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1

1 Development of data processing algorithm to calculate 

2 adherence for adults with cystic fibrosis using inhaled therapy – 

3 A multi-center observational study within the CFHealthHub 

4 Learning Health System

5 1. Introduction
6

7 Digital measures utilizing real-world patient data can be used in routine care or 

8 as endpoints in clinical trials. Compared to traditional endpoints captured in 

9 clinical settings, digital endpoints may offer greater insights into real-life patient 

10 experiences that are not reliably captured in the clinical setting (1). 

11

12 Adherence can be described as the extent to which a person follows healthcare 

13 provider recommendations, such as taking medicine (2). Low adherence to 

14 prescribed medicine in long-term conditions is a key contributor to suboptimal 

15 clinical benefits and worse health outcomes (2, 3).  Electronic adherence 

16 monitoring devices enable adherence to function as a digital measure which offers 

17 greater objectivity than alternatives, such as self-report (4-6). 

18

19 Cystic fibrosis (CF) is an archetypal long-term condition where life expectancy is 

20 approximately 50 years, driven by respiratory failure, resulting from chronic lung 

21 inflammation and recurrent infection (7, 8). Most adults with CF are prescribed 

22 medicine regimens including multiple daily doses of inhaled therapy, usually 

23 delivered by an electronic nebulizer device. Higher adherence to inhaled therapy 

24 is associated with better outcomes but real-world adherence is low at <40% (5, 9-

25 11). 

26

27 CFHealthHub is a UK-based multi-center Learning Health System. A Learning 

28 Health System is described as “a health system in which outcomes and experience 

29 are continually improved by applying science, informatics, incentives and culture 

30 to generate and use knowledge in the delivery of care”(12) 

31
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32 CFHealthHub centers have access to the cloud-based CFHealthHub digital 

33 platform which continuously captures and displays adherence data from 

34 nebulizer devices. This platform can be accessed by clinicians and adults with CF 

35 at all times. Certain clinicians within each CFHealthHub center are also trained to 

36 deliver a behavioural intervention which supports adults with CF to improve 

37 adherence through habit formation (13, 14). CFHealthHub increased percent 

38 adherence to inhaled therapy and reduced perceived treatment burden in a 607-

39 participant randomized controlled trial (RCT) (15). CFHealthHub is now active in 

40 over 50% of adult CF centers in England, as an evidence-based digital platform 

41 and behavioural intervention, which empowers adults with CF to self-manage 

42 their condition. A recent report from The Health Foundation recognized 

43 CFHealthHub as the only condition-based, full Learning Health System with 

44 national reach in the UK, and is an exemplar for other long-term conditions (16).

45

46 The CFHealthHub digital platform requires the ability to accurately measure 

47 objective adherence data from nebulizer devices with electronic data capture 

48 (EDC) capability. The CFHealthHub digital platform is device agnostic, and 

49 compatible with both of the EDC-capable nebulizer devices used in the UK, the I-

50 neb Adaptive Aerosol Delivery (AAD) System (Philips Respironics, Chichester, UK) 

51 and eFlow Technology nebulizers with an eTrack data-logging Controller (PARI 

52 Pharma GmbH, Starnberg, Germany), subsequently referred to as “eTrack 

53 nebulizers”. AAD devices, such as the I-neb, can accurately determine whether a 

54 dose is completely administered, as aerosolized medicine is only released on 

55 breath activation of the user. Non-AAD devices, such as the eTrack nebulizer, do 

56 not have this functionality and therefore require data processing algorithms to 

57 determine completeness of the dose delivery with accuracy. Therefore, this work 

58 focuses on data from eTrack nebulizers only. The component parts of the eTrack 

59 nebulizer, referred to throughout this article, are shown in Figure 1.

60

61 To ensure accurate calculation of percent adherence, the nebulizer data must be 

62 processed to count the number of doses of medicine which have been delivered 

63 ‘completely’ each day. This figure, produced for each day, is referred to as the 

64 ‘‘daily complete dose count’’. Each time a dose of medicine is initiated via an 
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65 eTrack nebulizer, a log is created with the timestamp, duration of the dose, and a 

66 numeric code (known as an interruption code) recording whether the dose was 

67 considered ‘complete’ or not (Table 1). An interruption code of “4” denotes a 

68 ‘complete’ dose. Alternative interruption codes suggest the dose may have been 

69 ‘incomplete’. For example, an interruption code of “1” suggests the dose was 

70 interrupted due to loss of power supply to the eTrack nebulizer controller. Most 

71 medicines delivered via an eTrack nebulizer are expected to take between 2-8 

72 minutes to complete, therefore, all doses with a very short duration (<60s) are 

73 likely ‘incomplete’ (Personal Communication, Dr C Fuchs, PARI GmbH, Email, Jan 

74 2021).

75

76 The method of processing doses with varying duration and interruption codes can 

77 result in different “daily complete dose counts”. The example presented in 

78 Appendix A demonstrates that the data processing algorithm must be carefully 

79 considered, to accurately reflect the true “daily complete dose count”. It is possible 

80 for a singular dose to be misclassified, but the algorithm still yields an accurate 

81 “daily complete dose count” as explained in Appendix 1. During the CFHealthHub 

82 RCT, nebulizer data were processed using an algorithm based on expert advice 

83 from PARI GmbH (15). This involved considering all doses with duration ≥60s, and 

84 an interruption code of 2 (indicating disconnection of the aerosol head from the 

85 eTrack controller) or 4 (indicating that the dose completed as expected) as 

86 ‘complete’. The algorithm excluded the following doses from the “complete daily 

87 dose count”:

88  all duplicate doses, based on start time, duration, and interruption code,

89  all doses of duration less than 60 seconds, 

90  all doses with interruption code 3 (suggesting there was no medicine in the 

91 device at the initiation of the dose), 

92  all doses conducted in the EasyCare cleaning mode (identified by an 

93 interruption code >100),

94  all doses with a date of “01JAN2015’ (suggesting device corruption).

95 After exclusions, the following doses are combined in calculating the “daily 

96 complete dose count”.
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97  all doses which were interrupted due to power failure or pre-set timeout 

98 (based on interruption codes 1,5,6,7,8) and duration ≥60s would be 

99 classified as partial dose, contributing 0.5 to the “daily complete dose 

100 count”. If the subsequent dose is started within 1500s and had an 

101 interruption code of 2 (cable disconnection) or 4 (dose complete as 

102 expected), then these two doses would be combined to give 1 complete 

103 dose. 

104

105 There is ongoing, real-world learning in the CFHealthHub Learning Health System, 

106 where many more adults are using eTrack nebulizers. Approximately 6% of all 

107 doses recorded on the CFHealthHub digital platform had a duration of <60s and 

108 24.5% were potentially ‘incomplete’, as per the interruption code, in the 12 

109 months prior to this work. The most accurate method of processing data from 

110 these doses is uncertain and requires stronger evidence than advice from the 

111 manufacturer.

112

113 The objectives of this sub-analysis within CFHealthHub were: first, to understand 

114 how doses could be identified as ‘complete’ based on their duration and 

115 interruption code.  Second, by triangulating eTrack nebulizer data with 

116 participants’ records of taking each dose, to develop and validate a data processing 

117 algorithm to optimize the accuracy of the “daily complete dose count” used in 

118 percent adherence calculations. These objectives align with the key aim of 

119 developing the CFHealthHub digital platform as one which maximizes the salience 

120 of adherence data and may also serve as an exemplar for other platforms 

121 capturing digital adherence data remotely.  

122

123 2. Participants and Methods
124

125 In this sub-analysis, data collected from eTrack nebulizers were triangulated 

126 against real-world records, created by adults with CF, of what happened during 

127 each dose.  Participants were all eTrack nebulizer users who had consented to the 

128 CFHealthHub Learning Health System. Regulatory approval was provided by the 

129 London-Brent Research Ethics Committee (Reference number: 17/LO/0032). 
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130

131 This analysis included adults with CF who had ≥20 nebulizer doses that were 

132 either <60s in duration or potentially ‘incomplete’, as per their interruption code. 

133 There were no previous data to inform a target sample size. Since approximately 

134 30% of doses were expected to be of short duration or potentially ‘incomplete’, 

135 300 doses was chosen as a pragmatic target to provide 100 doses of interest, 

136 which should encompass an adequate range of different interruption codes. Due 

137 to constraints in clinical resources, the plan was to enrich the sample with the 

138 doses of interest (short duration and/or potentially ‘incomplete’) so that an 

139 adequate range of different interruption codes can be covered over a short time 

140 duration. Therefore, purposive sampling was used to identify participants with a 

141 particularly high number of doses of interest (≥20 doses of interest per week), 

142 such that 10 participant-weeks of data each for derivation and validation datasets 

143 was determined as sufficient. 

144

145 Participants were included from three centers which are part of the CFHealthHub 

146 Learning Health System. These centers were selected due to the relatively high 

147 prevalence of eligible participants and the availability of clinicians to complete 

148 this work. Approximately 8,000 doses from the CFHealthHub digital platform 

149 were screened between 15th October 2021 and 31st October 2021 (two weeks 

150 prior to the sub-analysis start date). Data collection was between 1st November 

151 2021 and 15th December 2021.

152

153 Local clinicians approached eligible adults with CF from these three centers using 

154 a standardized script to facilitate the initial discussion (Appendix B). In the first 

155 telephone call, participants were informed about this work and invited to provide 

156 verbal consent to participation. If they agreed, a longer call was arranged at a 

157 future time to discuss their nebulizer data.

158

159 2.1 Phase 1 (data calibration)

160

161 Once relevant participants were identified for inclusion in this analysis local 

162 clinicians were provided with a log of each participant’s nebulizer data for the 
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163 preceding week, extracted from the CFHealthHub digital platform. These data 

164 included the timestamp, duration, and interruption code for each recorded dose. 

165 To mitigate recall bias, clinicians used these data to help prompt participant recall 

166 of 1) the time the dose was started, 2) the medicine used for each dose, 3) if they 

167 considered the dose ‘complete’ or not, and 4) if relevant, a reason why the dose 

168 was considered ‘(in)complete’. Discussions around nebulizer usage are part of 

169 routine clinical care in CF and the data used to inform these discussions is 

170 available to all clinicians providing care to adults with CF enrolled in the 

171 CFHealthHub Learning Health System on request.

172

173 The clinician and participant reached consensus as to whether each nebulizer 

174 dose was likely to have been ‘complete’. For example, the participant recognising 

175 an appropriate residual volume of the medicine in the medication reservoir 

176 suggests the dose was ‘complete’ even though the eTrack nebulizer had not 

177 recognized the dose as complete. Clinicians then asked participants to keep a 

178 record of their nebulizer usage for prospective data collection in Phase 2. 

179 Participants were asked to record the name of the medicine being nebulized and 

180 the date and time the dose was started. They were also asked to note anything 

181 remarkable about that dose, for example if they experienced a power failure or 

182 disruption, and if they considered the dose to be ‘complete’. A follow-up call was 

183 then arranged with each participant to review their prospective record.

184

185 The purpose of Phase 1 was to familiarize participants with the process of 

186 discussing their nebulizer usage and to consider ways of determining whether a 

187 dose was ‘complete’, in preparation for the prospective data collection. Data from 

188 Phase 1 were not used in the analysis. 

189

190 Phase 2 (prospective data collection) 

191

192 Clinicians contacted participants at the agreed time to review 1-2 weeks of 

193 nebulizer data, extracted from the CFHealthHub digital platform, as described in 

194 Phase 1. These data were discussed with the participant and triangulated with 

195 their record of the corresponding doses, which the clinicians then cross-checked 
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196 against the nebulizer data. Clinicians completed a data collection form using 

197 Microsoft Excel (version 16.62). As in Phase 1, the clinician and participant 

198 reached consensus as to whether each recorded dose was considered ‘complete’ 

199 or not, along with a brief description, e.g., “participant reported their device timed-

200 out after 20 minutes”. An example of a completed data collection form is shown in 

201 Figure 2.

202

203 Following collection, the prospective data were divided into derivation and 

204 validation sets, prior to any analysis being undertaken. Therefore, clinicians were 

205 not aware of the resultant algorithm at the time of data collection. For participants 

206 providing two separate weeks of data, one week of data was allocated to 

207 derivation and the other week’s data to validation. This was done to ensure both 

208 datasets contained an adequate range of interruption codes, given the small 

209 number of participants (n=12) and doses (approximately 300 in each data set).

210

211 Researchers reviewed the derivation dataset, consisting of nebulizer data (date & 

212 time, duration, and interruption code for each dose), and whether the dose was 

213 considered ‘complete’ by the clinician-participant consensus, with associated free 

214 text comments where available. First, all doses with duration of <60s were 

215 reviewed. Next, all doses with duration ≥60s were stratified by the interruption 

216 code listed in Table 1, and each resultant group was reviewed separately. With 

217 this information, an algorithm to calculate a “daily complete dose count” from the 

218 nebulizer data was developed, which used dose start time, duration, and 

219 interruption code only, to determine if a dose was likely to be ‘complete’. Appendix 

220 C contains a full description of the number of doses in each combination of 

221 duration and interruption code, with a justification for how the algorithm would 

222 process these combinations, based on the triangulated nebulizer data and 

223 consensus “daily complete dose count”. If a dose was likely to be ‘complete’, then 

224 it would be included and counted as a ‘complete’ dose, however if it was likely to 

225 be ‘incomplete’, it would be excluded or combined with another dose to create a 

226 single ‘complete’ dose.

227
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228 The agreement between algorithm-derived “daily complete dose count” and 

229 consensus-derived “daily complete dose count” in the derivation dataset were 

230 determined using both percent accuracy and kappa values. In view of the clustered 

231 nature of the dataset, bootstrapping was used to calculate kappa and agreement 

232 values (17). This involved bootstrapping of 1000 samples from the original 

233 dataset, calculation of kappa and agreement values for each sample (i.e. 1000 

234 values were calculated for each participant) and then ascending re-order of those 

235 values to provide a median, 2.5th and 97.5th centile as measures of central 

236 tendency and dispersion. In addition, the extent to which the algorithm under- or 

237 over-estimated the consensus-derived “daily complete dose counts” were 

238 quantified with absolute differences in both “daily complete dose counts” and 

239 percent adherence between the two measures.

240

241 An a-priori target was to proceed to validation if the algorithm-derived “daily 

242 complete dose count” was ≥80% accurate in comparison to the consensus-derived 

243 “daily complete dose count”, which was considered as the ‘reference standard’. If 

244 the accuracy was <80%, then the derivation dataset would be re-reviewed to 

245 refine the algorithm.

246

247 3. Results
248

249 Twenty-two adults with CF receiving care in Center 1 (n=8), Center 2 (n=8) and 

250 Center 3 (n=6) were identified as potentially eligible for inclusion.

251

252 Eight of these 22 adults were excluded after approach, and two excluded after 

253 review of their nebulisation data prior to Phase 2.  Twelve participants were 

254 included in the analysis. Their baseline characteristics are shown in Table 2. The 

255 flow of recruitment, reasons for exclusion and allocation are shown in Figure 3. 

256

257 One week of data from 10 participants comprised the derivation dataset, with one 

258 week of data from 10 participants comprising the validation dataset. Eight of the 

259 12 participants contributed data to both derivation and validation sets, as they 
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260 each provided two weeks of data, compared to the four other participants, 

261 contributing one week of data each who were assigned to either the derivation or 

262 validation datasets in a 1:1 ratio. A total of 74 patient days (with 295 doses) from 

263 10 patients were used in the derivation dataset and 69 patient days (with 309 

264 doses) from 10 patients in the validation dataset. Dose durations and interruption 

265 codes for the derivation dataset were reviewed and results are reported in Table 

266 3.

267

268 3.1 Proposed screening algorithm

269 We proposed the following process for identifying ‘complete’ doses from the 

270 nebulizer data.

271

272 1) Initially screen out:

273  All doses with duration <60s.

274  All doses that had a timeout during pause mode (interruption code = 8).

275  All doses in cleaning mode (interruption code = 101-108).

276

277 2) Combine

278  Any 2 or more doses starting within 120s of each other.

279

280 3) Finally screen out:

281  Doses with duration <480s due to loss of supply voltage or battery power 

282 to the eTrack nebulizer (interruption code = 1 or 6).

283

284

285 3.2 Accuracy of the proposed screening algorithm

286 In the derivation dataset, there was a high level of agreement between the 

287 algorithm-derived “daily complete dose count” and the consensus-derived “daily 

288 complete dose count”. The kappa co-efficient was 0.85 with 95% confidence 

289 interval of 0.71-0.91 and accuracy was 87.5% (77.0-95.7). Similar agreement and 

290 accuracy were seen in the validation dataset (kappa co-efficient 0.86 [0.77-0.94], 

291 accuracy 89.9% [84.3-95.5]). These results along with the total numbers of doses 

292 considered ‘complete’ by both the algorithm and consensus are reported in Table 
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293 4. The absolute differences in “daily complete dose count” between these two 

294 measures were 10 (out of 266 ‘complete’ doses by consensus) in the derivation 

295 dataset and 7 (out of 267 ‘complete’ doses by consensus) in the validation dataset. 

296 The absolute differences in mean percent adherence calculated using the “daily 

297 complete dose count” from these two measures were 3.2% and 2.8% respectively, 

298 as reported in Table 5.

299

300 4. Discussion
301

302 Through examination of nebulizer data and triangulation of these data with 

303 participant records, we have developed an algorithm to generate a “daily complete 

304 dose count”. This algorithm involved excluding all doses of <60s, combining doses 

305 which start within 120s of each other and then using a combination of the 

306 interruption code and dose duration to determine which other doses are likely to 

307 be ‘complete’. The resultant “daily complete dose count” was 87.5% accurate in 

308 the derivation dataset and 89.9% accurate in an internal validation dataset. 

309

310 By outlining the process for designing and validating a data processing algorithm 

311 in collaboration with adults with CF, we aim to inspire trust in adherence data 

312 from the CFHealthHub digital platform as a digital measure. At a patient-level, 

313 adherence data from the CFHealthHub digital platform is central to the 

314 development of personalized care plans, an essential part of caring for people with 

315 long term conditions (18). A tangible benefit of the greater objectivity is that 

316 actual pattern of nebulizer use can be understood by clinicians, who can then 

317 provide personalized advice on how to fit nebulizer use within the other routines 

318 of the person with CF. 

319

320 An erroneously high ‘‘daily complete dose count’’ risks overestimating adherence, 

321 which risks then falsely reassuring both adults with CF and clinicians that 

322 adherence is higher than it is. The consequence of this is that some people may be 

323 under-served by the health care system by not being offered adherence support 

324 when they could benefit from it. Furthermore, overestimating adherence may 

325 result in unnecessary treatment escalation in the event of clinical deterioration. 
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326 Conversely, underestimating adherence could create conflict between adults with 

327 CF and their clinicians and lead to both parties losing faith in the adherence data 

328 available on the CFHealthHub digital platform. 

329

330 We recognize that the algorithm produced a marginally higher “daily complete 

331 dose count” than the participant-clinician consensus, which was considered the 

332 ‘reference standard’ in this project. However, the difference in percent adherence 

333 derived from the “daily complete dose count” (around 3% against an average 

334 adherence exceeding 90%) was clinically negligible. It is worth noting that a 

335 participant-clinician consensus for whether each dose of treatment is ‘complete’ 

336 is not feasible outside of a dedicated research project. It would be unreasonably 

337 burdensome for all participants on CFHealthHub to keep a detailed daily dairy of 

338 all their nebulizer doses. Therefore, we are reassured by the small differences 

339 noted in this study. 

340

341 Within a Learning Health System where data used to generate  knowledge which 

342 drives and measures improvement work, optimising data quality is critical (12). 

343 Previous quality improvement work, underpinned by large datasets, has focussed 

344 on measures of completeness, conformance and plausibility, through the 

345 production of automated functions with statistical software (19). In this work, we 

346 have developed an algorithm to improve calculation of “daily complete dose 

347 counts”. This was strengthened by working alongside adults with CF to gain a 

348 qualitative understanding of circumstances of doses, from which quantitative data 

349 were produced.

350

351 A key strength is that this is the first report triangulating nebulizer data with the 

352 real-world experiences of adults with CF using eTrack nebulizers within the 

353 CFHealthHub Learning Health System, using a parsimonious study design to 

354 minimize the burden of adults with CF. Putting people at the center of research 

355 into their condition is a key priority for improving care in long-term conditions 

356 (18). Continuous patient engagement is recommended during the evaluation 

357 phase of digital measures such as this (20, 21).

358
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359 There are however some limitations.  To minimize the burden of adults with CF, 

360 there is a need to use a parsimonious study design enriching the cohort with 

361 participants with relatively high numbers of short or “potentially incomplete” 

362 nebulizer doses. By applying a purposive sampling strategy within three of the 15 

363 CFHealthHub centers, the sample of participants could be criticized as being less 

364 generalizable. For example, the mean adherence of the sample exceeded 90% 

365 when real-world median adherence is only around 30% (9). However, this study 

366 design allowed us to capture an adequate range of short and/or ‘potentially 

367 incomplete’ doses to enhance the applicability of the resultant algorithm in a 

368 larger population. 

369

370 Due to the limited number of participants imposed by scarce resources, data from 

371 different weeks by the same participant were included in both the derivation and 

372 validation datasets. This ensured an adequate range of interruption codes in both 

373 datasets. Whilst no individual dose appeared in both datasets, the inclusion of the 

374 same participant in both datasets meant that the validation dataset is not external 

375 to the derivation dataset. Further validation of this algorithm in other 

376 CFHealthHub centers would be useful. The fact that CF is a rare disease, with 

377 approximately 7,000 adults with CF in the UK and the relative infrequency of 

378 potentially incomplete doses (<25% of all doses on the CFHealthHub digital 

379 platform) contributed to the small sample size of 12 participants and 604 doses 

380 (22).

381

382 Another limitation was reliance on patient self-report as to which medicine was 

383 being administered for each dose, and circumstances around doses which were 

384 considered potentially ‘incomplete’. Currently, eTrack nebulizers lack the 

385 technology to identify the specific medicine being administered. We also cannot 

386 identify, from data alone, whether prolonged nebulisation duration is due to 

387 equipment malfunction or patient factors. We mitigated potential recall bias by 

388 prospectively asking participants to keep contemporaneous records for data 

389 collection during the study period, rather than relying on retrospective recall. We 

390 also cross-referenced their records against the nebulizer data. An alternate 

391 approach of direct observation of nebulizer usage in a controlled environment 
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392 would have allowed the gold standard data collection around whether a dose was 

393 ‘complete’ or not. This was considered unfeasible given the time and resource 

394 burden for clinicians and participants, which is a known barrier to participation 

395 in research within CF (23). Our chosen methods were parsimonious and better 

396 captured the real-world experience of adults with CF using eTrack nebulizers 

397 where factors such as consumable wear and dose interruptions come into play.

398

399 Finally, this study was limited to adults with CF who were using eTrack nebulizer 

400 devices, which represents 88% of the approximately 1400 adults with CF who are 

401 enrolled in CFHealthHub. At the time of this study, only two data-logging nebulizer 

402 devices are used in the UK: eTrack nebulizer and the I-neb. As an adaptive aerosol 

403 delivery device, the I-neb already provides dose completeness information in the 

404 following scale: “Full”; “>12.5%; <100%”; “<12.5%” and “none”. Therefore, such 

405 an algorithm is not required for I-neb users.

406

407 This data processing algorithm will now be embedded within the CFHealthHub 

408 digital platform, where further validation in larger and more diverse cohort is 

409 recommended. These data are used to support adherence in the real-world setting 

410 (24). CFHealthHub also has a research arm, currently undertaking a large 

411 observational study, exploring the role of co-adherence to inhaled therapy for 

412 adults with CF who are taking novel oral treatments (25).  Digital endpoints may 

413 present unique challenges in the value assessment of pharmaceuticals or cost 

414 evaluation of consumed medications. Recognising this, CFHealthHub adherence 

415 data are also used to optimize medicines supply by aligning supply with actual 

416 usage, with the potential to realize significant cost savings (26, 27). For both of 

417 these workstreams to be effective, data accuracy, which is strengthened by this 

418 work, is critical. 

419

420 Inspired by information uncovered during this work, we have since completed a 

421 formal study of how these data can identify adults with CF who are having 

422 frequently prolonged nebulizer durations. Troubleshooting and replacement of 

423 consumable parts led to mean 37% reduction in the time adults with CF spent on 

424 nebulizer treatment each day (28). This is a further demonstration of how paying 
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425 attention to data from digital measures can have real-world benefits for people 

426 with long-term conditions.

427

428 5. Conclusion
429

430 We have developed a data processing algorithm by triangulating nebulizer usage 

431 data with participants’ real-world records, which was then tested in a multi-center 

432 dataset. The algorithm has high levels of accuracy. Co-designing and validating 

433 this algorithm helps optimize the accuracy of, and trust in, adherence data from 

434 the CFHealthHub digital platform. These data can be used to optimize clinical 

435 interactions at a patient-level, underpin quality improvement work at an 

436 organisation-level and facilitate national benchmarking at a system-level. The 

437 methods we use could also be applied by other platforms capturing digital 

438 adherence data remotely. Publication of data processing algorithms encourages 

439 confidence in Learning Health Systems embedded within routine clinical care.

440
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458  The CFHealthHub Learning Health System offers a digital platform which can 

459 collect inhaled medicine usage data from nebuliser devices capable of 

460 electronic data capture. 

461  Clinicians and people with cystic fibrosis collaborated to develop a data 

462 processing algorithm for these usage data to calculate the number of complete 

463 doses taken each day (‘‘daily complete dose count’’).

464  The resultant data processing algorithm was considered highly accurate for 

465 calculating the ‘‘daily complete dose count’’.

466  Accurate nebuliser usage data processing allows for calculation of accurate 

467 adherence measurement, which can be used as both a digital study endpoint 

468 in but also as part of optimising routine care.

469

470

471 References

472

473 1. Landers M, Dorsey R, Saria S. Digital Endpoints: Definition, Benefits, and 

474 Current Barriers in Accelerating Development and Adoption. Digit Biomark. 

475 2021;5(3):216-23.

476 2. Sabaté E. Adherence to long term therapies: Evidence for action. Geneva, 

477 Switzerland: World Health Organisation; 2003.

478 3. Dunbar-Jacob J, Erlen JA, Schlenk EA, Ryan CM, Sereika SM, Doswell WM. 

479 Adherence in chronic disease. Annu Rev Nurs Res. 2000;18:48-90.

480 4. Chan AH, Reddel HK, Apter A, Eakin M, Riekert K, Foster JM. Adherence 

481 monitoring and e-health: how clinicians and researchers can use technology to 

482 promote inhaler adherence for asthma. J Allergy Clin Immunol Pract. 

483 2013;1(5):446-54.

484 5. Daniels T, Goodacre L, Sutton C, Pollard K, Conway S, Peckham D. 

485 Accurate assessment of adherence: self-report and clinician report vs electronic 

486 monitoring of nebulizers. Chest. 2011;140(2):425-32.

487 6. Stirratt MJ, Dunbar-Jacob J, Crane HM, Simoni JM, Czajkowski S, Hilliard 

488 ME, et al. Self-report measures of medication adherence behavior: 

489 recommendations on optimal use. Transl Behav Med. 2015;5(4):470-82.

490 7. Elborn JS. Cystic fibrosis. Lancet. 2016;388(10059):2519-31.

491 8. Cystic Fibrosis Trust. UK Cystic Fibrosis Registry Annual Data Report 

492 2021. Cystic Fibrosis Trust; 2022.

493 9. Hoo ZH, Totton N, Waterhouse S, Lewis J, Girling C, Bradburn M, et al. 

494 Real-World Adherence Among Adults With Cystic Fibrosis Is Low: A 

495 Retrospective Analysis of the CFHealthHub Digital Learning Health System. 

496 Chest. 2021;160(6):2061-5.

Page 15 of 70

URL: https://mc.manuscriptcentral.com/erp   Email: IERP-peerreview@journals.tandf.co.uk

Expert Review of Pharmacoeconomics & Outcomes Research

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review
 O

nly

16

497 10. Quittner AL, Zhang J, Marynchenko M, Chopra PA, Signorovitch J, 

498 Yushkina Y, et al. Pulmonary medication adherence and health-care use in cystic 

499 fibrosis. Chest. 2014;146(1):142-51.

500 11. Eakin MN, Riekert KA. The impact of medication adherence on lung health 

501 outcomes in cystic fibrosis. Curr Opin Pulm Med. 2013;19(6):687-91.

502 12. Foley T, Horwitz L, Zahran R. Realising the potential of learning health 

503 systems. The Health Foundation

504 Newcastle University; 2021.

505 13. Sandler RD, Wildman MJ, CFDigiCare. The CFHealthHub Learning Health 

506 System: Using Real-Time Adherence Data to Support a Community of Practice to 

507 Deliver Continuous Improvement in an Archetypal Long-Term Condition. 

508 Healthcare (Basel). 2022;11(1).

509 14. Arden MA, Hutchings M, Whelan P, Drabble SJ, Beever D, Bradley JM, et al. 

510 Development of an intervention to increase adherence to nebuliser treatment in 

511 adults with cystic fibrosis: CFHealthHub. Pilot Feasibility Stud. 2021;7(1):1.

512 15. Wildman MJ, O'Cathain A, Maguire C, Arden MA, Hutchings M, Bradley J, et 

513 al. Self-management intervention to reduce pulmonary exacerbations by 

514 supporting treatment adherence in adults with cystic fibrosis: a randomised 

515 controlled trial. Thorax. 2022;77(5):461-9.

516 16. Hardie T, Horton T, Thornton-Lee N, Home J, Pereira P. Developing 

517 learning health systems in the UK: Priorities for action: The Health Foundation; 

518 2022 [Available from: https://doi.org/10.37829/HF-2022-I06.

519 17. Ryan MM, Spotnitz WD, Gillen DL. Variance estimation for the Kappa 

520 statistic in the presence of clustered data and heterogeneous observations. Stat 

521 Med. 2020;39(14):1941-51.

522 18. Coulter A, Roberts S, Dixon A. Delivering better services for people with 

523 long-term conditions: Building the house of care. The King's Fund; 2013.

524 19. Blacketer C, Defalco FJ, Ryan PB, Rijnbeek PR. Increasing trust in real-

525 world evidence through evaluation of observational data quality. J Am Med 

526 Inform Assoc. 2021;28(10):2251-7.

527 20. Goldsack JC, Dowling AV, Samuelson D, Patrick-Lake B, Clay I. Evaluation, 

528 Acceptance, and Qualification of Digital Measures: From Proof of Concept to 

529 Endpoint. Digit Biomark. 2021;5(1):53-64.

530 21. Manta C, Patrick-Lake B, Goldsack JC. Digital Measures That Matter to 

531 Patients: A Framework to Guide the Selection and Development of Digital 

532 Measures of Health. Digit Biomark. 2020;4(3):69-77.

533 22. Cystic Fibrosis Trust. UK Cystic Fibrosis Registry Annual Data Report 

534 2022. 2023.

535 23. Lee M, Hu XY, Desai S, Kwong E, Fu J, Flores E, et al. Factors influencing 

536 clinical trial participation for adult and pediatric patients with cystic fibrosis. J 

537 Cyst Fibros. 2021;20(1):57-60.

538 24. Sandler RD, Antrobus S, Cameron S, Dawson S, Daniels T, Farrell S, et al. 

539 P220 The CFHealthHub Learning Health System - supporting a community of 

540 practice to deliver a normal life expectancy in cystic fibrosis. Journal of Cystic 

541 Fibrosis. 2023;22:S132.

542 25. Daniels T. 284: Explaining the efficacy-effectiveness gap for ivacaftor: The 

543 potential impact of adherence to maintenance inhaled therapy on outcomes. 

544 Journal of Cystic Fibrosis. 2021;20.

Page 16 of 70

URL: https://mc.manuscriptcentral.com/erp   Email: IERP-peerreview@journals.tandf.co.uk

Expert Review of Pharmacoeconomics & Outcomes Research

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review
 O

nly

17

545 26. Bevan A, Hoo ZH, Totton N, Girling C, Davids IR, Whelan P, et al. Using a 

546 learning health system to understand the mismatch between medicines supply 

547 and actual medicines use among adults with cystic fibrosis. J Cyst Fibros. 

548 2022;21(2):323-31.

549 27. Bevan A, Hoo ZH, Totton N, Girling C, Davids IR, Whelan P, et al. 

550 Corrigendum to "Using a learning health system to understand the mismatch 

551 between medicines supply and actual medicines use among adults with cystic 

552 fibrosis" [J Cyst Fibros (2022), 21/2, 323-331]. J Cyst Fibros. 2022.

553 28. Sandler RD, Lai L, Anderson A, Cameron S, Choyce J, Lee K, et al. P207 

554 CFHealthHub allows clinicians to identify people with long nebuliser durations 

555 and intervene to reduce duration. Journal of Cystic Fibrosis. 2023;22:S128.

556

557 References of Interest

558 *5. Daniels et al. Study demonstrating how electronic data capture is superior to 

559 alternate methods of adherence calculation.

560 *11 Eakin et al. Study demonstrating the importance of adherence in clinical 

561 outcomes for people with CF

562 **13. Sandler et al. An editorial describing the development journey and functions 

563 of CFHealthHub Learning Health System, since inception in 2014

564 **15. Wildman et al. RCT demonstrating that CFHealthHub increases adherence 

565 compared to usual care.

566

Page 17 of 70

URL: https://mc.manuscriptcentral.com/erp   Email: IERP-peerreview@journals.tandf.co.uk

Expert Review of Pharmacoeconomics & Outcomes Research

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review
 O

nly

18

567

Page 18 of 70

URL: https://mc.manuscriptcentral.com/erp   Email: IERP-peerreview@journals.tandf.co.uk

Expert Review of Pharmacoeconomics & Outcomes Research

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review
 O

nly

19

Page 19 of 70

URL: https://mc.manuscriptcentral.com/erp   Email: IERP-peerreview@journals.tandf.co.uk

Expert Review of Pharmacoeconomics & Outcomes Research

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review
 O

nly

20

Appendix A

An example of how different data processing methods can yield different “daily 

complete dose counts”.

Date Start Time Duration (seconds)
Interruption 

Code

26/05/2021 10:44:15 366 2

26/05/2021 11:00:13 69 4

26/05/2021 11:24:45 49 4

26/05/2021 19:27:14 13 3

26/05/2021 19:28:04 102 2

26/05/2021 20:24:26 250 2

26/05/2021 21:02:04 61 2

26/05/2021 21:32:01 46 2

These are data from one CFHealthHub participant (not involved in this sub-

analysis). To create a “daily complete dose count”, there needs to be a data 

processing algorithm. If every recorded dose were considered complete, the “daily 

complete dose count” would be eight. By combining the 19:27:14 and 19:28:04 

doses (on the assumption that two doses starting in such quick succession were 

likely to be two attempts to administer the same dose of nebulized medicine), the 

“daily complete dose count” would be seven. Excluding the three doses with 

duration <60s (too short to be a ‘complete’ dose) would give a “daily complete 

dose count” of five. Including only those marked with an interruption code of 4 

(indicating a dose was completed as expected) and excluding doses with duration 

<60s would give a “daily complete dose counts” of one. This example 

demonstrates that the data processing algorithm must be carefully considered to 

accurately reflect the true “daily complete dose count”.

It must be emphasized that the ‘outcome’ of interest is the number of nebulizer 

doses taken each day, i.e. the “daily complete dose count”. It may be possible that 

certain complete doses are inaccurately identified but the “daily complete dose 

count” remains correct. For example, take someone with two recorded doses 
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(dose A and dose B) on a single day. If the reality was that dose A was complete 

and dose B was incomplete, but the algorithm determined dose A was incomplete, 

but dose B was complete, the “daily complete dose count” would still, correctly, be 

1.
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Appendix B

A script to guide the initial approach of eligible people with CF to participate in the 

sub-analysis.

At the start of the call

“I am ringing to see if now might be a convenient time to have a quick chat? I wondered if 

you may be happy to help us with a small project, we are conducting to improve the 

quality of the data on CFHealthHub. 

[If yes, continue. If no, see if you can arrange to speak with participant at a more convenient 

time.]

As part of a bigger piece of work, CFHealthHub aims to improve the medicines supply 

process, by ensuring that people with CF get the right amount of their nebulizer 

treatments when they need them. It’s therefore really important that the data on 

CFHealthHub is as accurate as possible.

As you (may) know, CFHealthHub displays the days and the times that treatments are 

taken but it doesn’t show which treatment has been taken at a given time. To ensure the 

data is as accurate as possible on CFHealthHub and provides a true reflection of the 

treatments taken at a given time, some things are screened out and don’t appear on 

CFHealthHub. E.g., if you ever use “easycare” mode on your eTrack to clean your mesh (or 

aerosol head), this doesn’t show on CFHealthHub as a treatment (it is screened out 

because it’s not a treatment). 

Sometimes people experience technical issues with their devices (e.g. cable issues, 

batteries lose power), which means they experience interruptions mid-treatment. This 

can sometimes show as two treatments on CFHealthHub (e.g., if you’ve had to turn your 

eTrack on again to deliver the remainder of the treatment), even though it is actually just 

a split dose. We are carrying out a small project to see if we can understand more about 

where treatments have been taken and where some have been screened out, along with 

the reasons for these.

I am ringing to see if we could have a look at your nebulizer data for the past week. It 

might take around 10 minutes in total – is now a good time to do that? 

[If yes, continue. If no, see if you can arrange to speak with participant at a more convenient 

time.]

I’ve got a list of the times and days in front of me here. It would be great if we could have 

a look at the doses recorded on a given day and if you could say which treatments you 

think were taken on that day (some of these might have been screened out and so don’t 

appear on CFHealthHub). Does that make sense? Have you any questions?”

[Go through times and dates provided by LL with the participant and ask the participant to 

recall what they think happened at each time point e.g. did they take a treatment, and if so, 

which treatment? Ask participant to try to recall anything out of the ordinary too, to identify 

any split doses, and reasons for these etc.]

At the end of the call
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“Thank you very much for your time today. Please can I give you a ring in another week 

to do the same thing again? It would be great if we could do this for another week to help 

us see if we can understand these in more detail. Would that be ok?”

[If yes, arrange time to call again in a week. Ask participant if they might be happy to keep 

a log of the times and days they do a treatment for the next week (e.g. on their phone, or a 

piece of paper). Ask them to note the: 1) date; 2) time; 3) name of treatment; 4) and anything 

to note with each treatment or the eTrack in general e.g. Did they see two ticks – one when 

the treatment had finished and one when the data had transferred? Did the device lose 

power? Did they do an “easycare” clean? Did the grey cable disconnect? Did they pause their 

treatment? Did they turn the device off or did it turn off itself? etc.]
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Appendix C

Detailed explanation of how doses with different combinations of durations and 

interruption codes were triangulated with experiences of participants taking 

these doses and the participant-clinician consensus decision on completeness. 

This also describes how decisions were reached on which doses to screen out from 

the calculator of the “daily complete dose count” in the algorithm. 

Doses with duration <60s (not likely to be ‘complete’, as per the manufacturer’s 

recommendation)

Dose <60s and interruption code = 4

Two individual doses from two participants were identified. Of these, one (50%) 

was considered ‘complete’ by the clinician-participant consensus.

1) One dose was considered ‘incomplete’ and was immediately followed by a 

dose of the same medicine lasting >60s with interruption code 4, indicating 

a ‘complete’ dose. 

2) One dose was considered ‘complete’ and had interruption code 4, despite 

being <60s duration.

Dose <60s and interruption code ≠ 4

Twenty-five individual doses from eight participants were identified. Of these, 23 

(92%) were considered ‘incomplete doses’. Of the two doses considered as 

‘complete’:

1) One dose was felt to be ‘complete’ by the participant.

2) One dose reflected an ‘incomplete’ dose followed by a ‘complete’ dose 

within one minute. 

Given the low likelihood of doses <60s being genuinely ‘complete’, and the 

manufacturer’s recommendation that no nebulized medicine dose should be 

delivered in <60s, we proposed screening out all doses that were <60s duration, 

irrespective of interruption code.

Doses with duration ≥60s and interruption code 4 but considered incomplete.
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Three individual doses from two participants were identified. 

1) One dose was complicated by technical issues with the power cable 

(despite the interruption code not recognising this), and this was followed 

by a second attempt by the patient to administer the medicine.

2) One was the second attempt of the aforementioned dose.

3) One dose was interrupted, as the eTrack Controller seemed to lose power, 

though this was not reflected in the interruption code. It was followed by 

another dose of duration >60s and interruption code 4 which resulted in 

‘complete' delivery of the same medicine as this dose.

We propose considering doses of duration ≥60s and an interruption code of 4 as 

‘complete’.

Doses with duration ≥60s and interruption code 1 (mains supply power failure)

One dose was identified. The dose was considered complete as the participant 

manually disconnected the main power supply as the dose had already taken 590 

seconds and they could see that the appropriate volume of liquid medicine has 

been administered.

We propose screening including doses which have an interruption code 1 and 

above a duration threshold which is likely to represent a ‘complete’ dose. This 

duration threshold will be discussed in section xxx.  We recognize that this may 

inaccurately increase the “daily complete dose count” in certain circumstances.

Doses with duration ≥60s and interruption code 2 (disconnection of handset from 

eTrack Controller)

Seventy-nine doses from six participants were identified. Three were considered 

‘incomplete’, and seventy-six were considered ‘complete’. Two of the incomplete 

doses were from one participant. On one occasion, this participant felt the dose 

was taking too long and terminated it manually, recognising that the residual 

volume of non-aerosolized medicine left in the medication reservoir was greater 

than usual. On the second occasion, the dose was manually terminated again as 

the participant felt the medicine was not aerosolizing. For the third dose in this 
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category, the participant also terminated the dose early as they felt it was not 

aerosolising correctly.

In view of this, we do not propose screening out doses which have an interruption 

code of 2 and duration ≥60s.
Doses with interruption code 3 (dose started without medicine in reservoir)

No doses with interruption code 3 were identified. By definition, all doses with 

interruption code 3 would be <60s duration and would be screened out by the 

proposed algorithm.

Doses with interruption code 5 (manual shutdown of eTrack Controller)

Two doses from one participant were identified. Of these:

1) One dose was considered complete, with a duration of 1079s.

2) One dose followed a preceding dose which had been considered 

incomplete, in an attempt by the participant to deliver one ‘complete dose’. 

The combination of these two doses made for one ‘complete’ dose. 

We do not propose screening out doses with interruption code 5. However, we 

recognize that, in situations such as number two described above there is a risk of 

an additional ‘complete’ dose being counted using this algorithm.

Doses with interruption code 6 (battery empty)

Eighteen doses from six participants were identified. Of these, five were 

considered ‘complete’ and 13 ‘incomplete’. As an interruption code 6 denotes a 

non-user-initiated early interruption, we can be confident, but not certain that it 

is unlikely that a ‘complete’ dose has been delivered, as seen in 13/18 (72%) of 

examples.

Doses with non-user-initiated early termination (interruption code 1 and 

interruption code 6) and duration >60s

When analysing all doses with interruption code 1 or 6 (n=21), six (28%) were 

considered ‘complete’ and 15 (71%) ‘incomplete’. Applying a duration threshold 
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of <480s (eight minutes) for exclusion left three remaining doses, all of which 

were considered complete and had durations of 590s, 606s and 707s respectively. 

Applying lower duration thresholds captured a combination of doses which were 

considered ‘complete’ and ‘incomplete’, hence the decision to apply the duration 

threshold of 480s.

We therefore propose screening out doses with interruption code 1 and 

interruption code 6 and duration <480s.

Doses with interruption code 7 (timeout during inhalation mode)

Three doses from one participant was identified. All three doses were considered 

‘complete’. The duration of a dose with interruption code 7 will always be 1201s, 

as the eTrack Controller times out at this time during inhalation mode. Prolonged 

dose durations may suggest the handset, through which the liquid medicine is 

aerosolized, is worn, or clogged. 

We do not propose screening out doses with interruption code 7, as after 20 

minutes of nebulisation, we would expect a ‘complete’ dose to have been 

administered, though this is not a certainty and is a recognized limitation of this 

algorithm.

Doses with interruption code 8 (timeout during pause mode)

No doses were identified. As interruption code 8 denotes a dose which has timed 

out during pause mode, we would expect that, by virtue of the dose being paused 

(rather than terminated) by the patient, then the dose would not be considered 

‘complete’. The eTrack nebulizer will generate an interruption code of 8 if the 

device is paused for >600s without being un-paused. 

We propose screening out doses with interruption code 8.

Doses with interruption code 101-108
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One dose was identified. As these doses refer to the “easycare” cleaning mode, we 

do not expect any therapeutic doses to be administered with this interruption 

code. We propose screening out all doses with interruption code 101-108. 

Multiple doses starting within 120s.

Forty-three doses were identified across all participants.  In most cases, they 

resulted from multiple attempts (recorded as individual doses) to deliver one 

‘complete’ dose. We propose that all doses starting within 120s of the preceding 

dose start time should be combined with the preceding dose into a single dose and 

then processed as per the algorithm with respect to duration and interruption 

code.
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1 Development of data processing algorithm to calculate 

2 adherence for people adults with cystic fibrosis using inhaled 

3 therapy – A multi-center observational study within the 

4 CFHealthHub Learning Health SystemLearning Health System

5

6 1. Introduction
7

8 Digital measures utilizing real-world patient data can be used in routine care or 

9 as endpoints in clinical trials. Compared to traditional endpoints captured in 

10 clinical settings, digital endpoints may offer greater insights into real-life patient 

11 experiences that are not reliably captured in the clinical setting (1). 

12

13 Adherence can be described as the extent to which a person follows healthcare 

14 provider recommendations, such as taking medicine. (2). Low adherence to 

15 prescribed medicine in long-term conditions is a key contributor to suboptimal 

16 clinical benefits and worse health outcomes (2, 3).  Electronic adherence 

17 monitoring devices enable adherence to function as a digital measure which offers 

18 greater objectivity than alternatives, such as self-report (4-6). 

19

20 Cystic fibrosis (CF) is an archetypal long-term condition where life expectancy is 

21 approximately 50 years, driven by respiratory failure, resulting from chronic lung 

22 inflammation and recurrent infection (7, 8). Most people adults with CF (PwCF) 

23 are prescribed medicine regimens including multiple daily doses of inhaled 

24 therapy, usually delivered by an electronic nebulisernebulizer device. Higher 

25 adherence to inhaled therapy is associated with better outcomes but real-world 

26 adherence is low at <40% (5, 9-11). 

27

28 CFHealthHub is a UK-based multi-centrecenter Llearning Hhealth Ssystem. A 

29 Learning Health System is described as “a health system in which outcomes and 

30 experience are continually improved by applying science, informatics, incentives 

31 and culture to generate and use knowledge in the delivery of care”(12) m, which 
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32 describes a group of organisations that use routinely collected data to deliver 

33 continuous improvement (12). 

34

35 CFHealthHub centers have access to combines a the  cloud-based CFHealthHub 

36 digital platform which continuously captures and displays adherence data from 

37 nebulisernebulizer devices. This platform can be accessed by clinicians and adults 

38 with CF at all times. Certain clinicians within each CFHealthHub center are also 

39 trained to , with adeliver a multi-component behavioural intervention which 

40 supports adults with CF to improve adherence through habit formation (13, 14). 

41 CFHealthHub increased percent adherence to inhaled therapy and reduced 

42 perceived treatment burden in a recent 607-participant randomizsed controlled 

43 trial (RCT) (15). CFHealthHub is now available active in over 50% of adult CF 

44 centers in England, as an evidence-based platform digital platform and 

45 behavioural intervention, which empowers people adults with CF to self-manage 

46 their condition. A recent report from The Health Foundation recognizsed 

47 CFHealthHub as the only condition-based, full learning health systemLearning 

48 Health System with national reach in the UK, and is an exemplar for other long-

49 term conditions (16).

50

51 The CFHealthHub digital platform requires the ability to accurately measure 

52 objective adherence data from nebulisernebulizer devices with electronic data 

53 capture (EDC) capability.capability. The CFHealthHub digital platform is device 

54 agnostic, and compatible with both of the EDC-capable nebulizer devices used in 

55 the UKavailable devices, the I-neb Adaptive Aerosol Delivery (AAD) System 

56 (Philips Respironics, Chichester, UK) and eFlow Technology nebulisernebulizers 

57 with an eTrack data-logging Controller (PARI Pharma GmbH, Starnberg, 

58 Germany), subsequently referred to as “eTrack nebulisernebulizers”. AAD devices, 

59 such as the I-neb, can accurately determine whether a dose is completely 

60 administered, as aerosolizsed medicine is only released on breath activation of the 

61 user. Non-AAD devices, such as the eTrack nebulisernebulizer, do not have this 

62 functionality and therefore require data processing algorithms to most accurately 

63 determine completeness of the dose deliverydetermine completeness of the dose 

64 delivery with accuracy.  
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65 This Therefore, this work focuses on data from eTrack nebulisernebulizers only. 

66 The component parts of the eTrack nebulisernebulizer, referred to throughout 

67 this article, are shown in Figure 1.

68

69 To ensure accurate calculation of percent adherence measurement, the raw 

70 inhalation data nebulizer data  must be processed to count the number of doses of 

71 nebulised medicine which have been delivered ‘completely’ each day. This figure, 

72 produced for each day, is referred to as the ‘‘daily complete dose count’’. Each time 

73 a dose of medicine is initiated via an eTrack nebulisernebulizer, a log is created 

74 with the timestamp, duration of the dose, and a numeric code (known as an 

75 interruption code) recording whether the dose was considered ‘complete’ or not 

76 (Table 1). An interruption code of “4” denotes a ‘complete’ dose. Alternative 

77 interruption codes suggest the dose may have been ‘incomplete’. For example, an 

78 interruption code of “1” suggests the dose was interrupted due to loss of power 

79 supply to the eTrack nebulizer cController. Most medicines delivered via an 

80 eTrack nebulisernebulizer are expected to take between 2-8 minutes to complete,. 

81 tTherefore, all doses with a very short duration (<60s) are likely ‘incomplete’ 

82 (Personal Communication, Dr C Fuchs, PARI GmbH, Email, Jan 2021).

83

84 The method of processing doses with varying duration and interruption codes can 

85 result in different counts of ‘complete’ daily doses “daily complete dose counts”. 

86 The example presented in Appendix A demonstrates that the data processing 

87 algorithm must be carefully considered, to accurately reflect the true “daily 

88 complete dose count”daily dose count. It is possible for a singular dose to be 

89 misclassified, but the algorithm still yieldyields an accurate “‘daily complete dose 

90 count”’ as explained in Appendix 1. During the CFHealthHub RCT, 

91 nebulisernebulizer usage data were processed using an algorithm based on expert 

92 advice from PARI GmbH (15). This involved considering all doses with duration 

93 ≥60s, and an interruption code of 2 (indicating disconnection of the aerosol head 

94 from the eTrack controller) or 4 (indicating that the dose completed as expected) 

95 as ‘complete’. The algorithm excluded the following doses from the “complete 

96 daily dose count”:

97  all duplicate doses, based on start time, duration and interruption code
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98  all doses of duration less than 60 seconds, 

99  all doses with interruption code 3 (suggesting there was no medicine in the 

100 device at the initiation of the dose), 

101  all doses conducted in the EasyCare cleaning mode (identified by an 

102 interruption code >100)

103  all doses with a date of “01JAN2015’ (suggesting device corruption), 

104 After exclusions, the following doses are combined in calculating the “daily 

105 complete dose count”.

106  all doses which were interrupted due to power failure or pre-set timeout 

107 (based on interruption codes 1,5,6,7,8) and duration ≥60s would be 

108 classified as partial dose, contributing 0.5 to the “daily complete dose 

109 count”. If the subsequent dose is started within 1500s and had an 

110 interruption code of 2 (cable disconnection) or 4 (dose complete as 

111 expected), then these two doses would be combined to give 1 complete 

112 dose. 

113

114 There is ongoing, real-world learning in the CFHealthHub learning health 

115 systemLearning Health System, where many more adults are using the eTrack 

116 nebulisernebulizers. Approximately 6% of all doses recorded on the CFHealthHub 

117 digital platform had a duration of <60s and 24.5% were potentially ‘incomplete’,  

118 (as per the interruption code,) over in the 12 months prior to this work. The most 

119 accurate method of processing data from these doses is uncertain and requires 

120 stronger evidence than just expert advice from the manufacturer.

121

122 The objectives of this sub-analysis within CFHealthHub were: first, to understand 

123 how doses could be identified as ‘complete’ based on their duration and 

124 interruption code.  Second, by triangulating eTrack nebulisernebulizer usage data 

125 with participants’ experiencesrecords of taking each dose, to develop and validate 

126 a data processing algorithm to optimizse the accuracy of the “‘complete daily 

127 complete dose count”’ used in percent adherence calculations. It is possible for a 

128 singular dose to be misclassified, but the algorithm still yield an accurate ‘daily 

129 complete dose count’ as explained in Appendix 1. These objectives align with the 

130 key aim of developing the CFHealthHub digital platform as a platformas one which 
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131 maximiseizes the salience of adherence data and may also serve as an exemplar 

132 for other platforms capturing digital adherence data remotely.  

133

134 2. Participants and Methods
135

136 In this sub-analysis, data collected from eTrack nebulisernebulizers were 

137 triangulated against the real-world experiences records, created by adults with 

138 CF, of what happened during each doseof adults with CF.  Participants were all 

139 eTrack nebulisernebulizer users who had consented to the CFHealthHub learning 

140 health systemLearning Health System. Regulatory approval was provided by the 

141 London-Brent Research Ethics Committee (Reference number: 17/LO/0032). 

142

143 This analysis included people adults with CF who had ≥20 nebulisenebulizer d 

144 medication dosesdoses that were either <60s in duration or potentially 

145 ‘incomplete’,  (as per their interruption code). There were no previous data to 

146 inform a target sample size. Since approximately 30% of doses were expected to 

147 be of short duration or potentially ‘incomplete’, 300 doses was chosen as a 

148 pragmatic target to provide 100 doses of interest, which should encompass an 

149 adequate range of different interruption codes. Due to constraints in clinical 

150 resources, the plan was to enrich the sample with the doses of interest (short 

151 duration and/or potentially ‘incomplete’) so that an adequate range of different 

152 interruption codes can be covered over a short time duration. Therefore, 

153 pPurposive sampling was used to identify participants with a particularly high 

154 number of doses of interests of relevant (short duration or potentially 

155 ‘incomplete’ doses (≥20 doses of interest per week), hence such that 10 

156 participant-weeks’ of data each for each derivation and validation datasets  was 

157 determined as sufficient. 

158

159 Participants were included from three centers which are part of the CFHealthHub 

160 learning health systemLearning Health System. These centers were selected due 

161 to the relatively high prevalence of eligible participants and the availability of 

162 clinicians to complete this work. Approximately 8,000 doses within from the 

163 CFHealthHub digital platform were screened between 15th October 2021 and 31st 
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164 October 2021 (two weeks prior to the sub-analysis start date). Data collection was 

165 between 1st November 2021 and 15th December 2021.

166

167 Local clinicians approached eligible people adults with CF from these three 

168 centers using a standardiseized script to facilitate the initial discussion (Appendix 

169 B). In the first telephone call, participants were informed about this work and 

170 invited to provide verbal consent to participation. If they agreed, a longer call was 

171 arranged at a future time to discuss their nebulisernebulizer usage data.

172

173 2.1 

174 Phase 1 (data calibration)

175 1.

176 Once relevant participants were identified for inclusion in this analysis local 

177 clinicians were provided with a log of each participant’s nebulisernebulizer usage 

178 data for the preceding week, extracted from the CFHealthHub digital platform. 

179 These data included the timestamp, duration, and interruption code for each 

180 recorded dose. To mitigate recall bias, clinicians used these data to help prompt 

181 participant recall of 1) the time the dose was started, 2) the medication medicine 

182 used for each dose, 3) if they considered the dose ‘complete’ or not, and 4) if 

183 relevant, a reason why the dose was considered ‘(in)complete’. Discussions 

184 around nebulisernebulizer usage are part of routine clinical care in CF and the 

185 data used to inform these discussions is available to all clinicians providing care 

186 to people adults with CF enrolled in the CFHealthHub learning health 

187 systemLearning Health System on request.

188

189 The participant and cliniciansclinician and participant reached consensus as to 

190 whether each logged nebulizer dose was likely to have been ‘complete’. For 

191 example, the participant recognising that an appropriate residual volume of the 

192 medicine in the medication reservoir suggests the dose was ‘complete’ even 

193 though the eTrack nebulizerController  had not recogniseized the dose as 

194 complete. Clinicians then asked participants to keep a log record of their 

195 nebulisernebulizer usage for prospective data collection in Phase 2. Participants 

196 were asked to record the name of the medicine being nebuliseized and the date 
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197 and time the dose was started. They were also asked to note anything remarkable 

198 about that dose, for example if they experienced a power failure or disruption, and 

199 if they considered the dose to be ‘complete’. A follow-up call was then arranged 

200 with each participant to review their prospective logrecord.

201

202 The purpose of Phase 1 was to familiariseize participants with the process of 

203 discussing their nebulisation experiencesnebulizer usage and to consider ways of 

204 determining whether a dose of nebulised medicine was ‘complete’, in preparation 

205 for the prospective data collection. TDhe data from Phase 1 was were not used in 

206 the analysis. 

207

208 2.2 Phase 2 (prospective data collection) 

209

210 Clinicians contacted participants at the agreed time to review 1-2 weeks of 

211 objective nebulisation nebulizer data, extracted from the CFHealthHub digital 

212 platform,  (as described in Phase 1). These data were discussed with the 

213 participant and triangulated with using their contemporaneous record records of 

214 the corresponding nebulisations doses, which the clinicians then cross-checked 

215 against the nebulizer CFHealthHub data. Clinicians completed a data collection 

216 form using Microsoft Excel (version 16.62). As in Phase 1, the participant and 

217 clinician reachedclinician and participant reached consensus as to whether each 

218 recorded dose was considered ‘complete’ or not, along with a brief description, 

219 e.g., “participant reported their device timed-out after 20 minutes”. An example of 

220 a completed data collection form is shown in Figure 2.

221

222 Following collection, theThe prospective data were divided into derivation and 

223 validation sets, prior to any analysis being undertaken. Therefore, clinicians were 

224 not aware of the resultant algorithm at the time of data collection. To ensure both 

225 datasets comprised an adequate range of interruption codes and considering the 

226 small number of participants, Ffor participants providing two separate weeks of 

227 data, one week of data was allocated to derivation and the other week’s weeks’ 

228 data to validation. This was done to ensure both datasets contained an adequate 
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229 range of interruption codes, given the small number of participants (n=12) and 

230 doses (approximately 300 in each data set).

231

232 Researchers reviewed the derivation dataset, consisting of CFHealthHub 

233 nebulisation nebulizer data (date & time, duration, and interruption code for each 

234 dose), and whether the dose was considered ‘complete’ by the clinician-

235 participant by the participant and clinician consensus discussion, with associated 

236 free text comments where available. First, all doses with duration of < 60s were 

237 reviewed. Next, all doses with duration ≥ 60s were stratified by the interruption 

238 code listed in Table 1, and each resultant group was reviewed separately. With 

239 this information, an algorithm to calculate a “‘daily complete dose count”complete 

240 daily dose count’ from the CFHealthHub datanebulizer data was developed, which 

241 based on doseused dose start time, duration and interruption code only, to 

242 determine if a dose was likely to be ‘complete’. Appendix C contains a full 

243 description of the number of doses in each combination of duration and 

244 interruption code, with a justification for how the algorithm would process these 

245 combinations, based on the triangulated CFHealthHub datanebulizer data and 

246 consensus “daily complete dose count” ‘complete daily dose count’. 

247

248 If a dose was likely to be ‘complete’, then it would be included and counted as a 

249 ‘complete’ dose, however if it was likely to be ‘incomplete’, it would be excluded 

250 or combined with another dose to create a single ‘complete’ dose.

251

252 The agreement between algorithm-derived “daily complete dose count” and 

253 consensus-derived “daily complete dose count” in the derivation dataset were 

254 determined using both percent accuracy and kappa values. In view of the clustered 

255 nature of the dataset, bootstrapping was used to calculate kappa and agreement 

256 values (17). This involved bootstrapping of 1000 samples from the original 

257 dataset, calculation of kappa and agreement values for each sample (i.e. 1000 

258 values were calculated for each participant) and then ascending re-order of those 

259 values to provide a median, 2.5th and 97.5th centile as measures of central 

260 tendency and dispersion. In addition, the extent to which the algorithm under- or 

261 over-estimated the consensus-derived “daily complete dose counts” were 
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262 quantified with absolute differences in both “daily complete dose counts” and 

263 percent adherence between the two measures.

264

265 The ability of this algorithm to calculate ‘complete’ daily doses was then tested 

266 against the consensus ‘complete daily dose count’ in the derivation dataset. Both 

267 percent accuracy and kappa values were calculated. 

268 An a-priori target was to proceed to validation if the algorithm-derived “daily 

269 complete dose count” was ≥80% accurate in comparison to the joint clinician-

270 participant consensus-derived “daily complete dose count”, which was considered 

271 as the ‘reference standard’ on ‘complete daily dose count’ (considered as the 

272 reference). If the accuracy was <80%, then the derivation dataset would be re-

273 reviewed to refine the algorithm.

274

275 1.3. Results
276

277 Twenty-two adults with CF receiving care in CentreCenter 1 (n=8), CentreCenter 

278 2 (n=8) and CentreCenter 3 (n=6) were identified as potentially eligible for 

279 inclusion.

280

281 Eight of these 22 people adults were excluded after approach, and two excluded 

282 after review of their nebulisation data prior to Phase 2.  Twelve participants were 

283 included in the analysis. Their baseline characteristics are shown in Table 2. The 

284 flow of recruitment, reasons for exclusion and allocation are shown in Figure 3. 

285

286 One week of data from 101 participants compriseized the derivation dataset, with 

287 one week of data from 10 participants comprising the validation dataset. Nine 

288 Eight of the 12 participants contributed data to both derivation and validation 

289 sets, as they each provided two weeks of data, compared to the three four other 

290 participants, contributing one week of data each who were assigned to either the 

291 derivation or validation datasets in a 1:1 ratio. A total of 80 74 patient days (with 

292 337 295 doses) from 101 patients were used in the derivation dataset and 69 

293 patient days (with 309 doses) from 10 patients in the validation dataset. Dose 
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294 durations and interruption codes for the derivation dataset were reviewed and 

295 results are reported in Table 3.

296

297 3.1 Proposed screening algorithm

298 We proposed the following process for identifying ‘complete’ doses from the 

299 CFHealthHubnebulizer  nebulisation data.

300

301 1) Initially screen out:

302  All doses with duration <60s.

303  All doses that had a timeout during pause mode (interruption code = 8).

304  All doses in cleaning mode (interruption code = 101--108).

305

306 2) Combine

307  Any 2 or more doses starting within 120s of each other.

308

309 3) Finally screen out:

310  Doses with duration <480s due to loss of supply voltage or battery power 

311 to the eTrack nebulisernebulizer (interruption code = 1 or 6).

312

313

314 3.2 Accuracy of the proposed screening algorithm

315 In the derivation dataset, there was a high level of agreement between the 

316 algorithm-generatedderived “daily complete dose count”  ‘complete daily dose 

317 count’ and the consensus-derived “daily complete dose  councount”. The t (kappa 

318 co-efficient was 0.85 with 95% confidence interval of 0.71-0.91 and6, accuracy 

319 was 878.5% (77.0-95.7)7%). Similar agreement and accuracy were seen in the 

320 validation dataset (kappa co-efficient 0.86 [0.77-0.94], accuracy 89.9%% [84.3-

321 95.5]). These results along with the total numbers of doses considered ‘complete’ 

322 by both the algorithm and consensus are comparison of daily counts are reported 

323 in Table 4. The absolute differences in “daily complete dose count” between these 

324 two measures were 10 (out of 266 ‘complete’ doses by consensus) in the 

325 derivation dataset and 7 (out of 267 ‘complete’ doses by consensus) in the 

326 validation dataset. The absolute differences in mean percent adherence calculated 
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327 using the “daily complete dose count” from these two measures were 3.2% and 

328 2.8% respectively, as reported in Table 5.  

329

330 4. Discussion

331 2.
332 Through examination of nebulizer data from the CFHealthHub learning health 

333 system and triangulation of these data with participant records experiences, we 

334 have developed an algorithm to count daily ‘complete’ nebulised medicine dosesto 

335 generate a “daily complete dose count”. This algorithm involved excluding all 

336 doses of <60s, combining doses which start within 120s of each other and then 

337 using a combination of the interruption code and dose duration to determine 

338 which other doses are likely to be ‘complete’. The resultant “daily complete dose 

339 count” ‘complete daily dose count’ was 8788.57% accurate in the derivation 

340 dataset and 89.9% accurate in an internal validation dataset. 

341

342 By outlining the process for designing and validating a data processing algorithm 

343 in collaboration with adultsPwCF with CF, we aim to inspire trust in adherence 

344 data from the CFHealthHub digital platform as a digital measure. At a patient-level, 

345 adherence data from the CFHealthHub digital platform is central to the 

346 development of personaliseized care plans, an essential part of caring for people 

347 with long term conditions (18). A tangible benefit of the greater objectivity is that 

348 actual pattern of nebulisernebulizer use can be understood by clinicians, who can 

349 then provide personaliseized advice on how to fit nebulisernebulizer use within 

350 the other routines of the adult person with CF. 

351

352 OverAn erroneously high-counting ‘‘daily complete dose count’’ daily ‘complete’ 

353 doses risks overestimating adherence, which may risks then falsely reassuringe 

354 both people adults with CF and clinicians that adherence is higher than it is. This 

355 may meanThe consequence of this is that those people some people may with CF 

356 who may benefit from adherence support may not be identified, and they would 

357 be at risk ofbe being under-served by the health care system by not being offered 

358 adherence support when they could benefit from it. Furthermore, overestimating 

359 adherence may result in unnecessary treatment escalation in the event of clinical 

Page 39 of 70

URL: https://mc.manuscriptcentral.com/erp   Email: IERP-peerreview@journals.tandf.co.uk

Expert Review of Pharmacoeconomics & Outcomes Research

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



For Peer Review
 O

nly

12

360 deterioration.  Conversely, underestimating adherence could create conflict 

361 between people adults with CF and their clinicians and lead to both parties losing 

362 faith in the adherence data provided by available on the CFHealthHub digital 

363 platform. 

364

365 We recognize that the algorithm produced a marginally higher “daily complete 

366 dose count” than the participant-clinician consensus, which was considered the 

367 ‘reference standard’ in this project. However, the difference in percent adherence 

368 derived from the “daily complete dose count” (around 3% against an average 

369 adherence exceeding 90%) was clinically negligible. It is worth noting that a 

370 participant-clinician consensus for whether each dose of treatment is ‘complete’ 

371 is not feasible outside of a dedicated research project. It would be unreasonably 

372 burdensome for all participants on CFHealthHub to keep a detailed daily dairy of 

373 all their nebulizer doses. Therefore, we are reassured by the small differences 

374 noted in this study. 

375

376 Within a learning health systemLearning Health System where data used to 

377 generate  knowledge which drives and measures improvement work, optimising 

378 data quality is critical (12). Previous quality improvement work, underpinned by 

379 large datasets, has focussed on measures of completeness, conformance and 

380 plausibility, through the production of automated functions with statistical 

381 software (19). In this work, we have developed an algorithm to improve 

382 calculation of “daily complete dose counts”e daily dose count accuracy. This was 

383 strengthened by working alongside people adults with CF to gain a qualitative 

384 understanding of circumstances of doses, from which the quantitative data were 

385 produced and allow accurate counting of the number of ‘complete’ nebulised 

386 medicine doses taken each day. 

387

388 A key strength is that this is the first report triangulating nebulizer objective data 

389 from CFHealthHub withdata with the real-world experiences of people adults with 

390 CF using eTrack nebulisernebulizers within the CFHealthHub Learning Health 

391 System, using a parsimonious study design to minimize the burden of adults with 

392 CF.. Putting people at the center of research into their condition is a key priority 
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393 for improving care in long-term conditions (18). Continuous patient engagement 

394 is recommended during the evaluation phase of digital measures such as this (20, 

395 21).

396

397 There are however some limitations.  To minimize the burden of adults with CF, 

398 there is a need to use a parsimonious study design Due to the need to enriching 

399 the cohort with participants with relatively high numbers of short or “potentially 

400 incomplete” nebulizer doses.  of nebulised medicine, we appliedBy applying a 

401 purposive sampling strategy within three of the 15 CFHealthHub centers, the 

402 sample of participants could be criticized as being less generalizable. For example, 

403 the mean adherence of the sample exceeded 90% when real-world median 

404 adherence is only around 30% (9). However, this study design allowed us to 

405 capture an adequate range of short and/or ‘potentially incomplete’ doses to 

406 enhance the applicability of the resultant algorithm in a larger population. 

407 Therefore, the sample was not randomly generated, which means confidence in 

408 generalisability is reduced. 

409

410 Due to the limited number of participants imposed by scarce resources, data from 

411 different weeks by the same participant were included in both the derivation and 

412 validation datasets. This to ensured an adequate range of interruption codes in 

413 both datasets. Whilst no individual dose appeared in both datasets, the inclusion 

414 of the same participant in both datasets meant that the validation dataset is not 

415 external to to that of the derivation dataset. Reassuringly, for the one participant 

416 contributed to only the validation dataset, there was perfect agreement between 

417 the consensus- and algorithm-derived ‘complete daily dose counts’. Further 

418 validation of this algorithm in other CFHealthHub centers would be useful. The 

419 fact that CF is a rare disease, with approximately 7,000 adults with CF in the UK 

420 and the relative infrequency of potentially incomplete doses (<25% of all doses on 

421 the CFHealthHub digital platform) contributed to the small sample size of 12 

422 participants and 604 doses (22).

423

424 Another limitation was reliance on patient self-report as to which medicine was 

425 being administered for each dose, and circumstances around doses recorded 
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426 which were considered as potentially ‘incomplete’. Currently, CFHealthHub 

427 eTrack nebulizers lacks the technology to identify the specific medicine being 

428 administered. We also cannot identify, from data alone, whether prolonged 

429 nebulisation duration is due to equipment malfunction or patient factors. We 

430 mitigated potential recall bias by prospectively asking participants to keep 

431 contemporaneous logs records for data collection during the study period, rather 

432 than relying on retrospective recall. We also cross-referenced their logs records 

433 against the CFHealthHub nebulizer data. An alternate approach of direct 

434 observation of nebulisernebulizer usage in a controlled environment would have 

435 allowed the gold standard data collection around whether a dose was ‘complete’ 

436 or not. This was considered unfeasible given the time and resource burden for 

437 clinicians and participants, which is a known barrier to participation in research 

438 within CF (23). Our chosen methodology methods were parsimonious and better 

439 captureds the real-world experience of people adults with CF using eTrack 

440 nebulisernebulizers where factors such as consumable wear and dose 

441 interruptions come into play.

442

443 Finally, this study was limited to adults with CF who were using eTrack nebulizer 

444 devices, which represents 88% of the approximately 1400 adults with CF who are 

445 enrolled in CFHealthHub. At the time of this study, only two data-logging nebulizer 

446 devices are used in the UK: eTrack nebulizer and the I-neb. As an adaptive aerosol 

447 delivery device, the I-neb already provides dose completeness information in the 

448 following scale: “Full”; “>12.5%; <100%”; “<12.5%” and “none”. Therefore, such 

449 an algorithm is not required for I-neb users.

450

451 This data processing algorithm will now be embedded within the CFHealthHub 

452 digital platform, where further validation in larger and more diverse cohort is 

453 recommended. There are currently approximately 1400 patients across 14 UK 

454 Adult CF Centres enrolled in CFHealthHub, where Tthese data are used to support 

455 adherence in the real-world setting (24). CFHealthHub also has a research arm, 

456 currently undertaking a large observational study, exploring the role of co-

457 adherence to inhaled therapy for PwCF adults with CF who are taking novel oral 

458 treatments (25).  Digital endpoints may present unique challenges in the value 
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459 assessment of pharmaceuticals or cost evaluation of consumed medications. 

460 Recognising this, CFHealthHub adherence data is are also used to optimiseize 

461 medicines supply by aligning supply with actual usage, with the potential to 

462 realiseize significant cost savings (26, 27). For both of these workstreams to be 

463 effective, data accuracythe accuracy of CFHealthHub data, which is strengthened 

464 by this work, is critical. 

465

466 Inspired by information uncovered during this work, we have since completed a 

467 formal study of how these CFHealthHub data can identify PwCF adults with CF 

468 who are having frequently prolonged nebulisernebulizer durations. 

469 Troubleshooting and replacement of consumable parts led to mean 37% 

470 reduction in the time PwCF adults with CF spent on nebulisernebulizer treatment 

471 each day (28). This is a further demonstration of how paying attention to data 

472 from digital measures can have real-world benefits for people with long-term 

473 conditions.

474

475 5. Conclusion

476 3.
477 We have developed a data processing algorithm by triangulating CFHealthHub 

478 nebulisernebulizer usage data with participants’ real-world experiencerecords, 

479 which was then tested in a multi-center dataset. The algorithm has high levels of 

480 accuracy. Co-designing and validating this algorithm helps optimiseize the 

481 accuracy of, and trust in, adherence data from the objective nebuliser usage data 

482 within CFHealthHub digital platform. These data can be used to optimiseize 

483 clinical interactions at a patient-level, underpin quality improvement work at an 

484 organisation-level and facilitate national benchmarking at a system-level. The 

485 methods we use could also be applied by other platforms capturing digital 

486 adherence data remotely. Publication of data processing algorithms encourages 

487 confidence in learning health systemLearning Health Systems embedded within 

488 routine clinical care.

489

490
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505 Article Highlights

506  Supporting adherence to medicine regimens in long-term conditions requires 

507 accurate measurement of adherence. 

508  The CFHealthHub Learning Health System offers a digital platform which can 

509 collect inhaled medicine usage data from nebuliser devices capable of 

510 electronic data capture. 

511  Clinicians and people with cystic fibrosis collaborated to develop a data 

512 processing algorithm for these usage data to calculate the number of complete 

513 doses taken each day (‘‘daily complete dose count’’).

514  The resultant data processing algorithm was considered highly accurate for 

515 calculating the ‘‘daily complete dose count’’.

516  Accurate nebuliser usage data processing allows for calculation of accurate 

517 adherence measurement, which can be used as both a digital study endpoint 

518 in but also as part of optimising routine care

519
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Appendix A

An example of how different data processing methods can yield different 

“‘complete daily complete daily dose counts”’.

Date Start Time Duration (seconds)
Interruption 

Code

26/05/2021 10:44:15 366 2

26/05/2021 11:00:13 69 4

26/05/2021 11:24:45 49 4

26/05/2021 19:27:14 13 3

26/05/2021 19:28:04 102 2

26/05/2021 20:24:26 250 2

26/05/2021 21:02:04 61 2

26/05/2021 21:32:01 46 2

These are data from one CFHealthHub participant (not involved in this sub-

analysis). To create a 24-hour “daily complete dose count”daily ‘complete’ dose 

count, there needs to be a data processing algorithm. If every recorded dose were 

considered complete, the “daily complete dose count” daily count would be eight. 

By combining the 19:27:14 and 19:28:04 doses (on the assumption that two doses 

starting in such quick succession were likely to be two attempts to administer the 

same dose of nebuliseized medicine), the “daily complete dose count” daily count 

would be seven. Excluding the three doses with duration <60s (too short to be a 

‘complete’ dose) would give a “daily complete dose count” daily count of five. 

Including only those marked with an interruption code of 4 (indicating a dose was 

completed as expected) and excluding doses with duration <60s would give a 

“daily complete dose counts”daily count of one. This example demonstrates that 

the data processing algorithm must be carefully considered to accurately reflect 

the true “`daily complete dose count”complete daily dose count’.

It must be emphasized that the ‘outcome’ of interest is the number of nebulizer 

doses taken each day, i.e. the “daily complete dose count”. It may be possible that 

certain complete doses are inaccurately identified but the “daily complete dose 
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count” remains correct. For example, take someone with two recorded doses 

(dose A and dose B) on a single day. If the reality was that dose A was complete 

and dose B was incomplete, but the algorithm determined dose A was incomplete, 

but dose B was complete, the “daily complete dose count” would still, correctly, be 

1.
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Appendix B

A script to guide the initial approach of eligible people with CF to participate in the 

sub-analysis.

At the start of the call

“I am ringing to see if now might be a convenient time to have a quick chat? I wondered if 

you may be happy to help us with a small project, we are conducting to improve the 

quality of the data on CFHealthHub. 

[If yes, continue. If no, see if you can arrange to speak with participant at a more convenient 

time.]

As part of a bigger piece of work, CFHealthHub aims to improve the medicines supply 

process, by ensuring that people with CF get the right amount of their nebuliseizer 

treatments when they need them. It’s therefore really important that the data on 

CFHealthHub is as accurate as possible.

As you (may) know, CFHealthHub displays the days and the times that treatments are 

taken but it doesn’t show which treatment has been taken at a given time. To ensure the 

data is as accurate as possible on CFHealthHub and provides a true reflection of the 

treatments taken at a given time, some things are screened out and don’t appear on 

CFHealthHub. E.g., if you ever use “easycare” mode on your eTrack to clean your mesh (or 

aerosol head), this doesn’t show on CFHealthHub as a treatment (it is screened out 

because it’s not a treatment). 

Sometimes people experience technical issues with their devices (e.g. cable issues, 

batteries lose power), which means they experience interruptions mid-treatment. This 

can sometimes show as two treatments on CFHealthHub (e.g., if you’ve had to turn your 

eTrack on again to deliver the remainder of the treatment), even though it is actually just 

a split dose. We are carrying out a small project to see if we can understand more about 

where treatments have been taken and where some have been screened out, along with 

the reasons for these.

I am ringing to see if we could have a look at your nebuliseizer data for the past week. It 

might take around 10 minutes in total – is now a good time to do that? 

[If yes, continue. If no, see if you can arrange to speak with participant at a more convenient 

time.]

I’ve got a list of the times and days in front of me here. It would be great if we could have 

a look at the doses recorded on a given day and if you could say which treatments you 

think were taken on that day (some of these might have been screened out and so don’t 

appear on CFHealthHub). Does that make sense? Have you any questions?”
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[Go through times and dates provided by LL with the participant and ask the participant to 

recall what they think happened at each time point e.g. did they take a treatment, and if so, 

which treatment? Ask participant to try to recall anything out of the ordinary too, to identify 

any split doses, and reasons for these etc.]

At the end of the call

“Thank you very much for your time today. Please can I give you a ring in another week 

to do the same thing again? It would be great if we could do this for another week to help 

us see if we can understand these in more detail. Would that be ok?”

[If yes, arrange time to call again in a week. Ask participant if they might be happy to keep 

a log of the times and days they do a treatment for the next week (e.g. on their phone, or a 

piece of paper). Ask them to note the: 1) date; 2) time; 3) name of treatment; 4) and anything 

to note with each treatment or the eTrack in general e.g. Did they see two ticks – one when 

the treatment had finished and one when the data had transferred? Did the device lose 

power? Did they do an “easycare” clean? Did the grey cable disconnect? Did they pause their 

treatment? Did they turn the device off or did it turn off itself? etc.]
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Appendix C

Detailed explanation of how doses with different combinations of durations and 

interruption codes were triangulated with experiences of participants taking 

these doses and the participant-clinician consensus decision on completeness., 

This also describes and how decisions were reached on which doses to screen out 

from the calculator of the “daily complete dose count” in the algorithm. 

Doses with duration <60s (not likely to be ‘complete’, as per the manufacturer’s 

recommendation)

Dose <60s and interruption code = 4

FourTwo individual doses from threetwo participants were identified. Of these, 

one  three (750%) werewas considered ‘incomplete doses’ by the clinician-

participant .consensus.

1) ThreeOne doses wasere considered ‘incomplete’ and werewas 

immediately followed by a dose of the same medicine lasting >60s with 

interruption code 4, indicating a ‘complete’ dose. 

2) One dose was considered ‘complete’ and had interruption code 4, despite 

being <60s duration.

2)

Dose <60s and interruption code ≠ 4

Twenty-five individual doses from eight participants were identified. Of these, 23 

(92%) were considered ‘incomplete doses’ . Of the two doses considered as 

‘complete’:

1) One dose was felt to be ‘complete’ by the participant.

2) One dose reflected an ‘incomplete’ dose followed by a ‘complete’ dose 

within one minute. 

Dose <60s and interruption code = 4

Four individual doses from three participants were identified. Of these three 

(75%) were considered ‘incomplete doses’.

3) Three doses were considered ‘incomplete’ and were immediately 

followed by a dose of the same medicine lasting >60s with interruption code 4, 

indicating a ‘complete’ dose. 
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4) One dose was considered ‘complete’ and had interruption code 4, despite 

being <60s duration.

Given the low likelihood of doses <60s being genuinely ‘complete’, and the 

manufacturer’s recommendation that no nebuliseized medicine dose should be 

delivered in <60s, we proposed screening out all doses that were <60s duration, 

irrespective of interruption code.

Doses with duration ≥60s and interruption code 4 but considered incomplete.

Nine Three individual doses from five two participants were identified. Three of 

these doses have been discussed above. Of the remaining six:

1) One dose was considered incomplete and was immediately followed by a 

dose of the same medicine lasting >60s with interruption code 7. 

2) One dose lasted 709s, but as the participant did not put the full volume of 

the salbutamol ampoule into the medicine reservoir, it was an ‘incomplete’ 

dose.

3)1) One dose was complicated by technical issues with the power cable 

(despite the interruption code not recognising this), and this was followed 

by a second attempt by the patient to administer the medicine.

4)2) One was the second attempt of the aforementioned dose.

5)3) One dose was interrupted, as the eTrack Controller seemed to lose 

power, though this was not reflected in the interruption code. It was 

followed by another dose of duration >60s and interruption code 4 which 

resulted in ‘complete' delivery of the same medicine as this dose.

We propose considering doses of duration ≥60s and an interruption code of 4 as 

‘complete’.

Doses with duration ≥60s and interruption code 1 (mains supply power failure)

Two One doses from two participants werewas identified. For one dose, the 

participant did not recall an electrical supply problem occurring with that dose, 

and as the dose had run for 770s, it was considered ‘complete’. The other dose was 

considered incomplete complete due to there being an excessive residual 
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medicine volume in the medicine reservoir, but this was immediately followed by 

another dose to deliver the remainder of the nebulised medicine dose, which was 

then considered ‘complete’.as the participant manually disconnected the main 

power supply as the dose had already taken 590 seconds and they could see that 

the appropriate volume of liquid medicine has been administered. 

Despite one of these doses being considered incomplete, given the whole context 

around that dose and how the algorithm would process the ‘complete daily dose 

count’, we do notWe propose screening out dosesincluding doses which have an 

interruption code 1 and duration ≥60sabove a duration threshold which is likely 

to represent a ‘complete’ dose. This duration threshold will be discussed in section 

xxx.  We therefore recogniseize that this would may inaccurately increase the 

“daily complete dose count” ‘complete daily dose count’ in certain circumstances.

Doses with duration ≥60s and interruption code 2 (disconnection of handset from 

eTrack Controller)

Eighty-oneSeventy-nine doses from six participants were identified. Two Three 

were considered ‘incomplete’, three ‘indeterminate’ and seventy-sixsix were 

considered ‘complete’. The Ttwo of the incomplete doses were from one 

participant. On one occasion, the this participant felt the dose was taking too long 

and terminated it manually, recognising that the residual volume of non-

aerosoliseized medicine left in the medication reservoir was greater than usual. 

On the second occasion, the dose was manually terminated again as the 

participant felt the medicine was not aerosolizing. For the third dose in this 

category, the participant also terminated the dose early as they felt it was not 

aerosolising correctly.

In view of this, we do not propose screening out doses which have an interruption 

code of 2 and duration ≥60s.
Doses with interruption code 3 (dose started without medicine in reservoir)
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No doses with interruption code 3 were identified. By definition, aAll doses with 

interruption code 3 would always be <60s duration and would be screened out by 

our the proposed algorithm.

Doses with interruption code 5 (manual shutdown of eTrack Controller)

Two doses from one participant were identified. Of these:

1) One dose was considered complete, with a duration of 1079s.

2) One dose followed a preceding dose which had been considered 

incomplete, in an attempt by the participant to deliver one ‘complete dose’. 

The combination of these two doses made for one ‘complete’ dose. 

We do not propose screening out doses with interruption code 5. However, we 

recogniseize that, in situations such as number two described above there is a risk 

of an additional ‘complete’ dose being counted using this algorithm.

Doses with interruption code 6 (battery empty)

Nineteen Eighteen doses from seven six participants were identified. Of these, five 

were considered ‘complete’ and, 13 ‘incomplete’ and the completeness of one dose 

could not be determined. As an interruption code 6 denotes a non-user-initiated 

early interruption, we can be confident, but not certain that it is unlikely that a 

‘complete’ dose has been delivered, as seen in 13/189 (7268%) of examples.

Doses with non-user-initiated early termination (interruption code 1 and 

interruption code 6) and duration >60s

When analysing all doses with interruption code 1 or 6 (n=1121), six (28%) were 

considered ‘complete’ and 15 (71%) ‘incomplete’, four incomplete and one 

indeterminate. Screening Applying a duration threshold of out doses of duration 

<<480s (eight minutes) for exclusion left three remaining doses, all of which were 

considered complete and had durations of 590s, 606s and 707s respectively. 

Applying lower duration thresholds captured a combination of doses which were 

considered ‘complete’ and ‘incomplete’, hence the decision to apply the duration 

threshold of 480s.
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We therefore propose screening out doses with interruption code 1 and 

interruption code 6 and duration <480s.

Doses with interruption code 7 (timeout during inhalation mode)

Eighteen Three doses from two one participants were was identified. All three 

doses were considered ‘complete’. The duration of a dose with interruption code 

7 will always be 1201s, as the eTrack Controller times out at this time during 

inhalation mode. Prolonged dose durations may suggest the handset, through 

which the liquid medicine is aerosoliseized, is worn, or clogged. One of the 

participants, who recorded 15 of the 18 doses with interruption code 7 was not 

able to reliably determine if these doses were ‘complete’ or not. The other 

participant considered each of their interruption code 7 doses ‘complete’. 

We do not propose screening out doses with interruption code 7, as after 20 

minutes of nebulisation, we would expect a ‘complete’ dose to have been 

administered, though this is not a certainty and is a recogniseized limitation of this 

algorithm.

Doses with interruption code 8 (timeout during pause mode)

No doses were identified. As interruption code 8 denotes a dose which has timed 

out during pause mode, we would expect that, by virtue of the dose being paused 

(rather than terminated) by the patient, then the dose would not be considered 

‘complete’. The eTrack nebuliseizer will generate an interruption code of 8 if the 

device is paused for >600s without being un-paused. 

We propose screening out doses with interruption code 8.

Doses with interruption code 101-108

No One doses were was identified. As these doses refer to the “easycare” cleaning 

mode, we do not expect any therapeutic doses to be administered with this 

interruption code. We propose screening out all doses with interruption code 101-

108. 
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Multiple doses starting within 120s.

55 Forty-three doses were identified across all participants.  In most cases, they 

resulted from multiple attempts (recorded as individual doses) to deliver one 

‘complete’ dose. We propose that all doses starting within 120s of the preceding 

dose start time should be combined with the preceding dose into a single dose and 

then processed as per the algorithm with respect to duration and interruption 

code.
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Table 1: Explanation of interruption code, adapted from “Interruption criteria 

explanations” (PARI GmbH, 2021).

Code Definition Complete dose

1
Loss of supply voltage to eTrack 

Controller

No

2
Disconnection of handset from 

eTrack Controller
No

3
Dose started without medicine in 

medication reservoir
No

4 Inhalation finished as expected Yes

5
Manual shutdown of eTrack 

Controller
No

6 Battery empty No

7
Timeout during inhalation mode 

(triggered at 120s)
No

8
Timeout during pause mode 

(triggered at 801s)
No

101-108
As above, but during the “easycare” 

(cleaning) mode
No
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Table 2: Baseline characteristics of participants and datasets

Derivation dataset Validation dataset 

Characteristics of participants

Age in years, median (range)

Female, n (%)

Chronic Pseudomonas, n (%) 

Pancreatic insufficient, n (%)

CF related diabetes, n (%)

BMI, median (range)

%FEV1, median (range)

N = 10*

38 (23-62)

6 (60%)

7 (70%)

8 (80%)

5 (50%)

23.5 (18-29.5)

82 (39-111)

N = 10*

41 (23-49)

7 (70%)

8 (80%)

9 (90%)

6 (60%)

23.5 (18-29.5)

73 (32-111)

Characteristics of nebuliser doses

Duration in seconds, median 

(IQR)

        <60s, n (%)

        60 to 600s, n (%)

        >600s, n (%)

Multiple doses within 120s of each 

other, n (%)

Doses with interruption code

        “4”, n (%) (dose completed as     

expected)

        “1”, n (%) (loss of supply voltage)

        “6”, n (%) (battery empty)

        “8”, n (%) (device timeout during 

pause mode >600s)

        “101” to “108”, n (%) (easycare 

cleaning mode)

N = 295 doses over 

74 days

209 (134-409)

26 (8.8)

232 (78.6)

43 (14.6)

50 (16.9)

184 (62.4)

3 (1.0)

18 (6.1)

0 (0.0)

1 (0.3)

N = 309 doses over 

69 days

251 (149-403)

30 (9.7)

229 (74.1)

50 (16.2)

56 (18.1)

203 (65.7)

10 (3.3)

0 (0.0)

0 (0.0)

5 (1.6)
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        Others

89 (30.2)

91 (29.4)

*Note – Eight participants contributed data to both derivation and validation 

datasets and are included separately, with four participants only contributing data 

to either dataset. The total sample size for this project was 12.
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Table 3: Distributions of combinations of dose duration and interruption codes 

(IC) in the derivation dataset, with decisions of how to use these in the data 

processing algorithm

Number of 

doses 

identified

Number (%) 

considered 

‘complete’ by 

consensus 

Algorithm 

formulation 

decision

Dose duration <60s

Dose completed as expected (IC = 4) 2 1 (50%) Exclude

Dose not completed as expected (IC ≠ 

4)

25 2 (8%) Exclude

Dose Duration ≥60s
Loss of supply voltage (IC = 1) 1 1 (100%) Include*

Disconnection of handset from 

eTrack Controller (IC = 2)

76 74 (97%) Include

Dose started without medicine in 

chamber (IC = 3)

Dose completed as expected (IC = 4)

0

178 175 (98%)  

Exclude

Include

Manual shutdown of eTrack 

Controller (IC = 5)

2 1 (50%) Include

Battery empty (IC = 6) 18 5 (28%) Include*

Device timeout at 1201s (IC = 7) 3 3 (100%) Include

Device timeout at 601s during pause 

mode (IC = 8)

0 - Exclude

easycare cleaning mode (IC = 101-

108)

1 0 (0%) Exclude
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* Include only if duration >480s. See Appendix C for detailed justification.
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Table 4: Kappa and accuracy scores for the algorithm-derived “daily complete 

dose count” against the gold standard consensus-derived “daily complete dose 

count” in the derivation and validation datasets.

Derivation Validation

Total ‘complete’ doses by 

algorithm
268 272

Total ‘complete’ doses by 

consensus
266 267

Accuracy (per day), %, (95% CI) 87.5 (77.0-95.7) 89.9 (84.3-95.5)

Kappa (95% CI) 0.85 (0.71-0.91) 0.86 (0.77-0.94)
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Table 5: Differences in total ‘complete’ doses and mean adherence calculations when using the algorithm-derived and consensus-derived “daily 

complete dose counts”

Total 

‘complete’ 

doses by 

algorithm

Total 

‘complete’ 

doses by 

consensus

Absolute difference 

in ‘complete’ doses 

between algorithm 

and consensus

Mean adherence 

by algorithm

Mean 

adherence by 

consensus

Mean of all absolute 

differences in adherence 

between algorithm and 

consensus

Derivation dataset 

(295 doses, 74 days)

268 266 10 α 91.2% 90.7% 3.1%

Validation dataset 

(309 doses, 69 days)

272 267 7 β 92.3% 90.5% 2.8%

α Among the 74 days of data, there were 66 days (89%) with identical “daily complete dose counts” by both algorithm & consensus, 4 days 

(5%) with a higher count by consensus and 4 days (5%) with a higher count by algorithm. 

β Among the 69 days of data, there were 62 days (90%) with identical ‘“daily complete dose counts” by both algorithm & consensus, 1 day (1%) 

with a higher count by consensus and 6 days (9%) with a higher count by algorithm.
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Diagram of the components of an eTrack nebuliser (from “Gebrauchsanweisung - Instructions for use. eFlow 

rapid nebuliser system & eTrack Controller, PARI, 2018-12). 

146x207mm (150 x 150 DPI) 
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Example of a completed data collection form for a single participant. 

146x36mm (150 x 150 DPI) 
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Recruitment and allocation flow diagram 

159x147mm (300 x 300 DPI) 

Page 70 of 70

URL: https://mc.manuscriptcentral.com/erp   Email: IERP-peerreview@journals.tandf.co.uk

Expert Review of Pharmacoeconomics & Outcomes Research

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60


