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Introduction

Pediatric patients who are admitted to the pediatric ward for acute lung disease are treated 
as in- patients until the clinical condition is stable enough for safe discharge. Although the 
clinical condition is improved at discharge, complete recovery is usually achieved at home.

While much is known about in-hospital recovery, little data is available regarding the 
time to-full recovery after hospital discharge. Studies researching acute lung disease, 
such as community-acquired pneumonia (cap) and preschool wheezing (pw) define 
recovery time as the duration of hospital stay, but these studies don’t describe the at-
home recovery period once patients have been discharged.1-3 One study investigated at-
home recovery time in children admitted for asthma exacerbation (ae), but this definition 
relied on spirometry only, which does not always correspond with symptoms in children.4,5 
As a result, this important clinical disease characteristic does not reach clinical reviews or 
reference texts, while insight into duration to full recovery could be valuable for patients, 
their parents, clinicians and clinical researchers.6,7 It would allow for better insight in 
expected short-term disease burden, and also for investigating the effect of treatments, 
such as steroids and antibiotics, beyond the hospital-setting.8,9

Current methods to follow subjects in a home-setting, such as questionnaires, have 
limitations such as recall bias and are inherently subjective.10 Frequent monitoring at a 
subject’s home by a physician is time consuming and expensive and daily hospital visits 
place an unwanted burden on both child and parent.11,12 Technological innovations have 
led to wearables and other devices that can continuously measure health parameters such 
as physical activity, heart rate (hr) and sleep pattern. When combined with electronic 
patient reported outcomes (epros), remote monitoring platforms can collect both objec-
tive and subjective high resolution data in an at home-setting, which decreases the burden 
for children significantly, and may even allow for a personalized medicine approach.13,14

However, before implementing digital biomarkers in clinical care or clinical trials, exten-
sive fit-for-purpose technical- and clinical validation in the target population is necessary. 
Technical validation consists of investigating whether a device actually captures that what 
is claimed on a technical level, whereas clinical validation focuses on the tolerability, dif-
ference between patients and controls and correlation with traditional biomarkers 15. One 
of the final clinical validation criteria in a recently published validation strategy is the abil-
ity to detect clinically meaningful change after a health event such as a hospital admission, 
and this study aims to address that criterion for several candidate digital biomarkers.15 

abstract 

BackgrouNd Pediatric patients admitted for acute lung disease are treated and moni-
tored in the hospital, after which full recovery is achieved at home. Many studies report in-
hospital recovery, but little is known regarding the time to full recovery after hospital dis-
charge. Technological innovations have led to increased interest in home-monitoring and 
digital biomarkers. The aim of this study was to describe at-home recovery of three com-
mon pediatric respiratory diseases using a questionnaire and wearable device. 

Methods In this study, patients admitted due to pneumonia (n=30), preschool wheez-
ing (n=30) and asthma exacerbation (n=11) were included. Patients were monitored with a 
smartwatch and a questionnaire during admission, a 14-day recovery period and a 10-day 
‘healthy’ period. Median compliance was calculated, and a mixed effects model was fitted 
for physical activity and heart rate to describe the recovery period, and the physical activ-
ity recovery trajectory was correlated to respiratory symptom scores. 

results Median compliance was 47% (iqr 33-81%) during the entire study period, 
68% (iqr 54-91%) during the recovery period and 28% (iqr 0-74%) during the healthy 
period. Patients with pneumonia reached normal physical activity 12 days post-discharge, 
while subjects with wheezing and asthma exacerbation reached this level after 5 and 6 
days, respectively. Estimated mean physical activity was closely correlated with estimated 
mean symptom score. Heart rate measured by the smartwatch showed a similar recovery 
trajectory for subjects with wheezing and asthma, but not for subjects with pneumonia. 

coNclusIoNs The digital biomarkers physical activity and heart rate obtained via 
smartwatch show promise for quantifying post-discharge recovery in a non-invasive 
manner, which can be useful in pediatric clinical trials and clinical care. 
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Study assessments

During the study periods all patients were asked to continuously wear a Withings® Steel 
hr Smartwatch (Withings, Issy-les-Molineux, France), which collects step count, hr, and 
sleep pattern. Furthermore, subjects were asked to complete a daily questionnaire. An 
existing respiratory symptom questionnaire was adapted for a pediatric population, and 
subjects and their parents of the cap and pw cohorts were asked to complete the ques-
tionnaire at the end of each day to determine a respiratory symptom score (Supplemen-
tary Text S1).16 in addition, these patients performed daily temperature measurements 
with the Withings Thermo (Withings, Issy-les-Molineux, France). Patients with ae com-
pleted the Modified Asthma Control Diary (acd)17 and spirometry measurements with 
the Air Next spirometer (NuvoAir, Stockholm, Sweden) every day. The spirometer registers 
the forced vital capacity (fvc), the forced expiratory volume in the 1st second (fev1) and 
the fev1/fvc ratio.18 All devices were connected to a g6 smartphone (Motorola, Chicago, 
il, usa)) with the HealthMate, Thermo and chdr more® applications pre-installed. 
The devices used during the study have previously been used in an initial validation study 
in healthy children.19 Additionally, the smartphone calendar was filled with a personal-
ized study schedule. At the end of the study, participants were asked to complete a ques-
tionnaire regarding the study experience. Baseline and admission characteristics were 
obtained from patient charts. 

Analysis and Statistics

ComplianCe anD baseline CharaCteristiCs Compliance was determined 
by dividing the sum of the completed measurements by the total of the expected mea-
surements for each subject, and the median compliance and interquartile range (iqr) 
were calculated. Compliance was calculated for the complete study period and for the 
recovery- and healthy period separately. Descriptive statistics were used to describe the 
baseline and admission characteristics. 

moDelling analysis set The primary endpoint in this study was physical activ-
ity (step count). However, individual exploratory plots of physical activity over the entire 
study period (Supplementary Figure S2) showed a large amount of inter-individual vari-
ability between subjects. To define a common point of recovery (return to ‘healthy’ 

The aim of this pilot study was to investigate the post-admission recovery time of children 
admitted due to pneumonia, preschool wheezing, and asthma and to evaluate the poten-
tial of remote monitoring with digital biomarkers for pediatric clinical trials and -care.

Materials and methods

This study was performed at the Juliana Children’s Hospital (The Hague, the Netherlands) 
in collaboration with the Centre of Human Drug Research (chdr) in Leiden between 
November 2018 until March 2020 and was conducted in compliance with Good Clinical 
Practice and the Dutch Code of Conduct regarding medical research with minors. Signed 
informed consent was obtained from parents or the legal guardian and of children aged 
≥12 years prior to any study-mandated procedure.

Subjects and study design

Patients aged 2-12 admitted to the pediatric ward of the Juliana Children’s Hospital due to 
cap (n=30), pw (n=30) and ae (n=11) were recruited. Patients with a history of chronic 
illness other than the studied disease were excluded. Patients were enrolled in the study 
as quickly as possible after admittance and were monitored during hospital admission, a 
14-day recovery period immediately after hospital discharge and another 10-day period 
40 days after hospital discharge. The schedule detailing the study periods can be found in 
Figure 1. Subjects admitted due to nonmedical reasons were excluded from participation. 
There were no formal discharge criteria. In general, patients were discharged when they 
were no longer oxygen-therapy dependent during the night. In addition, patients with 
asthma or preschool wheezing were discharged when nebulization with bronchodilators 
was no longer necessary. 

Figure 1. Study schedule

157 ParT iii chaPTer 8 – post-discharge recovery after acute pediatric luNg disease



158 Trial@home for childeren – Novel NoN-iNvasive methodology for the pediatric cliNical trial of the future

relationship between reCovery trajeCtories To quantify the relation-
ship between the three estimated recovery trajectories, Pearson correlations were per-
formed to quantify the relationship between estimated mean daily physical activity, hr 
and symptom score. 

software PySpark version 2.4.6 was used for data aggregation and tabulation. 
The statistical analyses were performed using R version 3.6.1 with R-packages nlme, em 
means and gg effects. 

results

Baseline & admission characteristics

Of the 71 patients included in the study, 20 subjects dropped out shortly after inclu-
sion due to discomfort for the child and were excluded during analysis. This majority of 
dropped out subjects were 2 (n=5) or 3 (n=6) years old. The remaining study popula-
tion consisted of 19 pneumonia patients, 21 preschool wheezing patients and 11 asthma 
patients. Baseline and admission characteristics are shown in Table 1. Of the 51 subjects 
shown in Table 1, 39 subjects completed measurements for either at least two days in the 
healthy period or at least two days in the last four days of the recovery period and thus 
were suitable for inclusion in the modelling dataset. 

Compliance

For the 51 subjects who completed the study, compliance was determined separately for 
the entire study period, the recovery period and healthy period (Figure 2). Median compli-
ance was 47% (iqr 33-81%) during the entire study period, 68% (iqr 54-91%) during the 
recovery period and 28% (iqr 0-74%) during the healthy period. There was no clear asso-
ciation between age and compliance (Supplementary Figure S3). Raw data of the sub-
jects remaining in the final dataset is presented in Supplementary Figure S4. Considering 
the large number of subjects with multiple days of missing data, a mixed effects model-
ling approach accounting for both missing data from complete study days with a random 
effect structure and for partial noncompliance during the day by adjusting for wear time 
was most appropriate. 

physical activity levels), subject data was normalized based on data gathered during the 
10-day ‘healthy’ period (day 15-24), since a true baseline period was obviously not possible 
within the study design. For each individual subject, the mean step count in the healthy 
period (minimum of 2 days) was used as their “baseline” physical activity (100%). If no 
data of the healthy period was available, the mean steps of the last 4 days of the recovery 
period (minimum of 2 days) were used as reference. Thus, only subjects who performed 
measurements for at least 2 days in the healthy period or at least 2 days in the last four 
days of the recovery period were included in the analysis set. 

symptom sCore moDel To visualize a recovery trajectory, a descriptive linear 
mixed model was fitted to model respiratory symptom score and acd6 score for the three 
groups separately using the restricted maximum likelihood approach (reml). In this anal-
ysis, symptom scores reported before 12pm were assumed as data from the previous day. 
Time was included as a spline covariate with a maximum of 3 degrees of freedom to assess 
nonlinear recovery. Subject was included as random intercept. During analysis, contri-
bution to model fit was assessed via a likelihood-ratio test and by appraising the Akaike 
Information Criterion (aic) and proportion of variance explained (r2). Model assump-
tions were checked by inspection of residual plots. Log transformation was performed in 
the presence of heteroscedasticity. First order autoregression on the time variable was 
included to account for temporal autocorrelation.

physiCal aCtivity moDel Physical activity was modelled descriptively using sim-
ilar methods. In the model, study day number was included as a spline covariate with a 
maximum of 3 degrees of freedom and subject was included as a random intercept. The 
watch wear time between 6am and 10pm was included as separate covariate to adjust 
for partial noncompliance during the day. Estimated mean (95% confidence interval (ci)) 
physical activity was calculated over time, with wear time of the watch held constant at 
100%. Admission duration, oxygen saturation, respiratory rate and hr at admission were 
included in the models separately as part of an exploratory analysis to assess their effect 
on recovery. 

heart rate Average hr during the day (6am-10pm) and average nocturnal hr 
(12am-5am) were both fitted with a mixed effects model with subject as random inter-
cept and time as spline covariate. Age was included as additional covariate. 
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Figure 2. Compliance to study tasks. Median (iqr) compliance for all measurements combined and 
for individual measurements. Each dot represents an individual subject. Temperature assessments were 
performed by cap and pw subjects, while pfts were performed by ae subjects. A: entire study period, B: 
14-day recovery period, C: 10-day healthy period after a 25-day break. 

Physical activity displays an inverse pattern compared to 
symptom score

Estimated mean physical activity for each disease group is displayed in Figure 3D-F. At 
discharge, physical activity of the cap group was 46% of normal levels, and, on average, 
patients achieved 100% of normal physical activity levels after 12 days. The pw popula-
tion had a mean physical activity of around 59% of normal levels at discharge and achieved 
100% physical activity earlier compared to cap patients after 5 days. The ae population 
had an estimated mean physical activity of around 48% at discharge and reached a mean of 
100% after 6 days. Final model coefficients are displayed in Supplementary Table S5. 

Admission-duration, -o2 saturation, -hr and -respiratory rate were separately intro-
duced to the final models as covariate during exploratory analyses. If these variables influ-
ence the average recovery trajectory of patients, model fit should improve significantly. 
However, only admission duration improved model fit in the case of cap (δaic 17, p < 
0.001) and pw (δaic 9, p = 0.002). Other variables did not improve model fit. Estimated 
model effects for the cap and pw group are displayed in Supplementary Figure S6. 

Table 1. Baseline and admission characteristics.

All subjects
n = 51

caP 
n = 19

Pw 
n = 21

ae 
n = 11

Age (mean years 
± sd)

4.9 ± 2.9 3.6 ± 2.0 3.7 ± 1.2 9.3 ± 2.2

Gender (Male %) 68.6% 63.2% 76.2% 63.6%

Ethnicity (Cauca-
sian %)

45.1% 52.6% 38.1% 45.5%

Admission duration 
(mean hrs ± sd)

62.2 ± 47.0 63.6 ± 27.3 48.7 ± 21.6 85.3 ± 84.6

Admission heart rate 
(mean bpm ± sd)

147.0 ± 23.3 151.6 ± 23.9 152.6 ± 20.1 128.3 ± 18.6

Admission respiratory 
rate (mean breaths/
min)

43.1 ± 15.4 44.8 ± 13.9 45.1 ± 16.8 36.7 ± 14.0

Admission oxygen 
saturation (mean o2% 
± sd)

92.8 ± 3.1 92.2 ± 3.2 92.6 ± 2.9 93.6 ± 3.5

Oxygen therapy 
(Yes %)

86.3% 94.7% 90.5% 63.6%

Smoking at home 
(Yes %)

23.5% 26.3% 9.5% 45.5%

Family history of 
respiratory problems 
(Yes %)

62.7% 52.6% 61.9% 81.8%

Day care attendance 
(Yes %)

23.5% 31.6% 28.6% 0%

Abbreviations: cap: community-acquired pneumonia, pw: preschool wheezing, ae: asthma exacerbation

Symptom score decreases over time after discharge

acd6- and respiratory symptom score were modelled for each diagnosis. Estimated 
mean symptom scores are displayed in Figure 3A-C. For cap patients, average respiratory 
symptom score decreased from 11.2 (95% ci 9.7-12.7) at discharge to 2.8 (95% ci 1.5-
4.1) at day 12. pw patients exhibited a mean symptom score of 10.2 (95% ci 8.8-11.6) at 
discharge, which decreased towards 4.6 (3.2-6.0) at day 5 and plateaued after this time-
point. Finally, subjects with ae used a different questionnaire and exhibited an acd6 score 
of 2.5 (95% ci 1.9-3.1) at discharge and reached a plateau after day 6 (mean 0.8, 95% ci 
0.1-1.4). Final model coefficients are displayed in Supplementary Table S5. 
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Estimated mean symptom score, physical activity and heart rate 
are correlated

Correlations between model-predicted mean symptom score, physical activity and noc-
turnal hr were performed to quantify the relationships between the estimated recovery 
trajectories (Figure 4). Physical activity was inversely related to symptom score and hr 
was positively correlated with symptom score for all three disease groups 

Temperature, sleep, and spirometry

Marginal mean total sleep duration per diagnosis was estimated and is displayed in Sup-
plementary Figure S7. Total compliance for pfts and temperature was considered too 
low to attempt further analysis. However, individual plots of a highly adherent subject  
(Supplementary Figure S8) showed that pfts in the home-setting have the potential to 
differentiate between the acute- and recovered state in the case of good compliance. 

Figure 4. Correlation between traditional and novel methods to quantify recovery. Pearson correla-
tions between model-estimated mean symptom score and model-estimated mean physical activity (A-C) and 
between model-estimated mean symptom score and -nocturnal heart rate (D-F) for each patient group. 

Figure 3. Estimated recovery trajectory. Estimated mean physical activity over time (A-C), symptom 
score over time (D-F) and daytime- and nocturnal heart rate (G-I) for pneumonia patients (left column), 
preschool wheezing patients (central column) and asthma patients (right column). The black lines indicate 
the estimated population mean; shaded areas represent the estimated 95% confidence intervals of the mean. 
The black dots indicate at the day where physical activity first reaches 100% of normal levels. For heart rate, 
darker shaded area’s and dotted lines represent nocturnal heart rate and lighter shaded area and solid lines 
represent daytime heart rate. Estimated heart rate was adjusted for age. 

Heart rate decreases in Pw and AE

Daytime and nocturnal hr were modelled using the same subjects as for the analy-
sis of physical activity and symptom scores. Mean daytime hr at discharge was 114 bpm 
for subjects with pw, which decreased to 105 bpm after 5 days. For subjects with asthma, 
mean hr during the day was 102 bpm at discharge and stabilized at 94 bpm after 6 days, 
after which hr remained at a stable level until the end of the study. For subjects with 
pneumonia, no such pattern was observed. Nocturnal hr was modelled separately and 
displayed similar trends. Estimated mean hr over time is displayed in Figure 3G-I. Final 
model coefficients are displayed in Supplementary Table S5. 

163 ParT iii chaPTer 8 – post-discharge recovery after acute pediatric luNg disease



164 Trial@home for childeren – Novel NoN-iNvasive methodology for the pediatric cliNical trial of the future

subjects with pw and ae may be partly due to reduced respiratory distress, we hypothe-
size the observed hr decrease is also explained by the frequency of β2-agonist adminis-
tration.23 Children with pw and ae usually use more bronchodilators at home during the 
first days after discharge, when compared to their regular treatment regimen. 

Interestingly, the three methods estimated highly similar recovery trajectories, as con-
firmed by the Pearson correlation coefficients. However, each captures a distinctly differ-
ent health domain in form of parental observations, activity behavior and cardiovascular 
state. Our data indicates these domains recover at an identical pace, and, although future 
research should confirm these observations, the three may be used interchangeably for 
this application. In this regard, an advantage of physical activity monitoring is the clear 
definition of recovery in the form of return to 100% of normal activity. For hr and symp-
tom scores, such definitions were not used. Interestingly, we found a strong correlation 
between mean symptom scores and mean nocturnal hr for the cap group, even though 
the absolute reduction in hr was much lower compared to the pw and ae groups. 

A possible application of remote monitoring is the prediction of the length and trajec-
tory of the recovery for individual patients, based on their diagnosis, disease severity, and 
baseline characteristics. To evaluate whether this is a valid avenue to pursue, we intro-
duced several admission variables as additional covariate in the physical activity mod-
els during exploratory analyses. Only admission duration improved model fit for subjects 
with cap and pw. Admission o2 saturation, hr and respiratory rate as covariate did not 
improve model fit, and the ci of the estimated means were wide, most likely due to the 
limited size of the dataset, the directions of the estimated effects for, for example, admis-
sion o2-saturation are plausible and may indicate that, with more data, it is possible to 
develop a model that is not only able to describe a study population, but also estimated 
and individual patients’ expected recovery trajectory based on additional clinical charac-
teristics besides diagnosis. Taking this even further, real-time monitoring could detect 
when children deviate from their expected recovery trajectory and may serve as a warn-
ing sign of pending re-admission. To realize this option, a larger and, ideally, more com-
plete dataset is needed to adequately isolate the effects of a large number of covariates 
on the recovery trajectory simultaneously. Furthermore, a system such a this can only add 
value to standard-of-care if the data collection and analysis is completely automated, 
integrated in electronic patient dossiers, and requires very little input from health care 
providers. If this would be realized, a warning could be sent to caregivers in the case of 
red flags, prompting re-evaluation and modification of the treatment plans to avoid re-
admission of patients. 

Subject satisfaction 

Twenty subjects completed the end-of-study questionnaire. The watch scored 2.5 out of 
5 on account of being ‘painful’, but also scored 4.0, 3.5 and 4.1 out of 5 for being ‘fun’, ‘com-
fortable’ and ‘easy to wear all day’, respectively. Five (25%) parents reported the watch 
caused some discomfort, itching, irritable skin, or a rash, and 85% of subjects would be 
willing to participate in a similar study in the future. 

discussion

This study is one of the first to describe the at-home recovery trajectory of some of the 
most common respiratory diseases in pediatrics. Subjects were monitored using an elec-
tronic home-monitoring platform including a questionnaire and smartwatch. Home-
monitoring with digital devices is often cited as a promising tool for the future, and the 
non-invasive nature of the measurements may be particularly useful in the field of pediat-
rics. In this paper, we use multiple methods to quantify post-discharge recovery. 

The first method, a symptom score questionnaire, is well-known and currently the 
standard in pediatric studies conducted in an at-home setting.20 On average, children 
admitted for cap became symptom-free 5-6 days later compared to pw and ae patients. 
The duration to recovery for pw and ae corresponds with findings by Bacharier et al. and 
Ahmed et al. A study in 522 children with suspected pneumonia found a median recov-
ery time of 7 days and two-thirds of children were completely recovered after 12 days.21 
The difference in recovery time between cap and pw/ae patients is in line with the view 
that bacterial infections lead to more severe illness compared to viral infections.4,22 The 
second method to quantify recovery in this study was to measure physical activity (step 
count) with a smartwatch. The recovery trajectory was characterized relative to the nor-
mal physical activity levels exhibited during the healthy period or final days of the recov-
ery period. The estimated mean physical activity followed an inverse pattern over time 
compared to the estimated mean symptom score, and the curve reached a plateau at the 
same time point compared to modelled symptom score for all three patient populations. 
Third, we assessed daytime- and nocturnal hr as marker for recovery. Estimated mean hr 
during recovery showed a sharp reduction from admission until around 6 days after dis-
charge for subjects with pw and ae. This corresponded well with the symptom score- and 
physical activity recovery trajectories for both disease groups. However, hr remained sta-
ble throughout the study period for the cap group. Although the initial reduction in hr for 
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outcome in future clinical trials investigating the effect of treatments thought to hasten 
at-home recovery, such as systemic corticosteroids in the case of pw. 

conclusion

Physical activity and heart rate measured with a smartwatch appears a viable tool for 
investigating post-admission recovery in children, although the investigated watch was 
not suitable for children < 4 years old. We believe remote monitoring could significantly 
benefit observational- and interventional pediatric clinical trials and possibly clinical care.

Our findings also provide perspective for future pediatric clinical trials. Currently, inter-
ventional clinical trials in pediatric patients commonly follow up on predefined time 
points for objective clinic-based measurements, which are limited to a handful of visits, 
which provide snapshots of a patient’s health status24,25. Another option is to make exten-
sive use of paper-questionnaires, which are more subjective.8,26 Remote monitoring plat-
forms could enable researchers to obtain more objective measurements while reduc-
ing the necessity of frequent in-hospital follow-up visits. This will automatically lead to 
a decreased burden for subjects, which may in turn lead to improved recruitment rates, 
while simultaneously providing a more complete picture of disease activity compared to 
traditional trial designs.14

A major limitation of this study is that significantly less data was collected than orig-
inally planned. Of the 71 patients recruited during this study, only 39 subjects were 
included in the final analysis set. Overall median compliance to study tasks was only 47%, 
but measurements involving the smartwatch exhibited a higher compliance (67% for 
physical activity) compared to the more traditional symptom questionnaire (27%), and 
compliance was higher during the more important recovery period. Several subjects aged 
2 and 3 dropped out due to smartwatch discomfort, which could relate to the design of the 
wearable device, which is marketed to adults. A smaller device capable of collecting the 
same parameters could improve the adherence to study tasks. For example, via a T-shirt or 
other smart clothing.27,28 The 25-day break between study periods could have contributed 
to the low compliance as well. Another limitation is that the respiratory symptom ques-
tionnaire used by patients with cap and pw is not formally validated for use in pediatrics, 
although no validated questionnaire was available during the conception of this study. 

The observed differences in recovery time between groups could not only be explained 
by the underlying illness, but also due to the limitations described above. However, we 
expect that the limitations of this pilot study could be largely negated with an improved 
study- and wearable design, and we conclude that a smartwatch is a promising tool for 
remote monitoring of pediatric patients. We were able to determine the length of post-
discharge recovery for three common pediatric respiratory diagnoses, which was unclear 
before this study. A strength of this study is the use of mixed effects models, which can 
precisely estimate group means in the presence of missing data points. Future studies may 
replicate the current findings in a new study with improved design and investigate larger 
sample sizes allowing for inclusion of multiple covariates in models to predict individ-
ual recovery trajectories. Furthermore, digital endpoints could be included as secondary 
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