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Summary	
The combination of acoustic emission (AE) and machine learning (ML) has been shown to be a powerful tool in quality control related analysis as well as in patient adherence monitoring. In this study it has been used for monitoring of inhalation profile and of synchronization between actuation and inhalation of MDI devices. In this set-up, pMDIs were used as model devices. For the inhalation profile experiments a lung simulator was used for simulation of adults’ weak, medium and strong inhalation profiles. For the synchronization experiments a constant flow was used and device actuation was performed at different time points in relation to the flow onset. To challenge the ML algorithm, the experiments were also performed in a noisy environment to mimic a domestic environment. An image-based ML model with Convolutional Neural Networks (CNN) was used to predict the inhalation profile and the synchronization between actuation of device and inhalation. By this approach it was possible to obtain accurate predictions of 97% for determination of inhalation profile and 98% for determination of synchronization.
[bookmark: _Hlk107652452]Key Message
Highly accurate predictions of inhalation profiles and synchronization can be obtained by using a combination of acoustic emission and machine learning, showing that this approach is sensitive and can extract attributes of interest, even in a domestic environment with varying soundscape.
Introduction
Passive AE monitoring has previously been used in development and manufacturing related applications as a cost-effective, easy to implement, quality and performance monitoring technology1-5. Another, and growing, focus for this technology is within the adherence related space for inhaled medical devices6-15. For pMDIs, it has for example been shown that non-optimal actuations are easily picked up via acoustics17. 
In this study, the aim was to develop and use machine learning algorithms for two pMDI adherence monitoring attributes; 1) different adult inhalation profiles and 2) synchronization between pMDI actuation and inhalation. The development and resulting performance of these algorithms will subsequently be fed in to the design process of a future mobile phone app for adherence monitoring. 
Experimental
For the experiments, pMDIs filled with placebo formulation were used. Two separate experiments were performed; one for inhalation profile monitoring using a lung simulator (Copley BRS3100), used to simulate three different adult inhalation profiles, and one for synchronization monitoring between actuation of device and inhalation by using a trigger box (Trigger Box Trb III, FIA AB, Odarslöv, Sweden) to create three constant inhalation flows. Three different profiles were considered enough to demonstrate feasibility of the approach. 
For the inhalation profile experiments, the pMDI was placed in the pMDI shaker module (Proveris Inc, MA, USA). After shaking, the pMDI mouthpiece was manually inserted into a medium sized throat cast connected to the lung simulator. The lung simulator generated one of three adult inhalation profiles that corresponded to weak, medium and strong inhalations18, as shown in Figure 1. A total of 405 recordings were performed. Of these, 270 were inhalation profiles with actuation and 135 without. For 1/3 of the inhalations there was no background noise, for 1/3 of the inhalations mixed Spotify music was played from a loudspeaker placed approximately 20 cm from the microphone and for 1/3 of the inhalations mixed Spotify music and white noise was played to create a noisy soundscape to mimic a domestic environment.
 
Figure 1. Adult inhalation flow profiles used in the lung simulator. The blue curve shows the strong inhalation profile, the green curve shows the medium inhalation profile and the yellow curve shows the weak inhalation profile.

For the synchronization testing, the pMDI was placed in the pMDI shaker module. After shaking, the pMDI mouthpiece was manually inserted into a throat cast connected to the trigger box. The trigger box generated a constant flow for 4 s of 15 L/min (weak), 30 L/min (medium) or 60 L/min (strong) and the pMDI was actuated at one of three different time points during the constant inhalation;  -500 ms, +200 ms or +1000 ms compared to the flow onset, visualized as black dots in Figure 2. A total of 420 recordings were obtained. For 1/2 of the inhalations mixed Spotify music was played from a loudspeaker placed approximately 20 cm from the microphone.
 
Figure 2. Constant flow profiles used for the synchronization experiments. Flow onset is at time point 1 s. The blue curve shows the strong inhalation profile, the green curve shows the medium inhalation profile and the yellow curve shows the weak inhalation profile. The black dots show the three timepoints where the pMDI was activated; -500 ms, +200 ms and +1000 ms from flow onset.

For both experiments sound recordings were performed via a miniaturized condenser microphone (Røde PinMic, 60 – 18000 Hz, of the omni-directional, phantom powered condenser type) and an analogue to digital (A/D) converter (Roland Quad Capture Audio interface, 24-bit/192kHz digital audio) while using the software Audacity at 192 kHz. An Android mobile phone was also used for recording. The raw sound data from the Røde microphone was stored in Free Lossless Audio Codec (FLAC) file format, while the android phone data data was stored in MPEG-4 audio file (M4A) format.
Data analysis
[bookmark: _Hlk138245537]To predict inhalation profile and synchronization, the same machine learning analysis approach was used. The python library Librosa 0.9.1 was used to convert the collected sound from the time domain to the time-frequency domain using short time Fourier transforms (STFT) with a sampling frequency of 44.1 kHz. The STFT estimates frequency changes over time by calculating the frequency composition of the signal from overlapping time windows (sample windows), with the number of samples between subsequent windows being specified as the hop length. In the analysis, window size 46 ms was used, with the hop length being set to 11.6 ms. Librosa was used to display the compositions in mel spectrograms (time-frequency domain), where the computed spectral data was processed by semi-log transforming the frequencies into a specified number of frequency bands (number mels). Time sections of mel spectra were then put as images and time shift augmentation was implemented for mel-spectra in the images to increase model robustness in the limited sample size, resulting in a larger data set. The feasibility of detecting inhalation profile and synchronization based on these spectral images was then evaluated using Convolutional Neural Network (CNN) algorithms to build an image classification algorithm using the FastAI  library  2.5.3 based on PyTorch in Python 3.8.10.  A transfer learning approach using a  pretrained resnet18 model fine-tuned to the spectral images and training using between 5 and 10 epochs was utilized.
The collected audio files were manually split into a training/validation set (~75%) and test set (~25%), ensuring that the different profiles were represented equally in both the training/validation set and the test set. Models were then built based on the training set, and results reported show the model performance on unseen sound profiles from the test set. Results reported include the audio files collected from the microphone and the mobile phone recordings.
Results and Discussion
The model was built on the training and validation data sets and predictions were made on the test sets of the inhalation profile data and the synchronization data respectively. The results of inhalation profiles are shown in the confusion matrix in Figure 3a and the results for the synchronization are shown in the confusion matrix in Figure 3b. Ideally, all data points should fall on a diagonal line from top left to bottom right, whereas points outside this line are misclassifications.
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Figure 3. Confusion matrices of the two experiments. a) Inhalation profile predictions for strong, medium and weak inhalation profiles. No actuation means inhalation profile without actuation of device. b) Synchronization predictions for strong, medium and weak flow. True label = True class, Predicted label = Class predicted by the model. 97% correct classifications of inhalation profile and 98% correct classifications of synchronization.


The model can differentiate between the different inhalation profiles with a high accuracy of 97%. For inhalation profiles, most misclassifications are seen between the weak and medium inhalation profiles (78% of all misclassifications). The model is also highly accurate in identifying synchronization modes between actuation of device and flow onset, with an accuracy of 98%. These results show that it is possible to monitor patient related attributes by this approach in an experimental set-up. It is also inspiring that the sound recorded with a microphone and a phone give similar accuracy in the ML model, thus further supporting inclusion, after some adaptation, of these algorithms in a mobile phone platform. As a follow up to this initial experimental package, the synchronization testing will be performed also for inhalation profiles, thus increasing the resemblance to real life use.
Conclusions
[bookmark: _Hlk147309963]The image-based and acoustic emission driven machine learning approach described in this paper is confirmed as a very powerful tool in terms of extracting adherence relevant data even from complex acoustic environments. The findings will be merged into the development of a compliance mobile phone app. The benefits of such an app include; I) a general possibility of giving feedback to the patient, II) improvement in the coordination and synchronization of the actuation and inhale operations, III) better adherence, and, IV) if used in a clinical trial setting, aiding interpretation of the clinical results.
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