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1  | INTRODUC TION

Hospitalized infants frequently require drugs as part of their es-
sential medical care1 but many are used off-label and administered 
according to standardized dosing regimens, usually based on the 
weight or age of the infant.2-4 When providing a pharmacological 

intervention, clinicians must try to ensure a balance between ef-
ficacy and the adverse effects of a drug.5 However, there is wide 
variation in individual differences in both pharmacokinetics and 
pharmacodynamics, making drug administration a complex issue.6,7 
Pharmacokinetic models have been developed for commonly used 
analgesics, including paracetamol and morphine, with relationships 
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Abstract
Vital signs, such as heart rate and oxygen saturation, are continuously monitored 
for infants in neonatal care units. Pharmacological interventions can alter an infant's 
vital signs, either as an intended effect or as a side effect, and consequently could 
provide an approach to explore the wide variability in pharmacodynamics across in-
fants and could be used to develop models to predict outcome (efficacy or adverse 
effects) in an individual infant. This will enable doses to be tailored according to the 
individual, shifting the balance toward efficacy and away from the adverse effects 
of a drug. Pharmacological analgesics are frequently not given in part due to the risk 
of adverse effects, yet this exposes infants to the short- and long-term effects of 
painful procedures. Personalized analgesic dosing will be an important step forward 
in providing safer effective pain relief in infants. The aim of this paper was to de-
scribe a framework to develop predictive models of drug outcome from analysis of 
vital signs data, focusing on analgesics as a representative example. This framework 
investigates changes in vital signs in response to the analgesic (prior to the painful 
procedure) and proposes using machine learning to examine if these changes are pre-
dictive of outcome—either efficacy (with pain response measured using a multimodal 
approach, as changes in vital signs alone have limited sensitivity and specificity) or 
adverse effects. The framework could be applied to both preterm and term infants in 
neonatal care units, as well as older children. Sharing vital signs data are proposed as 
a means to achieve this aim and bring personalized medicine rapidly to the forefront 
in neonatology.
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between the weight of the infant and drug clearance identified.8,9 
Morphine clearance also changes drastically with postnatal age, with 
a recommended reduction of 50% of the dose in neonates younger 
than 10 days compared with older infants.10 Nevertheless, data are 
lacking from the youngest preterm infants and there is still large 
inter-infant variation in drug action not explained by these models.9

Drug regimens that are tailored to an individual infant are needed 
to ensure efficacy is attained with limited side effects. Here I propose 
that analysis of vital signs data, which are routinely monitored in neo-
natal units, will provide an important avenue through which person-
alized pharmacological dosing regimens can be developed. I discuss 
approaches through which this could be achieved and a framework for 
analysis, and I suggest that by sharing data we can ensure that vital signs 
– an easily obtainable, but currently drastically underused, resource can 
enable tailored dosing regimens in neonates. Throughout this article 
the term vital signs will be used broadly to refer to measures of the 
body's vital functions, including heart rate and respiratory rate, as well 
as other routinely monitored measures of physiology and the term vital 
signs data will be used to also refer to the signals used to derive these 
measures (eg, ECG – electrocardiography). Analysis of vital signs should 
include more complex measures that can be derived from these signals 
such as heart rate variability. These measures could be used to develop 
personalized drug dosing—whereby dosing is adjusted, within the limits 
of clinical guidelines, for an individual infant to achieve greater efficacy 
and limit adverse effects. Importantly, as discussed further below, by 
using detailed analysis of the infant's own vital signs the proposed mod-
els should improve upon current methods where dosing is usually ad-
justed based on extreme events and snapshot views of vital signs11 and 
does not account for more subtle changes in vital signs related to the 
drug or possible nonlinear relationships with outcome.

This review will focus on the use of analgesics as an important 
example. Hospitalized infants require numerous painful procedures 
as part of their standard care, yet analgesics are often not given, in 
part owing to concerns around adverse effects.12,13 Tailoring doses 
of analgesics to individual infants could enable safer and more effec-
tive medication administration. This is critical given both the short- 
and long-term effects of pain in infants.14 For individualized dosing 
of an analgesic, two factors should be considered as follows: (a) in-
dividual differences in pain sensitivity/the response to painful pro-
cedures, which may mean a given infant requires different levels of 
analgesia, and (b) individual infant differences in the pharmacokinet-
ics and pharmacodynamics of the analgesic. This review will focus on 
an aspect of the latter, suggesting assessing individual differences in 
changes in vital signs, as one component of pharmacodynamics, to 
determine whether these changes are predictive of outcome; how-
ever, we will first briefly consider the former.

2  | INDIVIDUAL DIFFERENCES IN PAIN 
SENSITIVIT Y

Infants, like adults, have wide individual variability in the way 
they respond to a painful stimulus, which may be modulated by 

numerous factors, including stress, sex, and mode of delivery.15-

18 Furthermore, due to rapid development across the neonatal pe-
riod, there is large variability in the way in which a single infant 
responds to painful procedures across their stay in neonatal care.19-

23 Predicting individual differences in pain sensitivity and titrating 
the dose of an analgesic accordingly will be an important step to-
ward individualized analgesic treatment. This could be achieved, 
for example, by using low level experimental noxious stimuli prior 
to a painful clinical procedure to gage an individual infant's nocic-
eptive sensitivity.24 Previous responses to painful procedures could 
also be used to predict how sensitive an individual might be to a 
future painful procedure and, therefore, useful for informing future 
analgesic requirements. Moreover, recent work has demonstrated 
that resting state brain activity recorded using MRI can predict an 
individual infant's brain activity response to noxious stimuli,25 sug-
gesting that baseline measures could be used to predict an individ-
ual infant's response to a painful procedure and consequently their 
analgesic requirements. While it is not currently clinically feasible 
to use measures of brain activity to predict an individual's response 
to a painful procedure, the development of clinically useable tools 
to assess both noxious-evoked and baseline brain activity are an 
import avenue for improving the utility of these techniques.26 
Moreover, further research in this area should ascertain whether 
and how brain activity measures relate to clinical pain assessment 
tools and investigate whether clinical pain assessment tools could 
predict responses to future painful procedures and consequentially 
analgesic requirements.

3  | INDIVIDUAL INFANT DIFFERENCES 
IN PHARMACOKINETIC S AND 
PHARMACODYNAMIC S

Pharmacodynamics and pharmacokinetics of an analgesic vary 
across individuals. Factors such as receptor expression, drug ab-
sorption, and clearance, and body composition all change rapidly 
across the neonatal period, and it is essential to take postmenstrual 
and postnatal age into account with drug dosing,9 as well as other 
keys factors such as comorbidities and concomitant medication. 
Population-derived pharmacokinetic models exist for paracetamol 
and morphine use in neonates,9 however, even with using these 
models, there is wide inter-individual variation in pharmacokinetics 
and pharmacodynamics and it is essential that we better assess in-
dividual differences if we are to optimize analgesic dosing in infants. 
In the remainder of this article, I will concentrate on how we could 
assess individual differences in changes in vital signs data following 
drug administration and use these data to build models predicting 
individual dose requirements. While changes in vital signs are only 
one limited component of pharmacodynamics, many drugs used in 
neonatal care alter infant's vital signs, either as the intended effect 
or as a side effect, and vital signs data are routinely collected in neo-
natal units providing an ideal opportunity to explore inter-individual 
variation. It is plausible that any changes in vital signs in an individual 
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following analgesic administration relate (possibly through complex 
nonlinear relationships) to the efficacy and adverse effects of the 
analgesic in that individual, and so investigating models of these re-
lationships warrants further investigation.

Recently, Vinks and colleagues developed an electronic health 
record-integrated, decision support platform for individualized pre-
cision dosing of morphine in the management of neonatal pain.27 A 
pharmacokinetic model is integrated with feedback from the individ-
ual through measured morphine concentrations to give an individual 
infant time profile for concentration levels. This is reported in a user-
friendly interface simultaneously with pain scores for the infant to 
aid clinical decision making and is a significant step toward assessing 
individual dosing requirements. The modelling proposed here, with 
real-time assessment of vital signs, could enable further tailoring of 
a dose to an individual and should be combined with the substantial 
knowledge of infant drug dosing which already exists.

4  | VITAL SIGNS—AN UNDERUTILIZED 
RESOURCE?

Vital signs are monitored continuously in infants in neonatal care 
and are sampled up to hundreds of times a second for traces such 
as the ECG, impedance pneumograph and photoplethysmograph, 
and around once a second for derived measures such as heart rate, 
respiratory rate, and oxygen saturation.28,29 While some neonatal 
units are now storing electronic records of these data, in many hos-
pitals it is not saved, and instead nursing observations of events 
such as episodes of oxygen desaturation, bradycardia and tachy-
cardia, are recorded on clinical charts allowing for review of trends 
in an infant's data. These records will document the most severe 
episodes of physiological instability but provide only an intermit-
tent and somewhat subjective view of the infant's physiology,30 
will miss more subtle changes in an infant's vital signs that may be 
caused by pharmacological interventions, may be unreliable due to 
known problems in vital signs monitoring (particularly with regard 
to missing episodes of apnea due to cardiac interference on res-
piratory recordings),31-34 and do not allow for more complex analy-
sis that may reveal important predictive features within the data. 
For example, we have recently developed an algorithm to better 
identify inter-breath intervals and episodes of apnea from the chest 
electrical impedance pneumograph; using this we found that 88% 
of apneas (defined as pauses in breathing of at least 20  seconds) 
identified using our method were not recorded on clinical notes and 
demonstrated a significant increase in pauses in breathing of at least 
10 seconds following retinopathy of prematurity screening, which 
is not reflected in clinical notes or in changes in the respiratory rate 
recorded directly on the monitor.34 Similarly, Vergales et al found 
that more than 70% of apneas (of duration of at least 30 seconds 
and accompanied by bradycardia and desaturation) identified 
using an algorithm developed by their group were missed in clinical 
notes.33 This highlights the importance of using vital signs record-
ings directly rather than clinical records and the improvements that 

could be made in personalized drug dosing through detailed analy-
sis of vital signs compared with clinical intermittent observations 
of the data.

Previous work has demonstrated the great potential of more 
detailed analysis of vital signs in providing early prediction of pa-
thology such as sepsis, necrotizing enterocolitis (NEC) and broncho-
pulmonary dysplasia (BPD).35 These models have often combined 
direct measures of physiology, such as heart rate, with more complex 
derived measures such as heart rate variability36 or area-under-the-
curve of thresholded oxygen saturations.37 In the field of pharmacol-
ogy, recent analysis of electronically captured vital signs has begun 
to demonstrate the potential vital signs data have for better inform-
ing drug provision and dosing in neonatal units. Poppe et al38 ret-
rospectively identified responders and nonresponders to doxapram 
therapy (a respiratory stimulant sometimes used as an adjunct to caf-
feine therapy for the treatment of apnea of prematurity, though not 
currently recommended for routine use due to limited evidence of 
efficacy and safety),39 and those infants who were overexposed and 
risked unnecessary adverse effects. Interestingly, their case series 
also presented infants who may have unnecessarily started doxa-
pram despite clinical review of observational charts at the time sug-
gesting its indication, highlighting the disadvantage of intermittent 
review of vital signs. In a more detailed analysis of vital signs data 
from 61 infants, the same authors demonstrated that the ratio of ox-
ygen saturation (SpO2)/fraction of inspired oxygen (FiO2), corrected 
for postmenstrual age and mechanical ventilation requirements, be-
fore the start of therapy discriminated well between infants where 
doxapram therapy failed (defined as subsequent intubation or death) 
and succeeded,11 indicating that predictive modelling could be a use-
ful tool for individualized pharmacotherapy.

The idea presented here to use vital signs to assess drug effects 
in itself is not new—care providers will frequently titrate drugs for 
an individual based on changes in the infant's vital signs (as well as 
other features). Here, I am proposing a similar strategy, of real-time 
modifications in drug dosing based on vital signs changes. However, 
changes in drug dosing currently in place are often based on snap-
shot impressions of the vital signs and the more severe adverse 
events. More subtle changes in vital signs or changes in more com-
plex parameters such as heart rate variability will be missed. To fully 
utilize the potential of vital signs for tailored dosing regimens I be-
lieve we need to use a data driven approach, ultimately providing a 
tool that clinicians can use to aid with drug dosing.

5  | HOW COULD VITAL SIGNS BE A 
USEFUL TOOL FOR A SSESSING INDIVIDUAL 
DIFFERENCES IN ANALGESIC AC TION?

I propose that detailed analysis of changes in vital signs following 
analgesic administration will provide pharmacodynamic biomarkers 
(ie, defined characteristics measured as an indicator of a biological 
response to the drug—for definitions of biomarkers, including phar-
macodynamic biomarker, see the FDA-NIH Biomarker Working 
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Group BEST Resource40) in an individual, which may relate to effi-
cacy or adverse effects and so could enable tailored analgesic dosing 
in infants. For example, while morphine can cause respiratory de-
pression in some individuals, smaller physiological side effects such 
as a change in heart rate can be observed even in infants without 
respiratory depression, and the degree of this change in heart rate 
varies between infants given the same dose of morphine.41 Early 
changes in vital signs (in the minutes after a drug has been given, 
and before a painful procedure is performed) will be a useful indica-
tion of the action of the analgesic in that individual. If the changes in 
vital signs are low or absent, then this may be an indication that the 
infant requires a higher dose to have analgesic efficacy. Conversely, 
if the changes in vital signs are marked then this is likely an indica-
tion that the infant should not be given any further doses (unless the 
benefit is determined to outweigh the risk of side effects and the 
infant can be appropriately monitored and side effects managed5). 
By investigating how changes in vital signs relate to measures of the 
analgesic efficacy and adverse effects we may be able to titrate the 
dose for an individual prior to the painful procedure to improve pain 
management.

In addition, the trajectory of changes in vital signs in an individual 
could be used to optimally time the painful procedure to the peak ef-
fect of the analgesic. Many known factors affect the timing of peak 
effect of a drug, for example, the route of administration, the loading 
dose, the site of action and distribution of the drug. Pharmacokinetic 
models could be integrated to compare the time of peak effect with 
the estimated trajectory following the vital signs data. Investigating 
the relationship between initial drug action on the vital signs and 
outcome (response to a painful procedure or adverse effects) in a 
large cohort of infants will enable vital signs features to be identified 
that are predictive of outcome, and translation of such a model to 
the clinical setting could aid decision making with regard to modifi-
cations in drug dosing for an individual.

It is important here that we make the distinction between (a) 
the effect of the analgesic on vital signs prior to the painful proce-
dure being performed, and (b) the combined effect of the painful 
procedure and the analgesic on the vital signs. Here, we consider 
the initial (before the painful procedure) effect of the analgesic on 
vital signs and compare this with the infant's response to the painful 
procedure (ie, an assessment of analgesic efficacy) in order to build a 
model to predict this relationship in future infants. Crucially though, 
the infant's pain response should be assessed using a multimodal 
approach and not limited to the vital signs’ response to the painful 
procedure. Although initial changes in vital signs prior to the painful 
procedure may be related to changes in vital signs in response to 
the painful procedure, tailoring the dose of an analgesic after the 
painful procedure for which it is given has no utility—these methods 
are only useful if we can adjust the dose of a drug accordingly before 
the painful procedure. Moreover, while changes in vital signs such 
as heart rate and oxygen saturation are frequently incorporated 
into pain assessment tools, these measures may lack sensitivity and 
specificity.42 Nociceptive input elicits responses at many different 
levels of the nervous system and a multimodal approach, including 

assessment of changes in vital signs, has been advocated to assess 
analgesic efficacy.23,43,44 The specific measure(s) that should be used 
to assess analgesic efficacy are still much debated and a discussion 
of this is beyond the scope of this article.4

6  | USING VITAL SIGNS TO TAILOR 
ANALGESIC DOSING REGIMENS FOR 
INDIVIDUAL INFANTS—A FR AME WORK 
FOR ANALYSIS

Here, I set out a framework to develop tools for personalized drug 
dosing in infants using vital signs. This framework makes the as-
sumption that an analgesic is being prescribed for a particular proce-
dure and so we can measure vital signs before and after (the start of) 
analgesic administration; for cases where we cannot measure vital 
signs prior to drug administration an alternative framework would be 
necessary, which will not be discussed here. Background vital signs 
(prior to drug administration) are essential to identify change in each 
individual's vital signs and will allow the model to account for the 
myriad of other factors, which could affect vital signs such as the age 
of the infant, mode of respiratory support, concomitant medication, 
and comorbidities.

The first step in the framework (Figure 1A) is to use recordings 
of vital signs data to identify biomarkers of the effect of a given an-
algesic (ie, a characteristic(s), such as a change in heart rate, heart 
rate variability, respiratory rate variability, and so on that can be 
used to measure whether an infant has responded to the analge-
sic). Importantly, this is not the same as identifying adverse effects 
from vital signs; smaller changes in vital signs that are not clinically 
significant will be useful indicators of analgesic action. To identify 
potential biomarkers, vital signs data should be collected for several 
hours before and after analgesic administration, and changes in vital 
signs investigated by first averaging the data from all infants in an 
exploratory data set. Changes in more complex derived measures 
(such as heart rate variability or respiratory rate variability) should 
be explored. Importantly, as discussed, these measures should be as-
sessed prior to the painful procedure so that any changes identified 
are specific to the effect of the analgesic alone.

Having identified possible biomarkers of drug action by averag-
ing across all infants, we must then investigate if these measures 
vary across individuals (Step 2, Figure  1A) and are predictive of 
outcome—for example, analgesic efficacy or occurrence of adverse 
events (Step 3 Figure 1A). For example, we might find that heart rate 
variability drops immediately following drug administration in some 
infants and not in others, and that this is related to the infants’ re-
sponses to a painful procedure performed after analgesic adminis-
tration (and assessed using a multimodal approach44). Crucially here 
the drop in heart rate variability is in response to drug administra-
tion, not the painful procedure. Heart rate variability is, therefore, 
not a measure of analgesic efficacy, it is a marker of the effect of 
the analgesic on the infant's vital signs, which may be related to the 
analgesic efficacy in an individual.
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To determine whether the changes in vital signs (and derived 
measures) that we observe in individual infants following drug ad-
ministration are predictive of outcome and to inform us of the gen-
eralizability of the model into the clinical setting, I propose that 
machine learning should be used (for excellent reviews on the use 
of machine learning in medical sciences see Handelman, Rajkomar, 
Sidey-Gibbons and colleagues45-47). Machine learning refers to a 
broad range of mathematical models used to identify patterns in 
data, which are predictive of outcome. So here we would build a 
model that identifies patterns in the vital signs data in order to pre-
dict the outcome (either adverse events or pain response depend-
ing on our question). The exact choice of model will be dependent 
on the characteristics of the data and so cannot be specified here. 
Validation is a key principle of machine learning, providing measures 
of model performance in independent data so that the generalizabil-
ity of the model to any given new (never seen before) data can be 
reliably determined (providing that the test data set is representative 
of the wider population). Thus, importantly, if we do find a model 
that is highly predictive of outcome then the model could be trans-
lated directly to clinical practice—we do not need to derive a new 
model for each new infant or hospital, by using machine learning 
we know how well our model will perform with any new infant. The 
model should then be converted into software or a clinical device so 
that it can be easily translated into the clinical setting. Such a device 

would take an individual infant's vital signs traces and display mea-
sures of the predicted outcome, which would be used by clinicians to 
inform drug regimen or management of the infant. An excellent ex-
ample of how such a device might work is the HeRO monitor, which 
uses the infant's vital signs recorded on their standard bedside mon-
itor and calculates measures of heart rate variability to provide an 
early warning of patient deterioration caused by pathologies such as 
sepsis, NEC or meningitis.48 Moreover, an electronic decision sup-
port software has been developed to aid morphine dosing in infants 
based on pharmacokinetic modelling and the individual's measured 
morphine concentrations.27 This is displayed along with pain scores 
to inform decisions about the appropriateness of the pain relief. 
Similarly, a device here could inform clinicians about the effect of 
an analgesic on vital signs in an individual infant and how this may 
relate to outcome.

Finally, if this framework proves feasible and suggests that 
outcome could be predicted from changes in vital signs (and re-
lated derived measures), the model would need to be tested in 
a clinical trial, compared with standard practice, to determine 
whether its use can improve outcome (Step 4, Figure 1A). For ex-
ample, if a model predicted the infant's pain response based on 
changes in the vital signs following analgesic administration and 
before the painful procedure, this would allow for the analgesic 
to be titrated accordingly (eg, with an increased dose in those 

F I G U R E  1   Framework for the analysis of vital signs data to develop models for individualized analgesic dosing regimens. The framework 
for analysis is presented (A) with two hypothetical examples (B,C), which are described further in the main text
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infants who initially did not respond to the analgesic). A clinical 
trial should be conducted to investigate if the balance of efficacy 
and adverse effects was improved in a group of infants where an-
algesic titration was carried out based on the model, compared 
with a group of control infants who received standard care (ie, the 
analgesic prescribed without the use of the model). This would be 
essential to identify whether the model has a benefit in terms of 
improving health care. Other benefits, such as reduced hospital-
ization and any cost saving, for example, related to a reduction 
in adverse events, could also be evaluated. In addition, a clinical 
trial would allow for any limitations of the model to be assessed. 
For example, while measurement error (eg, due to poor electrode 
placement or artifact) should not be a problem when developing 
a model as it will not occur in all infants, when using the model in 
an individual infant large amounts of poor data could prove prob-
lematic. To alleviate this problem the device should include signal 
quality metrics, which will highlight to the user periods of poor 
signal so that probes can be adjusted if necessary and decisions to 
titrate the drug in question will be informed relative to the quality 
of the signal.

To understand this framework further let's take some more hy-
pothetical examples (Figure 1B,C). Suppose we average the vital 
signs from hundreds of individuals (in an exploratory data set – 
known as a training data set in machine learning), all aligned to 
the point at which a given analgesic was administered. We find 
that on average the heart rate drops following drug administration 
(Figure 1B). So, change in heart rate is a biomarker of drug action, 
but to determine whether it has use as a biomarker for personal-
ized drug dosing in infants we must investigate whether it varies 
across infants and whether the change in heart rate can predict 
outcome. We find that in some infants there is no change in heart 
rate while in others there is a large drop. When comparing the 
change in heart rate with measures of efficacy (behavioral, phys-
iological and neurophysiological responses to the painful proce-
dure for which the analgesic was given23,43,44) we find that there 
is a strong relationship, and in this particular case the analgesic 
does not have any adverse effects. We use machine learning to 
demonstrate that the rate of change of heart rate shortly after 
drug administration is predictive of analgesic efficacy. Such a 
model would suggest that infants with a low initial rate of change 
in heart rate may benefit from an additional dose of the analgesic. 
We also build a model, which predicts the time at which the peak 
drug effect will occur in an individual infant based on the infant's 
rate of change of heart rate (combining with population pharma-
cokinetic models), so that the painful procedure can be conducted 
at the optimal time to receive greatest analgesic benefit for the 
given infant. We validate these models in an independent test set, 
and they are converted to a clinical device that informs clinicians 
whether any given new infant requires an increased dose of the 
drug to receive analgesic benefit and the optimal time to perform 
the procedure.

In addition to using vital signs data to identify changes following 
drug administration, which we have discussed to this point, baseline 

physiological data (prior to drug administration) can also provide 
important information. In the schematic example in Figure 1C we 
see that the adverse effects of the analgesic—an increase in apne-
as—is related to the number of apneas the infant experiences in 
the baseline period. While drug adverse effects (and efficacy) will 
be related to many factors, such as drug absorption and clearance, 
comedication, duration of administration, and so on, it makes in-
tuitive sense that baseline physiological stability may also have an 
effect—those infants who are more unstable prior to drug admin-
istration may be less resilient to the physiological side effects of a 
drug leading to an increased risk of adverse effects. Although this is 
an illustrative example, my colleagues and I recently demonstrated 
that baseline physiological stability can predict adverse effects in 
a post hoc analysis41 of data collected in the Procedural Pain in 
Premature Infants clinical trial—a randomized placebo-controlled 
trial investigating the safety and efficacy of oral morphine for pro-
cedural pain.49 We found that the physiological stability of an in-
fant prior to drug administration (measured as number of oxygen 
desaturations, whether the infant experienced episodes of apnea, 
average heart rate and average respiratory rate) can accurately pre-
dict the infant's risk of adverse cardiorespiratory effects from oral 
morphine.41 The sample size was small as it was a post hoc analy-
sis; nevertheless, this provides an important proof-of-principle that 
machine learning of baseline vital signs could be used to inform 
provision of pharmacological interventions.

A limitation of the approach outlined here is the assumption 
that the analgesic (or other pharmacological intervention such as 
a sedative) has an effect on the vital signs. However, this is likely 
to be the case for many commonly prescribed analgesics such as 
opioids.41,49 Moreover, these changes will be important to con-
sider for other analgesics as more subtle changes in vital signs may 
become clear when analyzed across a wide cohort of infants, for 
example, there is evidence to suggest that paracetamol may cause 
hypotension50 – it is important not to discount changes in vital 
signs for a particular analgesic before assessing the effect across a 
large cohort. It is essential to realize though that a different model 
will need to be developed for every analgesic individually and may 
also be different depending on factors such as the route of admin-
istration of the drug. Additionally, the approach described here is 
based on the assumption that the side effects of an analgesic (in 
particular the changes in vital signs) will be related to the analge-
sic efficacy. If side effects occur through a different mechanism/
site of action to the analgesic effect, then this relationship may 
not necessarily be straightforward. Similarly, the relationship may 
be disrupted in some individuals who are particularly susceptible 
to side effects (for example, infants with respiratory distress syn-
drome may be more susceptible to respiratory depression from 
opioids). However, machine learning is key to resolving this issue, 
as nonlinear relationships between side effects and analgesic effi-
cacy can be identified, and using large data sets for both training 
and testing the model will identify characteristics of infants who 
follow different patterns, enabling the development of a model 
that is applicable to all infants.
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7  | A C ALL FOR DATA SHARING

How can we achieve these aims? To conduct a machine-learning 
analysis, robustly identifying effective biomarkers and validating 
their relationship with outcome, data from hundreds of infants are 
ideally needed.51,52 Moreover, it is essential to include infants with 
characteristics representing the range of characteristics across the 
population as a whole when constructing and validating the model. 
The rapid developmental changes in factors such as drug absorption, 
drug metabolism and receptor expression across the neonatal period 
and into childhood,6 as well as the range of pathologies which affect 
neonates and the variability in infant's baseline vital signs, therefore, 
accentuates this need for large sets of data. Finally, to fully validate 
models ensuring they truly can be used in any patient, validation 
with data sets collected in different hospitals, rather than single 
center studies, is important.

Given the requirements for large sample sizes and external val-
idation, the best way to advance our understanding of pharmaco-
logical effects on infant vital signs and initiate bespoke predictive 
modelling for personalized drug dosing is to share vital signs data 
(ie, all available vital signs data obtained direct from infant moni-
tors, including but not necessarily limited to heart rate, oxygen sat-
uration, respiratory rate, and the associated signals from the ECG, 
photoplethysmograph and impedance pneumograph), along with 
key demographic and clinical characteristics, such as age and weight 
of the infant; comorbidities; concomitant medication; type, route 
of administration, dose and timing of the analgesic; and outcome 
measures (pain response and adverse events). A concerted collec-
tive effort from neonatal clinical and research communities across 
the globe is needed, but the potential of these data are invaluable 
and will extend beyond the questions discussed here. Software is 
freely available to download vital signs data direct from monitors53 
and with increasing numbers of units centrally monitoring and stor-
ing vital signs, along with electronic clinical records, now is the time 
for this ‘big data’ initiative. Care and attention are needed to ensure 
that data are shared ethically and the requirements of data protec-
tion laws are met (in particular, being fully anonymized), and the data 
must be shared in a way that is easy to use (for example, by using 
standardized formats and naming systems, clear labelling of when 
drugs are given, outcome measures, comorbidities, and standard 
basic demographic details will be required). A consensus from the 
neonatal community on these standards should be sort to avoid mis-
understanding or time wasted on reorganizing data.54 Fortunately 
other research fields have already developed such initiatives and 
so there is much guidance in this area,54-57 and some databases of 
vital signs data already exist such as PhysioNet (which includes very 
limited numbers of neonatal vital signs, though not related to drug 
effects).58 While this is no easy feat and needs consideration, the 
benefits clearly out way the costs.

Many factors will affect an infant's vital signs, including (but 
not limited to) age, sex, comorbidities (such as sepsis and NEC35), 
and mode of ventilation. Moreover, numerous factors affect the 
pharmacokinetics and pharmacodynamics of a drug, including 

dose, route, and duration of administration of the drug, comed-
ications, and timing and type of feeding; and there are multiple 
factors that could affect the infant's response to pain (and so the 
possible outcome measure of the model) including number and 
time of previous painful procedures, comfort measures used, and 
positioning of the infant. Many institutions now store electronic 
records with much of this information, and so sharing these data 
alongside vital signs may be relatively straightforward. However, 
in centers where this is not the case, sharing these data will be 
time consuming and resource intensive. Nevertheless, many of 
these variables may not be essential for the model – if we com-
pare vital signs after administration of a drug with baseline vital 
signs collected before drug administration then many such vari-
ables will be accounted for as we are conducting a within subject 
analysis. Moreover, unknown factors that affect vital signs and 
transient factors, which are difficult to record, such as sleep state, 
will also likely be accounted for through analysis of the baseline 
vital signs. So copious assessment of infant characteristics may 
not be necessary for every infant and similarly, the occurrence of 
missing data need not be a problem. Instead, models should be 
tested against data sets from centers where more detailed demo-
graphic information have been shared to identify whether these 
additional variables improve the model. Furthermore, large data 
sets, which will more readily be achieved through data sharing, 
will ensure models are robust to measurement errors (for exam-
ple, from incorrect placement of electrodes, noise or artifacts on 
the recordings) and missing data. The increase in power and the 
timely development of these models, which can only be achieved 
with large data sets means the benefits of data sharing will likely 
far outweigh the effects of missing data.

8  | CONCLUSION

In summary, safe and effective analgesia for procedural pain is ur-
gently required for hospitalized infants. Vital signs are routinely 
monitored but underutilized in neonatal care and provide the oppor-
tunity to investigate differences in physiology, both before and after 
analgesic administration, which are predictive of individual drug re-
quirements. Through the use of machine learning techniques, we will 
be able to generate predictive models, and I have outlined a frame-
work to conduct this analysis. To properly validate these models re-
quires large data sets; the best way to achieve this will be through 
data sharing. This will provide an invaluable resource with which to 
address this question and many others. Shifting the balance toward 
efficacy and away from harm through tailored drug regimens is criti-
cal for improving care and outcome in hospitalized infants.

ACKNOWLEDG EMENTS
This work is funded by the Wellcome Trust and Royal Society 
through a Sir Henry Dale Fellowship (grant reference number: 
213486/Z/18/Z). I would like to thank Dr Richard Rogers and Dr 
Luke Baxter for critically reviewing the manuscript.



154  |     HARTLEY

CONFLIC T OF INTERE S T
I have no competing interests.

ORCID
Caroline Hartley   https://orcid.org/0000-0002-7981-0836 

R E FE R E N C E S
	 1.	 Hsieh EM, Hornik CP, Clark RH, Laughon MM, Benjamin DK, 

Smith PB. Medication use in the neonatal intensive care unit. Am J 
Perinatol. 2014;31(9):811-821.

	 2.	 Barr J, Brenner-Zada G, Heiman E, et al. Unlicensed and off-label 
medication use in a neonatal intensive care unit: a prospective 
study. Am J Perinatol. 2002;19(2):67-72.

	 3.	 De Lima Costa HTM, Costa TX, Martins RR, Oliveira AG. Use of 
off-label and unlicensed medicines in neonatal intensive care. PLoS 
One. 2018;13(9):e0204427.

	 4.	 Slater R, Moultrie F, Bax R, van den Anker J, Bhatt A. Preterm health: 
time to bridge the evidence gap. Lancet. 2020;396(10255):872-873.

	 5.	 Moultrie F, Shriver A, Hartley C, et al. A universal right to pain relief: 
balancing the risks in a vulnerable patient population. Lancet Child 
Adolesc Heal. 2019;3(2):62-64.

	 6.	 Kearns GL, Abdel-Rahman SM, Alander SW, Blowey DL, Leeder 
JS, Kauffman RE. Developmental pharmacology - drug disposi-
tion, action, and therapy in infants and children. N Engl J Med. 
2003;349:1157-1167.

	 7.	 Allegaert K, Van Den Anker JN. Clinical pharmacology in neonates: 
small size, huge variability. Neonatology. 2014;105(4):344-349.

	 8.	 Knøsgaard KR, Foster DJR, Kreilgaard M, Sverrisdóttir E, Upton RN, 
van den Anker JN. Pharmacokinetic models of morphine and its me-
tabolites in neonates: Systematic comparisons of models from the 
literature, and development of a new meta-model. Eur J Pharm Sci. 
2016;92:117-130.

	 9.	 Baarslag MA, Allegaert K, Van Den Anker JN, et al. Paracetamol and 
morphine for infant and neonatal pain; still a long way to go? Expert 
Rev Clin Pharmacol. 2017;10(1):111-126.

	10.	 Knibbe CAJ, Krekels EHJ, Van Den Anker JN, et al. Morphine glucu-
ronidation in preterm neonates, infants and children younger than 
3 years. Clin Pharmacokinet. 2009;48:371-385.

	11.	 Poppe JA, Van Weteringen W, Völler S, et al. Use of continuous 
physiological monitor data to evaluate doxapram therapy in preterm 
infants. Neonatology. 2020;117(4):438-445. doi:10.1159/00050​
9269

	12.	 Roofthooft DWE, Simons SHP, Anand KJS, Tibboel D, Van Dijk M. 
Eight years later, are we still hurting newborn infants? Neonatology. 
2014;105(3):218-226.

	13.	 Carbajal R, Rousset A, Danan C, et al. Epidemiology and treatment 
of painful procedures in neonates in intensive care units. J Am Med 
Assoc. 2008;300(1):60-70.

	14.	 Grunau R. Neonatal pain in very preterm infants: long-term ef-
fects on brain, neurodevelopment and pain reactivity. Rambam 
Maimonides Med J. 2013;4(4):e0025.

	15.	 Pillai Riddell R, Flora DB, Stevens SA, et al. Variability in infant 
acute pain responding meaningfully obscured by averaging pain re-
sponses. Pain. 2013;154(5):714-721.

	16.	 Verriotis M, Jones L, Whitehead K, et al. The distribution of 
pain activity across the human neonatal brain is sex dependent. 
NeuroImage. 2018;178:69-77.

	17.	 Jones L, Fabrizi L, Laudiano-Dray M, et al. Nociceptive cortical ac-
tivity is dissociated from nociceptive behavior in newborn human 
infants under stress. Curr Biol. 2017;27(24):3846-3851.

	18.	 Kasser S, Hartley C, Rickenbacher H, et al. Birth experience in new-
born infants is associated with changes in nociceptive sensitivity. 
Sci Rep. 2019;9:4117.

	19.	 Cornelissen L, Fabrizi L, Patten D, et al. Postnatal temporal, spatial 
and modality tuning of nociceptive cutaneous flexion reflexes in 
human infants. PLoS One. 2013;8(10):e76470.

	20.	 Fabrizi L, Slater R, Worley A, et al. A shift in sensory processing that 
enables the developing human brain to discriminate touch from 
pain. Curr Biol. 2011;21(18):1552-1558.

	21.	 Hartley C, Moultrie F, Gursul D, et al. Changing balance of spinal 
cord excitability and nociceptive brain activity in early human de-
velopment. Curr Biol. 2016;26(15):1998-2002.

	22.	 Green G, Hartley C, Hoskin A, et al. Behavioural discrimination of 
noxious stimuli in infants is dependent on brain maturation. Pain. 
2019;160(2):493-500.

	23.	 van der Vaart M, Hartley C, Baxter L, et al. Premature infants 
display discriminable behavioural, physiological and brain re-
sponses to noxious and non-noxious stimuli. medRxiv. 2021. 
doi:10.1101/2021.08.18.21262106

	24.	 Cobo MM, Hartley C, Gursul D, et al. Quantifying noxious-evoked 
baseline sensitivity in neonates to optimise analgesic trials. Elife. 
2021;10:e65266.

	25.	 Baxter L, Moultrie F, Fitzgibbon S, et al. Functional and diffusion 
MRI reveal the neurophysiological basis of neonates’ noxious-
stimulus evoked brain activity. Nat Commun. 2021;12(1):2744.

	26.	 Baxter L, Poorun R, Rogers R, van der Vaart M, Worley A, Hartley 
C. Using changes in brain activity to assess pain-relief in infants: 
Methodological considerations with Benoit et al. (2021). Early Hum 
Dev. 2021;157:105361.

	27.	 Vinks AA, Punt NC, Menke F, et al. Electronic health record-
embedded decision support platform for morphine precision dos-
ing in neonates. Clin Pharmacol Ther. 2020;107(1):186-194.

	28.	 Koninklijke Philips. IntelliVue Patient Monitor [Internet]. 2019 
[cited 2020 Oct 8]. Available from: https://www.fda.gov/media/​
13722​9/download

	29.	 Draeger. Infinity Acute Care System: Instructions for use. [Internet]. 
2017 [cited 2020 Oct 8]. Available from: https://www.draeg​er.com/
Produ​cts/Conte​nt/iacs-vg7-monit​oring​-appli​catio​ns-ifu-ms340​
93-en.pdf

	30.	 van den Anker JN. New ways to measure the effect of pharmaco-
therapy in newborn infants: feasible or not that much? Neonatology. 
2020;117(4):436-437.

	31.	 Brockmann PE, Wiechers C, Pantalitschka T, Diebold J, Vagedes J, 
Poets CF. Under-recognition of alarms in a neonatal intensive care 
unit. Arch Dis Child Fetal Neonatal Ed. 2013;98(6):F524-F527.

	32.	 Lee H, Rusin CG, Lake DE, et al. A new algorithm for detecting cen-
tral apnea in neonates. Physiol Meas. 2012;33(1):1-17.

	33.	 Vergales BD, Paget-Brown AO, Lee H, et al. Accurate automated 
apnea analysis in preterm infants. Am J Perinatol. 2014;31(2):157-162.

	34.	 Adjei T, Purdy R, Jorge J, Adams E, Buckle M, Fry RE, 
et al. A new method to measure inter-breath intervals in infants 
for the assessment of apnoea and respiratory dynamics. medRxiv. 
2021;2021.05.29.21258043.

	35.	 Kumar N, Akangire G, Sullivan B, Fairchild K, Sampath V. Continuous 
vital sign analysis for predicting and preventing neonatal diseases 
in the twenty-first century: big data to the forefront. Pediatr Res. 
2020;87(2):210-220.

	36.	 Griffin MP, O’Shea TM, Bissonette EA, Harrell FE, Lake DE, 
Moorman JR. Abnormal heart rate characteristics preceding neo-
natal sepsis and sepsis-like illness. Pediatr Res. 2003;53:920-926.

	37.	 Saria S, Rajani AK, Gould J, Koller D, Penn AA. Integration of early 
physiological responses predicts later illness severity in preterm in-
fants. Sci Transl Med. 2010;2(48):48ra65.

	38.	 Poppe JA, Van WW, Sebek LLG, et al. Precision dosing of dox-
apram in preterm infants using continuous pharmacodynamic 
data and model- based pharmacokinetics : an illustrative case 
series patient population and data collection. Front Pharmacol. 
2020;11:1-11.

https://orcid.org/0000-0002-7981-0836
https://orcid.org/0000-0002-7981-0836
https://doi.org/10.1159/000509269
https://doi.org/10.1159/000509269
https://doi.org/10.1101/2021.08.18.21262106
https://www.fda.gov/media/137229/download
https://www.fda.gov/media/137229/download
https://www.draeger.com/Products/Content/iacs-vg7-monitoring-applications-ifu-ms34093-en.pdf
https://www.draeger.com/Products/Content/iacs-vg7-monitoring-applications-ifu-ms34093-en.pdf
https://www.draeger.com/Products/Content/iacs-vg7-monitoring-applications-ifu-ms34093-en.pdf


     |  155HARTLEY

	39.	 Vliegenthart RJS, Ten Hove CH, Onland W, Van Kaam AHLC. 
Doxapram treatment for apnea of prematurity: a systematic review. 
Neonatology. 2017;111(2):162-171.

	40.	 Silver Spring (MD): Food and Drug Administration (US), Co-
published by National Institutes of Health (US) Bethesda (MD). 
FDA-NIH Biomarker Working Group. BEST (Biomarkers, EndpointS, 
and other Tools) Resource [Internet]. Available from: https://www.
ncbi.nlm.nih.gov/books/​NBK32​6791/?repor​t=classic. Accessed 
November 3, 2020.

	41.	 Hartley C, Baxter L, Moultrie F, et al. Predicting severity of adverse 
cardiorespiratory effects of morphine in premature infants: a post 
hoc analysis of Procedural Pain in Premature Infants trial data. Br J 
Anaesth. 2021;126(4):E133-135.

	42.	 Slater R. The challenge of distinguishing pain from distress in young 
children. Lancet Child Adolesc Heal. 2019;3(6):367-368.

	43.	 Moultrie F, Slater R, Hartley C. Improving the treatment of infant 
pain. Curr Opin Support Palliat Care. 2017;11(2):112-117.

	44.	 van der Vaart M, Duff E, Raafat N, Rogers R, Hartley C, Slater R. 
Multimodal pain assessment improves discrimination between 
noxious and non-noxious stimuli in infants. Paediatr Neonatal Pain. 
2019;1(1):21-30.

	45.	 Handelman GS, Kok HK, Chandra RV, Razavi AH, Lee MJ, Asadi H. 
eDoctor: machine learning and the future of medicine. J Intern Med. 
2018;284(6):603-619.

	46.	 Rajkomar A, Dean J, Kohane I. Machine learning in medicine. N Engl 
J Med. 2019;380:1347-1358.

	47.	 Sidey-Gibbons JAM, Sidey-Gibbons CJ. Machine learning in medi-
cine: a practical introduction. BMC Med Res Methodol. 2019;19(1):64.

	48.	 Medical Predictive Science Corporation. HeRO Heart Rate 
Observation System [Internet]. [cited 2020 Sep 30]. Available from: 
https://www.heros​core.com/

	49.	 Hartley C, Moultrie F, Hoskin A, et al. Analgesic efficacy and 
safety of morphine in the Procedural Pain in Premature Infants 
(Poppi) study: randomised placebo-controlled trial. Lancet. 
2018;392(10164):2595-2605.

	50.	 Maxwell EN, Johnson B, Cammilleri J, Ferreira JA. Intravenous 
acetaminophen-induced hypotension: a review of the current liter-
ature. Ann Pharmacother. 2019;53(10):1033-1041.

	51.	 Poldrack RA, Huckins G, Varoquaux G. Establishment of best 
practices for evidence for prediction: a review. JAMA Psychiatry. 
2019;77(5):534-540.

	52.	 Varoquaux G. Cross-validation failure: small sample sizes lead to 
large error bars. NeuroImage. 2018;180:68-77.

	53.	 Lee HC, Jung CW. Vital Recorder- A free research tool for auto-
matic recording of high-resolution time-synchronised physiological 
data from multiple anaesthesia devices. Sci Rep. 2018;8(1):1527.

	54.	 Gorgolewski KJ, Auer T, Calhoun VD, et al. The brain imaging data 
structure, a format for organizing and describing outputs of neuro-
imaging experiments. Sci Data. 2016;3:160044.

	55.	 Byrd JB, Greene AC, Prasad DV, Jiang X, Greene CS. Responsible, 
practical genomic data sharing that accelerates research. Nat Rev 
Genet. 2020;21:615-629.

	56.	 Nichols TE, Das S, Eickhoff SB, et al. Best practices in data 
analysis and sharing in neuroimaging using MRI. Nat Neurosci. 
2017;20:299-303.

	57.	 Brakewood B, Poldrack RA. The ethics of secondary data analysis: 
Considering the application of Belmont principles to the sharing of 
neuroimaging data. NeuroImage. 2013;82:671-676.

	58.	 PhysioNet [Internet]. [cited 2020 Oct 9]. Available from: https://
physi​onet.org/

How to cite this article: Hartley C. Toward personalized 
medicine for pharmacological interventions in neonates using 
vital signs. Paediatr Neonatal Pain. 2021;3:147–155. 
doi:10.1002/pne2.12065

https://www.ncbi.nlm.nih.gov/books/NBK326791/?report=classic
https://www.ncbi.nlm.nih.gov/books/NBK326791/?report=classic
https://www.heroscore.com/
https://physionet.org/
https://physionet.org/
https://doi.org/10.1002/pne2.12065

