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Description

Field of the Invention

[0001] The invention relates to a monitoring device for monitoring use of a device.
[0002] In particular the invention relates to monitoring the correct use of drug delivery and inhaler devices.

Background to the Invention

[0003] Most chronic respiratory and nasal diseases, as well as some systemic diseases are treated with inhaled
medications. However, a problem with giving medications via inhalers is that patients often do not take their medication
as directed. Non-adherence to medication regimes refers to missing doses of medication, incorrect technique when
using the inhaler and potentially over medicating. Non-adherence is a major problem rooted in a lack of understanding
about medication and a misunderstanding of directions for use. For inhaled medication, adherence involves both using
the inhaler at the correct time of day (temporal adherence) and in the correct manner (technique adherence). Rates of
non-adherence amongst asthma patients alone range from 30% to 70%. The detection of when and how an inhaler is
used by analysing acoustic recordings of inhaler usage can provide evidence about patients’ adherence to their inhaled
medication regime. Manually listening to acoustic recordings of inhaler usage to assess adherence is a tedious and time
consuming process and thus a device or system which can automatically and accurately carry out this task would be of
great value.

[0004] There are a number of challenges associated with analysing patient inhaler technique through the use of
acoustics in uncontrolled environments. Often great quantities of artefacts are generated by the patient or the background
environment in which the patient uses their inhaler. In many cases it has been found that patients unintentionally exhale
into the mouthpiece of an inhaler, dispersing some or even all of the medication. There are many systems that attempt
to use acoustic information to analyse flow rates in terms of inhaler performance.

[0005] One such system is disclosed by UK patent publication number GB 2 395 437, assigned to Profile Respiratory
Systems, that discloses a system which employs sensors to identify sounds in the operation of the device and primarily
associated with investigating flow rates in terms of inhaler performance, however the system does not effectively identify
errors in inhaler operation.

[0006] Anothersystemisdisclosed by PCT patent publication number W0O2011/135353, assigned to Sagentia Limited,
which discloses a drug delivery device that includes sensors and processing circuitry that can detect operating events,
such as flow rates and drug delivery, in various types of inhalers, such as dry powder inhalers, metered dose inhalers,
nasal inhalers and nebulisers. The information determined by the processing circuitry can be used to provide feedback
to the user or can be stored or transmitted for subsequent analysis. However a problem with this approach is that errors
in technique are not identified. After manually classifying several hundred audio recordings of inhaler use, from a wide
range of people, it is evident that there are a large number and variety of possible user technique errors. The Sagentia
product identifies if the peak inhalation flow profile, as mandated by the manufacturers, is achieved. However if the
patient has exhaled into the inhaler before inhalation the dose of the drug available will be reduced, potentially resulting
in a missed dose. Exhalations into the device can disperse the drug and introduce a source of humidity to the inhaler.
The hydrotropic nature of the drug means that it is likely to combine with the water vapour and clump in the device. This
can lead to over dosing in subsequent inhalations. Other user errors include not holding one’s breath for the required
duration after an inhalation and improper inhalations such as short repeated inhalations instead of one long continuous
inhalation.

[0007] Other systems in the art include WO2011/083377, assigned to Philips Electronics; EP 0 387 222, Draco AB;
and US2011/290240, Meyer Adam et al, that identify one technique error, namely flow rate to achieve correct flow profile,
however these systems inherently suffer from the same problems described above. The article "Segmentation of expir-
atory and inspiratory sounds in baby cry audio recordings using hidden Markov models" by Kentaro Katahira et al.
describes an application of machine learning techniques to identify expiratory and inspiration phases from the audio
recording of human baby cries.

[0008] It is therefore desirable to provide an automatic detection system and method which is able to identify the full
drug protocol, or lack of, when using an inhaler. This includes, recording the number doses of medication taken, the
timing of these doses and the adherence to the prescribed usage protocol for that inhaler.

[0009] Itis an object of the invention to provide a device which can record pertinent acoustic information surrounding
inhaler use and one that provides valuable information regarding patients’ adherence to their medication.

Summary of the Invention

[0010] According to the invention there is provided, as set out in the appended claims, system suitable for monitoring
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user technique of an inhaler device configured for delivery of a medicament, said system comprising:

a microphone adapted for sensing sound made during operation of the inhaler device;

processing circuitry operable to process a data signal obtained from the microphone, wherein said data signal
comprises acoustic information sensed, the processing circuitry is adapted to determine inhalation and exhalation
breath characteristics that occur during use, by analysing the temporal and spectral components of the acoustic
information sensed and processed to differentiate between an inhalation and an exhalation, based on both the
temporal and spectral components.

[0011] The invention is defined by the appended claim 1. There are a number of unique aspects of the invention: the
use of acoustic signals to interpret how the inhaler is used through the combination of timing information and quantitative
measures of the effectiveness of inhaler technique. It will be appreciated that in the context of the present invention that
the invention can be used to analyse information from any type of inhaler device or respiratory device. Other devices
use mechanical methods to assess inhalation power with no record of inhaler use. They also do not provide a record of
how well a patient was at using their inhaler over certain time durations in order to inform the clinician of consistent
problems. The data processing function of the invention can be performed on the inhaler device or on a separate
processing device, such as a standalone personal computing device, or shared between devices depending on how the
data processing function is configured. The recordings of inhalation, associated with the use of the inhaler can be used
to directly infer the patient’s lung function and response to treatment. In particular, changes in inhalation volume over
the course of treatment are related to acoustic features of inhalation, including acoustic energy, maximal and median
amplitude, rising time of amplitude, duration of inhalation. Also exhalation features, recorded when the patient exhales
relate to the degree of airflow limitation. Also, based on direct evidence the device can inform the user and others about
the health of the patient through information on lung capacity and air flow, clinical changes in response to the medicines.
Finally, the device can give information on several aspects of cognition, including executive cognitive function.

[0012] According to the invention, the processing circuitry further comprises means for identifying drug priming or
blistering characteristics of the device to identified that a medicament is about to be delivered before an inhalation.
[0013] According to the invention, the drug priming characteristics comprises an acoustic signal generated by a mech-
anism, for example a lever, adapted to release the medicament that generates a unique energy profile of the lever
movement convolved with the noise of blistering a capsule to release the medicament.

[0014] Inone embodiment analysis of the temporal components provides an indicator of temporal adherence indicating
correct volume of medication is delivered at the correct temporal intervals.

[0015] In one embodiment the system is adapted to be re-configured for different temporal adherence requirements
depending on the device and medicament to be used.

[0016] Inoneembodimentthereis provided means foridentifying multiple inhalations; or an exhalation before inhalation
after blistering of the capsule.

[0017] In one embodiment there is provided means for identifying insufficient inhalation volume to release the medi-
cation or delivery of the correct volume of the medication after blistering of the capsule.

[0018] In one embodiment the processing circuitry comprises means to identify different frequency components to
differentiate between inhalations and exhalations.

[0019] In one embodiment the device comprises means for comparing a singular value decomposition of the short
term power spectrum of the signal to a predefined threshold to identify potential breath sounds. The zero crossing rate
of the breath sounds is compared to a predefined threshold to confirm these as breath sounds using said comparing
means.

[0020] In one embodiment the signal is processed to determine the frequency domain components of the identified
breath sounds and means for classifying detected sounds as an inhalation or an exhalation.

[0021] In one embodiment the processing circuitry comprises means for tracking time of device inhaler use for adher-
ence analysis.

[0022] In one embodiment there is provided means for calculating the median amplitude and duration of an identified
inhalation to determine the amount of medicament released from the device.

[0023] In one embodiment there is provided means for calculating the amplitude of an identified exhalation in order
to determine if the medicament has been dispersed from the inhaler, before inhalation has occurred.

[0024] In one embodiment there is provided means to calculate the minimum energy to disperse the medicament that
has been achieved at exhalation.

[0025] In one embodiment there is provided means to calculate the duration of any breath sound.

[0026] Inoneexamplethereis provided means forrecording and storing a time stamp indicating when the device is used.
[0027] In one example the device comprises an gyroscope adapted to identify that the inhaler device is being held in
the correct plane in use. The gyroscope ensures the inhaler is in the correct orientation when used.

[0028] In an MDI inhaler part of the protocol is to shake the device beforehand and this can be detected for correct
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protocol adherence by an accelerometer. In another example the accelerometer can be used to detect unwanted shaking
of the device, for example in a DPI device shaking of the device after it has been primed is undesirable as the drug will
be dispersed.

[0029] In one example the device comprises a thermistor adapted to identify the differentiation between inhalations
and exhalations.

[0030] In one example the device comprises means for recording after the inhaler is closed in order to identify exha-
lations after inhalation.

[0031] Inoneembodimentthere is provided a second microphone adapted to determine inhalation or exhalation breath
characteristics.

[0032] In one embodiment the device comprises memory means adapted to store information for subsequent use.
[0033] In one embodiment the device comprises a second microphone in line with the first microphone in order to
differentiate between exhalations and inhalations

[0034] In one example there is provided means for uploading data from the device to a separate computing device
using one or more of a physical memory card; a cable, for example using a USB connection; or a wireless connection,
for example using a Bluetooth protocol.

[0035] In another embodiment of the invention there is provided an algorithm for processing the audio downloaded
from the device. The algorithm processes the audio to confirm the inhaler has been used correctly. It does this by
identifying events that determine whether the inhaler was used correctly or not, for example inhalations must be differ-
entiated from exhalations to ensure the user has inhaled the drug. The movement of the lever must be identified to
ensure the drug has been released. Not only does the algorithm identify the events but it identifies the order in which
they occur as this has a direct affect on whether the inhaler event is successful or not. For example an exhalation before
the blister occurs does not affect drug delivery but an exhalation after the blister of the medication has occurred can
profoundly affect delivery of drug to the patient’s lungs. The ability to identify exhalations after the mandatory holding of
one’s breath post inhalations is also unique in this invention. Recordings of the acoustics of exhalation not only confirm
that the patient has held their breath for a sufficient period of time to allow for the correct delivery of the drug but it also
allows for acoustic analysis that relates airway calibre such as the presence of wheeze signatures and the duration of
exhalation.

[0036] The current system can carry out post-processing of the data offline and presents information about timing
errors and technique errors in a visual display that can easily be read by a clinician or patient. This information is to be
used to educate the patient on the proper manner in which to use their inhaler.

[0037] Non-adherence to medication and errors in inhaler use are the problems addressed by this invention. The
timestamping of the audio files provides a record of each inhaler use, thus enabling the system to identify when the
inhaler is being over/under used. The identification of events such as inhalation and exhalations enables identification
of technique errors in subject’s use of the inhaler. These errors can be equivalent to missed doses.

[0038] The invention keeps a record of each inhaler actuation and can report statistics on adherence to medication
in terms of timing and errors. A clinician can observe any consistent errors being made by the patient and set out to
educate them on the correct use of this device.

[0039] In a further example there is provided inhaler device suitable for delivery of a medicament, said device com-
prising:

a body with a mouthpiece and a microphone adapted for sensing sound made during operation of the device;
processing circuitry operable to process a data signal obtained from the microphone, wherein said data signal
comprises acoustic information sensed; and

the processing circuitry is adapted to determine inhalation and exhalation breath characteristics that occur during use.

[0040] In another example there is provided computer implemented system for monitoring user technique of an inhaler
device configured for delivery of a medicament, said system comprising:

a module or means for processing a data signal obtained from a microphone, wherein said data signal comprises
acoustic information sensed, characterised by

a module or means for determining inhalation and exhalation breath characteristics that occur during use of the
inhaler, by analysing the temporal and spectral components of the acoustic information sensed; and

a module or means for differentiating between an inhalation and an exhalation based on both the temporal and
spectral components.

[0041] In a further example there is provided a method for monitoring user technique of an inhaler device configured
for delivery of a medicament, said method comprising:
processing a data signal obtained from a microphone, wherein said data signal comprises acoustic information sensed,
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characterised by the steps of:
determining inhalation and exhalation breath characteristics that occur during use, by analysing the temporal and
spectral components of the acoustic information sensed; and

differentiating between an inhalation and an exhalation based on both the temporal and spectral components.

[0042] There is also provided a computer program comprising program instructions for causing a computer program
to carry out the above method which may be embodied on a record medium, carrier signal or read-only memory.

Brief Description of the Drawings

[0043] The invention will be more clearly understood from the following description of an embodiment thereof, given
by way of example only, with reference to the accompanying drawings, in which:-

Figure 1 illustrates an example inhaler device;

Figure 2 illustrates a flow chart illustrating the steps of the processing circuit to identify breath sounds;

Figure 3 illustrates the relationship between acoustic energy and amount of dug dispersed as a result of the blow-
in using the "old" version of the device;

Figure 4 illustrates the relationship between acoustic energy and amount of drug dispersed as a result of the blow-
in using the "new" version of the device;

Figure 5 illustrates the relationship between acoustic energy and flow rate for inhalations;

Figure 6 illustrates the relationship between acoustic energy and amount of drug extracted from the inhaler as a
result of inhalations;

Figure 7 illustrates an experimental setup for examination of relationship between inhalation energy and drug released
from inhaler;

Figure 8 illustrates on the left an adherence monitoring device and on the right an adherence monitoring device
bonded onto the side of a Seretide Accuhaler/Diskus inhaler according to one embodiment;

Figure 9 illustrates an acoustic signal from a typical inhaler recording with an inhalation present between time 3.5
to 5.5s;

Figure 10 illustrates the identification and temporal onset/offset detection of an inhalation (indicated by the arrows)
in a typical inhaler recording by the algorithm;

Figure 11 shows the presence of blister, exhalation and inhalation events in (a) time domain and (b) spectrogram
of signal illustrating ideal use of an inhaler;

Figure 12illustrates a block diagram of the basic steps of the algorithm takes to analyze inhaler recordings according
to one embodiment of the invention;

Figure 13 illustrates a flow chart of the steps employed to detect blister events and how they can be displayed;
Figure 14 illustrates a flow chart of the processing steps of the algorithm employed to detect inhalations and exha-
lations in the audio files;

Figure 15 illustrates how the algorithm checks to see what events have taken place, the frequency of any such
events and the order in which these events have taken place;

Figure 16 and 17 illustrates typical outputs from the algorithm that can be employed to evaluate or display a patients
temporal adherence;

Figure 18 illustrates a block diagram of the components to make up the inhaler device according to one embodiment
of the invention; and

Figures 19 and 20 illustrate sample network architecture to facilitate implementation of the invention.

Detailed Description of the Drawings

[0044] In one embodiment of the present invention Figure 1 illustrates an inhaler device, for example a diskus inhaler.
The inhaler comprises a system consisting of a microphone, a microprocessor, a battery and a memory means or card
(not shown). The microprocessor is activated and begins recording each time the inhaler is opened. It will be appreciated
that the system of the present invention can be embodied in an inhaler device or retrofitted to an existing inhaler device.
The data can be uploaded to a remote location for subsequent post-processing that will be described in more detail below.
[0045] With reference to the flow chart of Figure 2 the signal is processed to assess the operation of inhaler device
by determining the existence and order of certain breath characteristics that can occur during inhaler use. A singular
value decomposition of the short term power spectrum of the signal (Mel Frequency Cepstral coefficients (MFCCs)) is
compared to a predefined threshold to identify potential breath sounds. The zero crossing rate of these breath sounds
is also compared to a predefined threshold to confirm these as breath sounds.
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[0046] The signal is then processed to determine the frequency domain components of the identified breath sounds
to classify them as an inhalation or an exhalation. A ratio of the high and low frequency bands is employed to class each
breath sound as an inhalation or an exhalation.

[0047] The signal is processed to identify the release of the drug by identifying the unique energy profile of the lever
movement convolved with the noise of blistering the drug capsule.

[0048] The median amplitude and duration of the identified inhalation is calculated to determine the amount of drug
released from the inhaler. The amplitude of the exhalation is also identified in order to determine if the drug has been
dispersed from the inhaler, before inhalation has occurred.

[0049] The algorithm then uses this information to determine if a successful, partial or unsuccessful inhalation of the
drug has been carried out. An inhaler event is classified as successful if the lever movement is identified and if a sufficient
inhalation is present without a prior exhalation. A partial classification is given to an inhaler event if the median amplitude
of the inhalation is below a threshold and/or a sufficient exhalation occurs before the inhalation and after the lever release.
An unsuccessful classification will refer to an inhaler event where no inhalation has been identified.

Example Operation

[0050] A Knowles Acoustics SPM0204HES5 microphone was employed in the design as it has low power consumptions
(250.A), high sensitivity (42dB+4dB), low signal to noise ratio (59dB) and it is physically very small (4.72mm L x 3.76mm
W x 1.25mm H). It will be appreciated any suitable microphone can be used. A microSD card, a serial interfaced NAND
flash, is employed due to its relatively low power consumption (15 mA), small form factor, and removable nature.
[0051] A 1/10 D cell Lithium-Thionyl Chloride (Li-SOCI2) battery was chose as this chemistry allows for a high current
draw relative to the battery’s physical size, while still providing enough capacity to last for a month of operation and up
to 24 months of device standby time prior to use.

[0052] The device can be turned on by triggering a switch and the microprocessor receives power, the firmware begins
to execute and the device is activated. The device initially configures the internal and external clocks. Secondly the
memory card can be initialised, this confirms correct function of the memory card, reads in the initial Real Time Clock
(RTC) value, and sets the starting sector on the card at which the next recording will be written. The microcontroller has
a 16-bit >-A analogue to digital convertor (ADC) with an internal reference. On start-up the firmware must configure the
ADC. The ADC receives a clock signal from the microcontroller’s internal digitally controlled oscillator, which is calibrated
at 8MHz. A 4-times clock divider reduces this speed to 2MHz, this combined with an over sampling rate of 256 produces
7874 samples per second, which equates roughly to the 8kHz target capture resolution originally specified for the device.
While the ADC has a resolution of 16 bits, half of these are discarded and only the 8 most significant bits are recorded.
This gives a data rate just under 64 kBits per second and audio quality comparable to an ISDN (digital fixed line) phone
call, which is more than sufficient for analysis purposes.

[0053] When the inhaler device is subsequently opened by the user a magnetic reed switch is triggered and an interrupt
request is raised, this wakes the device from low power mode, and triggers a function, which begins a new recording.
Before a new recording may begin the device performs three integrity checks, firstly it ensures that the device is not
already recording, secondly it checks that the RTC is operating correctly, and thirdly it checks that the card is operating
correctly. The microprocessor continues recording until the inhaler is closed and the recording is saved to the memory
card. The device then goes into low power mode to conserve battery power.

[0054] When the device is in low power mode the internal clocks stop to conserve power. During this time an external
32,768 Hz crystal oscillator keeps time. Once every second (every 32,768 cycles), a watch-dog timer triggers an interrupt
in which an integer representing the time since the device was powered is incremented by one. Each time a recording
begins this time stamp is stored as part of the recording’s metadata. During a recording a watch-dog interrupt function
increments a timer variable that monitors the recording length, if the recording length exceeds a pre-set length (currently
120 seconds), the recording will stop regardless of switch position in order to conserve battery power. This timer ensures
that if an inhaler is accidentally opened or left open following use it will not continue to record indefinitely draining the
limited battery capacity.

[0055] When the patient returns the device it is essential that the data can be easily read off the device. The SD card
can be removed from the device, placed in a card reader and the data downloaded onto a desktop PC. Alternatively the
data can be downloaded with a cable direct to a USB. From here it is uploaded to a web server over an encrypted link.
Metadata from the device file is interpreted in order to calculate the times at which the inhaler was used.

[0056] An important aspect of the invention is the positioning of the hardware and firmware in the device design. In a
first aspect the orientation of the microphone was changed to face down; this improved the fidelity of the audio recordings.
Normally the placement of the microphone is facing upwards within the device and resulting in the recording of a significant
amount of ambient noise. A second aspect of the invention was the replacement of the removable SD card to a solid
state memory module. This reduced the processor noise involved in writing data to memory and improved the reliability
of the memory module. The recording protocol has also changed slightly, the recording continues for 10 seconds after
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the inhaler is closed in order to record exhalation. Finally the manner in which the data is extracted from the device
changed; the data is removed from the device via direct memory access and connection to USB.

[0057] The algorithm processes the audio signal recorded of each inhaler use to identify a selection of events that can
be related to inhaler technique. Events to be identified are: inhalations, exhalations and lever movement.

* Signalis filtered to remove all frequency elements about 1300Hz

* Signal segmented into frames of 700ms.

*  Overlapping frame begins 20ms after previous frame

* Singular vector adaptive threshold set to 14% higher than lowest computed value.

e Zero crossing rate threshold set to 0.002. This was found to reduce false positives through trial and error.

e Breath events are identified from this process

¢ Mean amplitude from these breath samples is extracted

*  Spectral density measurements are employed to differentiate between inhalations and exhalations

* Acousticthreshold values are employed to assess the likelihood of the breath phase in releasing drug from the inhaler

* Adecision tree is employed to classify the overall inhaler event as Pass, Fail or Incomplete.

* The output file is a text file containing information about the presence of inhaler events, when they occur relative to
others and a classification of them in terms of the thresholds known for each type of event.

e Output file changed to more user friendly presentation and for easier data import into Microsoft Excel.

[0058] After breath sounds have been identified from the above the algorithm sets to finding ’blow-ins’ to the inhaler.
Exhalations or ’blow-ins’ are identified by examining the frequencies between 20-200Hz. It has been found from obser-
vations that exhalations have a characteristic pattern in this frequency band. The power spectral density of the signal is
calculated and subsequently converted into decibels. If the mean power of the signal is greater than a fixed threshold
of 65dB then it is labelled as an exhalation. The fixed threshold was calculated from empirical observations.

[0059] The same method is used to identify blister sounds. However this movement of the Diskus lever causes a
distinctive pattern at high frequencies. Blisters can be identified through calculating the power spectral density in the
2000-3000Hz frequency band. A fixed threshold of 77dB, again set by empirical observations, was set with any section
of the signal above this threshold classified as a blister event. An additional constraint was set in that a blister can only
occur after 0.5s of the Diskus inhaler being opened, any potential blister events which occur before this time are deemed
as false positives.

[0060] From the identification of the events and their timing in relation to other events we can identify the following
technique errors

* Blowing into device after lever movement and before inhalation
¢ Multiple inhalations less than 5 seconds apart

* No lever movement

e Double lever movement

* Nol/very weak inhalation

* Exhaling before five seconds after inhaling

[0061] If any of these event are identified the algorithm will indicate that an error has occurred.

[0062] Finally a traffic light system can be displayed that has a light representing each inhaler event and the colour of
the light represents whether it was correct in time and technique, if it was incorrect in time OR technique or if it was
incorrect in time and technique. This information can highlight any consistent errors occurring in a patient’s inhaler use.
[0063] It will be appreciated that the hardware and the software of the system can be modified to suit various inhalers
and drug protocols according to their application.

Experimental Data

[0064] The relationship between acoustic energy and amount of drug dispersed in a Seretide Diskus DPl when an
exhalation in the direction of the mouthpiece occurs is now described with respect to experimental data.

[0065] It is hypothesized that blowing into the mouthpiece of a Dry Powder Inhaler (DPI) such as the Diskus reduces
the amount of drug available for inhalation, if the blister containing the drug has been previously pierced. Patients who
inhale reduced amounts of medication prescribed are in danger of not receiving the full therapeutic effects anticipated.
Investigating how the intensity of blowing into an inhaler can affect the amount of drug available for inhalation can provide
empirical evidence regarding what level of exhalation is deemed detrimental. Patients using DPIs are advised to exhale
normally but not towards or near the DPI (particularly the mouthpiece). Exhaling into a DPI can create two problems.
Firstly the drug dose can be blown away. Secondly exhaling into a DPI can introduce humidity, which may cause the
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medication to clump together or attach to the side of the mouthpiece.

[0066] Exhalation until FRC (Functional Residual Capacity) is deemed sufficient prior to inhalation, as previous research
has found that forced expiration is no more effective and is also likely to cause broncho spasm (i.e. coughing). The use
of an improper technique with DPI’s reduces the efficacy of the drugs (bronchodilators etc.) being administered. A critical
error for all DPIs is blowing into the device before inhalation. However it should be noted that exhaling into a DPI would
be of greater significance with bulk reservoir devices such as the Turbuhaler, but less so for the Diskus in which unit
doses are sealed until priming (blistering).

[0067] In a previous study by Melani et al., it was found that patients exhale into a DPIs mouthpiece in up to 22% of
cases. Being able to detect these exhalations through the use of an algorithm will allow clinicians to investigate if patients
are using their DPIs correctly. The severity of the exhalation is important. If the drug has been released into the mouthpiece
of a DPI, the power of the exhalation required to disperse the drug needs to be quantified. Knowing how powerful an
exhalation needs to be before it adversely disperses the drug from the mouthpiece allows an effective threshold to be
set in detecting such events through the use of an algorithm.

[0068] One aspectoftheinventionis to know the relationship between the intensity of an exhalation into the mouthpiece
of a DPI and the amount of drug dispersed.

[0069] A Seretide Diskus DPI inhaler was used for experimental purposes. Blow-ins were classified as being either
hard or soft in nature. The following simple procedure was performed for this experiment:

1. The inhaler was firstly weighed before being placed directly in front of the mouth of the subject.
2. The subject then proceeded to exhale or blow directly into the mouthpiece.

3. The inhaler was subsequently weighed once more to see the amount of drug that was dispersed.
4. Each time the inhaler was used the device recorded the acoustics of the blow-in.

5. Steps 1 to 3 were repeated for both the hard and soft blow-ins.

[0070] The Figures 3 and 4 illustrate the relationship between the acoustic energy and the amount of drug dispersed
from the Diskus DPI. Exhalations or blow-ins were classified as being of a hard or soft nature. Hard blow-ins were
exhalations until the residual volume while soft blow-ins were exhalations until functional residual capacity.

[0071] The Diskus DPI’s used in this experiment contained the drug Seretide. This contained 50mcg of salmeterol
and 500mcg of fluticasone propionate per dose, in addition to 12.5mg of lactose (carrier) in each dose. Overall this
equated to 13.05mg of powder per dose. Other variations of Seretide may be used that contain a reduced amount of
fluticasone propionate (250mcg or 100mcg).

[0072] After each individual blow-in the Diskus DPI was weighed on a weighing scale in order to calculate the amount
of the Seretide drug dispersed. The acoustic energy was calculated using an algorithm designed to detect exhalations.
The algorithm searches for energy bands between 20Hz to 200Hz. The acoustic energy is calculated for each section
by multiplying the square of the median amplitude for each exhalation by its duration in seconds. The relationship between
the acoustic energy and the drug dispersed is plotted on Figure 3 and Figure 4 respectively.

[0073] Figure 3 contains data obtained from using the "old" device while Figure 4 contains data from the "new" device.
Two different versions of the device were tested to investigate if the findings of this experiment would differ.

[0074] From examining Figure 3 it can be seen that there is a clear difference in the acoustic energy between the hard
blow-ins and the soft blow-ins, as expected. However, in terms of the amount of drug dispersed there was no significant
difference between the hard blow-ins and soft blow-ins. The same results are seen in Figure 4.

[0075] It will be appreciated that the energy of a blow-in has the possibility to affect the amount of drug dispersed.
However from this experiment it is clear to see that regardless of the intensity of the blow-in, the Seretide drug will be
dispersed from the mouthpiece of the Diskus.

[0076] There are some instances in which the drug dispersed weighs more that the quantity of drug available in the
blister (13.05mg). Reasons for this may lie in the fact that for each blow-in, a small quantity of the drug will remain in
the mouthpiece. Humidity introduced from the exhalation has the potential to cause the powder to clump together and
attach to the side of the mouthpiece. While one blow-in might not dislodge this powder, a second blow-in may do so
thus explaining the unnaturally high dispersion of drug.

[0077] Another observation to be noted is that the acoustic energy of the blow-ins is significantly higher in the new
device compared to the old device. This may be due to the fact that the orientation of the microphone was changed from
face up to face down.

[0078] The following conclusions can be deduced from this experiment:

* Acoustic energy differs between hard and soft blow-ins for the Seretide Diskus DPI used in this experiment.

* The type of blow-in does not affect the amount of drug dispersed, as a relatively soft blow-in has to potential to
disperse just as much of the drug as a hard blow-in.

* The only real way to prevent drug escaping the mouthpiece is to not blow directly into the mouthpiece.
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* Blow-ins are unfavourable events and a robust algorithm that can detect them, regardless of how powerful they are,
is required. The question remains whether a blow-in that takes place in the vicinity of a device is classified as
detrimental, even if no drug is dispersed. Further testing is required to investigate this.

Experiment 2

[0079] This experiment is concerned with obtaining information in relation to the inspiratory flow rate/acoustic energy
required to remove drug from the DPI during inhalations. This relationship is important in order to understand how
effectively patients use their inhalers. Previous studies have indicated that in order for inhaler medication to be clinically
effective it must have a minimum flow rate of 30 L/Min. While these studies have primarily focused on the effectiveness
of drugs at varying flow rates, this experiment will simply aim to find out what acoustic energies remove what amount
of drug from the inhaler. Figure 5 illustrates the relationship between acoustic energy and flow rate for inhalations. Figure
6 illustrates the relationship between acoustic energy and amount of drug extracted from the inhaler as a result of
inhalations.

[0080] Although being able to accurately identify inhalations is an important step in adherence monitoring, being able
to extract additional pertinent information from each inhalation and inform the Clinician on the effectiveness of each
inhalation is a far greater step.

[0081] This experiment will seek to investigate and validate such relationships by looking at flow rates, the associated
acoustic features and mass of drug removed from a Diskus DPI.

[0082] This experiment involved using an air vacuum to remove the drug from the Diskus inhaler. A Rotameter was
used to measure the flow rate of the vacuum in litres per minute. A specially designed jig/fixture was used to hold the
Diskus inhaler in place, as shown in Figure 7.

[0083] The experiment was designed to ideally create a realistic flow at a required level. However merely connecting
the apparatus, whilst turned on, to the inhaler would give uncertain results. This is because the vacuum flow would drop
vastly from a high flow rate once connected to the DPI due to a change in resistance. A simple on/off valve was used
to turn on the vacuum and suck the powder from the mouthpiece of the inhaler. This simulated the ramp of an inhalation
as flow would begin at a low rate (0 L/min) and increase to a peak flow rate. The following sections will give details of
the experimental protocol followed and the results obtained in addition to a discussion and conclusion of the experimental
results. Figure 7 illustrates the equipment set up required to carry out these experiments. The protocol for this experiment
was:

* A dummy Diskus was used to set the flow rate required. When the flow rate needed was reached the on/off valve
was closed and the dummy Diskus was replaced with the test Diskus.

* The test Diskus was weighed before being blistered and subsequently placed into the fixture to hold it securely in
place. The on/off valve was opened for a set period of time depending on the inhalation duration required. The times
used in this experiment were 0.5s, 1s, 2s and 3s respectively.

* The test Diskus was removed after each test and weighed, measuring the mass of the drug removed during the
simulated inhalation.

* Thetest Diskus was cleaned out either after every single trial or every four trials, depending on the test being carried
out.

* The flow rates were adjusted by using the dummy Diskus and results obtained for the different inhalation times for
flow rates ranging from 10L/Min up to 100L/Min.

[0084] In relation to flow rate vs. drug removed, it can be seen that the amount of drug removed from the inhaler
reduces dramatically under 30L/min. This finding is in agreement with previous literature that suggests that 30L/Min is
the minimum flow rate for an inhalation to be clinically effective. For this test the inhaler was only cleaned out every four
runs, so as to mimic the actual use of the inhaler by a patient.

[0085] For the next test the inhaler was cleaned out after every run, it can be observed that even at flow rates above
30L/Min the full weight of the drug is not being removed. This may have implications for the clinical efficacy of the inhalers,
as the required dosage is not being reached.

[0086] The acoustic amplitude has an approximate linear relationship with flow rate. Also the acoustic energy has
power relationship with flow rate. These findings can contribute to extracting pertinent information regarding inhalations.
If an algorithm was used to detect inhalations from asthma patients using inhalers, then investigating the amplitude and
energy of the inhalations would provide Clinicians with information regarding the effectiveness of each inhalation in
relation to the amount of drug removed from the inhaler.

[0087] Figure 6 shows the data from the DPI being aired out after every 4 tests. The tests were done from 3 seconds
down to 0.5 seconds and then the DPI was cleaned out. The importance of duration at low acoustic energy values is
particularly obvious here. An interesting result is that the increase in drug mass removed for test durations does not
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always occur. One can see from Figure 6 that the tests done for 1 second removed more drug than the test carried out
for 2 seconds in 5 cases. This shows that a user can take in more drug in some doses than others. This finding suggests
that it may lead to surplus amounts of drug being delivered unintentionally as it may be stuck in the inhaler but added
to a new dose giving a larger dose than required.

[0088] It will be appreciated that duration is an important factor in determining the amount of drug extracted from the
inhaler during inhalations. The ability to ascertain the amount of drug released from the inhaler by combining measures
of duration and acoustic amplitude will increase the system’s power in assessing the quality of breath phases during
inhaler use, i.e. improving technique error identification. This experiment provides with minimum acoustic thresholds
from which to assess inhalation quality.

Experiment 3

[0089] 20 asthma patients (11 female & 9 male) who attend an outpatient’s respiratory clinic were recruited for this
study. The age range was 20 - 68 (mean 43.5 = standard deviation 14.2). Subjects had all previously been prescribed
Seretide inhalers and were very familiar with the mechanics of using such inhalers. Subjects were each given a Seretide
Accuhaler/Diskus type inhaler with the adherence monitoring device attached and instructed to use the dry powder
inhaler as one normally would in a clinical visit. Figure 8 illustrates on the left an adherence monitoring device and on
the right an adherence monitoring device bonded onto the side of a Seretide Accuhaler/Diskus inhaler according to one
embodiment. The addition of the adherence monitoring device did not impact on the normal functioning of the inhaler.
Each time the inhaler is opened the adherence device switches on and records the acoustic signal until the inhaler is
subsequently closed. The subject’s inhaler use was recorded for a period of three months, with each subject returning
to the clinic at monthly intervals to have their inhaler recordings uploaded to a database.

Adherence Monitoring Device

[0090] This study uses the Seretide Accuhaler/"Diskus" inhaler in conjunction with an attached adherence monitoring
device (Manufactured by Vitalograph (Ireland) Limited). The adherence device consists of a microphone, a microcon-
troller, a battery and a micro SD card. The microphone is a medium quality Knowles Acoustics SPM0204HES5 microphone.
The adherence device was bonded securely to one side of the Diskus inhaler, as can be seen in Figure 8, allowing
patient use of the inhaler to be seamlessly recorded.

[0091] The adherence device is activated, i.e. begins recording, the first time the diskus inhaler is opened. Each time
the inhaler is used by a patient an audio file of the event is recorded and saved as a mono wav file, sampled at 7913
samples/second with a bit depth of 8 bits/sample, on the memory card. The adherence device goes into sleep mode, to
conserve power, when the inhaler is closed.

[0092] The acoustic signal of a typical patient recording is shown in Figure 9. The correct procedure for using the
Seretide Diskus inhaler involves firstly sliding the device open to reveal the mouthpiece (t=0s), sliding a lever thatreleases
a dose of medication into the mouthpiece (t=1s), taking an inhalation (t=3.5-5.5s), holding ones breath for about 10
seconds (t=5.5- 15s) and finally sliding the device closed.

Signal Processing

[0093] The algorithm employed to identify and detect the temporal onset/offset of inhalations can be broken up into
two distinct sections. The first section involves identifying and demarcating inhalation type events in the recordings,
while the second stage involves removing false positives i.e. false inhalation classifications.

[0094] Extracting mel frequency cepstral coefficients (MFCCs) is a parameterization method for vocalization, due to
the fact that MFCCs model the known variation of the human ears critical bandwidth with frequency. It is known that
breath sounds have a characteristic pattern which allows them to be distinguished from other sounds. Based on this
observation an algorithm was designed to detect this pattern.

[0095] The algorithm firstly went through a training procedure on a set of 20 randomly selected inhaler recordings.
Each signal was separated into frames of length 700ms which overlapped every 20ms. 12 MFCCs were calculated for
each frame in the signal, forming a short-time cepstrogram of the signal. Using Singular Value Decomposition (SVD),
a normalized singular vector was computed from the cepstrogram of the signal. Singular vectors can be used to capture
the most important characteristics of breath sounds obtained from MFCC calculations. An adaptive threshold is auto-
matically set that is 14% higher than the lowest singular vector in the inhaler recording. Singular vectors above the
adaptive threshold were marked as potential inhalation events, while those below it were discarded. This adaptive
threshold was found empirically to produce the most accurate detection of events, and subsequently inhalations in the
training set.

[0096] In the second stage of the algorithm, the zero crossing rate (ZCR) and median amplitude were computed to
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reduce the number of false positives detected by the algorithm, i.e. artefacts classified as inhalations. Inhalations were
empirically found to have a characteristically high ZCR compared to that of non-inhalations in the training set. A fixed
threshold constant of 0.17 was therefore introduced to reflect this fact. In the training set, inhalations consistently had
a ZCR above this threshold value, while false positives were successfully removed.

Ny4+N—1

1 1 | |
ZCR = Z > Isign(x[n]) = sign(xin—1D| (1)

il =iﬂ3 +1

[0097] The median amplitude of the proposed inhalation event was also calculated. Similar to the ZCR threshold, a
fixed threshold was introduced to remove false positives based on empirical observations from the training set. Inhalations
were found to have a median amplitude threshold value higher than 0.012, while any artefact lower than this threshold
was discarded. This combination of threshold values was empirically found to produce the most accurate detection of
inhalations in the training set, and was thus applied to a new validation set of 255 separate files.

RESULTS

[0098] The algorithm was applied to acoustic signals obtained from asthmatic outpatients who attended a respiratory
clinic. Figure 10 shows the identification and temporal onset/offset detection of an inhalation in a typical inhaler recording.
The algorithm was designed so that various artefacts such as speech, fumbling of the inhaler and background noise are
not detected as events. Both the onset and offset time of the inhalation are calculated by the algorithm.

[0099] In order to validate the algorithm, 255 audio files were selected at random to be analyzed from the inhaler
recordings database. The audio files were randomly selected from 12 out of 20 subjects who were part of the study and
the files were also selected at random from the three months of recordings from each subject. Two human raters, trained
by an experienced Respiratory Clinician on how to identify inhalations, independently classified each of the 255 audio
files by visual and aural inspection. The human raters firstly identified if an inhalation was present and secondly demar-
cated the onset and offset time of the inhalation. The human raters agreed on the presence of inhalations in 100% of
the audio files. The average difference between raters in the detection of the inhalations onset time was +19ms, while
the average difference in the offset times was =15ms.

[0100] Table I shows the performance of the algorithm in detecting inhalations, compared to that of the human raters.
Results were classified as True Positive (TP), False Positive (FP) and False Negative (FN), according to the classification
of the human raters. It was found that the algorithm had sensitivity (Sen) of 95%, specificity (Spe) of 94% and accuracy
(Acc) of 89% in detecting inhalations.

TABLE |
PERFORMANCE TABLE OF THE ALGORITHM

Inhaler Recordings | Total # Inhalations IP FP | FN Sen Spe Acc
255 255 242 | 16 13 | 95% | 94% | 89%

[0101] The result of the algorithm in accurately identifying the onset and offset of the inhalations is shown in Table I
and Table lll respectively. For this analysis only the true positive inhalations were considered. For inhalation onset time,
the average difference between the human raters was =57ms and +=61ms respectively. For inhalation offset time, the
average difference was =104ms and =107ms. Taking into consideration that an average inhalation was found to be
1.8s in duration, the algorithms inhalation onset time classification varied by *=3.16-3.38%, compared to that of the
human raters classification. Furthermore the algorithms inhalation offset time was found to vary by =5.77-5.94%, com-
pared to that of the human raters" classification.

TABLE Il
INHALATION ONSET TIME ACCURACY

Inhalation Onset Time

Rater 1 V. Algorithm | Rater 2 V. Algorithm

Average Difference (+/-) 57ms 61ms

1"
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TABLE IlI
INHALATION OFFSET TIME ACCURACY

Inhalation Offset Time

Rater 1 V. Algorithm | Rater 2 V. Algorithm

Average Difference (+/-) 104ms 107ms

[0102] The system of the invention has been designed to automatically detect and demarcate inhalations from record-
ings of inhaler use in real world environments. Validation of the algorithm was completed by running it on 255 audio files
obtained from asthma patients actual inhaler recordings and comparing it to results from manual classification. Results
have indicated that the algorithm was able to detect, on average, inhalations in 95% of audio recordings that contained
inhalations according to the human raters. The algorithm had a specificity of 94%, while accurate identification of inha-
lations took place, on average, in 89% of audio files. This high level of accuracy is a promising result if this approach is
to be included in a fully automated system for identifying inhalations from audio recordings.

[0103] Of the inhalations that the algorithm detected, it was observed that it was able to identify the onset/offset times
of inhalations with a high degree of accuracy.

[0104] In comparison to the human raters, the algorithm differed in inhalation onset time by +57ms and =61ms and
in inhalation offset time by =104ms and =107ms. A possible explanation as to why the algorithm was not as accurate
in detecting the inhalation offset time, compared to that of the onset time can be found in the mechanics of inhaler use.
[0105] Inhalation of asthma medications using inhalers involves a deep and steady inhalation from the user, in order
to inhale the drug successfully into the small airways of the lungs. Such inhalations have a characteristic pattern, in both
the time and frequency domains, when the correct inhalation technique is followed by the users. The onset of an inhalation
is commonly accompanied by a period of silence in the period before the inhalation takes place. Although artefacts can
occasionally interfere with the accuracy of the inhalation onset time identification, the algorithm achieves good correlation
compared to that of the human raters.

[0106] The accurate identification of the offset time of inhalations from inhaler recordings represents a more challenging
task. As patients inhale the drug from their inhalers there is a tendency to gradually reduce inhalation flow rate in the
last few hundred milliseconds of the inhalation. At the end of the inhalation the patient will remove their lips from the
mouthpiece of the inhaler device before clasping their mouth shut and holding their breath. The reduction in the flow
rate of the inhalation towards its completion, the sound artefacts produced by the removal of the lips from the mouthpiece,
in addition to artefacts associated with the fumbling of the inhaler as it is removed from the area of the mouth, are a
number of factors which contribute to making the accurate identification of inhalation offset times challenging.

[0107] In one version of the algorithm may comprise the following modifications:

e Bandpass filtering of the audio above 1300Hz

* Comparing the mean amplitude of identified inhalations to thresholds calculated from experiment 2 will generate a
classification of the quality of the inhalation identified

* Measuring Peak inspiratory flow (PIF) rate from the acoustic signal to provide an objective measure of lung health
from inhalers.

[0108] It will be appreciated that the invention provides an algorithm that can accurately detect and demarcate inhaler
recordings has a wide range of implications for both clinicians and asthma sufferers. Incorporating this algorithm into
devices that can record audio signals of patients taking their asthma medication opens the door to a completely new
approach to adherence monitoring. The algorithm provides a fast and easy method to analyze patients’ inhaler use and
thus can provide clinicians with strong empirical evidence of patients’ adherence to their medication. This information
can be used to give active feedback to patients. Such feedback may encourage patients to take better control over their
asthma and lead to an overall improvement in their adherence to their medication. This in turn may improve the efficacy
of the drug treatment regime, reduce the occurrence of asthma attacks and decrease hospitalizations.

[0109] It will be appreciated that applications of the algorithm include extracting pertinent features from inhalations
which may be used to provide real time information on patient’s lung conditions in a remote monitoring scenario.
[0110] In one embodiment the algorithm is adapted to automatically analyse patient inhaler adherence. A patient’s
temporal adherence to theirinhaler medication can be analysed from the time and date stamp of each audio file obtained.
Technique adherence can be analysed through the detection of the breath and blister events in the audio signal, the
number of each event present and the order in which the events take place. The invention provides a means for all of
this information on inhaler use to be compiled into an easy to understand and accessible format for both the clinician
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and patient.
Acoustic Recording Device

[0111] Asdescribed above the device according to one embodiment of the present invention can be used in conjunction
with a commonly used Diskus inhaler. The device starts recording once the Diskus inhaler is opened and switches off
when the Diskus is closed. The acoustics of inhaler use are recorded as mono WAV files, at a sampling rate of 8000Hz
and resolution of 8 bits/sample. The device has sufficient battery life to record patient inhaler use for up to a period of
one month.

[0112] To validate the performance of an algorithm data was recorded from 12 community dwelling asthmatic patients
(6 female & 6 male). The age range of patients recruited was 20-83 (mean 49 = 18 years old). All patients had previous
experience of using the Diskus DPI. The Diskus used contained the combination drug Seretide which is comprised of
both salmeterol and fluticasone propionate. In each inhaler there were 60 doses of Seretide drug.

[0113] Each patient was given a Diskus inhaler by their clinician attached with the device for a period of one month.
The device was bonded securely to the side of the inhaler, from where it did not impact on the mechanics of inhaler use.
Patients were instructed to use their inhaler as normal and they were not given any extra advice or special training.
Patients used their inhaler as part of their normal daily routine. After using their device enabled inhaler for one month
the patients returned to their clinic from where the device was removed from the inhaler and the audio files were uploaded
to a database for analysis.

Correct Diskus Inhaler Use

[0114] The Diskus inhaler was originally designed to facilitate easy use and patient acceptability and is illustrated in
Figure 1. When patients are given a Diskus inhaler they are instructed on how to use the device correctly by their clinician.
To validate the device of the present invention patients were instructed to use their inhaler twice daily. As there were
60 doses in each inhaler, this corresponds with 30 days of correct usage. The Diskus is opened by sliding a thumbgrip
to expose the mouthpiece. When this occurs the device switches on and begins to record audio. A lever is then pulled
back which opens a blister foil containing medication inside in the mouthpiece (blister event). A click noise indicates that
the blister foil was pierced and that there is medication available in the mouthpiece for inhalation. The patient is then
instructed to exhale gently away from the mouthpiece, taking particular care not to exhale into the mouthpiece. They
should then seal their lips tightly around the mouthpiece, inhale steadily and deeply and hold their breath for 10 seconds.
The patient should then exhale slowly after the 10 seconds. Once this is complete the patient should use the thumbgrip
again to slide the Diskus back to its original position. When the Diskus is fully closed the device will switch off and save
the audio file to its internal memory storage.

Technique Adherence Algorithm

[0115] The algorithm designed to detect the common inhaler events initially went through a training phase. The 12
patients recruited provided 609 audio files in total. Of these, 202 (33% of total files available) were randomly selected
and employed in the training phase of the algorithm. This specific quantity of files were selected for the training phase
in order to develop a robust estimate of typical inhaler use. The inhaler events to be detected specifically from the audio
recordings are blisters and breaths (both inhalations andexhalations). To detect the blister events, features such as the
mean power at select frequency bands, amplitude and duration are computed. The presence of blister, exhalation and
inhalation events are shown in Figure 11 (a) time domain and (b) spectrogram of signal illustrating ideal use of the
inhaler. A mel frequency cepstral coefficient (MFCC) approach was employed to detect breaths in this study, due to the
fact that breaths have a characteristic MFCC pattern that allows them to be distinguished from other sounds. A block
diagram of the basic steps the algorithm takes to analyze inhaler recordings is shown in Figure 12.

[0116] As previously mentioned the algorithm computes the MFCCs to detect breaths in this study. Extracting MFCCs
is a parameterization method for vocalization, due to the fact that MFCCs model the known variation of the human ears
critical bandwidth with frequency. It will be appreciated that other methods exist which can be used to detect breaths,
such as support vector machines (SVM) and Gaussian mixture models (GMM) can be used.

[0117] The algorithm automatically examines each audio file in four distinct stages. The algorithm firstly identifies the
piercing of the blister containing the drug (Stage 1), before identifying the breath sounds (Stage 2). It then differentiates
each detected breath sound as either an inhalation or an exhalation (Stage 3). Lastly the algorithm calculates a score
of user technique (Stage 4) for each individual audio file. This technique score is based on the presence of the blister
and breath events in Stages 1-3, the order in which they take place and the quantity of each event.

[0118] The first stage of the algorithm involves detecting the piercing of the blister foil containing the medication. The
audio signal is segmented into windows of length 100ms, with an overlap of 10ms. The mean power spectral density
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(PSD) is calculated for frequencies between 2000Hz-3000Hz. For this frequency band it was found from empirical
observations in the dataset that blister sounds had a mean power greater than -65dB. The reason the power in this
frequency band was greater for blisters compared to non-blisters is due to the intrinsic sound associated with the blistering
of the drug foil in the Diskus inhaler. A fixed threshold was set with any segments greater than this threshold considered
as potential blister sounds. The algorithm then examines the proposed blister sounds to remove any false positives.
Potential blister sounds with maximum normalized amplitude less than 0.7 are removed, in addition to potential blister
sounds greater than one second in duration. Finally the mean PSD in the 20Hz-200Hz frequency band is calculated. It
was found from the training dataset that blisters had a mean PSD greater than any false positives in this frequency
range, due to the distinctive sound of a blister. Any potential blisters with a power less than -62dB are considered as
false positives and removed, thus leaving only the true positive blister events. A flow chart of the steps employed to
detect blister events is displayed in Figure 13.

[0119] Stage 2 of the algorithm involves detecting breath sounds. The audio signal is first filtered to remove high
frequency components above 1400Hz using a low-pass type | 6th order Chebyshev filter. Each signal is separated into
frames of length 700ms with an overlap of 20ms. Twelve MFCCs are calculated for each frame, forming a short-time
cepstrogram of the signal. Singular value decomposition (SVD) is then employed to obtain a normalized singular vector
from the cepstrogram of the signal. Singular vectors capture the most important characteristics of breath sounds obtained
from MFCC calculations. An adaptive threshold is set that is 7% higher than the lowest singular vector in the inhaler
recording. Singular vectors above this adaptive threshold are marked as potential breath events, while those below it
are discarded. This adaptive threshold was found empirically to produce the most accurate detection of breaths in the
training set. The mean zero crossing rate (ZCR) is then computed to reduce the number of false positive breaths detected
by the algorithm using Equation 1, mentioned above.

[0120] Breaths werefound to have a characteristically high ZCR compared to that of non-breaths in the training dataset.
A fixed threshold constant of 0.1 was therefore introduced to reflect this fact. In the training dataset, breaths consistently
had a ZCR above this threshold value, while false positives were successfully removed.

[0121] Stage 3 involved differentiating breaths into inhalations and exhalations. To do this the mean power spectral
density (PSD) of identified breaths is calculated for frequencies between 2520Hz-4000Hz in the original unfiltered signal.
It was found from empirical observations in the training dataset that inhalations had a greater power in this specific
frequency band compared to exhalations. Based on this fact a fixed threshold can be put in place. Inhalations were
found to have a mean power greater than -80dB and exhalations were found to have a mean power below this value.
The standard deviation of the ZCR was also found to be higher for inhalations in comparison to exhalations in the training
dataset. A fixed threshold of 0.045 was put in place with inhalations having a value greater than this threshold and
exhalations a value below this threshold. A flow chart of the processing steps the algorithm employed to detect inhalations
and exhalations in the audio files is displayed in Figure 14.

[0122] The last stage of the algorithm (Stage 4) is to analyze all of the events which took place in the audio file and
make a decision regarding the quality of a patient’s inhaler technique. This information is outputted as a score which
can be one of three possibilities; (1) used correctly, (2) technique error or (3) not used. To come to this decision the
algorithm checks to see what events have taken place, the frequency of any such events and the order in which these
events have taken place, as shown in Figure 15.

[0123] The inhaler is deemed to have been used correctly if a patient first blisters the foil and secondly inhales the
medication. For the purpose of this algorithm it was decided that an exhalation event does not need to be present in
order for the inhaler to have been used correctly. Exhalations can take place before the blister or after the inhalation,
still leading to a 'used correctly’ score from the algorithm. However, if the patient exhales forcefully in the time between
the blister and inhalation then they are judged to have committed a 'technique error’ as they may have exhaled into the
mouthpiece of the inhaler and dispersed some of the medication. Such a scenario is viewed as a critical error. Any other
sequence of events is deemed to be a technique error. For example: An inhalation followed by a blister, a blister but no
inhalation, inhalation but no inhalation etc. If the algorithm detects two or more inhalations or blisters then a technique
error will also be judged to have taken place.

[0124] To test the algorithm’s performance 407 new audio files were selected from the 12 asthmatic patients recruited
(67% of total audio files obtained). Two human rates, trained by an experienced respiratory clinician to identify correct/in-
correct Diskus inhaler use, independently classified each of the 407 audio files using the audio tool Audacity®. Each
human rater manually examined the audio files using visual and aural methods and scored each individual audio file
one of the three possible outcomes: (1) used correctly, (2) technique error or (3) not used.

Temporal Adherence Analysis
[0125] As previously mentioned the device also provides information regarding the exact time and date that the Diskus

DPI was employed. Using this data the algorithm automatically computed the number of doses that were taken each
day and represented this information in bar chart format. Any audio files less than one second in duration are discarded
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for this analysis due to the fact this is not a sufficient time period to use the inhaler adequately.

[0126] The algorithm designed is adapted to detect blister, inhalation and exhalation events, analyze the frequency
of each event, in addition to the order they took place and output a score on user technique each time the inhaler was
employed. The algorithm also analyzed the time and date the inhaler was operated in order to generate feedback on a
patient’s temporal adherence. Figure 16 illustrates a typical output from the algorithm that can be employed to evaluate
patient temporal adherence. In this bar chart graph one can observe if a patient overdoses, underdoses or takes the
correct amount of doses of their medication for each single day that they should be using their inhaler.

[0127] The patient user technique score for each inhaler audio file, as computed by the algorithm, is stored in a text
file. However, for the purposes of presenting the specific technique score the algorithm computes to both clinicians and
patients, it was decided that a more interpretable version of presenting this information would be needed. Previous
research has suggested that people perceive visual cues most accurately from information positioned along a common
scale. Based on this information the best method of visualizing data is with the use of scatterplots and bar charts. It is
for this reason that a bar chart graph was used to display information on temporal adherence. Colours are also widely
used in data visualization to indicate appropriate levels of risk (i.e. green=safe, red=danger). A traffic light scatterplot
was created to display the algorithms results on technique adherence. An example of such a graph is displayed in Figure
17. This output graph displays information on the time and date the inhaler was used, in addition to how the inhaler was
used. A colour green indicates that the inhaler was used correctly while the colour orange indicates that there was a
technique error. This allows clinicians to examine a patient’s adherence to their inhaler medication, while it also provides
a method for patients to easily understand when and how they are using their inhaler. Figure 18 illustrates a block
diagram of the components to make up the inhaler device according to one embodiment of the invention as hereinbefore
described.

[0128] In another aspect of the invention the device of the invention can be used with a webportal service as shown
in Figure 19 and 20. The webportal is an online system for collating, organising and visualisation the results of monitoring
inhaler protocols. The webportal uses the audio recordings, their file names and the output of the processing algorithm
as inputs to provide the user with detailed information about inhaler use.

[0129] Recordings extracted from the device are uploaded to the webportal server. The time and date of each recording
is extracted from the timestamp of the audio recording, i.e. the file name and this information is used to present a visual
representation of times at which the inhaler was used. The plotting of this data reflects inhaler events that are out of
recommended inhaler usage i.e. doses of medication that are taken too early, indicating over dosing and doses of
medication that are taken too late, indicating missed doses.

[0130] The webportal facilitates manual classification of audio recordings. The manual classification enables the user
to listen to each recording and classify it according to a set number of options such as: pass, fail, "exhalation present
after blister and before inhalations" and "breath not held for 5 seconds". These options have been set in accordance
with research that has been carried out in terms of diskus inhalers but can be modified to include options that are
appropriate for other inhalers. The output of the manual classification will be illustrated on the plot. The webportal can
also read the output results of the processing algorithm and display the results in a visual format. The algorithm classifies
each recording as Pass, Fail or Incomplete and the associated reasons for incomplete and fails, these are all illustrated
in the generated plots. The webportal also provides an over reading function, all files can be checked by an over-reader
and agreement or disagreement noted. The webportal can be adjusted to reflect various inhaler use protocols and
additional errors that might be observed with different inhalers.

[0131] Atypical use of the webportal in accordance with the invention is where a patient returns the device to a clinician
who uploads the data to the Webportal. The algorithm processes the uploaded data and provides a plot of the latest
inhaler events classified in terms of timing adherence and technique adherence. The clinician would be able to visually
inspect the data to determine if the patient is using their inhaler correctly, both in terms of taking doses and inhaler
technique and advise on any strategy to improve adherence. The clinician can also view adherence profiles for previous
months to determine if there are any long term problems with adherence that may require additional intervention. It will
be appreciated that part of the algorithm functionality can be stored on the inhaler device or a separate computer device.
The data recorded by the inhaler device can be downloaded to the separate computer device for post-processing the
data as hereinbefore described.

[0132] The embodiments in the invention described with reference to the drawings comprise a computer apparatus
and/or processes performed in a computer apparatus. However, the invention also extends to computer programs,
particularly computer programs stored on or in a carrier adapted to bring the invention into practice. The program may
be in the form of source code, object code, or a code intermediate source and object code, such as in partially compiled
form or in any other form suitable for use in the implementation of the method according to the disclosure. The carrier
may comprise a storage medium such as ROM, e.g. CD ROM, or magnetic recording medium, e.g. a memory stick or
hard disk. The carrier may be an electrical or optical signal which may be transmitted via an electrical or an optical cable
or by radio or other means.

[0133] In the specification the terms "comprise, comprises, comprised and comprising" or any variation thereof and
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the terms include, includes, included and including" or any variation thereof are considered to be totally interchangeable
and they should all be afforded the widest possible interpretation and vice versa.

[0134] The invention is not limited to the embodiments hereinbefore described but may be varied in both construction
and detail.

Claims

1.

10.

11.

12.

A system to monitor user technique of an inhaler device configured for delivery of a medicament, said system
comprising:

a microphone adapted for sensing sound made during operation of an inhaler device;

processing circuitry operable to process a data signal obtained from the microphone, wherein said data signal
comprises acoustic information sensed,

the processing circuitry is adapted to determine inhalation and exhalation breath characteristics that occur
during use, by analysing temporal and spectral components of the acoustic information sensed and processed
to differentiate between an inhalation and an exhalation, based on both the temporal and spectral components,
characterised in that the processing circuitry further comprises means for identifying a medicament priming
or blistering characteristic of the device to identify that a medicament is about to be delivered before an inhalation
by analysing an acoustic signal generated by a lever mechanism of the inhaler device, adapted to release the
medicament that generates a unique energy profile of the lever mechanism convolved with the noise of release
of the medicament.

The system of any preceding claim wherein analysis of the temporal and acoustic components provide an indicator
of temporal adherence indicating correct volume of medication is delivered at correct temporal intervals.

The system of claim 2 wherein the processing circuitry is adapted to be re-configured for processing different temporal
adherence requirements depending on the device and a medicament to be used.

The system of any preceding claim comprising means for identifying multiple inhalations; or an exhalation before
inhalation after a drug priming mechanism has been activated, for example after blistering of a capsule.

The system of any preceding claim comprising means for identifying insufficient inhalation volume to release the
medication or delivery of the correct volume of the medication after drug priming mechanism has been activated,
for example after blistering of the capsule.

The system of any preceding claim wherein the processing circuitry comprises means to identify different frequency
components to differentiate between inhalations and exhalations to be used for user technique error identification.

The system of any preceding claim comprising means for comparing a zero crossing rate, a singular value decom-
position of a short term power spectrum of the data signal to a predefined threshold to identify potential breath

sounds to be used for user technique error identification.

The system of claim 7 wherein a zero crossing rate of the breath sounds is compared to a predefined threshold to
confirm these as breath sounds using said comparing means.

The system of any preceding claim wherein the signal is processed to determine the frequency domain components
of the identified breath sounds and means for classifying detected sounds as an inhalation or an exhalation.

The system of any preceding claim comprising means for calculating a median acoustic amplitude and duration of
an identified inhalation to determine an amount of medicament released from the device.

The system of any preceding claim comprising means for calculating an amplitude of an identified exhalation in
order to determine if the medicament has been dispersed from the inhaler device, before inhalation has occurred.

The system of any preceding claim comprising means to calculate a minimum energy to disperse in the airways the
medicament that has been achieved at exhalation.
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The system as claimed in any preceding claim comprising a second microphone adapted to determine inhalation
or exhalation breath characteristics and/or cancel ambient noise.

A computer program comprising program instructions for causing the computer program when executed on the
processing circuitry of a system as claimed in claim 1, to carry out the following steps: processing a data signal
obtained from a microphone, wherein said data signal comprises acoustic information sensed; determining inhalation
and exhalation breath characteristics that occur during use, by analysing the temporal and spectral components of
the acoustic information sensed; differentiating between an inhalation and an exhalation based on both the temporal
and spectral components; and identifying medicament priming or blistering characteristics of the inhaler device
monitored by the system to identify that a medicament is about to be delivered before an inhalation by analysing
an acoustic signal generated by a lever mechanism of the inhaler device and adapted to release the medicament
that generates a unique energy profile of the lever mechanism convolved with the noise of release the medicament.

Patentanspriiche

1.

System zum Uberwachen der Technik eines Benutzers beim Anwenden eines zum Zufiihren eines Medikaments
konfigurierten Inhaliergeréats, wobei das genannte System Folgendes umfasst:

ein Mikrofon, ausgelegt zum Erfassen eines Tons, der beim Bedienen eines Inhaliergerats entsteht;
Verarbeitungsschaltung mit der Aufgabe, ein von dem Mikrofon erhaltenes Datensignal zu verarbeiten, wobei
das genannte Datensignal erfasste akustische Informationen umfasst,

wobei die Verarbeitungsschaltung zum Bestimmen von beim Gebrauch auftretenden Ein- und Ausatmungs-
charakteristiken durch Analysieren von zeitlichen und spektralen Komponenten der erfassten und verarbeiteten
akustischen Informationen ausgelegt ist, um zwischen Einatmen und Ausatmen auf der Basis der zeitlichen
und spektralen Komponenten zu unterscheiden,

dadurch gekennzeichnet, dass die Verarbeitungsschaltung ferner Mittel zum Identifizieren einer Medikamen-
tenvorbereitungs- oder -blisteringcharakteristik des Gerats umfasst, um zu identifizeren, dass die Zufihrung
eines Medikaments vor Einatmen bevorsteht, durch Analysieren eines durch einen Hebelmechanismus des
Inhaliergerats erzeugten akustischen Signals, ausgelegt zum Freisetzen des Medikaments, das ein spezifisches
Energieprofil des Hebelmechanismus erzeugt, das mit dem Gerausch des Freisetzens des Medikaments zu-
sammenhangt.

System nach dem vorherigen Anspruch, wobei die Analyse der zeitlichen und akustischen Komponenten einen
Indikator von zeitlicher Einhaltung gibt, der anzeigt, dass das korrekte Medikationsvolumen in korrekten zeitlichen
Intervallen zugefiihrt wird.

System nach Anspruch 2, wobei die Verarbeitungsschaltung zum Umkonfigurieren zum Verarbeiten verschiedener
zeitlicher Einhaltungsanforderungen je nach dem Gerat und einem zu verwendenden Medikament ausgelegt ist.

System nach einem vorherigen Anspruch, das Mittel zum Identifizieren mehrerer Einatmungen oder eines Ausat-
mens vor einem Einatmen nach dem Aktivieren eines Arzneimittelvorbereitungsmechanismus, zum Beispiel nach
Blistering einer Kapsel umfasst.

System nach einem vorherigen Anspruch, das Mittel zum Identifizieren eines unzureichenden Einatmungsvolumens
zum Freisetzen der Medikation oder zum Zuflhren des korrekten Volumens der Medikation nach dem Aktivieren
eines Arzneimittelvorbereitungsmechanismus zum Beispiel nach Blistering der Kapsel umfasst.

System nach einem vorherigen Anspruch, wobei die Verarbeitungsschaltung Mittel zum Identifizieren unterschied-
licher Frequenzkomponenten zum Unterscheiden zwischen Einatmen und Ausatmen umfasst, zur Verwendung fiir
eine Benutzertechnik-Fehleridentifikation.

System nach einem vorherigen Anspruch, das Mittel zum Vergleichen einer Nulldurchgangsrate, einer Singular-
wertzerlegung eines Kurzzeitleistungsspektrums des Datensignals mit einer vordefinierten Schwelle umfasst, um

potentielle Atemténe zur Verwendung fir Benutzertechnik-Fehleridentifikation zu identifizieren.

System nach Anspruch 7, wobei eine Nulldurchgangsrate der Atemtdne mit einer vordefinierten Schwelle verglichen
wird, um diese als Atemténe zu bestatigen, anhand des genannten Vergleichsmittels.
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System nach einem vorherigen Anspruch, wobei das Signal zum Bestimmen der Frequenzdoma&nenkomponenten
der identifizierten Atemtone verarbeitet wird, und Mittel zum Klassifizieren von erkannten Ténen als Einatmen oder
Ausatmen.

System nach einem vorherigen Anspruch, das Mittel zum Berechnen einer medianen akustischen Amplitude und
einer Dauer eines identifizierten Einatmens umfasst, um eine Menge an von dem Geréat freigesetztem Medikament
zu bestimmen.

System nach einem vorherigen Anspruch, das Mittel zum Berechnen einer Amplitude eines identifizierten Ausatmens
umfasst, um festzustellen, ob das Medikament von dem Inhaliergerat dispergiert wurde, bevor Eintamen erfolgt ist.

System nach einem vorherigen Anspruch, das Mittel zum Berechnen einer Mindestenergie zum Dispergieren des
Medikaments in den Atemwegen umfasst, das beim Ausatmen erzielt wurde.

System nach einem vorherigen Anspruch, das ein zweites Mikrofon umfasst, ausgelegt zum Bestimmen von Ein-
oder Ausatmungscharakteristiken und/oder zum Unterdriicken von Umgebungsgerauschen.

Computerprogramm, das Programmbefehle umfasst, um zu bewirken, dass das Computerprogramm bei Ausfiihrung
auf der Verarbeitungsschaltung eines Systems nach Anspruch 1 die folgenden Schritte durchfiihrt: Verarbeiten
eines von einem Mikrofon erhaltenen Datensignals, wobei das genannte Datensignal erfasste akustische Informa-
tionen umfasst; Bestimmen von beim Gebrauch auftretenden Ein- und Ausatmungscharakteristiken durch Analy-
sieren der zeitlichen und spektralen Komponenten der erfassten akustischen Informationen; Unterscheiden zwi-
schen Einatmen und Ausatmen auf der Basis sowohl der zeitlichen als auch der spektralen Komponenten; und
Identifizieren einer Medikamentenvorbereitungs- oder -blisteringcharakteristik des durch das System Gberwachten
Inhaliergerats, um zu identifizeren, dass die Zufiihrung eines Medikaments vor Einatmen bevorsteht, durch Analy-
sieren eines durch einen Hebelmechanismus des Inhaliergerats erzeugten akustischen Signals, und ausgelegt zum
Freisetzen des Medikaments, das ein spezifisches Energieprofil des Hebelmechanismus erzeugt, das mit dem
Gerausch des Freisetzens des Medikaments zusammenhangt.

Revendications

1.

Systeme destiné a surveiller une technique d’utilisateur d’un dispositif inhalateur configuré pour une administration
d’'un médicament, ledit systéme comprenant :

un microphone adapté pour détecter un son fait lors d’'un fonctionnement d’un dispositif inhalateur ;

un circuit de traitement pouvant fonctionner pour traiter un signal de données obtenu a partir du microphone,
dans lequel ledit signal de données comprend des informations acoustiques détectées,

le circuit de traitement est adapté pour déterminer des caractéristiques de respiration inspirée et expirée qui
surviennent lors d’une utilisation, en analysant des composantes temporelles et spectrales des informations
acoustiques détectées et traitées pour faire une distinction entre une inspiration et une expiration, sur la base
a la fois de composantes temporelles et

spectrales, caractérisé en ce que

le circuit de traitement comprend en outre des moyens d’identification d’'une caractéristique d’amorgage ou de
mise sous blister de médicament du dispositif pour identifier le fait qu’'un médicament est sur le point d’étre
administré avant une inspiration en analysant un signal acoustique généré par un mécanisme de levier du
dispositif inhalateur,

adapté pour libérer le médicament qui génére un profil d’énergie unique du mécanisme de levier convolutionné
avec le bruit de libération du médicament.

Systeme selon la revendication précédente dans lequel une analyse des composantes temporelles et acoustiques
fournit un indicateur d’une conformité temporelle indiquant qu’un volume correct de médicament est administré a

des intervalles de temps corrects.

Systeme selon la revendication 2 dans lequel le circuit de traitement est adapté pour étre reconfiguré pour un
traitement d’exigences de conformité temporelle différentes selon le dispositif et un médicament a utiliser.

Systeme selon 'une quelconque des revendications précédentes comprenant des moyens d’identification d’inspi-
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rations multiples ; ou d’'une expiration avant une inspiration aprés qu’'un mécanisme d’amorgage de médicament a
été activé, par exemple aprées mise sous blister d'une gélule.

Systeme selon I'une quelconque des revendications précédentes comprenant des moyens d’identification d’un
volume d’inspiration insuffisant pour une libération du médicament ou une administration du volume correct du
médicament aprés qu’'un mécanisme d’amorcage de médicament a été activé, par exemple aprés une mise sous
blister de la gélule.

Systeme selon I'une quelconque des revendications précédentes dans lequel le circuit de traitement comprend des
moyens d’identification de composantes fréquentielles différentes pour faire une distinction entre des inspirations
et des expirations a utiliser pour une identification d’erreurs de technique d’utilisateur.

Systeme selon I'une quelconque des revendications précédentes comprenant des moyens de comparaison d’un
taux de passage par zéro, d’'une décomposition en valeurs singuliéres d’'un spectre de puissance a court terme du
signal de données a un seuil prédéfini pour identifier des sons de respiration potentiels a utiliser pour une identification
d’erreurs de technique d'utilisateur.

Systeme selon la revendication 7 dans lequel un taux de passage par zéro des sons de respiration est comparé a
un seuil prédéfini pour confirmer qu’il s’agit de sons de respiration en utilisant lesdits moyens de comparaison.

Systeme selon I'une quelconque des revendications précédentes dans lequel le signal est traité pour déterminer
les composantes de domaine fréquentiel des sons de respiration identifiés et des moyens de classification de sons
détectés a titre d’inspiration ou d’expiration.

Systeme selon I'une quelconque des revendications précédentes comprenant des moyens de calcul d’'une amplitude
acoustique médiane et d’'une durée d’une inspiration identifi€e pour déterminer une quantité de médicament libérée
a partir du dispositif.

Systeme selon I'une quelconque des revendications précédentes comprenant des moyens de calcul d’'une amplitude
d’'une expiration identifiée afin de déterminer si le médicament a été dispersé a partir du dispositif inhalateur, avant
qu’une inspiration se produise.

Systeme selon I'une quelconque des revendications précédentes comprenant des moyens de calcul d’'une énergie
minimum pour disperser le médicament dans les voies respiratoires qui a été atteinte a I'expiration.

Systeme selon I'une quelconque des revendications précédentes comprenant un second microphone adapté pour
déterminer des caractéristiques de respiration inspirée ou expirée et/ou éliminer un bruit ambiant.

Programme informatique comprenant des instructions de programme pour amener le programme informatique,
lorsqu’exécuté sur le circuit de traitement d’'un systéme selon la revendication 1, a réaliser les étapes suivantes :
traiter un signal de données obtenu a partir d'un microphone, dans lequel ledit signal de données comprend des
informations acoustiques détectées ; déterminer des caractéristiques de respiration inspirée et expirée qui survien-
nent lors d’une utilisation, en analysant des composantes temporelles et spectrales des informations acoustiques
détectées ; faire une distinction entre une inspiration et une expiration sur la base a la fois des composantes
temporelles et spectrales ; et identifier des caractéristiques d’amorgage ou de mise sous blister de médicament du
dispositif inhalateur surveillé par le systéme pour identifier qu’'un médicament est sur le point d’étre administré avant
une inspiration en analysant un signal acoustique généré par un mécanisme de levier du dispositif inhalateur et
adapté pour libérer le médicament qui génére un profil d’énergie unique du mécanisme de levier convolutionné
avec le bruit de libération du médicament.
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