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Chapter 16

trial@home in pediatrics - a framework for  
remote and non-invasive data collection in pediatric 
clinical trials 
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clinical trial. Trials in pediatric populations are difficult to conduct due to several reasons, 
such as high proportion of non-consent resulting in low recruitment rates. Many reasons 
for non-participation in a study are unavoidable, such as concerns about a study drug, ran-
domization, or blinding.4 However, in that case it is only logical that steps must be taken 
to overcome other barriers as much as possible. One of the major other reasons of par-
ents for non-participation in a clinical trial is that ‘study logistics were too complicated 
or difficult’,5 and a perception by parents that a study may interfere with standard care 
may be a factor as well.4 Additionally, other studies cite inconvenience for the child or the 
parents,6 a lack of time, and a lack of interest as a frequent reason for nonparticipation.7 
Finally, many researchers report that concerns about the number of blood draws and bur-
densome logistics in general are a major barrier as well.8 

Taken together, the factors described above invariably lead to the conclusion that a new 
perspective on the pediatric clinical trial is necessary, and many of the current barriers and 
limitations could be surmounted by adopting a remote clinical trial paradigm. 

towards remote data collection in pediatric  
clinical trials

Although there are numerous locations to monitor children, the most logical location is the 
home and school for several reasons. In these locations the child is naturally most com-
fortable, and the environment resembles ‘real-world conditions’ by definition, which can-
not be achieved in hospitals or clinical research units. Since it is evidently unfeasible on 
financial and logistical grounds to send trained research personnel to the homes of every 
individual subject frequently, monitoring in the home must be achieved using different 
means. Technology in the form of digital biomarkers, also termed digital endpoints in the 
context of clinical trials, is a possible solution.9 

Before digital biomarkers can be implemented in clinical trials, and eventually in clini-
cal care, they must be rigorously validated to ensure they are fit-for-purpose. In Chapter 
2 we describe a stepwise approach towards endpoint selection, technical validation, and 
clinical validation of digital endpoints.10 This approach can be applied to most digital mea-
surements, algorithms, and devices. Technical validation means investigating whether the 
devices measure that what is claimed and focuses on the variability within- and between 
devices, the general usability, and the data processing pipeline. Chapters 3-5, provide 
examples of the technical validation of a novel mobile spirometer and smartphone-based 

the current pediatric clinical trial paradigm

Primary endpoints in pediatric clinical trials are currently very similar to those in adult tri-
als1, and focus on quantifying or counting hard endpoints like mortality, hospital admis-
sions and length of stay. Additionally, biochemical biomarkers in serum are often measured 
to assess drug effects on a biochemical level. The occurrence of mortality and hospital 
admissions is rare thanks to the improvements in clinical care that have occurred in the 
last century, and adopting these as primary endpoints in clinical trials gives dispropor-
tional weight to rare events which most patients will not experience. Conversely, length of 
stay for many clinical conditions is short, and this duration only captures a small part of the 
clinical recovery trajectory that patients must undergo. 

Besides hard endpoints, clinic-based assessments and composite scores that are 
related to one or multiple components of the disease clinical assessments are often used 
as outcome. Although such scores are useful, such scores incorporate a subjective com-
ponent of the observer in the outcome, while at the same time providing a mere snapshot 
of disease activity in a clinical setting. As discussed in Chapter 1, a shift from hard end-
points towards value-based endpoints is a natural progression of the current clinical trial 
paradigm.2 Value-based endpoints represent outcomes that patients care about, are suit-
able to detect individual outcomes and that are measured frequently in a patients’ natu-
ral environment. These new objective biomarkers should be able to quantify if a drug or 
health care intervention helps individual patients, as opposed to that the drug works on a 
biochemical or organ system level. 

Although one manifestation of value-based thinking in clinical trials is the adoption 
of patient reported outcome measures (pros) in the form of questionnaires, pros may 
not be the solution in pediatrics. Adequate report of pros is reliant on adequate disease-
understanding and a homogenous perception on what kind of symptoms constitute severe 
disease. These outcomes are extremely difficult to assess in a reliable way for young 
patients. Researchers often include the parent in the disease-scoring process, but this 
creates an additional subjective factor between the actual symptom severity and the pro. 
Although pros can be valuable and demonstrate the capability to characterize the sub-
jective burden of disease, inclusion of objective monitoring techniques needs to be consid-
ered as well.3 

Implementing more value-based endpoints in clinical trials will likely improve the 
insights obtained from all trials, but the concept is especially relevant for the pediatric 
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Table 1. Progress of the validation process of (digital) endpoints investigated in the current work

Candidate  
endpoint

technical 
validation

Clinical validation
tolerability repeatability 

and effect 
modifiers

Difference 
healthy-ill

Correlation
traditional 
endpoints

Description 
of health 

events
Physical activity Yes1 Yes Yes Yes Yes Yes
Heart rate Yes1 Yes Yes Yes Yes Yes
Cry (session) 
duration

Yes - - - - -

Cough count Yes - - - - -
Pulmonary  
function tests

Yes Yes Yes Yes Yes Yes

Sleep duration Yes1 Yes Yes Varying No No
Sleep depth / 
wakeup count

Yes1 Yes Yes Varying No No

NeuroCart® Yes1 Yes - Yes Yes -
epro’s Yes1 Yes - Yes Na Yes

1 Not investigated in the current work.  Legend: blue: validation criterion was met in one or more clinical conditions. Yellow: 
criterion fulfillment was inconclusive at this point. Red: validation criterion was not met in the current studies. White: not 
investigated at this point, more research necessary. 

In the framework, one could conduct a preparatory study in (young) adult subjects to 
determine the saliva:plasma correlation for a particular compound, perhaps already dur-
ing phase I studies. The saliva:plasma relationship is variable across compounds, and 
therefore difficult to predict due to multiple factors, such as molecule size, polarity, pro-
tein binding, and salivary flow.16 Although the relationship seems stable across several age 
ranges for multiple compounds, e.g. voriconazole, phenytoin, phenobarbital and lamotrig-
ine,14,17 extrapolation of the saliva:plasma relationship from adults to pediatrics is a major 
assumption of the framework, and we believe more confirmatory research is needed 
before this can be implemented. However, if the assumption is confirmed to be valid, 
future studies investigating the pharmacokinetics of new compounds in children could 
be based solely on salivary concentrations with back-calculation of plasma concentration 
based on the known saliva:plasma relationship determined in adults. 

Other matrices that do not involve blood sampling can be implemented as well, given 
that drug concentrations in the matrix are predictable and related to plasma concentra-
tions.12,18 In Chapter 15, we describe an exploratory study investigating the use of exhaled 
breath condensate (ebc) in the field of pulmonary pharmacokinetics. However, ebc 
exhibited extremely high variability for both salbutamol and tobramycin, and the approach 
did not appear a promising avenue for further research.19 

algorithms to detect crying- and coughing in children.11 Clinical validation means investi-
gating the endpoint in the target population, in this case pediatric patient groups. Impor-
tant biomarker characteristics that are investigated during this process are the tolerabil-
ity, repeatability, difference between healthy and ill groups, correlation with traditional 
endpoints and the description of health events. In Chapters 6-11, the clinical validation 
process of the remote measurement of physical activity, heart rate, forced expiratory vol-
ume in 1 second (fev1), sleep duration, electronic pro’s (epro’s) and tests incorporated 
in chdr’s NeuroCart® system is described in several conditions, specifically pediat-
ric asthma, -pneumonia, -preschool wheezing, -obesity, -sickle cell disease, and arid1b-
related intellectual disability. Table 1 lists the progression of the clinical validation process 
for various digital endpoints that were investigated in the current work. For several candi-
date endpoints, all preparatory work has been performed to be able to progress to the final, 
and arguably most important, step of the validation process: confirming the new candi-
date endpoint is able to detect the effect of new effective treatments. 

Implementation of non-invasive pharmacokinetics  
can supplement remote clinical trials

Digital endpoints are a novel way to register what is traditionally termed the pharmaco-
dynamics of drugs: the effect of the drug on the patient. However, the other cornerstone 
of clinical trials, pharmacokinetics (what the patient does to the drug), is traditionally 
evaluated in hospitals and clinical research units as well. Determination of pharmacoki-
netics is, among others, necessary in the event of target concentrations, e.g., in the case 
of antibiotic therapy, and when a specific pk-pd relationship is to be investigated. Tradi-
tionally this is done in blood samples, which is not easily transferred to the home environ-
ment. Although some advances have been made using dried blood spots, this still requires 
blood sampling and causes discomfort.12,13 Developing novel non-invasive methods to 
obtain pharmacokinetic information may allow pediatric clinical trials to move completely 
towards the home. To achieve this, the sampling matrix of choice, which is currently 
plasma, must change to be able to obtain samples in a non-invasive manner at home. One 
such matrix is saliva14,15, and in Chapter 12, we describe a framework to estimate plasma 
concentrations in individual patients based on obtained saliva samples with nonlinear 
mixed effect models and Bayesian maximum a posteriori (map) optimization. The frame-
work is applied in practice for clonazepam and gentamicin in Chapter 13 and Chapter 14. 
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Beyond the clinical trial - Application of digital  
endpoints and non-invasive TDM in clinical care

The focus of the current work was on the validation of novel methodologies in clinical tri-
als. However, a clinically validated digital endpoint has many potential applications in clin-
ical care as well. Value-based medicine has been gaining popularity since the introduction 
of the concept by Michael Porter in 2010.22 In clinical care, like in clinical trials, the goal of 
implementing more value in clinical care leads to the conclusion that personalized out-
come measures are a necessary component of treatment effect evaluation. Objective dig-
ital endpoints combined with electronic patient reported outcomes may be suitable for 
this task.2 

However, there are other applications of home-monitoring systems in clinical care that 
can supplement the current telemedicine paradigm. Although more popular in rural coun-
tries compared to The Netherlands, telemedicine allows patients to consult their doctors 
from the comforts of their home via a video- or phone call.23 This is both more comfort-
able for the patient and potentially more cost-effective for the health care system, but 
the drawback is that the physician has no access to information obtained via the phys-
ical examination or additional tests. This drawback can be mitigated using digital mea-
surements. For example, imagine the following: the physician has been given access to the 
‘personal health dashboard’ by a patient with, for example, cystic fibrosis with worsening 
disease-activity. On this dashboard, the physician can see that physical activity, adjusted 
for weather and other variables, has been decreasing gradually towards levels that are on 
the low end of reference values, while nocturnal heart rate has been increasing at the same 
speed. Together with other parameters, such as periodical patient reported outcomes 
and pulmonary function tests, the holistic overview provided by the dashboard will make 
clear that a change in treatment is necessary to prevent further worsening of the disease 
towards a pulmonary exacerbation, which can be initiated promptly. 

Looking further ahead, the improvement of artificial intelligence may eventually enable 
algorithms to analyze multiple sources of data to predict symptom severity during the 
upcoming days.24 When the algorithm detects a high probability of worsening disease-
activity, an intervention can be suggested to provide timely symptom relief. 

Besides home-monitoring of disease-activity, the non-invasive pharmacokinetics 
based on saliva samples described in this dissertation can be extended to the field of ther-
apeutic drug monitoring (tdm).25 Although tdm is relatively uncommon in pediatrics, it 

Pediatric disease areas that could benefit  
from digital biomarkers in clinical trials

The current work shows that digital endpoints can be applied to both chronic and acute 
disease. The largest focus has been on the respiratory diseases in this dissertation, and our 
results indicate that endpoints such as physical activity and heart rate are ready to pro-
ceed towards preliminary implementation in pediatric trials investigating pulmonary dis-
eases. However, remote monitoring can be applied to other chronic diseases, such as obe-
sity and sickle cell disease. 

Additionally, there are many other unexplored disease areas that could potentially 
benefit from adopting the proposed framework. For example, pediatric dermatology tri-
als could benefit from a combination of epros and objective digital endpoints, such as 
photos taken by parents. These photos can be transmitted to researchers for an objec-
tive assessment of the condition of the skin. The field of child- and adolescent psychia-
try could include objective physical activity-, heart rate- and blood pressure monitor-
ing to assess (adverse) effects of treatment in Attention Deficit Hyperactivity Disorder 
(adhd). Trials in pediatric diabetes could incorporate non-invasive digital glucose mon-
itoring devices,20 combined with physical activity monitoring that may relate to quality-
of-life related disease activity, and a heart rate sensor to monitor the cardiovascular con-
sequences of the disease, similarly to what was shown in pediatric obesity in Chapter 9. 
Rheumatology is another example where continuous and objective monitoring could be 
beneficial beyond the inflammatory markers and patient reported outcomes that tri-
als currently rely on. Finally, trials in rare (genetic) diseases, such as muscular dystrophies 
or neurological syndromes, will also benefit from adoption of the proposed framework in 
clinical trials. Patients are even more vulnerable compared to their peers with, and home-
based trials would be the least invasive and therefore preferable. Considering the orphan 
drugs developed for these conditions are extremely high-priced, it is of paramount impor-
tance that rare disease clinical trials become more value-based and demonstrate that an 
expensive treatment translates to real value for patients in addition to, for example, bio-
chemical- or cellular improvement.21 

In short, there are many possibilities to move clinical trials towards the home and 
incorporate endpoints that are directly related to the manifestations of the disease that 
lead to significant burdens in patients. In addition, similar applications of the framework 
may be possible in numerous other conditions not listed here. 
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enables for precision-dosing in drugs where a clear target range in plasma concentrations 
is available, for example, in the case of several antimicrobials and anti-epileptic drugs. 

conclusion

The remote pediatric clinical trial paradigm, consisting of digital endpoints and non-inva-
sive pharmacokinetic sampling, has the potential to transform pediatric clinical trials and 
pediatric clinical care. The process towards implementation is challenging and can only 
proceed after a rigorous validation process. The current work provides a roadmap towards 
selection, validation, and implementation of digital endpoints, and describes preliminary 
steps taken for several candidates. The digital endpoints investigated in this work fulfill 
several validation criteria in a range of clinical conditions and, combined with non-inva-
sive pharmacokinetics, may move the pediatric clinical trial completely towards the home. 
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