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Editor—Hospitalised infants can experience pain during
essential clinical procedures. However, pharmacological anal-
gesics are infrequently prescribed, often out of fear of adverse
effects.’»? Opioids are commonly administered analgesics, but
are associated with a risk of adverse cardiorespiratory events,
and therefore are primarily prescribed to ventilated infants.?
Neonatologists face considerable challenges when trying to
ensure a balance between obtaining clinically significant
analgesia whilst minimising adverse effects.* Predicting an
individual’s likelihood of adverse drug effects could facilitate
tailored dosing. This likelihood will be related to individual
variation in pharmacokinetic factors. However, baseline
physiological stability may play a role; for example, a
relatively unstable infant may have lower resilience to
adverse cardiorespiratory events.

We previously conducted the Procedural Pain in Premature
Infants (Poppi) trial, a randomised placebo-controlled trial
investigating the analgesic efficacy and safety of oral
morphine in non-ventilated premature infants.” The trial was
stopped early because of an unacceptable risk of harm without
evidence of analgesic benefit. We electronically captured vital
signs for 24 h before and after the clinical procedure (a medi-
cally required heel lance and retinopathy of prematurity [ROP]
screening). Although validating predictive models for clinical
use requires large data sets,®” these limited but unique and
comprehensive data provide a valuable opportunity to inves-
tigate the physiological factors predisposing infants to
morphine-related adverse cardiorespiratory effects.

We conducted a post hoc analysis of Poppi trial data. Written
informed parental consent and approval from the Medicines
and Healthcare Products Regulatory Agency and Northampton
Research Ethics Committee (15/EM/0310) were obtained. Full
details of recruitment, original trial design, and procedures are
given elsewhere.’

Fifteen infants in the trial received oral morphine (100 pg
kg™!) ~1 h before the clinical procedure. Although all infants
were deemed clinically stable, there was wide variation in
their baseline physiological stability (Supplementary Fig 1).
Individual baseline physiological stability data and subject
characteristics are provided in Supplementary Tables 1 and 2.

After drug administration, infants who received morphine
had a significant reduction in HR compared with infants who
received placebo,’ and the magnitude of this drop varied greatly
between individuals (Supplementary Fig 2; Supplementary
Table 1). Similarly, there was substantial individual variation
in respiratory adverse effects (Supplementary Table 1). Using
machine learning with multivariate linear regression, we
investigated whether the combined risk of cardiorespiratory
adverse effects (cardiorespiratory adverse effects score; see
Supplementary methods) can be predicted in individual infants
from their baseline physiological stability (number of episodes
of profound oxygen desaturation, whether an infant experi-
enced episodes of apnoea, average HR, and average respiratory
rate) and postmenstrual age (PMA). The model strongly pre-
dicted the overall cardiorespiratory adverse effects score (Fig 1a;
R?=0.57 [P=0.010]; median absolute error=0.97 [P=0.011]).
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Fig 1. Baseline physiological stability is predictive of cardiorespiratory adverse effects. (a) The predicted cardiorespiratory adverse effects
score from the model compared with the true cardiorespiratory adverse effects score for each infant. The dashed line indicates perfect
prediction (y=x). (b) The R? value for models built from each baseline predictor individually to predict the cardiorespiratory adverse effects
score (Apnoea, whether an infant experienced episodes of apnoea; Desats, the number of episodes of profound oxygen desaturation; HR,
average heart rate; PMA, postmenstrual age; RR, average respiratory rate). The dashed line indicates the R? value for the full model with all
five baseline predictors. *P<0.05 R? values of the univariate model. (c) Confusion matrix comparing the number of infants who were
predicted from the classification model to be treated for respiratory adverse effects, compared with their true treatment (each box in-
dicates the number of infants). (d) Matthew’s correlation coefficient (MCC) for classification models built from each baseline predictor
individually to predict whether or not an infant was treated for respiratory adverse effects. Dashed line indicates the MCC value for the full
model with all five baseline predictors. *P<0.05 MCC values in the univariate model.

Univariate linear regression confirmed that each of the baseline
physiological variables correlated with the magnitude of both
the cardiac and respiratory adverse effects (Supplementary Fig
3; Fig. 1b). Although PMA had minimal predictive value (Fig 1b),
this may be attributable to the narrow age range of infants
(34—38 weeks) that were included; previous pharmacodynamic
studies have demonstrated the effect of prematurity on
morphine clearance.®

Six infants who received morphine developed significant
adverse effects that required treatment with resuscitative
noninvasive positive-pressure ventilation or increased respi-
ratory support. Using the same five baseline variables in a
classification model, we could predict whether or not infants
required treatment for respiratory adverse effects with an
accuracy of 87% (P=0.009; Matthew’s correlation coef-
ficient=0.72 [P=0.012]; Fig 1c). The multivariate model per-
formed better than any univariate predictor model (Fig 1d).
Using this model, we would predict that if the 15 placebo-
treated infants had received morphine, then 10 of them
would have required treatment for respiratory adverse effects.

Lastly, individual pharmacokinetic variation will affect
both adverse and therapeutic effects of the drug. We investi-
gated whether infants who required treatment for respiratory
adverse effects had lower pain-related outcomes. The
magnitude of the noxious-evoked brain activity after heel
lancing was significantly lower in infants who received treat-
ment for respiratory adverse effects than in infants who did
not receive treatment (Supplementary Fig 4a; mean differ-
ence=—0.97; P=0.005). However, there was no significant dif-
ference between the two groups in the Premature Infant Pain
Profile-Revised score (a composite behavioural and physio-
logical pain score) after ROP screening (Supplementary Fig 4b;
mean difference=1.83; P=0.84) or heel lancing (Supplementary
Fig 4c; mean difference=—0.89; P=0.32), which may be attrib-
utable to a lack of power in this small sample or relate to the
limitations of behavioural and physiological measures in
discriminating pain from distress.’ Although the small sample

means caution is needed when interpreting this result, the
apparent relationship between morphine-related adverse ef-
fects and noxious-evoked brain activity suggests the lack of a
therapeutic window for oral morphine in non-ventilated in-
fants. However, further trials are warranted in ventilated in-
fants, where respiratory adverse consequences can be
mitigated.

We show that infant baseline physiological stability is
predictive of adverse cardiorespiratory effects, and indepen-
dently that infants experiencing the greatest adverse effects
have significantly reduced noxious-evoked brain activity.
Nevertheless, this should not be interpreted to suggest that
infants who are more physiologically unstable before
morphine administration will have lower noxious-evoked
brain activity (i.e. a correlation between A and B, and be-
tween B and C does not prove a link from A to C). These re-
lationships are mechanistically distinct.

In summary, the potential adverse effects for all drugs
must be carefully weighed against benefits and the acceptable
balance is always context dependent.* The Poppi trial was
stopped early, so this analysis was limited to 15 infants. Given
the sample size, the models should be validated indepen-
dently before being used in a clinical context.® However, this
analysis shows the potential of using modelling to predict
which infants are at risk of adverse effects from analgesics and
further highlights the value of physiological monitoring to
optimise pharmacotherapy in individual infants.'” Applica-
tion of this modelling approach could facilitate personalised
drug dosing, which takes into account the individual infant;
the targeted provision of appropriate monitoring; or pre-
emptive optimisation of respiratory support, ultimately safe-
guarding infants against iatrogenic harm.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.bja.2020.10.034.
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Editor—It is extremely difficult to evaluate the effects of
pharmacological treatment of pain in newborn infants. This is
because of major challenges in the measurement of pain and
pain relief in these vulnerable patients, and the continuously
changing pharmacokinetics (PK) and pharmacodynamics (PD)
of drugs currently used in clinical practice to treat neonatal
pain.’ As a consequence, dosing of analgesic drugs in preterm

DOI of original article: 10.1016/j.bja.2020.10.034.

and term neonates needs to be based on the relevant
physiological characteristics of the neonate and their PK and
PD parameters.”

In clinical practice, measurements of the effect(s) of phar-
macotherapy of pain in newborn infants during their stay in the
neonatal ICU (NICU) are commonly based on subjective, inter-
mittent interpretations of physiological and clinical parameters.

Therefore, for many neonatal conditions real-time visual-
isation and analysis may not only improve the assessment of
the condition of the neonate, but also allow for a more
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