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A METHOD FOR MONITORING
ADHERENCE TO MEDICATION

FIELD

[0001] The present invention is concerned with a method
for monitoring adherence to medication. More particularly,
the invention is concerned with a method for monitoring
adherence to medication in terms of the maintained drug
concentration in a patient’s body over a particular time
interval.

BACKGROUND

[0002] Assessing patient adherence to medication is a
perennial problem in the management of many chronic
illnesses. The ability to properly assess adherence is essen-
tial in accurately measuring the effectiveness of a course of
treatment. This is an issue in the case of many drug delivery
systems, where errors in technique can result in a patient
receiving a drastically reduced dose (for example aerosol
delivery systems such as inhalers). In addition, the effec-
tiveness of many medications may depend on correct timing
and spacing of doses, which must be accounted for in order
to assess the patient’s response to treatment. Measurement
of adherence may also play an important role in the pre-
scription of medication, since a non-adherent patient may in
practice receive a significantly lower dose than intended.

[0003] Currently used methods of adherence assessment
include self-report, dose counting (using patient diaries or
dose counting devices attached to drug delivery systems)
and assessment of patient prescription refill rates. Each of
these methods have numerous drawbacks, and in some
cases, bear little or no relation to actual adherence behav-
iour. In particular, patient self-reported adherence has been
shown to have little or no correlation with health outcomes,
and indeed, i1s found to have a low correlation with more
objective measures of adherence. This may be a result of
memory problems, an unwillingness to admit to non-adhet-
ence, or any number of other physical and psychological
factors.

[0004] It will be appreciated that methods such as dose
counting and prescription refill monitoring are more objec-
tive than self-report. However, such methods are still prone
to many sources of error. Prescription refill data, for
example, does not provide any evidence as to whether the
medication was actually taken. Furthermore, neither pre-
scription refill nor dose counting give any estimate of the
timing or proficiency with which the dosage was received.
For example, some patients display multi-dosing behaviour,
where several doses are taken together, rather than being
spaced out at regular intervals as prescribed. FIG. 1 shows
an illustrative example of how the dose timing exhibited by
two different patients may affect drug concentration. In both
cases the patient has taken the same number of doses over
the period shown. However in example (b) the patient
displays erratic dose timing, with the result that the drug
concentration in the patient’s body drops below a target
threshold concentration 6 for approximately 50% of the
period shown. In contrast, due to the fact that the patient
took their dose at more regular intervals in example (a), it
can be seen that the drug concentration in the patient’s body
remains above the target threshold concentration 6 for the
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period shown. It will be appreciated that this may strongly
alter the effectiveness of the treatment, while still leading to
high adherence scores.

[0005] The paper by Alan Morrison et al entitled “Defin-
ing medication adherence in individual patients”, Patient
Preference and Adherence, vol. 9, 1 July 2015, pages 893 to
897, describes a method for determining patient adherence
which includes determining the proportion of time over a
time interval an estimated concentration of medication in a
patient’s body exceeds a single hard threshold concentration
value. This threshold concentration value was determined
from pharmacokinetic models which did not take into
account any patient variables or individual variability in
treatment response or medication taking behaviour.

[0006] The paper by Imran Sulaiman et al entitled “A
method to calculate adherence to inhaled therapy that
reflects the changes in clinical features of asthma”, Annals
of the American Thoracic Society, 28 Jul. 2016, pages 1894
to 1903, simply describes the use of technique scores to
weight doses of medication. There is no method described in
this paper regarding the use of any type of threshold for
determining patient adherence.

[0007] Thus, it is an object of the present invention to
overcome at least one of the above mentioned problems.

SUMMARY

[0008] According to a first aspect of the invention, as set
out in the appended claims, there is provided a method for
monitoring adherence by a patient to a medication, the
method comprising the steps of:

[0009] obtaining timing data in respect of each dose of a
medication taken by a patient over a time interval;

[0010] calculating an estimate of the concentration of the
medication in the patient’s body over the time interval based
on the dose timing data;

[0011] determining the proportion of time over the time
interval the estimated concentration of the medication in the
patient’s body exceeds a target concentration by applying a
continuous threshold function to the estimated concentration
of the medication in the patient’s body over the time
interval; and

[0012] calculating an adherence score for the patient from
the output of the threshold function over the time interval,
wherein the adherence score represents the proportion of
time the concentration of the medication is above the target
concentration in the patient’s body.

[0013] In an embodiment, the method further comprises
the step of:
[0014] obtaining in respect of each dose of the medication

taken by the patient over the time interval a technique score
representing the proportion of the full dose which was
correctly taken by the patient; and

[0015] wherein the step of estimating the concentration
d(t) of the medication in the patient’s body over the time
interval comprises calculating the function:

d =) et

tg<t
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wherein the data {t,} corresponds to the set of dose timing
data, the parameter a corresponds to the decay rate of the
medication, and the parameter § corresponds to the tech-
nique score for each dose.

[0016] In one embodiment, the decay rate of the medica-
tion is calculated from the equation:

In2

Tip=—
@

wherein the parameter T, , corresponds to the physiological
half-life of the medication.

[0017] In another embodiment, the decay rate of the
medication is estimated by a maximum-likelihood method.
[0018] In an embodiment, the method further comprises
obtaining a value for the technique score by an analysis of
the proficiency of the patient in respect of each dose taken.
[0019] In an embodiment, the technique score comprises a
value of between 1 and 0, wherein 1 represents a correctly
taken full dose and O represents an incorrectly taken full
dose.

[0020] In an embodiment, the step of determining the
proportion of time over the time interval the concentration of
the medication in the patient’s body exceeds a target con-
centration comprises applying a threshold function to the
estimated concentration of the medication in the patient’s
body over the time interval, wherein the threshold function
o (1) comprises:

1

o= I @

wherein the parameter 8 comprises a threshold concentra-
tion value corresponding to the concentration of the medi-
cation in the patient’s body required to control the patient’s
medical condition and the parameter [ comprises a threshold
sharpness value corresponding to the extent to which the
adherence score depends on the threshold value.

[0021] In an embodiment, the threshold concentration
value and the threshold sharpness value are determined from
patient outcome data.

[0022] In an embodiment, the threshold concentration
value and the threshold sharpness value are determined
through the use of maximum likelihood estimation on the
patient outcome data.

[0023] In an embodiment, the patient’s medical condition
is a respiratory disease, and wherein the patient data corre-
sponds to peak expiratory flow rate data and adverse respi-
ratory event data.

[0024] In an embodiment, the step of calculating an adher-
ence score for the patient comprises averaging the output of
the threshold function over the time interval to provide the
adherence score.

[0025] In an embodiment, the adherence score comprises
a value of between O and 1, which value represents the
proportion of time over the time interval the concentration of
the medication in the patient’s body exceeds the target
concentration.

[0026] In anembodiment, the step of calculating an adher-
ence score for the patient comprises calculating a moving
average of the threshold function to obtain a continuous
measure of adherence over the time interval.
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[0027] In an embodiment, the method further comprises
providing a drug delivery system for delivering the medi-
cation to the patient, and further wherein the drug delivery
system is adapted to obtain the dose timing data and the
technique score.

[0028] In one embodiment, the drug delivery system com-
prises an aerosol delivery system.

[0029] In another embodiment, the drug delivery system
comprises an injectable delivery system.

[0030] In yet another embodiment, the drug delivery sys-
tem comprises a system for dispensing capsule medication.
[0031] In an embodiment, the method further comprises
calculating based on the adherence score an estimate of the
correct dosage of the medication required for the patient to
control their medical condition.

[0032] In an embodiment, the threshold function com-
prises a sigmoidal threshold function comprising a plurality
of parameters, wherein the value of at least one of the
parameters of the threshold function is determined from
patient outcome data.

[0033] In an embodiment, the method further comprises
the step of:
[0034] obtaining in respect of each dose of the medication

taken by the patient over the time interval a technique score
representing an estimate of the proportion of the full dose
which was received by the patient; and

[0035] wherein the step of calculating an estimate of the
concentration d(t) of the medication in the patient’s body
over the time interval comprises calculating the function:

dn = Z 615 oait=ts)

tg<t

[0036] wherein {t;} corresponds to the set of dose
timing data obtained over the time interval, the param-
eter a corresponds to the decay rate of the medication,
and the parameter § corresponds to the technique score
for each dose.

[0037] In an embodiment, the threshold function o (t)
comprises:

1

o0 = T

wherein the parameter 6 comprises a threshold concentra-
tion value corresponding to the concentration of the medi-
cation in the patient’s body required to control the patient’s
medical condition and the parameter [} comprises a threshold
sharpness value corresponding to the extent to which the
adherence score depends on the threshold function, wherein
the values of the parameter 8 and the parameter [} are
determined from patient outcome data.

[0038] In an embodiment, the method further comprises
obtaining a value for the technique score by an analysis of
information regarding the usage by the patient of a drug
delivery device in respect of each dose taken.

[0039] Inan embodiment, the technique score comprises a
value of between 1 and 0, wherein 1 represents a full dose
of medication received by the patient and 0 represents a dose
where no medication was received by the patient.
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[0040] In an embodiment, the technique score comprises a
weighted score.
[0041] In anembodiment, the step of calculating an adher-

ence score for the patient from the output of the threshold
function over the time interval comprises integrating the
output of the threshold function over the time interval to
provide the adherence score.

[0042] In an embodiment, the step of calculating an adher-
ence score for the patient from the output of the threshold
function over the time interval comprises calculating a
moving average of the threshold function to obtain a con-
tinuous measure of adherence over the time interval.
[0043] In an embodiment, the estimate of the correct
dosage of the medication required for the patient to control
their medical condition comprises the minimum dose
required to maintain a concentration of the medication above
the target concentration in the patient’s body, and for the
case where the patient takes all doses at the correct intervals
the step of calculating the estimate of the correct dosage of
medication comprises calculating by means of the equation:

—fe?-1) 05"~

p—hin2 - 0.5

wherein h comprises a constant representing the expected
number of half-lives between doses.

[0044] In another aspect of the invention there is provided
an apparatus for monitoring adherence by a patient to a
medication, the apparatus comprising:

[0045] means for obtaining timing data in respect of each
dose of a medication taken by a patient over a time interval,
[0046] means for calculating an estimate of the concen-
tration of the medication in the patient’s body over the time
interval based on the dose timing data;

[0047] means for determining the proportion of time over
the time interval the estimated concentration of the medi-
cation in the patient’s body exceeds a target concentration by
applying a continuous threshold function to the estimated
concentration of the medication in the patient’s body over
the time interval; and

[0048] means for calculating an adherence score for the
patient from the output of the threshold function over the
time interval, wherein the adherence score represents the
proportion of time the concentration of the medication is
above the target concentration in the patient’s body.
[0049] In another aspect of the invention there is provided
a computer implemented system for monitoring adherence
by a patient to a medication, the system configured with one
or more modules to:

[0050] obtain timing data in respect of each dose of a
medication taken by a patient over a time interval,

[0051] calculate an estimate of the concentration of the
medication in the patient’s body over the time interval based
on the dose timing data;

[0052] determine the proportion of time over the time
interval the estimated concentration of the medication in the
patient’s body exceeds a target concentration by applying a
continuous threshold function to the estimated concentration
of the medication in the patient’s body over the time
interval; and

[0053] calculate an adherence score for the patient from
the output of the threshold function over the time interval,
wherein the adherence score represents the proportion of
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time the concentration of the medication is above the target
concentration in the patient’s body.

[0054] In another aspect of the invention there is provided
a method for monitoring adherence by a patient to a medi-
cation, the method comprising the steps of:

[0055] obtaining timing data in respect of each dose of a
medication taken by a patient over a time interval;

[0056] estimating the concentration of the medication in
the patient’s body over the time interval based on the dose
timing data;

[0057] determining the proportion of time over the time
interval the concentration of the medication in the patient’s
body exceeds a target concentration; and

[0058] calculating an adherence score for the patient based
on the determined proportion of time the concentration of
the medication in the patient’s body exceeds the target
concentration.

[0059] In another aspect of the invention there is provided
an apparatus for monitoring adherence by a patient to a
medication, the apparatus comprising:

[0060] means for obtaining timing data in respect of each
dose of a medication taken by a patient over a time interval,
[0061] means for estimating the concentration of the medi-
cation in the patient’s body over the time interval based on
the dose timing data;

[0062] means for determining the proportion of time over
the time interval the concentration of the medication in the
patient’s body exceeds a target concentration; and

[0063] means for calculating an adherence score for the
patient based on the determined proportion of time the
concentration of the medication in the patient’s body
exceeds the target concentration.

[0064] In another aspect of the invention there is provided
a system for monitoring adherence by a patient to a medi-
cation, the system configured with one or more modules to:
[0065] obtain timing data in respect of each dose of a
medication taken by a patient over a time interval;

[0066] estimate the concentration of the medication in the
patient’s body over the time interval based on the dose
timing data;

[0067] determine the proportion of time over the time
interval the concentration of the medication in the patient’s
body exceeds a target concentration; and

[0068] calculate an adherence score for the patient based
on the determined proportion of time the concentration of
the medication in the patient’s body exceeds the target
concentration.

BRIEF DESCRIPTION OF THE DRAWINGS

[0069] 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 accom-
panying drawings, in which:

[0070] FIG. 1 shows exemplary simulated drug concen-
trations for two patients, with target threshold concentration
8;

[0071] FIG. 2 shows a schematic of the main steps
involved in the time-above-threshold calculation provided
by the method of the present invention;

[0072] FIG. 3 illustrates the effects of different values of
the parameters 6 and f on the threshold function; and
[0073] FIG. 4(a) shows exemplary fitted parameter values
a, B, 0 and T for use with the method of the invention when
the method is being performed in respect of patients having
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a respiratory disease such as asthma, the parameters
obtained using the measurements of Peak Inspiratory Flow
Rate (PIFR) and Adverse event rate (AE rate) respectively as
target outcomes, while FIG. 4(b) shows exemplary values of
the parameter § corresponding to particular technique errors
exhibited by this exemplary patient dataset.

DETAILED DESCRIPTION OF THE DRAWINGS

[0074] Tt will be appreciated that the aim of medication is
to maintain a certain concentration of the medication in a
patient’s body or system in order to treat the patient’s
medical condition. Thus, the present invention defines a
method for monitoring a patient’s adherence to their medi-
cation in terms of the maintained drug concentration in their
body over a particular time interval.

[0075] The method comprises the steps of obtaining tim-
ing data in respect of each dose of a medication taken by a
patient over a time interval; calculating an estimate of the
concentration of the medication in the patient’s body over
the time interval based on the dose timing data; determining
the proportion of time over the time interval the estimated
concentration of the medication in the patient’s body
exceeds a target concentration by applying a continuous
threshold function to the estimated concentration of the
medication in the patient’s body over the time interval; and
calculating an adherence score for the patient from the
output of the threshold function over the time interval,
wherein the adherence score represents the proportion of
time the concentration of the medication is above the target
concentration in the patient’s body. The threshold function
comprises a sigmoidal model which has parameters whose
values are optimised for each patient from the patient’s
individual outcome data.

[0076] The timing data in respect of each dose of medi-
cation taken by a patient over a predetermined time interval
may be obtained in any suitable manner, in order to obtain
a dose timing dataset {t_} which contains a set of weighted
dose times which correspond to the time of each dose of
medication taken by a patient over the time interval, such as
for example {t;, ts, t;, t,}, as shown in FIG. 2(a). In one
embodiment, the timing data in respect of each dose may be
obtained by a device attached to the drug delivery system
being used by the patient to receive the medication, such as
for example a device which is configured to record the time
corresponding to each dose taken by the patient over the
time interval. The drug delivery system may be of any
known type. The drug delivery system could be an aerosol
drug delivery system, such as for example an inhaler, in the
case where a patient suffers from respiratory illness. The
drug delivery system could alternatively be an injectable
delivery system, such as for example an insulin pen, in the
case where a patient is a diabetic. Alternatively, the drug
delivery system could be a system for dispensing any type
of tablet or capsule medication.

[0077] The calculation of the estimate of the concentration
of the medication in the patient’s body over the time interval
based on the dose timing dataset is performed by modelling
the time course of concentration for the particular medica-
tion being taken by the patient.

[0078] In accordance with the present invention, the con-
centration d(t) is given by the exponential function
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d(n = Z 5, 67 @

to<t

[0079] More generally, depending on the pharmacody-
namics and delivery method of the drug in question, the
concentration model may be adjusted to account for param-
eters such as different absorption and elimination rates. In
this case, the concentration may be given by one of a family
of functions of the form:

din) = Z 8 (e =11 gat-ts V241

tg<t

Where the powers p,and p, are parameters that encode how
the drug is metabolised in the system.

[0080] FIG. 24 illustrates an exemplary concentration
profile for a single dose of medication, while FIG. 2¢
illustrates how the estimated concentration d(t) of the drug
in the patient’s body over time given by the function in
equation (1) is a combination of the weighted dose times and
the concentration profile for a single dose. In these equa-
tions, {t,} corresponds to the dataset of dose times associ-
ated with the patient, such as for example the set of dose
times which was obtained over a predetermined time inter-
val by the drug delivery system being used by the patient to
administer their medication, as discussed above. The param-
eter a represents the decay rate of the medication in question.
In one embodiment, the decay rate is calculated is by the
equation:

n2 @
Tip= -

where T, corresponds to the physiological half-life of the
medication in question. In an alternative embodiment, the
decay rate can be estimated through the use of maximum
likelihood methods.

[0081] The parameter d is a technique score associated
with each dose taken by the patient, which represents the
estimated proportion of the full dose received by the patient
in respect of each dose. The value of the technique score is
determined based on data obtained regarding how profi-
ciently the drug delivery device is being used by the patient.
[0082] The technique score parameter is necessary to
obtain an accurate adherence score, as where there is tech-
nique error due to a patient’s use of a particular drug
delivery system, it can often lead to little or no actual dosage
being received. In one embodiment of the invention, the
technique score takes the value of 1 for correctly taken
doses, and values of between 0 and 1 for doses where
technique errors were made. In another embodiment of the
invention, the technique score could comprise a weighted
score, such as for example a weighted score calculated from
the inspiratory flow rate of a patient.

[0083] The technique score can be obtained by an analysis
by the drug delivery system and an analysis of the profi-
ciency of the patient in respect of each dose taken. For
example, where the drug is delivered by an inhaler, data such
as how well the inhaler was primed by the patient, whether
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the patient exhaled before use, and the inspiratory flow rate
achieved on each use can be obtained in respect of each dose
taken by the patient. Such exemplary data could be obtained
for example through the use of a suitable tracking device.
The obtained data is then used to calculate an estimate of the
proportion of the full dose of the drug which is actually
received by the patient at each dose. This calculation can be
made for example with reference to a drug deposition curve,
which characterises the proportion of drug absorbed as a
function of inspiratory flow rate.

[0084] Since 8=1 for all correctly taken doses, indepen-
dent of the actual dosage taken, it will be appreciated that the
concentration, d(t), and the target threshold value, 8, are thus
expressed in units of the prescribed dosage.

[0085] To determine the proportion of time spent above
the target or threshold concentration for the predetermined
time interval, the concentration value is then passed through
a sigmoidal threshold transfer function, as illustrated in FIG.
2d. This results in the generation of a time above threshold
function, an example of which is illustrated in FIG. 2e. As
can be seen from FIG. 2e, this function is close to one when
the drug concentration at a particular point in time is over the
threshold concentration value and is close to zero when it is
below the threshold concentration value.

[0086] In one embodiment, the sigmoidal threshold trans-
fer function comprises the following logistic function:

o ®
o0 = Fan®

The parameters 68 and {3 of the threshold function represent
the threshold or reference drug concentration value and the
sharpness of the threshold function respectively. That is, 6
encodes the target drug concentration needed to control the
medical condition of the patient, while the parameter f3
captures how strongly the adherence score depends on the
threshold function. It should be noted that this sigmoidal
transfer function, o(t) is continuous with respect to both the
concentration value, d(t), and the model parameters 6 and f3.
[0087] As can be seen from FIG. 3, for large values of f3,
the threshold function approximates a step function, with a
value of 1 when the concentration is above the threshold
concentration and 0 otherwise. For small values of 3, the
transition becomes smoother, and the threshold effect is
weaker.

[0088] Any continuous sigmoidal threshold transfer func-
tion could equally well be used in place of the function
shown above, provided the function possesses the following
properties:

[0089] The value oft) is in the interval [0,1] where o—=1
as d(t)—o

[0090] o© is a monotonic function of the concentration
d(t) (i.e., o always increases as d(t) increases)

[0091] The function contains a parameter having the
same dimension as the drug concentration, d(t), repre-
senting a reference or target of the concentration (i.e. 6
in the function above).

[0092] o is differentiable with respect to the concentra-
tion, d(t), as well as with respect to any model param-
eters (e.g. P and 0 in the function above).

[0093] In one embodiment of the invention, the adherence
score A for the clinically relevant time period (e.g. one
month) is obtained by integrating the output of the threshold
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function over the time interval, giving a value of A between
0 and 1 representing the proportion of time above threshold:

|k 4
Ale, 5,0 = ifo’([)dl

0

[0094] In an alternative embodiment, a moving average of
the output o (t) may be employed to obtain a continuously
varying measure of the current adherence score.

[0095] This adherence score enables a clinician to estimate
the optimal drug doses in respect of an individual patient.
The optimal dose can be calculated directly from the thresh-
old value, and is defined as the minimum dose needed to
maintain an above-threshold concentration, given the
patient’s threshold level and adherence pattern. For
example, if the patient takes all doses at the correct intervals,
then the optimal dose for the patient is simply given by the
equation:

—(05" =1
9, = P R o

where h is a constant representing the expected number of
half-lives between doses (for example, if the half-life is 12
hours and doses are to be taken twice daily, then h=I.
Alternatively, if doses are to be taken once daily, then h=2
etc).

[0096] In one embodiment of the invention, the values of
the parameters 8 and [ of the threshold function are values
which have been optimised against patients’ health outcome
data, in order to establish those values which give the best
prediction of patient outcomes. The determination of the
values is made from an analysis of patient data for the
medication in question which may have been performed at
any previous time.

[0097] The chosen values of these parameters are deter-
mined to be those values of the parameters 6 and § for which
the adherence measure is most strongly predictive of patient
outcomes. This is achieved by treating the adherence score
as a predictor variable in a statistical model for the relevant
outcome variable. Taking an example of where the outcome
variable is the number of asthma exacerbations, the adhet-
ence score can be used as a predictor in a Poisson regression
model, and where time to exacerbation/hospitalisation is the
outcome (and therefore not all patients may have experi-
enced the endpoint), a time-to-event model may be
employed. Taking another example of where the outcome is
a measure of lung function, the adherence score may be
treated as a covariate in a time-lagged linear regression
model.

[0098] It will be appreciated that since these statistical
models are well defined, the likelihood function for these
models may then be constructed as a function of the adher-
ence score. As the adherence score has been defined to be
continuously differentiable with respect to the model param-
eters of the threshold function (i.e. 6 and {§ in the exemplary
threshold function of equation (3)), it is possible to deter-
mine the derivatives of the likelihood function with respect
to these parameters, and hence to determine the values of the
model parameters which maximise the likelihood of the
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data. This can be implemented using standard gradient
descent techniques. Accordingly, such analysis typically
involves the review of patient outcome data from a study of
a group of patients having the same medical condition and
who were prescribed the medication in question. For
example, in the case where the method is being used to
determine an adherence score for a patient having a respi-
ratory disease such as an asthma patient or a patient having
Chronic Obstructive Pulmonary Disease (COPD), the study
may have involved gathering clinical data from a group of
patients who were generally otherwise healthy. Thus, in this
exemplary study, the patient outcome data could have com-
prised two established measures of patient well-being for
patients having a respiratory disease, namely:
[0099] 1. Peak Expiratory Flow Rate (PEFR), measured
independently twice daily
[0100] 2. The number of self-reported adverse respira-

tory events (AEs) within a one month period after the

beginning of the adherence study.
[0101] These two measures correspond substantially to a
continuous (daily) measure of lung function in the case of
peak flow, and an overall measure of how well controlled a
patient’s condition is over a one month period in the case of
the AFE rate.
[0102] The threshold function parameters 6 and {3 can then
be obtained individually for each of these measures through
the use of maximum likelihood estimation. When fitting
against the AE rate, which is a summary measure covering
a one-month period, the predictor used is the overall
monthly adherence score (ct, 8, p and 6). When fitting
against daily peak flow data, a moving average adherence
score may be used, with lag time T, determined from the
reverse correlation of peak flow against adherence.
[0103] FIG. 4 shows an exemplary table of (a) exemplary
values of the parameters «, 3, 6 and T, for use with the
method of the invention when the method is being per-
formed in respect of patients having a respiratory disease
such as asthma. These parameters have been determined
using the measured values of PEFR and AEs for an exem-
plary study on a patient dataset having asthma, while FIG.
4(b) shows exemplary values of the parameter d correspond-
ing to particular technique errors exhibited by this exem-
plary asthma patient dataset.
[0104] It should be understood by a skilled person that the
nature of the study which is performed, along with the type
of analysis undertaken from the study in order to determine
the appropriate parameters 8 and f§ of the threshold function
to be used in the method of the present invention is therefore
wholly dependent on the medication in respect of which the
method of the invention is to be performed.
[0105] The present invention has many significant advan-
tages over previously used methods of calculating adher-
ence. Firstly, it explicitly captures the exponential decay of
drug concentration in a patient’s body. By contrast, many
other methods implicitly assume that drug concentration is
linear over time. Secondly, steroid medications, such as
those used in inhalers, are known to exhibit threshold effects,
whereby they are most effective only when a minimum
concentration has been reached. The present invention spe-
cifically accounts for such effects.
[0106] Furthermore, unlike standard measures of adher-
ence, the present invention incorporates specific information
about the delivery method, effectiveness and pharmaco-
kinetics of the medication, and thus provides a very robust
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and sensitive measure of adherence. As the present invention
precisely models the time course of the dosage concentration
based on timing information, it can also account for missed
doses and dose timing errors. Additionally, it can take
account of technique error due to a patient’s use of a
particular drug delivery system.

[0107] The present invention also explicitly models the
threshold concentration of medication needed to maintain
good health. This is achieved through the use of a continuous
sigmoidal threshold function, so that the parameters of the
threshold function can be optimised from patient data. Thus,
it enables an estimate to be made of the correct dosage
required for an individual patient to achieve health, through
the use of patient adherence data and outcomes.

[0108] The present invention also has the potential to
greatly improve the statistical power of clinical drug trials.
By de-convolving patient outcomes from their adherence
behaviour, it is possible to obtain useful information even
from those patients with poor adherence, and simultaneously
remove a source of error from the dataset. As a result, the
method of the present invention enables statistically signifi-
cant estimates of treatment effectiveness to be obtained from
smaller cohorts, so as to provide more efficient and cost
effective clinical drug trials.

[0109] In the specification the terms “comprise, com-
prises, comprised and comprising” or any variation thereof
and the terms “include, includes, included and including” or
any variation thereof are considered to be totally inter-
changeable and they should all be afforded the widest
possible interpretation and vice versa.

[0110] The invention is not limited to the embodiments
hereinbefore described but may be varied in both construc-
tion and detail.

1. A method for monitoring adherence by a patient to a
medication, the method comprising the steps of:

receiving timing data in respect of each dose of a medi-
cation taken by a patient over a time interval;

calculating an estimate of the concentration of the medi-
cation in the patient’s body over the time interval based
on the dose timing data;

determining the proportion of time over the time interval
the estimated concentration of the medication in the
patient’s body exceeds a target concentration by apply-
ing a continuous threshold function to the estimated
concentration of the medication in the patient’s body
over the time interval; and

calculating an adherence score for the patient from the
output of the threshold function over the time interval,
wherein the adherence score represents the proportion
of time the concentration of the medication is above the
target concentration in the patient’s body.

2. The method of claim 1, wherein the threshold function
comprises a sigmoidal threshold function comprising a
plurality of parameters, wherein the value of at least one of
the parameters of the threshold function is determined from
patient outcome data.

3. The method of claim 2, further comprising the step of:

obtaining in respect of each dose of the medication taken
by the patient over the time interval a technique score
representing an estimate of the proportion of the full
dose which was received by the patient; and
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wherein the step of calculating an estimate of the con-
centration d(t) of the medication in the patient’s body
over the time interval comprises calculating the func-
tion:

d(n) = Z 8, eet1s)

tg<t

wherein {t.} corresponds to the set of dose timing data
received over the time interval, the parameter a corre-
sponds to the decay rate of the medication, and the
parameter & corresponds to the technique score for each
dose.

4. The method of claim 3, wherein the threshold function
O (1) comprises:

L
T e BB

a(r)

wherein the parameter 6 comprises a threshold concen-
tration value corresponding to the concentration of the
medication in the patient’s body required to control the
patient’s medical condition and the parameter [} com-
prises a threshold sharpness value corresponding to the
extent to which the adherence score depends on the
threshold function, wherein the values of the parameter
8 and the parameter § are determined from patient
outcome data.

5. The method of claim 3, wherein the decay rate of the
medication is calculated from the equation:

Tip=—
@

wherein the parameter T, corresponds to the physiologi-
cal half-life of the medication.

6. The method of claim 3, further comprising obtaining a
value for the technique score by an analysis of information
regarding the usage by the patient of a drug delivery device
in respect of each dose taken.

7. The method of claim 6, wherein the technique score
comprises a value of between 1 and 0, wherein 1 represents
a full dose of medication received by the patient and 0
represents a dose where no medication was received by the
patient.

8. The method of claim 6, wherein the technique score
comprises a weighted score.

9. The method of claim 2, wherein the patient’s medical
condition is a respiratory disease, and wherein the patient
outcome data corresponds to peak expiratory flow rate data
and adverse respiratory event data.

10. The method of claim 1, wherein the step of calculating
an adherence score for the patient from the output of the
threshold function over the time interval comprises integrat-
ing the output of the threshold function over the time interval
to provide the adherence score.
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11. The method of claim 1, wherein the step of calculating
an adherence score for the patient from the output of the
threshold function over the time interval comprises calcu-
lating a moving average of the threshold function to obtain
a continuous measure of adherence over the time interval.

12. The method of claim 3, further comprising providing
a drug delivery system for delivering the medication to the
patient, and further wherein the drug delivery system is
adapted to obtain the dose timing data and the technique
score.

13. The method of claim 1, further comprising calculating
based on the adherence score an estimate of the correct
dosage of the medication required for the patient to control
their medical condition.

14. The method of claim 13, wherein the estimate of the
correct dosage of the medication required for the patient to
control their medical condition comprises the minimum dose
required to maintain a concentration of the medication above
the target concentration in the patient’s body, and for the
case where the patient takes all doses at the correct intervals
the step of calculating the estimate of the correct dosage of
medication comprises calculating by means of the equation:

_peti _ (05" —
G, = (e _ I§] _ 0.5 1)0
g~hin2 0.5

wherein h comprises a constant representing the expected
number of half-lives between doses.

15. An apparatus for monitoring adherence by a patient to
a medication, the apparatus comprising:

means for receiving timing data in respect of each dose of
a medication taken by a patient over a time interval;

means for calculating an estimate of the concentration of
the medication in the patient’s body over the time
interval based on the dose timing data;

means for determining the proportion of time over the
time interval the estimated concentration of the medi-
cation in the patient’s body exceeds a target concen-
tration by applying a continuous threshold function to
the estimated concentration of the medication in the
patient’s body over the time interval; and

means for calculating an adherence score for the patient
from the output of the threshold function over the time
interval, wherein the adherence score represents the
proportion of time the concentration of the medication
is above the target concentration in the patient’s body.

16. A computer implemented system for monitoring
adherence by a patient to a medication, the system config-
ured with one or more modules to:

receive timing data in respect of each dose of a medication
taken by a patient over a time interval;

calculate an estimate of the concentration of the medica-
tion in the patient’s body over the time interval based
on the dose timing data;

determine the proportion of time over the time interval the
estimated concentration of the medication in the
patient’s body exceeds a target concentration by apply-
ing a continuous threshold function to the estimated
concentration of the medication in the patient’s body
over the time interval; and
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calculate an adherence score for the patient from the
output of the threshold function over the time interval,
wherein the adherence score represents the proportion
of time the concentration of the medication is above the
target concentration in the patient’s body.
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