
ONLINE SUPPLEMENT 

Methods in detail:  

Symptom diary:  

Asthma symptoms were scored on a scale from 4 to 16 for the child (4 being the worst and 16 the 

best achievable score) and 0 to 27 for the parents (0 being the best and 27 the worst achievable 

symptom score). 

Exacerbations 

In accordance with the 2009 American Thoracic Society/European Respiratory Society statement 

(1) severe exacerbations were defined as 1 or more days of oral prednisone prescription. Moderate 

exacerbations included one or more of the following: deterioration in symptoms, deterioration in 

lung function, and increased rescue bronchodilator use, lasting 2 or more days, but not severe 

enough to warrant systemic corticosteroid use and/or hospitalization. 

Clinical visits: 

FeNO measurements: An exhaled rate of 50 ml/second maintained within 10% for more than 6 

seconds, and with an oral pressure of 5 to 20 cm H2O to ensure velum closure. The following cut-offs 

were used for FeNO: Children <12years: <20ppb: low, 20-35ppb moderate, >35ppb: high. Children≥ 

12years: <25ppb: low, 25-50ppb: moderate, >50ppb: high (2). 

Atopy:  Atopy was defined as one or more positive skin prick tests to a panel of common 

aeroallergens: mixed grasses, cat, dog, house dust mite, Aspergillus, trees, Alternaria, Cladosporium, 

Penicillium, (wheal ≥3 mm) or serum specific IgE ≥0.35 kU/litre in the last three years, or else 

repeated at visit 1.  

PEF measurements 

Participants were advised to perform the measurements in a seated position without the use of a 

nose-clip. Date and time of usage were stored electronically. The device is capable of detecting false 

measurements (start-of-test-criterion not fulfilled, cough or artefacts during forced exhalation, 

exhalation not long enough). The display of an exclamation mark represents the request for the 

patient to repeat the blow.  

Drop outs: 

Those patients who dropped out were significantly older and had more comorbidities than those 

who completed the study. There were no other differences in baseline characteristics between the 

two groups (Table E1 OLS). 12 patients had no adherence data available since they were prescribed 

Beclomethasone for which no smartinhaler device was available. Therefore adherence data was 

available for 93 patients. 

 

Table E1: Comparison demographics protocol population and drop outs 

 Protocol 
patients 
(n=105) 

Drop outs (n=15) p-
value 

Male sex, n (%) 70 (67) 9 (60) 0.772 

Age (years) 12.4 (5.4-17.3) 15.8 (5.6-16.7) 0.006 



Ethnicity 
Caucasian 
Asian/Arabian 
African/Caribbean 
Hispanic 
Other  

 
57 (54) 
18 (17) 
11 (11) 
2 (2) 
17 (16) 

 
10 (67) 
1 (7) 
2 (13) 
0 (0) 
2 (13) 

 
0.417 

STRA, n (%) 22 (21) 2 (13) 0.733 

DA, n (%) 54 (51) 8 (53) 1.000 

Mild/moderate asthmatics, n (%) 29 (28) 5 (33) 0.760 

Weight (kg) 45 (17-101) 51.8 (16-101) 0.111 

Height (cm) 149 (108-184) 160 (108-181) 0.013 

BMI  20 (14-39) 21 (14-31) 0.431 

Gestational age: 
Term born (>37 weeks) 
Preterm (30-37weeks) 
Severe preterm (<30 weeks) 

 
91 (87) 
13 (12) 
1 (1) 

 
13 (87) 
2 (13) 
0 (0) 

 

Comorbidity  19 (18) 8 (53) 0.005 

Gastroesophageal reflux 23 (22) 1 (7) 0.299 

Median age of symptom onset (months) 12 (1-132) 12 (1-120) 0.700 

Atopy, n (%) 92 (88) 13 (87) 1.000 

Family history of atopy, n (%) 88 (84) 14 (93) 0.693 

Parental smoking, n (%) 19 (18) 4 (27) 0.484 

Hospitalization due to asthma in the last year, n (%) 38 (36) 3 (20) 0.259 

Treatment, n (%)    

Rescue medication  105 (100) 15 (100) 1.000 

Leucotriene-receptor-antagonist 61 (58) 8 (53) 0.784 

Long-acting β-agonist 100 (95) 14 (93) 0.559 

Theophylline 10 (10) 2 (13) 0.646 

Maintenance OCS  8 (8) 2 (13) 0.619 

Omalizumab  4 (4) 0 (0) 1.000 

Immunosuppressants 2 (2) 0 (0) 1.000 

Median ICS dose (μg · day
−1

) 800 (0-3200) 1000 (200-2000) 0.692 

Data are presented as medians (range) unless stated otherwise. STRA: severe therapy resistant asthmatics, DA: difficult 
asthmatics. BMI: Body mass index.  ICS: inhaled corticosteroids, BDP: Budesonide proprionate. OCS: oral corticosteroids 

 

Table E2:  Comparison lung function characteristics enrolled patients and drop outs 



 Enrolled population (n=105) Drop outs (n=15) p-value 

Median Feno value (ppb) 35 (5-196) 81.5 (7-228) 0.022 

Mean FVC (% pred) 95.3 ± 16.37 96.3 ± 14.12 0.819 

Mean FEV1 (% pred) 86.1 ± 18.73 91.4 ± 16.00 0.312 

Median FEF25-75 (% pred) 61 (16-189) 72 (23-114) 0.351 

Median BDR (%) 8.4 (0-123) 5.4 (0-24) 0.377 

Asthma control (GINA): 
Well controlled 
Partly controlled 
uncontrolled 

 
24 (23) 
30 (29) 
51 (49) 

 
2 (13) 
7 (47) 
6 (40) 

0.342 

Data presented as medians (range) if not stated otherwise. FeNO: fractional exhaled nitric oxide, FVC: forced vital capacity, 
FEV1: forced expiratory volume in 1s, BDR: bronchodilator reversibility in % 

 

 

Cluster assignment and classification of patients with incomplete data 

 

In order to calculate the distance from a patient with incomplete data to a given cluster, we 

calculated the earth mover’s distance (see above) between the patient’s distribution of lung function 

measurements and the distribution of each member in the given cluster. The average distance to all 

the members of a given cluster then defines the distance between the patient and the cluster under 

consideration. Finally, the patient is a posteriori assigned to the cluster to which it has the 

comparatively shortest distance (Fig. E1 below). 

 

Figure E1: Graph of a posteriori cluster assignment. Participants with perturbed incomplete data are assigned a posteriori to 

clusters based on the average distance to all members of a given cluster. Participants are represented by small blue circles. 

Grey lines represent the distance to the each cluster; darker lines indicate a shorter distance. Participants will tend to be 

located around the cluster to which they were assigned. However, blue circles located between clusters illustrate the 



scenario in which the distance to each of those clusters was approximately the same. In such a situation the probability of a 

patient’s misclassification will be higher. This figure does not use actual data. Rather, it is a “cartoon” for illustration 

purposes. 

Table E3: Comparison clustered and unclustered patients  

 Clustered 
population 
(n=44) 

Unclustered 
(n=61) 

p-value 

Male sex, n (%) 28 (64) 43 (70) 0,53 

Age (years) 12.8 (5-17) 12.4 (6-17) 0.26 

BMI 20 (14-32) 20 (14-39) 0.69 

BMI centile  68 (6-99) 72 (0-100) 0.28 

Ethnicity: 
Caucasian/Other (%) 

27/17 (61) 29/32 (48) 0.17 

Comorbidity 9 (20) 10 (16) 0.62 

Median age of 
symptom onset 
(months) 

15 (1-132) 12 (1-120) 0.83 

Hospitalizations, n  0 (0-5) 0 (0-15) 0.72 

Atopic subjects, n (%) 36 (82) 56 (92) 0.14 

Mean FEV1 % pred 
(BL) 

86.88 ± 2.91 85.2±18.56 0.66 

Mean FEV1 % pred 
(FU) 

94.98 ± 2.5 89.9±15.21 0.11 

Asthma severity: 
STRA, n (%) 

7 (16) 15 (25) 0.34 

Median adherence in 
% 

85.5 (31-99) 59.5 (21-96) <0.0001 

FeNO ppb (BL) 29 (6-175) 39 (5-196) 0.09 

FeNO ppb (FU) 15 (5-155) 33 (5-193) 0.003 

Significant BDR (BL), n 
(%) 

14 (32) 18 (30) 0.83 

Significant BDR (FU), n 
(%) 

4 (9) 10 (16) 0.39 

ACT/ cACT (BL) 
controlled, n (%) 

15 (34) 27 (44) 0.32 

ACT/ cACT (FU), 
controlled, n (%) 

19 (43) 33 (54) 
 

0.32 

median PAQLQ (BL) ≥ 
5, n (%) 

19 (43) 32 (52) 0.55 

median PAQLQ (FU) ≥ 
5, n (%) 

30 (68) 33 (54) 
 

0.16 

ICS dose >800ug BDP, 
n (%) 

28 (46) 25 (57) 0.33 

Data presented as medians (range) if not stated otherwise. BL: Baseline, FU: Follow up. BMI: Body mass index, ICS: inhaled 
corticosteroids, OCS: oral corticosteroids,  FVC: forced vital capacity, FEV1: forced expiratory volume in 1s,  Comorbidities 
were migraine, focal epilepsy and delayed puberty, STRA: severe therapy resistant asthmatics, DA: difficult asthmatics. 
Adherence: Good: ≥80%, mod. = moderate: 60-79%, poor: <60%. Exacerbations: 0, 1-3 ; mPAQLQ: <3: poor, 3-4.9: mod. = 
moderate, 5-7: good; BDR: ≥12%: significant, <12%: not significant; ICS dose: low: ≤500ug BDP, mod. = moderate:  500-
800ug BDP, high: >800ug BDP or equivalent; ACT, cACT ≥20: controlled, <20: uncontrolled; FeNO: Children <12years: 
<20ppb: low, 20-35ppb moderate, >35ppb: high; children≥ 12years: <25ppb: low, 25-50ppb: moderate, >50ppb: high 

 

Non-random data removal scenarios 

We explored three possible non-random data removal scenarios: The first scenario is data based and 

aims at reproducing the temporal patterns of adherence observed in the entire cohort. To this end, 



we extracted from each participant’s time series of PEF measurements the duration times, in days, of 

periods during which measurements were taken without interruptions, i.e., the waiting time before 

the next interruption. This resulted in an overall empirical distribution of waiting times. Moreover, 

analogously, we extracted the duration in days of interruption episodes. This resulted in an overall 

empirical distribution of durations of interruption episodes. In order to then systematically remove 

data points from a given participant’s time series of PEF measurements we proceeded as follows: 

1. We randomly sampled from the empirical distribution of waiting times, obtaining a random 

outcome, say R days. Then the first R entries of the time series were left unchanged 

(including potential missing values). 

2. We randomly sampled from the empirical distribution of durations of interruption episodes, 

obtaining a random outcome, say S days. Then the following S entries of the time series were 

replaced by missing values. 

3. These two operations were repeated until the end of the time series was reached. 

We explored the possibility of modelling the empirical distribution of waiting times with an 

appropriately tuned geometric distribution. However, a goodness of fit test (results not shown) 

revealed that such a model would not properly capture the characteristics of this data. Consequently, 

we did not further pursue this approach and worked with the empirical distribution. 

The second scenario was based on the hypothetical assumption that a patient, who, on a given day, 

is not having any symptoms or is having comparatively mild symptoms, will be less likely to conduct a 

lung function measurement. Thus, in order to systematically remove data points from a given 

participant’s time series of PEF measurements according to this scenario, we simply removed all 

those values from the time series that are greater than the 90th percentile of the given time series. 

The third scenario was based on the hypothetical assumption that a patient, who, on a given day, is 

having comparatively very bad symptoms, will be less likely to conduct a lung function measurement 

due to an overwhelming sickness feeling. Thus, in order to systematically remove data points from a 

given participant’s time series of PEF measurements according to this scenario, we simply removed 

all those values from the time series that are less than the 10th percentile of the given time series. 

 

Empirical conditional probabilities 

For every patient we calculated the following empirical conditional probabilities: 

1) The probability P(LF | M), on a given day, that lung function is measured, conditioned on the 

fact that medication (puffs) was taken on the same day. 

2) The probability P(LF | noM), on a given day, that lung function is measured, conditioned on the 

fact that no medication was taken on the same day. 

3) The probability P(M | LF), on a given day, that medication is taken, conditioned on the fact 

that that lung function was measured on the same day. 

4) The probability P(M | noLF), on a given day, that medication is taken, conditioned on the fact 

that that lung function was not measured on the same day. 

The empirical distributions of these four probabilities among all the participants are depicted in Table 

E4 below. 

Table E4: Distributions of conditional probabilities. 

  Min. 1st Qu. Median Mean 3rd Qu. Max. 

P(LF | M) 0.000 0.4998 0.7188 0.6452 0.875 0.9839 



P(LF | noM) 0.000 0.2067 0.3846 0.4666 0.7238 1 

P(M | LF) 0.000 0.805 0.9202 0.834 0.9759 1 

P(M | noLF) 0.07143 0.5405 0.76596 0.71 0.95 1 

 

 

Appendix 1: RBH Difficult Asthma Protocol (3) 

Prior to referral to the difficult asthma protocol the basics of asthma management should have been 

addressed: an assessment of inhaler technique and adherence (including a prescription check) and 

subsequent discussion; allergy testing and advice about reducing allergen exposure; smoking and 

smoking cessation. These should be done as part of routine clinic visits, in addition to lung function 

and exhaled nitric oxide. 

 

REFERRAL CRITERIA (4) 

1. Age ≥5 years with asthma not responding to conventional treatment 

2. Children with asthma under consideration for maintenance oral steroids, other biological 

agent such as omalizumab, other monoclonal antibody or immunosuppressive treatment 

Those children who do not fulfil criteria 2 should fulfil each of the following criteria: 

3. Diagnosis of asthma - evidence of one or more of: 

o Documented wheeze by healthcare professional 

o Airway hyper-responsiveness confirmed by direct or indirect challenge 

o Documented bronchodilator reversibility (≥12%) 

o Recorded evidence of spontaneous variation in FEV1 (≥12%) or peak flow (≥12%) in 

the past year 

4. Documented evidence of poor asthma control – one or more of: 

 Persistent chronic symptoms (most days for >3 months) or an Asthma Control Test (ACT) 

or Childhood Asthma Control Test (C-ACT) score of <20 

 Persistent airflow obstruction (FEV1 <80% post bronchodilator)  

 Recurrent severe exacerbations in the past year (≥2 per year requiring hospital admission 

or ≥3 per year requiring high dose OCS for at least 3 days) 

 A single PICU admission in the past year 

5. Treatment thresholds 

Ongoing poor control (as defined above) despite the following treatment: 

 High dose inhaled corticosteroids (budesonide >800g/day or fluticasone >500g/day) 

plus a long acting 2 agonist plus montelukast  (or previous failed trial) or trial of other 

add on therapy such as theophylline 

The following treatment whatever the level of asthma control 



 Maintenance daily or alternate day corticosteroids or other biological agent such as 

omalizumab, other monoclonal antibody or immunosuppressive treatment  

STAGE 1 

Morning with Respiratory Nurse in Outpatient Department at Royal Brompton Hospital 

 Medical history (including presence of pets, passive smoking, family history, history of 

environmental exposures, including food allergy, ISAAC rhinitis questionnaire, gastro-

oesophageal reflux questionnaire) 

 Inhaler check (technique and appropriateness of inhalers) 

 Adherence check, if not done within the previous 3 months (prescription check, serum 

prednisolone and theophylline levels if applicable (document time of last dose) 

 Height and weight (plotted on growth chart) 

 Exhaled nitric oxide (at 50ml/s) 

 Spirometry and bronchodilator reversibility 

 Skin prick tests if not done previously (grasses, cat dog, HDM, aspergillus, trees, peanut, 

milk, egg, alternaria alternata, cladosporidium, penicillium, cockroach) 

 Urinary cotinine 

 Structured psychosocial interview (mood questionnaire) 

 Paediatric asthma quality of life questionnaire (PAQLQ)  

 Asthma Control Test (ACT) 

 Paediatric Index of Emotional Distress (PI-ED) 

 Hospital Anxiety and Depression Scale (HADS) to be completed by accompanying parent. 

Permission must firstly be obtained to share the results with the parent’s GP if a score is 

clinically significant (8 -10 mild anxiety / depression ; 11-14 moderate anxiety / depression ; 

≥16 severe anxiety / depression) 

 Medicines adherence rating scale (MARS) 

 Adrenal function monitoring (screening questions, low dose Synacthen test, DEXA scan) 

 Medications and adherence advice given  

 Adherence agreement signed 

 Electronic monitoring device (Smartinhaler) dispensed 

 

Home visit AND school visit / Contact (conducted by Respiratory clinical specialist nurses) 

 Medications checked (readily available, within use by date) 

 Smoking (indoors/outdoors) 

 House dust mite avoidance measures 



 Pets 

 Other exposures / irritants 

 Further exploration of psychosocial issues (arising from mood questionnaire) 

 Visual analogue scale (organization of the home) 

School attendance checked 

STAGE 2 

Admission day before bronchoscopy 

 Low dose Synacthen test on day case (if not done in previous 3 months) 

 Admission to Sleep Unit for level 2 / 3 polysomnography 

Morning of bronchoscopy:  Outpatient department with Asthma Research Fellow / Respiratory 

Physiologist 

 Exhaled nitric oxide (multiple flows at 50ml/s, 100ml/s, 200ml/s, 260ml/s) 

 Lung function and bronchodilator reversibility 

 Lung clearance index  

 Sputum induction  

 ACT 

 PAQLQ 

In-Patient Stay (on same day as above tests) 

 Bronchoscopy  

o Bronchoalveolar lavage (BAL: sent for cytology, microbiology, virology, TB plus 

research samples ) 

o Endobronchial biopsies 

o Bronchial brushings (for research) 

o Intramuscular triamcinolone (single dose) 

 

Control group: 

Patients with mild to moderate asthma defined as controlled or partially controlled (according to 

GINA guidelines [2]) on a dose of ICS of ≤250mcg FP or ≤400mcg BUD (or equivalent) per day with the 

need for none or no more than one controller medication (long acting beta agonists, leukotriene 

receptor antagonists or theophylline). 

 

 

 



Cluster stability versus “a posteriori” cluster assignment 

An important part of our fluctuation based clustering (FBC) method is testing the stability of the 

clusters found upon random data point removal. Thereby we also determine the amount of tolerable 

levels of missing values that a cohort participant may have in order to be included in the clustering 

procedure (see [1] for a comprehensive and fully detailed description of the method). The “a 

posteriori” assignment procedure described in the main manuscript is not meant to be a mechanism 

for verification of cluster stability upon random data point removal. This is already done within the 

fluctuation based clustering procedure. 

Within the FBC procedure the clusters are unknown, and finding them is the main purpose of the 

method. So finding clusters without having much of a clue as to how the clusters may look like is in 

fact a harder task than assessing the “strength” of a patient’s cluster membership once the exact 

composition of the clusters is already known. A harder task requires comparatively more data. 

Indeed, as stated in the main manuscript, a minimum number of 67 PEF measurements per patient is 

required in order to obtain stable and reliable clusters. This corresponds to about 6.5% as the relative 

amount of random data removal allowed in order to ensure cluster stability. 

Given that we are applying the fluctuation based clustering procedure with the primary goal of 

obtaining subgroups of patients (clusters) that hint at possible disease phenotypes, we consider it of 

paramount importance that the clusters obtained are stable. In other words, the clusters found 

should not fundamentally change just because a few measurements have been removed here and 

there. It is also important to notice that the iterated repetition of the random data removal 

procedure may produce instances with a pattern of missing values that resembles non-random 

scenarios. In other words, the iterated repetition of the random data removal procedure that is 

integral part of the FBC method does also test for stability of the clusters due to missing values 

appearing in a temporal pattern that resembles the patterns observed in actual patient data. 

The idea behind the “a posteriori” assignment procedure is a different one and only makes sense 

once stable clusters have been determined. The rationale is as follows: We use stable clusters 

obtained from relatively complete cohort data as a data base against which new patients are 

compared. This is done by calculating the distance between a new patient and each of the clusters 

existing in the data base. In order to test whether this idea is any good, we randomly removed data 

points from the patients assigned to clusters via the FBC methodology, hence generating “artificial” 

patients with “perturbed”, incomplete time series of peak flow measurements. We think of these 

“artificial” patients as proxies for new patients transferred from a clinical setting. We then run the “a 

posteriori” cluster assignment procedure on this group of “artificial” patients and check, for each 

given “artificial” patient, whether it is a posteriori correctly assigned to the original cluster. However, 

to account for the fact that the pattern of missing values may not be random and might actually 

contain valuable information about disease phenotype, we also explored the classification 

performance of the “a posteriori” assignment procedure in “artificial” patients in which the data 

removal was done according to three different non-random approaches, as described above. 
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