19 DANMARK (10 DK/EP 3190964 T3

(91)
(49)

(80)

(86)
(86)
(87)
(86)
(87)
(30)

(84)

(73)

(72)
(74)
(94)

(96)

(12) Overseettelse af
europeeisk patentskrift

Patent- g
Varemaerkestyrelsen
Int.Cl.: A 61 B 5/087 (2006.01) A 61 B 5/09 (2006.01)

Oversaettelsen bekendtgjort den: 2021-04-26

Dato for Den Europaciske Patentmyndigheds
bekendtgorelse om meddelelse af patentet: 2021-03-03

Europaeisk ansggning nr.: 15756209.1

Europaeisk indleveringsdag: 2015-08-19

Den europaeciske ansggnings publiceringsdag: 2017-07-19

International ansggning nr.: GB2015052403

Internationalt publikationsnr.: WO2016027084

Prioritet:  2014-08-19 GB 201414731 2014-11-12 GB 201420147

Designerede stater: AL AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HR HU IE IS IT LI LT LU LV
MC MK MT NL NO PL PT RO RS SE SI SK SM TR

Patenthaver: Smart Respiratory Products Limited, 33 Riding House St, London, Greater London W1W 7DZ,
Storbritannien

Opfinder: ANTALFFY, Thomas, WWWS UK Limited, 33 Riding House St, London W1W 7DZ, Storbritannien
Fuldmaegtig i Danmark: NORDIC PATENT SERVICE A/S, Bredgade 30, 1260 Kebenhavn K, Danmark

Benavnelse: SPIROMETER

Fremdragne publikationer:
EP-A1- 0 505 450
WO-A1-2013/184066
JP-A- 2000 298 043
US-A1- 2007 059 165



DK/EP 3190964 13



DK/EP 3190964 13

DESCRIPTION

FIELD OF THE INVENTION

[0001] The present invention relates to a spirometer adapted to be used In measuring
respiratory function and more particularly, a spirometer device which incorporates an electrical
network which provides functional advantages to the user when measuring peak expiratory
flow.

BACKGROUND TO THE INVENTION

[0002] Hundreds of millions of people suffer from chronic respiratory diseases. According to
the latest World Health Organisation (WHOQO) estimates (2011), currently 235 million people
have asthma, 64 million people have chronic obstructive pulmonary disease (COPD) and
millions have other often-underdiagnosed chronic respiratory diseases.

[0003] Accurately measuring breathing capacity iIs important in the management of asthma
and other respiratory conditions and in particular in predicting (and controlling) asthma attacks
In susceptible individuals. During an acute asthma attack, the muscles of the upper airways
contract, resulting in the partial or complete obstruction of the airways and making it harder for
the lungs to take Iin and release air. However, narrowing of the airways 1s not confined to the
onset of the attack, but rather builds up gradually over time. Often bronchial inflammation,
causing a narrowing the airways, may have begun some time before the first symptoms of
asthma are felt by the individual. A range of effective anti-asthma drugs are available which
can substantially limit or eliminate such attacks, but these must be administered appropriately
to avoid negative effects associated with inappropriate dosage.

[0004] The chronic nature of asthma therefore necessitates regular monitoring of respiratory
function In susceptible individuals to detect symptoms which are prognostic of bronchial
Inflammation as early as possible and for practical reasons typically involves a combination of
self-assessment and periodic assessment by a clinician.

[0005] It I1s well established that measurement of peak expiratory flow rate (PEF) usually
measured In litres per minute, which indicates the speed with which air i1s blown out of the
lungs, provides a reliable indication of respiratory function (Global strategy for asthma
management and prevention. Bethesda (MD): Global Initiative for Asthma, 2012). Simple
mechanical devices are known for this purpose such as Peak Flow Meters (PFMs). These
devices are simply constructed and typically consist of a plastic tube with a mouthpiece on one
end.

[0006] In use, when a patient exhales into the mouthpiece of the tube, the force of the
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expiratory flow causes an opposing and reciprocating plate and an externally visible marker or
pointer, often located in a channel or groove within the tube, to be impelled from a resettable
start position (or zero) to a position corresponding to the maximum, or peak, expiratory flow of
a single exhalation. Commonly, the PFM will incorporate a calibrated scale adjacent to the
marker so that the individual can visualise and manually record the peak expiratory flow of that
exhalation as indicated by the distance travelled by the marker along the scale. Repeated
measurement of this kind is made in order to monitor changes in lung function, such as those
that might be result from asthma or other respiratory aillments.

[0007] Some examples of PFMs incorporate an elastic device, such as a spring, to return the
plate, moveably arranged within the tube, to the starting position as the force of the expiratory
flow declines from a maximum value and becomes unequal to the elastic force of the spring,
the opposing force of the spring returns the moveable plate towards its starting position. The
marker, however, not being connected to the movable plate, remains at the location of
maximum movement from the starting position, indicating the maximal distance moved by the
plate during that expiration, allowing peak expiratory flow to be calculated.

[0008] PFMs which are currently available have a number of limitations. Firstly, the utility of
PFMs is Iimited by their size, which makes inconspicuous transport or use difficult. As a result,
the ability to monitor respiratory function at the required times can compromised.

[0009] Secondly, PFM devices generally require the results of tests to be taken, recorded and
Interpreted manually by the user at periodic intervals which leads to Inaccuracies In the
recordation of breathing characteristics and a failure to record results consistently over an
extended period. This can adversely affect the diagnosis of individual risk factors which Is a
fundamental consideration in determining appropriate treatment regimens for a patient.

[0010] Thirdly, the process of taking and recording the readings can be time-consuming, which
In combination with often cumbersome equipment required for analysis, frequently results in a
disinclination on the part of the patient to make regular measurements of PEF. Poor adherence
to the monitoring regimen, giving rise to sporadic datasets I1Is a major problem In effective
asthma management.

[0011] Fourthly, the PFM does not enable any more advanced monitoring of breathing function
other than a measure of PEF.

[0012] More advanced devices are known, such as that marketed by MIR
(http://www.spirometry.com/) In which a disposable turbine spirometer is used In conjunction
with a proprietary monitoring system which optically monitors the rotation rate of the turbine
when the passage of air causes it to rotate. However, these devices are expensive and bulky.
The result i1s that the aforementioned system does not lend itself to use by individuals and as a
consequence It Is generally used by medical practitioners.

[0013] With the above In mind, the present invention has been devised. The invention seeks to
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improve the efficiency, accuracy, reliability and convenience of the self-assessment of
respiratory function in susceptible individuals, particularly the monitoring of peak expiratory flow
for the purposes of asthma management. JP2000298043 discloses a spirometer comprising a
rotor wherein the rotation rate of the rotor is measured by light sources and a photodetector.

SUMMARY OF THE INVENTION

[0014] Advantageously, the Invention provides a spirometer which facilitates accurate
measurement and recordation of Peak Expiratory Flow (PEF or PEFR), Forced Expiratory
Volume (FEV), Forced Expiratory Flow, (FEF) and Forced Vital Capacity (FVC); key respiratory
parameters In the diagnosis and management of chronic respiratory conditions. The small size
of the spirometer enables it to be easily transported and provides the individual with the means
for more convenient and efficient self-assessment than has hitherto been possible. By virtue of
the above features the spirometer is small, robust, accurate and has a low construction cost
compared with existing devices capable of measuring the aforementioned parameters. In a
preferred embodiment, the spirometer does not feature meshes or screens within which
bacteria or other such contaminants may become trapped and accordingly permits hygienic
use and straightforward sterilisation and maintenance.

[0015] The present invention also provides a spirometer for use in measuring throughput air
flow comprising; a spirometer body having a cylindrical wall defining a cavity and having one or
more windows arranged to admit ambient light to the cavity; one or more deflectors configured
to cause an airflow input to the cavity defined by the spirometer body to rotate; a rotor
arranged inside the cavity defined by the spirometer body to be caused to rotate responsive to
the rotating air flow; and one or more photodetectors, arranged at the wall of the spirometer
body facing into the cavity to detect an amount of light incident thereon inside the cavity;
wherein the spirometer is configured such that, as the angle of the rotor changes as it rotates,
the amount of the ambient light admitted to the cavity by the one or more windows and
conveyed to the or each photodetector i1s varied due to obstruction by the rotor; and wherein
the one or more photodetectors form part of an electrical network configured to, in use, provide
an electrical signal useable to detect the rotation rate of the rotor.

[0016] It will be appreciated that in embodiments of the above aspect of the present invention,
when In use the Interruption of ambient light by the rotary motion of the rotor in response to
iInput or output air flow, be sensed by a photodetector and transduced into an electrical signal
useable to detect the rotation of the rotor. In preferred embodiments of the invention, the
photodetector I1s a photodiode configured to detect ambient light inside the cavity of the
spirometer. Preferably, upon illumination the photodetector produces a voltage and supplies an
electric current, which will vary according to the amount of illumination incident on it. Preferably,
such a current will be proportional to the incident light intensity. In addition to photodiodes,
photodetectors of the present invention may include, but are not imited to photoresistors, light
dependent resistors (LDR), phototransistors, LEDs which are reverse-biased to act as
photodiodes, photovoltaic cells, solar cells, photomultiplier tubes, phototubes, quantum dot
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photoconductors, active-pixel sensors (APSs), charge-coupled devices (CCD), optical
detectors, such as microbolometers, pyroelectric detectors, thermocouples and thermistors.

[0017] Conductive coatings are prone to wear over time and can result in a reduced lifetime of
the spirometer. Consequently, spirometers of the present invention which use optical detection
of rotation beneficially have greater durability. In addition to greater durability, spirometers of
the present invention which use optical detection of rotation beneficially allow for more
accurate measurements of breathing characteristics than embodiments of the invention where
conductive coatings are used to generate a switched conductive path. Consequently,
spirometers of the invention featuring photodetectors may advantageously be used to measure
and record key lung function parameters for those with chronic respiratory conditions over time
such as Forced Vital Capacity (FVC) accurately (total volume exhaled air), which permits
assessment of both obstructive and restrictive lung function impairment in addition to PEF.
Spirometers of the invention featuring photodetectors may also advantageously be used to
measure and record FEF25, FEF50 and FEF/75 (Forced Expiratory Flow at 25%, 50% and
15% volume expired air). The mean flow between the points FEF25 and FEF 75 1s a critical
parameter (called the FEF25795), since this I1s actually the first parameter that demonstrates a
decline In many respiratory diseases. Additionally, spirometers of the invention which feature
optical detection of rotation may be used to measure FEV1/FEVG; the ratio of the amount of air
exhaled Iin one second and six seconds, which operates as a sensitive and specific test for the
diagnosis of airway obstruction and which is also frequently used by physicians to indicate lung
function In transplant patients.

[0018] The invention also provides a spirometer wherein the electrical network Is connected to
one or more contacts of a phone plug that is coupled to, or preferably rigidly connected to the
spirometer. In a preferred embodiment the electrical network of the spirometer is connected to
one or more contacts of a phone plug. Preferably, the electrical network of the spirometer will
be connected to one or more contacts of a 3.5 mm four-contact "Tip", "Ring", "Ring", "Sleeve”
(TRRS) phone plug. However, 1t is envisaged that the electrical network of the spirometer will
function equally well with other types of phone plug such as, for example, 2-contact, TS and 3-
contact, TRS connectors. In alternative embodiments the electrical network may be connected
to two or more, three or more, four or more, five or more, six or more, seven or more, eight or

more, nine or more or ten or more contacts of a suitable phone plug.

[0019] Preferably, the phone plug is arranged so as to be rigidly connected to the spirometer.
Alternatively, however, the phone plug may be flexibly coupled to the spirometer, for example,
using an electrical cable or similar means known in the art. The connection of the electrical
network of the spirometer to one or more contacts of a phone plug enables the electrical signal
provided by spirometer to be communicated to, processed by and stored on an electronic
device such as a smartphone. Such a connection will commonly be established using the
microphone Input of an electronic device and will allow processing, calibration and
Interpretation of the electrical signal generated by the spirometer to be carried out on the
electronic device. Examples of this include performing a Discrete Fourier Transform (DFT) or
Fast Fourier Transform (FFT) to analyse the waveform and spectrum of the audio signal on a
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spectrogram. The person skilled in the art will be aware of a number of appropriate software
packages or applications for processing and/or interpreting the electrical signal output
generated by the spirometer and it would be regarded as routine to select a compatible or
appropriate package or application, depending on the electronic device and the type of
analysis to be carried out. Suitable packages Include but are not Imited to "Praat’”,
‘SimpleFFT", "Spectral Audio Analyzer”, "TRA Audio analyzer”, "Audiolool’, "SPL and
Spectrum Analyser”, "SPL Meter” and "FFT".

[0020] In a preferred embodiment of the invention the phone plug will be connected to an
electronic device such as a mobile telephone, smartphone or tablet, in order that convenient
storage, visualisation, interpretation and interrogation of the electronic signal is possible by the
patient and the clinician. Preferably, the phone plug will connect the spirometer to a
smartphone by an audio input. The connection of the electrical network to one or more
contacts of a phone plug enables fast, accurate and efficient measurements. Additionally, there
IS N0 need for users to record time, date and measurement values manually. These capabilities
encourage frequent use of the device, allowing a more detailed and accurate assessment of
PEF over time and facilitate greater communication between patients and physicians.

[0021] The Invention also provides a spirometer wherein the rotor comprises a vane portion
rigidly connected to a shaft portion such that the vane portion can rotate about an axis defined
by the shaft portion; and wherein the end portions of the shaft are pivotably mounted In
respective sockets of the spirometer, such that the vane portion iIs mounted to rotate in the
rotating airflow.

[0022] The configuration of the rotor to vary the amount of ambient light incident on the one or
more photodetectors depending on the position of the rotor in the cycle allows the one or more
photodetectors to operate as switches dependent on the amount of illumination incident on
them, permitting a switching rate to be determined. The switching rate can then be used to
determine the rotation rate of the vane. Preferably, the contacts of the electrical network will
switch once per rotation of the vane portion. However, equally effective constructions are
envisaged which incorporate more than one switch per rotation of the vane.

[0023] In another embodiment the invention comprises a spirometer wherein the rotor
comprises a vane portion rigidly connected to a shaft portion such that the vane portion can
rotate about an axis defined by the shaft portion; and wherein the end portions of the shaft are
pivotably mounted In respective sockets of the spirometer, such that the vane portion iIs
mounted to rotate in the rotating airflow. It has been found that the above Is a simple method
of construction which enables the spirometer to be produced quickly and cheaply and yet make
accurate measurements of key respiratory parameters.

[0024] The vane portion may be rigidly connected to the shaft portion such that both vane and
shaft portions are caused to rotate responsive to rotating airflow, however, this arrangement is
not essential and the vane and shaft portions may be connected in such a way that the shaft
portion merely provides supporting means for the vane portion as it is caused to rotate in the
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rotating airflow.

[0025] In preferred embodiments the electrical network of the spirometer comprises one or
more photodetectors arranged partially around the periphery of the rotational edge of the vane
portion. Commonly, the present invention comprises a single photodetector. However, it will be
appreciated that spirometers of the present Invention may comprise more than one
photodetector. Alternatively, spirometers of the present invention may comprise more than two
photodetectors, more than three photodetectors, more than four photodetectors, more than
five photodetectors, more than six photodetectors, more than seven photodetectors, more than
eight photodetectors, more than nine photodetectors or more than ten photodetectors.

[0026] The one or more photodetectors are arranged at the wall of the spirometer body facing
Into the cavity to detect an amount of light incident thereon inside the cavity. In the context of
the invention "arranged at the wall" encompasses various arrangements of photodetectors. In
particular, "arranged at the wall" encompasses, but is not [Imited to photodetectors located on,
In or adjacent the wall of the spirometer body. The one or more photodetectors are preferably
arranged partially around the periphery of the rotational edge of the vane portion. Ideally, the
photodetectors are located on or in recesses In the cylindrical wall defining the cavity of the
spirometer. In preferred arrangements, the one or more photodetectors are located In
recesses In the wall of the spirometer body facing into the cavity. This arrangement
advantageously allows the free rotation of the vane within the cavity.

[0027] In preferred embodiments, the present invention provides a spirometer wherein the
cavity of the spirometer body defines a first radius and the radial extent of the vane defines a
second radius; and wherein the second radius Is such as to allow it to block light within the
cavity from reaching the one or more photodetectors but less than the first radius allowing free
rotation within the cavity. |deally, the radial extent of the vane closely approximates the radius
of the cavity, so that the rotor presents a large surface area for rotating throughput air to act on
and Is thus able to translate the energy of the rotating air into rotation most efficiently. The
rotating input or output air causes the vane to rotate resulting in an accurate measurement of
breathing characteristics manifested in the rotation of the vane. Advantageously, a close
approximation of the radii of the vane and that of the cavity means that, in use, during rotation,
as the vane interposes between the one or more photodetectors and the one or more windows
at various points during the rotation cycle, at certain rotation angles it obscures the one or
more windows from the one or more photodetectors and results in blockage of a portion of
ambient light from reaching one or more of the or each of the photodetectors whereas at
certain other rotation angles the vane does not obscure the window and ambient light Is
allowed to pass to one or more of the or each of the photodetectors. This permits the rotation
rate of the rotor, and therefore the passage of throughput air to be detected, whilst permitting

free rotation of the vane In response to throughput air. Preferably, the present invention
provides a spirometer wherein the axial extent of the or each window is less than and

contained within the axial extent of the rotor. This arrangement allows light to be blocked from
the one or more photodetectors when the vane Interposes between the one or more
photodetectors and the one or more windows. Of course, it will be appreciated that many
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different axial extents which are less than that of the cavity are possible whilst retaining the
functionality of the spirometer. Indeed various rotor constructions are possible, where the
vanes of the rotor are not of equal axial length and/or even spacing around the axis of the
rotor. Preferably the vane portion extends substantially along a single plane. However, In
preferred embodiments of the invention, the axial extent of the rotor is substantially the same
as the axial extent of the cavity. More preferably, the vanes are of equal axial length. Even
more preferably, the vanes are evenly spaced around the axis of the rotor. Still more

preferably, the vanes are opaque, ensuring that during interposition of the vane between the
one or more windows and the one or more photodetectors, ambient light is obscured efficiently
from the one or more photodetectors.

[0028] Ideally, a spirometer of the invention has a cylindrical wall which comprises a single
window and a single photodetector. However, it will be appreciated that spirometers of the
present invention may comprise more than one window. Alternatively, spirometers of the
present invention may comprise more than two windows, more than three windows, more than
four windows, more than five windows, more than six windows, more than seven windows,
more than eight windows, more than nine windows or more than ten windows. By single
window It Is meant single tangential window but it will be appreciated that this may also
encompass several axially adjacent windows. The same Is also true for photodetectors.

[0029] Advantageously, in addition to providing a rate of vane rotation, preferred embodiments
of the Invention also provide directional sensitivity. Determination of the direction of rotation In
response to throughput airflow enabling the airflow characteristics of Inhalation to be
distinguished from those associated with exhalation. This feature enables more accurate
measurements of user breathing characteristics to be made. In order to determine the
direction of rotation, it i1s essential that the one or more windows and the one or more
photodetectors of the spirometer are arranged such that the angle subtending between the
centre of the window and the centre of the or each photodetector is less than 180 degrees. In
other words, at least one of the one or more windows and at least one of the one or more
photodetectors are not diametrically opposed from one another. In addition to their relative
'offset’ from 180 degrees, particularly where only one photodetector is provided, it i1s preferable
that at least one of the one or more windows and at least one of the one or more
photodetectors which are offset from one another are of different dimensions. Preferably they
are of differing axial or angular extents. The one or more photodetectors may be smaller or
larger than the one or more windows. In preferred embodiments the one or more windows Is
rectanglar or square. Preferably, at least one of the one or more windows are larger than the
one or more photodetectors, however, it will be appreciated that windows may be different
shapes, for example a triangle. Preferably, the one or more windows are each between 0.5

and 5 cm® sq, between 0.5 and 4 cm? sq, between 0.5 and 3 cm sq, between 0.5 and 2 cm?

sqg, or alternatively are each between 0.5 and 1 cm? sq. It will also be appreciated that arrays
of windows and/or photodetectors may be used in embodiments of the present invention as
desired. Consequently, in another embodiment the present invention provides a spirometer,
wherein the cylindrical wall comprises a single window or more than one axially adjacent
windows and one or more photodetectors; and wherein the angle subtending between the
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centre of the window and the centre of the or each photodetector is less than 180 degrees.
Typically, the angle subtending between the centre of the window and the centre of the or each
photodetector Is less than 170 degrees, but may be less than 160 degrees, less than 150
degrees, less than 140 degrees, less than 130 degrees, less than 120 degrees, less than 110
degrees, less than 100 degrees, less than 90 degrees, less than 80 degrees, less than 70
degrees, less than 60 degrees, less than 50 degrees, less than 40 degrees, less than 30
degrees, less than 20 degrees or alternatively less than 10 degrees.

[0030] In another embodiment the present invention provides a spirometer, wherein a single
photodetector is provided and a single window Is provided and the angle between opposing
edges of the window and the photodetector Is 180 degrees or greater. Optionally, In
embodiments of the Invention where detection of the direction of rotation 1s desired, the
window Is of different dimensions to the photodetector, preferably the window will be larger
across Its axial extent than the photodetector.

[0031] In an alternative embodiment the invention provides a spirometer, wherein the angle
subtended by the window Is greater than the angle subtended by the or each photodetector,
and optionally wherein the axial extent of the window Is uniform across its angular extent.

[0032] The Invention also provides a spirometer which I1s capable of distinguishing the
characteristics of throughput air due to inhalation and exhalation. In such embodiments, the
spirometer may feature a window wherein the axial extent of the window varies across its
angular extent, optionally uniformly from one edge to the other. Various shapes of window
where the axial extent of the window varies across its angular extent are envisaged which will
function to provide directional sensitivity. Preferably, the window is triangular in shape.

[0033] Optionally, the cylindrical wall comprises a single window and more than one
photodetector. Preferably, the plural photodetectors are spaced at angles around the
cylindrical wall.

[0034] In all embodiments of the invention relying on optical detection of the rotation of the
rotor, a spirometer is provided wherein the cylindrical wall of the spirometer is opaque except
for the one or more windows arranged to admit ambient light to the cavity. Usually, the housing
will be made of opaque plastics material. Ambient light is the preferred source of light and is
admitted to the cavity of the spirometer by one or more windows. Preferably, no active or
powered light source Is provided as part of the invention.

[0035] The present invention also provides a spirometer, wherein the electrical network further
comprises one or more resistors. Preferably, the one or more resistors are in the range 500
Ohm - 3k Ohm and in serial connection with the rotor. Preferably, at least one of the one or
more resistors I1s a 1k Ohm resistor. Preferably, the electrical network comprises two or more
resistors. Still more preferably, the electrical network comprises 3 resistors. In the context of
the present invention the resistor functions in conjunction with the electrical network and
electronics controlling electrical signals received at the microphone input to compensate for the
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switching response provided In many smartphones below certain resistances as a means to
remotely control smartphone functionality 1.e. imposing a load on the circuit via the
Incorporation of a resistor may be necessary in order to circumvent the small resistance direct
contact response of an associated electronic device below a certain resistance. For example,
many smartphones have audio inputs which are calibrated to be responsive to signals below
100 Ohm, 200 Ohm, 300 Ohm, 400 Ohm, 500 Ohm, 1k Ohm, 1.5k Ohm, 2k Ohm or 3k Ohm
such that certain applications (e.g. answering incoming calls) are triggered by small resistance
direct contacts. Consequently, the resistor i1s preferably in serial connection with the rotor and
applies a fixed resistance such that it is compatible with the electronic device envisaged for
use. The additional resistance in the circuit allows the electronic device to process input signals
as normal. Although this could be achieved In the absence of a resistor, preferred
embodiments of the invention the electrical network comprise one or more resistors in the
range 500 Ohm - 3k Ohm or 1k Ohm - 3k Ohm. More preferably, the electrical network
comprises one or more resistors in the range 1k Ohm - 2k Ohm. Ideally, the electrical network
comprises a 1k Ohm resistor in serial connection with the rotor. It will be appreciated however,
that the same effect could be achieved with larger resistor, for example a 1.5k Ohm, 2kOhm,
3kOhm, 4kOhm, 5k Ohm, 6k Ohm, 7k Ohm, 8k Ohm, 9k Ohm or 10k Ohm resistor. Similarly a
combination of resistors may be used to achieve the desired resistance In the circult.
Advantageously, the resistor i1s constructed of metal wire or a carbon composite, since these
are very cheap to produce, however, In certain embodiments where greater precision Is
required, other types of resistor may be more suitable.

[0036] Also provided Is a method of measuring throughput air flow using a spirometer as
claimed In any preceding claim, comprising the steps of: connecting the spirometer to an
electronic device; and detecting, using the electronic device, the electrical signal provided by
the spirometer experiencing the airflow therethrough; and processing, using the electronic
device, the electrical signal to obtain a measurement of a characteristic of the throughput
airflow. Preferably, processing, using the electronic device, the electrical signal comprises
determining a rotation rate of the rotor from a component of the electrical signal produced by
the operation of the one or more photodetectors as the rotor rotates. More preferably,
processing, using the electronic device, the electrical signal further comprises the step of
performing a Discrete Fourier Transform (DFT) to convert a component of the electrical signal
produced by the operation of the one or more photodetectors as the rotor rotates into a
rotation rate. Still more preferably, processing, using the electronic device, the electrical signal
comprises determining characteristics of the airflow from a determined rotation rate of the
rotor, based on calibration data defining relationships therebetween for the spirometer.
Advantageously, processing, using the electronic device the electrical signal further comprises
determining the direction of rotation of the rotor. This allows the characteristics of inhalation
and exhalation to be distinguished.

[0037] Although each individual spirometer of the present Iinvention will have different
characteristics and features, using exhalations of various force the maximum signal frequency,

maximum vane rotation rate, Peak Expiratory Flow Rate (PEF or PEFR), Forced Expiratory
Volume (FEV), Forced Expiratory Flow, (FEF) and Forced Vital Capacity (FVC) may be
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calculated for each Individual spirometer. In the present invention, the relationship between
signal frequency and peak flow rate determined from the spectral analysis of the microphone
Input Is defined by a linear relationship. The existence of a linear relationship between these
two parameters within a normal range means that conversion from a maximum signal
frequency to a Peak Expiratory Flow (PEF) rate which is useable by the patient (i.e. a value In
itres/minute) requires the application of a simple multiplier. The linear conversion of the peak
harmonic frequency generated by the spirometer into flow rate described above will normally

be performed automatically by one or more suitable software packages, providing an output
peak flow rate which is useable by the patient.

[0038] Optical detection allows a more sensitive detection of various respiratory parameters,
such as Peak Expiratory Flow Rate (PEF or PEFR), Forced Expiratory Volume (FEV), Forced
Expiratory Flow, (FEF) and Forced Vital Capacity (FVC). The relationship between these
respiratory parameters is well established and may be derived from a graphical output of signal
measurements derived from an exhalation (above x-axis) and inhalation (below x-axis) using a
spirometer of the invention. The exhalation produces a line which rises sharply and declines
gradually. In contrast, the inhalation (below the x-axis) produces a more rounded profile.
Measurement of the direction of vane rotation provides a more accurate method of
determining whether the values obtained relate to exhalation or inhalation. A number of
diagnostic values can be calculated from analysis of such an output.

[0039] Raw signals, signal spectrum and signal intensity are measured. At high revolutions
signal processing by Discrete Fourier Transform (DFT) Is used to determine rotations per
second. At low revolutions the signal intensity I1s used to determine individual on-off signals.
Detection of direction of rotation optimally occurs where the signal I1s strongest (rotation is
fastest) in the inhale-exhale cycle.

[0040] It will be appreciated that the relationship between signal frequency and peak flow rate,
although linear in the normal range, need not under all circumstances be linear. A margin of
error exists at very low and very high flow rates outside the normal range, where the rotational
response of the vane to throughput airflow i1s limited by Inertia or maximum rotation

respectively. However, this margin of error may be limited by rigorous calibration of each
Individual spirometer.

[0041] In addition to detecting, analysing and processing the signal peak of the dominant
harmonic, the one or more software packages used In the present invention may detect and
utlilise additional peaks present in the signal output in order to determine the signal frequency
of the dominant harmonic with greater accuracy and precision. These peaks for example, may
Include, but are not limited to those at 0.5x, 1.5x, 2x, 2.59x, 3x, 3.59x, 4x, 4.5x and/or the
frequency of the dominant harmonic. Software packages to be used In the present invention
may apply a DFT or FFT to divide the spectrum between 0 and the sampling frequency Into
pbands In order to improve the accuracy of the measurement. Preferably, an FFT will be
applied. More preferably, the spectrum will be divided into equally sized bands. Even more
preferably, the signal will be graphed using the Praat software package and subsequent
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analyses (e.g. application of FFT) performed using Microsoft Excel.

[0042] Statistical analysis of other characteristics of the spectral output (e.g. the area under
the graphed flow rate line) may be used to determine other useful breathing characteristics as
desired.

[0043] Finally, the present invention also provides a method of manufacturing a spirometer for
measuring throughput air flow, comprising: providing a spirometer body having a cylindrical
wall defining a cavity and having one or more windows arranged to admit ambient light to the
cavity; providing inlet and outlet deflectors configured to cause an input airflow to the cavity
defined by the spirometer body to rotate and a rotor comprising a vane portion rigidly
connected to a shaft portion; providing one or more photodetectors arranged at the wall of the
spirometer body facing into the cavity to detect an amount of light incident thereon inside the
cavity; forming part of an electrical network coupled to the or each photodetector and
configured to, in use, provide an electrical signal useable to detect the rotation rate of the rotor;
assembling the rotor between the Inlet and outlet deflectors such that the end portions of the
shaft are pivotably mounted in respective sockets defined at the radial centre of the deflectors,
such that the vane portion 1Is mounted to rotate in the rotating airflow such that, in use as the
angle of the rotor changes as it rotates the amount of the ambient light admitted to the cavity
by the one or more windows and conveyed to the or each photodetector is varied due to
obstruction by the rotor; and coupling or rigidly connecting a phone plug to the spirometer and
connecting the electrical network to one or more contacts of the phone plug that is coupled to
or rigidly the spirometer.

[0044] It has been found that the above method of construction provides a quick,
straightforward and economical method of manufacture of an effective, accurate, cheap and
convenient spirometer.

BRIEF DESCRIPTION OF THE FIGURES

[0045] The Invention will now be described In detail with reference to specific embodiments
and with reference to the accompanying drawings, in which:

Figure 1 shows a longitudinal section of a spirometer (not claimed) with a simplified circuit
diagram of the electrical network comprised in the spirometer.

Figure 2 shows a photograph of an assembled spirometer device (not claimed) incorporating a
4-conductor (TRRS) phone plug.

Figure 3 shows a graphical representation of an electrical signal produced by a single
exhalation into a spirometer (not claimed) as analysed using Praat software on a smartphone
device. Panel 1 shows the electrical signal received at the microphone input from the device.
Panel 2 shows the spectral analysis of the input. Panel 3 shows a vertical slice through the
spectral chart, showing distinct maxima (visible as dark bands) at the dominant frequency
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(1250 Hz) and its harmonics.

Figure 4 shows a graphical representation of the linear relationship between signal frequency
(In Hz) and flow rate (in L/min) determined from the spectral analysis of the microphone input
for an example spirometer (not claimed) and produced using Microsoft Excel. In the example
shown, the Intercept of the X-axis corresponds to an electronic signal frequency of 1575 Hz,
which corresponds to a flow rate of 300 L/min.

Figure S shows a transverse section of a spirometer in accordance with a second embodiment
of the Invention, In particular, showing the location of two photodetectors (photodiodes) (D1
and D2) relative to the position of the window (gap) in the cylindrical wall of the spirometer and
the rotor.

Figure 6 shows a transverse section of a spirometer in accordance with a third embodiment of
the invention In particular, showing a single photodetector (photodiode) (D1) positioned 'offset’
from 180 degrees relative to the position of the window (gap) In the cylindrical wall of the
spirometer and the rotor. In addition to the rate of rotation, this arrangement permits the
direction of rotation (A; clockwise, B; anti-clockwise) to be measured.

Figure 7 shows perspective views of a design of a spirometer of the third embodiment of the
iInvention. Panel A shows the microphone plug. Panel B shows an external view of the window
In the cylindrical wall.

Figure 8 shows an example graphical output of measurements derived from an exhalation
(above x-axis) and inhalation (below x-axis) using a spirometer of the second and third
embodiments of the invention. The exhalation produces a line which rises sharply and declines
gradually. In contrast, the inhalation (below the x-axis) produces a more rounded profile.
Measurement of the direction of vane rotation provides a more accurate method of
determining whether the values obtained relate to exhalation or inhalation. A number of
diagnostic values can be calculated from analysis of such an output. Abbreviations; FEVq;

Forced Expiratory Volume Iin 1 second, FEF; Forced Expiratory Flow, FEF;50,; Forced
Expiratory Flow, at 75% of the total expired volume, FEF 550, Forced Expiratory Flow at 50% of
the total expired volume; FEF550,; Forced Expiratory Flow at 25% of the total expired volume,

FVC, Forced Vital Capacity (zero flow reached), PEFR; Peak Expiratory Flow Rate, RV,
Residual Volume; TLC; Total Lung Capacity.

Figure 9 shows a perspective view of a deflector of the invention. The deflector show is
designed with curved spokes to cause the input air to rotate in the cavity of the spirometer
defined by the cylindrical wall, rather than to flow straight through.

Figure 10 shows a graphical representation of the different signals detected by the
microphone of a smartphone electronic device with the rotor of the spirometer spinning
clockwise (top panel) and anti-clockwise (bottom panel).

Figure 11 shows a graphical representation of raw signals (top panel), spectrum (middle
panel) and intensity (bottom panel) at three subsequently increasing levels of lighting, with a
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forward and backward spin at each level. At high revolutions signal processing by Discrete
Fourier Transform (DFT) I1s used to determine rotations per second. At low revolutions the
signal intensity Is used to determine individual on-off signals. Detection of direction of rotation
optimally occurs where the signal is strongest (rotation is fastest) in the inhale-exhale cycle.

Figure 12 shows a view of a window of a spirometer manufactured in accordance with the third
embodiment of the invention.

Figure 13 shows a view of an assembled spirometer of Figure 12 having a phone plug
connector for connecting to a smartphone.

Figure 14 shows a view of the two halves of the housing of the spirometer of Figures 12 and
13 during assembly.

DETAILED DESCRIPTION

[0046] Described herein is a spirometer [1] (not claimed) for measuring throughput air flow
shown In Figures 1 to 3 features an inlet deflector [2] and an outlet deflector [3], both deflectors
[2,3] comprising a conductive copper coating and configured to cause an input airflow to rotate.
In other embodiments only one or more than two deflectors may be provided.

[0047] Located between the aforementioned inlet [2] and outlet [3] deflectors Is a rotor [4]
comprising a vane portion [5] which Is also coated with copper on one side and rigidly
connected to a shaft portion [6]. The rotor [4] Is arranged to be caused to rotate responsive to
the rotating air flow. The rotor [4] Is arranged so that the end portions [/,8] of the shaft portion
[6] are pivotably mounted with a clearance In respective sockets [9,10] defined at the radial
centre of the deflectors [2,3], such that the vane portion [5] iIs mounted to rotate in the rotating
airflow about an axis defined by the shaft portion [6]. The deflectors [2,3] and rotor [4]
assembly are mounted in a housing [11] (not shown In Figure 1) which serves to retain and
direct the input airflow through the deflectors [2,3] and rotor [4].

[0048] In use, the rotor [4] provides the copper coating as a conductor forming part of an
electrical network [12] and is configured to operate as a switch such that the conductor
switches contacts of the electrical network [12] as the rotor [4] rotates so that the rotor [4] Is
configured to, in use, provide an electrical signal useable to detect the rotation rate of the rotor
[4]. In this embodiment, the deflectors [2,3], one side of the rotor [4] and at least part of the
shaft portion [6] are coated with a conductive material (copper), and together, provide a
switched conductive path for the electrical network [12].

[0049] The spirometer [1] Is rigidly connected to a phone plug [13] and the electrical network
[12] I1s connected to one or more contacts [14] of said phone plug [13] that I1s coupled to or
rigidly connected to the spirometer [1].
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[0050] In order to construct a device which operates as a switch, a conductive coating Is
applied to the spirometer components. To achieve this, the deflectors [2,3], shaft portion [0]
and vane portion [5] are placed in a metal vapour deposition chamber with one side of the
vane portion [5] and one side of the shaft portion [6] covered with Iinsulating tape, such that
these covered areas will not take on the conductive coating. Two layers of metal are applied by
metal vapour deposition; a first layer of copper that provides good conductivity and a second
layer of chrome-nickel that provides corrosion resistance. Therefore, the deflectors [2,3], and
one side of the vane portion [5] and the shaft portion [6] take on a conductive coating of
copper. Owing to a portion of the vane [5] and the shaft portion [6] not featuring a conductive
coating, as the vane [5] rotates, the electrical circuit is repeatedly completed and broken when
the conductive portion of the vane [5] Is no longer In contact with the other components which
form part of the electric network.

[0051] In our hands, the clearance provided between the end cones of the shaft and the
conical sockets [9,10] is sufficient to result in a breakage of the circuit, even though the sockets
[9,10] are completely covered with a conductive material. However, 1t Is envisaged that In
embodiments where the sockets [9,10] are partially coated with conductive material by the
metal vapour deposition process, this may help to ensure the switching action.

[0052] In order to detect the electrical signal produced by the rotation of the vane [3], the
electrical network Is connected to one or more contacts [14] of a phone plug [13], which Is
rigidly connected to the spirometer [1]. This permits the spirometer to plug into the microphone
and speaker jack of a smartphone and the phone's microphone circuit applies a bias voltage
(e.g. +3V) to the electrical network of the spirometer [1].

[0053] The contacts of the electrical network are switched once per complete rotation of the
vane portion [5]. Breakages of the circuit can be detected in an output signal, which when
measured over time, allows a switching rate to be determined. The switching rate is then used
to determine the rotation rate of the vane [5] by applying a Discrete Fourier Transform (DFT)
or Fast Fourier Transform (FFT).

[0054] To circumvent activation of the smartphone's low resistance direct contact responses
(below 1k Ohm) when the rotor [4] Is caused to rotate in response to the rotating airflow, a 1k
Ohm resistor [13] 1s Incorporated into the electrical network by placing it in serial connection
with the rotor [4]. This additional resistance In the electrical circuit assists with the compatibility
of the spirometer [1] with the specific smartphone device [16] but may not be necessary with all
electronic devices suitable for use with the invention.

[0055] Using a smartphone device [16] and the Praat software package, the rotation rate of
the vane [5], can further be calibrated to give a measurement of airflow (and thus the peak
expiratory flow) through the spirometer [1] from a single exhalation. An example of this is given
In Figure 3, which shows a graphical representation of an electrical signal produced by a single
exhalation into a spirometer [1] of the Invention as analysed using Praat software on a
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smartphone [16]. Panel 1 shows the electrical signal received at the microphone input from the
device. Panel 2 shows the spectral analysis of the input. Panel 3 shows a vertical slice through
the spectral chart, showing distinct maxima (visible as dark bands) at the dominant frequency
(1250 Hz) and its harmonics. In the example shown, the area around the peak of the darkest
band In Panel 2 is presented In vertical cross section in Panel 3 (rather than grayscale as In
Panel 2), which shows that the peak signal frequency is 1250 Hz.

[0056] Although each spirometer has different characteristics and features, using exhalations
of various force it Is possible to calibrate the maximum signal frequency, maximum vane
rotation rate and peak expiratory flow (PEF) rate for each individual spirometer. Figure 4
shows a graphical representation of the linear relationship between signal frequency (in Hz)
and flow rate (in L/min) determined from the spectral analysis of the microphone input for an
example spirometer produced using Microsoft Excel. The existence of a linear relationship
between these two parameters means that conversion from a maximum signal frequency to a
Peak Expiratory Flow (PEF) rate which is useable by the patient (i.e. a value in L/min) requires
the application of a simple multiplier. In the example shown In Figure 4, the intercept of the X-
axis at an electronic signal frequency of 1575 Hz corresponds to a flow rate of 300 L/min. The
flow rate of the peak frequency (1250 Hz) shown In Figure 3 corresponds to 240 L/min. The
linear conversion of the peak harmonic frequency generated by the spirometer into flow rate
described above Is automatically performed by the Microsoft Excel software package, providing
an output of a peak flow rate which is useable by the patient.

[0057] In addition to detecting and processing the peak of the dominant harmonic, the
Microsoft Excel software package used to analyse and process the signal detects and utlilises
additional peaks (for example at 1.5x, 2x, 2.5x and 3x the frequency of the dominant harmonic)
present In the signal output In order to determine the signal frequency of the dominant
harmonic with greater accuracy and precision. For instance, these peaks are visible in Panel 3
at frequencies of, half (625 Hz), 1.5x (1875 Hz) and double (approximately 2500 Hz) that of the
dominant harmonic. Application of FFT divides the spectrum between 0 and the sampling
frequency (44,100 with a HD recording) into equally sized bands, for example at a resolution of
1024 bands, each band is 43 Hz wide. This permits accuracy (i.e. error margin) of 3.4% and
1.7% at frequencies of 1250 Hz and 2500 Hz respectively.

[0058] Statistical analysis of other characteristics of the spectral output (e.g. the area under
the graphed flow rate line) may be used to determine other useful breathing characteristics as
required.

[0059] The electrical elements provided by the rotor [4] may alternatively comprise one or
more capacitance plates [17] proximate of the edge(s) of the vane portion [5] of the rotor [4],
arranged partially around the periphery of the rotational edge of the vane portion [5] In order
that the angle of the vane portion [5] during rotation alters the capacitance in the electrical
network. Alterations In the capacitance of the electrical network may be communicated to an
electronic device via a phone plug [13].

Males (n=270) Males (n=373)
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Table 1. Principal spirometric data from an example reference sample.

[0060] With reference to Figure 8, it can be seen that this table demonstrates obstructive and
restrictive lung function impairment. In restrictive lung function impairment, the total lung
capacity (FVC; Forced Vital Capacity) i1s reduced. In obstructive the total capacity is more or
less unchanged, but it takes longer to exhale the air through the restricted airways. FEV4/FEVg;

the ratio of the amount of air exhaled in one second and six seconds Is a standard proxy for
Implant rejection. Abbreviations; SD; Standard Deviation, FEV4; Forced Expiratory Volume in 1

second, FEVg, Forced Expiratory Volume In 6 seconds, FEF55.75, Forced Expiratory Flow
between 25 and 75%, FEF g5, Forced Expiratory Flow at 50%, FEF5g; Forced Expiratory Flow
at /5%, FEF75 g5, Forced Expiratory Flow between 75 and 85%, FVC; Forced Vital Capacity,
PEF; Peak Expiratory Flow.

[0061] Aspects of the invention will now be described with reference to Figures 5 to 14. A first
embodiment of a spirometer [500] is illustrated In particular in Figure 5, whereas a second
embodiment [600] i1s illustrated in Figure 6 and shown In more detail shown In particular In
Figures 7 and 12 to 14. Figure 7 shows perspective views of a design of a spirometer of the
third embodiment of the invention, whereas Figures 12, 13 and 14 illustrate the assembly of a
spirometer manufactured according to this design.

[0062] In these alternative embodiments the spirometer [500], [600] of the Invention for
measuring throughput air flow shown in Figures 4 to 14 features an inlet deflector [602] and an
outlet deflector [603] (shown only in Figure 14 for the third embodiment). Both deflectors [602,
603] have curved spokes and are configured to cause an input airflow to rotate. In other
embodiments only one or more than two deflectors may be provided.

[0063] Located between the aforementioned inlet 602 and outlet 603 deflectors is a rotor [504,
604] comprising a vane portion [505, 605] made of opaque plastics material, which is rigidly
connected to a shaft portion [506, 606]. The rotor [504, 604] I1s arranged to be caused to rotate
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responsive to the rotating air flow. The rotor [504, 604] is arranged so that the end portions of
the shaft portion [506, 606] are pivotably mounted in respective sockets [607, 608] (see Figure
14, for the third embodiment only) defined at the radial centre of the deflectors [602, 603], such
that the vane portion [505, 605] Is mounted to rotate in the rotating airflow about an axis
defined by the shaft portion [5006, 606]. The deflectors [602, 603] and rotor [504, 604]
assembly are mounted In a housing [511, 611] which serves to retain and direct the input
airflow through the deflectors [602, 603] and rotor [504, 604]. The housing [511, 611]
comprises a cylindrical wall made of opaque plastics material, defining a cavity C and having a
window [520, 620] provided therein, arranged to admit ambient light to the cavity. In other
embodiments, plural windows may be provided side-by-side In an axial or tangential direction.

Located In respective recesses In the cylindrical wall of the housing [511, 611] Is one or more
photodiodes [521D4, 521D,, 621D], arranged at the wall facing into the cavity to detect an

amount of light incident thereon inside the cavity.

[0064] The spirometer [500, 600], and in particular, the window(s) [520, 620], cavity, rotor [504,
604] and photodiode(s) [521D4, 521D,, 621D] thereof, i1s configured such that, as the angle of

the rotor [504, 604] changes as It rotates, the amount of the ambient light admitted to the
cavity by the one or more windows [520, 620] and conveyed to the photodiode(s) [521Dq,

521D, 621D] Is varied due to obstruction by the rotor [504, 604].

[0065] The photodiode(s) [521D4, 521D5, 621D] forms part of an electrical network configured

to, In use, provide an electrical signal representative of the variation of photocurrent from the
or each of the photodiode(s) [521D4, 521D, 621D] over time as the rotor rotates due to the

airflow. The electrical signal is useable to detect the rotation rate and direction of rotation of the
rotor.

[0066] The cavity of the spirometer body defines a first radius and the radial extent of the
vanes [5095, 605] defines a second radius. The axial extent of the rotor [504, 604] (the second
radius) Is substantially the same as the axial extent of the cavity so as to allow it to block light
within the cavity from reaching the photodiode when the vane iIs interposed between the
window and the photodiode. However, the radial extent of the vanes [505, 605] i1s marginally
less than the first radius allowing free rotation of the rotor [504, 604] within the cavity. The axial
extent of the window [520, 620] Is less than and contained within the axial extent of the rotor
[504, 604], which allows optimal occlusion of the window from the photodiode when the vane
[505, 605] Is Interposed between the two.

[0067] Besides rotation rate sensitivity, the spirometers of the second and third embodiments
provide directional sensitivity usable to distinguish inhalation and exhalation cycles. This can be
achieved In a number of ways.

[0068] In the first embodiment, shown In Figure 5, the cylindrical wall of the spirometer has a
single window [520] and multiple, in this case two, photodiodes [521D4, 521D5] arranged to be

spaced at angles to each other relative to the window [520]. The photocurrent produced by the
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photodiodes [521D4, 521D,] as the rotor [504] rotates Is staggered in time, the ordering of

which reveals the direction of rotation. For example, when the rotor [504] rotates In an anti-
clockwise direction during inhalation, the photocurrent produced by photodiode 521D peaks

first, followed shortly by the photocurrent produced by the other photodiode 521D,, after which

they both are not illuminated and so do not produce any photocurrent. On exhalation, the
ordering of the peaks is reversed as the rotor [504] then rotates In the clockwise direction.

[0069] In the second embodiment, shown In Figure 6, the cylindrical wall of the spirometer 600
comprises a single window [620] and a single photodiode [621D]. In order to construct a device
which 1s capable of providing directional sensitivity as well as rotation rate, the window [620] Is
greater In angular or tangential extent than the light collecting or light sensitive area of the
photodiode [621D] and the angle subtending between the centre of the window [620] - the axis
of the rotor [604] and the centre of the photodiode [621D] is less than 180 degrees. This
results in unequal periods of less than full exposure of the photodiode [621D] to the window
[620] during the passage of the vane [605] leading to a sawtooth pattern in the light intensity
lHluminating the photodiode [621D] (see Figure 10). Whether the leading edge of the sawtooth
pattern Is sharp or sloped depends on the direction of rotation of the rotor [604]. The
characteristics and shape of this sawtooth pattern is detectable in the electrical signal output.
As shown In Figure 10, electrical signal produced at the smartphone by clockwise rotation is
shown In the top panel, whereas the signal produced by anti-clockwise rotation is shown In the
bottom panel. The biasing and circuitry in the electrical network slightly distorts the signal
produced at the smartphone such that the form of the signals looks quite different. But
nevertheless, i1t is possible to tell from the signal alone the direction of rotation, which permits
the direction of rotation of the rotor in response to throughput air as well as the rate of rotation
to be detected, which allows airflow due to inhalation and exhalation to be distinguished. In the
second embodiment, the window [620] Is rectangular in shape, having uniform axial length
across Its angular extent. In alternative embodiments, multiple windows may be provided.
Alternatively, or in addition, the or each window may have a non-uniform shape, which may
have a varying axial length along its angular extent. For example, by providing a window that

has a triangular shape, the sawtooth shape of the produced photocurrent signal may be more
pronounced and more easily detectable.

[0070] In use, the photodiode [621D] forms part of an electrical network coupled to the
photodiode and configured to, In use, provide an electrical signal useable to detect the light
level reaching the photodiode [621D] and thus, the rotation rate and direction of the rotor [604].
As the rotor [604] rotates the amount of illumination incident upon the photodiode [621D)]
varies. Alterations In the light level reaching the photodiode [621D] are transduced Into an
electrical signal, which may be communicated to an electronic device via a phone plug [13].

[0071] The spirometer [500, 600] is rigidly connected to a phone plug [614] (not shown for the
first embodiment) and the electrical network is connected to one or more contacts [614] of said

phone plug [613] that Is coupled to or rigidly connected to the spirometer [500, 600].

[0072] In order to detect the electrical signal produced by the rotation of the vane [505, 6035],
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the electrical network Is connected to one or more contacts [614] of a phone plug [613], which
IS rigidly connected to the spirometer [500, 600]. This permits the spirometer [500, 600] to plug
Into the microphone and speaker jack of a smartphone and the phone's microphone circuit
applies a bias voltage (e.g. +3V) to the electrical network of the spirometer [500, 600].

[0073] In the second embodiment, as shown In the top panel of Figure 10 the raw electrical
signal produced In the electrical network due to the photocurrent produced by the photodiode
exhibits a sawtooth peak twice per complete rotation of the vane portion [604]. Due to the bias
voltage applied by the smartphone's microphone circuit the raw signal shown at Figure 10 is
above and below a zero level. The sawtooth pattern of the circuit can be detected in an output
signal, which when measured over time, allows a rotation rate of the rotor [605] to be

determined for example by applying a Discrete Fourier Transform (DFT) or Fast Fourier
Transform (FFT).

[0074] To circumvent activation of the smartphone's low resistance direct contact responses
(below 1k Ohm) when the rotor [605] Is caused to rotate in response to the rotating airflow, like
In the first embodiment a 1k Ohm resistor (not shown) Is Incorporated Iinto the electrical
network by placing it in serial connection with the photodiode [621D]. This additional resistance
In the electrical circuit assists with the compatibility of the spirometer [600] with the specific
smartphone device but may not be necessary with all electronic devices suitable for use with
the invention.

[0075] Using a smartphone device and the Praat software package, the rotation rate of the
vane [605], can further be calibrated to give a measurement of airflow (and thus the peak
expiratory flow, forced expiratory volume, forced expiratory flow and forced vital capacity)
through the spirometer [600] from a single exhalation or inhalation. Signal processing has the
following elements; the change in microphone signal intensity can show individual rotations
(Figure 10), autoregressive analysis can be used to detect repetition Iin the signal pattern,
Discrete Fourier Transform (DFT) can be used as a faster way of counting many peaks and
signal shape analysis can be used to recognise forward and backward rotation.

[0076] An example of this Is given In Figure 11, which shows a graphical representation of an
electrical signal produced by exhalation and inhalation into a spirometer [600] of the third
embodiment of the invention In three different, increasing light levels as analysed using Praat
software on a smartphone. Panel 1 shows the raw electrical signal received at the microphone
Input from the device. Panel 2 shows the spectral analysis of the electrical signal using a
Discrete Fourier Transform algorithm (DFT). Panel 3 shows the signal intensity. At high
frequencies, it Is possible to determine the rotation rate of the spirometer vane [605] using the
spectral analysis produced by the DFT. At low frequencies, it may be necessary to determine
the rotation rate from the peaks in the signal intensity. From this it is possible to determine the
airflow through the spirometer [600] in litres/min.

[0077] As with the spirometer shown In Figures 1-4, although each spirometer of the first and
second embodiments, has different characteristics and features, using exhalations of various
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force it Is possible to calibrate the maximum signal frequency, maximum vane rotation rate
peak expiratory flow rate, forced expiratory volume, forced expiratory flow and forced vital
capacity for each individual spirometer.

[0078] Statistical analysis of other characteristics of the spectral output (e.g. the area under
the graphed flow rate line) may be used to determine other useful breathing characteristics as
required.

[0079] A method of manufacturing a spirometer [500, 600] for measuring throughput air flow

according to the first and second embodiments will now be described with particular reference
to Figures 12, 13 and 14.

[0080] Firstly, the method includes providing a spirometer body [511, 611] having a cylindrical
wall defining a cavity and having one or more windows [520, 620] arranged to admit ambient
light to the cavity. The spirometer body [511, 611] or housing may be provided in two halves, as
shown In Figure 14. The spirometer body may be produced, for example, by a plastics
moulding process.

[0081] Next, the method includes providing, inlet and outlet deflectors [602, 603] as shown In
Figure 9 configured to cause an input airflow to the cavity defined by the spirometer body to

rotate and a rotor [504, 604] comprising a vane portion [505, 605] rigidly connected to a shaft
portion [506, 507].

[0082] Then, the method includes providing one or more photodetectors [522D4, 522D,, 622D]

arranged at the wall of the spirometer body [511, 611] facing Into the cavity to detect an
amount of light incident thereon inside the cavity.

[0083] Then, the method includes forming part of an electrical network, coupled to the or each
photodetector [522D4, 522D,, 622D] and configured to, in use, provide an electrical signal

useable to detect the rotation rate of the rotor [504, 604].

[0084] The method then includes coupling or rigidly connecting a phone plug [613] to the
spirometer and connecting the electrical network to one or more contacts of the phone plug
[613] that is coupled to or rigidly the spirometer [500, 600]. As shown In Figure 14, the phone
plug [613] may be arranged in and supported between parts of two halves of housing [511,
611].

[0085] The method also includes assembling the rotor between the inlet and outlet deflectors
602, 603] such that the end portions of the shaft [506, 606] are pivotably mounted In
respective sockets [607, 608] defined at the radial centre of the deflectors [602, 603], such that
the vane portion [505, 6035] 1Is mounted to rotate Iin the rotating airflow such that, in use as the
angle of the rotor [504, 604] changes as It rotates the amount of the ambient light admitted to
the cavity by the one or more windows [520, 620] and conveyed to the or each photodetector
[522D4, 522D, 622D] Is varied due to obstruction by the rotor [504, 604]. This assembly may
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be achieved, by, for example, bringing together the two halves of the housing shown Iin Figure
14 to suspend the rotor [504, 604] therebetween. A transparent plastic window may be

Inserted in the gap G moulded in the housing halves to provide the window. The assembled
spirometer i1s shown In Figure 13, and the window [620] i1s shown In detall in Figure 12.
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PATENTKRAV

.

Et spirometer til at male gennemstrgmningsluft bestar af; et spirometerlegeme, som
har en cylindrisk vaeg der definerer et hulrum og som har et eller flere vinduer til at
lukke det omkringliggende lys ind 1 hulrummet; en eller flere deflektorer konfigureret
til at skabe et Iluftgennemstrgmningsinput 1 det hulrum, som defineres af
spirometerlegemet, til at rotere; en rotor, arrangeret 1 hulrummet, som defineres af
spirometerlegemet for at rotere pavirket af den roterende luftstrgmning; og en eller
flere fotodetektorer, der er placeret ved vaeggen til spirometerlegemet og vender ind
mod hulrummet for at male graden af lysindfald pa disse inde i1 hulrummet; hvor
spirometret er indstillet saledes, at vinklen pa rotoren @&ndres mens den roterer, det
lysindfald, der lukkes ind 1 hulrummet fra et eller tlere vinduer og videredistribueres
til den enkelte eller flere fotodetektorer varierer pa grund af rotorens blokering; og
hvorved den ene eller flere fotodetektorer indgar 1 et elektrisk netvark der er skabt til,
nar det er under anvendelse, at skabe et elektrisk signal, der kan bruges til at afsgge

rotorens rotationsrate.

Et spirometer, der lever op til kravspecitikation 1, er kendetegnet ved, at det elektriske
netvaerk er forbundet med et eller flere kontakter pa et telefonstik, der er parret med,

eller er 1 tet forbindelse med spirometeret.

Et spirometer, der lever op til kravspecifikationl eller kravspecifikation 2, er
kendetegnet ved, at rotoren omfatter en vingedel, der er tat knyttet til en
skaktkomponent, saledes at vingedelen kan rotere omkring en akse defineret ved
skaktkomponentens udstrekning; og hvor begge endestykker 1 skaktdelen er drejeligt
monteret 1 de respektive holdere 1 spirometeret, saledes at vingedelen er monteret til at

rotere 1 den roterende luftstrgm;

Et spirometer, der lever op alle kravspecifikationerne fra 1 til 3, er kendetegnet ved, at
en eller flere fotodetektorer er arrangeret delvist omkring overfladens periferr og
afgreenses af rotationen af vingedelens kanter. Eventuelt hvori en eller flere
fotodetektorer er placeret 1 fordybninger 1 spirometerlegemet og vender ind 1imod

hulrummet.
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Et spirometer, der lever op tl kravspecifikation 4, hvort hulrummet 1
spirometerlegemet definerer en fgrsteradius, og vingens radiale udstraekning definerer
en andenradius; Og hvori andenradius er er saledes indrettet, at den tillades at blokere
for lyset indenfor hulrummet, sa lyset ikke nar frem til fotodetektorerne, men er
mindre end fgrsteradius, der pa den made tillader fri rotation 1 hulrummet; eventuelt
hvor rotorens aksiale udstrekning har praecis den samme radiale udstrekning som

hulrummets aksiale udstraekning.

Et spirometer, som lever op til alle forudgaende kravspecifikationer og er kendetegnet

ved, at den cylindriske vaeg omfatter et enkelt vindue og en enkel fotodetektor.

Et spirometer der lever op til alle forudgaende krav, hvor cylinderens vaeg udggres af
et enkelt vindue og mere end en fotodetektor; og hvor det er at foretrekke, at gruppen

at detektorer er placeret 1 vinkler rundt om den cylindriske vaeg.

Et spirometer der lever op til alle forudgaende krav, hvori mindst et af det ene eller af

de flere vinduer er imellem 0.5 og 3 kvadratmeter.

Et spirometer, der lever op til alle forudgaende kravspecifikationer og er kendetegnet

ved, at mindst en ud af en eller flere fotodetektorer er en fotodiode.

Et spirometer, som lever op til alle foregaende krav, og hvori spirometrets cylindriske
vaeg er uigennemsigtig bortset fra det ene eller de flere vinduer, der er placeret saledes
at de tillader det omgivende lys at trenge ind 1 hulrummet; hvor1 spirometeret 1 bedste
fald er tilknyttet en elektronisk enhed, og helst kendetegnet ved, at denne elektroniske

enhed er en smartphone.

Et spirometer, der lever op til alle forudgaende kravspecifikationer og hvor lyset ikke

tilfgres a af aktiv eller elektrisk drevet lyskilde.

Et spirometer, der lever op til alle forudgaende kravspecifikationer og er kendetegnet

ved, at det elektroniske netvaerk udggres af en eller flere resistorer/modstande;
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eventuelt hvorlt mindst en eller flere resistorer ligger indenfor intervallet 500 Ohm -
3k Ohm og 1 seriel forbindelse med rotoren. Hvori det er at foretraekke, at mindst den

ene af den ene eller de flere resistorer er en 1k Ohm resistor.

13. En metode, hvorved man maler den gennemstrgmmende luftstrgm ved at anvende et

spirometer, som lever op til alle forudgaende krav, og som bestar af fglgende skridt,

hvor man;
a. tilknytter spirometeret til en elektronisk enhed; og
. ved brug af den elektroniske enhed registrerer det elektriske signal, der afgives

at spirometeret, som udsattes for luftgennemstrgmning; og

C. processerer ved brug af den elektroniske enhed, hvorved der opnas et elektrisk
signal, som maler den gennemstrgmmende lufts karakteristika. Eventuelt
saledes, at der processeres ved brug af den elektroniske enhed, og at det
clektroniske signal kan fastlegge rotorens rotationsrate med udgangspunkt 1, at
det elektroniske signal produceres ved hjelp at en eller flere fotodetektorer alt
imens rotoren roterer; hvor det er at foretraekke, at det elektriske signal, der
fremkommer ved brug af den elektroniske enhed, ogsa omfatter det skridt at
udfgre en Discrete Fourier Transtormation (DFT) og omdanner en komponent
fra det elektriske signal, som det fremkommer ved brugen af den ene eller de

flere fotodetektorer, alt imens rotoren roterer ind 1 rotationsrate.

14. En metode, som lever op til kravspecifikation 13 og er kendetegnet ved, at man under
brug at den elektroniske enhed, processerer det elektriske signal og bestemmer
luftgennemstrgmningens definerende karakteristika ud fra rotorens rotationsrate,

baseret pa kalibreringsdata, der definerer forholdet imellem de to 1 spirometret.

15. En metode, som lever op til kravspecifikationl3 og 14 og er bestemt ved, at man, ved
anvendelse af den elektroniske enhed, processerer et elektrisk signal, der er 1 stand til

at fastlegge retningen af rotorens rotation.

16. En metode til fremstilling af et spirometer til maling af luftgennemstrgmning:
a. Omifattende et spirometerlegeme med en cylindrisk vaeg, der omgiver et hulrum

og har en eller flere vinduer til at lukke omkringliggende lys ind 1 hulrummet;
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. Omfattende indgangs- og udgangsdeflektorer, der er konfigureret til at danne

indgaende lufttilfgrsel til hulrummet, der er defineret af spirometerlegemet, og

skaber rotation for en rotor, der bestar af en vingedel, der er taet knyttet til en

skaktdel:

. Indeholdende en eller flere fotodetektorer, der er arrangeret pa vaggene af

spirometerlegemet og vender ind imod hulrummet sa den/de kan bestemme

omfanget af lystremkomst 1 hulrummet;

. Udggrende en del af et elektronisk netvark, der er forbundet med en eller flere

fotodetektorer og konfigureret til, nar det er 1 brug, at frembringe et elektronisk

signal, der kan bruges til at bestemme rotorens rotationsrate;

. Samlende en rotor imellem indgangs- og udgangsdeflektorer, saledes at begge

endestykker af skaktdelen er drejeligt monteret 1 deres respektive sokler defineret
ved deflektorernes radiale centrum, saledes at vingedelen er pasat for at rotere i
den roterende luftgennemstrgmning pa en made, hvorved mangden af det
omgivende lys, som et eller flere vinduer giver adgang til hulrummet,
transporteres til fotodetektorerne og varieres 1 mae&ngde under rotation grundet

rotorens forhindring; og

. Sammenkoblet eller 1 tet tilslutning at et telefonstik til spirometeret og

tilslutningen af det elektriske netvaerk til en eller flere kontakter pa telefonstikket

som er koblet til eller tet forbundet til spirometret.
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