants (6, 12-16) and was defined as the template of nociceptive brain activity.
The template is scaled so that a magnitude of 1 represents the average response evoked by a
stimulus of equivalent intensity to a heel lance performed in a term infant. Activity evoked
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following experimental noxious stimuli (up to a maximum force of 128 mN) and in younger
infants is expected to be smaller in magnitude (13, 14).

The morphology of the noxious-evoked brain activity was not dependent on the modality of
the noxious stimulus. This was demonstrated by independently calculating the noxious-
evoked brain activity following the clinically-required heel lance and the experimental
noxious stimuli. The principal components relating to the noxious-evoked brain activity in
response to the heel lance and the experimental noxious stimuli were highly correlated with
each other (r2=0.88, p<0.001), and both were highly correlated with the template of
nociceptive brain activity (experimental noxious stimuli: r?=0.99, p<0.001; clinical heel
lance: r2=0.91, p<0.001, Figure S1). This provides confirmation that the morphology of the
noxious-evoked brain activity characterized by the template is common to both the clinical
and the experimental noxious stimulus modalities.

Study 2: Testing template specificity

In Study 2 the nociceptive specificity of the template was tested in an independent sample of
14 term infants. For each infant, the template was projected onto the activity evoked by
experimental noxious, visual, auditory and tactile stimulation, and onto background activity
(Figure 2A). Visual, auditory and tactile stimulation did not evoke a pattern of activity,
characterized by the template, which was significantly greater than background activity
(p>0.05, Figure 2B). Whereas, activity evoked by the experimental noxious stimulation was
significantly greater than that observed in the background and in response to all non-noxious
stimuli (p<0.01, Figure 2B). This cannot be attributed to the non-noxious stimuli being too
low intensity as all stimuli evoked shorter latency vertex responses that were significantly
different from background (Figure 2A, p<0.005 cluster-corrected non-parametric test (11)),
which in infants have been attributed to an arousal response (6), and may relate to stimulus
saliency as proposed in adults (17).

It is plausible that application of the experimental noxious stimuli is more arousing than the
auditory, visual or tactile stimuli. The experimental noxious stimulation evoked an increase
in heart rate of 5.8+9.3 beats per minute (bpm), which is significantly higher than the change
observed in the background activity (p<0.001). While this change in heart rate is relatively
small compared with that evoked by a clinically-required heel lance, which on average
evoked an increase in heart rate of 15.6£13.4 bpm (p<0.001, n=11), it is significantly greater
than that evoked by the other non-noxious stimulus modalities (p<0.001; average evoked
change in heart rate: tactile: 1.6+8.8 bpm; auditory: -1.3+10.8 bpm; visual: -0.4+8.5 bpm).
However, the increase in heart rate evoked by the tactile stimulation was also significantly
greater than background activity (p=0.018), even though concomitant noxious brain activity
was not evoked (Figure 2B).

Importantly, when only considering the evoked brain activity following the most
physiologically arousing stimuli, where the change in heart rate was greater than the average
heart rate change evoked by the experimental noxious stimuli (n=140 of 513 stimuli; 22
auditory, 23 visual, 35 tactile and 60 experimental noxious), only the experimental noxious
stimulation evoked nociceptive brain activity that was significantly greater than background
activity (p<0.001). The non-noxious stimuli that evoked a comparable change in heart rate
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did not evoke noxious brain activity that was significantly different to background activity
(p=0.85, Figure 2C,D). This suggests that the differences in the morphology of the brain
activity evoked by the noxious and non-noxious stimuli is not related to differences in
physiological arousal associated with the different stimulus modalities.

Study 3: Testing the validity of the template in premature infants

Patterns of brain activity evoked by noxious stimulation change across the preterm period
(14), with infants younger than 34 weeks’ gestation more likely to exhibit non-specific
neuronal bursts than nociceptive-specific activity (12). The suitability of the template for
premature infants aged from 34 — 36 weeks’ gestation was demonstrated in a sample of 12
infants in Study 3. Projecting the template onto activity evoked by a noxious procedure
(clinically-required heel lance) showed a significantly greater response compared with
activity evoked by a non-noxious control procedure (control heel lance, p=0.008) or during
background activity (p=0.006, Figure 2E,F).

Study 4: Investigating the relationship between noxious-evoked brain activity
characterized by the template and pain-related behaviour

Clinical pain assessment tools, which primarily rely on pain-related changes in behavior, are
the current standard method used to quantify pain in infants. In Study 4, we considered how
the magnitude of the noxious-evoked brain activity characterized by the template compared
with the evoked changes in pain-related behavior in a sample of 28 infants aged from 34 —
42 weeks’ gestation where a clinically-required heel lance was performed (the 12 preterm
infants in Study 3 were included in this analysis). There was a significant correlation
between the magnitude of noxious-evoked brain activity and pain-related facial grimacing
(p=0.038, r=0.39, Figure 3A). However, similar to previous observations (18), in 5 of 11
infants (45 %) where pain-related behavioral changes were not observed there was still a
significant increase in noxious-evoked brain activity (Figure 3B). Overall, 11 of the 12
preterm infants had a significant increase in noxious-evoked brain activity. Pain-related
behavioral changes were recorded in 9 of these infants.

Study 5: Testing template sensitivity to analgesic modulation

The aim of Study 5 was to determine whether the noxious-evoked brain activity
characterized by the template was sensitive to analgesic modulation. This was investigated in
12 infants who underwent venipuncture to obtain a clinically-required blood sample. In
accordance with the clinical protocol, topical local anesthetic (4% Tetracaine gel) was
applied to the dorsal surface of one foot. Experimental noxious stimuli were then applied to
each foot (prior to venipuncture) and the evoked brain activity measured. When the
experimental noxious stimuli were applied to the untreated foot the noxious evoked activity
was significantly greater than background activity (p<0.001, Figure 3C). Whereas, when the
experimental noxious stimuli were applied to the foot treated with local anesthetic the
evoked activity was not significantly different from the background activity (p=0.26), and
was significantly lower than the activity evoked in the untreated foot (p=0.002). In all but
one infant the magnitude of the noxious-evoked brain activity was greater when the stimuli
were applied to the untreated foot compared with the foot treated with local anesthetic.
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Figure S2 shows the noxious-evoked brain activity following stimulation on the treated foot
and untreated foot for each individual infant included in the study.

Sensitivity and specificity

While the template has the ability to identify group differences, it is also of interest to
consider the sensitivity and specificity of the measure to characterize noxious-evoked
activity within individual infants. For the infants requiring a clinical heel lance (Studies 3
and 4), the magnitude of the noxious-evoked brain activity was compared with background
brain activity. 18 of the 28 infants had a response to the heel lance that was higher than
threshold (threshold derived from the 80™ percentile of the background activity, see
Materials and Methods), demonstrating 64 % sensitivity. In comparison 17 out of 26 infants
had a response to the control heel lance that was less than threshold, demonstrating 65 %
specificity. When the lower intensity experimental noxious stimuli were applied to the
infants in Study 2 the sensitivity was 57 % (8 of the 14 infants had an average evoked
response that was above threshold), and the specificity was 68 % (27 out of 40 non-noxious
stimuli evoked average responses below the threshold). The receiver operating characteristic
(ROC) curve calculated across all stimulus modalities supports this observation (Figure S3).

Discussion

Here, a template representing the temporal pattern of nociceptive brain activity in infants has
been characterized at the Cz electrode site and validated across a range of studies. The
template was derived using Principal Component Analysis, which is an approach that has
previously been used in multiple publications to characterize infant nociceptive brain activity
(6, 12-16). Predefining a template has several important advantages over current
methodology. Firstly, it provides a more robust analytical approach due to the independence
of the data sample. This avoids previous study limitations where noxious-evoked brain
activity has been characterized and evaluated within the same population (12, 15), and is
particularly important in randomized controlled trials where the precedent is to predefine
outcome measures. Secondly, using a predefined template prevents the need for the evoked
activity to be re-characterized in a subset of data within each new study. This will directly
benefit smaller scale investigations where there is less power to robustly characterize the
evoked activity across a range of infant demographics and stimulus conditions. Moreover,
using all the available data to address questions pertaining to infant pain is of particular
importance due to practical and ethical considerations, whereby data collection primarily
relies on the need for clinically essential painful procedures to be performed in study
participants. Thirdly, defining a template of nociceptive activity allows for a standardized
approach to be adopted and will facilitate comparisons between future research
investigations and study populations.

To date, the analgesic efficacy of topical local anesthetics in infants for acute tissue breaking
clinical procedures has been investigated using a variety of clinical pain assessment tools
(19). While some studies conclude that application of topical local anesthetics is effective
(20-22), conflicting reports suggest a lack of analgesic efficacy for intramuscular injections
(23, 24), heel lancing (25, 26), peripherally inserted central catheters (27-29), and
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venipuncture (30). Here we demonstrate that application of topical local anesthetic in infants
does significantly reduce the peripheral afferent nociceptive input transmitted to the brain
following the application of a mildly noxious acute experimental stimulus. While it is clear
that further studies using these brain-derived measures are warranted during clinical
procedures, numerous factors may explain the apparent lack of analgesic efficacy that has
previously been reported. In some clinical procedures, the tissues affected by the nociceptive
input will be deeper than the superficial anesthesia provided by topical local anesthetic. For
example, following an injection, the nociceptive input caused by the needle prick may be
alleviated, but not the subsequent pain associated with the injection of fluid into the muscle.
For heel lancing, where there is substantial evidence for the lack of analgesic efficacy (25,
26) it is plausible that the vasoconstriction caused by some topical local anesthetics (31, 32),
may lead to more vigorous squeezing of the limb to obtain an adequate blood sample,
conversely resulting in increased nociceptive input in the treated infants compared with the
untreated infants. In addition, behavioural measures may not be sensitive enough to
discriminate between pain and distress, and so, the reported lack of analgesic efficacy may
arise because of unpleasant features associated with the clinical procedure that are not
necessarily related to the nociceptive input. For example, the need to physically restrain the
limb during clinical procedures may be distressing and evoke a behavioural response even in
the absence of nociceptive input. Moreover, even in this study where the nociceptive input
was comparatively mild, the local anesthetic only partially reduced the noxious-evoked brain
activity in some participants.

The template derived here will be used to characterize evoked nociceptive activity in infants
from 34 to 42 weeks’ gestation in a randomised controlled trial that will test the analgesic
efficacy of morphine for procedural pain in infants (33, 34). The Procedural Pain in
Premature Infants (Poppi) Trial Protocol, which has been published as an Accepted Protocol
Summary in The Lancet (33), provides a direct example of how these measures can be used
to assess analgesic efficacy in the clinical setting. The advantage of characterizing activity at
a single site is that the template can be used when only a single recording electrode is
applied, for example, where excess handling in critically ill patients may not be appropriate
or in situations where time is limited. While the highest amplitude activity was recorded at
the Cz electrode site, this does not imply that noxious-evoked activity cannot be recorded
elsewhere. Indeed, if these methods were to be developed such that they could be used to
characterize an individual infant’s nociceptive sensitivity it would be important to consider
the temporal and spatial activity across the other electrode sites. This study has demonstrated
that the template can characterize noxious-evoked brain activity in infants from 34 — 42
weeks’ gestation. However, the template does not take into account that there is an increased
likelihood that noxious stimulation may evoke non-modality specific bursts of neuronal
activity in younger infants (12). The brain undergoes rapid functional and structural
development during this period (35), and further refinement of the template could also take
additional developmentally relevant information into account. For example, changes in the
magnitude or latency of the noxious-evoked activity are known to occur with gestational age
(14, 36), and there is evidence that infants born prematurely who reach term-age have
greater magnitude noxious-evoked brain activity compared with age-matched term-born
infants following the same nociceptive input (16).
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The evoked brain activity characterized by the template cannot be interpreted as a direct
measure of infant pain but rather it quantifies the degree of the noxious input that is reaching
the infant’s brain. Various factors will contribute to the experience of pain (37) and the
template does not reflect all nociceptive activity that takes place across the infant brain (5).
Furthermore, genetic and environmental differences will contribute towards an individual’s
nociceptive sensitivity and may explain why noxious-evoked brain activity and behavioral
changes were not observed in all participants. Previous research has suggested that lack of
pain-related facial grimacing may be related to factors such as postnatal-age and time since
the last painful procedure (38). While the occurrence of pain-related facial grimacing and
the likelihood of observing noxious-evoked brain activity increases with gestational age,
lack of response, across both modalities, can occur in infants of any gestational age (12, 39),
which is consistent with the results of this study. Further work is needed to understand why
noxious-evoked brain activity and pain-related behavior is not observed in some infants.

While the specificity and sensitivity of the template is reasonably high, these brain-derived
methods have not been developed to quantify an individual infant’s nociceptive brain
activity, but rather to consider differences in nociceptive-evoked activity at the group level.
The measures presented here could potentially provide the first step towards the
development of a validated tool that may be useful for individual pain assessment, but in the
current form the template cannot be used for this purpose. Nevertheless, this nociceptive
response is validated here in several independent samples, has been observed across a
number of previous research studies (6, 12-16), is strongly correlated with the degree of
noxious input (13), is correlated with clinical measures of pain-related behavior and likely
reflects a key component of acute nociceptive processing in infants. The validity of the
template in older infants and across a range of stimulus modalities, for example, following
cannulation or following more prolonged noxious procedures, is still to be established.
Studies of this type will require careful consideration of latency differences that will arise
between studies, for example, as a result of differences in stimulus location, time-locking
approaches and the participants’ age.

In future investigations analytical approaches similar to those described in Study 1 can be
used to appropriately identify the time window of interest. Age-dependent differences in the
latency and morphology of noxious-evoked brain activity have been observed (12, 14),
which means it cannot be assumed that the template derived here is appropriate for use in
infants of different ages. Indeed, while similar noxious-evoked brain activity has been
observed in both infants and adults, temporal and spatial differences in the patterns of
activity also exist (5, 40, 41). Importantly, the template cannot be projected onto EEG
activity in different time windows without characterizing the morphology of the evoked
activity and confirming that it is related to the noxious input. Failure to apply the template
appropriately could, for example, lead to the erroneous conclusions that non-noxious stimuli
are perceived as nociceptive or that potentially effective treatments are not analgesic.

In summary, a template of nociceptive brain activity that is sensitive to the administration of
analgesics has been identified in infants. The template provides an objective method to
quantify infant nociceptive brain activity following acute procedural pain. In the absence of
language this represents an essential surrogate measure of infant pain, which may
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complement other pain-related behavioural and physiological observations. This
methodology can be used in future research studies of infant nociceptive processing. It
provides a new approach to assess analgesic efficacy and may help to establish dose
response curves of effective analgesics, thus identifying minimum effective analgesic doses
and lowering the risk of adverse side effects (3). Rigorous analgesic assessment is essential
if we are to help provide effective pain relief in the infant population.

Materials and Methods

Study Design

72 infants were included in five observational studies. Electrophysiological brain activity
was recorded and characterized in response to noxious and non-noxious stimuli in order to
derive and validate a template of nociceptive brain activity. The template was validated in
term and preterm infants (from 34 weeks’ gestation), compared with clinical pain
assessment scores, and demonstrated to be sensitive to analgesic modulation.

Participants

Infants were recruited from the Maternity Unit, Special Care Baby Unit and Neonatal
Outpatients Clinics at the John Radcliffe Hospital, Oxford University Hospitals NHS
Foundation Trust. Infants were eligible for inclusion in the study if they had no history of
neurological problems and were clinically stable and not receiving any analgesics at the time
of study (except for topical local anesthetic as described in Study 5). Infant demographic
characteristics and experimental details are described in Table 1.

Research Governance

Studies were carried out in accordance with the Declaration of Helsinki and Good Clinical
Practice Guidelines. Ethical approval was obtained from the National Research Ethics
Service (reference: 12/SC/0447 & 11/L.0O/0350) and informed written parental consent was
obtained prior to each study.

Experimental Design

Study 1: Deriving a template of nociceptive brain activity—EEG activity was
recorded in 18 term infants in response to noxious and non-noxious stimuli. Clinically-
required heel lance (n=8 infants) and experimental noxious stimuli (n=9) were compared
with background activity and activity recorded in response to non-noxious stimuli (control
heel lance (n=8) and experimental tactile stimuli (n=6)). Some infants received more than
one stimulus type, see Table S1.

Using a nonparametric statistical approach described by Maris and Oostenveld (11), time
courses evoked by the noxious and non-noxious stimuli were compared across all electrodes
and significant differences in the evoked activity identified. The morphology of the noxious-
evoked activity was then characterized in the time window of interest (identified from the
nonparametric test) using Principal Component Analysis, and a template of nociceptive
brain activity was defined.
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A previous paper that demonstrates that noxious-evoked brain activity is correlated with the
magnitude of spinal reflex withdrawal activity and graded with stimulus intensity (13)
reports data from 17 infants that are used to characterize the nociceptive activity in Study 1.

Nonparametric statistical analysis. Using the nonparametric statistical analysis described
by Maris and Oostenveld (11), time periods with significant differences in the response to
noxious and non-noxious stimuli were identified. Briefly, a t-statistic was calculated at each
time point for each electrode site, which represented the statistical difference in the brain
activity evoked by the noxious and non-noxious stimuli. When the t-statistic was above
threshold (set at 97.5 percentile of the t-distribution), clusters of significant activity were
identified based on temporal and spatial adjacency of the activity. As EEG activity was only
recorded in 8 electrodes, all electrodes were considered as neighbours. A single cluster
therefore included any electrode sites where above threshold activity was concurrently
recorded. The start of the activity cluster was defined as the earliest time point (in any
electrode site) where an above-threshold t-statistic was identified. The end of the cluster was
defined as the time point when no electrodes were identified with an above-threshold t-
statistic. The cluster-based test statistic was calculated from 1000 random permutations of
the data and the threshold for cluster significance was set as the 97.5 percentile of the
permuted data.

Using this approach across all electrodes, significant activity, that was maximal at the Cz
electrode site, was identified in the time-window from 400 — 852 ms post-stimulation. When
considering only the Cz electrode site, significant activity was identified 446 - 611 ms post-
stimulation (Figure 1A). Consistent with previous studies (6, 12-16), subsequent analysis
was conducted at the Cz electrode site in the 400 — 700 ms post-stimulus time window. The
scalp map in Figure 1B was produced using the ‘topoplot’ function in EEGLAB (Swartz
Center for Computational Neuroscience, University of California San Diego).

Principal Component Analysis: To characterize the nociceptive brain activity waveform,
Principal Component Analysis was conducted on the activity evoked by noxious and non-
noxious stimulation, and on the background data. The first two principal components
accounted for 89 % of the variance in the data and were therefore the only components
considered. Noxious-evoked brain activity was identified as the component with
significantly higher weights in response to the noxious stimuli compared with the non-
noxious stimuli and background. The first principal component was not nociceptive-specific
as the weight of the component evoked by the noxious stimulation was not significantly
greater than the background activity (p=0.06). In contrast, the second principal component
weight was significantly greater following noxious stimulation compared with non-noxious
stimulation and background activity (Figure 1C), and was therefore considered to
characterize the activity generated by the nociceptive stimulation.

To define the template of nociceptive brain activity, the second principal component was
scaled so that the mean weight in response to the noxious heel lance in term infants was 1.
This template of nociceptive brain activity in infants is available as a downloadable file in
the Supplementary Material.
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To confirm that the morphology of the template was not dependent on the modality of the
noxious stimulus, principal component analysis was also conducted with the responses to the
clinical heel lance and the experimental noxious stimulation separately, and the components
compared with the template.

Study 2 : Testing template specificity—The aim of Study 2 was to determine whether
nociceptive brain activity characterized using the template was specific to noxious
stimulation in an independent sample of infants, i.e. whether the magnitude of the template
activity in EEG data evoked by noxious stimulation was significantly greater than activity
evoked by other sensory modalities. EEG activity was recorded in 14 term infants during a
period of background activity and in response to a train of approximately 10 auditory, visual,
tactile and experimental noxious stimuli (which were applied in a randomized order). In two
infants either the visual or the tactile stimuli were not applied due to technical difficulties.
Following rejection of epochs with gross movement artefact (see EEG data preparation), a
total of 131 auditory, 126 visual, 123 tactile and 133 experimental noxious stimuli were
analysed across the 14 infants (an average of 9.5 + 1.2 stimuli per train). The template was
projected onto the individual trials at the Cz electrode site in the 400 — 700 ms post-
stimulation time window. The magnitude of the template was calculated for each trial and
compared across stimulus modality.

Checking stimulus saliency: To test whether the non-noxious stimuli were sufficiently
salient to evoke event-related patterns of brain activity the nonparametric statistical analysis
approach described above was used (11). Differences in the activity evoked by each non-
noxious stimulus modality at the Cz electrode site were compared with the background
activity. As the activity evoked by the tactile stimulation crossed zero, t-statistics were
calculated on the amplitude envelopes (the absolute value of the Hilbert transform). Evoked
responses (significant clusters) with a latency less than 400 ms were identified at the Cz
electrode in response to all non-noxious stimuli compared with background activity (visual:
p=0.009, auditory: p=0.002, tactile: p<0.001).

Physiological arousal: To investigate whether the stimuli were equally physiologically
arousing, evoked changes in heart rate were examined. R-R intervals were identified from
the ECG trace in the 5 seconds before and after each individual stimulus (42), and the
change in heart rate between the two periods calculated. Changes in heart rate evoked by the
experimental stimuli were compared with the evoked change in heart rate recorded following
a medically essential heel lance.

Study 3: Testing the validity of the template in premature infants—The aim of
Study 3 was to determine whether the template could identify noxious-evoked activity in
younger premature infants who were aged 34 to 36 weeks’ gestation at the time of study.
This age range was chosen because previous data suggests that after approximately 34
weeks’ gestation noxious-specific evoked activity is likely to be generated (12).

EEG activity was recorded in a period of background activity, and in response to a medically
required heel lance and a control heel lance in 12 infants. The nociceptive template was
projected onto individual trials at the Cz electrode 400 — 700 ms post-stimulus. To determine
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whether the weight was significantly greater following the noxious heel lance stimulation
the magnitude of the template was calculated for each trial and compared between the
noxious and non-noxious stimuli and background activity.

Study 4: Investigating the relationship between noxious-evoked brain activity
characterized by the template and pain-related behaviour—The aim of Study 4
was to investigate the relationship between noxious-evoked brain activity and pain-related
behaviour in infants’ aged 34 — 42 weeks’ gestation. EEG activity and changes in facial
expression were recorded in response to a clinically-required heel lance in 28 infants. The 12
preterm infants in Study 3 were also included in this study. The magnitude of the noxious-
evoked brain activity was characterized by the template and correlated with the facial
expression scores, as these behavioural measures are often used to quantify pain experience
in the clinical setting (4).

Study 5: Testing template sensitivity to analgesic modulation—Study 5 aimed to
test the sensitivity of the template to analgesic modulation. Term-born neonates (infants with
a maximum post-natal age of 28 days) were eligible for inclusion in the study if they
required topical local anesthetic to be applied to the dorsal surface of either the left or right
foot prior to medically-required venipuncture. Topical local anesthetic (tetracaine 4% w/w —
Ametop Gel; Smith and Nephew Healthcare, UK) was applied to the infant’s foot (and two
other sites) as required by the clinical team and removed after approximately 30 minutes.
EEG electrodes were positioned on the head and a train of approximately 10 experimental
noxious stimuli were applied to each foot. The stimulus order (i.e. right verses left foot) was
randomly selected. The template was projected onto individual trials at the Cz electrode and
the magnitude of the projected template was calculated and compared in each foot and with
the background activity.

To determine the sample size required in Study 5, a power calculation was performed using
the data from Study 1. We anticipated that application of the local anesthetic would reduce
the magnitude of the noxious-evoked brain activity to a magnitude equivalent to that
observed in the background data. A sample size of 12 infants would be required to observe a
reduction in the noxious-evoked brain activity of this order of magnitude for a power of

95 % at a two-sided significance level of 5 %.

Projecting the template of nociceptive brain activity onto new EEG data

The magnitude of the evoked nociceptive template activity was calculated by projecting the
template onto the EEG data using singular value decomposition (12-14).

Let X, be the template. The singular value decomposition of Xy is given by:

_ T
XO— U0 FO VO

Given a new data set, X the corresponding weights, Uy, are given by:
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U, =X,V,T

17717070

Thus, the corresponding weight for each new EEG trace was obtained, which represents the
magnitude of the noxious-evoked brain activity. The MATLAB code to project the template
onto new EEG data is available as a downloadable file within the Supplementary Material.

Filtered EEG signal

To ensure that the template provided the best morphological representation of the evoked
responses in the individual trials, the EEG traces in Study 1 were Woody filtered in the 0 —
1000 ms interval post-stimulation with a maximum jitter of £50 ms. Maximum correlation
between the individual traces within subjects and the data average was achieved. In addition,
once the time window of interest was identified (400 — 700 ms post-stimulation), the
individual traces were also Woody filtered within this window to maximise the alignment
with the data average.

Due to the wider age range of the participants included in Studies 4 and 5, individual
responses were first Woody filtered with a maximum jitter of £50 ms in the region 400 — 700
ms after the stimulus to achieve maximum correlation with the template. This approach
accounts for the expected increase in latency variation that will be present in study
participants with a greater gestational age range. As the age range in Studies 2 and 3 was
comparatively small, Woody filtering was not applied to the data for these studies presented
in the main paper. Nevertheless, to establish whether the results in Studies 2 and 3 would be
affected if the data were corrected for individual latency variation, Woody filtering was
applied to the data and the template was reapplied. The data was Woody filtered in the
region 400 — 700 ms after stimulus onset, with a maximum jitter of 50 ms, optimising the
correlation with the template response. Allowing for this latency variation did not alter the
results reported for the validation studies.

Comparison of the template with current standard analysis

The current standard analytical approach that would be used to analyse noxious-evoked
brain activity would be to perform Principal Component Analysis (PCA). The template
defined in Study 1 is no less sensitive than the standard approach (Figure S4), but has the
benefit of being independent from the acquired data.

Sensitivity and specificity analysis

To investigate the sensitivity and specificity of the template response the magnitude of the
response to the experimental and clinical stimuli was compared to a threshold set at 80 % of
the distribution of background weights (i.e. the magnitude of the template response within
the background data, 80 % of the distribution is equal to a magnitude of 0.48). The
distribution of background data included data from all infants in Studies 2 and 4, which in
total consisted of 175 background samples. The number of background samples included in
the analysis was equivalent to the number of noxious stimuli applied in each participant.
Therefore, for infants where trains of approximately 10 experimental noxious stimuli were
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applied, 10 background samples were included in the analysis. For the infants where a single
clinically-required heel lance was performed, a single background sample was included in
the analysis. An infant’s average response to individual stimuli were then defined as
nociceptive if the magnitude was above this threshold. Sensitivity could therefore be
assessed as the number of evoked responses defined as nociceptive when the stimulus
applied was noxious (experimental noxious or heel lance), and specificity was assessed as
the number of evoked responses that were correctly identified as below threshold when a
non-noxious stimulus (control heel lance, auditory, visual or tactile) was applied. In addition,
the threshold was varied between -2 and 2 (in increments of 0.001) and the sensitivity and
specificity assessed using a receiver operating characteristic (ROC) curve. To maximise the
alignment of the data with the template, the data (including the background brain activity)
was Woody filtered for sensitivity and specificity analysis.

Stimulation Techniques

EEG activity was recorded in response to clinically-required heel lancing or experimental
stimulation. All experimental stimuli (noxious, auditory, tactile, visual) were applied in
trains of approximately 10 stimuli with a minimum inter-stimulus interval of 10 seconds.
The inter-stimulus interval was extended if the infant was unsettled. During stimulus
presentation infants were lying supine in an open cot or on an examination table. Studies
took place in the Newborn Care Unit, Postnatal Ward (in a private room) or for Study 5, in
an outpatient clinic. 2 of the 12 infants in Study 5 were held by their mother following
parental request. All infants were asleep or quietly awake during stimulus presentation and
during the background recording.

Clinical heel lancing and control heel lance—A single heel lance was performed in
each infant to obtain a clinically-required blood sample, as part of the infants’ routine
clinical care. The foot chosen for heel lancing was based on clinical judgment and not
controlled during the experiment. Heel lances were performed on the medial or lateral
plantar surface of the heel. In term infants, a BD Microtainer Quikheel Infant Lancet
(Becton, Dickinson and Company, New Jersey, USA) with a penetration depth of 1.0 mm
was used, and in preterm infants, a BD Quikheel Preemie Lancet with a penetration depth of
0.85 mm was used. Each infant was studied during a single heel lance performed in order to
get the required blood sample. Heel lances were only performed if clinically required and
the procedure was not performed for the purpose of the study. None of the infants were
studied on more than one occasion. Consistent with previous reports, we anticipated that
noxious-evoked brain activity would be recorded within the first 1000 ms following the
application of the stimulus (6, 12-16). Release of the lancet blade was time-locked to the
EEG recordings using event-detection interfaces that have been previously described (14,
43). A control heel lance was performed prior to heel lancing - the lancet was rotated by 90°
and held against the infant’s foot, so that when the blade was released it did not make
contact with the infant’s foot.

Experimental Noxious stimulation—Acute experimental noxious stimuli (PinPrick,

MRC Systems, Germany) were applied perpendicular to the infant’s foot at a force of 128
mN. The stimulator is a weighted device that was used to apply a pre-specified force (128
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mN) to the surface of the foot. It does not pierce or damage the skin and, in adults it is
described as mildly painful (5). In Studies 1 and 2 the stimuli were applied to the infant’s
heel, whilst in Study 5 the stimuli were applied to the dorsal surface of the infant’s foot.

In Studies 1 and 2 the experimental noxious stimuli were time-locked to the EEG recordings
using a high-speed camera (220 frames per second, Firefly MV, Point Grey Research Inc.)
that was directly linked to the recordings at the time of acquisition (42). The video
recordings were reviewed post-acquisition and the time of stimulation manually event-
marked as the point where the barrel of the stimulator was first depressed (13). In Study 5
the experimental noxious stimuli were time-locked using a contact trigger device (MRC
Systems, Germany), which was directly linked to the EEG recordings allowing the point of
stimulation to be marked on the recordings during acquisition.

Experimental tactile stimulation—Tactile stimuli were applied to the heel of the
infant’s foot. Stimuli were applied using a modified tendon hammer with a built-in force
transducer (Briel & Kjer, Denmark) that sent a trigger pulse that event-marked the EEG
recordings at the point of stimulation (43).

Visual stimulation—Flash stimulation was delivered to infants using an LED light
(Maxima-84 Hybrid, Manfotto, Italy). The flash was held 50 cm behind the infant’s head
and approximately 45° up from the cot, pointing towards the infant. Stimuli were initiated by
a push-button that also event-marked the EEG recordings within 1 ms of the point of
stimulation. Infant eye gaze was not controlled during the study.

Auditory stimulation—Single tones (500 Hz, 100 ms, approximately 80 dB) were
delivered to infants using a MP3 player (Zen Style M300, Creative, Singapore) and speakers
(X-mini Max 2 Portable Speakers, XMlI, Singapore). The speakers were positioned
approximately 5 cm away from the infant’s ears. An output trigger pulse from the MP3
player event-marked the EEG recordings within 1 ms of the point of stimulation.

Background activity—Background EEG activity was recorded in all infants prior to
stimulation. During this period the experimenter gently held the infant’s foot but no stimuli
were applied. Periods of background EEG activity were manually event marked by the
experimenter at the time of recording.

Electrophysiological recordings and analysis

EEG and ECG recordings—Electrophysiological activity from DC to 400 Hz was
acquired with a SynAmps RT 64-channel EEG/EP system (Compumedics Neuroscan).
Activity was sampled at 2 kHz with a resolution of 24 bit. CURRYscan7 neuroimaging suite
(Compumedics Neuroscan) was used to record the activity.

Reference and ground electrodes were placed at Fz and on the forehead respectively. For 3
infants the reference electrode was placed at Fpz and re-referenced to Fz post-acquisition. In
Studies 1, 2, 3 and 4, EEG recording electrodes (Ambu Neuroline disposable Ag/AgCl cup
electrodes) were placed on the surface of the scalp at Cz, CPz, C3, C4, T3, T4, FCz, and Oz.
To limit the study time to approximately 15 minutes a reduced electrode montage, which
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always included the Cz electrode, was used in all infants in Study 5 and in 3 infants in Study
1. To optimise contact with the scalp the skin was gently rubbed with EEG preparation gel
(NuPrep gel, D.O. Weaver and Co.) prior to electrode placement and EEG conductive paste
(Elefix EEG paste, Nihon Kohden) was used. ECG activity was recorded using an ECG
electrode (Ambu Neuroline 700 solid gel surface electrodes) that was placed on the chest.

EEG data preparation—To construct the template (Study 1) the EEG signals were
filtered from 0.5 — 8 Hz. For all other studies the EEG signals were filtered 0.5 — 70 Hz, with
a notch filter at 50 Hz. All signals were extracted from the recordings in 1500 ms epochs,
with 500 ms before the stimulus. Epochs were baseline corrected to the pre-stimulus mean.
EEG epochs with gross movement artefact were rejected from the analysis.

Facial expression scores

Infant’s facial expression was recorded using a video camera for 15 seconds before and 30
seconds after the heel lance and control heel lance procedures. An LED was synchronised to
flash when the experimenter pressed a foot pedal at the point of stimulation. Videos were
reviewed after the procedures and the facial expression component of the Premature Infant
Pain Profile (PIPP) was calculated in the 30 seconds after the procedure, by identifying the
presence of nasolabial furrow, brow bulge and eye squeeze (44, 45). This gave a maximum
total facial expression score of 9. The researcher who viewed the videos and calculated the
PIPP scores was blinded to the stimulation and did not know the magnitude of the noxious-
evoked brain activity.

Statistical analysis

Statistical analysis was carried out using R (The R Project for Statistical Computing). For
comparisons of the brain activity across different stimulus modalities, the data was fit with
linear mixed-effects models (using the nime R package) with stimulus modality set as a
fixed effect and individual subjects taken as random effects. Comparisons were made
between the noxious stimulation and all other stimulus modalities. Linear correlations and
Pearson’s correlation coefficients were calculated to compare the noxious-evoked brain
activity and facial expression score in Study 4, and to compare the morphology of the
template activity with principal components derived from the responses to the clinical heel
lance and the experimental noxious stimuli in Study 1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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One Sentence Summary

A measure of nociceptive brain activity that can be used to assess analgesic efficacy in
infants is derived and validated.
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Fig 1. Deriving the template of nociceptive brain activity.
(A) Time course of the t-statistics in the 1000 ms period post-stimulation at the Cz electrode

comparing the response to noxious (medically required heel lance and experimental noxious
stimuli) and non-noxious (control heel lance and tactile) stimulation in 18 term infants.
Dashed lines indicate the t-statistic threshold, equal to an uncorrected a of 0.05. The grey
bars indicate time points that are above the t-statistic threshold and the time points that
remain significant after cluster-based correction (11). A significant difference in response
between non-noxious and noxious stimuli is identified by the grey shaded region. (B) Scalp
map showing the topography of the mean amplitude response following noxious stimulation
in the time-window from 400 — 852 ms post-stimulation. This time-window represents the
time where significant differences in response to noxious and non-noxious stimulation were
identified. (C) Principal component analysis was conducted at the Cz electrode 400 — 700
ms post stimulus (pink boxes) to derive the nociceptive template, by comparing background
brain activity with activity evoked by noxious and non-noxious stimulation. The (Woody)
filtered EEG is shown overlaid with the template (in red). The magnitude of template
activity was significantly higher following noxious, compared with non-noxious stimulation
and background activity and was therefore considered to be evoked by the noxious
stimulation (**: p < 0.01, error bars indicate mean + standard error of the mean).
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Fig 2. Template validation.

(A) Average background EEG activity and the average evoked activity following visual,
tactile, auditory and experimental noxious stimulation at the Cz electrode in 14 term infants.
(B) Magnitude of the nociceptive brain activity characterized by the template during the
background activity and in response to each experimental stimulus modality (visual, tactile,
auditory and experimental noxious stimulation). (C) Average background EEG activity and
the average evoked activity following experimental noxious and non-noxious stimulation for
all stimuli that evoked a change in heart rate that was greater than the average change in
heart rate evoked by the experimental noxious stimulation. (D) Magnitude of the nociceptive
brain activity during background activity and following the experimental noxious and non-
noxious stimulation that evoked larger than average changes in heart rate. (E) Average
background EEG activity at the Cz electrode in 12 preterm infants (from 34 — 36 weeks’
gestation) and the average evoked activity following control heel lance stimulation and a
medically required heel lance. (F) Magnitude of the nociceptive brain activity during the
background activity and in response to control heel lance stimulation and a medically
required heel lance. In panels (A,C,E) average EEG activity is overlaid with the template (in
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red). (B,D,F) The magnitude of the projected template is shown for each condition with
mean + standard error of the mean (**: p < 0.01).

Sci Trans/ Med. Author manuscript; available in PMC 2018 April 04.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Hartley et al.

Page 23

n\ Study 4 Study 5 \
Comparison with Pain-related Behavior Analgesic Modulation
° 2.517
2 2 “ Treated skin Untreated skin
e Background activity (with local anesthetic) (no local anesthetic)
Ko N 154 % % %
82 14 . * ! : .
<5 - Raw I | i
og %% M * EEG — —_—t __,.,_J/\/_‘,_
T e - 1 1 1
s 1. 1 1 1
g° "
2 05 1 1 1
= =1 « Filtered 1 ! !
ere
=15 —r—TTTTT"TT IEErG ~——dee A —"—.m """"V’\/\—J‘
01 2 3 456 7 8 9 I I 1
Facial expression score 1 | 1
f *.* ' 20 pv
1.0 5
B 2 - ’ *k | 055
/ Significant E— 0.8 I .
Significant nociceptive - 2 a i
nociceptive brain 82
brain No activity E G 06
ey Evoked  evoked N=5 (45 %) s 4 i
a'f‘_".'l'gy Ainfacial A in facial N g £ b4
= expression = expression o 38
7s20) N=17 N=11 significant £ ° ¥
(61%) (39%) nociceptive S 024
brain § i
No signiﬁtgant activity
nociceptive —, 0
brain acptivi \ e
\ N=4 (24 %) /

Figure 3. Magnitude of noxious-evoked brain activity is correlated with pain-related behavior

and sensitive to analgesic modulation

(A) The magnitude of the noxious-evoked brain activity was significantly correlated with the
facial expression score in response to a clinically-required heel lance (r = 0.39, p = 0.038, n
= 28) (preterm infants: blue; term infants: black). (B) Clinically-required heel lancing did
not evoke a change in facial expression in 39 % of infants, yet significant nociceptive brain
activity was recorded in 45 % of these infants. (C) Average background EEG activity and
noxious-evoked brain activity recorded at the Cz electrode in 12 infants. In each infant the
experimental noxious stimuli were applied to each foot — one that was treated with topical
local anesthetic and one that was untreated. The (Woody) filtered EEG is shown overlaid
with the template (in red). The magnitude of the noxious-evoked brain activity in response to
experimental noxious stimuli applied to the untreated foot was significantly higher than the
response evoked when the stimuli were applied to the treated foot and in the background
activity (**: p < 0.01, error bars indicate mean + standard error of the mean).

Sci Transl Med. Author manuscript; available in PMC 2018 April 04.




Hartley et al. Page 24

Table 1

Infant demographics. Values given are median (lower quartile, upper quartile). * All the prematurely-born
infants included in Study 4 (n=12) were also included in Study 3. The term infants in Study 4 were an
independent sample of infants not included in the other studies (n=16). **Infants did not receive morphine for
a minimum of 12 days prior to inclusion in the study.
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Study 1 Study 2 Study 3 Study 4 Study 5
Deriving the Testing specificity Validation in Comparison with  Analgesic modulation
template preterminfants  facial expression

Number of infants 18 14 12* 28* 12
Gestational age at time of ~ 39.9 39.8 36.1 38.6 42.1
study (weeks) (37.9,41.7) (37.8,41.3) (35.1, 36.6) (36.4, 40.9) (41.1, 43.6)
Gestational age at birth 39.3 39.6 33.0 36.1 38.7
(weeks) (37.5,41.4) (37.2,41.2) (31.9,36.1) (31.7, 40.49) (38.0, 39.8)
Postnatal age at time of 3 2 18 45 245
study (days) (2,5) 1,2 (2.8, 25) (1.8,25.3) (21.5,27.3)
Birthweight (g) 3437 3127 2001 2595 3330

(3236, 3638) (2532, 3649) (1772, 2478) (1622,3808) (3125, 3488)
Number of males 11 3 7 16 5
Number of infants who 0 0 4 7 0
have previously received
morphine**
Applied stimuli Heel lance, Experimental noxious,  Heel lance, Heel lance, Experimental noxious

Control heel lance,  Visual, Control heel Control heel lance

Experimental Auditory, lance

noxious, Tactile

Tactile
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