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ABSTRACT 

It is known that increased adherence to appropriately prescribed drugs is 

associated with better therapeutic outcomes and contributes to lower mortality. 

Adherence is described by three processes, namely initiation, implementation 

and discontinuation. The use of electronic monitoring e.g. Medication Event 

Monitoring System (MEMS) has enabled a quantitative understanding of the 

three processes of adherence. This includes delayed initiation, early 

discontinuation and particularly those around implementation including timing 

variability, random missed doses and drug holidays. There have been many 

attempts to improve adherence. An alternative approach to assist patients with 

suboptimal adherence to still attain therapeutic success lies in the choice of 

forgiving drugs. Forgiveness is a drug specific property that determines how 

sensitive therapeutic success is under imperfect adherence.  

The overarching aim of this thesis was to quantify adherence, influences of 

factors on adherence and the influence of adherence on therapeutic success. This 

involved a series of investigations.  

Initially, the independent influence of various factors on adherence in two 

diseases studied, i.e. HIV and hypertension, was determined. The factors 

included disease, age and dosing regimen. A model-based meta-analysis 

(MBMA) was adopted in this work to allow for multivariate analyses and 

continuous dependent variables. It was found that (1) although the influence of 

disease on adherence was significant, it is likely to be of limited clinical 

significance (2) increased age positively impacts on adherence and (3) the greater 

frequency of dosing regimens negatively impacts on adherence.  

Various measures of adherence were found to be used in the MEMS 

literature. Despite the advanced ability of MEMS to record patterns of drug 

taking, percentage of doses taken was the most commonly used measure. 

Appropriate summary measures of adherence in relation to adherence patterns 

are suggested in this thesis. These included percentage of days with correct 
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dosing in conjunction with the number as well as the occurrence of missed doses 

within a timeframe. 

The feasibility of conducting the first MEMS study in New Zealand was 

undertaken. This study provided suggestions for future MEMS studies in terms 

of patient identification, recruitment and retention. Collected adherence data 

were summarised in relation to adherence patterns.  

A criterion to quantify the forgiveness of drugs to imperfect adherence was 

developed. The criterion is described as relative forgiveness (RF). RF is defined 

as the number of times more likely that target success is attained under perfect 

adherence compared to imperfect adherence. RF covers the quantification of 

forgiveness in two scenarios, namely (1) forgiveness of a given drug; and (2) 

forgiveness between two drugs whose effects can be quantified on the same 

biomarker of response. Subsequently, RF was illustrated with a hypothetical 

example and then applied to warfarin as a motivation example. This work was 

considered at the population level.  

The developed relative forgiveness criterion was applied to atorvastatin 

and omeprazole at the individual patient level. Hence, an individual patient’s 

clinically observed adherence profile, obtained from the MEMS feasibility study, 

was used. This study evaluated that RF is generalisable to other drugs of interest. 

In addition, it can be used at an individual patient level in terms of each patient’s 

adherence profile. Ultimately, whether or not a drug is forgiving for each patient 

depends on the individual adherence profile in conjunction with the individual 

PKPD properties. 

In conclusion, better understanding of factors influencing adherence was 

provided. Adherence data in terms of adherence patterns were described. 

Ultimately, the time course of drug effects in relation to adherence patterns was 

quantified. This allows for determining of the forgiveness of drugs under 

imperfect adherence patterns.       
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STRUCTURE OF THE THESIS 

The overarching aim of this thesis was to quantify adherence, influences of 

factors on adherence and the influence of adherence on therapeutic success. The 

thesis is divided into seven chapters and appendices (see Table P.1).  

Chapter 1 provides an introduction to adherence and pharmacokinetics-

pharmacodynamics. Background information on adherence including its impact 

on clinical outcomes and interventions to improve adherence is summarised. 

This leads to a view of quantifying adherence with respect to adherence patterns. 

The association between adherence and the time course of drug effects is then 

explained. 

Chapter 2 presents the independent influence of various factors on 

adherence in two diseases. A model-based meta-analysis technique was used 

here to provide a better understanding of factors influencing adherence in terms 

of multivariate analyses and continuous dependent variables.  

Chapter 3 includes the investigation of a variety of measures of adherence 

used in a subset of Medication Event Monitoring System (MEMS) literature. 

Appropriate measures of adherence were suggested over the percentage of 

prescribed doses taken.   

Chapter 4 includes the feasibility of conducting the first MEMS study in 

New Zealand in terms of patient identification, recruitment and retention. In 

addition, collected adherence data were presented in terms of adherence 

patterns.   

Chapter 5 focuses on the quantification of the forgiveness on drugs to 

imperfect adherence. This work involved the development of a criterion to 

quantify forgiveness; the illustration of the criterion for a theoretical example; 

and the evaluation of the forgiveness of warfarin as a motivating example. 

Chapter 6 presents the application of the developed forgiveness to 

atorvastatin and omeprazole. An individual patient’s clinically observed 

adherence profile was used in this chapter. 
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Chapter 7 concludes the thesis with a discussion of the findings of each 

chapter and future prospects. 

Appendices consist of additional material related to the individual chapters 

including MATLAB code®.  

Table P.1: Structure of this thesis  

Chapter 1 Introduction 

Chapter 2 A model-based meta-analysis of the influence of factors that impact 
on adherence 

Chapter 3  Measures of adherence in the Medication Event Monitoring System 
literature  

Chapter 4  A Medication Event Monitoring System feasibility study in  
New Zealand  

Chapter 5 Quantification of the forgiveness of drugs to imperfect adherence  

Chapter 6  Application of relative forgiveness using clinically observed 
adherence profiles  

Chapter 7  Discussion and future prospects  

Appendices Appendix to Chapter 2 
Appendix to Chapter 4 
Appendix to Chapter 5 
Appendix to Chapter 6  

References  

For Chapters 2 and 5 from which publications have arisen, I was the main 

contributor to these chapters. My contributions included writing the manuscript, 

designing and performing the research, and analysing the data. 
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This introduction is divided into four main sections. It begins with 

adherence, impact on clinical outcomes and attempts to improve adherence. The 

second section is related to quantifying adherence. This section covers the 

epistemology of non-adherence in aspect of failure to initiate treatment, 

suboptimal implementation and early discontinuation. Measurement of 

adherence including electronic monitoring as well as deviation from perfect 

adherence are then presented. The third section discusses the association 

between adherence and the time course of drug effects. This section involves 

pharmacokinetics-pharmacodynamics, heterogeneity and uncertainty as well as 

the illustration of the impact of imperfect adherence on the time course of drug 

effects. Lastly, choices of drugs as an alternative to assist patients with 

suboptimal adherence are discussed. These include drugs and dosing regimens 

that are associated with greater adherence and drugs that are forgiving. The 

fourth section outlines the aims of this thesis.   

1.1. Adherence, impact on clinical outcomes and attempts to improve 

adherence   

1.1.1. Describing and defining medication taking behaviour 

The importance of medication taking behaviour has long been recognised. 

Hippocrates in 400 BC stated that “[The physician] should keep aware of the fact 

that patients often lie when they state that they have taken certain medicines.”[1]. 

The emphasis was noted by the quote of the former Surgeon General, C. Everett 

Koop in 1984 “Drugs don’t work in patients who don’t take them.”[2]. There 

have been many attempts to describe medication taking behaviour. According 

to the article of Vrijens et al. in 2012 [3] which summarised the history of terms 

used to describe medication taking behaviour, it appeared that, from 1976 to 2009 

there were three commonly used terms which were compliance, adherence and 

concordance with a trend of change from compliance to adherence in recent 

years [3].  

The term patient compliance first became a Medical Subject Heading 

(MeSH) search term in 1975 [4] and was defined by the US National Library of 
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Medicine as “voluntary cooperation of the patients in following a prescribed 

regimen.”[5]. Compliance was also defined in several other ways [3, 6] with the 

most cited one [3] defined by Sackett & Haynes in 1976 as “the extent to which 

the patient’s behaviour (in terms of taking medications, following diets or 

executing other lifestyle changes) coincides with the clinical prescription.”[7]. 

Compliance holds negative connotations in that patients passively obey 

physician’s instructions rather than follow an agreed treatment plan [3, 8, 9], i.e. 

a plan that was agreed by both patient and prescriber. 

It was recognised that, from 1975 to 1980, there was debate whether to use 

the term compliance or adherence in research [10]. Adherence was not frequently 

or clearly defined at that time but according to The Random House college 

dictionary in 1975, it referred to “fidelity or sticking fast to something or holding 

closely or firmly to something, as to a plan; it may also refer to being 

consistent.”[11].  

The shift from the term compliance to adherence seemed to occur in 1993 

although adherence did not become a MeSH term until 2008 [3, 4]. In 2003, the 

World Health Organisation (WHO) defined adherence as “the extent to which a 

person’s behaviour – taking medications, following a diet, and/or executing 

lifestyle changes – corresponds with agreed recommendations from a health care 

provider.”[12]. The definition of adherence hence appears to reduce the power 

of physicians on patients and implies cooperation between them.  

With respect to the term concordance, this was also proposed to replace 

compliance by the Royal Pharmaceutical Society of Great Britain in 1995 [3, 9]. It 

was defined as “an agreement reached after negotiation between a patient and a 

health care professional that respects the beliefs and wishes of the patient in 

determining whether, when and how their medicine is taken.”[13]. Both 

adherence and concordance seem to share similarities in terms of mutual 

agreement of treatment plans with the preference of adherence over concordance 

in research. Although the definitions have been established, adherence and 

compliance have still occasionally been used interchangeably. Compliance 

seems to be in favour among some researchers regarding quantitative 
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components of medication taking behaviour, for example, time course of drug 

effects associated with medication taking behaviour. However, over the years, 

adherence has appeared to be increasingly used in this quantitative type of 

research to be consistent in the literature. Hence, in this thesis, adherence is the 

selected term used.  

It was acknowledged that the inconsistency of the use of terms in research 

into adherence could impede the interpretation and comparison of findings 

across study areas. In addition, the previously available taxonomy was 

insufficient to provide quantitative understanding of adherence e.g. what time 

is each dose taken? [3]. This led to a group of researchers working on establishing 

a new taxonomy of adherence. This work started with performing a systematic 

literature review in 2009. A final consensus meeting was held in 2010. 

Subsequently, the taxonomy was first presented at the European Society for 

Patient Adherence, Compliance and Persistence meeting, Poland, 2010. In 2012, 

the taxonomy was proposed by Vrijens et al. [3]. Adherence is defined as “the 

process by which patients take their medications as prescribed.” [3]. The authors 

proposed that adherence is the process of the three components, namely 1) 

initiation, 2) implementation and 3) discontinuation. These three components are 

described in Table 1.1. Note that in this thesis, the term drugs and medications 

may be used interchangeably. 

Table 1.1: Explanation of each component of adherence [3] 

Component Explanation 

Initiation starts “when the patient takes the first dose of a prescribed 
medication” 

Implementation is “the extent to which a patient’s actual dosing [regimen] 
corresponds to the prescribed dosing regimen, from initiation 
until the last dose” 

Discontinuation happens “when the patient stops taking the prescribed 
medications, for whatever reason(s)” 

Persistence denotes the duration between initiation and the last dose taken 

prior to discontinuation [3].  
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It is, however, important to note that the entire adherence process may be 

broader i.e. ranging from patients making the decision to see a physician when 

appropriately needed, through to attending a clinic for subsequent follow-ups 

and prescriptions. Therefore, it depends on the purpose of the individual 

researcher to determine the scope of adherence process studied. Further 

discussion with respect to failure to initiate treatment to early discontinuation is 

provided in section 1.2.1. For the purpose of this thesis, adherence is viewed from 

initiation to discontinuation with a focus on implementation. In addition, 

adherence is viewed in terms of medication adherence where lifestyle 

modification is not considered.   

1.1.2. Association between adherence and clinical outcomes 

A summary of key meta-analyses and/or systematic reviews investigating 

the association between adherence and clinical outcomes is presented in Table 

1.2. Six studies are summarised. Studies were selected based on the study type 

of meta-analyses and/or systematic reviews. Studies related to interventions to 

improve adherence were excluded. Therapeutic areas were broad including 

hypertension, diabetes, hyperlipidaemia, HIV, cancer, cardiovascular disease 

and coronary heart disease. A variety of methods to monitor adherence were 

employed including pill counts, self-reports, prescription refill records, 

electronic monitoring and drug plasma concentrations. Commonly used 

adherence measures included criteria such as the percentage of drugs taken e.g. 

≥ 70%, ≥ 80% and ≥ 90% of various methods including pill counts, prescription 

refill records, self-reports, clinician estimates and electronic monitoring. 

Adherence aspects considered varied and included adherence to medications; 

adherence to non-medications; adherence to beneficial and harmful therapy; and 

adherence to placebo. The study of Simpson et al. [14] explored adherence to 

harmful therapy. The authors stated that two studies reported the increased risk 

of mortality with active drug therapy compared to placebo and hence were 

defined as harmful therapy [14]. The study of Yue et al. [15] specifically looked 

at adherence to placebo.



Chapter 1: Introduction 

 

6  

 

Overall, these meta-analyses and/or systematic reviews have shown that increased adherence results in lower mortality. 

Increased adherence also decreases the risk of developing cardiovascular disease including patients prescribed statins and anti-

hypertensive drugs. In contrast, poor adherence contributed to higher mortality and/or the risk of developing cardiovascular disease. 

Interestingly, increased adherence to placebo was associated with lower mortality. It may be plausible that patients with good 

adherence to placebo may be in general “healthy adherers”, which refers to patients with overall healthy behaviour including 

beneficial therapy and life style changes [14, 15]. The finding of increased adherence to harmful therapy in the study of Simpson et 

al. showed the association between this and higher mortality [14]. Adherence to harmful therapy may occur in patients with good 

adherence, who respond to drugs differently from patients on average, and therefore develop adverse drug effects [14]. 

Table 1.2: A summary of the association between adherence and clinical outcomes 

Authors/ 
year/type of 
the paper  

No. of 
studies 
(years) 

Study 
design (no. 
of studies) 

Total no. of 
patients 

Therapeutic areas 
(no. of studies) 
identified as per the 
paper   

Methods to 
monitor  
adherence  

Adherence 
measures  

Adherence  
aspects 
considered in 
the paper   

Clinical 
outcome 
measures in 
the paper 

Results  

DiMatteo  
et al. 2002 
[16]  
meta-
analysis  

 

 

 

 

63 (1975-
1998) 

Not 
categorised 
in this paper  

Total: 19456 - Cancer (5) 
- Diabetes (5) 
- Heart disease (7) 
- Hyper- 
cholesterolaemia (7) 
- Hypertension (6) 
- Intestinal disease 
(5) 
- Otitis media (6) 
- Sleep apnea (5) 
- Transplant (5) 
- Eye disorders (4) 
- Ulcers (3) 

Included  
pill counts, self-
reports, 
pharmacy 
records, medical 
records, parent 
reports, serum 
assays, urine 
assays, 
electronic 
monitoring, 
dietician reports 

- Various 
“continuous” 
measures e.g. 
percentage of 
prescribed doses 
taken   
(“continuous” 
defined by the 
authors including 
a measure with  
three or more 
ordered response 
categories)  

1) Adherence 
to medications 
2) Adherence 
to non-
medications 
e.g. exercise, 
diet, 
behavioural 
interventions   

“Better” 
treatment 
outcomes 
based on 
positive 
effect sizes 

- Standardised risk 
difference: 
Adherence decreased 
the risk for a null or 
poor treatment 
outcomes by 26%. 
- Standardised odds 
ratio: 
The odds of good 
outcomes was three 
times higher in 
adherers compared to 
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Authors/ 
year/type of 
the paper  

No. of 
studies 
(years) 

Study 
design (no. 
of studies) 

Total no. of 
patients 

Therapeutic areas 
(no. of studies) 
identified as per the 
paper   

Methods to 
monitor  
adherence  

Adherence 
measures  

Adherence  
aspects 
considered in 
the paper   

Clinical 
outcome 
measures in 
the paper 

Results  

DiMatteo  
et al. 2002 
[16]  
meta-
analysis 
(continued) 

- Venous disease (3) 
- Arthritis (2)    

  
   

- Various 
dichotomous 
measures e.g. 
adherence ≥ 70%, 
75%, 80%, 85%, 
90% 

non-adherers.   
 

Simpson  
et al. 2006 
[14] 
meta-
analysis 

 

 

 

 

 

 

 

 

 

 

21 (1971-
2005) 

- RCT (8) 
- Cohort (13) 

Total: 46847  
   - Cohort: 
9146   
   - RCT: 37701 
      - Treatment 
arm: 18068  
      - Placebo 
arm: 19633 

- Post-myocardial 
infarction 
management (8) 
- HIV (7) 
- Primary prevention 
of cardiovascular 
disease (2) 
- Type 2 diabetes (1) 
- Hyper- 
cholesterolaemia (1) 
- Heart failure (1) 
- Heart transplant (1)   

Pill counts, 
clinician’s 
impression, 
pharmacy 
refills, self-
reports, 
frequency of 
clinic visits, 
Medication 
Event 
Monitoring 
System, 
thromboxane 
concentration, 
drug plasma 
concentration 

Good adherence: 
- % of adherence 
reported from 
each study ≥66%, 
≥75%, ≥80% 
- Others 
   - No missed 
dose in previous 
48 hours 
   - No variation 
in dose 
compliance and 
no drug holidays  
   - Continued use 
   - Less than 
healthy volunteer 
   - Collection of 
new tablet 
supply 
   - Ongoing 
attendance at 
clinic 
   - Therapeutic 
range 

1) Adherence 
to placebo 
2) Adherence 
to harmful 
drug therapy 
(The authors 
stated that two 
studies 
reported the 
increased risk 
of mortality 
with active 
drug therapy 
compared to 
placebo)  
3) Adherence 
to beneficial 
drug therapy     

Mortality 1) Good adherence to 
beneficial therapy 
significantly lowered 
mortality rate (odds 
ratio = 0.55, CI = [0.49, 
0.62], p<0.0001). 
2) Good adherence to 
harmful therapy 
significantly increased 
mortality rate (odds 
ratio = 2.90, CI = [1.04, 
8.11], p=0.04). 
3) Good adherence to 
placebo also 
significantly lowered 
mortality rate (odds 
ratio = 0.56, CI = [0.43, 
0.74], p<0.0001). 
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Authors/ 
year/type of 
the paper  

No. of 
studies 
(years) 

Study 
design (no. 
of studies) 

Total no. of 
patients 

Therapeutic areas 
(no. of studies) 
identified as per the 
paper   

Methods to 
monitor  
adherence  

Adherence 
measures  

Adherence  
aspects 
considered in 
the paper   

Clinical 
outcome 
measures in 
the paper 

Results  

Chowdhury 
et al. 2013 
[17] 
systematic 
review and 
meta-
analysis 

 

 

 

 

 

 

 

 

44  
(years 
search: 
1960-
2012) 

- Cohort (33)  
- Nested 
case-control 
(8) 
- Clinical 
trial (3)    

Total: 1978919 
   - Cohort: 
1721351 
   - Nested 
case-control: 
222160 
   - Clinical 
trial: 35408 

Cardiovascular 
disease 

Medication 
possession 
ratio# (MPR), 
proportion of 
days covered+ 
(PDC), self-
reports, 
Medication 
Event 
Monitoring 
System, blood 
tests and other 
indirect 
methods 

Good adherence:  
% of adherence ≥ 
80%   

Adherence to 
cardio- 
vascular drugs 
e.g. statins, 
anti- 
hypertensive 
drugs, aspirin 
and others 

1) Risk 
estimates for 
cardio- 
vascular 
disease 
2) Risk 
estimates for 
mortality 

1) Relative risks (95% 
CI) for developing 
cardiovascular disease 
in good compared to 
poor adherence: 
   - Any drugs: 0.80 
(0.77-0.84) 
   - Statins: 0.85 (0.81–
0.89)  
   - Antihypertensive 
drugs: 0.81 (0.76–0.86)  
   - Aspirin: 0.60 (0.31-
1.16)* 
2) Relative risks (95% 
CI) for mortality in 
good compared to poor 
adherence: 
   - Any drugs: 0.62 
(0.57-0.67)  
   - Statins: 0.55 (0.46-
0.67) 
   - Antihypertensive 
drugs: 0.71 (0.64–0.78) 
   - Aspirin: 0.45 (0.16-
1.29)* 
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Authors/ 
year/type of 
the paper  

No. of 
studies 
(years) 

Study 
design (no. 
of studies) 

Total no. of 
patients 

Therapeutic areas 
(no. of studies) 
identified as per the 
paper   

Methods to 
monitor  
adherence  

Adherence 
measures  

Adherence  
aspects 
considered in 
the paper   

Clinical 
outcome 
measures in 
the paper 

Results  

De Vera  
et al. 2014 
[18] 
systematic 
review 

 

 

 

 

 

 

 

28  
(2002-
2012) 

- Cohort 
(23) 
- Nested 
case-
control (5)  

  Total: 1479440  
   - Cohort:           
1107005 
   - Nested case-            
control: 372435 

- On statins 
- Patient population 
included: 
   - Acute myocardial 
infarction 
   - Coronary artery 
disease 
   - Diabetes 
   - Diabetes with 
ischaemic heart 
disease 
   - Cerebrovascular 
accident 
   - Coronary heart 
disease 
   - Rheumatoid 
arthritis 
   - General 
population 
   - Primary care 

MPR#, PDC+, 
statin dis- 
continuation, 
statin 
persistence  

Good adherence: 
% of adherence ≥ 
66%, ≥75%, 
≥ 80%, ≥ 90%     
 

1) Ad- 
herence 
2) Persistence 
3) Dis- 
continuation 
defined as 
“when 
evaluating the 
problem of 
stopping 
therapy, and 
not the period 
of medication 
use”  

1) Risk 
estimates for 
cardio-
vascular 
disease  
2) Risk 
estimates for 
mortality 
 

 

1) Risk estimates for 
developing 
cardiovascular disease 
in non-adherers: 
   - Adherence: 
Studies reported risk 
estimates from 1.22 to 
5.26.  
2) Risk estimates for  
mortality in non-
adherers:   
   - Adherence: 
Studies reported risk 
estimates from 1.25 to 
2.54.  
 

Hood et al. 
2009 [19]  
meta-
analysis 

21 
(1990-
2008) 

Not cate- 
gorised in 
this paper    

    Total: 2492 Paediatric type 1 
diabetes 

Blood glucose 
monitoring, 
survey    

No good 
adherence 
defined 

Association 
between 
adherence and 
haemoglobin 
A1c 

Glycaemic 
control 

A mean effect size was 
-0.28 (95%CI -0.32 to -
0.24) indicating that as 
adherence increased, 
haemoglobin A1c 
values decreased.  
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Authors/ 
year/type of 
the paper  

No. of 
studies 
(years) 

Study 
design (no. 
of studies) 

Total no. of 
patients 

Therapeutic areas 
(no. of studies) 
identified as per the 
paper   

Methods to 
monitor  
adherence  

Adherence 
measures  

Adherence  
aspects 
considered in 
the paper   

Clinical 
outcome 
measures in 
the paper 

Results  

Yue et al. 
2014 [15] 
meta-
analysis  

8  
(1980-
2005) 

Not cate- 
gorised in 
this paper    

   44711 Chronic heart failure, 
cardiovascular 
disease, 
hyperlipidaemia, 
arrhythmia, 
myocardial 
infarction, coronary 
heart disease  

Pill counts, self-
reports, 
clinician 
estimates  

Good adherence: 
% of adherence 
>66%, >70%, 
>75%, >80%, 95%      

  

The effect of 
placebo 
adherence on 
decreasing 
cardiovascular 
mortality 

Cardio-
vascular 
mortality 

Good adherence to 
placebo resulted in 
decreased 
cardiovascular 
mortality (odds ratio = 
0.68, 95%CI = 0.60-
0.77). 

* Three studies were included. 
# MPR (medication possession ratio) is “the percentage of days exposed to medication in a given follow-up period calculated from the start of prescription until the date of the outcome 
for cases and date of selection for controls” [18].  
+ PDC (proportion of days covered) is calculated from “the number of days of medication dispensed divided by the number of days over which the prescriptions were used” [18]. 
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1.1.3. Understanding non-adherence and existing solutions  

1.1.3.1. Understanding non-adherence 

1.1.3.1.1. Intentional and unintentional non-adherence  

First, perfect adherence can be defined as the patient takes drugs exactly as 

prescribed i.e. the patient follows the nominal regimen. Non-adherence may 

occur due to many reasons. To better understand the reasons, non-adherence can 

be viewed as either intentional or unintentional non-adherence [20, 21]. 

Intentional non-adherence refers to patients who decide not to follow the 

nominal dosing regimen deliberately. This includes skipping, altering, delaying 

and stopping the nominal dosing regimen [20, 22, 23]. In contrast, unintentional 

non-adherence refers to accidental errors of patients in following the nominal 

regimen which is mainly driven by forgetfulness [20, 22, 23].              

It was demonstrated that patients’ beliefs about drugs with respect to 

necessity (i.e. pros/reasons for taking drugs) and concerns (i.e. cons/reasons 

against taking drugs) were associated with intentional adherence [20, 22, 24]. In 

the HIV study of Wroe and Thomas, necessity of taking drugs included to 

maintain health as well as quality of life, to increase life expectancy, to respond 

to feedback from blood tests [24]. Concerns of taking drugs may involve side 

effects, the perspective of potential side effects, interruption of lifestyle e.g. 

diuretics and feeling that already taking too many doses [22, 24]. To quantify 

patients’ beliefs about drugs, the decision balance of the  

proportion of pros and that of cons was proposed as follows 

[𝑝𝑟𝑜𝑠 (𝑝𝑟𝑜𝑠 + 𝑐𝑜𝑛𝑠)] − [𝑐𝑜𝑛𝑠 (𝑝𝑟𝑜𝑠 + 𝑐𝑜𝑛𝑠)]⁄⁄  [20, 24]. This formula can be 

simplified as (𝑝𝑟𝑜𝑠 − 𝑐𝑜𝑛𝑠)/(𝑝𝑟𝑜𝑠 + 𝑐𝑜𝑛𝑠) where values lie between -1 and 1 [20, 

24]. It was suggested that emotional status e.g. depression as well as cost barriers 

may contribute to intentional non-adherence [23-26]. Unintentional non-

adherence may be related to patient characteristics e.g. age and complexity of 

dosing regimen [20, 21, 24]. However, intentional and unintentional non-

adherence may overlap since patients who view a low necessity of taking drugs 
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may tend to forget to take them [23, 27]. In addition, an individual patient may 

experience both intentional and unintentional non-adherence [22, 23].  

Studies with respect to intentional and unintentional non-adherence have 

been undertaken in various therapeutic areas including HIV, kidney 

transplantation, asthma, acute coronary syndrome and a variety of diseases [20, 

22-24, 28, 29]. Overall, the findings have shown that the proportion of patients 

with unintentional non-adherence was greater than those with intentional non-

adherence. In a survey of 24,017 patients with asthma, hypertension, diabetes, 

hyperlipidaemia, osteoporosis and depression, Gadkari and McHorney [28] 

found that approximately 70% of patients reported unintentional non-adherence 

at least once over the six months. Of these, 62% forgot to take medications at least 

once; 37% had experienced shortage of medications; and 23% reported being 

careless about taking medications on schedule. Around 34% of patients reported 

intentional non-adherence at least once over the six months. Of these, the most 

common reason was suboptimal implementation to make medications last 

longer with 18% and 15% reporting missing doses and reducing doses, 

respectively, a further 14% of the patients altered doses to suit their own needs 

[28]. One of the possible explanations of patients making current medications 

last longer than appropriate prescriptions may be due to cost barriers. These 

include medication and transportation costs leading to a failure to pick up, a 

failure to continue to refill, or to refill their prescriptions on schedule [25, 26]. 

1.1.3.1.2. Factors influencing adherence 

In the previous section, some possible factors underlying intentional and 

unintentional non-adherence were introduced. However, it appears that the 

factors may be broader. In 1979, it was proposed that there were more than 200 

factors influencing adherence [30]. WHO in 2003 recommended that factors 

influencing adherence may be categorised into five dimensions, namely (1) 

socioeconomic related factors, (2) healthcare team and system related factors, (3) 

condition related factors, (4) therapy related factors and (5) patient related 

factors [12]. In 2013, a review of systematic reviews of Kardas et al. [31] identified 
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an overall of 771 individual factor items. This study was built on the WHO work, 

the authors suggested that previous work did not consider the influence of 

factors on adherence with respect to the three components of adherence, namely 

initiation, implementation and discontinuation as well as persistence [31]. In this 

study of Kardas et al., factors were reviewed and grouped into the five 

dimensions. Each dimension consists of a number of clusters as shown in Table 

1.3. This classification provides a clearer perspective on a variety of elements 

under each dimension. This study also considered treatment duration in terms 

of acute and chronic diseases as well as direction of the influence of factors on 

adherence (i.e. positive, negative or neutral influence). It was concluded that 

non-adherence was influenced by multiple factors [31]. For further details about 

the direction of the influence of each factor on adherence, see [31].  

Table 1.3: Dimensions of factors influencing adherence with different clusters [31]   

Dimension Number of 
clusters   

Details of each cluster  

(1) Socioeconomic 
related factors  

8 clusters Family support, family/caregivers factors, 
social support, social stigma of a disease, 
costs of drugs and/or treatment, 
prescription coverage, socioeconomic status, 
employment status     

(2) Healthcare 
team and system 
related factors  

6 clusters Barriers to healthcare, drug supply, 
prescription by a specialist, information 
about drug administration, healthcare 
provider-patient communication and 
relationship, follow-up   

(3) Condition 
related factors  

6 clusters  Presence of symptoms, disease severity, 
clinical improvement, psychiatric condition, 
certain diagnoses/indications, duration of 
the disease 

(4) Therapy 
related factors  

6 clusters  Adverse effects, patient friendliness of the 
regimen, drug effectiveness, duration of the 
treatment, drug type, well organised 
treatment    
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Dimension Number of 
clusters   

Details of each cluster  

(5) Patient related 
factors#  

14 clusters  Age, gender, marital status, education, 
ethnicity, housing, cognitive function, 
forgetfulness and reminders, knowledge, 
health beliefs, psychological profile, 
comorbidities and patient history, alcohol or 
substance abuse, patient-related barriers to 
adherence      

# This study included demographic variables e.g. age under the patient related factors. 
Previously, the work of WHO [12] considered demographic variables under the 
socioeconomic related factors. 

Despite this intensive review, the influence of factors that impact adherence 

can be better understood when a continuous dependent variable e.g. percentage 

of adherence and multiple factors are concurrently taken into account. This 

approach was explored using a model-based meta-analysis technique in Chapter 

2. 

Understanding these factors leads to designing appropriate interventions 

to enhance adherence. It appears that the area of healthcare team and system 

related factors has been least studied and much intervention research has 

focused on the patient level [32]. 

1.1.3.2. Existing solutions for non-adherence  

Many methods have been developed to enhance adherence. It should be 

noted that all methods are based on the premise that the current medications are 

optimal and immutable; and also that patients have medications at hand. 

Interventions have been grouped into various perspectives in the literature [8, 

33-36]. According to the review of van Dulmen et al., interventions may be 

categorised into technical, behavioural, educational and multifaceted 

interventions [34]. Some examples of each intervention are given in Table 1.4 

[34]. Note that certain interventions exist though may not lie in a particular 

category such as those to increase access by decreasing barriers to medications.  
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Table 1.4: Some examples of each intervention [34] 

Type of interventions Some examples 

Technical - Reducing the frequency and/or number of medications 

- The use of blister packs 

Behavioural - The use of reminders, memory aids including phone, 
computer, mail and home visits 

- Monitoring approaches including diaries, calendars 

- Providing patients with support, feedback 

Educational - Individualised or group education 

- Written, audio, visual education 

- Face to face contact 

Multifaceted - Combinations of above interventions 

Another classification of interventions may be viewed as 8 categories 

according to the review of Demonceau et al. (Table 1.5) [36], which considered a 

taxonomy developed in previous research [33, 37-39]. This classification partly 

overlaps with Table 1.4 [34]. 

Table 1.5: Another classification of interventions [36]  

Type of interventions Details 

1. Interventions based on a treatment 
simplification 

- Change in dosing regimen 
- Change in formulation 

2. Cognitive-educational 
interventions# 
 

- Individualised or group setting 
- Verbal, written, audio, visual approaches 
- To educate and motivate patients  

3. Behavioural-counselling 
interventions+ 
 

- Pillboxes, calendars, reminders, skills 
building by health care providers, problem 
solving 
- To reinforce and empower patients   

4. Social-psycho-affective 
interventions* 
 

- Family counselling, peer group meetings, 
stress management 
- To focus on patients’ feelings, social 
relationship and support  
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Type of interventions Details 

5. Interventions based on 
electronically monitored adherence 
feedback 

- To provide patients with feedback from 
electronic monitoring adherence data 

6. Interventions based on technical 
reminder systems 

- To provide patients with real time 
reminders at the dosing time e.g. mobile 
phone texts, electronic monitoring devices 
with beeper  

7. Interventions using technical 
equipment for monitoring the disease 
being managed 

- To provide patients with clinical outcome 
feedback from technologies e.g. blood 
glucose/ pressure meters, laboratory 
results 

8. Rewards - Cash reinforcement etc.  

# Used interchangeably with educational/cognitive interventions 

+ Used interchangeably with counselling/behavioural interventions 

* Used interchangeably with psychological/affective interventions  

There has been much intervention research targeting the patient level e.g. 

as seen in meta-analyses and/or systematic reviews [33, 36, 37, 40-44]. Here, 

major studies will be discussed, namely the most recently revised Cochrane 

systematic review [42] and a 2013 systematic review and meta-analysis by 

Demonceau et al. [36].   

It has been demonstrated that although interventions can enhance 

adherence, the effect may not last after the intervention ceases. The following 

indicative study of Lee et al. [45] describes this situation, which was reiterated in 

the study of Demonceau et al. Lee et al. found an increase in adherence among 

patients with hypertension and hyperlipidaemia after an intervention phase for 

six months (from 61.2% to 96.9%, measured by pill counts) [45]. Intervention 

strategies included individualised medication education (educational/cognitive 

interventions), the use of blister packs (counselling/behavioural interventions) 

and follow-up visits with pharmacists every two months (psychological/ 

affective interventions). Significant reductions in systolic blood pressure and 

low-density lipoprotein (LDL) were observed. The patients were later 

randomised into either a usual care group or a continued intervention group for 

another six months. During this phase, systolic blood pressure was significantly 
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reduced between study groups but the reduction in LDL was not significant. The 

usual care group adherence dramatically dropped to 69.1% whereas adherence 

was sustained in the continued intervention group (95.5%) [45].    

The Cochrane systematic review was recently revised in 2008 [42]. In this 

review, the duration of long term treatments was defined as a minimum of a six 

month follow-up. Included studies were those that assessed both adherence 

improvement and the impact of improved adherence on treatment outcomes. 

Sixty nine randomised clinical trials (RCTs) and 9 RCTs were included for long 

term treatments and short term treatments, respectively. For short term 

treatments, it was found that a total of 10 interventions were implemented in the 

9 RCTs. Of these, 40% of the interventions enhanced adherence and also at least 

one treatment outcome, where more than one treatment outcomes may be 

measured. The four effective interventions fell into educational/cognitive (n=1), 

counselling/behavioural (n=2) and psychological/affective interventions (n=1). 

The improved treatment outcomes were Helicobacter pylori eradication and lower 

occurrence of asthma in patients with seasonal allergic rhinitis. However, 1 

intervention in 1 RCT (10% of the interventions) demonstrated a significant 

improvement in adherence but not significant impact on treatment outcomes. It 

was suggested that the trials were generally small [42].  

With regards to long term treatments, of 83 interventions implemented in 

70 RCTs, around 43% of the interventions were reported to significantly improve 

adherence [42]. However, only around 30% of the interventions showed 

significant improvement of at least one treatment outcome. The authors noted 

that one possible reason for not detecting the influence of improved adherence 

on treatment outcomes may be due to the low power of sample sizes in many 

recruited studies. It was suggested that each intervention and control arm should 

have at least 60 participants. It has been found that for long term treatments, 

nearly all effective interventions were multifaceted. Interventions consisted of 

combinations including more convenient care, reminders, telephone follow-up, 

self-monitoring, counselling, information, reinforcement, family therapy, 

psychological therapy, crisis intervention and supportive care [42]. The authors 
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also concluded that dosing regimen simplification can enhance both adherence 

and treatment outcomes [42].     

A more recent systematic review and meta-analysis by Demonceau et al. 

was published in 2013 [36]. Seventy-nine RCTs were included where adherence 

was assessed by electronic monitoring. Feedback from recent dosing patterns 

obtained from electronic monitoring and educational/cognitive interventions 

were reported to have significant impact on adherence (multivariate model: 8.8% 

and 5% of adherence improvement, p<0.01 and p=0.02, respectively; univariate 

models: 19.8% and 16.1% of adherence improvement, p<0.01 and p=0.04, 

respectively compared to studies not including such an intervention). The 

findings of this study were in-line with the study of Kripalani et al. where it was 

found that dosing regimen simplification and repeated adherence assessment 

with feedback were the most common and effective types of interventions [33]. 

In addition, this work found that the effect of the interventions did not persist 

with a loss of percentage of adherence by 1.1% each additional month (p<0.01). 

However, of 57 studies which also assessed treatment outcomes, only 8 studies 

indicated the link between improved adherence and treatment outcomes [36]. 

Although the results of educational/cognitive interventions were found to be 

significant in this current study, Conn et al. found that education alone did not 

effectively enhance adherence [43]. There was also evidence that counselling/ 

behavioural and psychological/affective interventions were more effective with 

respect to promoting behavioural changes in long term [46]. A recent expert 

review by Vrijens et al. (2014) proposed a possible combination of effective 

interventions which comprises three elements: 1) education (to increase 

knowledge), 2) motivation (to increase self-efficacy) and 3) electronic monitoring 

measurement to provide patients with feedback (to increase awareness) [47].    

To move forward on effective interventions to enhance adherence, it has 

been proposed that it is not sufficient to solely focus on the patient level. Future 

intervention research should look at multi-level interventions comprising 1) 

patient level, 2) provider level (also termed micro level) including 

communication styles with patients, behavioural change management 
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competencies, 3) organisation of care processes level (termed meso level) 

including care continuity, routine behavioural assessments at follow-ups, and 4) 

health care system level (termed macro level) including medication coverage [32, 

48]. In addition, it was suggested that interventions should be considered at the 

level of each component: initiation, implementation and discontinuation [47].  

1.2. Quantifying adherence 

1.2.1. Overview of epistemology of non-adherence 

The epistemology of non-adherence is presented for failure to initiate 

treatment, suboptimal implementation and early discontinuation.  

1.2.1.1. Failure to initiate treatment 

Here, failure to initiate treatment includes a broader range of mechanisms 

beyond the process of adherence. The phenomenon that “much ill health does 

not reach medical attention.“ is defined as the “illness iceberg” in 1963 [49]. 

Hannay in 1980 described the term “symptom iceberg” based on people’s 

perceptions of symptoms with corresponding referral behaviour, as follows “a 

symptom was defined as part of the medical iceberg if the referral was none or 

late, when either the pain or disability was severe, or the symptom was 

considered to be serious.”[50]. In 2011, Elliott et al. revisited the symptom iceberg 

in the UK population after primary care changes were introduced [51]. 

Symptoms were classified into level 1 (least serious) to level 5 (most serious) after 

the authors received feedback from general practitioners. Level 1 symptoms 

include difficulty sleeping, cold or flu and diarrhoea where joint pain, 

indigestion/heartburn and wheezy chest are examples of level 3 symptoms; and 

level 5 symptoms include chest pain and coughing up blood. The results showed 

that regardless of the severity of symptoms ranging from level 1 to 5, around half 

of patients did nothing and left their symptoms untreated for 2 weeks  [51]. The 

authors commented that the 2 week period was chosen since it seemed sufficient 

to allow many symptoms to develop to their full course leading to corresponding 

actions [51].  
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A part of failure to initiate treatment that is related to non-adherence may 

be viewed beyond the point that a patient experiences a symptom and further 

seeks help from clinicians but fails to initiate prescribed medications. The 

mechanisms may include 1) a failure to pick up prescribed medications and 2) a 

failure to start the first dose of prescribed medications given that medications 

are available to patients.  

A failure to pick up prescribed medications has been termed primary non-

adherence. The occurrence of primary non-adherence reported by Raebel et al. 

was 7% in the group of patients with hypertension, diabetes and 

hyperlipidaemia [52]. However, the study of Fischer et al. has found a higher rate 

of primary non-adherence of around 20% with the same conditions being treated 

as the study of Raebel et al.  [53].  

Failure to start the first dose of prescribed medications was investigated in 

clinical trials. Blaschke et al. found that of 16,907 patients in 95 clinical studies, 

approximately 4% of cases failed to start taking the first dose [54].  

1.2.1.2. Suboptimal implementation 

Adherence linked with implementation of a dosing regimen represents the 

level of agreement between a patient’s actual dosing regimen and the prescribed 

dosing regimen between initiation and discontinuation. Urquhart (1998) 

proposed a set of patterns of adherence called “rule of sixes” [55]. This rule 

describes patterns of adherence where approximately one in six patients: 

(suboptimal implementation applies from 2 to 6) 

1. takes all doses exactly as prescribed 

2. takes all prescribed doses but timing is fairly inconsistent  

3. misses one occasional dose on any days  

4. has a drug holiday three to four times per year  

5. has a drug holiday or more than one per month    

6. takes few doses or none but creates the impression of good adherence 
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Based on the dosing history of 4,783 patients with hypertension, Vrijens et 

al. [56] updated Urquhart’s proposal. The finding of Vrijens et al. is shown in 

Table 1.6. 

Table 1.6: The incidence of various suboptimal adherence patterns. Data are from 
Vrijens et al. [56].         

Suboptimal adherence pattern The proportion of patients  

Missed one occasional dose at least one time per year Almost 95% 

Missed an occasional days dose once a month 50% 

Had a drug holiday at least once a year 48% 

Had a drug holiday once per two months 13% 

Table 1.6 presents the proportion of patients exhibited different patterns of 

suboptimal adherence. When considering a particular day, the results showed 

that 10% of patients who remained persistent with medications did not take their 

doses. The following results differentiated the types of missed doses on each day, 

which were summed up as 100%: an omission of an occasional days dose of 42%; 

one or two sequential days doses of 15%; or a drug holiday of 43% [56].  

Although, more specific, these findings do not exclude the rule of sixes of 

Urquhart, but rather provide an updated understanding of the rates of non-

adherence patterns. Given the likelihood of drug holidays, the concern about 

abrupt discontinuation of taking some medications which may cause rebound 

effects has been highlighted [54, 55, 57, 58]. It has also been suggested that re-

institution of some medications after periods of missed doses may result in a 

rejuvenation of the first-dose effect [54, 55, 57, 58]. The first dose-effect is where 

smaller doses are required for initial doses to prevent adverse drug effects, such 

as those seen with anti-arrhythmic drugs or α1-adrenergic receptor blockers. 

Given that patients may exhibit multiple episodes of discontinuation and 

initiation, these effects may occur more frequently than recognised [54].  
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1.2.1.3. Early discontinuation 

Mechanisms ascribed to early discontinuation include patients 

prematurely stopping their medications for the current prescription, a failure to 

refill their subsequent prescriptions, or a failure to re-attend a clinic to reassess a 

treatment plan. Vrijens et al. proposed that within one year almost 50% of 

patients with hypertension stopped taking their medications [56]. Blaschke et al. 

also suggested that approximately 35% of the patients in 95 clinical trials 

discontinued their medications over one year [54]. It has been noted that 20% of 

the patients exhibited discontinuation during the first 100 days [54]. However 

the finding of Glader et al., which investigated the persistence of secondary 

preventive medications used in patients with stroke based on prescription refills, 

showed that 22% of the patients no longer refilled their hypertensive 

medications (from 96% to 74%) after 2 years [59]. A reduction in the proportion 

of patients who remained persistent with their medications has been described 

to be around 44%, 36% and 33% for warfarin, statins and antiplatelet 

medications, respectively [59]. With regards to antipsychotic medications, 

Vanelli et al. reported that after 8 months, 52% of patients prescribed with 

conventional antipsychotics failed to continue to refill their prescriptions with 

56% seen in patients prescribed with atypical antipsychotics [60]. Reasons for 

early discontinuation for antipsychotics were not investigated in the original 

study. Possible reasons may be due to patients’ beliefs about their illness and the 

benefits of treatment, and current and past experience of adverse drug effects 

[61].  

1.2.2. Measurement of adherence 

Adherence can be measured by many approaches. These can be broadly 

divided into direct and indirect approaches. Each approach has advantages and 

disadvantages [8, 62]. Direct approaches include drug concentration 

measurement in plasma or urine, measurement of a biological marker as well as 

directly observed therapy. Indirect approaches include patient self-reporting 

(self-reports based on questionnaires and diaries), returned pill counts, 



Chapter 1: Introduction 

 

23  
 

prescription refill records, clinical response assessment by clinicians and 

electronic monitoring [8, 47, 62, 63].  

Directly observed therapy is when patients are directly observed by 

healthcare providers at each dose. This method has been used in tuberculosis 

and HIV [64, 65]. Directly observed therapy is viewed as the most accurate 

method [8]. However, it seems impractical in routine clinical settings and 

patients may discard and not actually swallow the pill afterwards [8, 62]. 

Measuring plasma/urine drug concentrations and biological markers is 

objective and may reflect the actual therapeutic outcomes of the executed dosing 

regimen. However, this method is considered expensive [8]. In addition, for a 

drug that has a short half-life, drug plasma concentration measurement may be 

affected by “white-coat adherence” [66-68] where patients may create the 

impression of good adherence by becoming more adherent prior to a clinic visit 

and returning to their normal behaviour after the clinic visit [8, 62]. It should also 

be noted that although patients are perfectly adherent, their plasma drug 

concentrations may not achieve a treatment target due to their pharmacokinetic 

characteristics e.g. metabolism and excretion. This is the circumstance that the 

treatment plan is to be revised e.g. dose adjustment but may be confused with 

poor adherence. 

A self-report based on questionnaires appears to be a preferred method in 

clinical settings given its simplicity and low cost. Limitations for this method 

include, patients may report overestimated adherence; and they may not recall 

accurately taken doses and missed doses. The validity of self-reporting depends 

on some factors including questionnaire item contents, response task, 

psychometric properties and duration to recall adherence behaviour. For 

example, the optimal recall duration was variedly suggested in different 

research to be shorter e.g. 4 days or 1 week [69, 70] or longer as 1 month [71]. 

There was evidence suggesting that adherence measured by self-reports was 

overestimated using electronic monitoring (will be discussed later in this section) 

as a comparator [72-75]. However, some studies found that this self-report 

method was reliable and provided corresponding results of therapeutic 
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outcomes or of electronic monitoring [76-78]. With regards to a diary, although 

it is simple to use, patients may modify the content easily. The use of diaries was 

found biased in [79-81] with a positive finding in [82].  

A returned pill count is also easy to perform in clinical settings and 

inexpensive. Adherence results, however, may not be accurate. “Pill dumping” 

i.e. patients discard remaining pills could occur prior to clinic visits. In addition, 

pill counts can only provide global adherence results which is the total number 

of doses taken. Adherence patterns regarding random missed doses and drug 

holidays including timing variability, which are important elements in relation 

to therapeutic attainment, cannot be obtained. The importance of these 

adherence patterns is discussed in Chapter 3 and Chapter 4. Previous studies 

suggested that pill count results seemed to overestimate adherence compared to 

electronic monitoring [72, 79, 83, 84].  

Prescription refill records provide results whether patients are adherent at 

the level of ‘picking up prescribed medications’. However, adherence with 

respect to initiation, implementation and discontinuation cannot be obtained. 

That is, patients may pick up prescribed medications but fail to initiate.     

The approach of electronic monitoring, whose advantages appear superior 

to disadvantages, was used in studies in this thesis and will be specifically 

discussed. 

The advent of electronic monitoring devices was noted in the mid 1970s 

with an eye drop formulation [54, 58]. This eye drop was invented shortly before 

the micro-electronic era started. Hence, its size and weight were relatively 

greater compared to traditional eye drops [58]. Due to the unusually large size, 

which could be described as a large rectangular squeeze bottle [85], it was 

thought that the data obtained were artefactual [58]. This led to a pause in 

development between 1977 to 1984 [58]. In 1984, with more advanced 

technology, a smaller and lighter eye drop electronic monitoring [85] was 

invented [58]. This eye drop was designed to resemble a traditional 30 mL eye 

drop container. It was set that only one event could be recorded within a 

specified interval, 15 minutes. The capacity of data accumulation was around 6 
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weeks; and data were recorded for approximately 1 year. For analysis, data were 

transferred by tape to a computer [85]. More recently, several types of electronic 

monitoring devices have been developed including ones for tablets or capsules 

[86], inhalers [87, 88], needles disposal [89], medications with blister packaging 

[90, 91] and poly-medications with blister packaging [92].  

A commonly used device in research is the Medication Event Monitoring 

System (MEMSTM, MWV Switzerland Ltd., Sion, Switzerland). A MEMS looks 

like a regular tablet or capsule bottle. Its advantage is that it consists of a cap 

with an installed microprocessor that can record the exact times and dates of the 

openings of the bottle. The recorded MEMS data are then transferred via a 

MEMS reader to a computer, which has a MEMS software installed, for analysis 

[86] (see Figure 1.1). The MEMS data include a profile of when a patient actually 

takes each dose over time. In general, X-axis is calendar date and Y-axis is 24 

hour clock time. The time of the taken dose is represented by the position of a 

dot along the Y-axis and a missed dose is represented by a vertical bar with 

clustering vertical bars for consecutive missed doses.  

 

Figure 1.1: A Medication Event Monitoring System device connected to its reader to 
transfer adherence data to a computer 

The implicit assumption inherent in studies based on MEMS is that non-

adherence is unintentional rather than intentional and that the correct specified 

number of doses is removed and taken per each opening of the MEMS device. 

Therefore, patients are usually instructed on how to use the MEMS device e.g. 

only open the bottle when taking a dose, not to do a “pocket dosing” [93-95], 
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known as taking more than one pills at a time to take at later time. In some 

studies, patients were provided with a form along with MEMS to record accident 

openings of the bottle [73, 96-98]. These events could then be subtracted from the 

total number of the openings. It was suggested that routine false impression 

created by non-adherent patients, who opened MEMS at approximately the 

same time over time but did not take pills, was unlikely given that it required 

much effort to do so [78]. It was also proposed that to allow a patient’s drug 

taking behaviour to return to normal behaviour, around the first 5 weeks of 

MEMS records should be discarded [99, 100]. Wagner and Ghosh-Dastidar 

reported no significant changes in adherence at the end of 4 weeks compared to 

baseline [101] whereas Waeber et al. found that adherence significantly 

decreased after 6 months [102]. Possible explanation that initially patients may 

be better adherent could be due to “Hawthorne effect” where patient behaviour 

may improve since they are aware that they are being monitored [96, 98, 103]; or 

due to the novelty effect where patients may demonstrate how to use MEMS to 

friends [99]. Although, there is no ‘gold standard’ for measurement of adherence, 

several studies have considered MEMS as a ‘benchmark’ when comparing the 

reliability of other indirect approaches e.g. patient self-reporting, pill counts (as 

discussed earlier). In addition, the benefits of MEMS history data in relation to 

pharmacokinetics-pharmacodynamics (see section 1.3) leading to success or 

failure of treatment have been demonstrated [104-109]. 

1.2.3. Deviation from perfect adherence 

The use of MEMS has enabled a quantitative understanding of the three 

processes of adherence including delayed initiation, early discontinuation and 

particularly those around implementation. Continuous adherence data in terms 

of timing data and patterns of adherence have provided a deeper insight into the 

temporal patterns of how patients take their medications [3, 8, 54, 110]. Large 

variability in the deviation from perfect adherence has been observed in patients 

[111] which was not obvious when using the global measure as the number of 
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doses taken [110]. The importance of using appropriate adherence measures e.g. 

not using the number of doses taken is discussed in Chapter 3 and Chapter 4.  

Markov models have been found to have useful properties for predicting 

adherence patterns. More broadly, Markov models are used to predict the 

probability of an event happening/or not happening in a future stage based on 

current and previous stages. For example, the probability of raining tomorrow 

may be predicted based on a knowledge of today’s and yesterday’s weather. In 

an adherence filed, these models are limited to consideration of missed doses 

and do not incorporate timing variability. In these models, a probability 

transition matrix is formed that predicts the probability of the next dose being 

taken or missed depending on the current and previous doses [112]. Equation 

1.1 describes the Markov model [111]. Suppose 𝑦𝑖 is an event of whether the 

patient takes the dose or misses the dose at the 𝑖th time, 𝑝(𝑦𝑖|𝑦𝑖−1) is the 

probability of the current dose being missed or taken based on the previous dose. 

Missed doses is denoted as 0 and taken doses as 1. Therefore, there are four 

probabilities that can occur, namely 𝑃00, 𝑃11, 𝑃01 and 𝑃10.  

 

𝑝(𝑦𝑖 = 𝑚𝑖𝑠𝑠𝑒𝑑 𝑑𝑜𝑠𝑒|𝑦𝑖−1 = 𝑚𝑖𝑠𝑠𝑒𝑑 𝑑𝑜𝑠𝑒) = 𝑃00 

𝑝(𝑦𝑖 = 𝑡𝑎𝑘𝑒𝑛 𝑑𝑜𝑠𝑒|𝑦𝑖−1 = 𝑡𝑎𝑘𝑒𝑛 𝑑𝑜𝑠𝑒) = 𝑃11 

Hence, 𝑝(𝑦𝑖 = 𝑡𝑎𝑘𝑒𝑛 𝑑𝑜𝑠𝑒|𝑦𝑖−1 = 𝑚𝑖𝑠𝑠𝑒𝑑 𝑑𝑜𝑠𝑒) = 𝑃01 = 1 − 𝑃00 

𝑝(𝑦𝑖 = 𝑚𝑖𝑠𝑠𝑒𝑑 𝑑𝑜𝑠𝑒|𝑦𝑖−1 = 𝑡𝑎𝑘𝑒𝑛 𝑑𝑜𝑠𝑒) = 𝑃10 = 1 − 𝑃11 

Equation 1.1: Probability of a taken dose or a missed dose based on the previous dose 

 

The Markov probability transition matrix (𝑃𝑀𝑎𝑟𝑘𝑜𝑣) is then constructed of 

the four probabilities as per Equation 1.2 [111]. In the Markov case the transition 

probabilities are estimated. 

𝑃𝑀𝑎𝑟𝑘𝑜𝑣 = [
𝑃00 𝑃01

𝑃10 𝑃11
] 

Equation 1.2: The Markov probability transition matrix 
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In Chapter 5, Poisson distribution and an empirical distribution were used 

to simulate random missed doses and drug holidays, respectively. Markov 

models were not used in this thesis since the goal was to simulate acceptable 

patterns of non-adherence rather than to learn about how patterns of non-

adherence arise. 

To provide an empirical description of how patients may exhibit a variety 

of adherence patterns, once daily dosing anticoagulant adherence profiles with 

a monitoring period of 90 days (n=23) have been reviewed from an online 

resource, www.iAdherence.org. The following data were summarised: (1) 

number of patients exhibiting random missed doses over 90 days (Figure 1.2); 

(2) number of patients exhibiting two consecutive missed doses over 90 days 

(Figure 1.3); and (3) number of patients exhibiting drug holidays over 90 days 

(Figure 1.4).  

Overall, the results show that (1) 4, 3, and 2 patients had 1 or 3, 0, and 2 or 

5 random missed doses over 90 days, respectively; (2) 17 and 4 patients had 0 

and 1 two consecutive missed doses over 90 days, respectively; and (3) 20 

patients had none of drug holidays.    

 

Figure 1.2: Number of patients exhibiting random missed doses over 90 days  
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Figure 1.3: Number of patients exhibiting two consecutive missed doses over 90 days   

 

Figure 1.4: Number of patients exhibiting drug holidays over 90 days  

1.3. Association between adherence and the time course of drug effects 

1.3.1. Pharmacokinetics 

Pharmacokinetics (PK) describes the relationship between drug 

concentration and time. PK involves studying drug absorption, distribution and 

elimination, i.e. metabolism and excretion. More broadly, the PK process can be 

described as two phases: 1) input and 2) disposition. The input phase, for an 

orally administered drug, comprises the processes of drug disintegration, 

dissolution and absorption after administration. The disposition phase includes 

distribution and elimination (renal or hepatic). These two processes of input and 

disposition occur simultaneously. 
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Therapeutically, attaining the right concentration at the site of action is the 

goal where the concentration is optimised to produce the best pharmacological 

response with minimal toxicity. In some circumstances a therapeutic range has 

been described in which the benefits outweigh the risks. However, it is not 

always practical and possible to measure the drug concentration at the site of 

action. Hence, the plasma concentration is usually measured as a surrogate of 

the drug concentration at the site of action. 

To describe the PK process, the body is viewed as a series of compartments 

where a compartment is a theoretical representation of a set of tissues with 

similar rates of drug distribution that are lumped together. The simplest scenario 

identifies the whole body as a single compartment (Figure 1.5). This single 

compartment represents all body tissues and includes the plasma. The drug 

distributes instantaneously and uniformly throughout the compartment. The 

classic example that can be described by this one-compartment PK model is 

intravenous (IV) bolus administration where there is no evidence of a distinct 

time course of distribution and first-order elimination dominates the plasma 

concentration resulting in a monoexponential decline in concentrations 

(Equation 1.3, which is derived from Figure 1.5, and Figure 1.6).  

 

Figure 1.5: Schematic of a one-compartment PK model for IV bolus administration with 
first-order elimination. V = apparent volume of distribution in the central compartment.  
k = elimination rate constant.  
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𝑑𝐴

𝑑𝑡
= −𝑘 × 𝐴; 𝐴0 = 𝐷 

𝐴(𝑡) = 𝐷𝑒𝑥𝑝(−𝑘 × 𝑡); 𝑘 =
𝐶𝐿

𝑉
 

𝐶(𝑡) =
𝐷

𝑉
𝑒𝑥𝑝 (−

𝐶𝐿

𝑉
× 𝑡) 

 

Equation 1.3: One-compartment PK model for IV bolus administration with first-

order elimination described as a mass balance equation where 
𝑑𝐴

𝑑𝑡
 is the rate of change of 

drug. 𝐴 = amount in the central compartment, 𝑘 =
𝐶𝐿

𝑉
 = elimination rate constant, 𝐶𝐿 

= clearance, 𝑉 = apparent volume of distribution, 𝐴0= initial condition of 𝐴, 𝐷 = dose.  
After integration, 𝐴(𝑡) = amount at time t. 

After converting the amount to concentration, 𝐶(𝑡) = plasma concentration at time t.   
   

 

Figure 1.6: Concentration vs time profile for a one-compartment PK model for IV bolus 
administration with first-order elimination; D = 1 mg, CL = ln(2) L/h, V = 1 L. 

A one-compartment PK model for oral administration is described by the 

schematic in Figure 1.7. Corresponding mass balance equations with integrated 

forms are given by Equation 1.4.         
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Figure 1.7: Schematic of a one-compartment PK model for oral administration with first-
order absorption and elimination depicted as the gut compartment and the body (central) 
compartment. F = oral bioavailability, ka = absorption rate constant. V = apparent volume 
of distribution in the central compartment. k = elimination rate constant.    

 

𝑑𝐴(1)

𝑑𝑡
= −𝑘𝑎 × 𝐴(1); 𝐴0(1) = 𝐷 

𝑑𝐴(2)

𝑑𝑡
= 𝑘𝑎 × 𝐴(1) − 𝑘 × 𝐴(2); 𝐴0(2) = 0 

𝐴(𝑡) =
𝐷 × 𝐹 × 𝑘𝑎

𝑘𝑎 − 𝑘
[𝑒𝑥𝑝(−𝑘 × 𝑡) − 𝑒𝑥𝑝(−𝑘𝑎 × 𝑡)] 

𝐶(𝑡) =
𝐷 × 𝐹 × 𝑘𝑎

𝑉 (𝑘𝑎 −
𝐶𝐿
𝑉 )

[𝑒𝑥𝑝 (−
𝐶𝐿

𝑉
× 𝑡) − 𝑒𝑥𝑝(−𝑘𝑎 × 𝑡)] 

 
Equation 1.4: One-compartment PK model for oral administration with first-order 
absorption and elimination. 𝐴(1) = amount in the gut, 𝐴0(1) = initial condition of 

𝐴(1), 𝐴(2) = amount in the central compartment, 𝐴0(2) = initial condition of 𝐴(2). 
After integration, 𝐴(𝑡) = amount at time t. 

After converting the amount to concentration, 𝐶(𝑡) = plasma concentration at time t.   
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1.3.2. Pharmacodynamics 

Pharmacodynamics (PD) describes the relationship between drug 

concentration at the site of action and drug effect. Here, the drug at the site of 

action binds a receptor to generate a biochemical and subsequent physiological 

effect. When competitive binding predominates, the relationship between 

concentration and effect can be described as a hyperbolic function. At lower 

concentrations, increased concentration results in proportionally increased 

effect. At higher concentrations, the relationship behaves according to a law of 

diminishing returns. Eventually, the effect asymptotes to a maximum effect 

irrespective of increased concentration.  

In general, the binding of a drug to a receptor (e.g. ion channels or enzymes) 

to form an activated drug-receptor complex is governed by the principles of 

mass action (Equation 1.5). The interaction between the drug and the receptor 

results in initial stimulus. The initial stimulus is then relayed to the inside of cells. 

This transduction process usually involves a series of reactions leading to 

observed drug effect. 

𝐷 + 𝑅 ⇄ 𝐷𝑅 

 
Equation 1.5: Binding of a drug to a receptor 

where 𝐷 is a drug, 𝑅 is a receptor, 𝐷𝑅 is an activated drug receptor complex, 

𝑘𝑜𝑛 is the association rate constant of a drug with a receptor, 𝑘𝑜𝑓𝑓 is the 

dissociation rate constant of a drug with a receptor.   

Therefore, at equilibrium, constant (𝑘𝑑) is given by; 

𝑘𝑑 =
𝑘𝑜𝑓𝑓

𝑘𝑜𝑛
 

Equation 1.6: Dissociation constant at equilibrium 

𝑘𝑑  denotes the inverse of the affinity of the receptor for the drug at 

equilibrium. 
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After computing fractional receptor occupancy, which is similar to the 

Michaelis-Menten equation, receptor binding can then be expressed as Equation 

1.7.    

𝐵 =
𝐵𝑚𝑎𝑥 × 𝐶

𝑘𝑑 + 𝐶
 

Equation 1.7: Receptor binding equation, the Bmax model  

where 𝐵 is the concentration of bound receptors, 𝐶 is the drug 

concentration, 𝐵𝑚𝑎𝑥  is maximum binding equivalent to the maximum number of 

receptors.       

   For practicality in clinical settings where the receptor binding information 

is not available, the Bmax model is expressed as an Emax model (Equation 1.8) 

using the link of the proportionality constant, under the assumption that the 

clinical effect is proportional to 𝐵 [113].       

 

𝐸 =
𝐸𝑚𝑎𝑥 × 𝐶

𝐸𝐶50 + 𝐶
 

Equation 1.8: The Emax model  

where 𝐸𝑚𝑎𝑥  is the maximum effect of the drug, 𝐶 is the drug concentration, 

𝐸𝐶50 is the drug concentration resulting in half maximal effect.   

To account for multiple binding sites at the same receptor, an addition to 

the Emax gives a sigmoidal Emax model (Equation 1.9) where the parameter 𝛾 

called the Hill coefficient affects the slope of the effect-concentration relationship 

to be steeper (values of 𝛾 greater than one) or shallower (values of 𝛾 lower than 

one), see Figure 1.8. The Hill equation was originally developed to describe the 

binding of oxygen to haemoglobin [114].    

 

𝐸 =
𝐸𝑚𝑎𝑥 × 𝐶𝛾

𝐸𝐶50
𝛾

+ 𝐶𝛾
 

Equation 1.9: The sigmoidal Emax model 
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Figure 1.8: Concentration-effect relationship for an Emax model with Emax = 1 and EC50 

= 1.3 mg/L where blue line, 𝛾 = 1; red line, 𝛾 = 0.25 and green line, 𝛾 = 5. 

To account for baseline physiological conditions (e.g. blood glucose, blood 

pressure baseline), a modification to the Emax model can be made where 𝐸0 is 

included (Equation 1.10).    

𝐸 = 𝐸0 +
𝐸𝑚𝑎𝑥 × 𝐶𝛾

𝐸𝐶50
𝛾

+ 𝐶𝛾
 

Equation 1.10: The Emax model with the baseline of the system (𝐸0)    

 

1.3.3. Pharmacokinetics-Pharmacodynamics  

Combining PK and PD, Pharmacokinetics-pharmacodynamics (PKPD), 

provides a description of the time course of drug effect. Figure 1.9 illustrates the 

combination of PK i.e. the time course of drug concentration (Figure 1.9 a) and 

PD i.e. the relationship between concentration and effect (Figure 1.9 b) to 

generate a PKPD profile i.e. the time course of drug effect (Figure 1.9 c). 
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Figure 1.9: Illustration of a PKPD model by combining (a) PK, a concentration-time 
profile and (b) PD, an effect-concentration profile to obtain (c) PKPD, an effect-time 
profile.    

PKPD models can be mainly categorised into: 

 Immediate effects PKPD models 

 Delayed effects PKPD models 

1.3.3.1. Immediate effects PKPD models  

An immediate effects PKPD model depicts the plasma concentration of 

drug as the direct driver of effect. Therefore, the maximum effect is attained at 

the same time as the maximum plasma drug concentration (Figure 1.10). An 

example of an immediate effects PKPD model is given by Equation 1.11 where 

the plasma concentration at any time, 𝐶(𝑡) is substituted in the Emax model as per 

Equation 1.8.  

𝐸(𝑡) =
𝐸𝑚𝑎𝑥 × 𝐶(𝑡)

𝐸𝐶50 + 𝐶(𝑡)
 

Equation 1.11: Immediate effects PKPD models  

In general, it is assumed that patients are perfectly adherent. That is, each 

dose is taken at each dosing interval. 



Chapter 1: Introduction 

 

37  
 

 

Figure 1.10: Concentration vs time (blue line) and effect vs time (green line) profiles for 
an immediate effects PKPD model with Emax = 1, EC50 = 1.3 mg/L. The PK model used is 
a one-compartment model for oral administration with first order-absorption and 
elimination where D = 100 mg, CL = 20 L/h, V = 4 L and ka = 1 /h. 

 

1.3.3.2. Delayed effects PKPD models 

A delayed effects PKPD model allows the time course of effect to be 

delayed in relation to the time course of plasma drug concentration. The delay 

effects phenomenon can occur due to 1) a delay in distribution of the drug from 

plasma to the effect site and 2) the time course of the turnover process of 

biological substance. Therefore, there are two types of delayed effects PKPD 

models as follows: 

 Effect compartment PKPD models  

 Turnover PKPD models 

The effect compartment PKPD model [115] considers the situation that the 

effect site is distal to the intravascular compartment. A hypothetical effect 

compartment allows for the time required for the drug to equilibrate between 

the plasma and effect site, which results in the delay in distribution. Note that 

the effect related to the effect site drug concentration is immediate. Therefore, it 

can be conceptualised that the effect compartment is a link between the PK 

model and the PD model i.e. the effect compartment concentration is a driver 

from the PK model to the PD model. It is assumed that the amount of drug 
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distributing to the effect compartment is small and hence has negligible impact 

on mass-balance. Although the volume of the effect compartment cannot be 

determined, the rate constant of loss from the effect compartment can be 

estimated and the equilibrium rate constant 𝑘𝑒𝑞 is estimated. The link effect 

compartment model and the effect compartment PKPD model are given by 

Equation 1.12 where 𝐶𝑒(𝑡) is substituted in the Emax model as per Equation 1.8. 

𝑑𝐶𝑒

𝑑𝑡
= 𝑘𝑒𝑞 × (𝐶(𝑡) − 𝐶𝑒) 

𝐸(𝑡) =
𝐸𝑚𝑎𝑥 × 𝐶𝑒(𝑡)

𝐸𝐶50 + 𝐶𝑒(𝑡)
 

Equation 1.12: The link effect compartment model and the effect compartment PKPD 
model. 𝐶𝑒 is the effect compartment concentration, 𝑘𝑒𝑞 is the equilibrium rate constant.  

The turnover PKPD model [116, 117] describes a drug effect which involves 

in stimulation (or inhibition) of production (or elimination) of a physiological 

intermediate. The time course of these physiological processes i.e. the turnover 

of physiological intermediates, which is the rate limiting step results in the 

delayed effect. Table 1.7 presents four turnover PKPD models based on each 

mechanism of the drug acting on physiological intermediates.      

Table 1.7: Four turnover models based on each mechanism of the drug acting on 
physiological intermediates (𝐼). 𝑅𝑖𝑛 = zero-order production rate of 𝐼, 𝐼𝑚𝑎𝑥 = maximum 
degree of inhibition (0<𝐼𝑚𝑎𝑥<1), 𝑆𝑚𝑎𝑥 = maximum degree of stimulation, 𝑘𝑜𝑢𝑡 = 
elimination rate constant.                                           

Mechanism of the drug acting on  
physiological intermediates  
leading to decreased or increased effect  

Model 

1. Inhibition of 
production 

Decreased 
effect 

𝑑𝐼

𝑑𝑡
= 𝑅𝑖𝑛 × (1 −

𝐼𝑚𝑎𝑥 × 𝐶(𝑡)

𝐸𝐶50 + 𝐶(𝑡)
) − 𝑘𝑜𝑢𝑡 × 𝐼 

2. Inhibition of 
elimination 

Increased 
effect 

𝑑𝐼

𝑑𝑡
= 𝑅𝑖𝑛 − 𝑘𝑜𝑢𝑡 × (1 −

𝐼𝑚𝑎𝑥 × 𝐶(𝑡)

𝐸𝐶50 + 𝐶(𝑡)
) × 𝐼 

3. Stimulation of 
production  

Increased 
effect 

𝑑𝐼

𝑑𝑡
= 𝑅𝑖𝑛 × (1 +

𝑆𝑚𝑎𝑥 × 𝐶(𝑡)

𝐸𝐶50 + 𝐶(𝑡)
) − 𝑘𝑜𝑢𝑡 × 𝐼 

4. Stimulation of  
elimination 

Decreased 
effect 

𝑑𝐼

𝑑𝑡
= 𝑅𝑖𝑛 − 𝑘𝑜𝑢𝑡 × (1 +

𝑆𝑚𝑎𝑥 × 𝐶(𝑡)

𝐸𝐶50 + 𝐶(𝑡)
) × 𝐼 



Chapter 1: Introduction 

 

39  
 

The turnover model 1 is used in Chapter 6 for atorvastatin for the inhibition 

of LDL production. 

1.3.4. Heterogeneity and uncertainty 

When applying PKPD models to describe a patient’s drug response, it is 

crucial to consider heterogeneity between patients, often termed between subject 

variability (BSV). BSV comprises predictable and unpredictable variability. 

Predictable variability can arise from patient characteristics i.e. covariates such 

as age, sex, weight, height, body composition and organ function e.g. renal 

function. Information obtained from these covariates explains some of the 

variability observed among patients in the population. That is, it explains when 

an individual patient’s drug response differs from an average (or typical) 

patient’s drug response where an average patient is a patient with mean 

population parameter estimates.        

Uncertainty about the observations is provided by the remaining 

variability, often termed residual unexplained variability (RUV). RUV can arise 

from four sources, namely (1) process error, (2) measurement error, (3) model 

misspecification and (4) moment to moment variability [118]. 

Considering BSV for parameter 𝐶𝐿 in Equation 1.3 𝐶(𝑡) =
𝐷

𝑉
𝑒𝑥𝑝 (−

𝐶𝐿

𝑉
× 𝑡), 

we now have 𝐶𝐿 population average = 𝐶𝐿. Therefore, 𝐶𝐿 for the 𝑖th individual 

(𝐶𝐿𝑖) is given by Equation 1.13. 

𝐶𝐿𝑖 = 𝐶𝐿 𝑒𝑥𝑝(𝜂𝑖) ; 𝜂𝑖~𝑁(0, 𝜔2) 

Equation 1.13: The ith individual’s parameter value accounting for BSV     

where 𝜂𝑖  is the difference of an individual from the population average for 

the 𝑖th individual which is assumed to be log-normally distributed resulting in 

positive values of 𝐶𝐿𝑖  and with a mean 0 and variance 𝜔2.     

When considering RUV, 𝜀𝑖𝑗  is the difference of an observation from a model 

prediction for the 𝑖th individual at the 𝑗th observation. It is assumed to be an 

independent identically distribution normal deviate with a mean 0 and 

variance 𝜎2. Hence Equation 1.3 becomes:   
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 𝐶𝑖𝑗 =
𝐷𝑖

𝑉𝑖
𝑒𝑥𝑝 (−

𝐶𝐿𝑖

𝑉𝑖
× 𝑡𝑖𝑗) + 𝜀𝑖𝑗;  𝜀𝑖𝑗~𝑁(0, 𝜎2) 

Equation 1.14: Concentration for the ith individual at the jth time point tij (Cij)  
accounting for RUV  

This concept of heterogeneity and uncertainty was applied in a model-

based meta-analysis work in Chapter 2. In Chapter 5 and Appendix A.3.3, BSV 

and RUV were incorporated in population PKPD models. BSV was also 

considered in Chapter 6. 

1.3.5. Illustration of the impact of imperfect adherence on the time course of 

drug effects 

First, an indicative example of an adherence profile recorded by MEMS is 

shown in Figure 1.11. This is a once daily dosing profile. X-axis is calendar date. 

Y-axis is 24 hour clock time. Each blue dot depicts the exact timing that the 

patient opens a MEMS bottle to take a dose. Each vertical bar depicts a single 

missed dose.    

 

Figure 1.11: An indicative example of a MEMS profile. X-axis is calendar date 
(day/month/year). Y axis is 24 hour clock time (from 3:00 am to 2:59 am). Each blue dot 
represents the exact timing that the patient opens a MEMS bottle. A vertical bar 
represents a missed dose.    

Figure 1.12 illustrates an average patient with mean population parameter 

estimates in two scenarios, (1) perfect adherence (left panel) and (2) imperfect 

adherence (right panel). A one-compartment instantaneous unit input PK model 

linked to an immediate effects Emax PD model is used as an illustrative example. 

Parameter values are provided in Table 1.8. The first row depicts a MEMS profile 

where the patient takes drugs at the nominal time every day for perfect 
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adherence; and an imperfect adherence profile consists of timing variability, 

random missed doses and drug holidays. The second row and the third row 

show the impact of drug taking behaviour on a PK profile and a PKPD profile, 

respectively. The red line indicates a hypothetical target threshold for success. It 

can be seen that for perfect adherence, the PKPD profile is always above this 

threshold. In contrast, for imperfect adherence, timing variability results in the 

fluctuating PK and PKPD profiles. A random missed dose results in the effect 

being below the threshold (green circles). It is more pronounced when drug 

holidays occur (red circles). 

Details, worked examples and quantification of these profiles are discussed 

in Chapter 5. 

 

Figure 1.12: Comparison of an average patient with perfect adherence (left panel) and 
imperfect adherence (right panel). The model used is a one-compartment instantaneous 
unit input PK model linked to an immediate effects Emax PD model. The top row is a 
MEMS profile. The middle row is a PK profile. The bottom row is a PKPD profile. The 
red line indicates a hypothetical target threshold for success. The green circles indicate 
the relationship between a random missed dose and a decrease in concentrations and 
effects. The red circles indicate the relationship between a drug holiday and a decrease in 
concentrations and effects.    
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Table 1.8: Parameter values for the illustration of the impact of imperfect adherence on 
the time course of drug effects  

Parameter/variable*  Mean value 

Dose (mg) 1 

CL (L/d) ln(2) 

V (L) 1  

Emax 1 

EC50 (mg/L) 1.3 

CL is clearance. V is apparent volume of distribution. Emax is maximum effect. EC50 is drug 
concentration resulting in half maximal effect.        

* Note the units are arbitrary and provided for interpretation of once daily dosing 
profiles. 

 

1.3.6. Choice of drugs as an alternative to assist patients with suboptimal 

adherence 

1.3.6.1. Drugs and dosing regimens that are associated with greater adherence  

1.3.6.1.1. Reducing the frequency of drug administration 

It has been proposed that lower frequency of daily dosing regimen, e.g. 

once daily compared to thrice daily dosing, results in higher adherence across a 

variety of diseases [119, 120]. The findings of the systematic review of Claxton et 

al. [119] are presented in Table 1.9. It should be noted that the findings were 

derived from the mean percentage of prescribed doses taken data and hence 

adherence patterns were not taken into account.   

Table 1.9: Mean percentage of prescribed doses taken recorded by MEMS based on 
different frequency of dosing regimens. Data are from Claxton et al. [119]. 

Frequency of dosing 
regimen 

Mean percentage of prescribed doses taken  
recorded by MEMS 

Once daily 79%±14% 

Twice daily 69%±15% 

Thrice daily 65%±16% 

Four times daily 51%±20% 
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Several drugs have been developed as extended release formulations 

including depots, implants, transdermal patches and oral formulations. Since 

various methods were used to monitor adherence in the literature, the following 

studies may relate to the global measure of adherence and not to adherence 

patterns. Where possible, adherence pattern related findings are presented. A 

systematic review and meta-analysis of Leucht et al. investigating adherence of 

depot compared to oral drugs in patients with schizophrenia showed a 

significant advantage of depot formulations in decreasing the rate of relapse 

(relative risk (RR)=0.70, confidence interval (CI)=0.57-0.87, p=0.0009) [121]. The 

antipsychotic depot formulations reviewed in this study [121] included 

fluphenazine decanoate, zuclopenthixol, haloperidol and risperidone. Similarly, 

with regards to contraception, it has been shown that adherence was 

significantly higher in participants who used a contraceptive transdermal patch 

(Ortho Evra®, norelgestromin and ethinyl estradiol), which was applied weekly, 

at 88.2% compared to those who took an oral contraceptive daily at 77.7% 

(p<0.001) [122]. It has also been reported that the use of contraceptive implants 

(Norplant®, levonorgestrel) compared to oral contraceptives in adolescents was 

associated with significantly higher adherence based on a decision of continuing 

using implants at follow-up. The rate of new pregnancies were also significantly 

lower in the implant group compared to the oral contraceptive group (38% vs 

2%, p<0.001; the number of enrolled participants were 50 and 48 in oral 

contraceptive and implant groups, respectively) [123]. In addition, the study of 

Kardas comparing adherence between once daily slow-release isosorbide 

mononitrate and twice daily isosorbide dinitrate for stable angina pectoris 

reported that the percentage of days with correct number of doses taken 

monitored by MEMS was significantly higher in the slow-release isosorbide 

mononitrate compared to the isosorbide dinitrate groups (85.5% vs 59.5%, 

p<0.0001, respectively) [124]. 

An alternative strategy to the choice of extended release formulations is the 

choice of drugs that have a long half-life as an inherent property. In a 

hypertension study by Andrejak et al. using MEMS to monitor adherence 
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showed that patients prescribed with trandolapril (half-life around 6 hours) 

given once daily were significantly more adherent than those prescribed 

captopril (half-life less than 3 hours) and used twice daily (98.9% vs 97.5%, 

p=0.002) [125]. A corresponding finding was shown in a stable angina pectoris 

when comparing betaxolol once daily vs metropolol twice daily with a measured 

adherence of 86.5% and 76.1% (p<0.01) [126]. 

However, the systematic review of Claxton et al. only found the statistical 

benefits between the reduction of four times to once daily; four times to twice 

daily; and thrice to once daily dosing regimens [119].  

1.3.6.1.2. Reducing number of medications 

Fixed-dose combination medications (aka the polypill) have been 

formulated for several therapeutic areas including HIV, hypertension and 

diabetes. The choice of fixed-dose combinations reduces pill burden. Maitland et 

al. investigated adherence in patients with HIV prescribed with once daily fixed-

dose combination of abacavir and lamivudine compared to twice daily abacavir 

and lamivudine [95]. The results suggested the significantly higher adherence 

rates in those prescribed with once daily fixed-dose combination compared to 

those prescribed with twice daily dosing. The percentage of doses taken on 

schedule measured by MEMS was 95.5% (53.8–100%) vs 86.3% (4.3–100%), 

p=0.006, respectively [95]. This study combines the influence of reduced pill 

burden with dosing regimen simplification and demonstrates the benefits of this 

combined approach.  

1.3.6.2. Drugs that are forgiving: introduction to forgiveness 

The concept of forgiveness was introduced by Urquhart in 1997 [57]. 

Forgiveness can be generally viewed as how accommodating a drug is to less 

than perfect adherence. The forgiveness property of drugs arises from the 

relationship of the duration of action and the dose interval of the drug. When the 

duration of action greatly exceeds the dose interval then the drug is considered 

forgiving to timing errors or missed doses. In this setting it is expected that one 

or two missed dose(s) might have minimal effects on the therapeutic benefits. 
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Forgiveness arises from two main processes: (1) drugs with a long half-life in 

relation to their dosing interval which leads to persistent plasma concentrations 

and (2) drugs that cause an effect that is persistent after the plasma drug 

concentrations have been essentially washed out. Therefore, the choice of 

forgiving drugs may accommodate patients with suboptimal implementation. 

Forgiveness (F) of each drug can be described as the duration of effect (D) 

minus dosing interval (I) (as per [57]), shown as: 𝐹 = 𝐷 − 𝐼. Based on this concept 

it is possible to evaluate the forgiveness of a drug that has a duration of drug 

effect for 72 hours (i.e. D = 72 hours) and is prescribed as a once daily dosing 

regimen (i.e. I = 24 hours); forgiveness is 72 − 24 = 48 hours. This can be 

normalised to the dose interval (i.e. 48 ÷ 24) to yield a forgiveness index of 2. 

This implies that omission of two consecutive doses would not be expected to 

have a significant impact on therapeutic outcomes. An example of a drug with a 

forgiveness index of 2 is amlodipine used for hypertension treatment [127]. In 

contrast, a classic example of unforgiving drugs is most progestin only pills for 

contraception (minipills) since they must be taken within three hours of the same 

time every day. 

It has been demonstrated that, to determine the duration of effect of a drug, 

some clinical studies have replaced the drug with placebo and then measured 

the remaining duration of effect. This approach has been conducted, when 

ethically appropriate, in some studies including contraception, hypertension and 

depression [128]. Duration of effects of each therapeutic area can be measured 

based on observable biomarkers such as systolic blood pressure reduction; or 

validated instruments for signs and symptoms [129, 130]. It is also possible to 

predict the duration of drug effect using principles based on PKPD (see [131, 132] 

for a description of these processes). 

For drugs that are dosed chronically and have a long half-life relative to the 

dose interval it is anticipated that the drug would be forgiving (Table 1.10). Note 

that this is a simplification of the true forgiveness as it only accounts for plasma 

drug half-life and not the effects of the drug which may be prolonged further. 
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Table 1.10: Drugs used chronically that have a long half-life and are prescribed once 
daily or more frequent (I ≤ 24 hours) [133].* 

Drug name Usual dose interval Half-life Forgiveness index 

diazepam 

phenobarbitone 

amiodarone 

6-12 hours 

8-12 hours 

24 hours 

43 hours 

99 hours 

25 days 

2.5-6 

7-11 

24 

* This list excluded anticancer agents and monoclonal antibodies. 

There are few drugs that fulfil this requirement based on plasma drug half-

life alone. The plasma drug half-life is, however, only one of several 

determinants of the duration of therapeutic effect.  The duration is also a function 

of the effects of the drug on the physiological system.  These effects may be 

prolonged by comparison to the plasma drug half-life based on two mechanisms 

(1) the drug affects a biological intermediate that has a slow turnover and (2) 

drugs whose response accumulates over time.  

The former mechanism is typical for a drug that affects the turnover of an 

endogenous substance. For instance, the active metabolite of simvastatin, 

simvastatin acid, inhibits production of cholesterol via inhibition of HMG-CoA 

reductase. Although the active metabolite has a half-life of 2-3 hours simvastatin 

is prescribed as a once daily dosing regimen. Importantly, the duration of effect 

is driven by the half-life of LDL which is in the order of 3-4 days giving a 

duration of action of approximately 3 days [134]. Here the duration of effect is 

essentially independent of the plasma drug half-life and considerably longer 

than the dose interval. With a forgiveness index of approximately 3, this means 

that simvastatin is a relatively forgiving drug and the occasional missed dose is 

unlikely to be problematic. This has been supported by simulation studies [132]. 

Accumulation of drug response over time occurs in settings where the 

drugs actions are distal to the plasma and where the drug distributes to a site 

where the turnover of the tissue at the site is slow relative to plasma drug half-

life. An example of this is alendronate which for treatment doses is prescribed 

either 10 mg daily or 70 mg weekly. Both dosing regimens provide therapeutic 

outcomes of an increase in bone mineral density [135]. The plasma alendronate 
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half-life is approximately one hour; however it is forgiving since its target site, 

bone, has a turnover half-life of much greater than 1 year. Hence, accumulation 

in bone continues over a much longer time frame than in the plasma. Therefore, 

an occasional missed dose or even a drug holiday will not be expected to result 

in loss of therapeutic effect.  

In some circumstances, several effects that result in forgiveness may be 

combined. Warfarin is an example of a forgiving drug from two processes. 

Warfarin has a long half-life of approximately 40 hours (compared to a dosing 

interval of 24 hours). It inhibits the production of vitamin K dependent clotting 

factors: II, VII, IX and X each with their own half-life of turnover (factor II has a 

half-life of approximately 60 hours). This results in the duration of warfarin 

effect of at least 3 days. Here the duration of effect is dependent on both the 

plasma warfarin half-life and the turnover of the factors. In contrast, dabigatran 

has a shorter half-life of 12-17 hours and is a competitive antagonist of factor IIa 

and hence has no intermediate effects seen with warfarin. Therefore, while a 

missed occasional dose of warfarin would not affect therapeutic response, a 

missed occasional dose of dabigatran may run the risk of adverse therapeutic 

effects. 

A formal way to quantify forgiveness is discussed in Chapter 5 with an 

example of how it can be applied in clinical practice in Chapter 6. 
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1.4. Aims of this thesis 

The overarching aim of this thesis is to quantify adherence, the influence of 

factors on adherence and the influence of adherence on therapeutic outcomes. 

The specific aims for each chapter are: 

1. To determine the independent influence of disease and other factors 

on adherence.  

2. To investigate adherence measures used in MEMS literature and 

determine appropriate adherence measures.  

3. To investigate the feasibility of conducting the first MEMS study in 

New Zealand and explore adherence patterns given the collected 

data.   

4. To develop a relative forgiveness criterion and quantify the 

forgiveness of drugs to imperfect adherence.  

5. To apply the developed relative forgiveness criterion to adherence 

profiles observed in clinical practice. 

Given that there have been many attempts to improve adherence with 

inconclusive findings, this thesis explores an alternative approach involving 

consideration of forgiving drugs. That is, the choice of drugs that may be 

forgiving to imperfect adherence is under consideration.  
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This chapter is based on the following peer-reviewed publication: 

Assawasuwannakit P, Braund B, Duffull SB (2015) A model-based meta-analysis of 

the influence of factors that impact adherence to medications. J Clin Pharm Ther. 40:24-

31.      
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2.1. Context 

There have been several studies that have investigated factors that may 

influence adherence for each disease and the range of diseases covered was fairly 

broad such as HIV, hypertension, diabetes, asthma, depression and epilepsy [12].  

However, since the studies were conducted within a particular disease, the 

influence of disease on adherence could not be explored.  

Less work has been conducted to investigate the influence of disease type 

and other factors on adherence across different disease types. In addition, 

current analyses in the literature consider the disease factor in a univariate 

manner and thus cannot delineate the independent influence of disease type 

from other factors. 

2.2. Aims 

The aim of this study is to determine the independent influence of disease 

and other factors on adherence. 

2.3. Methods 

This study describes a model-based meta-analysis (MBMA) of studies that 

have addressed adherence across different diseases and other factors influencing 

adherence.  

MBMA concurrently accounts for many factors of interest. In addition, 

continuous response measures can be taken into account [136]. That is, analyses 

are conducted in the manner of multivariate analyses with continuous outcomes. 

Examples of previous literature using this MBMA technique with time being 

treated as continuous variables are as follows: [137-140] MBMA also considers 

both fixed effects and random effects which is of crucial since there may be 

variability of data being pooled from different studies. 
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2.3.1. Literature search 

A literature search was conducted to retrieve adherence studies using 

Medication Event Monitoring System (MEMS) devices. A literature search was 

performed using Medline. Search terms included “compliance” or “patient 

compliance” or “patient adherence” or “medication adherence” combined with 

“medication event monitoring system” or “MEMS” or “electronic monitoring”; 

where appropriate terms were exploded to include all subterms. The years of 

search included were from 1949 until November 2011. 

2.3.2. Study selection 

Studies were categorised into different therapeutic areas based on titles and 

abstracts. Only the two most commonly studied therapeutic areas were selected 

for inclusion in the analysis. Studies relating to the two most commonly studied 

therapeutic areas were reviewed based on their full-text. Inclusion criteria for 

analysis were: 1) The study must use a MEMS device to measure adherence. 2) 

Minimum study duration was 2 weeks. 3) If it is an intervention study that was 

designed to improve adherence then the study must have a control arm (which 

would be used for analysis). 4) There must be an active drug arm. Exclusion 

criteria for analysis were: 1) Adherence was not reported from MEMS. 2) The 

focus of MEMS research was not on reporting adherence results according to 

defined adherence criterion including percentage of prescribed doses taken per 

day, percentage of days with correct frequency of prescribed doses taken and 

percentage of prescribed doses taken on schedule. 3) The study reported an 

intervention (patients being offered adherence education) with no control arms 

(i.e. the influence of the factors could not be assessed independently of the 

adherence-based intervention). 4) Research that had the same group of patients 

studied as research that the authors already included. 5) The study was a review. 

6) The study reported methodologies with no results. 7) The report was an 

editorial comment, editorial letter, correspondence. 8) Results that were reported 

did not originate from the research undertaken. 9) Only patients with known 

suboptimal adherence were recruited. 10) Study duration was too short (less 
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than 2 weeks). 11) The medicines were not a solid dosage form (e.g. liquid 

medications). Subsequently, the most commonly recorded adherence criterion 

was used to filter studies. 

2.3.3. Data extraction 

All studies with the most commonly recorded adherence criterion included 

for data extraction contained the number of patients, disease, age, dosing 

regimen and mean or median adherence results. Studies were excluded prior to 

data extraction if they met the following criteria: 1) The study contained missing 

data that could not be imputed based on our assumptions. (Assumptions are 

shown in Appendix A.1.1). 2) Adherence results were only reported as the 

proportion of patients with adherence levels i.e. 80% or 95% adherence. Data 

imputation, please refer to Appendix A.1.1 for further details, is as follows: 1) 

Number of patients: If the number of patients that completed the study was not 

provided then the number of patients was set to the number of enrolled patients; 

2) Dosing regimen: If the dosing regimen was not directly reported then it was 

implied from other content in that study where possible; 3) Age: If the age of an 

individual group was not provided then the average age of all enrolled patients 

was used; and 4) Adherence result: If more than one value for adherence was 

reported (for instance adherence could be reported over different time periods) 

then the average adherence was used.   

Pseudo-patient level data were extracted from each study which included 

disease, age, dosing regimen, mean or median adherence results. Here the term 

pseudo is used since each patient’s results were seldom reported. Where 

individual patient level data (actual data of each individual patient) were not 

provided then patient data from the study were created by single imputation of 

the mean study attributes. For example, a study of 50 individuals would be 

created based on 50 individuals having the mean attributes of the study. Where 

these were described in a multivariate manner, for example the age of males and 

females were provided separately, then the patient level data were created to 

reflect this detail.  In all cases a study index was added to the data set so that a 
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study level random effect could be included. Assuming each study provides data 

on a single individual on only 1 occasion then a patient level random effect is not 

required. When more than 1 study is reported in the same article a random effect 

was considered for within publication variability. 

The extracted data were analysed using a MBMA technique under a 

nonlinear mixed effects modelling framework using NONMEM® 7.2 (ICON 

Solutions, Ellicott City, MD, USA). This technique provided an estimate of the 

combined (unadjusted) and independent (adjusted) influence of each factor on 

adherence. Note this does not imply that an independent (adjusted) factor is 

causally associated.    

2.3.4. Model building 

An expit transformation was used to transform the predicted adherence 

percentage to lie between 0% and 100%. Note the addition of a residual error 

term allows adherence values to exceed 100%.  

A general form of the model to predict adherence is given by, 𝑔𝑖𝑗:    

𝑔𝑖𝑗 = 𝛽0 + 𝛽1𝑋𝑖𝑗 + 𝜂𝑖 

Equation 2.1: A general form of the model to predict adherence  

where 𝑔𝑖𝑗  is the linear predictor, 𝛽0 is the intercept, 𝛽1 is the factor 

coefficient, 𝑖𝑗 is the factor for the 𝑗th patient in the 𝑖th study, and 𝜂𝑖  is the between 

study random effect for the 𝑖th study. Note here that further factors and 

coefficients and interaction terms can be added to determine the adjusted 

influence of each factor of interest.              

 

 

 

 

 

 

 

 



Chapter 2: A model-based meta-analysis of the influence of factors that impact on adherence 

 

54  
 

Under the expit transformation, the linear predictor is transformed 

according to 

𝑦𝑖𝑗 = (
1

1 + 𝑒𝑥𝑝−𝑔𝑖𝑗
) 100 + 𝜀𝑖𝑗 

Equation 2.2: Transformation of the linear predictor 

where 𝑦𝑖𝑗 is the observed individual adherence data (as a percentage) for 

the 𝑗th patient in the 𝑖th study and 𝜀𝑖𝑗 is residual unexplained variability which 

is assumed to be an independent and identically distributed (i.i.d.) normal 

deviate.   

The factors of interest were disease, age, dosing regimen, duration of 

treatment, medication class and pill burden. Disease was treated as a nominal 

variable and age was treated as a continuous variable centred by the mean value. 

With regard to dosing regimen, models with ordinal, nominal and continuous 

dosing regimens were considered. Dosing regimen was summarised as: 1 = once 

daily dosing, 2 = twice daily dosing, 3 = thrice daily dosing etc. In circumstances 

when a study may have included either once or twice daily dosing then the 

dosing regimen was set to the mean (1.5) and so forth. Duration of treatment was 

defined as the entire period of time that patients have been taking their 

prescribed medications and was considered as a continuous variable. 

Medication class described the category of medications based on their 

pharmacological target and was treated as a nominal variable.  

Pill burden represented the total number of medications taken daily and was 

considered as a continuous variable.   

Base, univariate and full (multivariate) models were developed. Each factor 

of interest was tested individually in a stepwise manner to assess statistical 

significance of an individual factor on predicted adherence. Models with 

interaction terms were also considered.  

Between study random effects were considered for the intercept as well as 

factor coefficients. Between study random effects for some factor coefficients 

were discarded if the model predicted a value that was close to zero.  Note here 

that the random effects were considered nuisance and were considered to reduce 

https://www.google.co.nz/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CB4QFjAA&url=http%3A%2F%2Fen.wikipedia.org%2Fwiki%2FIndependent_and_identically_distributed_random_variables&ei=ohrFVPn_Moi68gWpr4CgDA&usg=AFQjCNGPjZraACgMIrQWL4bhKkT6g1QfLw&sig2=R1gKQS-3gX9JInA4mf-IhA&bvm=bv.84349003,d.dGc
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bias in the fixed effects parameters. In all cases between study random effects 

were included as additive models (as per Equation 2.1).     

The residual error model was considered using additive, proportional or 

combined additive and proportional error models. An additive error model was 

used for all developed factor models. The first-order conditional estimation with 

interaction (FOCE + interaction) estimation method was used. 

2.3.5. Model selection 

Model selection was based on the likelihood ratio test for nested models. 

The difference of two log likelihoods is asymptotically and approximately chi-

squared distributed. Significance for the addition of 1 or more parameters is 

determined by a decrease in objective function value. The objective function 

value is proportional to minus twice the log-likelihood. For 1 parameter a 

difference of more than 3.84 (p-value <0.05) was considered statistically 

significant. Non-nested models were compared using Akaike’s information 

criterion (AIC) where decreased values indicate the better fit. Visual plots were 

performed for the final model to evaluate the goodness of the model fit. The 

visual plots included plots of observed versus individual predicted adherence 

percentage, and weighted residual plots. 

2.4. Results 

  A total of 404 papers were initially identified. Figure 2.1 illustrates the 

study selection and data extraction process. The most commonly studied 

therapeutic areas were HIV and hypertension. In this work, studies that involved 

MEMS type devices were selected as it was believed that these studies were 

likely to provide information on the patterns of adherence rather than less 

informative overall adherence measures. However, the most commonly 

recorded adherence criterion was percentage of prescribed doses taken per day. 

Based on inclusion/exclusion criteria, this adherence criterion and criteria for 

data extraction, 24 HIV papers and 12 hypertension papers were ultimately 

included for data extraction. 
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2.4.1. Data characteristics  

Over all 36 papers, the mean age (range) and mean dosing regimen (range) 

were 45 years (6.9-66.7) and 1.78 (1-4), respectively. Duration of treatment, 

medication class and pill burden were reported infrequently and could not be 

considered in this analysis. Note that although patients in studies may receive 

multiple medications, only selected medication/s were studied and hence used 

in this analysis.  

A summary of data characteristics of the extracted data is shown in Table 

2.1. Publication identifier (PID) represented each paper. Study identifier (SID) 

represented each study being reported within PID. Note that one publication 

may include more than 1 paper. Consideration of an additional layer of random 

effects for SID within PID did not improve the model fit. Hence the PID level 

random effect was not considered further and all studies within a publication 

were considered to be independent. 
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Figure 2.1: The study selection and data extraction process

Papers with two selected therapeutic 
areas retrieved for further evaluation 

with inclusion criteria (n=160)                                                                   

HIV (n=103),               
hypertension (HTN) (n=57) 

Based on full text 
Papers excluded (n=94): HIV (n=59), HTN (n=35) 
• Adherence was not reported from the MEMS. (n=21): HIV (n=19), 
HTN (n=2)                                                                                                                        
• The focus of MEMS research was not on reporting adherence results 
according to defined adherence criterion (further details in text). (n=29): 
HIV (n=12), HTN (n=17)                                                                                                                                                                                                                                                                                                                                 
• The study reported an intervention (patients being offered adherence 
education) with no control arms. (n=12): HIV (n=10), HTN (n=2)                                                                                                                                                                                              
• Research that had the same group of patients studied as research that 
the authors already included. (n=10): HIV (n=7), HTN (n=3)                                                                                                                                                                                                                                                                                                                                                      
• The study was a review. (n=7): HIV (n=2), HTN (n=5)                                                                                                                                                                                                                                                                                                                    
• The study reported methodologies with no results. (n=3): HIV (n=0), 
HTN (n=3)                                                                                                                                                                                                                                                                                                                  
• The report was an editorial comment, editorial letter, 
correspondence. (n=7): HIV (n=5), HTN (n=2)                                                                                                                                                              
• Results that were reported did not originate from the research 
undertaken. (n=1): HIV (n=0), HTN (n=1)                                                                                                                                                                                                                                                                                                
• Only patients with known suboptimal adherence were recruited. 
(n=1): HIV (n=1), HTN (n=0)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     
• Study duration was too short (less than 2 weeks). (n=1): HIV (n=1), 
HTN (n=0)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               
• The medicines were not a solid dosage form (e.g. liquid medications). 
(n=2): HIV (n=2), HTN (n=0)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                     

    

HIV (n=44), HTN (n=22) 

Potentially appropriate papers to be considered 
based on percentage of prescribed does taken 
per day being used as an adherence criterion 

(n=66)                                                                   

HIV (n=37), HTN (n=14) 
Papers with the adherence criterion 

retrieved (n=51) 

Based on full text 
Papers excluded (n=15): HIV (n=13), HTN (n=2) 
• 1) Missing data and could not be imputed based on our assumptions.                                

• 2) Adherence results were only reported as the proportion of 

patients with adherence levels i.e. 80% or 95% adherence. 

Papers included for data extraction 
(n=36) HIV (n=24), HTN (n=12) 

Based on title and abstract  
Papers excluded (n=244) 
• Therapeutic areas which contributed less than 10% of the 
total number of studies 

 

Potentially relevant papers identified and 
screened based on therapeutic areas 

(n=404)   
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Table 2.1: Data characteristics 

Authors Disease* PID SID Number of 

patients 

Age (years) Dosing 

regimen† 

DV# Mean/ 

Median 

Andrejak et al. [125] 0 1 1 71 55 1 98.9 median 

Andrejak et al. [125] 0 1 2 62 59 2 97.5 median 

Choo et al. [141] 0 2 1 286 55 1 86 mean 

Kruse et al. [142] 0 3 1 15 62.4 1 88.8 mean 

Kruse et al. [142] 0 3 2 9 62.4 2 87.9 mean 

Leenen et al. [93] 0 4 1 111 55 1 94 mean 

Leenen et al. [93] 0 4 2 87 55 2 91 mean 

Mengden et al. [143] 0 5 1 19 53 1 93.65 mean 

Santschi et al. [144] 0 6 1 25 58 1 100 median 

Schoenthaler and Ogedegbe [145]    0 7 1 138 53.44 1 51 mean 

Schoenthaler and Ogedegbe [145]  0 7 2 138 53.44 1 50 mean 

Svarstad et al. [146] 0 8 1 20 54 1.5 80.8 mean 

Wetzels et al. [147] 0 9 1 146 60.5 1 96.8 mean 

Zeller et al. [148] 0 10 1 209 66.7 1 95.7 mean 

Zeller et al. [148] 0 10 2 7 66.7 2 95.7 mean 

Zeller et al. [149] 0 11 1 38 66 1 94 mean 

Zeller et al. [75] 0 12 1 27 61.9 1 81.6 mean 

Arnsten et al. [74] 1 13 1 49 43 2 54 mean 

Bell et al. [150] 1 14 1 80 38.6 2 88.1 mean 

Boyle et al. [151] 

Boyle et al. [151] 

1 

1 

15 

15 

1 

2 

205 

95 

42.3 

42.1 

1 

2.5 

87.1 

77.1 

mean 

mean 
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Authors Disease* PID SID Number of 

patients 

Age (years) Dosing 

regimen† 

DV# Mean/ 

Median 

Ettenhofer et al. [152]  1 16 1 92 40.49 1 72.63 mean 

Ettenhofer et al. [152] 1 16 2 11 53.03 1 83.92 mean 

Ettenhofer et al. [152] 1 16 3 240 40.49 2 72.63 mean 

Ettenhofer et al. [152] 1 16 4 62 53.03 2 83.92 mean 

Ettenhofer et al. [152] 1 16 5 20 40.49 3 72.63 mean 

Ettenhofer et al. [152] 1 16 6 6 53.03 3 83.92 mean 

Farley et al. [153]  1 17 1 2 6.9 1 81.4 median 

Farley et al. [153] 1 17 2 20 6.9 2 81.4 median 

Farley et al. [153] 

Fletcher et al. [154] 

Fletcher et al. [154] 

Frick et al. [155] 

Hinkin et al. [156] 

Holstad et al. [157] 

Howard et al. [158] 

Howard et al. [158] 

Howard et al. [158]   

Ickovics et al. [159] 

Ickovics et al. [159] 

Liu et al. [160]  

Maitland et al. [95] 

Maitland et al. [95] 

Maitland et al. [95] 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

17 

18 

18 

19 

20 

21 

22 

22 

22 

23 

23 

24 

25 

25 

25 

3 

1 

2 

1 

1 

1 

1 

1 

2 

1 

2 

1 

1 

2 

3 

4 

31 

31 

8 

137 

102 

124 

124 

37 

24 

18 

95 

47 

47 

94 

6.9 

40 

40 

33 

44.06 

43.5 

41.3 

41.3 

41.3 

27.7 

27.7 

37 

47.1 

46.5 

46.8 

3 

2 

3 

3 

2.25 

2 

2 

2 

3 

1.5 

4 

2 

1 

2 

1 

81.4 

72 

72 

78 

80.2 

74.9 

55 

55 

42 

42.05 

42.05 

63 

99.2 

96.6 

99 

median 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 
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Authors Disease* PID SID Number of 

patients 

Age (years) Dosing 

regimen† 

DV# Mean/ 

Median 

Melbourne et al. [73] 

Melbourne et al. [73] 

Molina et al. [161] 

Molina et al. [161] 

Parienti et al. [162] 

Parienti et al. [162] 

Parienti et al. [163] 

Parienti et al. [163]  

Pop-Eleches et al. [164] 

Portsmouth et al. [165]  

Portsmouth et al. [165] 

Shuter et al. [166] 

Shuter et al. [167] 

Weber et al. [168] 

Wagner et al. [94] 

Katrissios et al. [97] 

Katrissios et al. [97] 

Katrissios et al. [97] 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

26 

26 

27 

27 

28 

28 

29 

29 

30 

31 

31 

32 

33 

34 

35 

36 

36 

36 

1 

2 

1 

2 

1 

2 

1 

2 

1 

1 

2 

1 

1 

1 

1 

1 

2 

3 

43 

44 

73 

46 

27 

25 

29 

43 

119 

22 

21 

64 

36 

28 

41 

27 

8 

23 

38 

38 

39.2 

37.7 

48.1 

48.1 

46.9 

46.9 

35.65 

40 

45 

45.2 

44.9 

40.2 

41 

40 

40 

40 

2.5 

2 

1 

2 

1 

2 

1 

2 

2 

1 

2 

2 

2 

2 

2 

2 

3 

2 

90.3 

92.8 

99.8 

92.6 

93.7 

91.4 

70.8 

70.8 

75.8 

99.4 

97.7 

72.8 

76.5 

94.3 

66 

82 

86 

86 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

mean 

* 0 = hypertension, 1 = HIV † 1 = once daily, 1.5 = once or twice daily, 2 = twice daily, 2.25 = once or twice or thrice daily, 2.5 = twice or thrice daily, 3=thrice daily, 4 = thrice to 
five times daily PID = publication identifier, SID = study identifier, # DV = dependent variable (% adherence rate) 
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2.4.2. Influence of disease and other factors on adherence 

The base model (without factors) was given by 𝐸[𝑔𝑖𝑗] = 1.89 which 

corresponds to an estimated average adherence of 86.88%.  

2.4.2.1. Univariate models 

Models to assess the influence of disease, age and dosing regimen on 

adherence are displayed in Table 2.2. Dosing regimen was treated as a 

continuous value centring by the mean value.  

Table 2.2: Models for an individual factor without other factors being taken into account   

Factor Model Decrease in twice log-
likelihood from the base 
model 

Disease    𝐸[𝑔𝑖𝑗] = 2.55 − 0.99 × 𝐷𝐼𝑆𝑖𝑗 4.95* 

Age (years) 𝐸[𝑔𝑖𝑗] = −0.62 + 2.47 × 𝐴𝐺𝐸𝑖𝑗/45 1810.20* 

Dosing 
regimen 

𝐸[𝑔𝑖𝑗] = 2.16 − 0.29 × 𝑅𝐸𝐺𝑖𝑗/1.78 680.90* 

* p<0.05 

where 𝐷𝐼𝑆𝑖𝑗  is disease (0 = hypertension and 1 = HIV) for the 𝑗th patient in 

the 𝑖th study, 𝐴𝐺𝐸𝑖𝑗 is age (years) for the 𝑗th patient in the 𝑖th study and 𝑅𝐸𝐺𝑖𝑗 is 

dosing regimen treated as a continuous value with 1 = once daily, 2 = twice daily, 

3 = thrice daily and so forth for the 𝑗th patient in the 𝑖th study.  

From given models, the combined influence of disease, age, and dosing 

regimen on adherence and the corresponding predicted adherence percentage 

are displayed in Table 2.3. Age values were selected at the interquartile range, 

40 and 53 years.             

The combined influences of each factor on adherence were: an increase in 

adherence of 8% per 10 year increase of age, a 4% reduction from once to thrice 

daily dosing, and that HIV patients were 10% less adherent than hypertension 

patients.         
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Table 2.3: Combined influences of an individual factor on adherence with the predicted 
adherence percentage 

Factor 𝑔𝑖𝑗 Predicted 
adherence 
percentage 

 

The difference of 
two predicted 
adherence 
percentage values 
in sequence 

Disease    

Hypertension 2.55 92.76 - 

HIV 1.56 82.64 10.12 

Age (years) 

40 

 

1.58 

 

82.92 

 

- 

53 2.29 90.80 7.88 

Dosing regimen    

1 2.00 88.08 - 

2 1.83 86.18 1.90 

3 1.67 84.16 2.02 

2.4.2.2. Multivariate models  

The final model included all of the factors that were considered. Interaction 

terms did not contribute significantly to the model fit.  

The final model was given by:    

𝐸[𝑔𝑖𝑗] = 𝛽0 + 𝛽1 × 𝐷𝐼𝑆𝑖𝑗 + 𝛽2 × 𝐴𝐺𝐸𝑖𝑗 45⁄ + 𝛽3 × 𝑅𝐸𝐺𝑖𝑗 1.78⁄  

Equation 2.3: The final model 

Parameter estimate values with 95% confidence interval for Equation 2.3 

are shown in Table 2.4. Random effects were included on the intercept (𝛽0) and 

𝛽3.        
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Table 2.4: Parameter estimate values with 95% confidence interval for Equation 2.3 

Parameter Value (95% CI) 

𝛽0 0.26 (-0.08, 0.60) 

𝛽1 0.40 (0.15, 0.65) 

𝛽2 2.43 (2.13, 2.73) 

𝛽3  -1.10 (-1.47, -0.73) 

where 𝛽0 is intercept, 𝛽1 is a disease coefficient, 𝛽2 is an age coefficient and 

𝛽3 is a dosing regimen coefficient.        

Table 2.5 shows the adjusted (independent) influence of disease, age, 

dosing regimen on adherence and the corresponding predicted adherence 

percentage from the full multivariate model. In this description, age and dosing 

regimen were fixed at their mean values when calculating predicted adherence 

percentage for the dosing regimen and age factors, respectively. 

The independent influences of each factor on adherence were: an increase 

in adherence of approximately 8% per 10 year increase of age, a 15-19% reduction 

from once to thrice daily dosing, and that HIV patients were 5% more adherent 

than hypertension patients. Note these results were similar to the univariate 

results except the influence of disease was reversed, and in both circumstances 

were likely to be of minimal clinical significance. 
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Table 2.5: Independent influences of each factor on adherence with the predicted 
adherence percentage 

Factor 𝑔𝑖𝑗 Predicted 
adherence 
percentage 

The difference of 
two predicted 
adherence 
percentage values 
in sequence 

Disease    

Hypertension 1.59 83.06 - 

HIV 1.99  87.97 4.91 

Age (years) 

Hypertension 

   

40 1.32 78.92 - 

53 

HIV 

40 

53 

2.02 

 

1.72 

2.42 

88.29 

 

84.81 

91.83 

9.37 

 

- 

7.02 

Dosing regimen 

Hypertension 

   

1 2.07 88.80 - 

2 1.45 81.00 7.8 

3 0.84 69.85 11.15 

HIV 

1 

2 

3 

 

2.47 

1.85 

1.24 

 

92.20 

86.41 

77.56 

 

- 

5.79 

8.85 
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The relationship between dosing regimen, age and predicted adherence 

percentage is illustrated in the surface plots, Figure 2.2. 

 

Figure 2.2: Predicted adherence percentage for HIV patients (a) and hypertension 
patients (b). In these plots dosing regimen is shown on the x-axis (1 denotes once daily, 
2 twice daily and so forth), age (years) on the y-axis and predicted adherence on the z-
axis.  

The surface plots provide an overall interpretation of the strength and 

direction of the influence of various factors on adherence. Overall, HIV patients 

demonstrated slightly higher predicted adherence percentage compared to 

hypertension patients.  It is clear from the surface plots that the influence of age 

is the most significant factor of interest.  In both HIV and hypertension there is a 

clear decline in adherence with decreasing age (note this should only be 

interpreted over the age ranges included in this analysis). Dosing regimen while 

also significant showed a consistent but less dramatic decline in adherence with 

increasing dosing regimen complexity (up to four times daily). Since no 

interactions were identified between the factors considered then these effects 

were consistent across bands of age and dosing regimen. It is also observable 

from the surface plots that dosing regimen (from once to thrice daily) while 

reducing adherence in the older age group did not reduce adherence below 

approximately 80%. However in younger age groups (e.g. 40 years) the influence 

of complex regimens (multiple daily doses) may result in adherence that is poor. 
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Diagnostic plots are provided in Appendix A.1.2. Weighted residual plots 

of disease, age and dosing regimen showed that there was no trend in the 

weighted residual plots. Some studies were outside the range of -5, 5. This may 

be due to several reasons such as unbalanced designs of the studies or some 

observations being unique from others. 

2.5. Discussion 

A variety of factors influencing adherence has been studied in chronic 

diseases. However, to our knowledge, the independent influence of different 

diseases on adherence has not been addressed. This study used a MBMA 

technique which allows determination of the independent influence of disease 

on adherence once other factors, namely age and dosing regimen have been 

taken into account. In addition, the independent influence of these other factors 

was determined. Random effects which allowed for between study variability 

and residual unexplained variability were considered. This MBMA technique 

was used in the study by Ito et al. where an Alzheimer’s disease progression 

model was developed based on literature [138]. It was also used in other studies 

with various therapeutic areas including migraine, rheumatoid arthritis and 

diabetes [137, 139, 140].    

The four key findings of this work are the independent influences of age, 

dosing regimen and disease on adherence (in order of importance). Namely: (1) 

adherence improves with increasing age, (2) dosing regimen negatively 

influences adherence in a linear manner (i.e. twice daily dosing is associated with 

a decreased adherence of 6-8% compared to once daily dosing), (3) disease, in 

terms of hypertension compared to HIV has a modest effect on adherence and 

(4) the importance of dosing regimen on adherence wanes with advancing age 

(based on the surface plots), in the sense that although increased complexity of 

the dosing regimen decreases adherence the base level of adherence in (for 

example) a 60 year olds is considerably better than 40 year olds and hence the 

influence may be of less importance.  
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Our findings indicate that increasing age has a positive influence on 

adherence which corresponds to previous studies [97, 169-172]. An adherence 

study of patients with hyperlipidaemia has shown that the group of patients at 

a mean age of 56 years were better adherent compared to those at a mean age of 

47 years [172]. However, in other studies no relationship between age and 

adherence has been found [173-176]. The reason for these conflicting findings is 

unknown but may be explained by study design and patient related factors.  In 

terms of study design it would be needed for at least a two decade difference in 

the mean ages between the cohorts to expect to see a 15-20% difference in 

adherence and hence many studies may be underpowered to detect differences.  

Regarding lifestyle, the underlying premise that older patients tend to have 

simpler more ordered life styles which may allow them to pay greater attention 

to and set their medication taking as a daily routine contrasts with younger and 

middle-aged patients who often have busy life-styles that may affect their 

adherence [177, 178]. It has also been reported that declining cognitive function 

with age in the very old may accompany decreased adherence [171, 177, 179]. 

The impact of age-related cognitive function on adherence remains unanswered 

here because some studies initially excluded patients with cognitive 

deterioration during recruitment process and cognitive impairment was not 

available as a factor in this study. However, Park et al. proposed that although a 

decline in cognitive function was related to age, the effect was insufficient to 

hamper adherence in the elderly [178]. The concern with declined cognitive 

impairment may also be related to a decline in health literacy which may affect 

adherence but, and importantly, various medication pack devices exist that can 

help organise medicines and improve adherence and do not require a high level 

of health literacy. Ultimately, the more worrying target may well be middle-aged 

or younger patients. 

 Our findings should be considered with caution at the extremes of age 

included in this study (i.e. 7 and 67 years).  In particular paediatric patients are 

likely to have a carer administering the medicines and hence adherence has an 

entirely different context. Importantly also this study does not elucidate factors 
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that affect adherence in the elderly (over 70 year olds) and further work in this 

group is required. Based on a general assumption that patients of older age may 

be expected to be more non-adherent, due to various barriers such as multiple 

chronic diseases with multiple medications and/or the large number of 

medications and supposed cognitive dysfunction, it seems that older patients 

have been the main focus for clinical adherence support [45]. Although the 

importance of an advanced age related decline in adherence in this exploratory 

work cannot be ruled out, it seems that adherence support services should also 

consider younger age cohorts. 

The finding that dosing regimen negatively influences adherence in a linear 

manner is not surprising. Numerous studies have investigated the influence of 

implementing a dosing regimen on adherence across a variety of chronic 

diseases. A general consensus is implementing higher frequency of doses per 

day reduces the adherence level [119, 120]. These values were however, perhaps 

surprisingly, less significant than age in this current study. 

The influence of disease on adherence has been reported to be insignificant 

[58, 180]. A review of published studies by Haynes et al. [30], before 1978, 

identified three issues 1) patients with psychiatric diseases are likely to exhibit 

lower levels of adherence. 2) poorer adherence may be associated with of greater 

numbers of symptoms. 3) higher adherence may be resulted from higher level of 

disability. Urquhart et al. suggested that poor adherence with delayed and 

missed doses in the implementation phase shared similarities across different 

diseases [58]. This work considered, glaucoma, epilepsy and ankylosing 

spondylitis. The authors also concluded that symptoms, prognoses and 

medications did not appear to affect adherence [58]. Another study by DiMatteo 

compared mean adherence across 17 studies with the range of disease severity 

and asymptomatic or symptomatic conditions including HIV, cardiovascular 

diseases, cancer, diabetes and gastrointestinal disorders [180]. Their findings 

demonstrated that variability across mean adherence scores were not significant. 

In this current work, it was found that disease was statistically significant, 

however the influence appeared to be slight compared to other factors. 
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Interestingly in this work, in the univariate analysis patients with hypertension 

were found to be more adherent than HIV patients however this was reversed 

in the full multivariate model. The final model identified the independent 

influence of disease on adherence was statistically significant with HIV patients 

being on average 5% more adherent than patients with hypertension. 

The influence of pill burden on adherence was one of the factors of interest. 

However, little data were reported on the total number of medications patients 

taking per day. Therefore, this factor could not be considered in this analysis. It 

is likely that this may well be correlated with age and hence our findings on age 

should be viewed as exploratory until more fully investigated. Similarly, due to 

poor reporting of other factors including duration of treatment, caution is 

advised regarding confounding effects.  

There are a number of limitations to this study. Firstly, only two therapeutic 

areas were studied, due to the availability of published data. Therefore, 

conclusions about the importance of disease as an influence on adherence are 

only in the context of hypertension and HIV. Secondly, it is surprising that the 

most commonly used adherence criterion in MEMS studies was the percentage 

of prescribed doses taken per day. This is a blunt criterion and hides the impact 

of patterns of adherence. Due to limited literature, it was not possible to use a 

more appropriate criterion and therefore our study should be perceived as a first 

attempt to quantify the independent influence of factors on adherence. It is likely 

that the results could be different when further data available. It is recommended 

that future MEMS studies should report not only summary statistics about 

adherence, such as percent of doses taken, but also report numbers of missed 

doses, drug holidays, timing variability as well as initiation and discontinuation 

issues. Thirdly, there was a need for imputation of missing data, namely number 

of patients, disease, age, dosing regimen and adherence results. Since retrieved 

adherence papers were those using MEMS, the aims of the individual papers 

varied widely. Therefore the required data for our data extraction regarding 

factors influencing adherence were not always provided. This meta-analysis 

combined studies with different goals and hence is exploratory in nature rather 
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than providing high level evidence. Finally, since individual level data were not 

obtainable from all studies then each individual was imputed at the mean of the 

population stratified for the dosing regimen and disease. This last limitation has 

significant implications as the results of the influence of various factors will be 

limited to information in the means and generally not by individual responses.  

It is believed that this is likely to decrease the size of the influence of the factors 

due to regression to the mean.  Conclusions regarding the absolute influence of 

age and dosing regimen should be treated with caution, but it seems reasonable 

that the effects found in this study may probably be conservative and 

underestimate the true influence of these factors. 

2.6. Conclusions 

This study considers the influence of various factors on adherence in a 

multivariate analysis comparing and contrasting adherence from two different 

diseases. While the influence of disease on adherence was significant it is likely 

to be of limited clinical significance. Adherence appears to improve with age and 

decline with the greater frequency of dosing regimen. Additionally, the influence 

of dosing regimen wanes with increasing age. These results should be treated as 

exploratory and require prospective assessment. 
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3.1. Context 

It was thought that the use of Medication Event Monitoring System 

(MEMS) would confer an advantage over other adherence measurements in that 

it provides data on actual adherence patterns i.e. temporal patterns, which are a 

crucial element to understand the impact of types of imperfect adherence on 

dose-response relationship. As found in Chapter 2, it was however unexpected 

that although MEMS type devices are widely used, studies in general limited 

their account of adherence to global measures (i.e. pill counts) and on the whole 

did not report patterns of adherence. This means that much of the reported 

MEMS adherence data fail to provide information that would provide an 

understanding of the adherence patterns that would yield a specific fractional 

adherence, e.g. 60% of doses taken. 

In 1997, the work of Kastrissios and Blaschke [110] demonstrated various 

reported adherence measures in MEMS literature. The most commonly reported 

adherence measures were percentage of doses taken and percentage of days with 

correct doses. Other adherence measures used were percentage of doses taken 

on schedule, therapeutic coverage and duration and frequency of drug holidays 

[110]. The work of Vrijens et al. in 1997 [181] determined six possible ways to 

measure adherence. The first three adherence measures considered the level of 

the number of doses: 1) percentage of days with correct doses, 2) percentage of 

doses taken and 3) percentage of drug holidays. The latter three adherence 

measures considered the level of the timing of doses: 4) timing variability of 

doses taken, 5) percentage of too short or too long dosing intervals and 6) median 

and quartiles of dosing intervals [181]. This work of Vrijens et al. [181] has 

provided an initial approach of measuring adherence for MEMS studies with the 

consideration of dose timing data.  

The importance of dose timing data has been reiterated by Blaschke et al. in 

2012 who reported examples of four patients with acceptable adherence over one 

year (90% of average prescribed doses taken) [54]. However, these four cases 

showed various chronological patterns of imperfect adherence including 
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delayed initiation, early discontinuation, random missed doses and drug 

holidays [54]. 

Further to the work of Kastrissios and Blaschke in 1997 [110], an overview 

of various adherence measures used in MEMS studies of commonly studied 

therapeutic areas, described in Chapter 2 as HIV and hypertension, has not been 

investigated. 

3.2. Aims  

The aims of this study are: 

(1) To develop a set of categories of adherence measures based on those 

reported in MEMS studies. 

(2) To illustrate adherence measures. 

(3) To investigate the frequency of the use of various adherence measures 

in MEMS studies in HIV and hypertension therapeutic areas.  

(4) To propose aggregate adherence measures for future MEMS studies. 

This will be used in Chapter 4.  

For ease of reading, aims (1) and (2) will be discussed in the methods 

section while aim (3) will be discussed in the results section and aim (4) will be 

discussed in the discussion section.  

3.3. Methods 

MEMS studies used in this study were those retrieved after exclusion 

criteria had been applied in Chapter 2. Please refer to Figure 2.1: the study 

selection and data extraction process in Chapter 2. There were 66 papers (44 HIV 

papers and 22 hypertension papers) included prior to the most commonly 

recorded adherence criterion being used to filter studies (see Table 3.1 and Table 

3.2 for a summary). The retrieved studies were from the years 1998 to 2011. A 

review of possible adherence measures used in those 66 papers was conducted. 

Documented adherence measures were then categorised and illustrated. 
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Table 3.1: A summary of HIV papers included for this study  

 

 

Authors  Year Journal  Title 

Frick et al. [155] 1998 AIDS Patient Care STDS Antiretroviral medication compliance in patients with AIDS 

Kastrissios et al. [97]  1998  AIDS Characterizing patterns of drug-taking behavior with a multiple drug regimen in an AIDS clinical trial 

Melbourne et al. [73] 1999 AIDS Read Medication adherence in patients with HIV infection: a comparison of two measurement methods 

Arnsten J et al. [74] 2001  Clin Infect Dis Antiretroviral therapy adherence and viral suppression in HIV-infected drug users: comparison of self-report and 
electronic monitoring 

Gross et al. [182] 2001 AIDS Effect of adherence to newly initiated antiretroviral therapy on plasma viral load 

Liu et al. [160] 2001  Ann Intern Med A comparison study of multiple measures of adherence to HIV protease inhibitors 

McNabb et al. [183]  2001 Clin Infect Dis Adherence to highly active antiretroviral therapy predicts virologic outcome at an inner-city human immunodeficiency 
virus clinic 

Hinkin et al. [156]  2002  Neurology Medication adherence among HIV+ adults: effects of cognitive dysfunction and regimen complexity 

Howard et al. [158] 2002 AIDS A prospective study of adherence and viral load in a large multi-center cohort of HIV-infected women 

Hugen et al. [184] 2002  J Acquir Immune Defic Syndr Assessment of adherence to HIV protease inhibitors: comparison and combination of various methods, including 
MEMS (electronic monitoring), patient and nurse report, and therapeutic drug monitoring 

Ickovics et al. [159]  2002  J Acquir Immune Defic Syndr Prenatal and postpartum zidovudine adherence among pregnant women with HIV: results of a MEMS substudy from 
the Perinatal Guidelines Evaluation Project 

Mathews et al. [185]  2002 AIDS Patient Care STDS Prevalence, predictors, and outcomes of early adherence after starting or changing antiretroviral therapy 

Wagner [186]  2002  AIDS Patient Care STDS Predictors of antiretroviral adherence as measured by self-report, electronic monitoring, and medication diaries 

Farley et al. [153] 2003  J Acquir Immune Defic Syndr Assessment of adherence to Antivir Ther in HIV-infected children using the Medication Event Monitoring System, 
pharmacy refill, provider assessment, caregiver self-report, and appointment keeping 
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Authors  Year Journal  Title 

Wagner [187] 2003 HIV Clin Trials Placebo practice trials: the best predictor of adherence readiness for HAART among drug users? 

Wagner et al. [94] 2003 AIDS Patient Care STDS Adherence to HIV antiretrovirals among persons with serious mental illness 

Berg et al. [188] 2004 J Gen Intern Med Gender differences in factors associated with adherence to antiretroviral therapy 

Weber et al. [168] 2004 Antivir Ther Effect of individual cognitive behaviour intervention on adherence to antiretroviral therapy: prospective randomized 
trial 

de Bruin et al. [189] 2005 AIDS Patient Care STDS Theory- and evidence-based intervention to improve adherence to antiretroviral therapy among HIV-infected patients 
in the Netherlands: a pilot study 

Fletcher et al. [154] 2005 J Acquir Immune Defic Syndr Four measures of antiretroviral medication adherence and virologic response in AIDS clinical trials group study 359 

Portsmouth et al. [165] 2005 HIV Med Better maintained adherence on switching from twice-daily to once-daily therapy for HIV: a 24-week randomized trial 
of treatment simplification using stavudine prolonged-release capsules 

Weaver et al. [190] 2005  Health Psychol A stress and coping model of medication adherence and viral load in HIV-positive men and women on highly active 
antiretroviral therapy (HAART) 

Levine et al. [69] 2006  Health Psychol Adherence to antiretroviral medications in HIV: differences in data collected via self-report and electronic monitoring 

Bell et al. [150] 2007  J Acquir Immune Defic Syndr Adherence to antiretroviral therapy in patients receiving free treatment from a government hospital in Blantyre, Malawi 

Hinkin et al. [191]  2007  AIDS Behav Drug use and medication adherence among HIV-1 infected individuals 

Molina et al. [161] 2007  AIDS Res Hum Retroviruses A lopinavir/ritonavir-based once-daily regimen results in better compliance and is non-inferior to a twice-daily 
regimen through 96 weeks 

Munoz-Moreno et al. [70] 2007 AIDS Res Hum Retroviruses Assessing self-reported adherence to HIV therapy by questionnaire: the SERAD (Self-Reported Adherence) Study 

Parienti et al. [162] 2007 AIDS Effect of twice-daily nevirapine on adherence in HIV-1-infected patients: a randomized controlled study 
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Authors   Year Journal  Title 

Shuter et al. [166] 2007  J Acquir Immune Defic Syndr HIV-infected patients receiving lopinavir/ritonavir-based antiretroviral therapy achieve high rates of virologic 
suppression despite adherence rates less than 95% 

Vriesendorp et al. [192] 2007 Eur J Clin Pharmacol Adherence to HAART therapy measured by electronic monitoring in newly diagnosed HIV patients in Botswana 

Boyle et al. [151] 2008  HIV Clin Trials Randomization to once-daily stavudine extended release/lamivudine/efavirenz versus a more frequent regimen 
improves adherence while maintaining viral suppression 

Gross et al. [193] 2008 HIV Clin Trials How long is the window of opportunity between adherence failure and virologic failure on efavirenz-based HAART? 

Lu et al. [194] 2008  AIDS Behav Optimal recall period and response task for self-reported HIV medication adherence 

Maitland et al. [95] 2008  HIV Med Switching from twice-daily abacavir and lamivudine to the once-daily fixed-dose combination tablet of abacavir and 
lamivudine improves patient adherence and satisfaction with therapy 

Parienti et al. [163]  2008  PLoS ONE Not all missed doses are the same: sustained NNRTI treatment interruptions predict HIV rebound at low-to-moderate 
adherence levels 

Vranceanu et al. [195] 2008 AIDS Patient Care STDS The relationship of post-traumatic stress disorder and depression to antiretroviral medication adherence in persons 
with HIV 

Applebaum et al. [196]  2009 AIDS Patient Care STDS The impact of neuropsychological functioning on adherence to HAART in HIV-infected substance abuse patients 

Ettenhofer et al. [152] 2009  Am J Geriatr Psychiatry Aging, neurocognition, and medication adherence in HIV infection 

Martin et al. [197]  2009 AIDS Patient Care STDS A comparison of adherence assessment methods utilized in the United States: perspectives of researchers, HIV-infected 
children, and their caregivers 

Shuter et al. [167] 2009 HIV Clin Trials Occurrence of selective ritonavir nonadherence and dose-staggering in recipients of boosted HIV-1 protease inhibitor 
therapy 

Haberer et al. [198] 2011 PLoS ONE Excellent adherence to antiretrovirals in HIV+ Zambian children is compromised by disrupted routine, HIV 
nondisclosure, and paradoxical income effects 
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Table 3.2: A summary of hypertension papers included for this study 

 

 

 

Authors    Year Journal  Title 

Mengden et al. [143] 1993  J Hypertens The use of self-measured blood pressure determinations in assessing dynamics of drug compliance in a study with 
amlodipine once a day, morning versus evening 

Kruse et al. [142] 1994  Int J Clin Pharmacol Ther Patterns of drug compliance with medications to be taken once and twice daily assessed by continuous electronic 
monitoring in primary care 

Detry et al. [199] 1995  Eur J Clin Pharmacol Patient compliance and therapeutic coverage: comparison of amlodipine and slow release nifedipine in the treatment of 
hypertension. The Belgian Collaborative Study Group 

Leenen et al. [93] 1997  Can J Cardiol Patterns of compliance with once versus twice daily antihypertensive drug therapy in primary care: a randomized 
clinical trial using electronic monitoring 

Choo et al. [141] 1999  Med Care Validation of patient reports, automated pharmacy records, and pill counts with electronic monitoring of adherence to 
antihypertensive therapy 

Svarstad et al. [146] 1999 Patient Educ Couns The Brief Medication Questionnaire: a tool for screening patient adherence and barriers to adherence    

Authors   Year Journal  Title 

Holstad et al. [157] 2011 AIDS Behav Group motivational interviewing to promote adherence to antiretroviral medications and risk reduction behaviors in 
HIV infected women 

Lyimo et al. [200]  2011 BMC Public Health Measuring adherence to antiretroviral therapy in northern Tanzania: feasibility and acceptability of the Medication 
Event Monitoring System 

Pop-Eleches et al. [164] 2011 AIDS Mobile phone technologies improve adherence to antiretroviral treatment in a resource-limited setting: a randomized 
controlled trial of text message reminders 
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Authors    Year Journal  Title 

Andrejak et al. [125] 2000 Am J Hypertens Electronic pill-boxes in the evaluation of antihypertensive treatment compliance: comparison of once daily versus twice 
daily regimen 

Burnier et al. [201] 2001  J Hypertens Electronic compliance monitoring in resistant hypertension: the basis for rational therapeutic decisions 

Hamilton [202]  2003  Eur J Cardiovasc Nurs Measuring adherence in a hypertension clinical trial 

Wetzels et al. [147] 2006  BMC Health Serv Res All that glisters is not gold: a comparison of electronic monitoring versus filled prescriptions--an observational study 

Santschi et al. [144] 2007  Eur J Clin Pharmacol Clinical evaluation of IDAS II, a new electronic device enabling drug adherence monitoring 

Wetzels et al. [203] 2007  Am J Hypertens Electronic monitoring of adherence as a tool to improve blood pressure control. A randomized controlled trial 

Bogner and de Vries [204] 2008 Ann Fam Med Integration of depression and hypertension treatment: a pilot, randomized controlled trial 

Braam et al. [205]  2008  Br J Clin Pharmacol Bromide as marker for drug adherence in hypertensive patients 

Santschi et al. [206]  2008  Eur J Intern Med Impact of electronic monitoring of drug adherence on blood pressure control in primary care: a cluster 12-month 
randomised controlled study 

Schoenthaler and  
Ogedegbe [145] 

2008 Ann Pharmacother Patients' perceptions of electronic monitoring devices affect medication adherence in hypertensive African Americans 

Zeller et al. [148] 2008 J Clin Epidemiol  An adherence self-report questionnaire facilitated the differentiation between nonadherence and nonresponse to 
antihypertensive treatment 

Zeller et al. [149] 2008  Hypertens Res  Physicians' ability to predict patients' adherence to antihypertensive medication in primary care  

Zeller et al. [75] 2008  Hypertens Res Patients' self-reported adherence to cardiovascular medication using electronic monitors as comparators 

Ruppar [207] 2010 J Cardiovasc Nurs Randomized pilot study of a behavioral feedback intervention to improve medication adherence in older adults with 
hypertension 

van Onzenoort et al. [208] 2010  Am J Hypertens Assessing medication adherence simultaneously by electronic monitoring and pill count in patients with mild-to-
moderate hypertension 

Rose et al. [209] 2011  J Clin Hypertens Effects of daily adherence to antihypertensive medication on blood pressure control 
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3.3.1. Categorisation of adherence measures used in MEMS studies 

Documented adherence measures comprised a variety of adherence 

measures across MEMS studies. In addition, multiple adherence measures were 

used in some studies. Therefore, relevant adherence measures were identified 

and subsequently grouped together. Ultimately, based on grouped relevant 

adherence measures, the categorisation of adherence measures was developed 

as the following 6 main categories: 

(1) the main category of doses taken 

(2) the main category of missed doses 

(3) the main category of extra doses taken 

(4) the main category of timing  

(5) the main category of the impact of drug taking on drug effects    

(6) other categories    

Each main category comprises its categories with relevant sub-categories 

as shown in sections 3.3.1.1 to 3.3.1.6.   

Note the purpose of this work was not to propose categories for adherence 

measures that hold particular clinical meaning but rather to report the typical 

categories that the MEMS literature supports. Therefore, it is expected that there 

may be overlap between some sub-categories within a particular category; and 

that certain main categories may seem incomplete.  
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3.3.1.1. The main category of doses taken 

The main category of doses taken begins with a broad category: only the 

number of doses taken is counted, followed by a category counting the number 

of doses taken at a day level, and finally the number of doses taken with timing 

being considered.  

Category 1 (C1)  Number of doses taken  

Category 2 (C2)  Number of days with doses taken 

  Category 2.1 (C2.1)  Number of days with correct doses  

  Category 2.2 (C2.2)  Number of days with correct dosing  

  Category 2.3 (C2.3)  Number of days with 2 correct dosing 

      intervals in 3 dosing intervals   

Correct doses in C2.1 refers to the correct number of doses taken whereas 

correct dosing in C2.2 refers to the correct number of doses taken as well as the 

correct dosing interval. C2.3 is treated separately from C2.2 when only 2 correct 

dosing intervals out of 3 dosing intervals is considered, but not 3 correct dosing 

intervals in 3 dosing intervals. 

For C3 and C4, they involve both the number of doses taken and timing 

elements where C3 considers when a dose is taken appropriately and C4 

considers when a dose is taken beyond an appropriate interval. 

Category 3 (C3)  Number of doses taken on schedule  

Category 4 (C4)  Number of delayed doses 

3.3.1.2. The main category of missed doses  

The main category of missed doses has a similar structure as the main 

category of doses taken. It begins with the number of missed doses, followed by 

the number of missed doses with timing being considered and finally the 

consecutive days of missed doses. 

Category 5 (C5)  Number of missed doses 

Category 6 (C6)  Number of missed doses within defined 

     intervals   

Category 7 (C7)  Number of missed doses at a day level   
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C7.1 considers how many days in a prescribed period that at least one dose 

is missed for daily dosing, while C7.2 covers the number of days where only 1 

dose is taken for twice daily dosing.   

  Category 7.1 (C7.1)  Number of days with missed doses 

  Category 7.2 (C7.2)  Number of days with 1 missed dose 

      for twice daily dosing 

C7.3 to C7.9 consider how many consecutive days where missed doses 

occur. The definition of consecutive days with missed doses ranges from 1 day 

to 7 days.    

  Category 7.3 (C7.3)  Number of days with missed doses for 

      1 day 

  Category 7.4 (C7.4)  Number of days with missed doses for 

      1-2 days 

  Category 7.5 (C7.5)  Number of days with missed doses for 

      2 days 

  Category 7.6 (C7.6)  Number of days with missed doses for 

      at least 2 days 

  Category 7.7 (C7.7)  Number of days with missed doses for 

      3 days 

  Category 7.8 (C7.8)  Number of days with missed doses for 

      7 days  

C7.9 considers the longest possible consecutive days with missed doses that 

could occur. 

  Category 7.9 (C7.9)   Longest number of days with missed 

      doses  

3.3.1.3. The main category of extra doses taken  

This main category of extra doses taken looks at the number of extra doses 

taken at a day level. 

Category 8 (C8)  Number of days with extra doses taken 
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3.3.1.4. The main category of timing  

This main category of timing summarises reported measures considering 

solely the level of timing, which is different from the previous defined categories. 

Those considered the level of timing in conjunction with the number of doses 

taken or the number of missed doses.  

Category 9 (C9)  Timing  

C9.1 covers the longest possible timing errors that could occur between 

doses.    

  Category 9.1 (C9.1)  The duration of the longest intervals 

      between doses   

  Category 9.2 (C9.2)  Mode of hour distributions 

C9.2 is where the mode of hour distributions is defined as the hour at which 

the drug is taken most frequently. 

  Category 9.3 (C9.3)  Coefficient of variation  

C9.3 is where the coefficient of variation is defined as (standard deviation 

of the timing between doses divided by mean timing between doses) x 100%. 

C9.4 is similar to C3, the number of doses taken on schedule. Here it is 

viewed as the percentage of correct timing over a prescribed period.    

  Category 9.4 (C9.4)   The proportion of timing of doses 

      taken within correct timing intervals 

C9.5 considers the average of timing errors between doses over a 

prescribed period. 

  Category 9.5 (C9.5)  Sum of the interval of timing between 

      doses divided by the number of MEMS 

      openings 
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3.3.1.5. The main category of the impact of drug taking on drug effects  

This main category of the impact of drug taking on drug effects further 

looks at therapeutic attainment in addition to how patients take drugs described 

in the previous 3 main categories.    

Category 10 (C10)  The impact of drug taking on drug effects 

  Category 10.1 (C10.1) Therapeutic coverage            

  Category 10.2 (C10.2) Uncovered time in 24 hours for once 

      and twice daily dosing 

C10.1 looks at the duration that the drug effect is covered given the doses 

that were taken, and C10.2 is another perspective of measuring uncovered time, 

in the case of once and twice daily dosing.   

3.3.1.6. Other categories 

These include categories which do not fit into the above 4 main categories. 

Category 11 (C11)  Other categories 

  Category 11.1 (C11.1) Number of days with equal or greater 

      than one dose being taken 

  Category 11.2 (C11.2) Number of doses taken divided by 

      number of prescribed days  
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3.3.2. Illustration of adherence measures 

The main categories of dose taken, missed doses and extra doses taken are 

illustrated here using a diagram of thrice, twice and once daily dosing where 

appropriate. 

3.3.2.1. The main category of doses taken  

Table 3.3: Illustration of the main category of doses taken. The red colour identifies where 
each scenario occurs. 

Category* Thrice daily Twice daily Once daily 

C1 Number of doses taken ● X X 

● ● ● 

● ● ● 

7/9 

● X  

● X  

● ●  

4/6 

X 

● 

● 

2/3 

C2 Number of days with doses 
taken 

   

C2.1 Number of days with 
correct doses 

 ● ↔ X ↔ X 

● ↔ ● ↔ ● 

    ● ↔ ● ------ ● 

2/3 

● ↔ X 

● ↔ ● 

    ● ------ ● 

2/3 

X 

● 

● 

2/3 

C2.2 Number of days with 
correct dosing  

 ● ↔ X ↔ X 

● ↔ ● ↔ ● 

    ● ↔ ● ------ ● 

1/3 

● ↔ X 

● ↔ ● 

    ● ------ ● 

1/3 

X 

● 

● 

2/3 

C2.3 Number of days with 2 
correct dosing intervals in 3 
dosing intervals 

Case 1 

 ● ↔ X ↔ X 

● ↔ ● ↔ ● 

    ● ↔ ● ------ ● 

1/3 

N/A 

 

N/A 
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Category* Thrice daily Twice daily Once daily 

C2.3 Number of days with 2 
correct dosing intervals in 3 
dosing intervals  

Case 2 

● ↔ X ↔ X 

● ↔ ● ↔ X 

    ● ↔ ● ------ ● 

2/3 

N/A N/A 

C3 Number of doses taken on 
schedule 

● ↔ X ↔ X 

● ↔ ● ↔ ● 

    ● ↔ ● ------ ● 

6/9  

e.g. ±25% 

● ↔ ● = 

8±2 hour 

X ↔ X 

● ↔ ● 

    ● ------ ● 

3/6  

e.g. ±25% 

● ↔ ● = 

12±3 hours 

X 

● 

● 

2/3 

e.g. ±25% 

● ↔ ● = 

24±6 hours 

C4 Number of delayed doses ● ↔ X ↔ X 

● ↔ ● ↔ ● 

    ● ↔ ● ------ ● 

1/9 

e.g. ± >25% 

● ------ ● = 

8± >2 hour 

X ↔ X 

● ↔ ● 

    ● ------ ● 

1/6 

e.g. ± >25% 

● ------ ● = 

12± >3 hours 

X 

● 

● 

0/3  

e.g. ± >25% 

● ------ ● = 

24± >6 hours 

(* Expressed in Number, Percentage, Proportion)   

● = taken doses 

X = missed doses 

↔ = acceptable interval between days and doses  

------ = unacceptable interval  

Note intervals between days are acceptable unless otherwise stated 
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3.3.2.2. The main category of missed doses 

Table 3.4: Illustration of the main category of missed doses. The red colour identifies 
where each scenario occurs. 

Category* Thrice daily Twice daily Once daily 

C5 Number of missed doses 

 

● X X 

● ● ● 

● ● ● 

2/9 

● X  

● ●  

● ●  

1/6 

X 

● 

● 

1/3 

C6 Number of missed doses 
within defined intervals 

● ↔ X ↔ X 

● ↔ ● ↔ ● 

    ● ↔ ● ------ ● 

e.g. ±25% 

X ↔ X =  
8±2 h 

2/9 

● ↔ X 

● ↔ ●  

    ● ------ ● 

e.g. ±25% 

X ↔ X =        
12±3 h 

1/6 

X 

● 

● 

e.g. ±25% 

X ↔ X =  
24±6 h 

1/3 

C7 Number of missed doses in 
days (Number of drug holidays) 

   

C7.1 Number of days with 
missed doses 

● ↔ X ↔ X 

● ↔ ● ↔ ● 

    ● ↔ ● ------ ● 

1/3 

● ↔ X 

● ↔ ●  

    ● ------ ● 

1/3 

X 

● 

● 

1/3 

C7.2  Number of days with 1 
missed dose for twice daily 
dosing  

N/A ● ↔ X  

● ↔ ●  

    ● ------ ● 

1/3 

N/A 

C7.3 Number of days with 
missed doses for 1 day 

 X X X 

● ● ● 

● ● ● 

1/3 

X X 

● ● 

● ●  

1/3 

X 

● 

● 

1/3 
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Category* Thrice daily Twice daily Once daily 

C7.4 Number of days with 
missed doses for 1-2 days 

Possible Case 1: All counted as 1 

● ● ● 

● ● ● 

 X X X 

● ● 

● ●  

X X 

● 

● 

X 

C7.4 Number of days with 
missed doses for 1-2 days 

Possible Case 2: All counted as 1  

● ● ● 

X X X 

X X X 

● ●  

X X  

X X 

● 

X 

X 

C7.5  Number of days with 
missed doses for 2 days 

All counted as 1 

● ● ● 

X X X 

X X X 

● ●  

X X  

X X 

● 

X 

X 

C7.6 Number of days with 
missed doses for at least 2 days 

Possible Case 1: All counted as 1 

           ● ● ● 

 X X X 

 X X X 

● ●  

X X  

X X 

● 

X 

X 

C7.6 Number of days with 
missed doses for at least 2 days 

Possible Case 2: All counted as 1 

X X X 

X X X 

X X X 

X X 

X X 

X X 

X 

X 

X 

C7.7 Number of days with 
missed doses for 3 days 

All counted as 1 

X X X 

X X X 

X X X 

X X 

X X 

X X  

X 

X 

X 

C7.8 Number of days with 
missed doses for 7 days  

All counted as 1 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X X 

X X 

X X 

X X 

X X 

X X 

X X 

X X 

X 

X 

X 

X 

X 

X 

X 
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(Previous page) 

(*Expressed in Number, Percentage, Proportion)   

● = taken doses 

X = missed doses 

↔ = acceptable interval between days and doses  

------ = unacceptable interval  

Note intervals between days are acceptable unless otherwise stated 

3.3.2.3. The main category of extra doses taken  

Table 3.5: Illustration of the main category of extra doses taken. The red dot represents 
an extra dose taken. 

Category* Thrice daily Twice daily Once daily 

C8 Number of days with extra 
doses taken  

● X X 

● ● ● 

       ● ● ● ● ● 

1/3 

● X  

● ●  

    ● ● ●  

1/3 

X 

● 

   ● ● 

1/3 

(* Expressed in Number, Percentage, Proportion)   

● = taken doses 

X = missed doses 

↔ = acceptable interval between days and doses  

------ = unacceptable interval  

Note intervals between days are acceptable unless otherwise stated 
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3.4. Results 

The frequency of the use of each adherence measure, C1-C11 is presented 

in this section. A total of 66 MEMS papers were included in this study (44 HIV 

papers and 22 hypertension papers). Note here that in some studies, more than 

one adherence measure was used within a study. 

3.4.1. The main category of doses taken 

The number of MEMS studies using C1, C2 and C4 are presented in Table 

3.6. Those using C3 are shown in Table 3.7 with an explanation of how dosing 

intervals were defined in order for them to be considered as having been taken 

on schedule.  

Table 3.6: MEMS studies using C1, C2 and C4 

Category Number of studies 

 HIV Hypertension 

C1 Number of doses taken 38 14 

C2 Number of days with doses taken   

C2.1 Number of days with correct doses 11 10 

C2.2 Number of days with correct dosing  3 4 

C2.3 Number of days with 2 correct 
dosing intervals in 3 dosing intervals 

- 1 

C4 Number of delayed doses  1 1 
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Table 3.7: MEMS studies using C3 

Category Number of studies  

C3 Number of doses taken on schedule  

HIV  

- once or twice daily: within 3 hour interval 5 

- once daily: within 4 hour interval and twice daily: 
within 2 hour interval  

1 

- once or twice daily: no interval allowed 1 

- twice daily: within 1 hour interval and thrice daily: 
within 1 hour interval 

1 

- twice daily: within 3 hour interval 1 

- twice or thrice daily: within 1, 2 ,3 hour interval 1 

- no specified dosing: within 2 hour interval 2 

- no specified dosing, no specified interval 1 

Total 13 

C3 Number of doses taken on schedule 

Hypertension 

 

- once daily: within 2 hour interval and twice daily: 
within 1 hour interval 

1 

- once daily: within 6 hour interval and twice daily: 
within 3 hour interval 

4 

- once daily: within 6 hour interval 1 

- once daily, no specified interval 1 

- no specified dosing, no specified interval 2 

Total  9 

Out of the 11 categories of adherence measures, the most commonly used 

adherence measure in MEMS literature was C1: the number of doses taken (n=52, 

78.79%). Around one third of the studies (n=22, 32.31%) used the measure of 

C2.1: the number of days with correct doses; and C3: the number of doses taken 

on schedule. C3 was used with different definitions of acceptable dosing 
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intervals. A fewer proportion of the studies, around one tenth (n=7, 10.77%) used 

C2.2: the number of days with correct dosing. 

3.4.2. The main category of missed doses   

Table 3.8: MEMS studies using C5, C6 and C7  

Category Number of studies    

 HIV Hypertension 

C5 Number of missed doses  1 - 

C6 Number of missed doses within 
defined interval 

- 1 

C7 Number of missed doses in days 
(Number of drug holidays)  

  

C7.1 Number of days with missed doses - 2 

C7.2 Number of days with 1 missed 
doses for twice daily dosing 

- 1 

C7.3 Number of days with missed doses 
for 1 day 

- 1 

C7.4 Number of days with missed doses 
for 1-2 days 

1 - 

C7.5 Number of days with missed doses 
for 2 days 

- 1 

C7.6 Number of days with missed doses 
for at least 2 days 

2 - 

C7.7 Number of days with missed doses 
for 3 days 

1 1 

C7.8 Number of days with missed doses 
for 7 days 

1 - 

C7.9 Longest number of days with 
missed doses  

1 - 

Overall, the main category of missed doses was not commonly used in 

MEMS studies with 1 to 2 studies (1.5% to 3.1%) using each category or sub-

categories for C7. 
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3.4.3. The main category of extra doses taken  

Table 3.9: MEMS studies using C8 

Category Number of studies 

 HIV Hypertension 

C8 Number of days with extra doses 
taken  

- 1 

3.4.4. The main category of timing 

Table 3.10: MEMS studies using C9 

Category Number of studies 

 HIV Hypertension 

C9 Timing    

C9.1 The duration of the longest intervals 
between doses  

1 - 

C9.2 Mode of hour distributions  - 1 

C9.3 Coefficient of variation 1 - 

C 9.4 The proportion of timing of doses 
taken within correct timing intervals 

1 - 

C 9.5 Sum of the interval of timing 
between doses divided by the number of 
MEMS openings 

- 1 

Overall, one study (1.5%) used each sub-category of the timing measure. 

3.4.5. The main category of the impact of drug taking on drug effects 

Table 3.11: MEMS studies using C10 

Category Number of studies 

 HIV Hypertension 

C10 The impact of drug taking on drug 
effects 

  

C10.1 Therapeutic coverage  4 1 
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Category Number of studies 

 HIV Hypertension 

C10.2 Uncovered time in 24 hours for 
once and twice daily dosing  

1 - 

Around one tenth of the studies (n=6, 9.23%) used this measure of the 

impact of drug taking on drug effects. 

3.4.6. Other categories 

Table 3.12: MEMS studies using C11  

Category Number of studies 

 HIV Hypertension 

C11 Other categories    

C11.1 Number of days with equal or 
greater than one dose being taken 

1 - 

C11.2 Number of doses taken divided by 
number of prescribed days  

- 1 

3.5. Discussion 

This study has provided an overview of measures of adherence used in a 

subset of MEMS literature in HIV and hypertension therapeutic areas. The study 

has developed a set of categories into which reported adherence measures can 

be grouped. Adherence measures were also illustrated. The frequency of the use 

of various adherence measures was then explored. 

The categorisation of reported adherence measures included (1) the main 

category of doses taken, (2) the main category of missed doses, (3) the main 

category of extra doses taken, (4) the main category of timing, (5) the main 

category of the impact of drug taking on drug effects and (6) other categories. To 

compare to the initial approach of measuring adherence by Vrijens et al. [181], 

their first three adherence measures were covered in the above main categories 

(with percentage of days with correct doses and percentage of doses taken being  

included in the main category of doses taken; and percentage of drug holidays 
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being included in the main category of missed doses). However, their latter three 

adherence measures (timing variability of doses taken, percentage of too short 

or too long dosing intervals and median and quartiles of dosing intervals) were 

not covered in the above main categories. Although the main category of timing 

was reported, timing measures were different from what Vrijens et al. proposed. 

The results showed that the percentage of doses taken was the most 

commonly used adherence measure in recruited MEMS studies. Although 

MEMS type devices have been used in research into adherence to better 

understand adherence patterns, MEMS capabilities have not been fully utilised. 

It is important to note here that percentage of doses taken is a less informative 

measure. That is, it is equivalent to the measurement of pill counts. Several 

incorrect drug taking scenarios cannot be detected by percentage of doses taken. 

Such scenarios include patients who may take the number of doses correctly but 

at wrong intervals. An example is a twice daily dosing drug that is suggested to 

be taken at around 12 hours apart to allow drug effects to be attained throughout 

the day. The number of doses taken cannot provide the information, for instance, 

of when a patient takes two doses at one time. Another example is when one 

extra dose is taken then followed by a missed dose, or many extra doses taken 

and followed by drug holidays. Percentage of doses taken recorded by MEMS, 

may be however, potentially more reliable than pill counts reported by patients, 

as the latter could be easily censored by patients.  

Although day level data can be obtained using the number of days with 

correct doses, this measure seems to share limitations with the number of doses 

taken. That is, on any day, the correct number of doses may be taken but whether 

the dosing interval is acceptable or not is unknown. The number of days with 

correct dosing takes both numbers of doses and when the dose is taken into 

account and hence it has an additional advantage.  

The number of doses taken on schedule may be perceived as a precise 

measure. The results showed that an allowed dosing interval varied across 

studies. For illustration, if an acceptable interval is 25%, this means that an 

allowed dosing interval is 6 hours, 3 hours and 2 hours for once daily, twice daily 
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and thrice daily dosing, respectively. It is important to reiterate that timing 

variability should be considered when monitoring adherence since this provides 

better understanding of actual adherence behaviour and the impact of this on 

pharmacokinetic-pharmacodynamic (PKPD) responses. However, timing 

variability may not be a major barrier for patients to achieve their treatment 

target as long as they rarely miss taking doses. That is, the impact of missed doses 

may be stronger compared to that of timing variability. Findings to support this 

will be further discussed in more detail in Chapter 5. Generally speaking, for 

drugs whose responses are directly driven from plasma concentrations, timing 

errors on average may be allowed up to the number of hours of prescribed 

intervals. 

For the main category of missed dose measure, the point to note is that, for 

C7, the definition of the consecutive days with missed doses was not consistent 

across studies. This was occasionally referred to as drug holidays and hence it 

should be taken into account when comparing results across studies. Generally 

in the literature, the consecutive days of missed doses may probably be 

perceived based on a once daily dosing. However, to be more specific, 

consecutive missed doses should be determined in addition to a variety of 

number of days with missed doses. To illustrate, for twice and thrice daily dosing 

drugs with immediate effects, the effect below therapeutic success would likely 

be observed within the duration of three consecutive missed doses; or one day 

of missed doses. Therefore, there is no definite rule about the consecutive 

number of missed doses or that of days with missed doses. This measure should 

be considered individually depending on each drug property and dosing 

regimen. 

There was one study using the main category of extra doses taken. It is 

probably because the focus of adherence MEMS studies has been more towards 

under taking of doses compared to an excess of doses. 

The main category of timing looked at the aspect of timing per se rather 

than the aspect of the number of doses, or the aspect of the number of doses with 

timing. One study used each sub-category. Further information provided from 
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this measure was 1) the most common timing of doses taken, 2) the average of 

timing of doses taken and 3) the variability in timing of doses taken. 

The main category of the impact of drug taking on drug effects considered 

beyond the patterns of drug taking i.e. the duration that drugs exert therapeutic 

effects given doses taken. This measure of therapeutic coverage is of importance 

since it accounts for the ultimate outcome of interest. Further discussion about 

the link between the patterns of drug taking and drug effects will be presented 

in Chapter 5 and Chapter 6. 

There are three implications from this study for future MEMS studies. 

Firstly, this study has demonstrated that available MEMS studies have used a 

number of adherence measures. Therefore, it is prudent that the comparison 

across available MEMS studies should be conducted using the same level of 

adherence measures to obtain better comparable results. Secondly, although 

there have been a number of adherence measures reported, it appeared that the 

overall picture of the three phases of adherence i.e. initiation, implementation 

and discontinuation were not commonly obtained by using some of the reported 

adherence measures. In particular for the implementation phase, the information 

on when random missed doses and drug holidays happened in conjunction with 

the frequency of these events was lacking. Hence, there should be a consensus 

for future MEMS studies that aggregate adherence measures should be used, 

which can provide the entire picture of adherence process. This will allow for the 

consistent reporting of informative adherence data. Thirdly, it seemed that much 

available MEMS data did not distinguish among these three phases of 

adherence. Therefore, future MEMS data obtained from aggregate adherence 

measures should be compared at the same phase of adherence. This will enable 

future research to study imperfect adherence due to the specific phase i.e. 

delayed initiation, suboptimal implementation, or early discontinuation. 

Hence, it is proposed that in addition to the four adherence measures by 

Vrijens et al., percentage of days with correct dosing, number of random missed 

doses per month and number of drug holidays per 3 months should be used for 

future MEMS studies. Percentage of days with correct dosing can account for 
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both percentage of too short or too long dosing intervals and a missed dose 

component. The timeframe of a missed dose component will allow us to 

understand both the frequency and occurrence of missed doses.      

3.6. Conclusions 

This study has categorised adherence measures reported in a subset of 

MEMS literature based on the relevance of adherence measures. The study has 

shown that adherence measures varied across MEMS studies. Despite the 

advanced function of MEMS to record adherence patterns, the most commonly 

used adherence measure was percentage of doses taken per day. Future MEMS 

studies should use standardised aggregate adherence measures to consistently 

report the entire temporal patterns of adherence arising from initiation, 

implementation and discontinuation.
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4.1. Context 

The previous chapters have demonstrated the benefits of using Medication 

Event Monitoring System (MEMS) as a measurement of adherence. The benefits 

include a better understanding of: 1) actual medication taking behaviour in 

patients as well as 2) the association between temporal patterns of adherence and 

pharmacokinetic-pharmacodynamic (PKPD) responses. The first benefit will be 

further discussed in this chapter and the second benefit will be discussed in 

Chapter 5 and Chapter 6. Since temporal patterns of adherence data can only be 

provided by MEMS type devices, this highlights the importance of MEMS 

studies. To decrease potential barriers with conducting studies, feasibility 

studies should be considered beforehand.  

Several MEMS feasibility studies have been conducted in the therapeutic 

area of HIV [210-213]. Another MEMS feasibility study was in a paediatric 

transplantation area [214]. Some conflicting findings have been reported. For 

example, the appearance of MEMS was perceived as having both advantages 

and disadvantages in HIV patients in that it may conceal or disclose their disease 

status [213]. MEMS feasibility studies including patient acceptability for other 

chronic diseases have not been conducted. In Australia, there has been research 

investigating the feasibility and patient acceptability of the use of an electronic 

monitoring device for asthma, but not MEMS devices for oral medications [215]. 

No MEMS studies have been undertaken in New Zealand. 

With regards to patient medication taking behaviour, it has been proposed 

in the “rule of sixes” by Urquhart (1998) [55] that one in six patients has a unique 

pattern of adherence comprising 1) perfect adherence, 2) correct doses taken but 

with timing variability, 3) one random missed dose happening any time, 4) drug 

holidays happening three to four times per year, 5) one or more drug holidays 

happening per month and 6) imperfect adherence but giving an impression of 

perfect adherence. To date, limited attention has been paid to evaluate whether 

the proposed rule of sixes holds true.    
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4.2. Aims 

There are two overall aims in this work, and each overall aim includes 

specific objectives. The first overall aim is: 

(1) To investigate the feasibility of conducting the first MEMS study in New 

Zealand. 

For this first aim, the specific objectives are grouped into three phases, 

namely identification of patients, recruitment, and retention and patient 

acceptability as follows: 

Identification of patients 

1) To determine an appropriate approach to identify potential patients to  

be recruited into an adherence study.   

Recruitment 

2) To determine the recruitment rate for a range of diseases which will 

guide decisions for a larger study. Recruitment rate determined in this study is 

based on the given setting examined. 

3) To investigate reasons for patients choosing not to participate in this 

study to identify potential barriers for a larger study. 

Retention and patient acceptability 

4) To investigate patient acceptability of the use of MEMS to identify 

potential barriers for a larger study. 

5) To investigate the dropout rate, based on returned MEMS, to guide 

decisions regarding recruitment numbers for a larger study. 

The second overall aim is:  

(2) To explore patterns of adherence given MEMS data arising from the 

feasibility study.  

For this second aim, the specific objectives are as follows: 

1) To compare adherence results reported between percentage of doses  

taken and percentage of days with correct dosing. 

2) To evaluate the rule of sixes.   

3) To determine patterns of adherence observed in this group of patients.  
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4.3. Methods 

This work is divided into two parts relating to the overall aims. 

4.3.1. The feasibility of conducting the first MEMS study in New Zealand  

This study was conducted at a single community pharmacy in Dunedin, 

New Zealand from September to November 2012. The owner of the pharmacy 

was invited to be involved in the study and she agreed to assist after the 

researcher explained the study. The researcher provided the owner with a 

pharmacist information sheet with the key details of this study. The owner also 

informed pharmacists, staff and technicians at the pharmacy of this study, in 

order to get their assistance. General Practitioners (GPs) at an adjacent medical 

centre were informed of the proposed study, the use of MEMS and the potential 

involvement of their patients via a letter and GP information sheet. The study 

was approved by the Southern Health and Disability Ethics Committees (Ethic 

Committee Reference: 12/STH/7). 

Methods are discussed below relating to each specific objective of 

identification of patients, recruitment, and retention and patient acceptability. 

Identification of patients 

The inclusion criteria for this feasibility study were broad and included all 

adult patients, defined as patients aged above 18 years old, with chronic diseases 

that were expected to have a minimum of 1 year treatment with a medication. 

Chronic diseases may include diabetes mellitus, hypertension, dyslipidaemia, 

gout, asthma, gastrointestinal disease. Although some patients may have 

multiple chronic diseases and require multiple medications, only one chronic 

disease and one medication for the treatment of this disease was studied per 

patient. The researcher provided pharmacists with the list of possible diseases. 

Pharmacists then chose the studied medication based on the provided list. 

Patients were excluded if they had cognitive impairment and/or were unable to 

provide written informed consent. Prior to initiation of recruitment, pharmacists 

identified areas for concerns. This included the type of medications to be 
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transferred into MEMS i.e. non-strip and blister packaging medications. These 

concerns were considered during the identification phase in addition to the 

inclusion and exclusion criteria identified by the research team. 

   Eligible patients were classified into three groups as follows: 

1) Group 1 patients: patients who presented their prescriptions and waited 

for their medications. 

2) Group 2 patients: patients who dropped their prescriptions off to the 

pharmacy and returned later to collect their medications at their convenience, 

which may not be on the same day. 

3) Group 3 patients: patients who would need to return to the pharmacy to 

extend or refill medication supply identified by pharmacists.  

Recruitment 

The aim was to include 30 patients during the initial recruitment phase. The 

maximum period of the recruitment phase was set as two months. Pharmacists 

scanned through patient prescriptions when performing medication clinical 

checks or when entering patient medication information into their history on the 

pharmacy system. For group 3 patients, pharmacists scanned through their 

history on the pharmacy system. If one of their medications matched the suitable 

diseases, they were invited to participate in this study. 

Patients were invited to participate through the following approaches:  

1) For group 1 patients or group 2 patients who could spare some time, 

pharmacists or staff introduced the researcher to patients. The researcher started 

initial conversation with patients. They were briefly informed of the background 

of the study and patient involvement regarding the change of a regular bottle to 

a MEMS. 

2) For group 2 patients, stickers indicating “see … (the researcher’s name) 

for the study” were labelled on medication packages prepared for them. The 

researcher was informed by pharmacists or staff when the patients turned up. 

When feasible, pharmacists or staff introduced the researcher to patients. The 

researcher then started the initial conversation with patients. 
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3) For group 3 patients, pharmacists contacted them by phone. Pharmacists 

started the initial conversation with patients. Dates that patients would go to the 

pharmacy to refill their prescriptions were noted for the researcher. 

 For patients who were willing to participate, they were recruited 

consecutively. For the first 15 patients, they were recruited based on the above 

inclusion criteria. For the second 15 patients, the inclusion criteria were tightened 

to focus on drugs of interest to the research team. This can be broken down into 

3 groups: 1) statin medications (n=5), 2) diabetes medications (n=5) and 3) non-

specified medication cases (n=5). The first reading of the MEMS bottle, which 

occurred during medication dispensing, was noted and discarded for all 

patients. 

A more detailed explanation was conducted in a counselling room. The 

researcher went through a participant information sheet with patients. Patients 

were informed that one of their medications would be dispensed into a MEMS 

instead of their regular tablet bottle. They were then instructed on the 

appropriate use of the device, that they should take their medications as they 

normally would and that no data captured would be linked back to them or 

shared with the pharmacist or doctor. A sample MEMS bottle was shown to 

them. Patients were encouraged to ask any questions regarding the appropriate 

use of MEMS as well as given recommendations about what they should do. The 

recommendations included: 

 To bring a MEMS along with them while travelling. 

 To leave all pills in a MEMS, not to transfer their medications into 

adherence aids or other containers. 

 To keep a MEMS away from small children in their family who may 

play with it. 

Patients were also given a numbered courier bag to return a MEMS to the 

research team when the medication supply had run out (mostly, in either one or 

three months depending on medication and the period of supply determined by 

the prescriber). Patients were told to finish their remaining medications if there 

were still any left from the previous dispensing and were asked about the 
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approximate start time of the current medications dispensed in MEMS. The 

researcher accordingly estimated the approximate returning time and ensured 

that patients were aware of this. They were also advised of an enclosed 

questionnaire for their comments on the acceptability of the use of MEMS; and 

to return it along with their MEMS. As part of the consent process, patients then 

signed a consent form with details of the research project. Patients were also 

asked for their address and contact number, and given contact details for the 

research team. Whether patients found this study acceptable, the use of MEMS 

and patients’ comments were also noted during this conversation. Patients were 

given a copy of both the participant information sheet and consent form to keep 

(see Appendix A.2.1 for an example of the participant information sheet and 

consent form). 

Medication dispensing was still conducted by pharmacists. For group 2 

patients, medications, which had already been dispensed into a regular bottle to 

avoid waiting time, were repackaged into a MEMS by pharmacists. When 

expected patients did not turn up, then MEMS codes were allocated 

consecutively. Patients were presented with their MEMS bottles by the 

researcher where possible. 

For those who chose not to participate, the researcher noted their reason for 

this as per a developed list of potential reasons: 

The reasons were: 

 Not interested in the study 

 Don’t want to change habits 

 Don’t want to cope with new technology 

 Don’t want medication taking behaviour to be observed 

 Currently using medication taking aids 

 Usually take medications out and place where easily noticeable 

 Other (please identify) 
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Retention and patient acceptability 

A questionnaire on how acceptable patients found the use of MEMS was 

enclosed in a courier bag. Patients were asked to return the questionnaire along 

with their MEMS in the provided courier bag. The questionnaire included a 

question asking whether patients would be willing to use MEMS for another 

prescription refill. If patients decided to discontinue using MEMS, they would 

be asked for their reasons for this. 

The returned MEMS rate was recorded. If the devices were damaged or 

lost, this would also be recorded to identify how this occurred and thoughts 

about how this could be minimised. 

The questionnaire for patient acceptability of the use of MEMS is presented 

here. 
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The acceptability of the use of the medication event monitoring system 

(MEMS) bottles 

 

Name (please print)……………………………………………………..………. 

 

Thank you for your time in completing this questionnaire. We are grateful for your 

contribution. 

The questionnaire should take you less than five minutes to complete. 

Should you require any clarification on any of the questions, please contact: 

      Dr Rhiannon Braund rhiannon.braund@otago.ac.nz  03 479 7240 

      Miss Piyanan Assawasuwannakit piyanan.assawasuwannakit@otago.ac.nz  03 479 7321 

 

 

 

 

 

 

 

 

 

 

 

  

Please return this questionnaire along with your MEMS bottle in the courier bag provided. 

Thank you for your cooperation 

 

 

 

mailto:rhiannon.braund@otago.ac.nz
mailto:piyanan.assawasuwannakit@otago.ac.nz
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• How easy was it to use the medication event monitoring system (MEMS) bottle? 

   very easy                     easy                 neutral           difficult                 very difficult  

  Any comments? 

……………………………………………………………………………………………………................................................ 

........................................................................................................................................................ 

• How practical was it to use the MEMS bottle? 

   very practical  practical  neutral           impractical           very impractical  

  Any comments? 

……………………………………………………………………………………………………................................................ 

........................................................................................................................................................ 

• Were you comfortable with using the MEMS bottle? 

   very comfortable  comfortable  neutral           uncomfortable    very 

uncomfortable 

  Any comments? 

……………………………………………………………………………………………………................................................ 

........................................................................................................................................................ 

• Do you think the MEMS bottle might have affected your medication taking behaviour? 

 Yes, 

because........................................................................................................................................... 

........................................................................................................................................................ 

 No, 

because.......................................................................................................................................... 

........................................................................................................................................................ 

• Did you have any problems with using the MEMS bottle? 

........................................................................................................................................................

........................................................................................................................................................ 

• Would you be willing to use the MEMS bottle for another prescription refill? 

 Yes  

 No, 

because.......................................................................................................................................... 

........................................................................................................................................................ 

• Any other comments? 

........................................................................................................................................................

........................................................................................................................................................ 
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4.3.2. Patterns of adherence from MEMS data arising from the feasibility 

study 

For all returned MEMS bottles, each patient’s MEMS data were transferred 

via a MEMS reader to a computer. Each patient adherence profile was then 

summarised using some adherence measures proposed by Vrijens et al. [181] 

mentioned in Chapter 3, namely 1) percentage of doses taken, 2) percentage of 

days with correct doses, 3) percentage of drug holidays, and 4) percentage of too 

short or too long dosing intervals. 

Drug holidays here, for both once and twice daily dosing, are considered 

as three or more consecutive missed doses but not more than six consecutive 

missed doses.   

Here, percentage of too short or too long dosing intervals was determined 

based on the following approaches: 

- Each patient’s mode of timing of doses taken over the monitoring period 

was first determined. For patients prescribed with twice daily dosing, the mode 

of timing of doses taken comprised that of morning as well as evening doses. 

- A correct dosing interval was then defined as: 

  - an interval of 6 hours sooner or later than the mode of timing of 

doses taken for once daily dosing i.e. mode of timing ± 6 hours. 

  - an interval of 3 hours sooner or later than the mode of timing of 

doses taken, for morning doses and evening doses, for twice daily dosing i.e. 

morning mode of timing ± 3 hours and evening mode of timing ± 3 hours.   

- Hence, too short dosing intervals was defined as dosing intervals 

occurring before (mode of timing – 6 hours) for once daily dosing. The same 

criterion applied to twice daily dosing. 

- Hence, too long dosing intervals was defined as dosing intervals 

occurring after (mode of timing + 6 hours) for once daily dosing. The same 

criterion applied to twice daily dosing.   

Subsequently, based on aggregate adherence measures that were proposed 

in Chapter 3, all the adherence profiles were also summarised using percentage 

of days with correct dosing as well as percentage of random missed doses per 
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month. Here, percentage of days with correct dosing is defined as percentage of 

days with both correct number of doses taken and correct timing. Correct timing 

has been previously described as: 1) an interval of 6 hours sooner or later than 

the mode of timing of doses taken for once daily dosing and 2) for twice daily 

dosing, an interval of 3 hours sooner or later than the mode of timing of doses 

taken, for morning doses and evening doses. 

The difference of adherence results reported, when calculated by a global 

measure in comparison to a more appropriate measure, was demonstrated. For 

illustration, percentage of doses taken and percentage of days with correct 

dosing were respectively chosen as a global and a more appropriate measure.  

The rule of sixes was evaluated using these summarised MEMS adherence 

data. Given that the data may not follow the rule of sixes, patterns of adherence 

observed in this group of patients were then determined.     

4.4. Results 

4.4.1. The feasibility of conducting the first MEMS study in New Zealand 

Identification of patients 

Pharmacists had concerns which may limit the characteristics of potential 

patients based on prescribed medications, and these concerns are discussed here. 

 Blister packaging medications: Only non-strip packaging medications 

were accepted by pharmacists since they were concerned that patients 

may miss some information on the label of blister packaging 

medications. 

 “High risk” medications: Pharmacists did not want warfarin 

prescriptions to be considered in this study since they perceived 

warfarin as a high risk drug. 

 Size of pills: Pharmacists also pointed out that the size of a few drugs 

such as metformin could be relatively large and may not fit into MEMS. 

Hence, the researcher counted the number of metformin pills that could 

be transferred into MEMS. It was found that the prescription of thrice 

daily metformin 500 mg for a three-month supply i.e. 270 pills was 
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feasible to be one of the selected medications. However, if patients were 

prescribed with more than one tablet per dosing or with metformin 850 

mg then the capacity of MEMS may not be sufficient. 

 Medications that required desiccants could not be a candidate. 

 Medications that were prescribed for different doses for alternate days: 

Due to the complexity of the regimen, pharmacists suggested 

excluding this scenario. 

Recruitment 

Overall, in order to recruit the target of 30 patients, 41 patients were 

approached. Of the recruited patients, 19 were male and 11 were female. The 

mean age was 60 years (IQR 49-67.75 years). Twenty eight patients identified 

their ethnicity as New Zealander, 1 as European and 1 as English. In total, it took 

12 days to recruit 30 patients with 3 days to recruit the first 15 patients. For both 

statin and diabetes medication cases, it took 4 different days to recruit 5 patients 

for each case. For another 5 non-specified medication cases, it took another 3 

days to recruit these. 

Because the researcher did not have access to information on patient 

disease, recruited patients were only categorised by the type of medications, as 

shown in Table 4.1. 
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Table 4.1: The number of patients recruited categorised by the type of medications 

Type of medications Number of patients recruited 

omeprazole 6 

cilazapril 5 

atorvastatin 5 

metformin  4 

allopurinol 2 

candesartan  2 

bendrofluazide  1 

doxycycline 1 

eltroxin  1 

gliclazide 1 

lithium carbonate 1 

ranitidine  1 

Eleven patients declined to participate. The reasons for not participating 

are shown in Table 4.2.  

Table 4.2: Patients’ reasons for declining to participate in this study 

Reason  Number of patients 

Currently using medication taking aids e.g. medication trays  5 

Not interested in the study  3 

Usually take medications out and place where easily noticeable  1 

Other 

- Three month period of using MEMS was too long. 

- Usually take sufficient medications out of bottle while away. 

 

 1 

 1 
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Retention and patient acceptability  

Of the 30 recruited patients, 1 patient prescribed with metformin passed 

away. Of the remaining 29 MEMS bottles, 25 bottles were returned to the 

research team. This gives the retention rate of 86.21%. There were no damaged 

bottles. Table 4.3 shows the number of MEMS returned categorised by the type 

of medications. 

Table 4.3: The number of MEMS returned categorised by the type of medications  

Type of medications Number of MEMS returned 

omeprazole 5 

cilazapril 5 

atorvastatin 3 

metformin  2 

allopurinol 2 

candesartan  2 

bendrofluazide  1 

doxycycline 1 

eltroxin  1 

gliclazide 1 

lithium carbonate 1 

ranitidine  1 

Total 25 

With regards to the acceptability of the use of MEMS, Figures 4.1, 4.2 and 

4.3 show the number of patients reporting on the ease, practicality and comfort 

of using MEMS. Further comments by patients for each question are presented 

in Tables 4.4, 4.5 and 4.6. Details for the questions on whether or not MEMS 

might have affected patient medication taking behaviour; did patients have any 

problems with using MEMS; and would patients be willing to use MEMS for 

another prescription are presented in Tables 4.7, 4.8 and 4.9, respectively. Table 

4.10 presents other comments that patients may have.  
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Figure 4.1: Number of patients reporting on the ease of using MEMS  

 

 

Figure 4.2: Number of patients reporting on the practicality of using MEMS 

 

Figure 4.3: Number of patients reporting on the comfort of using MEMS

14 (56%) 

9 (36%) 

2 (8%) 

8 (32%) 

11 (44%) 

6 (24%) 

12 (48%) 
10 (40%) 

2 (8%) 
1 (4%) 
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Table 4.4: Details for the question: how easy was it to use the MEMS bottle? 

Question Answer 

(number of patients) 

Details 

Viewed as benefits 

Details 

Viewed as barriers 

1. How easy 
was it to use the 
MEMS bottle? 

Very easy (14) - The relatively large size of MEMS reminded 
patients to take medications.  

- A MEMS was simply another type of 
medication bottle which did not affect 
patients’ routine of taking medications    

  

- The size of MEMS was large for travelling. 

- The appearance of MEMS was not nice 
which could be seen by others when 
travelling. 

- It needed to be remembered to take MEMS 
along when travelling.     

Easy (9) - - 

Neutral (2) - - MEMS caps were not designed for pills to be 
poured onto the inside of the cap. 

Difficult (-) - - 

Very difficult (-) - - 
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Table 4.5: Details for the question: how practical was it to use the MEMS bottle? 

Question Answer 

(number of patients) 

Details 

Viewed as benefits 

Details 

Viewed as barriers 

2. How practical 
was it to use the 
MEMS bottle? 

Very practical (8) - The very large size of MEMS was very 
practical.  

- 

Practical (11) - A MEMS was simply another type of 
medication bottle that could be placed beside 
the bed for medications being taken in the 
morning.  

- The size of MEMS was large for travelling; 
however this did not prevent patients from 
bringing MEMS along.  

Neutral (6) - - The size of MEMS was large for travelling. 

- The size of MEMS could have been smaller 
to suit small pills.    

- MEMS caps were not designed for pills to be 
poured onto the inside of the cap. Therefore, 
extracting pills using fingers from inside the 
bottle was not practical. 

Impractical (-) - - 

Very impractical (-) - - 
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Table 4.6: Details for the question: were you comfortable with using the MEMS bottle?  

Question Answer 

(number of patients) 

Details 

Viewed as benefits 

Details 

Viewed as barriers 

3. Were you 
comfortable 
with using the 
MEMS bottle? 

Very comfortable (12) -  - 

Comfortable (10) - - 

Neutral (2) - - MEMS caps were not designed for pills to be 
poured onto the inside of the cap. Therefore, 
pills may fall out as a result.  

Uncomfortable (1) - - 

Very uncomfortable (-) - - 
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Table 4.7: Details for the question: do you think the MEMS bottle might have affected your medication taking behaviour? 

Question Answer 

(number of patients) 

Details 

4. Do you think 
the MEMS 
bottle might 
have affected 
your medication 
taking 
behaviour? 

 

 

Yes (6) - The awareness of medication taking behaviour being monitored made patients more 
adherent.  

- The unique characteristics of MEMS reminded patients to take medications. 

- Medications dispensed into MEMS were scheduled at a different dosing which reminded 
patients to take medications. 

No (19) - Taking medication was a part of daily routine irrespective of using MEMS or regular bottles.  

- MEMS bottles were perceived as regular bottles.  

- MEMS bottles were used as per instructions given by the researcher. 

- Medications dispensed into MEMS were taken concurrently with other medications 
dispensed into regular bottles.  

- Medications dispensed into MEMS were taken concurrently with other medications 
dispensed weekly into medication aids.   

76% of patients (n=19) reported that MEMS did not affect their medication taking behaviour. 
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Table 4.8: Details for the question: did you have any problems with using MEMS?  

Question Answer 

(number of patients) 

Details 

5. Did you have 
any problems 
with using 
MEMS? 

 

No (20) - 

Comments (5) - The size of MEMS was large for travelling. 

- The size of MEMS was large; however it may be good for older people with pain in their 
fingers/hand. 

- The bottle was not designed for pills to be extracted by pouring onto the inside of the cap. 

- Medications could not be taken out of MEMS beforehand. 

- A MEMS needed to be kept away from children to prevent them from opening it. 

76% of patients (n=20) reported that there was no problem with using MEMS. 
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Table 4.9: Details for the question: would you be willing to use the MEMS bottle for another prescription? 

Question Answer 

(number of patients) 

Details 

6. Would you be 
willing to use 
the MEMS 
bottle for 
another 
prescription? 

Yes (18)  - 

No (7) - The size of MEMS was large. 

- Long travelling would not allow using MEMS appropriately.    

- Regular bottles were fine with patients. 

- Using MEMS was new to regular habits of medication taking that had been formed over 
many years. 

- Using MEMS for one prescription was enough for patients.  

- No reasons provided. 

80% of patients (n=18) reported that they would be willing to use MEMS for another prescription. 
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Table 4.10: Details for the question: other comments? 

Question Details 

7. Other 
comments? 

- Being informed of actual medication taking behaviour may benefit patients.  

- The dates when medications were not taken from MEMS due to a minor surgery and the restriction of taking 
medications were noted. 

- MEMS had to be taken along on vacation although another medication supply was available as usual.     

- Patients noted the start and stop dates of using MEMS over three months to inform the researcher.  

- Patients also noted dates and times of unintentional openings of MEMS and missed doses to inform the researcher. 

- The issue of different time zones in different countries and hence MEMS profiles needing to be adjusted was noted.  

- The concern about whether MEMS could be X-rayed at the airport was raised.  
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4.4.2. Patterns of adherence from MEMS data arising from the feasibility study 

Table 4.11 displays the results of adherence of each patient (n=25) along with their MEMS monitoring period as well as drug 

and dosing prescribed. The number of random missed doses is presented as the total number over the monitoring period and the 

number occurring per month. 

Table 4.11: Results of adherence of each patient (n=25)  

Patient 
ID 

Drug and 
dosing 
prescribed  

MEMS 
monitoring 
period 
(days) 

1) 
Percentage 
of doses 
taken 

2) 
Percentage 
of days 
with correct 
doses  

3) 
Number 
of drug 
holidays 

4) Percentage 
of too short 
or too long 
dosing 
intervals 

5) 
Percentage 
of days 
with correct 
dosing 

6) 
Number 
of 
random 
missed 
doses  

1st  
month*  

2nd 
month* 

3rd 
month* 

3 omeprazole     
20 mg OD  

62 96.8 96.8 0 too short: 0     
too long: 0 

96.8 2 1 1 - 

4 omeprazole     
20 mg OD 

91 63.7 61.5 3 too short: 0     
too long: 4 

59.3 25 6 9 10 

6 omeprazole     
20 mg OD  

90 100 100 0 too short: 0     
too long: 0 

100 0 - - - 

8 omeprazole     
40 mg OD 

91 100 100 0 too short: 0     
too long: 0  

100 0 - - - 

21 omeprazole     
20 mg OD 

101 93.1 87.1 0 too short: 2    
too long: 1 

86.1 10 2 5 3 
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Patient 
ID 

Drug and 
dosing 
prescribed  

MEMS 
monitoring 
period 
(days) 

1) 
Percentage 
of doses 
taken 

2) 
Percentage 
of days 
with correct 
doses  

3) 
Number 
of drug 
holidays 

4) Percentage 
of too short 
or too long 
dosing 
intervals 

5) 
Percentage 
of days 
with correct 
dosing 

6) 
Number 
of 
random 
missed 
doses  

1st  
month*  

2nd 
month* 

3rd 
month* 

1 cilazapril           
5 mg OD 

100 98 98 0 too short: 0   
too long: 0  

98 2 - 2 - 

5 cilazapril        
500 mcg OD   

93 95.7 93.5 0 too short: 2     
too long: 0 

92.5 5 1 2 2 

9 cilazapril       
500 mcg OD 

100 87 87 1 too short: 0     
too long: 7 

80 10 5 4 1 

13 cilazapril        
2.5 mg OD 

65 100 100 0 too short: 0        
too long: 0  

100 0 - - - 

15
  

cilazapril         
2.5 mg OD 

88 100 95.5 0 too short: 8  
too long: 3 

86.4 2 2 - - 

17 atorvastatin     
20 mg OD 

103 88.3 82.5 1 too short: 0     
too long: 3 

82.5 12 3 3 6 

19 atorvastatin    
80 mg OD 

95 95.8 95.8 0 too short: 0  
too long: 0 

95.8 4 - 3 1 

23 atorvastatin     
10 mg OD 

91 100 95.6 0 too short: 0    
too long: 1 

95.6 2 1 1 - 
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Patient 
ID 

Drug and 
dosing 
prescribed  

MEMS 
monitoring 
period 
(days) 

1) 
Percentage 
of doses 
taken 

2) 
Percentage 
of days 
with correct 
doses  

3) 
Number 
of drug 
holidays 

4) Percentage 
of too short 
or too long 
dosing 
intervals 

5) 
Percentage 
of days 
with correct 
dosing 

6) 
Number 
of 
random 
missed 
doses  

1st  
month*  

2nd 
month* 

3rd 
month* 

22 metformin     
500 mg BID 

109 81.2 64.2 0 - morning    
too short: 0   
too long: 3         
- evening   
too short: 4     
too long: 0 

56.9 41 14 14 13 

25 metformin     
500 mg BID 

93 96.2 88.2 0 - morning  
too short: 0    
too long: 2           
- evening   
too short: 0        
too long: 1   

87.1 9 4 1 4 

16 allopurinol     
300 mg OD 

90 98.9 98.9 0 too short: 0   
too long: 1 

97.8 1 - - 1 

18 allopurinol     
300 mg OD 

90 98.9 98.9 0 too short: 0    
too long: 0 

98.9 1 1 - - 

2 candesartan    
16 mg OD 

92 97.8 97.8 0 too short: 0   
too long: 0  

97.8 2 - 1 1 

10 candesartan     
16 mg OD 

93 96.8 96.8 0 too short: 0    
too long: 0 

96.8 3 - 2 1 
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Patient 
ID 

Drug and 
dosing 
prescribed  

MEMS 
monitoring 
period 
(days) 

1) 
Percentage 
of doses 
taken 

2) 
Percentage 
of days 
with correct 
doses  

3) 
Number 
of drug 
holidays 

4) Percentage 
of too short 
or too long 
dosing 
intervals 

5) 
Percentage 
of days 
with correct 
dosing 

6) 
Number 
of 
random 
missed 
doses  

1st  
month*  

2nd 
month* 

3rd 
month* 

14 bendrofluazide 
2.5 mg OD 

92 97.8 95.7 0 too short: 0     
too long: 0 

95.7 3 1 1 1 

7 doxycycline   
100 mg OD 

90 100 93.3 1 too short: 1      
too long: 0  

93.3 0 - - - 

11 eltroxin          
100 mcg OD 

84 81 76.2 1 too short: 11    
too long: 18 

54.8 15 3 8 4 

24 gliclazide         
80 mg BID  

91 98.9 95.6 0  - morning  
too short: 3 
too long: 0   
 - evening    
too short: 0 
too long: 0 

93.4 3 - - 1 

12 lithium 
carbonate           
250 mg BID 

31 87.1 83.9 2 - morning    
too short: 0     
too long: 8        
- evening   
too short: 0   
too long: 0 

71 2 2 - - 

20 ranitidine      
300 mg OD 

91 101.1+ 98.9 0 too short: 0    
too long: 0 

98.9 0 - - - 
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OD is once daily dosing. BID is twice daily dosing. 

* Number of random missed doses occurring per month: 1st month, 2nd month and 3rd month. 

+ This patient took one extra dose on one day.   

The data describe the implementation phase. In addition, note that as per the observed treatment period, there were no patients 

with late initiation or early discontinuation. 
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The difference of adherence results of each patient, when measuring by 

percentage of doses taken and percentage of days with correct dosing, is 

displayed in Table 4.12.  

Table 4.12: The difference of adherence percentage measured by percentage of doses taken 
and percentage of days with correct dosing 

Patient ID Percentage of doses 
taken  

Percentage of days 
with correct dosing  

The difference of the 
two percentage 
values 

20 101.1 98.9 2.2 

6 100 100 0 

7 100 93.3 6.7 

8 100 100 0 

13 100 100 0 

15 100 86.4 13.6 

23 100 95.6 4.4 

16 98.9 97.8 1.1 

18 98.9 98.9 0 

24 98.9 93.4 5.5 

1 98 98 0 

2 97.8 97.8 0 

14 97.8 95.7 2.1 

3 96.8 96.8 0 

10 96.8 96.8 0 

25 96.2 87.1 9.1 

19 95.8 95.8 0 

5 95.7 92.5 3.2 
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Patient ID Percentage of doses 
taken  

Percentage of days 
with correct dosing  

The difference of the 
two percentage 
values 

21 93.1 86.1 7 

17 88.3 82.5 5.8 

12 87.1 71 16.1 

9 87 80 7 

22 81.2 56.9 24.3 

11 81 54.8 26.2 

4 63.7 59.3 4.4 

   Mean ± SD = 5.5±7.4 

SD is standard deviation. 

The results show that percentage of doses taken gave either the same or the 

higher value compared to percentage of days with correct dosing.  Overall, a 

mean ± SD of the difference of the two percentage values was 5.5%±7.4% in this 

group of patients. It can be seen that the difference of the two percentage values 

varied among patients. In some patients, such as patients 11, 15 and 22, the two 

values were markedly different indicating that solely using percentage of doses 

taken to measure adherence was not appropriate. To exemplify this, for patient 

15, it appeared this patient was perfectly adherent with percentage of doses 

taken (100%) but not so adherent with percentage of days with correct dosing 

(86.4%). 

Evaluation of the rule of sixes using the adherence data summarised in 

Table 4.11 is presented in Table 4.13. 
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Table 4.13: Evaluation of the rule of sixes based on observed adherence data in this 
MEMS feasibility study   

Description of each rule of sixes  Observations of each rule from 
this group of patients (the number 
of observations/ the total number 
of patients) 

takes all doses exactly as prescribed  0/25 

takes all prescribed doses but timing is fairly 
inconsistent 

3/25 

misses one occasional dose on any days   2/25 

has a drug holiday three to four times per year cannot be tested in this study 

has a drug holiday or more than one per 
month    

2/25 

takes few doses or none but creates the 
impression of good adherence 

cannot be tested 

Since the results showed that medication taking behaviour in this group of 

patients did not follow the rule of sixes, patterns of adherence observed in this 

group of patients are reported as shown in Table 4.14. 

 
Table 4.14: patterns of adherence observed in this group of patients  

Description of each pattern of adherence  Observations of each pattern of 
adherence (the number of 
observations/ the total number of 
patients) 

takes all prescribed doses but timing is fairly 
inconsistent  

3/25 

has 90% to less than 100% of days with correct 
dosing  

13/25 

has 80% to 90% of days with correct dosing     5/25    

has 55% to 75% of days with correct dosing    4/25 

has 1 to 5 random missed doses for 1st, 2nd and 
3rd month  

5/22+ 

has 1 drug holiday per 3 months 4/22+ 
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+ Patients prescribed with a monitoring period less than 3 months were excluded. 

4.5. Discussion 

This study has investigated the feasibility of conducting the first MEMS 

study in New Zealand to identify potential barriers when further conducting a 

further, larger study. The potential barriers were associated with three phases, 

namely identification of patients, recruitment, and retention and patient 

acceptability. Another part of this study has looked at adherence data obtained 

from the MEMS feasibility study. The adherence data were summarised using 

adherence measures suggested in Chapter 3. Percentage of doses taken per day 

and percentage of days with correct dosing, were then compared to demonstrate 

the inappropriateness of using the former criterion. Subsequently, the rule of 

sixes was evaluated based on this set of adherence results. Given that medication 

taking behaviour in this group of patients did not follow the rule of sixes, 

patterns of adherence observed here were reported.  

The discussion is divided into two parts: 

4.5.1. The feasibility of conducting the first MEMS study in New Zealand 

There were some concerns noted for identification of patients. These 

included the exclusion of blister packaging medications and prescriptions 

perceived by pharmacists as “high-risk”, suggesting that future MEMS studies 

should take these issues into account prior to designing the study.  

For the recruitment process, several studies have supported the notion that 

it was feasible to recruit patients through a community pharmacy [216-220]. This 

work found that the recruitment rate appeared higher when diseases studied 

were not specified, as it took 3 days to recruit the first 15 patients. However, this 

recruitment rate may not be consistent since it took 3 days to recruit another 5 

patients with non-specified medications in the second 15 patients. When 

recruiting patients based on specified diseases of interest, the recruitment rate 

was lower. In this study it was found that it took 4 days to recruit 5 patients 
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prescribed statins as well as diabetes medications. Based on these findings, it 

may take around 1 day to recruit 1 patient with a specified medication of interest. 

Supposing there were 60 patients per arm in a larger study, this may take around 

2-4 months to recruit patients per arm. To obtain a higher rate of recruitment in 

a larger study, it is recommended that an approach where pharmacists scan 

patient history of medication refills on a pharmacy database may be highly 

effective. It seems likely that potential patients could be mostly included, which 

may not be feasible when researchers are waiting for patients to turn up. This 

approach also allows timeframes of the year to be identified when most potential 

patients require their prescription refills, as most timeframes are either one or 

three month supply. Given that patients have already built a rapport with 

pharmacists, this may facilitate higher chances of recruitment as well.  

The main reason for patients choosing not to participate in this study was 

that they had been using adherence aids such as medication trays. This finding 

corresponds to previous studies regarding patients using pill boxes [210, 211]. 

The second most reported reason was that patients were not interested in the 

study. This issue of patient preference of adherence aids over MEMS may not be 

easily overcome given that MEMS are not designed for poly-medications. Hence 

for a larger study, the timeframe for recruitment should consider this barrier. As 

an example, this study aimed to recruit 30 patients but there were 11 patients 

who declined to participate, which was around one third of the expected number 

of patients. It could be the case that patients who declined to participant in this 

study may have different characteristics e.g. sex, age compared to those who 

participated. However, there was no information obtained for patients who 

declined to participate. 

Discussion with respect to patient acceptability of the use MEMS is as 

follows: 

- For the ease of using MEMS, almost all patients reported that it was 

easy/very easy with around half of patients reporting that it was very easy. 

Among the latter, although they perceived the use of MEMS as very easy, some 

comments were further noted as barriers. These were mainly related to using 
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MEMS when travelling due to the size and appearance of MEMS. However, a 

positive comment on the large size of MEMS was that it reminded patients to 

take medications. The MEMS bulkiness was also raised here [214]. The study of 

Lyimo et al. [213] also found that patients in general commented that the use of 

MEMS was “simple and acceptable”. The findings regarding the barrier of 

MEMS when travelling is not surprising. This has been noted as one of the most 

commonly encountered problems in previous studies [210, 211, 213, 221] which 

resulted in patients leaving MEMS at home to avoid losing it [213], patients 

suspending taking pills from MEMS but taking from supply at another place 

[210] and patients taking extra pills from MEMS [211, 221]. However, in this 

study, it seemed that although patients faced difficulties with bringing MEMS 

along while travelling, they still used MEMS appropriately. This assumption was 

made based on patient comments: medications could not be taken out of MEMS 

beforehand; long travelling would not allow using MEMS appropriately; and 

they needed to remember to take MEMS along on vacation although another 

medication supply was available as usual. 

   - For the practicality of the use of MEMS, around three quarters of 

patients reported that it was practical/very practical with a similar proportion 

of patients reporting that it was practical or very practical. Details given were 

related to the large size of MEMS which seemed not to negatively affect the use 

of MEMS. The large size of MEMS was seen as a barrier among those who found 

its practicality to be neutral. 

- Almost all patients reported that the use of MEMS was comfortable/very 

comfortable with a similar proportion of patients reporting that it was 

comfortable or very comfortable. No further details were given for these. 

- Whether or not MEMS might have affected patients’ medication taking 

behaviour, three quarters of patients reported that the use of MEMS did not 

affect their medication taking behaviour. One of the reasons that MEMS affected 

medication taking behaviour was that patients were aware of being monitored, 

which in turn leads to being more adherent. This finding is consistent with 
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previous studies [210, 211, 213, 214] with one study finding that MEMS resulted 

in both increased and decreased adherence [210].  

- Twenty percent of patients reported problems with using MEMS. Issues 

apart from the size of MEMS included that pills need to be taken from the bottle 

at the time of taking medications which may not be convenient for certain 

situations, and the need to keep the bottle away from children.   

- Twenty eight percent of patients would not be willing to use MEMS for 

another prescription. Reasons for this included using regular bottles with regular 

habits seemed fine with patients. 

  In this study, the retention rate of returned MEMS was 86% which is 

relatively higher than that of the study of Konkle-Parker et al. (58%) [212]. It is 

suggested that a larger study should consider a further 20% recruitment of 

patients to compensate for possible dropouts. With respect to the characteristics 

of patients who did not return the MEMS bottles (n=4), of these, 75% were male. 

For comparison, of the recruited patients, 19 were male and 11 were female 

(male: 63%); and of the patients who returned the MEMS bottles, 15 were male 

and 10 were female (male: 60%). The mean age of patients who did not return 

the MEMS bottles was 50.5 years (IQR 42-54.5 years) which was around 10 years 

less than the mean age of those who returned the MEMS bottles: 61 years (IQR 

50.25-67.75 years).  

4.5.2. Patterns of adherence from MEMS data arising from the feasibility 

study 

The MEMS data obtained from the feasibility study were summarised into 

six adherence measures. As discussed in Chapter 3, it can be seen that percentage 

of days with correct dosing takes percentage of too short or too long dosing 

intervals into account. It also concurrently accounts for a missed dose 

component. To obtain both the frequency and the occurrence of missed doses, 

the timeframe of random missed doses per month and drug holidays per 3 

months were further considered. Given that percentage of days with correct 

dosing in conjunction with the frequency and occurrence of missed doses 
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appears to be a highly informative adherence measure, it is suggested that this 

adherence measure should primarily be considered in future MEMS studies. 

With respect to the phases of adherence, this study explored implementation. In 

addition, based on the observed treatment period for this group of patients, there 

were no patients with late initiation or early discontinuation.  

The importance of percentage of days with correct dosing was emphasised 

by comparing adherence results calculated by this measure to percentage of dose 

taken. 

Based on MEMS data in this study, it was found that the rule of sixes did 

not hold true since not one in six patients exhibited each rule. Given the study 

period, our data could not test rule five and it was not practical to test rule six. 

Therefore, patterns of adherence observed in this group of patients were 

reported. The first pattern looked at the most tightened criterion, taking all 

prescribed doses but timing is fairly inconsistent (taking all doses exactly as 

prescribed was not considered as it was unlikely); followed by different cut offs 

of percentage of days with correct dosing (>90%, >80% and 50% to 70%); as well 

as having 1 to 5 random missed doses for the 1st, 2nd and 3rd month, and having 

1 drug holiday per 3 months.  

There are some limitations for this study. Firstly, it should be noted that 

given the small sample size of this study, this study was underpowered to 

establish the rule of adherence patterns. However, our results should be viewed 

as exploratory with the consideration of each informative observed pattern of 

adherence. Secondly, it has been proposed that the first 5 weeks of MEMS 

records should be discarded to allow a patient’s drug taking behaviour to return 

to normal behaviour [99, 100]. Given this feasibility study had a relatively short 

monitoring period of within 1 to 3 months, it was not feasible to discard the first 

5 week data. In addition, it was observable in our data that each patient’s 

adherence pattern did not obviously vary between the first month and the rest 

of monitoring period i.e. each patient seemed to have his/her individual trend 

over the entire period. Therefore, data from the entire period were considered. 

Thirdly, findings arising from this feasibility study e.g. recruitment rates could 
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be specific to the given setting. Fourthly, only two dosing regimens i.e. once daily 

and twice daily dosing were examined. Finally, as acknowledged in other MEMS 

studies, it cannot be confirmed whether patients took a dose when opening the 

bottle. It was not possible to definitely examine this. However, it was ensured 

that patients understood how to use MEMS appropriately during the 

recruitment process. In addition, patients had commented in returned 

questionnaires regarding dates and times of unintentional openings, of inability 

to take medications due to a surgery, and the issue of different time zones. It is 

believed that this concern of false openings should be minimal. 

4.6. Conclusions 

This study has investigated the feasibility of conducting a larger MEMS 

study in New Zealand with respect to identification of patients, recruitment and 

retention and patient acceptability. Issues surrounding identification of patients 

included pharmacists’ perception of a “high risk” drug, blister packing 

medications and size of pills. Recruitment rate was higher when studied drug 

classes were not specific. Retention rate was found to be high at 86% in this 

study. Overall, patients found that MEMS were easy, practical and comfortable 

to use. In addition, MEMS data obtained from the feasibility study were explored 

in relation to adherence patterns. It has been emphasised that percentage of days 

with correct dosing is a highly informative adherence measure. Based on MEMS 

data in this study, it was found that the rule of sixes did not hold true. However, 

these results should be viewed as exploratory given the small sample size of this 

study. 
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5.1. Context 

In Chapter 4, the extent of drug taking behaviour and the pattern that 

patients deviate from the nominal prescribed schedule have been demonstrated. 

In this chapter, therapeutic success in relation to adherence patterns will be 

explored. Adherence with respect to implementation is considered. Suboptimal 

implementation may be divided into (1) timing variability, (2) random missed 

doses which are denoted here as non-consecutive missed doses or by chance two 

consecutive missed doses and (3) a drug holiday i.e. three or more consecutive 

missed doses [55].  

  The circumstance of how sensitive therapeutic success is under imperfect 

adherence is driven by the property known as forgiveness [57]. A forgiving drug 

would be one in which therapeutic outcomes are robust to common patterns of 

imperfect adherence. Forgiveness is a function of the duration of action and the 

dose interval of the drug, conceptually shown as 𝐹 = 𝐷 − 𝐼. Here 𝐹 is 

forgiveness, 𝐷 is duration of action and 𝐼 is dose interval [57]. When the duration 

of action greatly exceeds the dose interval then the drug is considered forgiving 

[55, 128]. The number of sequentially missed doses that can be missed with a 

minimal loss of drug effect i.e. a forgiveness index (𝐹𝐼) can be conceptualised as 

𝐹𝐼 = (𝐷 − 𝐼)/𝐼 [54, 55, 57, 128]. Here the duration of effect (𝐷) relates to the 

pharmacokinetic (PK) and pharmacodynamic (PD) properties of the drug. Since 

in practice, patients may not take drugs exactly as prescribed, 𝐼 which represents 

the actual dose interval relates to drug taking behaviour. The PK and PD 

properties can themselves be further subdivided whereby for PK there are 

intrinsic and extrinsic drug properties and for PD there are drug and system 

related properties. For example, an intrinsic PK property is a drug with a long 

half-life in relation to the dosing interval which leads to persistent plasma 

concentrations, and an extrinsic PK property is an extended-release formulation 

which provides an apparently longer half-life. A drug related PD property arises 

when a given dose yields concentrations that are much higher than the 

concentration resulting in half maximal effect such that the effect is prolonged 
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for longer than would be expected given the declining plasma drug 

concentrations. A system related PD property pertains to an effect of the drug on 

the turnover of a substrate in the system for which the half-life of turnover 

exceeds the dose interval.  

The variability in both the duration of action and adherence behaviour 

should be considered when determining the forgiveness properties of any drug. 

To date, no studies have considered variability in the PKPD process in 

conjunction with imperfect adherence patterns in order to develop a 

comparative criterion to determine the forgiveness of a drug.           

5.2. Aims 

The aims of this chapter are to (1) develop a criterion to quantify 

forgiveness, (2) illustrate the criterion for a theoretical example and (3) apply the 

criterion to warfarin as a motivating example. Warfarin was chosen as it is 

commonly prescribed and a great deal has been studied about its PKPD 

properties which allows for interpretation of the clinical importance of 

forgiveness. 

5.3. Methods    

Initially a criterion for quantifying forgiveness is introduced, then the 

methods for exploring the illustrative example and the motivating example for 

warfarin are described. All simulations in this study were conducted in 

MATLAB® R2012a (The MathWorksTM Inc., Natick, USA). For both parts 1 and 2 

of the methods, all simulations included 1000 individuals each with an 

individual profile and individual set of PKPD parameters. Note that the 

adherence profiles were considered to be independent of the PKPD parameter 

values, such that and for example high or low clearance (CL) values were as 

likely to accompany a highly adherent profile as a profile representing poor 

adherence. Relaxation of this assumption will provide opportunities for further 

exploration of relative forgiveness. The relationship between adherence profiles 

and PKPD parameter values would be an interested area for future study.  
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5.3.1. Quantification of forgiveness as relative forgiveness 

A criterion to quantify forgiveness was developed.  Its concept is in-line 

with relative forgiveness (RF), which has the same interpretation as an odds ratio 

or relative risk. Calculation of RF was based on the probability of therapeutic 

success given imperfect adherence (Pip) and the probability of therapeutic 

success given perfect adherence (Pp). RF is defined as the number of times more 

likely that target success is attained under perfect adherence compared to 

imperfect adherence; or when comparing two drugs under a standard setting of 

imperfect adherence.  

A general form of relative forgiveness is given by, 𝑅𝐹: 

𝑅𝐹 =
𝑃𝑖𝑝 (1 − 𝑃𝑖𝑝)⁄

𝑃𝑝 (1 − 𝑃𝑝)⁄
 

Equation 5.1: A general form of relative forgiveness  

where 𝑅𝐹 is the relative forgiveness, 𝑃𝑖𝑝 is the probability of successful 

attainment of a treatment target under imperfect adherence, and 𝑃𝑝 is the 

probability of successful attainment of a treatment target under perfect 

adherence. Values of RF close to one indicate that a drug is forgiving to imperfect 

adherence and values close to zero indicate that the drug is particularly sensitive 

to imperfect adherence behaviour (i.e. not forgiving). 

When comparing the RF of two drugs (Drug A and Drug B) then the 

relative forgiveness of drug B compared to drug A can be determined as:  

𝑅𝐹(𝐵: 𝐴) =
𝑃𝑖𝑝[𝐵] (1 − 𝑃𝑖𝑝[𝐵])⁄

𝑃𝑖𝑝[𝐴] (1 − 𝑃𝑖𝑝[𝐴])⁄
 

Equation 5.2: The relative forgiveness of Drug B compared to Drug A  

In this setting Drug A and Drug B could be two formulations of the same 

drug or could be different drugs. When comparing drugs then values of RF can 

exceed 1 and, in this circumstance, indicate how many times more likely that 

drug B is forgiving compared to drug A (i.e. how many times more likely 

therapeutic success will be achieved with drug B compared to drug A) given 

some pattern of imperfect adherence. 
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5.3.2. Illustration of the forgiveness criterion with a theoretical example 

5.3.2.1. PKPD model  

A 1-compartment instantaneous unit input PK model linked to an 

immediate effects Emax PD model was used as an illustrative example (as per, for 

example [222, 223]). Two scenarios were considered (1) perfect adherence, (2) 

imperfect adherence which consisted of several subtypes of imperfect adherence 

patterns. In these scenarios, a 1 unit dose was administered every half-life for 150 

half-lives. Steady state was assumed at 10 half-lives. The model is shown in Table 

5.1. Proportional residual variability was incorporated to the effect. 

Table 5.1: Model for a theoretical example  

Parameter/variable* Mean value BSV (CV%) 

Dose (mg) 1 - 

CL (L/d) ln(2)+ 30 

V (L) 1  30 

Emax 1 30 

EC50 (mg/L) 1.3 30 

Proportional RUV  - 10 

CL is clearance. V is apparent volume of distribution. Emax is maximum effect. EC50 is drug 
concentration resulting in half maximal effect. BSV is between subject variability. RUV is 
residual unexplained variability. 

* Note the units are arbitrary and provided for interpretation of once daily dosing 
profiles. 

+ This value was chosen to provide a half-life of 1 unit. 

5.3.2.2. Parametric simulation of imperfect adherence patterns  

In this work adherence patterns were simulated from parametric 

distributions.  It is noted in the work of others that various approaches have been 

used to estimate imperfect adherence including Bayesian approaches and 

Markov models [112, 224-228]. These techniques were not considered in this 

study since the goal was to simulate acceptable patterns of non-adherence rather 
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than to learn about how patterns of non-adherence arise. Simulated patterns 

were used to assess the relative forgiveness criterion and its performance. 

The three types of imperfect adherence patterns were considered that when 

layered together would provide an overall imperfect adherence pattern. These 

were (1) timing variability, (2) random missed doses and (3) drug holidays.  

An index adherence profile that included the imperfect adherence patterns 

described above was identified from an online resource, www.iAdherence.org. 

The index adherence profile was identified that had once daily dosing prescribed 

for 150 days (see Figure 5.1). The profile was compared to other once daily 

profiles and was determined to contain typical features and importantly 

contained all the three key patterns of interest but did not contain initiation or 

discontinuation aspects of non-adherence.  

 

Figure 5.1: An index adherence profile. The X-axis is calendar date in day/month/year. 
The Y-axis is 24 hour clock time. Each dot represents timing of each dose taken. Each 
vertical bar depicts each missed dose. (Figure taken from www.iAdherence.org) 

After identifying the index adherence profile, this index profile was then 

used to quantify important features of each imperfect adherence pattern. The 

important features were used to determine reasonable parametric distributions 

of the three sources of imperfect adherence (timing variability, random missed 

doses and drug holidays). Figures 5.2, 5.3 and 5.4 show the parametric 

http://www.iadherence.org/
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distribution of timing variability, random missed doses and drug holidays, 

respectively. Full details are included in Appendix A.3.1. 

 

Figure 5.2: Parametric distribution of timing variability. This distribution is provided 
by a mixture of 2 normals. The X-axis represents the difference of the actual dose time 
from the nominal dose time (hours). The Y-axis is density.    
 

 

Figure 5.3: Poisson distribution of random missed doses. The X-axis is number of 
random missed doses. The Y-axis is density.     
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Figure 5.4: An empirical distribution of drug holidays. The X-axis is number of drug 
holidays over 150 days. The Y-axis is density.  

5.3.2.3. Successful attainment of a treatment target 

The profile of the drug effect for each individual was assessed for successful 

attainment of a target treatment. Only steady state profiles were considered and 

the first 10 dosing profiles were discarded (corresponding to 10 half-lives of 

maintenance doses) over the period of 150 days. For the purposes of these 

simulations, successful attainment of a target was defined as:  

1. The effect level at the trough was greater than a defined lower treatment 

target. The (hypothetical) threshold of a target success is illustrated in Figure 1 

using an individual with the mean values of CL, V, Emax, EC50. 

2. The number of doses where criterion 1 is true meets a defined fraction of 

doses over the 140 treatment doses.  

It should be noted that (1) is sensitive to variability in both PKPD and 

adherence profiles whereas (2) is most sensitive to variability in adherence. For 

the theoretical example, the value for (1) was set to a minimum trough effect 

value of 0.35 (units) and the value for (2) was 0.9 such that at least 90% of doses 

(from dose 11) within an individual must have an effect at the trough greater 

than 0.35 (units).   

To evaluate the forgiveness criterion, the success of target attainment for 

each simulated patient was evaluated with a perfect adherence profile and an 

imperfect adherence profile. Summing the success values and expressing as a 
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fraction of the 1000 patients provides the probability of success for either perfect 

adherence (Pp) or imperfect adherence (Pip). This is shown in the following 4 

steps using warfarin as an example: 

5.3.2.3.1. Success for an individual patient at a particular dosing interval 

For the 𝑖th patient receiving warfarin the successful (𝑠) attainment of an 

International Normalised Ratio (INR) for the 𝑗th dose is given by,     

𝑠𝑖𝑗(𝐼𝑁𝑅) = {
0, 𝑖𝑓 𝑡𝑟𝑜𝑢𝑔ℎ𝑖𝑗(𝐼𝑁𝑅) < 2 𝑜𝑟 𝑡𝑟𝑜𝑢𝑔ℎ𝑖𝑗(𝐼𝑁𝑅) > 3.5

1, 𝑖𝑓 2 ≤ 𝑡𝑟𝑜𝑢𝑔ℎ𝑖𝑗(𝐼𝑁𝑅) ≤ 3.5
, 𝑓𝑜𝑟 𝑗 > 20 

Equation 5.3: Success for an individual patient at a particular dosing interval    

where 𝑠𝑖𝑗(𝐼𝑁𝑅) is an indicator variable that takes the value of 1 if the 

observed INR is in the therapeutic range and 0 otherwise. In this example, the 

first 20 doses are discarded as these were not considered to be within 90% of 

steady state. 

5.3.2.3.2. Time in the therapeutic range 

The proportion of dose intervals within the therapeutic range (𝑇𝑇𝑅𝑖) for the 

𝑖th individual is determined by the number of successful doses that arise from 

(1) above as a fraction of the total number of doses under consideration. Each 

patient receiving 130 doses was considered. 

𝑇𝑇𝑅𝑖 = ∑𝑠𝑖𝑗(𝐼𝑁𝑅)/130 

Equation 5.4: Time in the therapeutic range 

5.3.2.3.3. Overall success for a patients dosing regimen 

The dosing regimen with associated PKPD and adherence variability was 

considered to be a success (𝑆𝑖) when the number of successful dose intervals 

exceeded the predefined criteria (for warfarin this was; 𝑓𝑑 = 0.55). The value of 

1 indicates success and 0 otherwise. 

𝑆𝑖 = 𝑇𝑇𝑅𝑖 > 𝑓𝑑 

𝑆𝑖 = {
0, 𝑤ℎ𝑒𝑛 𝑇𝑇𝑅𝑖 < 𝑓𝑑
1, 𝑤ℎ𝑒𝑛 𝑇𝑇𝑅𝑖 ≥ 𝑓𝑑

 

Equation 5.5: Overall success for a patients dosing regimen 



Chapter 5: Quantification of forgiveness of drugs to imperfect adherence 

 

144  
 

5.3.2.3.4. Probability of success for 1000 patients  

The probability of success is the fraction of successful patient profiles out 

of the total number of simulations.    

𝑃 =
1

1000
∑𝑖=1

1000𝑆𝑖 

Equation 5.6: Probability of success for 1000 patients  

where 𝑃 is the probability of success for either perfect adherence (Pp) or 

imperfect adherence (Pip). 

5.3.2.4. Influence of different types of imperfect adherence on RF 

The influence of imperfect timing and missed doses (random missed doses 

+ drug holidays) were considered separately and when combined into the 

overall composite pattern. In addition, a series of what-if scenarios were 

investigated in which hypothetical drugs were considered that had the following 

characteristics: (i) a longer half-life (the value of CL halved) [DRUG B], (ii) 

greater potency (EC50 halved) [DRUG C], (iii) a combination of longer half-life 

and greater potency (both CL and EC50 halved) [DRUG D] and (iv) where the 

dose was doubled [DRUG A x 2].  

5.3.3. Application of the forgiveness criterion to warfarin 

Adherence patterns were simulated using the same methods as described 

for the illustrative example. For this warfarin example, 1000 individuals were 

simulated with perfect and imperfect adherence profiles.   

The model used for warfarin in this study was a population kinetic-

pharmacodynamic (KPD) model developed by Hamberg et al. [229]. The model 

and parameter values are taken from [229] and are provided in Appendix A.3.2. 

The dose was 3.5 mg given once daily for 150 days. The dose was chosen such 

that the population average patient with perfect adherence would achieve a 

steady state average INR midway in the therapeutic range. Successful attainment 

of a treatment target was considered as time in the therapeutic range. The time 

to steady state was assumed to be 20 days. The therapeutic range was defined as 
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an INR within the range of 2 to 3.5. Successful treatment was defined as where 

at least 55% of steady state trough values were within the therapeutic INR range 

(which is similar to the success reported by Wright & Duffull [230] when INR 

monitoring was not performed). Note that in this example dose individualisation 

to target INR was not considered. Covariates were not considered and it was 

assumed that food had no impact on INR.  

5.4. Results 

The results are divided into two parts: 1) illustration of the forgiveness 

criterion with a theoretical example and 2) an application of the criterion to 

warfarin. 

5.4.1. Illustration of the forgiveness criterion with a theoretical example 

Considering the same individual with the typical values of CL, V, Emax, EC50 

(mean values), Figure 5.5 shows a comparison of the PK and PKPD responses to 

perfect and imperfect adherence.  

 

Figure 5.5: A comparison of a single individual with perfect adherence (left panel) and 
imperfect adherence (right panel) with the top row representing the adherence profile, the 
second row the concentration-time profile and the third row the effect-time profile. 
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5.4.1.1. Quantification of forgiveness as relative forgiveness 

For the illustrative example, the probability of target attainment with 

imperfect adherence (Pip) was 0.38 and the probability of target attainment with 

perfect adherence (Pp) was 0.62 yielding a relative forgiveness (RF) of 0.38. This 

means that therapeutic success was 0.38 times as likely (i.e. 62% less likely) with 

imperfect adherence. When profiles were considered that only contained timing 

errors the RF was 0.80 and when only considering missed doses (random missed 

doses and drug holidays) the RF was 0.44. It is clear that missed doses, from any 

cause, have a quantitatively larger effect on RF than timing errors. Indeed the 

influence on timing errors resulted in only a 20% reduction in RF indicating that 

in this example timing is of minimal concern. 

The original drug properties are shown in Table 5.1. Changes in drug 

properties resulting in different values of RF are presented in Table 5.2.  Here the 

relative forgiveness is a comparison of the different drug properties (DRUG B, 

C, D, A x 2) to the original drug properties (termed DRUG A). 

Table 5.2: Theoretical modifications to the drug 

Drug 𝑃𝑖𝑝 𝑅𝐹(𝐵: 𝐴) 

DRUG A (original drug) 0.38 - 

DRUG B (twice half-life) 0.84 8.57 

DRUG C (twice potency) 0.69 3.63 

DRUG D (twice half-life and twice potency) 0.95 31 

DRUG A x 2 (double dose) 0.71 3.99 

The results showed that when compared to the original drug with 

imperfect adherence that increasing the half-life had the greatest single effect, 

becoming almost 9 fold more forgiving. Changing half-life and potency together 

yielded a marked (31 fold) increase in forgiveness. This value from the 

simulations was also similar to the value from the product of the two 

independent effects, changing half-life RF = 8.57 and changing potency RF = 3.63.  



Chapter 5: Quantification of forgiveness of drugs to imperfect adherence 

 

147  
 

Doubling the dose was similar in effect size to doubling potency (i.e. halving 

EC50) in this simulated example.   

5.4.2. Application of the forgiveness criterion to warfarin  

Simulations with warfarin included all components of imperfect 

adherence, i.e. imperfect timing, missed doses and drug holidays. The 

probability of therapeutic success for perfect adherence was 0.58 and for 

imperfect adherence was 0.52. The relative forgiveness of warfarin to imperfect 

adherence was 0.78, which indicates that success was 22% less likely with 

warfarin for imperfect adherence, suggesting that warfarin is a relatively 

forgiving drug to non-adherence originating from factors linked to 

implementation. 

5.5. Discussion 

This study has described a criterion to quantify forgiveness that accounts 

for variability in both PKPD and adherence. The criterion as relative forgiveness 

(RF) has been defined which has the same interpretation as an odds ratio or 

relative risk. The RF holds the original concept of forgiveness while 

incorporating variability in the duration of drug action as well as the dose 

interval. This criterion can be used to compute the forgiveness of a given drug 

or to compare the forgiveness between two drugs whose effects can be quantified 

on the same biomarker of response. This study shows how the proposed 

criterion can be used to determine forgiveness for a specific drug, to compare 

between drug entities that have different pharmaceutical and/or 

pharmacological profiles and how it can be applied to a current therapeutic 

agent, namely warfarin.   

The concept of forgiveness has been considered previously [166, 224, 231-

234]. In a study of Alzheimer’s disease it was reported that, under chronic 

dosing, one or two consecutive missed dose/s of donepezil 5 mg or 10 mg would 

be unlikely to affect the attainment of the optimal target of peripheral 

cholinesterase inhibition [233]. Similarly, it has been shown that the 
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administration of either once or twice daily lopinavir/ritonavir resulted in 

comparable treatment outcomes [235]. Later research on lopinavir/ritonavir 

found that the proportion of patients achieving appropriate virologic 

suppression over 24 weeks were similar across four quartiles of adherence rates, 

measured as percentage of prescribed doses taken, ranging from 23.5-53.3% to 

92.9-100% [166]. In addition, the degree of forgiveness of hypertensive drugs has 

been established based on “off-rate”, e.g. loss of a decrease in blood pressure in 

mmHg per day under imperfect adherence circumstances [224]. These findings 

indicate that drugs are forgiving when they have low off-rates i.e. drugs with a 

long duration of action. Examples of low off-rate antihypertensive drugs that are 

administered once daily included amlodipine and aliskiren and examples of 

those with high off-rates including enalapril and atenolol [129, 224]. These 

measures to date have considered forgiveness informally and attempted to find 

drug related characteristics that are associated with forgiveness. 

Recently the work of Boissel and Nony has provided a theoretical 

framework for quantification of forgiveness [236]. Their work considered 

alteration of PKPD parameters of direct and delayed models of hypothetical 

drugs to explore impact on drug effects [236]. Our study, and criterion, builds 

on this approach and also incorporates variability in the PKPD parameters. Nony 

and Boissel further proposed the use of sensitivity functions to compare 

forgiveness [237]. Methods for comparing forgiveness across drugs were also 

investigated by Gohore et al. [225]. In this study the most sensitive PKPD 

parameters in relation to the number of subtherapeutic days and smoothness 

index were determined and forgiveness was based on a sensitivity analysis and 

a comparison of four calcium channel blocker drugs [225]. This work did not 

consider forgiveness in the context of concurrent variability in adherence and 

PKPD parameter values. 

With respect to the influence of different types of imperfect adherence on 

forgiveness, it was found that the influence of only missed doses was stronger 

than that of only timing variability with RF values of 0.44 and 0.80, respectively 

(in our theoretical example). This finding is not surprising since most drugs have 
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a duration of action that spans more than a few hours either side of the nominal 

dose interval and hence timing variability is likely to be quantitatively less 

important. This effect will be drug specific and drug candidates that have poor 

forgiveness to timing variability are likely to fare much worse in RF values. It 

may be expected that the influence of timing variability will be more influential 

if the distribution of timing variability deviates to a much larger extent compared 

to the timing variability used in this study. However, it is believed that the 

greatest impact of timing variability would be seen in the most extreme timing 

variability i.e. random missed doses, which is categorised separately as in this 

case not only is timing delayed but the dose is also not taken. In general, it 

therefore seems that the number of random missed doses is a more influential 

adherence pattern than the timing of any given dose. It is also proposed that the 

influence of missed doses depends also on the dosing schedule. For instance, it 

has been proposed that drug actions may persist longer in patients prescribed 

with twice daily compared to once daily dosing since the probability of missing 

two or three consecutive doses in the former is proposed to be half of that of 

missing a daily dose in the latter [238]. To illustrate, in terms of the maintenance 

of drug concentrations within a therapeutic range, which may well result in the 

maintenance of drug actions, twice daily lopinavir/ritonavir was reported to be 

superior to once daily lopinavir/ritonavir [238]. A corresponding result has been 

shown with saquinavir/ritonavir [232] and again similarly for twice daily 

ticagrelor compared to once daily clopidogrel [109].        

Our work has shown how theoretical modifications to the properties of a 

drug (either by chemical alteration or pharmaceutical modification) can be 

quantified in terms of an alteration in forgiveness. A drug with twice the potency 

or given at twice the dose shared similar degrees of relative forgiveness (both 

had RF values around 4 in the theoretical example). By comparison, a drug with 

twice the half-life was considerably more forgiving (an RF of approximately 8 in 

the theoretical example). A combination of longer half-life and greater potency 

combined linearly to provide a relative forgiveness of approximately 30 (the 

product of the influence of either modification alone). Choice of drug, either in 
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drug development to consider which lead molecule to take forward, or in 

therapeutics to consider which medicine to use in a patient with known poor 

adherence, can therefore account a priori for the likely influence of its 

forgiveness. All things being equal then a drug with the best relative forgiveness 

should be considered. 

The RF criterion was illustrated by consideration of warfarin. The 

therapeutic range was chosen to be an INR between 2 and 3.5 and therapeutic 

success defined when at least 55% of a dosing profile achieved INR values in that 

range.  For simplicity, this example did not consider dose individualisation of 

warfarin dose to achieve the INR target since this example is to show an 

application rather than a definitive review of warfarin forgiveness. Under 

imperfect adherence, the value of RF was not diminished greatly from 1 

(RF=0.78). In theory a confidence interval could be applied to this quantity but 

this would have natural statistical limitations on its interpretation since the 

interval (for the same drug) cannot include the null value. The high value of RF 

for warfarin indicates that the likelihood of patients with suboptimal adherence 

(comprising timing variability, random missed doses and random drug 

holidays) successfully attaining the target was 0.78 times of those with perfect 

adherence. Hence, the impact of imperfect adherence on achieving a desirable 

INR was considered minimal. It seems likely, therefore, that under profiles of 

imperfect adherence that are within the range of plausible profiles explored here 

that warfarin would remain forgiving.  A plausible poor adherence scenario that 

would have been included in these simulations would have had 3 drug holidays 

and 25 missed doses over the 150 treatment day period. 

It should be noted that the index adherence pattern chosen for this study 

was not related specifically to anticoagulants and it is possible that adherence 

patterns may differ in patients with atrial fibrillation or coagulation disorders 

due to the influence of disease or other patient characteristics (e.g. age). 

Although it is possible that adherence patterns, and hence forgiveness values, 

may differ depending on the subpopulation being studied, our index adherence 

profile has been compared to other adherence profiles and it is postulated that 
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the adherence implementation features that were seen in the index profile are 

representative of other profiles. In this work it was assumed that the adherence 

profile of a patient was independent of the PKPD parameters.  This assumption 

is not a requirement of determining RF but was rather a simplification used here 

in these examples. It is plausible that an association between adherence patterns 

and PKPD profiles may exist where an association between patient covariates, 

e.g. age and adherence patterns has been identified previously (as per [112]). If 

it were the case that either a PK parameter, e.g. CL, or PD parameter, e.g. Emax, 

were correlated with age then there may be an association between adherence 

patterns and PKPD parameters. However, as mentioned in the methods section: 

Parametric simulation of imperfect adherence patterns, the purpose of this 

current work was not to learn how patterns of non-adherence arise but rather 

provide a forgiveness criterion. The influence of covariates would be an 

important and interesting further exploration. It is also noted that this study 

focused on the process of suboptimal implementation rather than failure to 

initiate or early discontinuation. Here the concept of forgiveness is articulated in 

the case where implementation and its issues predominates. However patients 

who fail to initiate, while an important population for consideration, are not 

amenable to choice of forgiving regimens in circumstances when patient 

autonomy is maintained. Finally, this work illustrated the case of once daily drug 

administration. Therefore, it should be noted that for other dosing regimens, 

profiles of imperfect adherence would differ. However, the RF criterion 

described in this paper is generalisable to these settings.  

5.6. Conclusions 

In conclusion, this study shows that relative forgiveness can be used as an 

index to quantify the forgiveness properties of a drug given its dosing regimen. 

This may have important implications for both drug development and clinical 

practice.  Further work is needed to examine the properties of RF as a measure 

of forgiveness behaviour to determine its clinical utility.
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This chapter will form the basis for a publication that will be submitted as: 

Assawasuwannakit P, Braund B, Duffull SB (2015) Application of relative 

forgiveness using clinically observed adherence profiles.
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6.1. Context 

In the previous chapter, a relative forgiveness (RF) criterion was developed 

to quantify the forgiveness of drugs. The evaluation of relative forgiveness was 

then shown with warfarin as a motivating example. It is proposed that relative 

forgiveness is generalisable to any given drugs to quantify their forgiveness 

properties under the presence of imperfect adherence. In this chapter, relative 

forgiveness will be applied to actual patients’ adherence data and dosing for the 

two drugs in the Medication Event Monitoring System (MEMS) feasibility study 

presented in Chapter 4. 

The two selected drugs in this study are atorvastatin and omeprazole. Both 

statins and proton pump inhibitors (PPIs) are commonly prescribed and there 

has been a considerable body of research establishing their therapeutic benefits. 

In addition, atorvastatin and omeprazole represent drugs used for prevention of 

disease and for treatment of symptomatic disease, respectively, which may 

influence adherence differently. For example, it has been reported that the 

percentage of patients who persisted with PPIs prescriptions, for 6 months, 1 

year and 2 years, was higher among the indications of severe gastro-oesophageal 

reflux disorder (GORD) or Barrett’s oesophagus compared to less severe 

indications such as non-reflux dyspepsia or Helicobacter pylori associated 

indications [239]. This suggests that given that adherence patterns are likely to 

be different, drugs may be more or less forgiving depending not only on the basis 

of their pharmacokinetic-pharmacodynamic (PKPD) properties but also on the 

patient’s response to negative symptoms.  

PPIs block gastric acid secretion by binding irreversibly to the H+K+ATPase 

enzyme, proton pumps, in parietal cells. Their therapeutic use includes the 

treatment of gastric ulcers, duodenal ulcers, GORD, Zollinger-Ellison syndrome, 

Barrett’s oesophagus and Helicobacter pylori infection as part of a combination 

therapy. Evidence of the effect of PPIs on various indications including 

comparison among drugs within the class has been established, as per these 

reviews [240, 241]. PPIs are prodrugs with the core structure of benzimidazole 



Chapter 6: Application of relative forgiveness using clinically observed adherence profiles  

 

154  
 

with a substituted 2-(pyridine methylsulfinyl group). The prodrug is 

metabolised under acid conditions to the active sulfenamide. The sulfenamide 

then forms a covalent disulphide bond with cysteine on the proton pump and 

acid secretion is inhibited.  

Statins inhibit HMG-CoA reductase enzyme preventing the conversion of 

HMG-CoA to mevalonate the rate limiting step in the production of cholesterol. 

The downstream production of cholesterol is then inhibited. Statins are used to 

prevent and treat cardiovascular and coronary heart disease (primary and 

secondary prevention, respectively). Several clinical trials and meta-analyses 

have demonstrated the benefits of statins for both primary and secondary 

prevention, including [242-250]. It has been reported that adherence measured 

by discontinuation rate was higher among patients with primary prevention, 

compared to those with existing coronary artery disease and acute coronary 

syndrome [251]. Another study has also reported that persistence after 6 months 

and 3 years was lower in patients with primary compared to secondary 

prevention [252].  

In the previous chapter, adherence variability was accounted for by 

generating imperfect adherence profiles from an index adherence profile with 

variability being incorporated. This is under the circumstance that a patient’s 

actual adherence profile is unknown. In the more specific circumstance where 

each patients’ drug taking behaviour is individually identified such as in this 

work, the relative forgiveness criterion can also be used to quantify an RF of each 

patient given their own drug taking behaviour. If MEMS type devices were used 

in clinical practice then it would be possible to explore implications of poor 

adherence for individual patients.  

6.2. Aims 

The aim of this study is to quantify an RF of each patient prescribed 1) 

atorvastatin or 2) omeprazole, given their own clinically observed adherence 

profile.     
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6.3. Methods 

In this chapter, the developed relative forgiveness criterion outlined in 

Chapter 5 was used with atorvastatin and omeprazole. The methods consist of 

two main parts that characterise atorvastatin and omeprazole. For each drug, the 

methods are divided into five parts: (1) identification of a population PKPD 

model, (2) extraction of clinically observed adherence profiles, (3) parametric 

simulation of PKPD profiles for each patient, (4) quantification of attainment of 

a treatment target and (5) visualisation of the time course of drug effect profile. 

All simulations in this study were conducted in MATLAB® R2013b (The 

MathWorksTM Inc., Natick, USA). 

6.3.1. Atorvastatin 

6.3.1.1. Identification of a population PKPD model  

Since there were no published population PKPD models for atorvastatin, a 

published population PK model for atorvastatin acid and its lactone metabolite 

[253] linked to a published population PD model for simvastatin [254] was used 

in this study. The PK model was developed by Narwal et al. [253]. The PD model 

was part of the population PKPD model for simvastatin originally developed by 

Kim et al. [254].  

The PK model described the parent drug, atorvastatin acid, and its active 

metabolite, atorvastatin lactone. Atorvastatin acid was described by a two-

compartment disposition model with first-order absorption. Atorvastatin 

lactone was described by a one-compartment model. Based on the work of 

Jacobsen et al. [255], it was assumed that atorvastatin acid and atorvastatin 

lactone interconverted. In this work atorvastatin acid concentration was chosen 

as the driver for the PD model (see Figure 6.1). 

Atorvastatin PK model parameter values are taken from [253] and are 

provided in Table 6.1.  
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Table 6.1: Atorvastatin PK model parameters [253]    

PK model parameter Population estimate BSV (CV%)  

ka (/h) 

CLpm (L/h) 

V1 (L) 

V2 (L) 

Q (L/h) 

CLm (L/h) 

V3 (L) 

CLmp (L/h) 

3.5 

504 

3250 

2170 

1880 

116 

137 

24 

- 

34.4 

67.1 

19.7 

- 

45.1 

70.1 

- 

ka = absorption rate constant, CLpm = CL of the parent drug (atorvastatin acid) to the metabolite 
(atorvastatin lactone), V1 = V of the parent drug in the central compartment, V2 = V of the 
parent drug in the peripheral compartment, Q = intercompartmental clearance of the parent 
drug, CLm = CL of the metabolite, V3 = V of the metabolite, CLmp = CL of the metabolite to the 
parent drug. Bioavailability was assumed to be 1.  

The effect of atorvastatin acid concentration on the production rate of low-

density lipoprotein (LDL), Rin, was explained by the inhibitory turnover model, 

the PD model used here.  

The atorvastatin PKPD model is given by: 

𝑑𝐿𝐷𝐿

𝑑𝑡
= 𝑅𝑖𝑛 × [1 −

𝐸𝑚𝑎𝑥 × 𝐶(𝑡)

𝐶50 + 𝐶(𝑡)
] − 𝑘𝑜𝑢𝑡 × 𝐿𝐷𝐿 

                       𝐿𝐷𝐿0 = 𝐿𝐷𝐿 𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒 and 𝐸𝑚𝑎𝑥 is constrained as, 0 < 𝐸𝑚𝑎𝑥 < 1                                        

Equation 6.1: The atorvastatin PKPD model  

For simplicity, circadian variability for the production of LDL was not 

considered in this study. It is noted that the influence of amplitude on the Rin 

value is <10% [132] of the value for production and hence it is likely to be of 

limited clinical importance. 

As previously discussed, the PD model used was that for simvastatin. 

Simvastatin PD model parameter values are taken from [254] and are provided 

in Table 6.2 [254]. Since the population PKPD model for simvastatin was 

developed based on healthy volunteer data, in this work, LDL concentration 
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baseline was set as 4.78 mmol/L (185 mg/dL), based on the Scandinavian 

Simvastatin Survival Study [242]. Between subject variability (BSV) was 

incorporated to the LDL concentration baseline as 20.2 CV% as per the value 

reported by Kim et al. [254].    

 
Table 6.2: Simvastatin PD model parameters 

PD model parameter Population estimate BSV (CV%) 

LDL baseline (mg/dL) 

Rin (mg/dL/h) 

Emax 

185 

1.14 

0.489 

20.2 

- 

- 

C50 (ng/mL) 

kout 

0.0868 

Rin/LDL baseline 

- 

- 

Rin = production rate of LDL, Emax = maximum effect, C50 = the plasma concentration resulting 
in half maximum effect, kout = elimination rate constant of LDL.  

Apart from the LDL concentration baseline, there were no other BSV values 

incorporated into PD model parameters as per the study of Kim et al.  Residual 

variability was not incorporated in this study since the goal was to determine 

successful attainment of the true effect rather than successful attainment of an 

observed effect.       

It is noted that atorvastatin is slightly more potent than simvastatin with 

C50 values of 8.2 nM and 11.2 nM for atorvastatin and simvastatin, respectively 

[256]. The difference was considered negligible in this work and hence the C50 

value for simvastatin was chosen.  It is likely therefore that this work may 

slightly underestimate the relative forgiveness of atorvastatin as per the findings 

from Chapter 5. It should be noted that the C50 values arise from healthy 

volunteers rather than patients.  
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Figure 6.1: A schematic of PKPD model for atorvastatin. ka = absorption rate constant, 
CLpm = CL of the parent drug (atorvastatin acid) to the metabolite (atorvastatin lactone), 
V1 = V of the parent drug in the central compartment, V2 = V of the parent drug in the 
peripheral compartment, Q = intercompartmental clearance of the parent drug, CLm = 
CL of the metabolite, V3 = V of the metabolite, CLmp = CL of the metabolite to the parent 
drug, Rin = production rate of LDL, kout = elimination rate constant of LDL. Adapted 
from Narwal et al. [1] and Kim et al. [2]. 

Subsequently, two scenarios were considered (1) perfect adherence and (2) 

imperfect adherence. 

The dose prescribed for each patient was: 

1) Patient 17: 40 mg  

2) Patient 19: 80 mg  

3) Patient 23: 10 mg  

All three patients were prescribed once daily for 90 days (for this current 

medication refill).  
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6.3.1.2. Extraction of clinically observed adherence profiles    

In Chapter 4, there were three patients prescribed atorvastatin (Patients 17, 

19 and 23). Each clinically observed adherence profile is depicted as follows 

(Figures 6.2, 6.3 and 6.4, respectively):    

 

Figure 6.2: Clinically observed adherence profile of Patient 17  

 

Figure 6.3: Clinically observed adherence profile of Patient 19 

 

Figure 6.4: Clinically observed adherence profile of Patient 23 

    The number of random missed doses and drug holidays over the 

treatment period of 90 days for each patient is summarised in Table 6.3. Drug 

holidays here are defined as three consecutive missed doses.  
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Table 6.3: Number of missed doses over the 90 treatment day period for each patient 
prescribed atorvastatin 

Patient ID Random missed doses Drug holidays 

Patient 17 12  1 

Patient 19 4 - 

Patient 23  2 - 

The number of random missed doses observed in Patient 17 is around the 

mean value of those in Chapter 5 (random missed doses = 13). Drug holidays 

observed in these three patients share similarities with the drug holiday 

distribution in Chapter 5.  

6.3.1.3. Parametric simulation of PKPD profiles for each patient 

Since the PKPD parameter values cannot be observed in each individual, it 

is impossible to calculate an individual value of relative forgiveness for each 

patient taking atorvastatin.  Therefore, 1000 sets of individual PKPD parameters 

were simulated under these 2 scenarios: (1) a perfect adherence profile with the 

prescribed dose and (2) each observed imperfect adherence profile with the 

corresponding prescribed dose for each patient. The probability of therapeutic 

success given perfect adherence (Pp) and the probability of therapeutic success 

given imperfect adherence for each patient (Pip) were calculated. RF for each 

patient was then determined.      

6.3.1.4. Qualification of attainment of a treatment target 

The time to steady state was assumed to be 20 days. Therefore, the first 20 

days were discarded and not included in determination of RF. This relatively 

long period of 20 days was chosen to ensure that steady state was achieved in all 

scenarios such as patients having extreme PK characteristics e.g. extreme values 

of clearance or kout. Successful attainment of a treatment target was considered 

as time below the therapeutic criterion. The therapeutic criterion was defined as 

an LDL concentration of 2.6 mmol/L. Successful treatment was defined as where 



Chapter 6: Application of relative forgiveness using clinically observed adherence profiles  

 

161  
 

at least 60% of steady state trough values were below the therapeutic LDL 

criterion.   

6.3.1.5. Visualisation of the time course of drug effect profile 

To visualise the time course of drug effect, the LDL vs time profile for an 

average patient with mean population parameter estimates was simulated under 

each observed imperfect adherence as well as perfect adherence at each 

prescribed dose.  

6.3.2. Omeprazole 

6.3.2.1. Identification of a PKPD model  

Since no published population PKPD models were found for omeprazole, 

a published PKPD model for lansoprazole developed by Puchalski et al. [257] 

was used in this study. Sulfenamide forms of omeprazole and lansoprazole bind 

cysteine 813 and 892; and cysteine 813 and 321 at the proton pump, respectively. 

These cysteine locations are differentially accessible to reducing agents which 

can cleave the sulfenamide resulting in recovery of acid secretion that occurs 

more rapidly than de novo synthesis of proton pumps [258]. Further details are 

explored in the discussion section. Based on this, the PKPD characteristics of 

omeprazole and lansoprazole appear to be similar then the choice of 

lansoprazole would seem, in the initial setting, to be reasonable. 

The lansoprazole PKPD model can be depicted into three compartments as 

shown in Figure 6.5. The schematic comprises 1) plasma lansoprazole 

concentration compartment, 2) a compartment representing H+ /K+ -ATPase 

enzyme (proton pump) and 3) a compartment representing hydrogen ions 

(gastric acid). 

The PK model was originally described by a one-compartment Bateman 

model with absorption lag time [257]. However, the authors stated that since the 

absorption rate constant was much larger than the elimination rate constant then 

they simplified the model to a monoexponential function with absorption lag 

time [257], shown as: 
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𝐶(𝑡) =
𝐷

𝑉
𝑒𝑥𝑝 (−

𝐶𝐿

𝑉
× 𝑡 − 𝑡𝑙𝑎𝑔) 

Equation 6.2: The PK model for lansoprazole  

 

 

Figure 6.5: A schematic of the PKPD process of lansoprazole. C = concentration 
compartment, E = H+ /K+ -ATPase Enzyme (proton pump) compartment, H = 
Hydrogen ions (gastric acid) compartment, k = elimination rate constant of lansoprazole, 
RinE = production rate of proton pumps, kd = first elimination rate constant of proton 
pumps, kdeg = second elimination rate constant of proton pumps, RinH = production rate 
of gastric acid, kout = elimination rate constant of gastric acid. Adapted from Puchalski 
et al. [257].  

Considering the proton pump compartment, there are two processes of 

elimination of proton pumps (see Equations 6.3 and 6.4): (1) the elimination due 

to irreversible binding of between the drug (active forms of sulfenamide) and 

proton pumps, which is described by the first elimination rate constant (kd), (2) 

natural degradation of proton pumps at the rate of kdeg (excluding the natural 

degradation of proton pumps causing by kd when lansoprazole is not present). 

The concentration from the first compartment is a driver to stimulate the 

elimination of proton pumps here.  
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𝑑𝐸

𝑑𝑡
= 𝑅𝑖𝑛𝐸 − 𝑘𝑑𝑒𝑔 × 𝐸 − 𝑘𝑑 × 𝐶 × 𝐸 

 
Equation 6.3: Rate of proton pump production  

Assuming that the baseline amount of proton pumps (E0) is 1 and the 

concentration of lansoprazole is 0 then 𝐸0 =
𝑅𝑖𝑛𝐸

𝑘𝑑𝑒𝑔
. Here we see that the 

lansoprazole binds 1:1 with the enzyme. The equation is written was a mass 

relationship.  

Therefore 𝑅𝑖𝑛𝐸 = 𝑘𝑑𝑒𝑔 and the Equation 6.3 becomes: 

𝑑𝐸

𝑑𝑡
= 𝑘𝑑𝑒𝑔 − 𝑘𝑑𝑒𝑔 × 𝐸 − 𝑘𝑑 × 𝐶 × 𝐸 

Equation 6.4: Rate of proton pump production normalised by E0 = 1 

Then the change of the amount of proton pumps (E/E0) results in an 

increase of the production of gastric acid in the gastric acid compartment (see 

Equation 6.5). In the original study, a cosine function was considered for 

production rate of hydrogen ions. An amplitude on the RinH value was 25.3 mM 

(Group 1 data). Time of peak hydrogen ion production was at 12.6 hours (8:30 

pm). For simplicity, RinH was set to a mean production rate of hydrogen ions in 

this study. In addition without knowing the acrophase for each patient then 

timing-related imperfect adherence aspects are not possible to interpret. 

𝑑𝐻

𝑑𝑡
= 𝑅𝑖𝑛𝐻 ×

𝐸

𝐸0
− 𝑘𝑜𝑢𝑡 × 𝐻 

Equation 6.5: Rate of gastric acid secretion  

The conversion of hydrogen ions to pH is explained in Equation 6.6. It was 

assumed that there is a baseline amount of acid in a stomach. This could be 

conceptualised as a hypothetical condition of a neutral environment where 

pH=7. Therefore, the effect of the drug results in the change in the ratio of [H+] 

and [OH-]. For illustration, at pH=1, the excess ratio of [H+]:[OH] could be 

calculated as 10(7-1) = 106 [H+]>[OH]. Conversely, at pH= 13, the excess ratio of 

[OH-]:[H-] would be 10(13-7) = 106 [OH-]>[H+]. According to Puchalski et al., an 
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initial pH condition was around 2.2. Given that in this study the effect of food 

was not considered, an initial pH as 3 was set which is a similar value observed 

when food was given in the original study.   

𝑝𝐻 = 7 − log (𝐻) 

Equation 6.6: Conversion of hydrogen ions to pH 

The lansoprazole PKPD model parameter values are taken from [257] and 

are provided in Table 6.4. The group 1 patient data were used. As no BSV values 

were reported in the analysis the value of BSV was set to 30% for each PKPD 

parameter. As mentioned in the atorvastatin case, residual variability was not 

incorporated here since the goal was to determine successful attainment of the 

true effect for each patient rather than an observed effect. 

 
Table 6.4: Lansoprazole PKPD model parameters 

PKPD model parameter Parameter estimate BSV (CV%)# 

V (L) 

k (/h) 

tlag (h) 

kdeg (/h) 

kd (/μg.L./h) 

km (mM) 

kout (/h) 

42.8 

0.28 

0.49 

0.04 

0.13 

26.6 

0.59 

30% 

30% 

30% 

30% 

30% 

30% 

30% 

V = volume of distribution of central compartment, k = elimination rate constant,  
tlag = absorption lag time, kd = first elimination rate constant of proton pumps, kdeg = second 
elimination rate constant of proton pumps, km = mean acid production rate, which was set to 
RinH, kout = elimination rate constant of gastric acid. Bioavailability was assumed to be 1. 

# A BSV value of 30% was chosen arbitrarily.    

PKPD parameters of the lansoprazole PKPD model were used for 

omeprazole and no adaptation was made to the model. 

Similar to atorvastatin, two scenarios were considered (1) perfect adherence 

and (2) imperfect adherence. 
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The dose of omeprazole prescribed for each patient was: 

1) Patient 3: 20 mg 

2) Patient 4: 20 mg 

3) Patient 6: 20 mg 

4) Patient 8: 40 mg 

5) Patient 21: 20 mg 

All patients, apart from Patient 3, were prescribed once daily for 90 days 

(for this medication refill). Patient 3 was prescribed once daily for 60 days.  

6.3.2.2. Extraction of clinically observed adherence profiles 

In Chapter 4, there were five patients prescribed omeprazole (Patients 3, 4, 

6, 8 and 21). Each clinically observed adherence profile is depicted as follows 

(Figures 6.6, 6.7, 6.8, 6.9 and 6.10, respectively): 

 

Figure 6.6: Clinically observed adherence profile of Patient 3 

 

Figure 6.7: Clinically observed adherence profile of Patient 4 
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Figure 6.8: Clinically observed adherence profile of Patient 6 

 

Figure 6.9: Clinically observed adherence profile of Patient 8  

 

Figure 6.10: Clinically observed adherence profile of Patient 21 

The number of random missed doses and drug holidays over the treatment 

period of 90 days for each patient, and 60 days for Patient 3, is summarised in 

Table 6.5. 

The number of random missed doses observed for Patient 21 was around 

the mean value of those in Chapter 5 (random missed doses = 13) whereas 

Patient 4 had twice this value. Patient 4 also had the upper bound of drug 

holidays in comparison to the drug holiday distribution in Chapter 5. 
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Table 6.5: Number of missed doses over the 90 treatment day period for each patient 
prescribed omeprazole  

Patient ID Random missed doses Drug holidays 

Patient 3 2 - 

Patient 4 25 3 

Patient 6  - - 

Patient 8 - - 

Patient 21 10 - 

6.3.2.3. Parametric simulation of PKPD profiles for each patient 

The same methods used for atorvastatin were also used for omeprazole. 

One thousand sets of individual PKPD parameters were simulated under these 

2 scenarios: (1) a perfect adherence profile with the prescribed dose and (2) each 

observed imperfect adherence profile with the corresponding prescribed dose 

for each patient. Pp and Pip for each patient were calculated. RF for each patient 

was then determined.      

6.3.2.4. Qualification of attainment of a treatment target 

The assumption was the same as that for atorvastatin to ensure that steady 

state was achieved in all scenarios. The time to steady state was assumed to be 

20 days. Therefore, the first 20 days were discarded and not included in 

determination of RF. Successful attainment of a treatment target was considered 

as time above the therapeutic criterion. The therapeutic criterion was defined as 

a pH of 4, which is a recommended treatment target for GORD [259]. Successful 

treatment was defined as where at least 60% of steady state trough values were 

above the therapeutic pH criterion.  

6.3.2.5. Visualisation of the time course of drug effect profile 

To visualise the time course of drug effect, the pH vs time profile for an 

average patient with mean population parameter estimates was simulated under 

each observed imperfect adherence as well as perfect adherence at each 

prescribed dose. 
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6.4. Results 

6.4.1. Atorvastatin 

6.4.1.1. Relative forgiveness for each patient prescribed atorvastatin 

Table 6.6: Relative forgiveness for each patient prescribed atorvastatin 

Patient ID Prescribed 
dose 

Pp* Pip+ RF# 

Patient 17 40 mg 0.527 0.494 0.88 

Patient 19 80 mg 0.578 0.537 0.85 

Patient 23 10 mg  0.407 0.380 0.89 

* Pp = The probability of successful attainment of a treatment target under perfect adherence  
+ Pip = The probability of successful attainment of a treatment target under imperfect adherence 
# RF = Relative forgiveness    

Based on these findings, atorvastatin is forgiving for all these three patients 

under scenarios that actual random missed doses over the 90 treatment day 

period were 12, 4 and 2 doses in Patients 17, 19 and 23, respectively. Only Patient 

17 had drug holidays (on one occasion). 

The RF results indicated that overall, success was around 10-15% less likely 

with atorvastatin for imperfect adherence given the actual adherence profile 

observed in each patient. The findings also showed that the Pp value was 

particularly low for Patient 23 (Pp=0.407), this may be due to the relatively low 

given dose of 10 mg.  
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6.4.1.2. Visualisation of an average patient with mean population parameter estimates for the time course of LDL  

Figures 6.11 to 6.13 show the LDL vs time profile for an average patient with mean population parameter estimates simulated 

under each observed imperfect adherence as well as perfect adherence at each prescribed dose. 

1) Patient 17 scenario  

                                                                                                                                                                                                  

  

Figure 6.11: The time course of LDL of an average patient prescribed atorvastatin 40 mg with perfect adherence (left panel) and Patient 17’s 
adherence profile (right panel) with the top row depicting the adherence profile. The red line is the threshold of a target success. 
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2) Patient 19 scenario 

                                                                                                                            

  

 
Figure 6.12: The time course of LDL of an average patient prescribed atorvastatin 80 mg with perfect adherence (left panel) and Patient 19’s 
adherence profile (right panel) with the top row depicting the adherence profile. The red line is the threshold of a target success of LDL<2.6 mmol/L. 
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3) Patient 23 scenario   

                                                                                                                            

  

 
Figure 6.13: The time course of LDL of an average patient prescribed atorvastatin 10 mg with perfect adherence (left panel) and Patient 23’s 
adherence profile (right panel) with the top row depicting the adherence profile. The red line is the threshold of a target success of LDL<2.6 mmol/L.  
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6.4.2. Omeprazole 

6.4.2.1. Relative forgiveness for each patient prescribed omeprazole 

Table 6.7: Relative forgiveness for each patient prescribed omeprazole 

Patient ID Prescribed 
dose 

Pp* Pip+ RF# 

Patient 3 20 mg 0.49 0.481 0.96 

Patient 4 20 mg 0.451 0.056 0.07 

Patient 6 20 mg 0.486 0.489 1.01 

Patient 8 40 mg 0.646 0.621 0.90 

Patient 21 20 mg 0.489 0.481 0.97 

* Pp = The probability of successful attainment of a treatment target under perfect adherence  
+ Pip = The probability of successful attainment of a treatment target under imperfect adherence 
# RF = Relative forgiveness    

Based on these findings, omeprazole appeared forgiving for Patients 3, 6, 8 

and 21. However, it was not forgiving for Patient 4. The reason for this is the less 

erratic adherence profiles of Patients 3, 6 and 8. Notably Patent 3 had only 2 

random missed doses and Patients 6 and 8 had no random missed doses whereas 

Patient 21 had more random missed doses (10 doses). These four patients had no 

drug holidays. In contrast, Patient 4 had an extremely erratic adherence profile 

with 25 random missed doses and 3 drug holidays over the 90 treatment day 

period.   

The results suggested the predominant influence of each individual 

adherence profile on RF. Omeprazole is forgiving when patients are to a great 

extent adherent (Patients 3, 6 and 8) or moderately imperfectly adherent (Patient 

21) whereas it is not forgiving when patients are considerably imperfectly 

adherent (Patient 4).          
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6.4.2.2.  Visualisation of an average patient with mean population parameter estimates for the time course of pH 

Figures 6.14 to 6.18 show the pH vs time profile for an average patient with mean population parameter estimates simulated 

under each observed imperfect adherence as well as perfect adherence at each prescribed dose.  

1) Patient 3 scenario  

                                              

  

Figure 6.14: The time course of pH of an average patient prescribed omeprazole 20 mg with perfect adherence (left panel) and Patient 3’s adherence 
profile (right panel) with the top row depicting the adherence profile. The red line is the threshold of a target success of pH>4. 
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2) Patient 4 scenario   

                                                                                                                            

  

Figure 6.15: The time course of pH of an average patient prescribed omeprazole 20 mg with perfect adherence (left panel) and Patient 4’s adherence 
profile (right panel) with the top row depicting the adherence profile. The red line is the threshold of a target success of pH>4. 
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3) Patient 6 scenario 

                                                                                                                            

  

Figure 6.16: The time course of pH of an average patient prescribed omeprazole 20 mg with perfect adherence (left panel) and Patient 6’s adherence 
profile (right panel) with the top row depicting the adherence profile. The red line is the threshold of a target success of pH>4. 
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4) Patient 8 scenario 

                                                                                                                            

  

Figure 6.17: The time course of pH of an average patient prescribed omeprazole 40 mg with perfect adherence (left panel) and Patient 8’s adherence 
profile (right panel) with the top row depicting the adherence profile. The red line is the threshold of a target success of pH>4. 
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5) Patient 21 scenario 

                                                                                                                            

  

Figure 6.18: The time course of pH of an average patient prescribed omeprazole 20 mg with perfect adherence (left panel) and Patient 21’s adherence 
profile (right panel) with the top row depicting the adherence profile. The red line is the threshold of a target success of pH>4.
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6.5. Discussion 

This study has applied the relative forgiveness criterion developed in 

Chapter 5 to other therapeutic agents, namely atorvastatin and omeprazole and 

to actual adherence profiles for individual patients. This study evaluates 

whether the proposed RF criterion is generalisable to evaluation of other drugs 

of interest and its value at an individual patient level. 

For illustrative purposes in this work, a possible classification of 

forgiveness could be as per Table 6.8. 

Table 6.8: Possible classification for forgiveness    

Degree of forgiveness   RF value 

Forgiving  > 0.7 

Moderately forgiving  0.5-0.7 

Not forgiving  < 0.5 

For atorvastatin RF, the therapeutic criterion was chosen to be an LDL 

concentration of 2.6 mmol/L and therapeutic success defined when at least 60% 

of a dosing profile achieved LDL values below that criterion. The RF value for 

each patient, under their own adherence profile, was found to be 0.88, 0.85 and 

0.89 for Patients 17, 19 and 23, respectively. Atorvastatin appears forgiving, 

given that RF values were more than 0.7 across all patients. This finding is not 

surprising and can be explained based on the PK and PD properties of 

atorvastatin. PK: Atorvastatin is a parent drug and its metabolite is atorvastatin 

lactone. The half-life of atorvastatin parent in the central compartment is close to 

20-30 hours given its interconversion with its metabolite. PD: Atorvastatin 

inhibits HMG-CoA reductase enzyme thereby cholesterol synthesis is inhibited 

and the turnover of cholesterol is determined by its half-life of the order of 3-4 

days [134]. PKPD: Hence, the duration of effect lasts longer than the once daily 

dosing interval. Although 12 random missed doses occurred with Patient 17 over 

the 90 day treatment period, this impact of random missed doses was unlikely 

to diminish RF substantially. Further to atorvastatin PKPD properties, in this 
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group of patients, another factor that may attribute to atorvastatin being 

forgiving could be that observed imperfect adherence patterns did not deviate 

to a large extent from perfect adherence. For timing variability, the timing 

distribution of all the three patients did not markedly departure from each 

patient’s nominal timing of taking drugs. No drug holidays were observed for 

Patients 19 and 23 and one drug holiday was observed for Patient 17.  

A prior atorvastatin simulation study also suggested that the “forgiveness” 

(this forgiveness was not based on an explicit classification as described here) 

property of atorvastatin allowed for certain events of random missed doses or 

drug holidays, but not for early discontinuation [231]. This study simulated 

patterns of missed doses based on previous dose taking behaviour [231]. There 

have been several studies investigating the effect of alternate day dosing statins, 

including atorvastatin, on LDL reduction in comparison to once daily dosing 

statins, which was recently reviewed by Marcus et al. [260]. Although the study 

of Jafari et al. [261] found insignificant LDL reduction between the alternate day 

and once daily dosing atorvastatin, some studies found the significant results. 

Given that the duration of statin effect is depended upon the turnover of 

cholesterol, therapeutic success should be attained irrespective of morning or 

evening dosing. This is supported by a simvastatin simulation study with a 

range of doses that LDL reduction percentages were similar between evening 

dosing (33-43%) and morning dosing (31-43%) [132]. This finding may assist 

patients in clinical settings since the study of Vrijens et al. found that patients 

prescribed morning dosing were more likely to take doses correctly than those 

prescribed with evening dosing (odds ratio=1.38, CI=[1.36, 1.41]) [56].  

It has been established that apart from statin cholesterol lowering 

properties, statins may have a pleiotropic effects, which are thought to be 

independent of plasma cholesterol concentration [262]. This includes improving 

endothelial dysfunction by increasing endothelial nitric oxide production; 

increasing atherosclerotic plague stability to prevent plaque rupture by 

decreasing macrophage cholesterol accumulation; reducing vascular oxidative 

stress and inflammation as well as thrombogenic response [262]. In addition, the 
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influence of the time course of LDL on coronary vessels is unknown. It is possible 

that these effects could have a longer time frame of turnover than plasma 

cholesterol and hence statins could be considerably more forgiving than 

illustrated here. 

Several studies have reported non-adherence with respect to early 

discontinuation of the use of statins [252, 263-265]. The discontinuation rate over 

time varied from study to study. In the following studies, it was found that the 

discontinuation rate was around 50% after 6 months to 1 year [263-265]. Limited 

studies have investigated the implementation phase e.g. [266]. Hence, it is 

important to emphasise that although atorvastatin is forgiving patients still 

require to persist with taking drugs to be able to gain benefits. This was also 

highlighted in the atorvastatin simulation study [231] where by 6 months, 58.2% 

of patients persisting with the treatment exhibited LDL reduction of 49.5% 

(95%CI, 30.5%-65.1%). In contrast, LDL reduction of 1% (95%CI, 0%-3.9%) was 

observed in 41.8% of patients discontinuing the treatment [231].    

For atorvastatin Pp, our findings showed that Pp was around 0.5-0.6 for 

Patient 17 (atorvastatin 40 mg) and Patient 19 (atorvastatin 80 mg) whereas Pp 

was around 0.4 for Patient 23 (atorvastatin 10 mg). It can be seen that the RFs 

were greater with the higher doses. Although the atorvastatin RF values 

suggested that there was little difference in attaining the LDL target success 

between observed imperfect adherence and perfect adherence, it should be noted 

that LDL monitoring may be required in around 50% of the population to 

maintain the treatment success (i.e. Pp values that meet pre-defined targets).  

For omeprazole RF, the therapeutic criterion was chosen to be a pH value 

of 4 and therapeutic success defined when at least 60% of a dosing profile 

achieved pH values above that criterion. An RF value of each patient, under their 

own adherence profile, was found to be 0.96, 0.07, 1.01, 0.90 and 0.97 for Patients 

3, 4, 6, 8 and 21, respectively. Our findings suggested that whether or not 

omeprazole is forgiving depends substantially on each individual adherence 

profile in conjunction with omeprazole PKPD properties. This means that 

omeprazole is likely not to be a forgiving drug across the population since 
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changes in adherence patterns result in wide variability in RF values. However, 

and interesting, patients taking omeprazole may be, on the whole, more 

adherent and hence RF values may be good. Specifically, in these 5 patients, it 

may be concluded that imperfect adherence patterns may be categorised into 3 

groups as (1) close to perfect adherence where mostly timing variability occurred 

with none or only 1-2 random missed doses over the treatment period (Patients 

3, 6, 8) (2) moderately imperfect adherence (see Patient 21’s adherence profile) 

and (3) extremely imperfect adherence (see Patient 4’s adherence profile). For 

Patient 21, the patient’s individual adherence profile may be at the cusp where 

the PKPD properties of omeprazole could compensate and hence resulted in an 

RF value of 0.97. Whereas for Patient 4 omeprazole would provide poor 

symptom/pH control. As discussed in Chapter 4 MEMS feasibility study that 

patients’ disease information was not accessible to us. Given the long term nature 

of treatment, it is plausible that omeprazole was prescribed for these patients for 

the treatment of chronic GORD.  

Although it may be perceived that omeprazole is likely to be forgiving due 

to its covalent binding of active forms, sulfenamide to cysteine at the proton 

pump, possible reasons explaining our findings could be that the recovery of 

acid secretion is based on binding sites of sulfenamide and cysteine i.e. cysteine 

locations [258, 267, 268] in addition to de novo synthesis of proton pumps [258]. 

It has been suggested that cysteine 813 is a common binding site for all PPIs, in 

addition to this, each PPI has the selectivity binding with other cysteines as 

shown in Table 6.9 [258, 267-269].   
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Table 6.9: Cysteine binding site that each PPI binds in addition to cysteine 813 [258, 
267-269] 

Drug  Cysteine binding site Location 

Omeprazole  Cysteine 892  Luminal surface of proton pumps 

Luminal surface of proton pumps  

Luminal surface of proton pumps  

Esomeprazole 

Lansoprazole   

Cysteine 892  

Cysteine 321 

Pantoprazole  Cysteine 822 Deeper within the membrane 
domain of proton pumps  

Tenatoprazole Cysteine 822 Deeper within the membrane 
domain of proton pumps 

The disulfide bond between sulfenamide and cysteine can be cleaved by 

reducing agents, e.g. glutathione [241]. In parietal cells, there are 2-3 mM of the 

reducing agent of glutathione [241]. Given that cysteine 822 is located deeper 

within the membrane domain of proton pumps, glutathione is inaccessible to 

this cysteine binding site [258]. A three dimensional structure of the proton 

pump with different locations of cysteine binding sites is shown in Figure 6.19. 

Hence, the duration of effect of pantoprazole and tenatoprazole may depend on 

de novo synthesis of proton pumps solely whereas that of other PPIs may depend 

on both de novo synthesis of proton pumps and reversal of the covalent disulfide 

bond [258, 267, 268]. The turnover of proton pumps was suggested to be around 

54 hours [267]. Pantoprazole and tenatoprazole might therefore appear to be 

more forgiving in comparison to omeprazole and lansoprazole. The half-life of 

PPIs is short in comparison to their once daily dosing interval i.e. around 1-2 

hours. Therefore, their prolonged duration is given by their PD properties. 

However, this prolonged duration lasts shorter than or approximately 1 day for 

lansoprazole and omeprazole. It was suggested that half-life of recovery of acid 

secretion of lansoprazole, omeprazole and pantoprazole in human is around 15, 

28 and 46 hours, respectively [258, 270, 271]. 
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Figure 6.19: Three dimensional structure of the proton pump with different locations of 
cysteine binding sites. Cysteine is denoted as C. The Figure depicts the location of 
cysteine 321, 813, 822 and 892. A transmembrane segment 8 is split to show the location 
of cysteine 822 which is inaccessible to glutathione. Reused with permission from 
Elsevier Limited, Gastroenterology 123: 1588-97, copyright 2002 [256].   

For omeprazole Pp, the findings showed that Pp was around 0.5 for all the 

4 patients with omeprazole 20 mg. Pp was around 0.6 for Patient 8 (omeprazole  

40 mg). Given that GORD is a symptomatic disease, it may be expected that a 

patients’ symptoms may have a negative reinforcement effect and thereby 

enhance adherence, which perhaps could be seen in Patients 3, 6, 8 whose 

adherence profiles were close to perfect. Due to the extremely erratic profile of 

Patient 4, the reason for this is unknown but it might be the case that this patient 

may not require omeprazole. Overprescribing PPIs has been reported elsewhere 

[272-274]. A Patient 4’s adherence profile with the higher dose of omeprazole 40 

mg was also simulated. The RF result for this was 0.031 (Pp = 0.632 and Pip = 

0.051) indicating that the adherence profile was so poor that the higher dose 

prescribed could not compensate. Our findings of the Pp values suggested that 

around 50% appropriately prescribed omeprazole i.e. require omeprazole, the 
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negative reinforcement of experiencing symptoms resulting in taking doses 

should act as a tool of monitoring pH to maintain the treatment success. For 

example, dose adjustment may be needed when patients provide feedback about 

uncontrolled symptoms.     

It should be noted that as this study used actual adherence patterns which 

depends on each individual observed profile, the purpose of this current work 

was to provide RF for each individual patient. Therefore, the extent of RF could 

differ from patient to patient especially when the component of adherence 

patterns differ to a great extent. Secondly, given that there were no specific 

population PKPD models for both atorvastatin and omeprazole, it could be 

expected that there may be more variability around model parameter estimates. 

Thirdly, the evaluation of classification for forgiveness is warranted for future 

work to determine appropriateness of the values and their generalisability to 

other drugs. Finally, interpretation should be made with caution when RF is 

used at the individual level in terms of adherence patterns as seen in the 

omeprazole case. Ultimately, whether or not a drug is forgiving for each patient 

depends on the individual adherence profile in conjunction with the individual 

PKPD properties.    

6.6. Conclusions 

In conclusion, this study shows that relative forgiveness is generalisable to 

other drugs of interest. In addition, relative forgiveness can be computed at the 

individual level given each individual patient’s adherence patterns. This study 

illustrates the implication of relative forgiveness for clinical practice.   
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7.1. Synopsis of this thesis  

This thesis aimed to quantify adherence, the influence of factors on 

adherence and the influence of adherence on therapeutic outcomes. This 

involved a series of investigations. In Chapter 2, the independent influence of 

various factors, namely disease, age and dosing regimens on adherence in two 

different diseases was determined. Appropriate measures of adherence in 

relation to adherence patterns were explored in Chapter 3. The work included 

an investigation of measures of adherence used in the Medication Event 

Monitoring System (MEMS) literature. The feasibility of conducting the first 

MEMS study in New Zealand was undertaken in Chapter 4. In this chapter, 

adherence pattern data were also presented. In Chapter 5, a criterion to quantify 

forgiveness of drugs to imperfect adherence was proposed. Illustration and 

evaluation of the developed criterion, using a theoretical example and an actual 

drug, respectively, were also conducted. This led to an application of the 

forgiveness criterion to other drugs of interest using an individual patient’s 

clinically observed adherence profile (from Chapter 4) in Chapter 6.     

7.2. Discussion of the findings   

7.2.1. A model-based meta-analysis of the influence of factors that impact 

on adherence  

Factors influencing adherence have been previously investigated [12, 30, 

31]. However, the model-based meta-analysis (MBMA) technique adopted in 

Chapter 2 has added further information which could not be teased out via 

traditional meta-analyses. That is, this MBMA technique allows for continuous 

dependent variables e.g. percentage of doses taken per day or more accurate 

adherence data where they are available. This application shares a similar 

concept with previous research where drug response longitudinal data were 

employed [137, 138, 275, 276]. The use of continuous dependent variables can 

provide a deeper insight into the influence of factors on adherence compared to 

the use of traditional binary data i.e. an event happens or not/success or failure. 
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Additionally, the MBMA technique allows for multivariate analyses. Therefore, 

various factors of interest can be concurrently considered resulting in adjusted 

effects, i.e. multivariate models, in addition to combined effects obtained from 

univariate models.  

In Chapter 2, factors influencing adherence that were investigated included 

disease, age and dosing regimen. Although there were also other factors of 

interest including duration of treatment, medication class and pill burden, these 

factors could not be considered due to infrequent reporting across studies. It is 

noted that our analysis considered a ‘subset’ of factors in the five dimensions, i.e. 

(1) socioeconomic related factors, (2) healthcare team and system related factors, 

(3) condition related factors, (4) therapy related factors and (5) patient related 

factors [12, 31]. That is, disease, age, and dosing regimens are categorised into 

dimensions (3), (5) and (4), respectively. However, it was unlikely to be able to 

account for factors much more globally in this MBMA manner given that most 

of primary studies were not designed for this research question. 

The findings of the influence of disease, age and dosing regimen on 

adherence from this work were: (1) although the influence of disease on 

adherence was significant, it is likely to be of limited clinical significance (2) 

increased age positively impacts on adherence and (3) the greater frequency of 

dosing regimens negatively impacts on adherence. Here, some recently updated 

findings on factors influencing adherence, from a review of 51 systematic 

reviews of Kardas et al. in 2013 [31], are provided for a comparison with our 

findings. The influence of patient characteristics on adherence appeared 

inconsistent. With respect to age, corresponding findings that older people were 

better adherent was reported. However, some studies found that age had no 

significant impact on adherence. It has also been found that females seemed to 

be more adherent than males with insignificant influence reported in some 

studies [31]. Being married and higher education appeared to have positive 

impact on adherence [31]. With regards to disease, it was suggested that patient 

motivation to adhere to prescribed medications decreased when the disease was 

asymptomatic or clinical improvement was observed. In contrast, increased 
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disease severity was found to positively influence adherence [31]. The 

asymptomatic/symptomatic aspect on adherence was also explored in Chapter 

6 with the two comparison groups prescribed atorvastatin and omeprazole. The 

majority of studies with respect to the frequency of dosing regimens in this 

review also reported corresponding findings [31].                

Although our findings in this MBMA work should be treated as 

exploratory, it is recommended that pharmacist adherence support services 

should also target the younger who may be less adherent given that most of the 

services are specifically targeted patients aged ≥ 65 years. It is also worth noting 

that in some circumstances, prescribing a higher frequency of dosing regimens 

may actually benefit patients e.g. twice daily compared to once daily dosing 

[238]. This could be explained as the probability of missing two consecutive 

missed doses with once daily dosing was reported to be twice as high as that 

observed with twice daily dosing [238]. Given that a once daily dosing drug is 

normally perceived most superior in terms of enhanced adherence, it is 

important to emphasise that ultimately, the proportion of time that patients 

attain their treatment target should be considered. Hence, it has been suggested 

that twice daily dosing is more forgiving [109, 232, 238]. 

7.2.2. Measures of adherence in the MEMS literature 

The context to conduct this work of measures of adherence in the MEMS 

literature in Chapter 3 arose from the intention of considering more informative 

adherence data as a dependent variable in the MBMA work in Chapter 2.  

The findings in Chapter 3 demonstrated that various adherence measures 

were used in a subset of MEMS literature with respect to HIV and hypertension 

therapeutic areas with different frequency of the use of each measure. The 

adherence measures included percentage of doses taken, percentage of doses 

taken on schedule, percentage of days with correct doses taken, percentage of 

days with correct dosing and percentage of consecutive missed doses. It was 

found that the global measure i.e. percentage of doses taken, was the most 

commonly used measure despite the advanced ability of MEMS devices to 



Chapter 7: Discussion and future prospects 

 

189  
 

record patterns of drug taking. Figure 7.1 illustrates the limitation of this 

measure. Four hypothetical examples with a once daily dosing drug are 

depicted. Each profile has the same percentage of doses taken = 75% over the 

treatment period of 60 days. It shows that despite the same percentage of doses 

taken, four different adherence patterns are seen: example 1, random missed 

doses occur with no drug holidays; example 2, two consecutive drug holidays 

occur at the beginning of the treatment; example 3, one drug holiday occurs at 

the end of the treatment with some random missed doses over the period; and 

example 4, two drug holidays occur over the period. This figure reiterates that 

information of adherence patterns, which is crucial for understanding the time 

course of drug effects, cannot be captured using percentage of doses taken (pill 

count) information.    

Percentage of days with ‘correct dosing’ appears to be the most informative 

summary adherence measure. ‘Correct dosing’ means correct number of doses 

taken as well as correct timing. Correct timing is defined as: 1) an interval of 6 

hours sooner or later than the mode of timing of doses taken for once daily 

dosing and 2) for twice daily dosing, an interval of 3 hours sooner or later than 

the mode of timing of doses taken, for morning doses and evening doses. This 

measure covers percentage of too short or too long dosing intervals. In other 

words, it accounts for percentage of doses taken per schedule of each dose 

during the day. In addition, a missed dose component, including random missed 

doses and drug holidays, is considered. However, based on the findings from 

Chapter 5 that the influence of timing variability on therapeutic success is 

probably of minimal concern, percentage of days with correct doses may be a 

sufficiently informative adherence measure in this circumstance.   
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Figure 7.1: Four hypothetical examples with a once daily dosing drug. All four profiles has the same percentage of doses taken = 75%.  
The treatment period is 60 days.    
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To obtain further information regarding the number as well as the 

occurrence of missed doses, a particular timeframe should be employed. A one 

month and three month timeframe for random missed doses and drug holidays, 

respectively was initially suggested. However, these timeframes may be revised 

in future studies based on observed adherence patterns. To complete the entire 

picture of adherence process, implementation should be considered in 

conjunction with initiation and discontinuation. 

7.2.3. A MEMS feasibility study in New Zealand 

In Chapter 4, two main components were undertaken. Firstly, the feasibility 

of conducting the first MEMS study in New Zealand, with respect to (1) 

identification of patients (2) recruitment and (3) retention and patient 

acceptability, was investigated. Secondly, given the collected data, patterns of 

adherence were explored using appropriate adherence measures suggested in 

Chapter 3. The proposed “rule of sixes” was then evaluated. 

For the first part, the MEMS feasibility study, it was found that the 

pharmacists’ perspectives was a contributing factor to identification of patients. 

For example, they suggested to exclude patients prescribed with a perceived 

high risk drug like warfarin. Specified disease areas or drug classes appeared to 

decrease the recruitment rate, which is important to consider when conducting 

a larger study. Another factor affecting the recruitment rate was the proportion 

of patients choosing not to participate in the study. The finding suggested that a 

medication tray was a preferred option in some patients. Based on patients’ 

response to questionnaires, overall, patients found using MEMS was easy/very 

easy, practical/very practical and comfortable/very comfortable. With regards 

to MEMS affecting a patients’ medication taking behaviour, not surprisingly, one 

of the reasons for this was becoming more adherent due to the perception of 

being monitored. However, three quarters of patients reported that in their 

opinion MEMS devices did not affect their medication taking behaviour. 

Information about the proportion of patients willing to use MEMS for another 

prescription is useful for a future study with a longer duration of treatment (in 
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this study: 76% of patients). The retention rate, which was found to be 86% in 

this study, allows for the estimation of extra recruitment.      

For the second part, patterns of adherence, obtained adherence data were 

summarised. The summarised adherence patterns were then used to evaluate 

the rule of sixes. It was found that medication taking behaviour in this group of 

patients did not follow the rule of sixes. Observed adherence patterns were 

therefore reported using our developed criterion, which comprises 6 items as 

follows: (the proportion of patients exhibiting as per each item is presented)  

1. takes all prescribed doses but timing is fairly inconsistent (3/25) 

2. has 90% to less than 100% of days with correct dosing (13/25) 

3. has 80% to 90% of days with correct dosing (5/25)  

4. has 55% to 75% of days with correct dosing (4/25) 

5. has 1 to 5 random missed doses for 1st, 2nd, and 3rd month (5/22) 

6. has 1 drug holiday per 3 months (4/22)  

For items 5 and 6, patients prescribed with a monitoring period less than 3 

months were excluded.  

In addition, as recognised that some researchers used, for example, “80% 

of percentage of doses taken” as a cut-off to define “good adherence”, our 

criterion illustrates the use of a clear and informative cut-off of percentage of 

days with correct dosing. 

7.2.4. Quantification of the forgiveness of drugs to imperfect adherence  

It has been recognised that non-adherence can occur at various stages of 

adherence process. These include failure to initiate, suboptimal implementation 

and early discontinuation. As a consequence, there have been many attempts to 

explore interventions to improve adherence [33, 34, 36, 42]. Findings arising from 

intervention research have been inconclusive. Ultimately, to enhance the 

effectiveness of interventions, it has been proposed that interventions should be 

designed more systematically i.e. multi-level interventions. These comprise 

patient level, provider level, organisation of care processes level; and health care 

system level [32, 48].        
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The study conducted in Chapter 5 has looked at an alternative where the 

intention was not to improve adherence but to ‘compensate’ for poor adherence 

with respect to suboptimal implementation. This approach lies in the choice of 

forgiving drugs. According to the notable quote “Drugs don’t work in patients 

who don’t take them.”, the importance of being adherent to attain therapeutic 

success has been highlighted. Given that forgiveness is a drug specific property 

that determines how sensitive therapeutic success is under imperfect adherence, 

forgiving drugs may work sufficiently in patients who occasionally miss doses.            

Based on the proposed concept of forgiveness as 𝐹 = 𝐷 − 𝐼 [57] where  

𝐹 = forgiveness, 𝐷 = duration of action, 𝐼 = dosing interval, it is seen that the way 

forward to better understand the forgiveness property of drugs is to ‘quantify’ 

forgiveness. That is, pharmacokinetic-pharmacodynamic (PKPD) variability and 

adherence variability are essential components to be considered. Hence, in 

Chapter 5, a criterion to quantify forgiveness was developed. The criterion is 

described as relative forgiveness (RF). RF considers the probability of therapeutic 

success given imperfect adherence (Pip) and the probability of therapeutic 

success given perfect adherence (Pp), and subsequently yields the number of 

times more likely that target success is attained under perfect adherence 

compared to imperfect adherence.             

Here, note that the relationship between Pp and Pip is of importance.  

1-Pp quantifies the proportion of patients in the population who do not achieve 

therapeutic success although they are perfectly adherent. This emphasises the 

potential requirement of treatment monitoring for each individual patient to 

ensure the successful attainment of a target. Figure 7.2 depicts the comparison of 

the time course of drug effect of two individuals under perfect adherence 

condition where the left panel is an average patient with mean population 

parameter estimates (patient A); and the right panel is a patient with the same 

parameter values as patient A, apart from twice clearance (patient B). Under the 

same treatment as patient A, therapeutic success is not achieved in patient B. 
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Figure 7.2: Illustration of two individuals who are perfectly adherent. The left panel is 
an average patient A with mean population parameter estimates. The right panel is a 
patient B with the same parameter values as patient A, apart from twice clearance. The 
first row is a perfect adherent MEMS profile. The second row is a PK profile. The third 
row is a PKPD profile. The red line is a hypothetical threshold of a target success (above 
the line denotes success).       

Given the same interpretation of RF as a familiar odds ratio, RF therefore 

covers the quantification of forgiveness in two scenarios, namely (1) forgiveness 

of a given drug; and (2) forgiveness between two drugs whose effects can be 

quantified on the same biomarker of response. 

For the purpose of the illustration of RF, a simple theoretical PKPD model 

was chosen. The illustration of RF provided two main implications with respect 

to both clinical practice and drug development as follows: (1) in this example, 

the influence of only missed doses (random missed doses + drug holidays) was 

stronger than that of only timing variability; and (2) theoretical modification to 

the properties of an original drug e.g. twice the half-life as well as twice the 

potency resulted in enhanced forgiveness property (RF>1) despite the presence 

of imperfect adherence.        

The application of RF with a published warfarin population kinetic 

pharmacodynamic model [229] suggested that warfarin is a relatively forgiving 

drug (RF=0.78). However, it is crucial to monitor a patient’s International 

Normalised Ratio (INR) in around 40% of the population for successful 

attainment of a treatment target (Pp=0.58), based on a liberal INR target range of 

2-3.5.                  

A B 
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7.2.5. Application of relative forgiveness using clinically observed 

adherence profiles 

The important implication of relative forgiveness for clinical practice was 

demonstrated in Chapter 6. In this chapter, it was found that RF was 

generalisable to evaluation of other drugs of interest. Additionally, it can be used 

at an individual patient level in terms of each patient’s clinically observed 

adherence profile.   

Actual patients’ adherence data and dosing for atorvastatin (n=3) and 

omeprazole (n=5) were obtained from Chapter 4. 

Overall, the findings of both atorvastatin and omeprazole emphasise that 

when determining whether a drug is forgiving for each patient, it is important 

to consider both two components: (1) the individual adherence profile and (2) 

the individual PKPD properties. 

For atorvastatin RF, atorvastatin appears forgiving with RF values greater 

than 0.7 across all three patients. This finding may be explained based on (1) the 

PKPD properties of atorvastatin with a long half-life and the turnover of 

cholesterol being determined by the half-life of cholesterol and (2) individual 

adherence profiles (The observed random missed doses and drug holidays for 

Patients 17, 19 and 23 were 12, 4 and 2; and 0, 0, and 1, respectively). In general 

the profiles did not substantially deviate from perfect adherence. Where 12 

random missed doses occurred, atorvastatin PKPD properties of the duration of 

drug effect being longer than the once daily dosing interval could compensate.     

For omeprazole RF, omeprazole seems forgiving when patients are close to 

perfect adherence and not forgiving when patients are extremely poorly 

adherent. Therefore, on the whole, omeprazole is likely not to be a forgiving drug 

across the population. The observed random missed doses and drug holidays for 

Patients 3, 4, 6, 8 and 21 were 2, 25, 0, 0 and 10; and 0, 3, 0, 0 and 0, respectively. 

The great variety of adherence patterns driven by Patient 4 predominates wide 

variability of RF values.   

As noted that RF is interpreted based on the relationship between Pp and 

Pip, RF values may be close to one despite values of Pp close to zero. This chapter 
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also demonstrated the importance and interpretation of Pp with representative 

drugs used for prevention of disease i.e. atorvastatin and for treatment of 

symptomatic disease i.e. omeprazole.                       

For atorvastatin Pp, Pp values of around 0.4-0.6 suggested the need to 

monitor low-density lipoprotein (LDL) in around 50% of the population to 

maintain the attainment of a LDL target.         

For omeprazole Pp, close to perfect adherence (e.g. no or a few missed 

doses; and timing variability was within an interval of 6 hours sooner or later 

than the mode of timing of doses taken) observed in patients may be due to 

uncontrolled acid reflux reinforcing patients’ adherence to be consistently close 

to perfect. Pp values of around 0.5 suggested that a pH target may not be 

achieved in around 50% of the population. These findings implied that in 

patients who require omeprazole for long term treatment, negative 

reinforcement of uncontrolled symptoms can provide feedback to a clinician to 

adjust the dose to maintain therapeutic success. When negative reinforcement 

from patients does not happen, it may be implied that those patients do not 

require omeprazole.  

7.3. Future prospects  

7.3.1. Measures of adherence and a MBMA of the influence of factors that 

impact on adherence 

Here, considering adherence meta-analyses in general first, it has been 

shown that several previous meta-analyses [14-17] included studies with a 

variety of methods to monitor adherence. These methods included self-

reporting, pill counts, prescription refill records and electronic monitoring. This 

led to inconsistent measures of adherence e.g. good adherence was defined as 

adherence ≥ 80% of adherence results obtained from an individual method. 

Hence, two implications for future adherence work are reflected: (1) the 

electronic monitoring method e.g. MEMS should be considered and (2) patterns 

of adherence recorded by MEMS rather than sole percentage of prescribed doses 

taken data should be reported.  
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As previously discussed, patterns of adherence can be summarised in 

various ways. To be consistent in future studies, it is suggested that percentage 

of days with correct dosing could be the primary adherence measure of use. 

Studies should also distinguish the three components of adherence: initiation, 

implementation and discontinuation; and report data as an entire adherence 

process. Where not possible, studies should at least identify which component 

of adherence is being addressed e.g. only implementation. If a cut-off of defined 

adherence is to be used, it should be informative in relation to adherence patterns 

and clearly explained.   

To provide higher level of evidence of this MBMA work, apart from using 

percentage of days with correct dosing as a dependent variable, it is encouraged 

that future studies should be designed more appropriately. That is, useful 

explanatory variable data should be collected and consistently reported in each 

study. These include age (patient related factors), dosing regimen (therapy 

related factors), pill burden (therapy related factors) and duration of treatment 

(condition related factors) to avoid data imputation and to better estimate an 

adjusted effect of each factor when additional factors are taken into account. In 

addition, individual patient level data should be provided to allow for the 

consideration of actual responses, which results in closer to the true influence of 

various factors. 

More broadly, as noted that factors influencing adherence may be 

extensive, future research may also aim at collecting data in other dimensions 

e.g. socioeconomic; and healthcare team and system related factors. This will 

ultimately enable the independent influence of various factors arising from 

various dimensions to be explored. 

7.3.2. A MEMS feasibility study in New Zealand 

There are some suggestions for future MEMS studies undertaken in New 

Zealand. It is important to identify disease areas/drug classes of interest as well 

as settings for data collection. Although pharmacists perceived warfarin as a 

“high risk” drug, warfarin is in fact a forgiving drug and may be considered in 
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future studies. It should also be noted that diagnosed disease information is not 

accessible through a community pharmacy setting. Discussion about the 

possibility of recruiting patients with such a drug class with community 

pharmacists would be helpful. This information is obtainable via patient history 

of medication refills on pharmacy database throughout the year. Where it 

appears that a particular drug class is infrequent for prescription refills, 

alternative settings may be considered such as recruitment through hospital with 

general practitioner assistance.  

For effective recruitment at a community pharmacy, it is suggested that 

researchers may collaborate with pharmacists to list potential patients based on 

pharmacy database and subsequently contact them for study participation. This 

approach allows most relevant patients to be identified and perhaps results in 

higher number of patients agreeing to participate. Patients may be more likely 

to be willing to participate given their established rapport with pharmacists. In 

addition, recruitment timeframe can be more appropriately estimated based on 

known prescription refill intervals i.e. 1 month or 3 months. In future studies, 

where high number of patients refuse to participate due to medication aid 

preference, it might be worth considering an electronic monitoring designed for 

poly-medications.  

In our study, there was one size of MEMS used to enable most of 

medications with a 3 month prescription refill to fit in. To increase patient 

acceptability of the use of MEMS, different sizes of the bottles in relation to the 

size and the total number of pills per prescription refill may be considered in 

future studies. This may facilitate patients when travelling in the case that 

smaller sizes of the bottles can be used. 

7.3.3. Quantification of forgiveness of drugs to imperfect adherence and 

corresponding applications 

The relative forgiveness criterion can be applied to drugs of interest with 

their dosing regimens in future work. For instance, a comparison of relative 

forgiveness of drugs within the same drug class, whose effects can be quantified 
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on the same biomarker of response, could be investigated. Subsequently, this 

quantification of forgiveness could be extended to various drug classes. 

Published population PKPD models could be identified to obtain PKPD 

parameters. It is suggested that adherence patterns considered for computing 

relative forgiveness should be specifically related to those observed in studied 

subpopulations. The appropriate classification of forgiveness could then be 

determined based on RF values of various drugs within and across drug classes. 

This work would be of clinical value for the decision of selecting drugs for 

patients. In addition, the association between adherence patterns and PKPD 

parameters where PKPD parameters were correlated with patient covariates 

could be further explored.   

It is suggested that pharmaceutical industries should be required to report 

the RF value and Pp for each drug as a part of the new drug application 

submission process. This would provide clinicians and regulatory authorities 

with direct ways to consider how effective a drug will be in clinical practice. In 

addition, relative forgiveness could be employed in drug design to learn 

quantitatively the importance of: (1) increasing the potency of drugs. This 

involves developing the new chemical entity of drugs and (2) prolonging the 

apparent half-life of drugs. This could be done with changing a formulation of 

already developed drugs. The latter approach may be preferable since it is likely 

to be less timing consuming and more cost effective. Ultimately during drug 

development, it should be considered that all things being equal then a drug 

with the best relative forgiveness should be considered for marketing. For 

instance, increasing potency may not be feasible where the mechanism of side 

effects is in-line with the mechanism of beneficial effects.  

Given that the influence of timing variability seems to be less pronounced 

than that of missed doses, this indicates that patients taking doses at erratic 

timing is ‘better’ than not taking them at all. In clinical settings where patients’ 

adherence behaviour may be difficult to change, it might be appropriate from 

time to time to consider a second line agent that may be more forgiving to the 

primary agent. That is, a drug with a slightly less than optimal clinical response 
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but is more forgiving may be chosen over a drug with the best clinical response 

but is less forgiving. 

With respect to drugs used for symptomatic diseases, given that 

uncontrolled symptoms would act as a tool for symptom monitoring, relatively 

low RF values would not then be expected. Confusion may arise in patients who 

do not require drugs for symptomatic treatment resulting who then have low RF 

values. Hence, patient follow-up would be helpful to ascertain this circumstance. 

Ultimately, it is important to note that treatment monitoring is still required 

for perhaps at least half of the population. Hence, it should be bear in mind that 

occasionally dose adjustment for each individual patient over the treatment 

period is needed so that a treatment target can be attained. 

7.4. Conclusions 

Overall, adherence and its link to therapeutic success were quantified and 

better understood. 

Initially, the independent influence of disease, age and dosing regimen on 

adherence was determined.   

Various measures of adherence were used in the MEMS literature. 

Percentage of prescribed doses taken was the most commonly used measure, 

however this measure has significant limitations and should not be used. 

Appropriate measures of adherence in relation to adherence patterns included 

percentage of days with correct dosing.    

The feasibility of conducting the first MEMS study in New Zealand 

provided suggestions for future studies. Collected data were presented based on 

adherence patterns. 

A criterion to quantify forgiveness of drugs to imperfect adherence was 

developed. The relative forgiveness criterion was illustrated with a theoretical 

example and evaluated with a motivating example, warfarin.  

Individual patient adherence patterns of two drugs of interest, atorvastatin 

and omeprazole, collected in the MEMS feasibility study were used for an 
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application of the developed relative forgiveness criterion. Relative forgiveness 

is generalisable to other drugs of interest.
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These appendices contain additional material related to the individual thesis 

chapters. 
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This appendix is partially based on the following peer-reviewed publication: 

Assawasuwannakit P, Braund B, Duffull SB (2015) A model-based meta-analysis of 

the influence of factors that impact adherence to medications. J Clin Pharm Ther. 40:24-

31. 
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A.1.1. Study assumptions 

Table A.1.1: Study assumptions  

Factor Assumptions 

1. Number of 
patients  

1.1 If the number of patients that completed the study was not provided (i.e. the 
number of patients that dropped out was not provided) then the number of 
patients was set to the number of enrolled patients.  

1.2 If the number of patients that completed the study for each dosing regimen 
was not provided then the number of patients was set to the number of enrolled 
patients for each dosing regimen. 

1.3 If either the number of patients that completed the study for each dosing 
regimen or the number of enrolled patients for each dosing regimen were not 
provided then the number of enrolled patients was used with the average dosing 
regimen (e.g. the average dosing regimen for once and twice daily dosing 
regimens was 1.5) (one study).    

1.4 If either the number of patients that completed the study for each dosing 
regimen or the number of enrolled patients for each dosing regimen were not 
provided it was assumed that subjects were evenly allocated to each dosing 
regimen (one study). 

1.5 When the number of patients changed over the study period, the average 
number of patients was used. 

1.6 If in the same study other approaches were used to measure adherence apart 
from MEMS then only the number of patients associated with MEMS was used. 

2. Dosing 
regimen 

 

2.1 If the dosing regimen was not directly reported then it was implied from other 
content in that study where possible. 

2.2 If the dosing regimen was specified as more than 1 schedule (e.g. once or twice 
daily) then the regimen was set to the average (e.g. 1.5 times daily).   

2.3 If the dosing regimen was reported as twice daily plus then the regimen was 
set to 2.5 (one study). 

2.4 If the number of patients per dosing regimen assigned to MEMS was not 
reported then the dosing regimen was set to the mode of the dosing regimen for 
all patients (one study).      

3. Age 3.1 If the age of an individual group was not provided then the average age of all 
enrolled patients was used. 

3.2 If both mean and median age were provided then mean age was used. 

3.3 If mean age was not provided then median age was used.  

3.4 If age was reported in terms of the percentage of patients with each age range 
then the mode of the age was selected. 
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Result Assumptions 

4. Adherence 
result 

4.1 If more than one value for adherence was reported (for instance adherence 
could be reported over different time periods) then the average adherence was 
used.   

4.2 If both mean and median adherence results were provided then mean 
adherence result was used. 

4.3 If mean adherence result was not provided then median adherence result was 
used.  

4.4 If only one adherence result value was reported, the same adherence result 
value was used for each regimen (e.g. OD, BID) in that study. This assumption 
was used for 5 out of 36 studies. 
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A.1.2. Diagnostic plots   

 

Figure A.1.1: Observed adherence percentage vs Individual predicted adherence 
percentage. X-axis is Individual predicted adherence percentage and Y-axis is Observed 
adherence percentage. 
 

 
Figure A.1.2: Weight residual vs Disease. X-axis is Disease where 0=hypertension and 
1=HIV. Y-axis is Weighted residual. 
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Figure A.1.3: Weight residual vs Age (years). X-axis is Age (years). Y-axis is 
Weighted residual. 

 

Figure A.1.4: Weight residual vs Dosing regimen. X-axis is Dosing regimen where 
1=once daily, 2=twice daily, 3=thrice daily and 4=four times daily. Y-axis is Weighted 
residual. 
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A.1.3. Sensitivity analysis   

 

Figure A.1.5: Weighted contribution of each study to the objective function value 
(equivalent to minus twice the log-likelihood). X-axis is Study ID and Y-axis is Weighted 
contribution to the objective function value.   
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A.1.4. Scatter matrix plots between each factor   

 

Figure A.1.6: Scatter matrix plots between each factor. The top panel: Age (years) vs 
Disease, the middle panel: Age (years) vs Dosing regimen and the bottom panel: Dosing 
regimen vs Disease. 
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A.2.1. Participant Information Sheet and Consent Form  

 

 



Appendix 2: Appendix to Chapter 4 

 

212  

 

 



Appendix 2: Appendix to Chapter 4 

 

213  

 

 

 

 

 



Appendix 2: Appendix to Chapter 4 

 

214  

 

 



Appendix 3: Appendix to Chapter 5 

 

215  

 

 

 

 

     Appendix 3: Appendix to Chapter 5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This appendix is partially based on the following peer-reviewed publication: 

Assawasuwannakit P, Braund B, Duffull SB (2015) Quantification of the forgiveness 

of drugs to imperfect adherence. CPT: Pharmacometrics & Systems Pharmacology  

4:204-11.
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A.3.1. Parametric simulation of imperfect adherence patterns  

A.3.1.1.  Timing variability parametric distribution 

A bimodal normal distribution was fitted to the imperfect timing data. A 

general form is given by   

𝐹𝑡𝑖𝑚𝑖𝑛𝑔 = 𝑝(𝑁(𝜇1, 𝜎1
2)) × (1 − 𝑝)(𝑁(𝜇2, 𝜎2

2)) 

Equation A.3.1: Bimodal normal distribution for timing pattern errors 

where 𝐹𝑡𝑖𝑚𝑖𝑛𝑔 denotes the form of the bimodal normal distribution for 

timing pattern errors, 𝑝 is the probability of an actual dosing time being in the 

first normal distribution which is centred around the nominal dosing time, with 

mean 𝜇1 and variance 𝜎1
2. 1 − 𝑝 is the probability of an actual dosing time being 

in a second normal distribution which is delayed with respect to the nominal 

dosing time and has a mean of 𝜇2 and variance of 𝜎2
2.    

The parameters (𝑝, 𝜇1, 𝜎1
2, 𝜇2, 𝜎2

2) were estimated from the data arising from 

the index adherence profile (shown in Figure 5.1). Missing dose data were 

excluded when these parameters were estimated. 

The mode of the timing of doses taken was 5:24 am. Therefore, the 

difference of timing from the mode at 5:24 am was 0 which was used as an index 

time. The bimodal distribution parameter estimates are presented in Table A.3.1.  

Table A.3.1: Bimodal normal distribution parameter estimates 

Parameter Value 

𝑝 0.91 

𝜇1 1.07 hours after the index time 0 

𝜎1
2 0.92 hours 

𝜇2 7.48 hours after the index time 0 

𝜎2
2 4.69 hours  
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A.3.1.2.  Random missed doses parametric distribution 

Random missed doses were assumed to follow a Poisson process. Where 

two consecutive missed doses occurred, they were considered as two cases of an 

individual random missed dose. The mean number of random missed doses was 

calculated. The resulting Poisson distribution is given by   

𝐹𝑚𝑖𝑠𝑠𝑒𝑑 𝑑𝑜𝑠𝑒𝑠 =
𝜆𝑥

𝑥!
𝑒−𝜆; 𝑥 = 0,1,2, … , ∞ 

Equation A.3.2: Likelihood of a missed dose 

where 𝐹𝑚𝑖𝑠𝑠𝑒𝑑 𝑑𝑜𝑠𝑒𝑠 is the likelihood of a missed dose given the expected rate 

of missed doses to be 𝜆 for a 150 dose period. When simulating the occurrence of 

missed doses, the total number of missed doses (𝑁𝑚𝑖𝑠𝑠𝑒𝑑 𝑑𝑜𝑠𝑒𝑠) were generated 

from the Poisson distribution and these were randomly assigned to the dosing 

period by drawing 𝑁𝑚𝑖𝑠𝑠𝑒𝑑 𝑑𝑜𝑠𝑒𝑠 random discrete uniform numbers from the 

interval (1, 150) and assigning the dose on these occurrences as missing (=0 mg). 

These assignments were assessed for whether there were more than 2 

consecutive missed doses in which case the profile was discarded and replaced 

with a new simulation. This is to avoid additional drug holidays occurring. 

According to the index adherence profile, the estimated mean number of 

random missed doses over 150 days was 13. 
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A.3.1.3.  Drug holidays parametric distribution  

An empirical frequency distribution was used for drug holidays. Here, a 

drug holiday was considered as three consecutive missed doses. The number of 

drug holidays over 150 days was given by 

𝐹ℎ𝑜𝑙𝑖𝑑𝑎𝑦𝑠 =
𝑓𝑖

𝑁
× 100; 𝑖 = 0,1,2,3 

Equation A.3.3: Likelihood of drug holidays 

where 𝐹ℎ𝑜𝑙𝑖𝑑𝑎𝑦𝑠 is the likelihood of drug holidays happening over 150 days, 

a maximum of 3 drug holidays was considered permissible, 𝑓𝑖  is the density for 

the 𝑖th drug holiday and ∑𝑖=1
3 𝑓𝑖 = 1, 𝑁 is the maximum number of drug holidays 

in the population. Samples drawn from this distribution to determine the 

number of drug holidays per 150 day profile. The timing of the drug holiday was 

based on drawing a uniform discrete random number in the range of (1, 150). A 

profile was discarded if a drug holiday was consecutive with a missing dose, in 

which case the profile was replaced with a new simulation. Consecutive drug 

holidays were, however, allowed. 

The likelihood of drug holidays happening as 0, 1, 2 and 3 times over 150 

days were 0.43, 0.3, 0.17, and 0.09, respectively. 

Example simulation profiles were generated to assess for patterns (see 

Figure A.3.1 for 4 typical examples). 
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Figure A.3.1: Example simulated profiles of imperfect adherence. The X-axis is day. The Y-axis is the difference of timing from the first mode in 
hours. Each blue dot represents the time difference. Green vertical bars depict random missed doses. Red vertical bars depict drug holidays.
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A.3.2. Warfarin population kinetic-pharmacodynamic model 

The schematic and details of the Hamberg model is shown in Figure A.3.2 

(Adapted from Hamberg et al. [229] and Wright & Duffull [230]).  

 

 

𝑑𝐴

𝑑𝑡
= −𝑘𝑒 × 𝐴 

𝑑𝐶11

𝑑𝑡
= (1 − 𝐸) ×

3

𝑀𝑇𝑇𝐶1
− 𝐶11 ×

3

𝑀𝑇𝑇𝐶1
 

  

𝑑𝐶13

𝑑𝑡
= 𝐶12 ×

3

𝑀𝑇𝑇𝐶1
− 𝐶13 ×

3

𝑀𝑇𝑇𝐶1
 

𝑑𝐶21

𝑑𝑡
= (1 − 𝐸) ×

3

𝑀𝑇𝑇𝐶2
− 𝐶21 ×

3

𝑀𝑇𝑇𝐶2
 

  

𝑑𝐶23

𝑑𝑡
= 𝐶22 ×

3

𝑀𝑇𝑇𝐶2
− 𝐶23 ×

3

𝑀𝑇𝑇𝐶2
 

𝑘𝑒 =
𝐶𝐿𝑠

𝑉𝑠
 

𝐷𝑅 = 𝐴 × 𝑘𝑒 

𝐸𝐷𝐾50 = 𝐶𝐿𝑠 × 𝐸𝐶50 

𝐸 =
𝐸𝑚𝑎𝑥 × 𝐷𝑅𝛾

𝐸𝐷𝐾50
𝛾

+ 𝐷𝑅𝛾
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(Previous page) 

Figure A.3.2: Schematic and details of the Hamberg model. There are two transit chains, 

C1 and C2 with three compartments each which account for warfarin delayed effects. 

Initial condition for an input compartment was 0 and transit compartments was 1. 

𝐴 amount of drug in the body. 𝐶11, 𝐶12, 𝐶13 compartment 1, 2, 3 respectively in the 

transit chain 𝐶1. 𝐶21, 𝐶22, 𝐶23 compartment 1, 2, 3 respectively in the transit chain 𝐶2. 

𝑀𝑇𝑇 mean transit time. 𝑘𝑒 first order elimination rate constant. 𝐶𝐿𝑠 s-warfarin 

clearance. 𝑉𝑠 volume of distribution. 𝐷𝑅 dose driving rate. 𝐸𝐷𝐾50 dose rate for 50% 

inhibition of coagulation. 𝐸𝐶50 s-warfarin concentration resulting in half maximal effect. 

𝐸 inhibitory effect on vitamin K epoxide reductase. 𝐸𝑚𝑎𝑥 maximum inhibition of 

coagulation. 𝛾 Hill coefficient.     

INR was derived from:         

𝐸[𝐼𝑁𝑅] = 𝐼𝑁𝑅𝐵𝐴𝑆𝐸 + 𝐼𝑁𝑅𝑚𝑎𝑥 × (1 −
𝐶13 + 𝐶23

2
) 

Equation A.3.4: Expected INR 

where 𝐸[𝐼𝑁𝑅] is expected INR. 𝐼𝑁𝑅𝐵𝐴𝑆𝐸  is INR at baseline. 𝐼𝑁𝑅𝑚𝑎𝑥 is the 

maximum INR which was used as 20 according to the Hamberg model. 

Model parameters are shown in Table A.3.2. 

Additive residual variability was added to log transformed data in the 

Hamberg model. Therefore, in this study, proportional residual variability was 

incorporated to the response. 
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Table A.3.2: Warfarin model parameters 

Warfarin model parameter Population estimate BSV (CV%) 

CLs (L/h) 0.348  29.8 

Vs (L)  14.3  23.2 

Emax  1 - 

EC50 (mg/L) 4.1  33.2 

Gamma 1.15 - 

MTT1 (h) 28.6 - 

MTT2 (h) 118.3 - 

INRbase 1 - 

INRmax 20 - 

Proportional RUV  20 - 

CLs = s-warfarin clearance, Vs = volume of distribution, Emax =  maximum inhibition of 
coagulation, EC50 = s-warfarin concentration resulting in half maximal effect,  
Gamma =  Hill coefficient, MTT1 = mean transit time chain 1, MTT2 = mean transit time 
chain 2, INRbase = INR at baseline, INRmax = maximum INR, RUV = residual unexplained 
variaibility.  

A.3.3. Further exploration on dabigatran 

A.3.3.1.  Methods 

The model used for dabigatran in this study was a population PKPD model 

for healthy volunteers and patients with atrial fibrillation or undergoing 

orthopaedic surgery developed by Dansirikul et al. [277] The model was 

described by a two compartment disposition model. The model and parameter 

values are taken from [277] and are provided in Table A.3.3.  The dose was set to 

300 mg once daily for 150 days. Successful attainment of a treatment target was 

considered as time in the therapeutic range. The once daily dose was calibrated 

so that the typical patient achieved the midpoint of the therapeutic range. Time 

to steady state was assumed at 20 days, to parallel the warfarin example. Note 

there is no defined therapeutic range for dabigatran and also no typical time in 

the therapeutic range. Dabigatran is a direct inhibitor of factor IIa, which has 
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similarities to one of the purported actions of unfractionated heparin. Its activity 

is often measured using Activated Partial Thromboplastin Time (aPTT) and 

values ranging from 50 to 75 seconds were chosen as therapeutic which are 

similar to therapeutic aPTT values for heparin. The time in the therapeutic range 

was set to 70%. These values were chosen for illustrative purposes only and are 

not intended to be considered as a therapeutic range. 

Table A.3.3: Dabigatran model parameters 

Dabigatran model parameter Population estimate BSV (CV%) 

CL/F (L/h) 111 - 

V1/F (L) 

Q/F (L/h) 

V2/F (L) 

Ka (/h)  

ALAG(h) 

728 

35.5 

345 

0.754 

0.634 

26.1 

- 

- 

95.3 

- 

F 

Emax (sec) 

EC50 (ng/mL) 

Baseline (sec) 

Slope (sec/ng/mL) 

1.00 

16.6 

184 

33 

0.0574 

44.7 

27.7 

53.0 

8.49 

33.5 

Proportional RUV - 8.39 

CL/F = apparent total body clearance. V1/F = apparent central volume of distribution. Q/F =  
apparent intercompartmental clearance. V2/F = apparent peripheral volume of distribution. 
Ka = first-order absorption rate constant. ALAG = absorption lag time. F = oral bioavailability. 
Emax = maximum effect, EC50 = concentration resulting in half maximal effect, Baseline = 
aPTT baseline, Slope = Slope in a combination of a linear and an Emax model for aPTT. RUV 
= residual unexplained variability.  

The concentration in the central compartment drives the effect. 

𝐸 =
𝐸𝑚𝑎𝑥 × 𝐶

𝐸𝐶50 + 𝐶
 

Equation A.3.5: Effect of dabigatran 

where 𝐸 is effect. 𝐶 is drug concentration. 
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Subsequently, aPTT was derived from a combination of a linear and an Emax 

model. 

𝑎𝑃𝑇𝑇 = 𝑏𝑎𝑠𝑒 + 𝐸 + 𝑠𝑙𝑜𝑝𝑒 × 𝐶 

Equation A.3.6: aPTT derived from a combination of a linear and an Emax model 

 where 𝑏𝑎𝑠𝑒 is aPTT at baseline. 𝑠𝑙𝑜𝑝𝑒 is the slope of the linear relationship. 

 Proportional residual variability was incorporated to the response.   

A.3.3.2.  Results 

The probability of therapeutic success, Pip, for dabigatran was 0.58 and Pp 

was 0.69 which resulted in a RF of 0.62. This means that for dabigatran 

therapeutic success was almost 38% less likely with imperfect adherence. 

Different choices of time in therapeutic range and the range itself will change 

these values. 

A.3.3.3.  Discussion 

Dabigatran, a direct reversible thrombin inhibitor, has a shorter half-life of 

12-17 hours and is a competitive antagonist of factor IIa. Therefore, it has none 

of the intermediate effects seen with warfarin. Due to these two characteristics, 

it is likely that dabigatran would be less forgiving than warfarin. Given that there 

was no established marker of coagulation, or a range for this marker or a percent 

time in this range then a direct comparison of the forgiveness of dabigatran is 

not formally possible.  In this work, the marker aPTT, with a therapeutic range 

of 50 to 75 seconds and a time in this range to determine success of at least 70% 

was used. It is seen under these assumptions that dabigatran has a RF value of 

0.62. It is noted that while dabigatran is generally prescribed twice daily in 

clinical practice, in this study, dabigatran was given once daily to parallel once 

daily profiles of imperfect adherence used in the warfarin example. Although it 

could not be concluded that dabigatran is less forgiving than warfarin, the 

dabigatran PD characteristics suggested that caution should still be applied 

when prescribing this drug to patients with known poor adherence. 
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A.3.4. MATLAB® code for the illustrative example 

Run file (run_illus) 

% A 1-compartment instantaneous unit input PK model linked to an 

immediate effects Emax PD model was used.  

 

clear all 
clc  

 
rep=1000; % set 1000 replicates 
ss_start=11; % set when steady state starts 
crit=0.35; % set a criterion one value: Effect at trough is greater 

than crit. 
crit2=0.9; % set a criterion two value: Fraction of doses where crit 

one must be true. 

  
d=1; % dose (mg)  
t=[0:0.1:150]; % time (days) note half-life=1 day, treatment 

period=150 days   

  
dn_total=150; % total number of prescribed doses  
dn_taken=150; % number of doses taken. This is the case for perfect 

adherence where dn_total=dn_taken.   
perfect_profile=[0:1:150]; % perfect adherence profile  

  
use_perfect=1; % change to either 0 or 1 for imperfect adherence and 

perfect adherence, respectively 
 

%% call an init_PKPD_param file.  
init_PKPD_param 

  
%% run 
for j=1:rep; 
     j 
     if use_perfect==0; % for imperfect adherence  
         init_profilegenerator; % call an init_profilegenerator file. 
         profile_generator; % call a profile_generator file. 
     else 
         dosetime=perfect_profile; % time to give each dose for 

perfect adherence   
     end 

         
     for dn=1:dn_taken; % dose number 
         k=cl(j)/v(j);   
         aa=(t<dosetime(dn));  
         C(dn,:)=d/v(j)*exp(-k*(t-dosetime(dn))).*(1-aa);       
     end 
     Ct(j,:)=sum(C);   
     E(j,:)=(Emax(j)*Ct(j,:))./(EC50(j)+Ct(j,:)); 
     eps=normrnd(0,0.1,size(t)); 
     E(j,:)=E(j,:)*exp(eps); % proportional residual unexplained 

variability 

      
        criteria; % call a crieteria file. See code below.  
        plot_the_profile; % call a plot_the_profile file.  
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        subplot(3,1,2); 
        plot(t,E); % effect-time profile 
        xlabel('dose interval') 
        ylabel('effect') 
        set(gca,'xtick',0:10:150) 

      
        subplot(3,1,3); 
        plot(t,Ct) % concentration-time profile  
        xlabel('dose interval') 
        ylabel('concentration') 
        set(gca,'xtick',0:10:150) 

      
 end 
 

success=sum(success_j); % compute success 

 

init_PKPD_param  

%% Initialising PKPD parameters 

  
%% parameters 

  
mean_v=1; %L 
mean_cl=log(2); %L/h 
mean_Emax=1; 
mean_EC50=1.3; %mg/L 

  
%% BSV 

  
BSV_parPK=[0.09 0; 0 0.09]; % BSV=30% on v and cl 
BSV_parPD=[0.09 0; 0 0.09]; % BSV=30% on Emax and EC50 

  
%% simulation parameters 

  
% simulating PK parameters  

  
par=exp(mvnrnd([log(mean_v) log(mean_cl)], BSV_parPK, rep)); 
v=par(:,1); 
cl=par(:,2); 

  
% simulating PD parameters 

  
par=exp(mvnrnd([log(mean_Emax) log(mean_EC50)], BSV_parPD, rep)); 
Emax=par(:,1); 
EC50=par(:,2); 

 

Genertaing parameters of timing to obtain paramEsts for init_profilegenerator   

%% Generating parameters of diff_tm_i (diff_tm_i is the difference of 

timing from the mode of drug taking) 

 

% Data were extracted from the index adherence profile. 
clear all 

  
% timing distribution 
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diff_tm=[-1.85,-0.7,-0.23,-0.1,-0.08,-0.05,0.01,0.01,0,0,0,0,0.01,... 
    0.03,0.04,0.08,0.1,0.1,0.12,0.14,0.16,0.17,0.17,0.23,0.23,0.23,... 
    

0.24,0.25,0.27,0.28,0.29,0.3,0.31,0.33,0.33,0.33,0.34,0.35,0.35,... 
    

0.35,0.76,0.77,0.77,0.79,0.8,0.81,0.83,0.83,0.83,0.83,0.84,0.85,... 
    

0.85,0.87,0.87,0.88,0.89,0.89,0.91,0.91,0.92,0.93,0.93,0.94,0.96,... 
    

0.97,0.98,1.01,1.03,1.04,1.04,1.05,1.06,1.07,1.08,1.13,1.13,1.14,... 
    

1.15,1.15,1.16,1.19,1.21,1.23,1.27,1.31,1.33,1.33,1.34,1.77,1.78,... 
    

1.79,1.81,1.82,1.85,1.9,1.92,1.92,1.96,1.98,2.05,2.07,2.11,2.13,... 
    

2.14,2.16,2.17,2.18,2.23,2.24,2.24,2.26,2.26,2.33,2.34,2.35,2.8,... 
    

2.86,2.87,2.9,2.95,3,3.01,3.29,3.85,4.17,4.25,6.34,7.77,8.77,8.92,... 
    11.35,14.09,16.1]; 

  
pdf_normmixture = @(diff_tm,p,mu1,mu2,sigma1,sigma2) ... 
                         p*normpdf(diff_tm,mu1,sigma1) + (1-

p)*normpdf(diff_tm,mu2,sigma2); 

                      
pStart = .8; 
muStart = [1.13,10.48]; 
sigmaStart = [1.02,3.54]; 
start = [pStart muStart sigmaStart];               

  
lb = [0 -Inf -Inf 0 0]; 
ub = [1 Inf Inf Inf Inf]; 

  
paramEsts = mle(diff_tm, 'pdf',pdf_normmixture, 'start',start, 

'lower',lb, 'upper',ub); 

  
statset('mlecustom'); 

  
options = statset('MaxIter',300, 'MaxFunEvals',600); 
paramEsts = mle(diff_tm, 'pdf',pdf_normmixture, 'start',start, ... 
                          'lower',lb, 'upper',ub, 'options',options); 

 

init_profilegenerator 

%% Setting up profile generator 

  
%% Drug holidays 

  
% drug holiday (dh) distribution 
dh=[0,0,0,0,0,0,0,0,0,0,1,1,1,1,1,1,1,2,2,2,2,3,3]; 

  
% generating dh random deviates  
r=randi([1 length(dh)]); 
dh_i=dh(r); 

  
%% Random missed doses  

  
% random missed doses (md) distribution 
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possible_md = 0:1:150; 
mean_md = 13; 

  
% generating md random deviates 
md_i=poissrnd(mean_md); 

  
%% Timing for bimodal normal probability, mu1, mu2, sigma1, sigma2 
paramEsts=[ 0.9145    1.0725    7.4758    0.9176    4.6886]; 
p=paramEsts(1,1); 
mu1Est=paramEsts(1,2); 
mu2Est=paramEsts(1,3); 
sigma1Est=paramEsts(1,4); 
sigma2Est=paramEsts(1,5; 

 

profile_generator 

%% Generating an adherence profile for imperfect adherence  

  
count=0; 
fflag=10; 
while fflag ==10 & count < 100 
    fflag=0; 
    count=count+1; 

  
    %% Start day(s) of drug holidays (ini_day_dh) 

  
    if dh_i==1; % 1 drug holiday 
       ini_day_dh=randsample(dn_total-2,1); 
    end 

  
    if dh_i==2; % 2 drug holidays 
       ini_day_dh=randsample(dn_total-2,2); 
    end 

  
    if dh_i==3; % 3 drug holidays 
       ini_day_dh=randsample(dn_total-2,3); 
    end 

  
    %% position(s) of drug holidays (position_dh_i) 

  
    if dh_i==1; 
        position_dh_i=ini_day_dh:2+ini_day_dh; 
    end 

  
    if dh_i==2; 
        

position_dh_i=[ini_day_dh(1,1):2+ini_day_dh(1,1),ini_day_dh(2,1):2+ini

_day_dh(2,1)]; 
    end 

  
    if dh_i==3; 
        

position_dh_i=[ini_day_dh(1,1):2+ini_day_dh(1,1),ini_day_dh(2,1):2+ini

_day_dh(2,1),ini_day_dh(3,1):2+ini_day_dh(3,1)]; 
    end 
    %% possible positions of missed doses 
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    a=[1:1:150];  

  
    if dh_i~=0; 
        a=[1:1:150]; 
        b=setdiff(a,position_dh_i); 
    end 

  
    %% positions of missed doses (position_md_i) 

  
    if dh_i~=0; 
        position_md_i=randsample(b,md_i); 
    else 
        position_md_i=randsample(a,md_i);     
    end 

  
    %% then generating timing deviates 

  
    if dh_i==0; 
        dn_taken=dn_total-(md_i); 
    end 

  
    if dh_i==1; 
        dn_taken=dn_total-(md_i)-((dh_i*3)); 
    end 

  
    if dh_i==2; 
        u=union(position_dh_i(1,1:3),position_dh_i(1,4:6));     
        dn_taken=dn_total-(md_i)-(length(u)); 
    end     

  
    if dh_i==3; 
        u2=union(position_dh_i(1,1:3),position_dh_i(1,4:6)); 
        uu=union(u2,position_dh_i(1,7:9));    
        dn_taken=dn_total-(md_i)-(length(uu));    
    end 
    clear diff_tm_i 
    for q=1:dn_taken; 
           if rand()<p; 
                diff_tm_i(q) = normrnd(mu1Est,sigma1Est); 
           else  
                diff_tm_i(q) = normrnd(mu2Est,sigma2Est); 
           end 
    end 

  
    %% criteria to discard unacceptable profiles  

  
    % discard random missed doses occurring at least 3 doses 

consecutively 
    if length(strfind(diff(sort(position_md_i)),[1 1]))>0 
        fflag=10; 
    end  

  
    % when dh_1==1, discard a random missed dose occurring right 

before dh at least one point of time in the profile  
    if dh_i==1; 
       position_md_i_plus_1=position_md_i+1; 
       combined_1_plus=horzcat(position_md_i_plus_1,position_dh_i); 
       if length(strfind(diff(sort(combined_1_plus)),[0]))>0; 
           fflag=10; 
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       end 
    end 

  
    % when dh_1==1, discard a random missed dose occurring right after 

dh at least one point of time in the profile  
    if dh_i==1; 
       position_md_i_minus_1=position_md_i-1; 
       combined_1_minus=horzcat(position_md_i_minus_1,position_dh_i); 
       if length(strfind(diff(sort(combined_1_minus)),[0]))>0; 
           fflag=10; 
       end 
    end 

  
    % when dh_1==2, discard a random missed dose occurring right 

before dh at least one point of time in the profile  
    if dh_i==2; 
       position_md_i_plus_1=position_md_i+1; 
       u=union(position_dh_i(1,1:3),position_dh_i(1,4:6)); 
       combined_2_plus=horzcat(position_md_i_plus_1,u); 
       if length(strfind(diff(sort(combined_2_plus)),[0]))>0; 
           fflag=10; 
       end  
    end 

  
    % when dh_1==2, discard a random missed dose occurring right after 

dh at least one point of time in the profile  
    if dh_i==2; 
       position_md_i_minus_1=position_md_i-1; 
       u=union(position_dh_i(1,1:3),position_dh_i(1,4:6)); 
       combined_2_minus=horzcat(position_md_i_minus_1,u); 
       if length(strfind(diff(sort(combined_2_minus)),[0]))>0 
           fflag=10; 
       end 
    end 

  
    % when dh_1==3, discard a random missed dose occurring right 

before dh at least one point of time in the profile  
    if dh_i==3; 
       position_md_i_plus_1=position_md_i+1; 
       u2=union(position_dh_i(1,1:3),position_dh_i(1,4:6)); 
       uu=union(u2,position_dh_i(1,7:9)); 
       combined_3_plus=horzcat(position_md_i_plus_1,uu); 
       if length(strfind(diff(sort(combined_3_plus)),[0]))>0 
           fflag=10; 
       end  
    end 

  
    % when dh_1==3, discard a random missed dose occurring right after 

dh at least one point of time in the profile  
    if dh_i==3; 
       position_md_i_minus_1=position_md_i-1; 
       u2=union(position_dh_i(1,1:3),position_dh_i(1,4:6)); 
       uu=union(u2,position_dh_i(1,7:9)); 
       combined_3_minus=horzcat(position_md_i_minus_1,uu); 
       if length(strfind(diff(sort(combined_3_minus)),[0]))>0 
           fflag=10; 
       end 
    end 

  
    %% positions of timing 
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    clear position_diff_tm_i 

     
    if dh_i==0; 
       position_diff_tm_i=setdiff(a,position_md_i); 
    end 

     
    if dh_i==1; 
          

position_diff_tm_i=setdiff(a,union(position_md_i,position_dh_i)); 
    end 

         
    if dh_i==2; 
        

position_diff_tm_i=setdiff(a,union(position_md_i,position_dh_i)); 
    end 

  
    if dh_i==3; 
        

position_diff_tm_i=setdiff(a,union(position_md_i,position_dh_i)); 
    end 
end 

 
%% computing dose time 

if count > 99 
    stop1 
end 
if fflag==10 
    stop2 
end 

  
dt1=[position_diff_tm_i]*24; 

     
dt2=dt1+[diff_tm_i]; 
dt3=dt2/24; %index a dose interval back to 1 

  
%% dosetime here is time to give each dose for imperfect adherence   

 
dosetime=[0,dt3]; 

 

criteria 

%% criteria for success  

  
for i=ss_start:length(dosetime); %ignore first nonsteady state times 

dose time is a vector of dose times 
    aaa=dosetime(i); 
    bb=max(find(t<aaa)); %t is a vector of sampling times 
    trough(i+1-ss_start)=t(bb); 
    eff=E(j,bb); 
    success_ij(i+1-ss_start)=eff>crit; 
end 

  
suma=sum(success_ij); 
success_j(j)=suma/length(success_ij) > crit2;  
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plot_the_profile 

%% plot the profile of imperfect adherence  

  
x=position_md_i; 
y=repmat(24,1,length(x)); 

  
if dh_i==1; 
xx=position_dh_i; 
yy=repmat(24,1,length(xx)); 
end 

  
if dh_i==2; 
xx=u; 
yy=repmat(24,1,length(xx)); 
end 

  
if dh_i==3; 
xx=uu; 
yy=repmat(24,1,length(xx)); 
end 

  
figure; 

  
subplot(3,1,1);  
hold on 
scatter(position_diff_tm_i,diff_tm_i); 
bar(x,y,0.3,'g') 
if dh_i~=0; 
bar(xx,yy,0.3,'r') 
end  
hold off 

  
xlabel('day') 
ylabel('difference of timing') 
set(gca,'xtick',0:10:150) 
set(gca,'ytick',-4:4:20) 

ylim([-4 20]) 
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A.3.5. MATLAB® code for the warfarin example 

Run file (run_warfarin) 

%% Based on Hamberg et al. A pharmacometric model describing the 
relationship between warfarin dose and INR response with respect to 

variations in CYP2C9, VKORC1, and age. Clin Pharmacol Ther 2010; 87: 

727-34.  
 

clear all  
clc 

  
rep=1000; 

 
%% independent variables 

  
d=3.5; % dose = 3.5 mg  

  
dn_total=150; 

  
crit=2; % INR=2 
crit2=3.5; % INR=3.5 

  
TTR_success=0.55; :  % Successful treatment=at least 55% of steady 

state trough values were within the therapeutic INR range success 

  
perf_adh=1; % perf_adh=1 is perfect adherence 
            % perf_adh=0 is imperfect adherence 

             
options = odeset('RelTol',1e-6); 

  
for ii=1:rep; 

 
    inits = [d 1 1 1 1 1 1]; % initial condition for each compartment   

  
    start=1; 

     
    time_dose=0; 

  
    init_PKPD_warfarin_param % call an init_PKPD_warfarin_param file.  
    KDE=cl_s(ii)/v_s(ii); 
    EDK50=cl_s(ii)*EC50(ii); 

     
    if perf_adh==1 % for perfect adherence  
        init_profilegenerator_perfect % call an 

init_profilegenerator_perfect file.  

 
        profile_generator_perfect % call a profile_generator_perfect 

file.  

 
    else 
        init_profilegenerator % for imperfect adherence. Call the 

init_profilegenerator file. (See code in the illustrative example) 
    end 
        profile_generator % for imperfect adherence. Call the 

profile_generator file. (See code in the illustrative example) 
    end 
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    for jj=1:dn_taken  
        D=[d 0 0 0 0 0 0]; % initial condition of dose for each 

compartment  
        if jj==1; 
           di=(dt2(1,1)); 
        else  
           di=(dt2(1,jj)-dt2(1,jj-1)); 

             
        if dt2(1,jj)<dt2(1,jj-1); 
           di=1; 
        end 
        end 

 
% In this code T is the time for the whole profile from time=0 and TT 

is the time within a dose interval. 

 
   TT=[0:1:di]; % di=dose interval  
        stop=start+length(TT)-1; % stop position of vector T and F for 

dose jj 
        sol=ode45(@ode_warfarin,[0 

di],[inits],options,KDE,Emax,gamma,EDK50,mtt1,mtt2); % pass arguments 

to ODE function 

 
        A4=deval(sol,TT,4); % amount in compartment 4  
        A7=deval(sol,TT,7); % amount in compartment 7 
        INR=INRbase+INRmax*(1-(A4+A7)/2); % compute INR  
        eps=normrnd(0,0.2,size(TT)); 
        INR=INR.*exp(eps); 
        inits=deval(sol,di)'+D; 

 
        F(ii,start:stop)=INR; % response 
        T(ii,start:stop)=TT+time_dose; % time for the whole profile 
        start=stop+1; 
        time_dose=time_dose+di; % time of the dose 

  Trough_INR(jj)=INR(length(TT)); 
        Trough_INR_ss=Trough_INR(21:length(Trough_INR));   

 
    end 

  
    criterion_warf % call a criterion_warf file 

     
end 

  
overall_success = sum(success_outcome); % compute overall success  
overall_success 
fractional_overall_success = overall_success / rep; % compute 

fractional overall success  

 

init_PKPD_warfarin_param 

%% Initialising warfarin PKPD parameters 

  
%% parameter values 
cl_s=0.348; % L/h  
v_s=14.3; % L 
Emax=1;  
gamma=1.15;  
EC50=4.1; % mg/L 
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mtt1=28.6; % h 
mtt2=118.3; % h 
INRbase=1; 
INRmax=20; 

  
%% BSV 

  
BSV_parPK=[0.0894 0; 0 0.0538];  
BSV_parPD=[0.1156];  

  
%% simulation parameters 

  
% simulating PK parameters  

  
par=exp(mvnrnd([log(cl_s) log(v_s)], BSV_parPK, rep)); 
cl_s=par(:,1); 
v_s=par(:,2); 

  
% simulating PD parameters 

  
par=exp(mvnrnd([log(EC50)], BSV_parPD, rep)); 
EC50=par(:,1); 

 

init_profilegenerator_perfect 

%% Setting up profile generator for perfect adherence  

  
%% Drug holidays 

  
% dh distribution 
dh=[0,0,0,0,0,0,0,0,0,0]; 

 
% generating dh random deviates  
r=randi([1 length(dh)]); 
dh_i=dh(r); 

  
%% Random missed doses 

  
md=[0,0,0,0,0,0,0,0,0,0]; 
r1=randi([1 length(md)]); 
md_i=md(r1); 

 

profile_generator_perfect 

%% Generating an adherence profile for imperfect adherence  

 
for q=1:dn_taken 
    diff_tm_i(q) = 0;        
end 

 

ODE_warfarin 

function dAdt=ode_warfarin(t,A,KDE,Emax,gamma,EDK50,mtt1,mtt2) 
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DR=KDE*A(1); 

  
EFF=Emax*DR^gamma/(EDK50^gamma+DR^gamma); 

  
dAdt=[-KDE*A(1) 
       (1-EFF)*3/mtt1-A(2)*3/mtt1 
       A(2)*3/mtt1-A(3)*3/mtt1 
       A(3)*3/mtt1-A(4)*3/mtt1 
       (1-EFF)*3/mtt2-A(5)*3/mtt2 
       A(5)*3/mtt2-A(6)*3/mtt2 
       A(6)*3/mtt2-A(7)*3/mtt2];  

 

criterion_warf 

% criterion for success for warfarin 

  
Trough_INR_ss = Trough_INR((21:length(Trough_INR))); 

  
n_trough = length(Trough_INR_ss); 

  
success_ind = (Trough_INR_ss > crit & Trough_INR_ss < crit2); % 

individual success of different doses 

  
success = sum(success_ind); % success over all steady state doses 
 

% success outcome tells us whether a singple profile has been a 

success or not 
 

fractional_success = success/n_trough; 

  
if fractional_success >= TTR_success 
    success_outcome(ii)=1; 
else 
    success_outcome(ii)=0; 
end 
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A.4.1. MATLAB® code for the atorvastatin example 

Run file (run_atorvastatin) 

%% Based on Narwal et al. Development of a population pharmacokinetic 

model for atorvastatin acid and its lactone metabolite. Clin 

Pharmacokinet 2010; 49: 693-702. and Kim J et al. A population 

pharmacokinetic-pharmacodynamic model for simvastatin that predicts 

low-density lipoprotein-cholesterol reduction in patients with primary 

hyperlipidaemia. Basic Clin Pharmacol Toxicol 2011; 109: 156-63. 

 

clear all  
clc 

  
rep=1000; 

  
%% independent variables 
 

% pt 17 

d=40*10^3; % mcg. Turn 1 patient on at a time with the corresponding 

dn_total and dn_taken  
 

% pt 19 

%d=80*10^3; % mcg  

 

% pt 23 

d=10*10^3; % mcg  

 

 
% pt 17 
% dn_total=103;  
% dn_taken=90;  
 

 

% pt 19 
% dn_total=95;  
% dn_taken=91;  
 

 

% pt 23 

% dn_total=91;  
% dn_taken=90;  

  
crit=2.6; 

  
TTR_success=0.6; 

  
use_perfect=1;  

  
pt=17; % change this according to the patient   

 
options = odeset('RelTol',1e-6); 

   
for ii=1:rep; 
    D=[d 0 0 0 0];  

     
    start=1; 
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    time_dose=0;  

     
    init_PKPD_param_atorvastatin % call an 

init_PKPD_param_atorvastatin file 
     

    ka_ii=ka(ii); 
    clpm_ii=clpm(ii); 
    v1_ii=v1(ii); 
    clmp_ii=clmp(ii); 
    vm_ii=vm(ii); 
    Q_ii=Q(ii); 
    v2_ii=v2(ii); 
    clm_ii=clm(ii); 

     
    baseline_ii=baseline(ii); % baseline LDL 
    Emax_ii=Emax(ii); 
    EC50_ii=EC50(ii); 
    Rin_ini_ii=Rin_ini(ii); 
    kout_ii=Rin_ini_ii/baseline_ii;   

     
    inits = [0 0 0 0 baseline_ii]; 

     
        if use_perfect==1; 
           dn_taken=dn_total; 
        end 

         
        for jj=1:dn_taken 

            
            if use_perfect==0; 
               if pt==17;  
               load('di_pt17.mat'); % actual dose interval of pt 17 
               di=di_pt17{1,jj; 
               end 

                               
               if pt==19;  
               load('di_pt19.mat'); % actual dose interval of pt 19 
               di=di_pt19{1,jj}; 
               end  

                
               if pt==23;  
               load('di_pt23.mat'); % actual dose interval of pt 23  
               di=di_pt23{1,jj}; 
               end  
            else 
               dii=repmat(24,1,dn_taken); 
               di=dii(1,jj); %dose interval for perfect adherence  
            end 

          
            TT=[0:1:di]; 
            stop=start+length(TT)-1; 

             
            sol=ode45(@ode_atorvastatin,[0 

di],[inits],options,v1_ii,Emax_ii,EC50_ii,Rin_ini_ii,ka_ii,clpm_ii,clm

p_ii,vm_ii,Q_ii,v2_ii,clm_ii,kout_ii); 

             
            A5=deval(sol,TT,5); % LDL amount  
             

  LDL=A5/38.67; % convert LDL from mg/dL to mmol/L  
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  inits=deval(sol,di)'+D;      
            F(ii,start:stop)=LDL;  
            T(ii,start:stop)=TT+time_dose;  
            start=stop+1; 
            time_dose=time_dose+di;  
            Trough_LDL(jj)=LDL(length(TT)); 
        end 

         
    criterion_atorvastatin % call a criterion_atorvastatin file  

     
    plot(T(ii,:)/24,F(ii,:)) 
    xlabel('Time (days)') 
    ylabel('LDL (mmoL/L)') 
    xlim([0 110]) 
    ylim([1 5]) 
    set(gca,'xtick',0:10:110) 

    target = 2.6; 
    hline = refline([0 target]); 
    hline.Color = 'r'; 

     
end 

  
overall_success = sum(success_outcome); 
overall_success 
fractional_overall_success = overall_success / rep 

 

init_PKPD_param_atorvastatin 

%% Initialising PKPD parameters 

  
%% parameter values 
 ka=3.5; % /h 
 clpm=504; % L/h 
 v1=3250; % L 
 clmp=24; % L/h 
 vm=137; % L 
 Q=1880; % L/h 
 v2=2170; % L  

 clm=116; % L/h  
 baseline=185; % mg/dL 
 Emax=0.489; 
 EC50=0.0868; % ng/mL 
 Rin_ini=1.14; % mg/dL/h 
  
%% BSV 

  
BSV_parPK=[0 0 0 0 0 0 0 0; 0 0.1183 0 0 0 0 0 0; 0 0 0.4502 0 0 0 0 

0; 0 0 0 0 0 0 0 0; 0 0 0 0 0.4914 0 0 0; 0 0 0 0 0 0 0 0; 0 0 0 0 0 0 

0.0388 0; 0 0 0 0 0 0 0 0.2034]; %BSV on clpm, v1, vm, v2, clm 
 

BSV_parPD=[0.0408 0 0 0; 0 0.0246 0 0; 0 0 0.8686 0; 0 0 0 0.252]; 

%BSV on baseline, Emax, EC50, Rin_ini 

  
%% simulation parameters 

  
% simulating PK parameters 
parPK=exp([log(ka) log(clpm) log(v1) log(clmp) log(vm) log(Q) log(v2) 

log(clm)]); 
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ka=parPK(:,1); 
clpm=parPK(:,2); 
v1=parPK(:,3); 
clmp=parPK(:,4); 
vm=parPK(:,5); 
Q=parPK(:,6); 
v2=parPK(:,7); 
clm=parPK(:,8); 

  
% simulating PD parameters 

  
parPD=exp([log(baseline) log(Emax) log(EC50) log(Rin_ini)]); 

  
baseline=parPD(:,1); 
Emax=parPD(:,2); 
EC50=parPD(:,3); 
Rin_ini=parPD(:,4); 

  

ODE_atorvastatin 

function 

dAdt=ode_atorvastatin(t,A,v1,Emax,EC50,Rin_ini,ka,clpm,clmp,vm,Q,v2,cl

m,kout) 

  
C=(A(2)/v1); 

  
E=1-((Emax*C)/(EC50+C)); 

  
Rin=Rin_ini;  

  
dAdt=[-ka*A(1) 
       ka*A(1)-clpm*A(2)/v1+clmp*A(4)/vm-Q*A(2)/v1+Q*A(3)/v2 
       Q*A(2)/v1-Q*A(3)/v2 
       clpm*A(2)/v1-clmp*A(4)/vm-clm*A(4)/vm 
       Rin*E-kout*A(5)]; 

    

criterion_atorvastatin  

% criterion for success for atorvastatin 

  
Trough_LDL_ss = Trough_LDL((20:length(Trough_LDL))); 

  
n_trough = length(Trough_LDL_ss); 

  
success_ind = (Trough_LDL_ss < crit);  

 
success = sum(success_ind);  

  
fractional_success = success/n_trough; 

  
if fractional_success >= TTR_success 
    success_outcome(ii)=1; 
else 
    success_outcome(ii)=0; 
end 
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A.4.2. MATLAB® code for the omeprazole example 

Run file (run_omeprazole) 

%% Based on Puchalski TA et al. Pharmacodynamic modeling of 

lansoprazole using an indirect irreversible response model. J Clin 

Pharmacol 2001; 41: 251-8. 

 

clear all  
clc 

  
rep=1000; 

  
%% independent variables 

 

% pt 3 

d=20; % mg. Turn 1 patient on at a time with the corresponding 

dn_total and dn_taken  
 

% pt 4 

%d=20; % mg  

 

% pt 6 

d=20; % mg  

 
% pt 8 

d=40; % mg  
 

% pt 21 

%d=20; % mg  

 

 
% pt 3 
dn_total=62;             
dn_taken=60;  

 

 

% pt 4 
% dn_total=90;               
% dn_taken=56;  

 

 

% pt 6 

% dn_total=90;  
% dn_taken=90;  
 

 

% pt 8 
% dn_total=90;              
% dn_taken=90;  

 

 

% pt 21 

% dn_total=101;          
% dn_taken=93;  

 
crit=4; 

  
TTR_success=0.6;  
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use_perfect=1; 
 

pt=3; % change this according to the patient   

 
options = odeset('RelTol',1e-6); 

 
for ii=1:rep; 
    ii 

     
    D=[d 0 0]; 

     
    start=1; 
    time_dose=0;  

     
    init_PKPD_param_omeprazole % call an init_PKPD_param_omeprazole 

file  

      
    E_baseline_ii=E_baseline(ii); 
    H_baseline_ii=H_baseline(ii); 
    tlag_ii=tlag(ii); 
    v1_ii=v1(ii); 
    kb_ii=kb(ii); 
    tp_ii=tp(ii);  
    ke_ii=ke(ii); 
    kdeg_ii=kdeg(ii); 
    kd_ii=kd(ii); 
    kout_ii=kout(ii); 
    km_ii=H_baseline_ii*kout_ii; 

     
    inits = [0 E_baseline_ii H_baseline_ii];  

     
        if use_perfect==1; 
           dn_taken=dn_total; 
        end 

         
        for jj=1:dn_taken 

            
            if use_perfect==0; 
               if pt==3; 
               load('di_pt3.mat'); % actual dose interval of pt 3 
               di=di_pt3{1,jj}; 
               end  

                
               if pt==4; 
               load('di_pt4.mat'); % actual dose interval of pt 4 
               di=di_pt4{1,jj}; 
               end      

                    
               if pt==6 
               load('di_pt6.mat'); % actual dose interval of pt 6 
               di=di_pt6{1,jj}; 
               end 

                
               if pt==8; 
               load('di_pt8.mat'); % actual dose interval of pt 8 
               di=di_pt8{1,jj}; 
               end     
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               if pt==21; 
               load('di_pt21.mat'); % actual dose interval of pt 21 
               di=di_pt21{1,jj}; 
               end         
            else 
               dii=repmat(24,1,dn_taken); 
               di=dii(1,jj); %dose interval for perfect adherence  
            end 

             
            TT=[0:1:di]; 
            stop=start+length(TT)-1;        

             
            inits=inits+D;  

             
            sol=ode45(@ode_omeprazole,[0 

di],[inits],options,tlag_ii,v1_ii,km_ii,kb_ii,tp_ii,ke_ii,kdeg_ii,kd_i

i,kout_ii);    

           
            A3=deval(sol,TT,3); 
            pH=7-(log10(A3)); 

                     
            inits=deval(sol,di)'; 

             
            F(ii,start:stop)=pH;  
            T(ii,start:stop)=TT+time_dose;  
            start=stop+1; 
            time_dose=time_dose+di;  
            Trough_pH(jj)=pH(length(TT)); 
            Trough_pH_ss=Trough_pH(21:length(Trough_pH)); 
        end 

         
    criterion_omeprazole 

     
    plot(T(ii,:)/24,F(ii,:)) 
    xlabel('Time (days)') 
    ylabel('pH')   
    xlim([0 70]) 

    ylim([3 6]) 
    set(gca,'xtick',0:10:70) 
    target = 4; 
    hline = refline([0 target]); 
    hline.Color = 'r'; 

 
end 

  
overall_success = sum(success_outcome); 
overall_success 
fractional_overall_success = overall_success / rep 

 

init_PKPD_param_omeprazole 

%% Initialising omeprazole PKPD parameters 

  
%% parameter values % group 1 data 
 tlag=0.5; % h 
 v1=42.8; % L 
 ke=0.28; % /h 
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 kdeg=0.04; % /h 
 kd=0.13; % /mcg*L/h 
 km=15.7; % mM/h 
 kb=16.3; % mM/h  
 tp=12.5; % h  
 kout=0.59; % /h 
 E_baseline=1; 
 H_baseline=10^3.9; 

  
%% BSV 30%  
BSV_parPK=[0.09 0 0 0 0; 0 0.09 0 0 0; 0 0 0.09 0 0; 0 0 0 0.09 0; 0 0 

0 0 0.09]; %BSV on tlag, v1, ke, E_baseline, H_baseline 
BSV_parPD=[0.09 0 0 0 0 0; 0 0.09 0 0 0 0; 0 0 0.09 0 0 0; 0 0 0 0.09 

0 0; 0 0 0 0 0.09 0; 0 0 0 0 0 0.09]; %BSV on kdeg, kd, km, kb, tp, 

kout 

  
%% simulation parameters 

  
% simulating PK parameters  
parPK=exp([log(tlag) log(v1) log(ke) log(E_baseline) 

log(H_baseline)]);  
tlag=parPK(:,1); 
v1=parPK(:,2); 
ke=parPK(:,3); 
E_baseline=parPK(:,4); 
H_baseline=parPK(:,5); 

  
% simulating PD parameters 
parPD=exp([log(kdeg) log(kd) log(km) log(kb) log(tp) log(kout)]); 
kdeg=parPD(:,1); 
kd=parPD(:,2); 
km=parPD(:,3); 
kb=parPD(:,4); 
tp=parPD(:,5); 
kout=parPD(:,6); 

 

ODE_omeprazole 

function dAdt = ode_omeprazole(t,A,tlag,v1,km,kb,tp,ke,kdeg,kd,kout)  

  
if  t<tlag 
    C=0; 
else 
    C=(A(1)/v1);    
end 

  
kin=km; 

  
dAdt=[-ke*A(1) 
      kdeg-kdeg*A(2)-kd*C*A(2) 
      kin*A(2)-kout*A(3)]; 

 

criterion_omeprazole 

% criterion for success for atorvastatin 
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Trough_pH_ss = Trough_pH((20:length(Trough_pH))); 
n_trough = length(Trough_pH_ss); 
success_ind = (Trough_pH_ss > crit);  

 
success = sum(success_ind);  

  
fractional_success = success/n_trough; 

  
if fractional_success >= TTR_success 
    success_outcome(ii)=1; 
else 
    success_outcome(ii)=0; 
end 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



References 

247  

 

 

 

 

References 

 



 

248  

 

1. Huth E, Murray T. Medicine in quotations: Views of health and 
 disease through the ages. 2nd Editon. Philadelphia, PA: American College 
 of Physicians, 2006.   
2. Robiner WN. Enhancing adherence in clinical research. Contemp Clin 
 Trials 2005; 26: 59-77.        
3. Vrijens B, De Geest S, Hughes DA, Przemyslaw K, Demonceau J, Ruppar 
 T, Dobbels F, Fargher E, Morrison V, Lewek P, Matyjaszczyk M, Mshelia 
 C, Clyne W, Aronson JK, Urquhart J. A new taxonomy for describing and 
 defining adherence to medications. Br J Clin Pharmacol 2012; 73: 691-705. 
4. Drotar D. Promoting adherence to medical treatment in chronic 
 childhood illness: Concepts, Methods and Interventions. Mahwah, New 
 Jersy: Lawrence Erlbaum Associates, 2000. 
5. National Library of Medicine. Medical subject headings-Annotated 
 alphabetic list. Bethesda: Department of Health and Human Services, 
 1999.    
6. Urquhart J. Patient non-compliance with drug regimens: Measurement, 
 clinical correlates, economic impact. Eur Heart J 1996; 17: 8-15.        
7. Sackett D, Haynes R. Compliance with therapeutic regimens. Baltimore, 
 MD: The Johns Hopkins university Press, 1976. 
8. Osterberg L, Blaschke T. Adherence to Medication. N Engl J Med 2005; 
 353: 487-97. 
9. Vermeire E, Hearnshaw H, Van Royen P, Denekens J. Patient adherence 
 to treatment: three decades of research. A comprehensive review. J Clin 
 Pharm Ther 2001; 26: 331-42. 
10. Dunbar J. Adhering To Medical Advice: A Review. Int J Ment 
 Health 1980; 9: 70-87. 
11. Stein JE. The Random House college dictionary. New York: Random 
 House, 1975.     
12. World Health Organization. Adherence to Long-Term Therapies: 
 Evidence for Action. Geneva: WHO, 2003. 
13. Marinker M, Blenkinsopp A, Bond C. From compliance to concordance: 
 achieving shared goals in medicine taking. London: Royal Pharmaceutical 
 Society of Great Britain, 1997.          
14. Simpson SH, Eurich DT, Majumdar SR, Padwal RS, Tsuyuki RT, Varney 
 J, Johnson JA. A meta-analysis of the association between adherence to 
 drug therapy and mortality. BMJ 2006; 333: 15. 
15. Yue Z, Cai C, Ai-Fang Y, Feng-Min T, Li C, Bin W. The effect of placebo 
 adherence on reducing cardiovascular mortality: a meta-analysis. Clin 
 Res Cardiol 2014; 103: 229-35. 
16. DiMatteo MR, Giordani PJ, Lepper HS, Croghan TW. Patient Adherence 
 and Medical Treatment Outcomes A Meta-Analysis. Med Care 2002; 40: 
 794-811.         
17. Chowdhury R, Khan H, Heydon E, Shroufi A, Fahimi S, Moore C, Stricker 
 B, Mendis S, Hofman A, Mant J, Franco OH. Adherence to cardiovascular 
 therapy: a meta-analysis of prevalence and clinical consequences. Eur 
 Heart J 2013; 34: 2940-8.  



 

249  

 

18. De Vera MA, Bhole V, Burns LC, Lacaille D. Impact of statin adherence 
 on cardiovascular disease and mortality outcomes: a systematic review. 
 Br J Clin Pharmacol 2014; 78: 684-98.  
19. Hood KK, Peterson CM, Rohan JM, Drotar D. Association between 
 adherence and glycemic control in pediatric type 1 diabetes: a meta-
 analysis. Pediatrics 2009; 124: e1171-9.                                                                                      
20. Wroe AL. Intentional and unintentional nonadherence: a study of 
 decision making. J Behav Med 2002; 25: 355-72.     
21. Lehane E, McCarthy G. Intentional and unintentional medication non-
 adherence: a comprehensive framework for clinical research and practice? 
 A discussion paper. Int J Nurs Stud 2007; 44: 1468-77.       
22. Clifford S, Barber N, Horne R. Understanding different beliefs held by 
 adherers, unintentional nonadherers, and intentional nonadherers: 
 application of the Necessity-Concerns Framework. J Psychosom Res 2008; 
 64: 41-6. 
23. Griva K, Davenport A, Harrison M, Newman SP. Non-adherence to 
 immunosuppressive medications in kidney transplantation: intent vs. 
 forgetfulness and clinical markers of medication intake. Ann Behav Med 
 2012; 44: 85-93. 
24. Wroe A, Thomas M. Intentional and unintentional nonadherence in 
 patients prescribed HAART treatment regimens. Psychol Health Med 
 2003; 8: 453-63. 
25. Hardon AP, Akurut D, Comoro C, Ekezie C, Irunde HF, Gerrits T, 
 Kglatwane J, Kinsman J, Kwasa R, Maridadi J, Moroka TM, Moyo S, 
 Nakiyemba A, Nsimba S, Ogenyi R, Oyabba T, Temu F, Laing R. Hunger, 
 waiting time and transport costs: time to confront challenges to ART 
 adherence in Africa. AIDS Care 2007; 19: 658-65. 
26. Law MR, Cheng L, Dhalla IA, Heard D, Morgan SG. The effect of cost on 
 adherence to prescription medications in Canada. CMAJ 2012; 184: 297-
 302. 
27. Horne R. Compliance, adherence and concodance. In: Pharmacy Practice 
 Pharmacy Practice. London, 2001. 
28. Gadkari AS, McHorney CA. Unintentional non-adherence to chronic 
 prescription medications: How unintentional is it really? BMC Health 
 Serv Res 2012; 12: 1-12. 
29. Molloy GJ, Messerli-Burgy N, Hutton G, Wikman A, Perkins-Porras L, 
 Steptoe A. Intentional and unintentional non-adherence to medications 
 following an acute coronary syndrome: a longitudinal study. J Psychosom 
 Res 2014; 76: 430-2. 
30. Haynes RB. Compliance in Health Care. Baltimore, MD: The Johns 
 Hopkins University Press, 1979. 
31. Kardas P, Lewek P, Matyjaszczyk M. Determinants of patient adherence: 
 a review of systematic reviews. Front Pharmacol 2013; 4: 91. 
32. Berben L, Dobbels F, Engberg S, Hill MN, De Geest S. An ecological 
 perspective on medication adherence. West J Nurs Res 2012; 34: 635-53. 



 

250  

 

33. Kripalani S, Yao X, Haynes RB. Interventions to enhance medication 
 adherence in chronic medical conditions: a systematic review. Arch Intern 
 Med 2007; 167: 540-50. 
34. van Dulmen S, Sluijs E, van Dijk L, de Ridder D, Heerdink R, Bensing J. 
 Patient adherence to medical treatment: a review of reviews. BMC Health 
 Serv Res 2007; 7: 55. 
35. Brown MT, Bussell JK. Medication adherence: WHO cares? Mayo Clin 
 Proc 2011; 86: 304-14. 
36. Demonceau J, Ruppar T, Kristanto P, Hughes DA, Fargher E, Kardas P, 
 De Geest S, Dobbels F, Lewek P, Urquhart J, Vrijens B. Identification and 
 assessment of adherence-enhancing interventions in studies assessing 
 medication adherence through electronically compiled drug dosing 
 histories: a systematic literature review and meta-analysis. Drugs 2013; 
 73: 545-62. 
37. McDonald HP, Garg AX, Haynes RB. Interventions to enhance patient 
 adherence to medication prescriptions: scientific review. JAMA 2002; 288: 
 2868-79. 
38. Berben L, Bogert L, Leventhal ME, Fridlund B, Jaarsma T, Norekval TM, 
 Smith K, Stromberg A, Thompson DR, De Geest S. Which interventions 
 are used by health care professionals to enhance medication adherence in 
 cardiovascular patients? A survey of current clinical practice. Eur J 
 Cardiovasc Nurs 2011; 10: 14-21. 
39. Osborn RL, Demoncada AC, Feuerstein M. Psychosocial interventions for 
 depression, anxiety, and quality of life in cancer survivors: meta-analyses. 
 Int J Psychiatry Med 2006; 36: 13-34. 
40. Roter DL, Hall JA, Merisca R, Nordstrom B, Cretin D, Svarstad B. 
 Effectiveness of interventions to improve patient compliance: a meta-
 analysis. Med Care 1998; 36: 1138-61. 
41. Peterson AM, Takiya L, Finley R. Meta-analysis of trials of interventions 
 to improve medication adherence. Am J Health Syst Pharm 2003; 60: 657-
 65.        
42. Haynes RB, Ackloo E, Sahota N, McDonald HP, Yao X. Interventions for 
 enhancing medication adherence. Cochrane Database Syst Rev 2008; 2. 
43. Conn VS, Hafdahl AR, Cooper PS, Ruppar TM, Mehr DR, Russell CL. 
 Interventions to improve medication adherence among older adults: 
 meta-analysis of adherence outcomes among randomized controlled 
 trials. Gerontologist 2009; 49: 447-62.        
44. Vervloet M, van Dijk L, Santen-Reestman J, van Vlijmen B, van 
 Wingerden P, Bouvy ML, de Bakker DH. SMS reminders improve 
 adherence to oral medication in type 2 diabetes patients who are real time 
 electronically monitored. Int J Med Inform 2012; 81: 594-604. 
45. Lee JK, Grace KA, Taylor AJ. Effect of a pharmacy care program on 
 medication adherence and persistence, blood pressure, and low-density 
 lipoprotein cholesterol: a randomized controlled trial. JAMA 2006; 296: 
 2563-71. 



 

251  

 

46. Hillsdon M, Foster C, Cavill N, Crombie H, Naidoo B. The effectiveness 
 of public health interventions for increasing physical activity among 
 adults: a review of reviews: evidence briefing summary. London, England 
 Health Development Agency, 2005.     
47. Vrijens B, Urquhart J, White D. Electronically monitored dosing histories 
 can be used to develop a medication-taking habit and manage patient 
 adherence. Expert Rev Clin Pharmacol 2014; 7: 633-44. 
48. Viswanathan M, Golin CE, Jones CD, Ashok M, Blalock SJ, Wines RC, 
 Coker-Schwimmer EJ, Rosen DL, Sista P, Lohr KN. Interventions to 
 improve adherence to self-administered medications for chronic diseases 
 in the United States: a systematic review. Ann Intern Med 2012; 157: 785-
 95. 
49. Last JM. The iceberg: completing the clinical picture in general practice. 
 Lancet 1963; 2: 28-31. 
50. Hannay DR. The 'iceberg' of illness and 'trivial' consultations. J R Coll Gen 
 Pract 1980; 30: 551-54. 
51. Elliott AM, McAteer A, Hannaford PC. Revisiting the symptom iceberg in 
 today's primary care: results from a UK population survey. BMC Fam 
 Pract 2011; 12: 16. 
52. Raebel MA, Ellis JL, Carroll NM, Bayliss EA, McGinnis B, Schroeder EB, 
 Shetterly S, Xu S, Steiner JF. Characteristics of patients with primary non-
 adherence to medications for hypertension, diabetes, and lipid disorders. 
 J Gen Intern Med 2012; 27: 57-64. 
53. Fischer MA, Stedman MR, Lii J, Vogeli C, Shrank WH, Brookhart MA, 
 Weissman JS. Primary medication non-adherence: analysis of 195,930 
 electronic prescriptions. J Gen Intern Med 2010; 25: 284-90. 
54. Blaschke TF, Osterberg L, Vrijens B, Urquhart J. Adherence to 
 medications: insights arising from studies on the unreliable link between 
 prescribed and actual drug dosing histories. Annu Rev Pharmacol Toxicol 
 2012; 52: 275-301. 
55. Urquhart J. Pharmacodynamics of variable patient compliance: 
 implications for pharmaceutical value. Adv Drug Deliv Rev 1998; 33: 207-
 19. 
56. Vrijens B, Vincze G, Kristanto P, Urquhart J, Burnier M. Adherence to 
 prescribed antihypertensive drug treatments: longitudinal study of 
 electronically compiled dosing histories. BMJ 2008; 336: 1114-7. 
57. Urquhart J. The electronic medication event monitor. Lessons for 
 pharmacotherapy. Clin Pharmacokinet 1997; 32: 345-56. 
58. Urquhart J, De Klerk E. Contending paradigms for the interpretation of 
 data on patient compliance with therapeutic drug regimens. Stat Med 
 1998; 17: 251-67. 
59. Glader EL, Sjölander M, Eriksson M, Lundberg M. Persistent use of 
 secondary preventive drugs declines rapidly during the first 2 years after 
 stroke. Stroke 2010; 41: 397-401. 



 

252  

 

60. Vanelli M, Burstein P, Cramer J. Refill patterns of atypical and 
 conventional antipsychotic medications at a national retail pharmacy 
 chain. Psychiatr Serv 2001; 52: 1248-50. 
61. Mitchell AJ, Selmes T. Why don’t patients take their medicine? Reasons 
 and solutions in psychiatry. Adv Psychiatr Treat 2007; 13: 336–46. 
62. Farmer KC. Methods for measuring and monitoring medication regimen 
 adherence in clinical trials and clinical practice. Clin Ther 1999; 21: 1074-
 90. 
63. Vrijens B, Urquhart J. Methods for measuring, enhancing, and accounting 
 for medication adherence in clinical trials. Clin Pharmacol Ther 2014; 95: 
 617-26. 
64. World Health Organisation. The Stop TB Strategy: Building on and 
 enhancing DOTS to meet the TB-related Millennium Development Goals.  
 Geneva. In: http://www.who.int/tb/publications/2006/stop_tb_ 
 strategy.pdf (accessed Jan 26/15), 2006. 
65. Hart JE, Jeon CY, Ivers LC, Behforouz HL, Caldas A, Drobac PC, Shin SS. 
 Effect of directly observed therapy for highly active antiretroviral therapy 
 on virologic, immunologic, and adherence outcomes: a meta-analysis and 
 systematic review. J Acquir Immune Defic Syndr 2010; 54: 167-79. 
66. Cramer JA, Scheyer RD, Mattson RH. Compliance declines between clinic 
 visits. Arch Intern Med 1990; 150: 1509-10. 
67. Feinstein AR. On white-coat effects and the electronic monitoring of 
 compliance. Arch Intern Med 1990; 150: 1377-8. 
68. Podsadecki TJ, Vrijens BC, Tousset EP, Rode RA, Hanna GJ. "White coat 
 compliance" limits the reliability of therapeutic drug monitoring in HIV-
 1-infected patients. HIV Clin Trials 2008; 9: 238-46. 
69. Levine AJ, Hinkin CH, Marion S, Keuning A, Castellon SA, Lam MM, 
 Robinet M, Longshore D, Newton T, Myers H, Durvasula RS. Adherence 
 to antiretroviral medications in HIV: differences in data collected via self-
 report and electronic monitoring. Health Psychol 2006; 25: 329-35. 
70. Munoz-Moreno JA, Fumaz CR, Ferrer MJ, Tuldra A, Rovira T, Viladrich 
 C, Bayes R, Burger DM, Negredo E, Clotet B, Team SV. Assessing self-
 reported adherence to HIV therapy by questionnaire: the SERAD (Self-
 Reported Adherence) Study. AIDS Res Hum Retroviruses 2007; 23: 1166-
 75. 
71. Walsh JC, Mandalia S, Gazzard BG. Responses to a 1 month self-report on 
 adherence to antiretroviral therapy are consistent with electronic data and 
 virological treatment outcome. AIDS 2002; 16: 269-77. 
72. Waterhouse DM, Calzone KA, Mele C, Brenner DE. Adherence to oral 
 tamoxifen: a comparison of patient self-report, pill counts, and 
 microelectronic monitoring. J Clin Oncol 1993; 11: 1189-97. 
73. Melbourne KM, Geletko SM, Brown SL, Willey-Lessne C, Chase S, Fisher 
 A. Medication adherence in patients with HIV infection: a comparison of 
 two measurement methods. AIDS Read 1999; 9: 329-38. 
74. Arnsten JH, Demas PA, Farzadegan H, Grant RW, Gourevitch MN, Chang 
 CJ, Buono D, Eckholdt H, Howard AA, Schoenbaum EE. Antiretroviral 



 

253  

 

 therapy adherence and viral suppression in HIV-infected drug users: 
 comparison of self-report and electronic monitoring. Clin Infect Dis 2001; 
 33: 1417-23. 
75. Zeller A, Ramseier E, Teagtmeyer A, Battegay E. Patients' self-reported 
 adherence to cardiovascular medication using electronic monitors as 
 comparators. Hypertens Res 2008; 31: 2037-43. 
76. Haubrich RH, Little SJ, Currier JS, Forthal DN, Kemper CA, Beall GN, 
 Johnson D, Dube MP, Hwang JY, McCutchan JA. The value of patient-
 reported adherence to antiretroviral therapy in predicting virologic and 
 immunologic response. California Collaborative Treatment Group. AIDS 
 1999; 13: 1099-107. 
77. Knobel H, Alonso J, Casado JL, Collazos J, Gonzalez J, Ruiz I, Kindelan 
 JM, Carmona A, Juega J, Ocampo A, Group GS. Validation of a simplified 
 medication adherence questionnaire in a large cohort of HIV-infected
 patients: the GEEMA Study. AIDS 2002; 16: 605-13. 
78. de Klerk E, van der Heijde D, Landewe R, van der Tempel H, van der 
 Linden S. The compliance-questionnaire-rheumatology compared with 
 electronic medication event monitoring: a validation study. J Rheumatol 
 2003; 30: 2469-75. 
79. Matsui D, Hermann C, Klein J, Berkovitch M, Olivieri N, Koren G. Critical 
 comparison of novel and existing methods of compliance assessment 
 during a clinical trial of an oral iron chelator. J Clin Pharmacol 1994; 34: 
 944-9. 
80. Straka RJ, Fish JT, Benson SR, Suh JT. Patient self-reporting of compliance 
 does not correspond with electronic monitoring: an evaluation using 
 isosorbide dinitrate as a model drug. Pharmacotherapy 1997; 17: 126-32. 
81. Stone AA, Shiffman S, Schwartz JE, Broderick JE, Hufford MR. Patient 
 non-compliance with paper diaries. BMJ 2002; 324: 1193-4. 
82. Oldenmenger WH, Echteld MA, de Wit R, Sillevis Smitt PA, Stronks DL, 
 Stoter G, van der Rijt CC. Analgesic adherence measurement in cancer 
 patients: comparison between electronic monitoring and diary. J Pain 
 Symptom Manage 2007; 34: 639-47. 
83. Pullar T, Kumar S, Tindall H, Feely M. Time to stop counting the tablets? 
 Clin Pharmacol Ther 1989; 46: 163-8. 
84. Rudd P, Byyny RL, Zachary V, LoVerde ME, Titus C, Mitchell WD, 
 Marshall G. The natural history of medication compliance in a drug trial: 
 limitations of pill counts. Clin Pharmacol Ther 1989; 46: 169-76. 
85. Kass MA, Meltzer DW, Gordon M. A miniature compliance monitor for 
 eyedrop medication. Arch Ophthalmol 1984; 102: 1550-4. 
86. Cramer JA, Mattson RH, Prevey ML, Scheyer RD, Ouellette VL. How 
 often is medication taken as prescribed? A novel assessment technique. 
 JAMA 1989; 261: 3273-7. 
87. Tashkin DP, Rand C, Nides M, Simmons M, Wise R, Coulson AH, Li V, 
 Gong H Jr. A nebulizer chronolog to monitor compliance with inhaler 
 use. Am J Med 1991; 91: 33s-36s. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Patients%27+self-reported+%09adherence+to+cardiovascular+medication+using+electronic+monitors+as+%09comparators.
http://www.ncbi.nlm.nih.gov/pubmed/17703909
http://www.ncbi.nlm.nih.gov/pubmed/17703909


 

254  

 

88. Van Sickle D, Magzamen S, Truelove S, Morrison T. Remote Monitoring 
 of Inhaled Bronchodilator Use and Weekly Feedback about Asthma 
 Management: An Open-Group, Short-Term Pilot Study of the Impact on 
 Asthma Control. PLoS One 2013; 8: e55335. 
89. Bruce JM, Hancock LM, Lynch SG. Objective adherence monitoring in 
 multiple sclerosis: initial validation and association with self-report. Mult 
 Scler 2010; 16: 112-20. 
90. van Onzenoort HA, Neef C, Verberk WW, van Iperen HP, de Leeuw PW, 
 van der Kuy PH. Determining the feasibility of objective adherence 
 measurement with blister packaging smart technology. Am J Health Syst 
 Pharm 2012; 69: 872-9. 
91. Kuypers DR, Peeters PC, Sennesael JJ, Kianda MN, Vrijens B, Kristanto P, 
 Dobbels F, Vanrenterghem Y, Kanaan N. Improved adherence to 
 tacrolimus once-daily formulation in renal recipients: a randomized 
 controlled trial using electronic monitoring. Transplantation 2013; 95: 333-
 40. 
92. Arnet I, Walter PN, Hersberger KE. Polymedication Electronic 
 Monitoring System (POEMS) - a new technology for measuring 
 adherence. Front Pharmacol 2013; 4: 26. 
93. Leenen FH, Wilson TW, Bolli P, Larochelle P, Myers M, Handa SP, Boileau 
 G, Tanner J. Patterns of compliance with once versus twice daily 
 antihypertensive drug therapy in primary care: a randomized clinical trial 
 using electronic monitoring. Can J Cardiol 1997; 13:  914-20. 
94. Wagner GJ, Kanouse DE, Koegel P, Sullivan G. Adherence to HIV 
 antiretrovirals among persons with serious mental illness. AIDS Patient 
 Care STDS 2003; 17: 179-86. 
95. Maitland D, Jackson A, Osorio J, Mandalia S, Gazzard BG, Moyle GJ, 
 Epivir-Ziagen Switch Study Team. Switching from twice-daily abacavir
 and lamivudine to the once-daily fixed-dose combination tablet of 
 abacavir and lamivudine improves patient adherence and satisfaction 
 with therapy. HIV Med 2008; 9: 667-72. 
96. De Geest S, Abraham I, Moons P, Vandeputte M, Van Cleemput J, Evers 
 G, Daenen W, Vanhaecke J. Late acute rejection and subclinical 
 noncompliance with cyclosporine therapy in heart transplant recipients. J 
 Heart Lung Transplant 1998; 17: 854-63. 
97. Kastrissios H, Suarez JR, Katzenstein D, Girard P, Sheiner LB, Blaschke 
 TF. Characterizing patterns of drug-taking behavior with a multiple drug 
 regimen in an AIDS clinical trial. AIDS 1998; 12: 2295-303. 
98. Deschamps AE, Graeve VD, van Wijngaerden E, De Saar V, Vandamme 
 AM, van Vaerenbergh K, Ceunen H, Bobbaers H, Peetermans WE, de 
 Vleeschouwer PJ, de Geest S. Prevalence and correlates of nonadherence 
 to antiretroviral therapy in a population of HIV patients using Medication 
 Event Monitoring System. AIDS Patient Care STDS 2004; 18: 644-57. 
99. Denhaerynck K, Schafer-Keller P, Young J, Steiger J, Bock A, De Geest S. 
 Examining assumptions regarding valid electronic monitoring of 
 medication therapy: development of a validation framework and its 

http://www.ncbi.nlm.nih.gov/pubmed/22555083
http://www.ncbi.nlm.nih.gov/pubmed/22555083


 

255  

 

 application on a European sample of kidney transplant patients. BMC 
 Med Res Methodol 2008; 8: 5. 
100. Deschamps AE, Van Wijngaerden E, Denhaerynck K, De Geest S, 
 Vandamme AM. Use of electronic monitoring induces a 40-day 
 intervention effect in HIV patients. J Acquir Immune Defic Syndr 2006; 
 43: 247-8. 
101. Wagner GJ, Ghosh-Dastidar B. Electronic monitoring: adherence 
 assessment or intervention? HIV Clin Trials  2002; 3: 45-51. 
102. Waeber B, Leonetti G, Kolloch R, McInnes GT. Compliance with aspirin 
 or placebo in the Hypertension Optimal Treatment (HOT) study. J 
 Hypertens 1999; 17: 1041-5. 
103. de Klerk E, van der Heijde D, Landewe R, van der Tempel H, Urquhart J, 
 van der Linden S. Patient compliance in rheumatoid arthritis, 
 polymyalgia rheumatica, and gout. J Rheumatol 2003; 30: 44-54. 
104. Vrijens B, Goetghebeur E. Electronic monitoring of variation in drug 
 intakes can reduce bias and improve precision in 
 pharmacokinetic/pharmacodynamic population studies. Stat Med 2004; 
 23: 531-44. 
105. Vrijens B, Tousset E, Rode R, Bertz R, Mayer S, Urquhart J. Successful 
 projection of the time course of drug concentration in plasma during a 1-
 year period from electronically compiled dosing-time data used as input 
 to individually parameterized pharmacokinetic models. J Clin Pharmacol 
 2005; 45: 461-7. 
106. Vrijens B, Urquhart J. Patient adherence to prescribed antimicrobial drug 
 dosing regimens. J Antimicrob Chemother 2005; 55: 616-27. 
107. Savic RM, Barrail-Tran A, Duval X, Nembot G, Panhard X, Descamps D, 
 Verstuyft C, Vrijens B, Taburet AM, Goujard C, Mentre F. Effect of 
 adherence as measured by MEMS, ritonavir boosting, and CYP3A5 
 genotype on atazanavir pharmacokinetics in treatment-naive HIV-
 infected patients. Clin Pharmacol Ther 2012; 92: 575-83. 
108. Parienti JJ, Barrail-Tran A, Duval X, Nembot G, Descamps D, Vigan M, 
 Vrijens B, Panhard X, Taburet AM, Mentré F, Goujard C. Adherence 
 Profiles and Therapeutic Responses of Treatment-Naive HIV-Infected 
 Patients Starting Boosted Atazanavir-Based Therapy in the ANRS 134-
 COPHAR 3 Trial. Antimicrob Agents Chemother 2013; 57: 2265-71. 
109. Vrijens B, Claeys MJ, Legrand V, Vandendriessche E, Van de Werf F. 
 Projected inhibition of platelet aggregation with ticagrelor BID versus 
 clopidogrel QD based on patient adherence data (the TWICE project). Br 
 J Clin Pharmacol 2013; 77: 746-55.                               
110. Kastrissios H, Blaschke TF. Medication compliance as a feature in drug 
 development. Annu Rev Pharmacol Toxicol 1997; 37: 451-75. 
111. Kimko HC, Duffull SB. Simulation for Designing Clinical Trials: A 
 Pharmacokinetic-Pharmacodynamic Modeling Perspective. New York: 
 Marcel Dekker, 2003. 
112. Girard P, Blaschke TF, Kastrissios H, Sheiner LB. A Markov mixed effect 
 regression model for drug compliance. Stat Med 1998; 17: 2313-33. 



 

256  

 

113. Ariens EJ, Van Rossum JM, Simonis AM. Affinity, intrinsic activity and 
 drug interactions. Pharmacol Rev 1957; 9: 218-36. 
114.  Hill AV. The possible effects of the aggregation of the molecules of 
 haemoglobin on its dissociation curves. J Physiol 1910; 14: iv-vii. 
115. Sheiner LB, Stanski DR, Vozeh S, Miller RD, Ham J. Simultaneous 
 modeling of pharmacokinetics and pharmacodynamics: application to d-
 tubocurarine. Clin Pharmacol Ther 1979; 25: 358-71. 
116. Jusko WJ, Ko HC. Physiologic indirect response models characterize 
 diverse types of pharmacodynamic effects. Clin Pharmacol Ther 1994; 56: 
 406-19. 
117. Dayneka NL, Garg V, Jusko WJ. Comparison of four basic models of 
 indirect pharmacodynamic responses. J Pharmacokinet Biopharm 1993; 
 21: 457-78. 
118. Duffull SB, Wright DF, Winter HR. Interpreting population 
 pharmacokinetic-pharmacodynamic analyses - a clinical viewpoint. Br J 
 Clin Pharmacol 2011; 71: 807-14. 
119. Claxton AJ, Cramer J, Pierce C. A systematic review of the associations 
 between dose regimens and medication compliance. Clin Ther 2001; 23: 
 1296-310. 
120. Ingersoll KS, Cohen J. The impact of medication regimen factors on 
 adherence to chronic treatment: a review of literature. J Behav Med 2008; 
 31: 213-24. 
121. Leucht C, Heres S, Kane JM, Kissling W, Davis JM, Leucht S. Oral versus 
 depot antipsychotic drugs for schizophrenia--a critical systematic review 
 and meta-analysis of randomised long-term trials. Schizophr Res 2011; 
 127: 83-92. 
122. Audet MC, Moreau M, Koltun WD, Waldbaum AS, Shangold G, Fisher 
 AC, Creasy GW. Evaluation of contraceptive efficacy and cycle 
 control of a transdermal contraceptive patch vs an oral contraceptive: A 
 randomized controlled trial. JAMA 2001; 285: 2347-54. 
123. Polaneczky M, Slap G, Forke C, Rappaport A, Sondheimer S. The Use of 
 Levonorgestrel Implants (Norplant) for Contraception in Adolescent 
 Mothers. N Engl J Med 1994; 331: 1201-06. 
124. Kardas P. Comparison of once daily versus twice daily oral nitrates in 
 stable angina pectoris. Am J Cardiol 2004; 94: 213-6. 
125. Andrejak M, Genes N, Vaur L, Poncelet P, Clerson P, Carre A. Electronic 
 pill-boxes in the evaluation of antihypertensive treatment compliance: 
 comparison of once daily versus twice daily regimen. Am J Hypertens 
 2000; 13: 184-90. 
126. Kardas P. Compliance, clinical outcome, and quality of life of patients 
 with stable angina pectoris receiving once-daily betaxolol versus twice 
 daily metoprolol: a randomized controlled trial. Vasc Health Risk Manag 
 2007; 3: 235-42. 
127. Donnelly R, Elliott HL, Meredith PA. Concentration-effect analysis of 
 antihypertensive drug response. Focus on calcium antagonists. Clin 
 Pharmacokinet 1994; 26: 472-85. 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Audet%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=11343482
http://www.ncbi.nlm.nih.gov/pubmed/?term=Moreau%20M%5BAuthor%5D&cauthor=true&cauthor_uid=11343482
http://www.ncbi.nlm.nih.gov/pubmed/?term=Koltun%20WD%5BAuthor%5D&cauthor=true&cauthor_uid=11343482
http://www.ncbi.nlm.nih.gov/pubmed/?term=Waldbaum%20AS%5BAuthor%5D&cauthor=true&cauthor_uid=11343482
http://www.ncbi.nlm.nih.gov/pubmed/?term=Shangold%20G%5BAuthor%5D&cauthor=true&cauthor_uid=11343482
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fisher%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=11343482
http://www.ncbi.nlm.nih.gov/pubmed/?term=Fisher%20AC%5BAuthor%5D&cauthor=true&cauthor_uid=11343482
http://www.ncbi.nlm.nih.gov/pubmed/?term=Creasy%20GW%5BAuthor%5D&cauthor=true&cauthor_uid=11343482


 

257  

 

128. Osterberg LG, Urquhart J, Blaschke TF. Understanding forgiveness: 
 minding and mining the gaps between pharmacokinetics and 
 therapeutics. Clin Pharmacol Ther 2010; 88: 457-9. 
129. Burnier M, Brede Y, Lowy A. Impact of prolonged antihypertensive 
 duration of action on predicted clinical outcomes in imperfectly adherent 
 patients: comparison of aliskiren, irbesartan and ramipril. Int J Clin Pract 
 2011; 65: 127-33. 
130. Rosenbaum JF, Fava M, Hoog SL, Ascroft RC, Krebs WB. Selective 
 serotonin reuptake inhibitor discontinuation syndrome: a randomized 
 clinical trial. Biol Psychiatry 1998; 44: 77-87. 
131. Wright DF, Winter HR, Duffull SB. Understanding the time course of 
 pharmacological effect: a PKPD approach. Br J Clin Pharmacol 2011; 71: 
 815-23. 
132. Wright DF, Pavan Kumar VV, Al-Sallami HS, Duffull SB. The influence of 
 dosing time, variable compliance and circadian low-density lipoprotein 
 production on the effect of simvastatin: simulations from a 
 pharmacokinetic-pharmacodynamic model. Basic Clin Pharmacol Toxicol 
 2011; 109: 494-8. 
133. Hardman JG, Limbird LE, Gilman AG. Goodman and Gilman's the 
 pharmacological basis of therapeutics. 10th Editon: McGraw-Hill, 2001. 
134. Shepherd J. Combined lipid lowering drug therapy for the effective 
 treatment of hypercholesterolaemia. Eur Heart J 2003; 24: 685-89. 
135. Hernandez CJ, Beaupre GS, Marcus R, Carter DR. Long-term predictions 
 of the therapeutic equivalence of daily and less than daily alendronate 
 dosing. J Bone Miner Res 2002; 17: 1662-6. 
136. Ahn JE, French JL. Longitudinal aggregate data model-based meta-
 analysis with NONMEM: approaches to handling within treatment arm 
 correlation. J Pharmacokinet Pharmacodyn 2010; 37: 179-201. 
137. Mandema JW, Cox E, Alderman J. Therapeutic benefit of eletriptan 
 compared to sumatriptan for the acute relief of migraine pain--results of 
 a model-based meta-analysis that accounts for encapsulation. Cephalalgia 
 2005; 25: 715-25. 
138. Ito K, Ahadieh S, Corrigan B, French J, Fullerton T, Tensfeldt T. Disease 
 progression meta-analysis model in Alzheimer's disease. Alzheimers 
 Dement 2010; 6: 39-53. 
139. Demin I, Hamren B, Luttringer O, Pillai G, Jung T. Longitudinal model-
 based meta-analysis in rheumatoid arthritis: an application toward 
 model-based drug development. Clin Pharmacol Ther 2012; 92: 352-9. 
140. Gross JL, Rogers J, Polhamus D, Gillespie W, Friedrich C, Gong Y, Monz 
 BU, Patel S, Staab A, Retlich S. A novel model-based meta-analysis to 
 indirectly estimate the comparative efficacy of two medications: an 
 example using DPP-4 inhibitors, sitagliptin and linagliptin, in treatment 
 of type 2 diabetes mellitus. BMJ Open 2013; 3. 
141. Choo PW, Rand CS, Inui TS, Lee ML, Cain E, Cordeiro-Breault M, 
 Canning C, Platt R. Validation of patient reports, automated pharmacy 



 

258  

 

 records, and pill counts with electronic monitoring of adherence to 
 antihypertensive therapy. Med Care 1999; 37: 846-57. 
142. Kruse W, Rampmaier J, Ullrich G, Weber E. Patterns of drug compliance 
 with medications to be taken once and twice daily assessed by continuous 
 electronic monitoring in primary care. Int J Clin Pharmacol Ther 1994; 32: 
 452-7. 
143. Mengden T, Binswanger B, Spuhler T, Weisser B, Vetter W. The use of 
 self-measured blood pressure determinations in assessing dynamics of 
 drug compliance in a study with amlodipine once a day, morning versus 
 evening. J Hypertens 1993; 11: 1403-11. 
144. Santschi V, Wuerzner G, Schneider MP, Bugnon O, Burnier M. Clinical 
 evaluation of IDAS II, a new electronic device enabling drug adherence 
 monitoring. Eur J Clin Pharmacol 2007; 63: 1179-84. 
145. Schoenthaler A, Ogedegbe G. Patients' perceptions of electronic 
 monitoring devices affect medication adherence in hypertensive African 
 Americans. Ann Pharmacother 2008; 42: 647-52.        
146. Svarstad BL, Chewning BA, Sleath BL, Claesson C. The Brief Medication 
 Questionnaire: a tool for screening patient adherence and barriers to 
 adherence. Patient Educ Couns 1999; 37: 113-24. 
147. Wetzels GE, Nelemans PJ, Schouten JS, van Wijk BL, Prins MH. All  that 
 glisters is not gold: a comparison of electronic monitoring versus filled 
 prescriptions--an observational study. BMC Health Serv Res 2006; 6: 8. 
148. Zeller A, Schroeder K, Peters TJ. An adherence self-report questionnaire 
 facilitated the differentiation between nonadherence and nonresponse to 
 antihypertensive treatment. J Clin Epidemiol 2008; 61: 282-8.  
149. Zeller A, Taegtmeyer A, Martina B, Battegay E, Tschudi P. Physicians' 
 ability to predict patients' adherence to antihypertensive medication in 
 primary care. Hypertens Res 2008; 31: 1765-71. 
150. Bell DJ, Kapitao Y, Sikwese R, van Oosterhout JJ, Lalloo DG. Adherence 
 to antiretroviral therapy in patients receiving free treatment from a 
 government hospital in Blantyre, Malawi. J Acquir Immune Defic Syndr 
 2007; 45: 560-3. 
151. Boyle BA, Jayaweera D, Witt MD, Grimm K, Maa JF, Seekins DW. 
 Randomization to once-daily stavudine extended release/lamivudine/      
 efavirenz versus a more frequent regimen improves adherence while 
 maintaining viral suppression. HIV Clin Trials 2008; 9: 164-76. 
152. Ettenhofer ML, Hinkin CH, Castellon SA, Durvasula R, Ullman J, Lam M, 
 Myers H, Wright MJ, Foley J. Aging, neurocognition, and medication 
 adherence in HIV infection. Am J Geriatr Psychiatry 2009; 17: 281-90. 
153. Farley J, Hines S, Musk A, Ferrus S, Tepper V. Assessment of adherence 
 to Antivir Ther in HIV-infected children using the Medication Event 
 Monitoring System, pharmacy refill, provider assessment, caregiver self-
 report, and appointment keeping. J Acquir Immune Defic Syndr 2003; 33: 
 211-8. 
154. Fletcher CV, Testa MA, Brundage RC, Chesney MA, Haubrich R, Acosta 
 EP, Martinez A, Jiang H, Gulick RM. Four measures of antiretroviral 



 

259  

 

 medication adherence and virologic response in AIDS clinical trials group 
 study 359. J Acquir Immune Defic Syndr 2005; 40: 301-6. 
155. Frick PA, Gal P, Lane TW, Sewell PC. Antiretroviral medication 
 compliance in patients with AIDS. AIDS Patient Care STDS 1998; 12: 463-
 70. 
156. Hinkin CH, Castellon SA, Durvasula RS, Hardy DJ, Lam MN, Mason KI, 
 Thrasher D, Goetz MB, Stefaniak M. Medication adherence among HIV+ 
 adults: effects of cognitive dysfunction and regimen complexity. 
 Neurology 2002; 59: 1944-50. 
157. Holstad MM, DiIorio C, Kelley ME, Resnicow K, Sharma S. Group 
 motivational interviewing to promote adherence to antiretroviral 
 medications and risk reduction behaviors in HIV infected women. AIDS 
 Behav 2011; 15: 885-96. 
158. Howard AA, Arnsten JH, Lo Y, Vlahov D, Rich JD, Schuman P, Stone VE, 
 Smith DK, Schoenbaum EE. A prospective study of  adherence and  viral 
 load in a large multi-center cohort of HIV-infected women. AIDS 2002; 16: 
 2175-82. 
159. Ickovics JR, Wilson TE, Royce RA, Minkoff HL, Fernandez MI, Fox-
 Tierney R, Koenig LJ, Perinatal Guidelines Evaluation Group. Prenatal 
 and postpartum zidovudine adherence among pregnant women with 
 HIV: results of a MEMS substudy from the Perinatal Guidelines 
 Evaluation Project. J Acquir Immune Defic Syndr 2002; 30: 311-5. 
160. Liu H, Golin CE, Miller LG, Hays RD, Beck CK, Sanandaji S, Christian J, 
 Maldonado T, Duran D, Kaplan AH, Wenger NS. A comparison study of 
 multiple measures of adherence to HIV protease inhibitors. Ann Intern 
 Med 2001; 134: 968-77. 
161. Molina JM, Podsadecki TJ, Johnson MA, Wilkin A, Domingo P, Myers R, 
 Hairrell JM, Rode RA, King MS, Hanna GJ. A lopinavir/ritonavir-based 
 once-daily regimen results in better compliance and is non-inferior to a 
 twice-daily regimen through 96 weeks. AIDS Res Hum Retroviruses 2007; 
 23: 1505-14. 
162. Parienti JJ, Massari V, Reliquet V, Chaillot F, Le Moal G, Arvieux C, Vabret 
 A, Verdon R, Group PS. Effect of twice-daily nevirapine on adherence in 
 HIV-1-infected patients: a randomized controlled study. AIDS 2007; 21: 
 2217-22. 
163. Parienti JJ, Das-Douglas M, Massari V, Guzman D, Deeks SG, Verdon R, 
 Bangsberg DR. Not all missed doses are the same: sustained NNRTI 
 treatment interruptions predict HIV rebound at low-to-moderate 
 adherence levels. PLoS One 2008; 3: e2783. 
164. Pop-Eleches C, Thirumurthy H, Habyarimana JP, Zivin JG, Goldstein MP, 
 de Walque D, MacKeen L, Haberer J, Kimaiyo S, Sidle J, Ngare D, 
 Bangsberg DR. Mobile phone technologies improve adherence to 
 antiretroviral treatment in a resource-limited setting: a randomized 
 controlled trial of text message reminders. AIDS 2011; 25: 825-34. 
165. Portsmouth SD, Osorio J, McCormick K, Gazzard BG, Moyle GJ. Better 
 maintained adherence on switching from twice-daily to once-daily 



 

260  

 

 therapy for HIV: a 24-week randomized trial of treatment simplification 
 using stavudine prolonged-release capsules. HIV Med 2005; 6: 185-90. 
166. Shuter J, Sarlo JA, Kanmaz TJ, Rode RA, Zingman BS. HIV-infected 
 patients receiving lopinavir/ritonavir-based antiretroviral therapy 
 achieve high rates of virologic suppression despite adherence rates less 
 than 95%. J Acquir Immune Defic Syndr 2007; 45: 4-8. 
167. Shuter J, Sarlo JA, Rode RA, Zingman BS. Occurrence of selective ritonavir 
 nonadherence and dose-staggering in recipients of boosted HIV-1 
 protease inhibitor therapy. HIV Clin Trials 2009; 10: 135-42.          
168. Weber R, Christen L, Christen S, Tschopp S, Znoj H, Schneider C, Schmitt 
 J, Opravil M, Gunthard HF, Ledergerber B. Effect of individual 
 cognitive behaviour intervention on adherence to antiretroviral 
 therapy: prospective randomized trial. Antivir Ther 2004; 9: 85-95.                                                                  
169. Paterson DL, Swindells S, Mohr J, Brester M, Vergis EN, Squier C, 
 Wagener MM, Singh N. Adherence to protease inhibitor therapy and 
 outcomes in patients with HIV infection. Ann Intern Med 2000; 133: 21-
 30.   
170. Maggiolo F, Ripamonti D, Arici C, Gregis G, Quinzan G, Camacho GA, 
 Ravasio L, Suter F. Simpler regimens may enhance adherence to 
 antiretrovirals in HIV-infected patients. HIV Clin Trials 2002; 3: 371-8. 
171. Hinkin CH, Hardy DJ, Mason KI, Castellon SA, Durvasula RS, Lam MN, 
 Stefaniak M. Medication adherence in HIV-infected adults: effect of 
 patient age, cognitive status, and substance abuse. AIDS 2004; 18 Suppl 1: 
 S19-25. 
172. Kiortsis DN, Giral P, Bruckert E, Turpin G. Factors associated with low 
 compliance with lipid-lowering drugs in hyperlipidemic patients. J Clin 
 Pharm Ther 2000; 25: 445-51. 
173. Hulka BS, Cassel JC, Kupper LL, Burdette JA. Communication, 
 compliance, and concordance between physicians and patients with 
 prescribed medications. Am J Public Health 1976; 66: 847-53. 
174. Coons SJ, Sheahan SL, Martin SS, Hendricks J, Robbins CA, Johnson JA. 
 Predictors of medication noncompliance in a sample of older adults. Clin 
 Ther 1994; 16: 110-17. 
175. Farmer KC, Jacobs EW, Phillips CR. Long-term patient compliance with 
 prescribed regimens of calcium channel blockers. Clin Ther 1994; 16: 316-
 26. 
176. Lau HS, Beuning KS, Postma-Lim E, Klein-Beernink L, de Boer A, Porsius 
 AJ. Non-compliance in elderly people: evaluation of risk factors by 
 longitudinal data analysis. Pharm World Sci 1996; 18: 63-8. 
177. Morrell RW, Park DC, Kidder DP, Martin M. Adherence to 
 Antihypertensive Medications Across the Life Span. Gerontologist 
 1997; 37: 609-19. 
178. Park DC, Hertzog C, Leventhal H, Morrell RW, Leventhal E, Birchmore 
 D, Martin M, Bennett J. Medication adherence in rheumatoid arthritis 
 patients: older is wiser. J Am Geriatr Soc 1999; 47: 172-83. 



 

261  

 

179. Park DC, Morrell RW, Frieske D, Kincaid D. Medication adherence 
 behaviors in older adults: effects of external cognitive supports. Psychol 
 Aging 1992; 7: 252-6. 
180. DiMatteo MR. Variations in Patients' Adherence to Medical 
 Recommendations: A Quantitative Review of 50 Years of Research. Med 
 Care 2004; 42: 200-09. 
181. Vrijens B, Goetghebeur E. Comparing compliance patterns between 
 randomized treatments. Control Clin Trials 1997; 18: 187-203. 
182. Gross R, Bilker WB, Friedman HM, Strom BL. Effect of adherence to newly 
 initiated antiretroviral therapy on plasma viral load. AIDS 2001; 15: 2109-
 17. 
183. McNabb J, Ross JW, Abriola K, Turley C, Nightingale CH, Nicolau DP. 
 Adherence to highly active antiretroviral therapy predicts virologic 
 outcome at an inner-city human immunodeficiency virus clinic. Clin 
 Infect Dis 2001; 33: 700-5. 
184. Hugen PW, Langebeek N, Burger DM, Zomer B, van Leusen R, 
 Schuurman R, Koopmans PP, Hekster YA. Assessment of adherence to 
 HIV protease inhibitors: comparison and combination of various 
 methods, including MEMS (electronic monitoring), patient and nurse 
 report, and therapeutic drug monitoring. J Acquir Immune Defic Syndr 
 2002; 30: 324-34. 
185. Mathews WC, Mar-Tang M, Ballard C, Colwell B, Abulhosn K, Noonan 
 C, Barber RE, Wall TL. Prevalence, predictors, and outcomes of early 
 adherence after starting or changing antiretroviral therapy. AIDS Patient 
 Care STDS 2002; 16: 157-72. 
186. Wagner GJ. Predictors of antiretroviral adherence as measured by self-
 report, electronic monitoring, and medication diaries. AIDS Patient Care 
 STDS 2002; 16: 599-608. 
187. Wagner G. Placebo practice trials: the best predictor of adherence 
 readiness for HAART among drug users? HIV Clin Trials  2003; 4: 269-81. 
188. Berg KM, Demas PA, Howard AA, Schoenbaum EE, Gourevitch MN, 
 Arnsten JH. Gender differences in factors associated with adherence to 
 antiretroviral therapy. J Gen Intern Med 2004; 19: 1111-7. 
189. de Bruin M, Hospers HJ, van den Borne HW, Kok G, Prins JM. Theory- 
 and evidence-based intervention to improve adherence to antiretroviral 
 therapy among HIV-infected patients in the Netherlands: a pilot study. 
 AIDS Patient Care STDS 2005; 19: 384-94. 
190. Weaver KE, Llabre MM, Duran RE, Antoni MH, Ironson G, Penedo FJ, 
 Schneiderman N. A stress and coping model of medication adherence and 
 viral load in HIV-positive men and women on highly active antiretroviral 
 therapy (HAART). Health Psychol 2005; 24: 385-92. 
191. Hinkin CH, Barclay TR, Castellon SA, Levine AJ, Durvasula RS, Marion 
 SD, Myers HF, Longshore D. Drug use and medication adherence among 
 HIV-1 infected individuals. AIDS Behav 2007; 11: 185-94. 
192. Vriesendorp R, Cohen A, Kristanto P, Vrijens B, Rakesh P, Anand B, 
 Iwebor HU, Stiekema J. Adherence to HAART therapy measured by 



 

262  

 

 electronic monitoring in newly diagnosed HIV patients in Botswana. 
 Eur J Clin Pharmacol 2007; 63: 1115-21. 
193. Gross R, Bilker WB, Wang H, Chapman J. How long is the window of 
 opportunity between adherence failure and virologic failure on efavirenz-
 based HAART? HIV Clin Trials  2008; 9: 202-6. 
194. Lu M, Safren SA, Skolnik PR, Rogers WH, Coady W, Hardy H, Wilson IB. 
 Optimal recall period and response task for self-reported HIV medication 
 adherence. AIDS Behav 2008; 12: 86-94. 
195. Vranceanu AM, Safren SA, Lu M, Coady WM, Skolnik PR, Rogers WH, 
 Wilson IB. The relationship of post-traumatic stress disorder and 
 depression to antiretroviral medication adherence in persons with HIV. 
 AIDS Patient Care STDS 2008; 22: 313-21. 
196. Applebaum AJ, Reilly LC, Gonzalez JS, Richardson MA, Leveroni CL, 
 Safren SA. The impact of neuropsychological functioning on adherence to 
 HAART in HIV-infected substance abuse patients. AIDS Patient Care 
 STDS 2009; 23: 455-62. 
197. Martin S, Elliott-DeSorbo DK, Calabrese S, Wolters PL, Roby G, Brennan 
 T, Wood LV. A comparison of adherence assessment methods utilized in 
 the United States: perspectives of researchers, HIV-infected children, and 
 their caregivers. AIDS Patient Care STDS 2009; 23: 593-601. 
198. Haberer JE, Cook A, Walker AS, Ngambi M, Ferrier A, Mulenga V, Kityo 
 C, Thomason M, Kabamba D, Chintu C, Gibb DM, Bangsberg DR. 
 Excellent adherence to antiretrovirals in HIV+ Zambian children is 
 compromised by disrupted routine, HIV nondisclosure, and paradoxical 
 income effects. PLoS One 2011; 6: e18505. 
199. Detry JM, Block P, De Backer G, Degaute JP. Patient compliance and 
 therapeutic coverage: comparison of amlodipine and slow release 
 nifedipine in the treatment of hypertension. The Belgian Collaborative 
 Study Group. Eur J Clin Pharmacol 1995; 47: 477-81. 
200. Lyimo RA, van den Boogaard J, Msoka E, Hospers HJ, van der Ven A, 
 Mushi D, de Bruin M. Measuring adherence to antiretroviral therapy in 
 northern Tanzania: feasibility and acceptability of the Medication Event 
 Monitoring System. BMC Public Health 2011; 11: 92. 
201. Burnier M, Schneider MP, Chiolero A, Stubi CL, Brunner HR. Electronic 
 compliance monitoring in resistant hypertension: the basis for rational 
 therapeutic decisions. J Hypertens 2001; 19: 335-41. 
202. Hamilton GA. Measuring adherence in a hypertension clinical trial. 
 Eur J Cardiovasc Nurs 2003; 2: 219-28. 
203. Wetzels GE, Nelemans PJ, Schouten JS, Dirksen CD, van der Weijden 
 T, Stoffers HE, Janknegt R, de Leeuw PW, Prins MH. Electronic 
 monitoring of adherence as a tool to improve blood pressure control. A 
 randomized controlled trial. Am J Hypertens 2007; 20: 119-25. 
204. Bogner HR, de Vries HF. Integration of depression and hypertension 
 treatment: a pilot, randomized controlled trial. Ann Fam Med 2008; 6: 295-
 301. 



 

263  

 

205. Braam RL, van Uum SH, Lenders JW, Thien T. Bromide as marker for 
 drug adherence in hypertensive patients. Br J Clin Pharmacol 2008; 65: 
 733-6. 
206. Santschi V, Rodondi N, Bugnon O, Burnier M. Impact of electronic 
 monitoring of drug adherence on blood pressure control in primary care: 
 a cluster 12-month randomised controlled study. Eur J Intern Med 2008; 
 19: 427-34. 
207. Ruppar TM. Randomized pilot study of a behavioral feedback 
 intervention to improve medication adherence in older adults with 
 hypertension. J Cardiovasc Nurs 2010; 25: 470-9. 
208. van Onzenoort HA, Verberk WJ, Kessels AG, Kroon AA, Neef C, van 
 der Kuy PH, de Leeuw PW. Assessing medication adherence 
 simultaneously by electronic monitoring and pill count in patients with 
 mild-to-moderate hypertension. Am J Hypertens 2010; 23: 149-54. 
209. Rose AJ, Glickman ME, D'Amore MM, Orner MB, Berlowitz D, Kressin 
 NR. Effects of daily adherence to antihypertensive medication on blood 
 pressure control. J Clin Hypertens 2011; 13: 416-21. 
210. Wendel CS, Mohler MJ, Kroesen K, Ampel NM, Gifford AL, Coons SJ. 
 Barriers to use of electronic adherence monitoring in an HIV clinic. Ann 
 Pharmacother 2001; 35: 1010-5. 
211. Bova CA, Fennie KP, Knafl GJ, Dieckhaus KD, Watrous E, Williams AB. 
 Use of electronic monitoring devices to measure antiretroviral adherence: 
 practical considerations. AIDS Behav 2005; 9: 103-10. 
212. Konkle-Parker DJ, Erlen JA, Dubbert PM. Lessons learned from an HIV 
 adherence pilot study in the Deep South. Patient Educ Couns 2010; 78: 91-
 6. 
213. Lyimo R, van den Boogaard J, Msoka E, Hospers H, van der Ven A, Mushi 
 D, de Bruin M. Measuring adherence to antiretroviral therapy in northern 
 Tanzania: feasibility and acceptability of the Medication Event 
 Monitoring System. BMC Public Health 2011; 11: 92. 
214. Shellmer DA, Zelikovsky N. The challenges of using medication event 
 monitoring technology with pediatric transplant patients. Pediatr 
 Transplant 2007; 11: 422-8. 
215. Foster JM, Smith L, Usherwood T, Sawyer SM, Rand CS, Reddel HK. The 
 reliability and patient acceptability of the SmartTrack device: a new 
 electronic monitor and reminder device for metered dose inhalers. J 
 Asthma 2012; 49: 657-62. 
216. Layton D, Sinclair HK, Bond CM, Hannaford PC, Shakir SA. 
 Pharmacovigilance of over-the-counter products based in community 
 pharmacy: methodological issues from pilot work conducted in 
 Hampshire and Grampian, UK. Pharmacoepidemiol Drug Saf 2002; 11: 
 503-13. 
217. Knoester PD, Belitser SV, Deckers CL, Keyser A, Renier WO, Egberts AC, 
 Hekster YA. Recruitment of a cohort of lamotrigine users through 
 community pharmacists: differences between patients who gave 



 

264  

 

 informed consent and those who did not. Pharmacoepidemiol Drug Saf 
 2005; 14: 107-12. 
218. Hoving C, Mudde AN, de Vries H. Effect of recruitment method and 
 setting on the composition of samples consisting of adult smokers. Patient 
 Educ Couns 2007; 65: 79-86. 
219. van Wieren-de Wijer DB, Maitland-van der Zee AH, de Boer A, Stricker 
 BH, Kroon AA, de Leeuw PW, Bozkurt O, Klungel OH. Recruitment of 
 participants through community pharmacies for a pharmacogenetic 
 study of antihypertensive drug treatment. Pharm World Sci 2009; 31: 158-
 64. 
220. Peytremann-Bridevaux I, Bordet J, Santschi V, Collet TH, Eggli M, 
 Burnand B. Community-based pharmacies: an opportunity to recruit 
 patients? Int J Public Health 2013; 58: 319-22. 
221. Bangsberg DR, Hecht FM, Charlebois ED, Zolopa AR, Holodniy M, 
 Sheiner L, Bamberger JD, Chesney MA, Moss A. Adherence to protease 
 inhibitors, HIV-1 viral load, and development of drug resistance in an 
 indigent population. AIDS 2000; 14: 357-66. 
222. Ribbing J, Jonsson EN. Power, selection bias and predictive performance 
 of the Population Pharmacokinetic Covariate Model. J Pharmacokinet 
 Pharmacodyn 2004; 31: 109-34. 
223. Lagishetty CV, Coulter CV, Duffull SB. Design of pharmacokinetic studies 
 for latent covariates. J Pharmacokinet Pharmacodyn 2012; 39: 87-97. 
224. Lowy A, Munk VC, Ong SH, Burnier M, Vrijens B, Tousset EP, Urquhart 
 J. Effects on blood pressure and cardiovascular risk of variations in 
 patients' adherence to prescribed antihypertensive drugs: role of duration 
 of drug action. Int J Clin Pract 2011; 65: 41-53. 
225. Gohore DG, Fenneteau F, Barrière O, Li J, Nekka F. Rational Drug 
 Delineation: A Global Sensitivity Approach Based on Therapeutic 
 Tolerability to Deviations in Execution. Pharmacol Pharm 2010; 1(2): 42-
 52. 
226. Wang W, Husan F, Chow SC. The impact of patient compliance on drug 
 concentration profile in multiple doses. Stat Med 1996; 15: 659-69. 
227. Wong D, Modi R, Ramanathan M. Assessment of Markov-dependent 
 stochastic models for drug administration compliance. Clin 
 Pharmacokinet 2003; 42: 193-204. 
228. Blesius A, Chabaud S, Cucherat M, Mismetti P, Boissel JP, Nony P. 
 Compliance-guided therapy : a new insight into the potential role of 
 clinical pharmacologists. Clin Pharmacokinet 2006; 45: 95-104. 
229. Hamberg AK, Wadelius M, Lindh JD, Dahl ML, Padrini R, Deloukas P, 
 Rane A, Jonsson EN. A pharmacometric model describing the 
 relationship between warfarin dose and INR response with respect to 
 variations in CYP2C9, VKORC1, and age. Clin Pharmacol Ther 2010; 87: 
 727-34. 
230. Wright DF, Duffull SB. A Bayesian dose-individualization method for 
 warfarin. Clin Pharmacokinet 2013; 52: 59-68. 



 

265  

 

231. Hughes DA, Walley T. Predicting "real world" effectiveness by integrating 
 adherence with pharmacodynamic modeling. Clin Pharmacol Ther 2003; 
 74: 1-8. 
232. Dickinson L, Boffito M, Khoo SH, Schutz M, Aarons LJ, Pozniak AL, Back 
 DJ. Pharmacokinetic analysis to assess forgiveness of boosted saquinavir 
 regimens for missed or late dosing. J Antimicrob Chemother 2008; 62: 
 161-7. 
233. Schwalbe O, Scheerans C, Freiberg I, Schmidt-Pokrzywniak A, Stang A, 
 Kloft C. Compliance assessment of ambulatory Alzheimer patients to aid 
 therapeutic decisions by healthcare professionals. BMC Health Serv Res 
 2010; 10: 232. 
234. Srivastava S, Pasipanodya JG, Meek C, Leff R, Gumbo T. Multidrug-
 resistant tuberculosis not due to noncompliance but to between-patient 
 pharmacokinetic variability. J Infect Dis 2011; 204: 1951-9. 
235. Rode R, Vrijens B, Niemi K, Wikstrom K, Heuser R, Podsadecki T. 
 Differences in treatment compliance between lopinavir/ritonavir 
 (LPV/r) given once (QD) versus twice (BID) daily do not affect virologic 
 or immunologic outcomes. 45th Interscience Conference on 
 Antimicrobial Agents and Chemotherapy. Washington, DC, USA, 2005. 
236. Boissel JP, Nony P. Using pharmacokinetic-pharmacodynamic 
 relationships to predict the effect of poor compliance. Clin Pharmacokinet 
 2002; 41: 1-6. 
237. Nony P, Boissel JP. Use of sensitivity functions to characterise and 
 compare the forgiveness of drugs. Clin Pharmacokinet 2002; 41: 371-80. 
238. Comte L, Vrijens B, Tousset E, Gerard P, Urquhart J. Estimation of the 
 comparative therapeutic superiority of QD and BID dosing regimens, 
 based on integrated analysis of dosing history data and pharmacokinetics. 
 J Pharmacokinet Pharmacodyn 2007; 34: 549-58. 
239. Van Soest EM, Siersema PD, Dieleman JP, Sturkenboom MC, Kuipers EJ. 
 Persistence and adherence to proton pump inhibitors in daily clinical 
 practice. Aliment Pharmacol Ther 2006; 24: 377-85. 
240. Stedman CA, Barclay ML. Review article: comparison of the 
 pharmacokinetics, acid suppression and efficacy of proton pump 
 inhibitors. Aliment Pharmacol Ther 2000; 14: 963-78. 
241. Shin JM, Kim N. Pharmacokinetics and Pharmacodynamics of the Proton 
 Pump Inhibitors. J Neurogastroenterol Motil 2013; 19: 25-35. 
242. Scandinavian Simvastatin Survival Study Group. Randomised trial of 
 cholesterol lowering in 4444 patients with coronary heart disease: the 
 Scandinavian Simvastatin Survival Study (4S). Lancet 1994; 344: 1383-89. 
243. The Long-Term Intervention with Pravastatin in Ischaemic Disease 
 (LIPID) Study Group. Prevention of cardiovascular events and death with 
 pravastatin in patients with coronary heart disease and a broad range of 
 initial  cholesterol levels. N Engl J Med 1998; 339: 1349-57. 
244. Heart Protection Study Collaborative Group. MRC/BHF Heart Protection 
 Study of cholesterol lowering with simvastatin in 20,536 high-risk 
 individuals: a randomised placebo-controlled trial. Lancet 2002; 360: 7-22. 



 

266  

 

245. Sever PS, Dahlof B, Poulter NR, Wedel H, Beevers G, Caulfield M, Collins 
 R, Kjeldsen SE, Kristinsson A, McInnes GT, Mehlsen J, Nieminen M, 
 O'Brien E, Ostergren J. Prevention of coronary and stroke events with 
 atorvastatin in hypertensive patients who have average or lower-than-
 average cholesterol concentrations, in the Anglo-Scandinavian Cardiac 
 Outcomes Trial--Lipid Lowering Arm (ASCOT-LLA): a multicentre 
 randomised controlled trial. Lancet 2003; 361: 1149-58. 
246. Colhoun HM, Betteridge DJ, Durrington PN, Hitman GA, Neil HA, 
 Livingstone SJ, Thomason MJ, Mackness MI, Charlton-Menys V, Fuller 
 JH. Primary prevention of cardiovascular disease with atorvastatin in 
 type 2 diabetes in the Collaborative Atorvastatin Diabetes Study 
 (CARDS): multicentre randomised placebo-controlled trial. Lancet 2004; 
 364: 685-96. 
247. Nakamura H, Arakawa K, Itakura H, Kitabatake A, Goto Y, Toyota T, 
 Nakaya N, Nishimoto S, Muranaka M, Yamamoto A, Mizuno K, Ohashi 
 Y. Primary prevention of cardiovascular disease with pravastatin in Japan 
 (MEGA Study): a prospective randomised controlled trial. Lancet 2006; 
 368: 1155-63. 
248. Ridker PM, Danielson E, Fonseca FA, Genest J, Gotto AM Jr., Kastelein JJ, 
 Koenig W, Libby P, Lorenzatti AJ, MacFadyen JG, Nordestgaard BG, 
 Shepherd J, Willerson JT, Glynn RJ. Rosuvastatin to prevent vascular 
 events in men and women with elevated C-reactive protein. N Engl J Med 
 2008; 359: 2195-207. 
249. Brugts JJ, Yetgin T, Hoeks SE, Gotto AM, Shepherd J, Westendorp RG, de 
 Craen AJ, Knopp RH, Nakamura H, Ridker P, van Domburg R, Deckers 
 JW. The benefits of statins in people without established cardiovascular 
 disease but with cardiovascular risk factors: meta-analysis of randomised 
 controlled trials. BMJ 2009; 338: b2376. 
250. Mihaylova B, Emberson J, Blackwell L, Keech A, Simes J, Barnes EH, 
 Voysey M, Gray A, Collins R, Baigent C. The effects of lowering LDL 
 cholesterol with statin therapy in people at low risk of vascular disease: 
 meta-analysis of individual data from 27 randomised trials. Lancet 2012; 
 380: 581-90. 
251. Jackevicius CA, Mamdani M, Tu JV. Adherence with statin therapy in 
 elderly patients with and without acute coronary syndromes. JAMA 2002; 
 288: 462-7. 
252. Perreault S, Blais L, Lamarre D, Dragomir A, Berbiche D, Lalonde L, 
 Laurier C, St-Maurice F, Collin J. Persistence and determinants of statin 
 therapy among middle-aged patients for primary and secondary 
 prevention. Br J Clin Pharmacol 2005; 59: 564-73. 
253. Narwal R, Akhlaghi F, Asberg A, Hermann M, Rosenbaum SE. 
 Development of a population pharmacokinetic model for atorvastatin 
 acid and its lactone metabolite. Clin Pharmacokinet 2010; 49: 693-702. 
254. Kim J, Ahn BJ, Chae HS, Han S, Doh K, Choi J, Jun YK, Lee YW, Yim DS. 
 A population pharmacokinetic-pharmacodynamic model for simvastatin 
 that predicts low-density lipoprotein-cholesterol reduction in patients 



 

267  

 

 with primary hyperlipidaemia. Basic Clin Pharmacol Toxicol 2011; 109: 
 156-63. 
255. Jacobsen W, Kuhn B, Soldner A, Kirchner G, Sewing KF, Kollman PA, 
 Benet LZ, Christians U. Lactonization is the critical first step in the 
 disposition of the 3-hydroxy-3-methylglutaryl-CoA reductase inhibitor 
 atorvastatin. Drug Metab Dispos 2000; 28: 1369-78. 
256. McTaggart F, Buckett L, Davidson R, Holdgate G, McCormick A, Schneck 
 D, Smith G, Warwick M. Preclinical and clinical pharmacology of 
 Rosuvastatin, a new 3-hydroxy-3-methylglutaryl coenzyme A reductase 
 inhibitor. Am J Cardiol 2001; 87: 28b-32b. 
257. Puchalski TA, Krzyzanski W, Blum RA, Jusko WJ. Pharmacodynamic 
 modeling of lansoprazole using an indirect irreversible response model. J 
 Clin Pharmacol 2001; 41: 251-8. 
258. Shin JM, Sachs G. Restoration of acid secretion following treatment with 
 proton pump inhibitors. Gastroenterology 2002; 123: 1588-97. 
259. Bell NJ, Burget D, Howden CW, Wilkinson J, Hunt RH. Appropriate acid 
 suppression for the management of gastro-oesophageal reflux disease. 
 Digestion 1992; 51 Suppl 1: 59-67. 
260. Marcus FI, Baumgarten AJ, Fritz WL, Nolan PE Jr. Alternate-day dosing 
 with statins. Am J Med 2013; 126: 99-104. 
261. Jafari M, Ebrahimi R, Ahmadi-Kashani M, Balian H, Bashir M. Efficacy of 
 alternate-day dosing versus daily dosing of atorvastatin. J Cardiovasc 
 Pharmacol Ther 2003; 8: 123-6. 
262. Liao JK, Laufs U. Pleiotropic effects of statins. Annu Rev Pharmacol 
 Toxicol 2005; 45: 89-118. 
263. Benner JS, Glynn RJ, Mogun H, Neumann PJ, Weinstein MC, Avorn J. 
 Long-term Persistence in Use of Statin Therapy in Elderly Patients. JAMA 
 2002; 288: 455-61. 
264. Donnelly LA, Doney AS, Morris AD, Palmer CN, Donnan PT. Long-term 
 adherence to statin treatment in diabetes. Diabet Med 2008; 25: 850-5. 
265. Vinker S, Shani M, Baevsky T, Elhayany A. Adherence with statins over 8 
 years in a usual care setting. Am J Manag Care 2008; 14: 388-92. 
266. Schwed A, Fallab CL, Burnier M, Waeber B, Kappenberger L, Burnand B, 
 Darioli R. Electronic monitoring of compliance to lipid-lowering therapy 
 in clinical practice. J Clin Pharmacol 1999; 39: 402-9. 
267. Shin JM, Sachs G. Differences in binding properties of two proton pump 
 inhibitors on the gastric H+,K+-ATPase in vivo. Biochem Pharmacol 2004; 
 68: 2117-27. 
268. Shin JM, Homerin M, Domagala F, Ficheux H, Sachs G. Characterization 
 of the inhibitory activity of tenatoprazole on the gastric H+,K+ -ATPase 
 in vitro and in vivo. Biochem Pharmacol 2006; 71: 837-49. 
269. Sachs G, Shin JM, Howden CW. Review article: the clinical pharmacology 
 of proton pump inhibitors. Aliment Pharmacol Ther 2006; 23 Suppl 2: 2-8. 
270. Katashima M, Yamamoto K, Tokuma Y, Hata T, Sawada Y, Iga T. 
 Comparative pharmacokinetic/pharmacodynamic analysis of proton 



 

268  

 

 pump inhibitors omeprazole, lansoprazole and pantoprazole, in humans. 
 Eur J Drug Metab Pharmacokinet 1998; 23: 19-26. 
271. Sachs G. Improving on PPI-based therapy of GORD. Eur J Gastroenterol 
 Hepatol 2001; 13 Suppl 1: S35-41. 
272. Bjornsson E, Abrahamsson H, Simren M, Mattsson N, Jensen C, Agerforz 
 P, Kilander A. Discontinuation of proton pump inhibitors in patients on 
 long-term therapy: a double-blind, placebo-controlled trial. Aliment 
 Pharmacol Ther 2006; 24: 945-54. 
273. Grant K, Al-Adhami N, Tordoff J, Livesey J, Barbezat G, Reith D. 
 Continuation of proton pump inhibitors from hospital to community. 
 Pharm World Sci 2006; 28: 189-93. 
274. Batuwitage BT, Kingham JG, Morgan NE, Bartlett RL. Inappropriate 
 prescribing of proton pump inhibitors in primary care. Postgrad Med J 
 2007; 83: 66-68. 
275. Gibbs JP, Fredrickson J, Barbee T, Correa I, Smith B, Lin SL, Gibbs MA. 
 Quantitative model of the relationship between dipeptidyl peptidase-4 
 (DPP-4) inhibition and response: meta-analysis of alogliptin, saxagliptin, 
 sitagliptin, and vildagliptin efficacy results. J Clin Pharmacol 2012; 52: 
 1494-505. 
276. Mercier F, Claret L, Prins K, Bruno R. A Model-Based Meta-analysis to 
 Compare Efficacy and Tolerability of Tramadol and Tapentadol for the 
 Treatment of Chronic Non-Malignant Pain. Pain Ther 2014; 3: 31-44. 
277. Dansirikul C, Lehr T, Liesenfeld KH, Haertter S, Staab A. A combined 
 pharmacometric analysis of dabigatran etexilate in healthy volunteers 
 and patients with atrial fibrillation or undergoing orthopaedic surgery. 
 Thromb Haemost 2012; 107: 775-85.



 

 

 

 

 

 

 


