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ABSTRACT
The University of Manchester
Pankaj Gupta Krishan Chand
Doctor of Medicine
DIAGNOSTIC AND THERAPEUTIC APPLICATIONS OF LIQUID
CHROMATOGRAPHY–TANDEM MASS SPECTROMETRY (LC-MS/MS)-BASED
URINE ANALYSIS IN MANAGEMENT OF NON-ADHERENCE TO
ANTIHYPERTENSIVE TREATMENT
December 2018
Non-adherence to medications is widespread in patients with chronic cardiovascular
conditions of which hypertension is a prime example. Hypertension affects around
1.5 billion people worldwide, but blood pressure is at target only in the minority of
patients despite the presence of cheap and effective medications. One important
reason for the lack of desired response to blood pressure lowering therapy is the
non-adherence to antihypertensive medications. The recently developed biochemical
screening for adherence using urine or blood analysis by liquid chromatographytandem mass spectrometry (LC-MS/MS) provides a confirmation of presence of the
most common antihypertensive medications in a single sample with high precision,
sensitivity and specificity.
The thesis contemplates the benefits of the objective direct measurement of
adherence versus other methods of screening including questionnaires, pharmacy
records, electronic monitoring devices and directly observed therapy. It also
thoroughly addresses the current methodological, conceptual and interpretational
limitations of the biochemical screening for non-adherence to antihypertensive
treatment.
The diagnostic potential of the test is explored in a retrospective study of 1348
patients attending clinical centers in the UK and the Czech Republic. The prevalence
of non-adherence to antihypertensive treatment was high at 41.6% and 31.5% in
these two populations, respectively. Non-adherence rates showed a strong and
almost linear relationship with the number of prescribed antihypertensive
medications, decreased with increasing age, were higher in females and those on
diuretics.
The therapeutic benefit of the test is demonstrated in a retrospective cohort study of
hypertensive patients with uncontrolled blood pressure (BP) who had undergone a
biochemical adherence testing. The mean systolic blood pressure (SBP) dropped by
19.5 mmHg and diastolic blood pressure (DBP) by 7.5 mmHg on follow up in the 73
initially non-adherent UK patients after the results of the test were discussed with
them. The corresponding figures for 93 initially non-adherent Czech patients were
32.6 mmHg (for SBP) and 17.6 mmHg for (DBP) on follow-up.
The biological insights into mechanisms of resistant hypertension are examined
through the analysis of associations between the degree of resistance to blood
v

pressure lowering therapy and clinical measures of sympathetic nervous system
activity. Resistant hypertension was proposed as a state of the sympathetic nervous
system over-activity, but this concept was based on studies that did not exclude nonadherence to antihypertensive treatment objectively. The analysis of 76 patients with
resistant hypertension demonstrated that if non-adherence is excluded objectively by
biochemical analysis of blood or urine, there is no evidence of heightened activity of
sympathetic nervous system.
The thesis assesses the overall clinical impact of the biochemical screening for nonadherence to treatment in management of hypertensive patients. It also outlines
current and future research directions including multicenter interventional study to
assess benefit of the test in improving blood pressure control, a health economic
benefit analysis, studies assessing preanalytical factors in urine and pharmacokinetic
analysis.
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PREFACE
This whole area of research in non-adherence started serendipitously in 2008/9
when I was a registrar in Chemical Pathology and Metabolic Medicine, University of
Leicester attending the Hypertension clinic run with Prof Tomaszewski who then was
a Senior Lecturer at University of Leicester (UHL). We came across a young patient
in his early thirties who was on seven antihypertensive medications, but his blood
pressure remained poorly controlled. We had excluded all secondary causes of
hypertension and the patient insisted that he was adherent to his medications. Prof
Tomaszewski asked me whether I could undertake some test in the laboratory to
confirm this. Our laboratory in UHL is a large Forensic Laboratory where drugs of
abuse are commonly tested. I thought about this, discussed it colleagues in the
laboratory and decided to set up a method to test for few antihypertensives in the
urine. The patient’s urine was then tested using this new method of LC-MS/MS and
he was found to be non-adherent to all his medications. This was followed by a
couple of other cases. Subsequently, I finished my training and joined as a
Consultant in Nottingham. My colleague and close friend Dr P Patel took the study
further and this was performed on 200 patients attending the Hypertension Clinic.
The resulting publication has been cited more than 180 times and was shortlisted as
one of the best publications by Heart for 2014.
This research has escalated and has led to the setup of the first National Centre for
Adherence Testing (NCAT) in UHL of which Dr P Patel and I are co-directors.
Further, it has led to multiple collaborations with leading researchers. I have
immensely benefitted from their insights and experience as I have from everybody
including trainees and colleagues. This thesis reflects my journey, which I believe
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has led to improvement in patient care and made me a better doctor and a better
person.
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1 CHAPTER 1
Introduction

The World Health Organisation has defined non-adherence as: “the extent to which a
person’s behaviour – taking medication, following a diet, and/or executing lifestyle
changes, corresponds with agreed recommendations from a health care provider”
(1).
Non-adherence has been known since ancient times. Hippocrates of Cos, the father
of modern medicine is attributed to have said: “Keep a watch…on the faults of the
patients, which often make them lie about the taking of things prescribed” (2). More
recently C-Everett Koop, US Surgeon General from 1981-89 made the famous
observation “Drugs don't work in patients who don't take them.” Despite nonadherence to medications being recognised as a significant issue there has been
limited progress in improving it (3). It is estimated that one third to half of patients
with chronic conditions are non-adherent with their medications (4). Non-adherence
is estimated to cost the UK heath economy £4 billion annually (3).
Non-adherence is pandemic in cardiovascular diseases with rates estimated to vary
from 10% to 70% (5). In randomised control trials designed to study the efficacy of
new therapy, the non-adherent participants had increased mortality hazard ratios of
1.8-4.3 times vs. the adherent population (5). Non-adherence is a dominant factor for
treatment failure, poorer health outcomes and repeat hospital admissions (5). A
meta-analysis has concluded that non-adherence may account for around 9% of all
cardiovascular disease (CVD) and high adherence rates were associated with more
than a 20% decrease in relative risk of cardiovascular events (6).
Globally, hypertension is leading cause of disability adjusted life years ahead of
smoking (7). It is a modifiable risk factor of cardiovascular disease and renal failure,
12

but blood pressure is optimised only in the minority of patients (8). Similar to other
chronic cardiovascular diseases, non-adherence to antihypertensive medications is
considered to be an important reason for the lack of control of blood pressure in the
general population. Although this has been known for a long time, there has been
lack of progress in this field due the inability to diagnose non-adherence in a robust
and clinically useful manner (3,9). The recent development of a comprehensive and
objective biochemical screening test that can test up to forty of the most commonly
used antihypertensives in a single urine sample using liquid chromatography-tandem
mass spectrometry (LC-MS/MS) has given the field new impetus (10). There are
many gaps in knowledge on the true prevalence of non-adherence, the efficacy of
diagnostic screening in improving outcomes and re-defining phenotypes such as
resistant hypertension which are attempted to be addressed by the research
undertaken in this thesis.

Rationale for submitting the thesis in alternative style

The University of Manchester encourages students to publish in alternative style.
This helps in increasing successful publications of work performed as a part of a
doctoral thesis and also avoids unnecessary duplication in writing. It improves writing
skills and thus helps achieve success in the academic sphere. Early in my research
for this degree, my supervisors and I agreed that I should submit my thesis by the
alternative format. This is because my research was proceeding well. I have
published five articles on my research topic. These publications, in my view and that
of my supervisors, covers the entirety of my research topic.

Outline of the thesis

The aim of the thesis is to provide evidence of real-world usage of the novel
biochemical adherence testing for antihypertensive medications.
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Chapter 1 is the introductory chapter that explains the rationale for undertaking
research in this field and the reasons for presenting the thesis in alternative style.
Chapter 2 is divided into two parts. Part 1 is formed by the invited narrative review
article “How to screen for non-adherence to antihypertensive therapy”. Further
details of patient reported measures, electronic monitoring devices, summary of the
known prevalence of nonadherence in hypertension to medications, its effect on
cardiovascular outcomes and interventions that have been shown to be of benefit in
patients are included as four tables in in second part of the chapter.
Chapter 3 consists of three main parts. Part 1 includes the aims and objectives of
the thesis. Part 2 includes the publication “Measurements of drugs in plasma/urine”
which provides details on the laboratory aspects of the biochemical screening
technique. Part 3 justifies the research methods used in the thesis.
Chapter

4

includes

the

publication:

“Risk

factors

of

non-adherence

to

antihypertensive treatment.”
It is based on the largest retrospective observational study to date of patients
attending hypertension clinics who were biochemically tested for non-adherence.
Chapter 5 consists of the publication “Biochemical screening for non-adherence is
associated with blood pressure reduction and improvement in adherence.” The
article examines a retrospective cohort follow-up study of non- adherent patients
attending hypertension clinics.
Chapter 6 consists of the submitted publication “Resistance to antihypertensive
treatment and clinical measures of sympathetic nervous system activity in
biochemically

adherent

patients

of

refractory

hypertension”

The

research

demonstrates the utility of non-adherence testing in redefining phenotypes and
providing new insights into mechanisms of hypertension.
14

Chapter 7 includes the summary, clinical impact and further work in the field.

Contributors

The majority of the work in all the chapters has been performed by me. Details of the
contributions as below:
Chapter 2: Format, literature review and write up performed by me with advice and
guidance from Dr Prashanth Patel and Prof Maciej Tomaszewski. All co-authors
critically reviewed the manuscript drafts.
Chapter 3: The format, literature review and write up performed by me with advice
and guidance from Dr Prashanth Patel and Prof Maciej Tomaszewski. The figures
were conceptualised by me and designed by Mr. Dan Lane.
Chap 4, 5 and 6: I conceived and designed the studies in conjunction with my
supervisor Prof Maciej Tomaszewski. There are two patient cohorts that were
studied in this population namely: the Leicester and Prague patients.
Leicester cohort: The study was conducted as an audit in the Hypertension clinic at
University Hospitals of Leicester. I designed the protocol, completed and submitted
the IRAS application, attended the Research Ethical Committee meeting in Derby
and obtained approval for the same (Appendix 8.1))
I collected the majority of the data. I was helped in data collection by Dr Gulsin
Grover, Ms. Alison Beech, Dr Sam Wu, Dr Mohamed A. Ali, Dr Veena Patel and Dr
Prashanth Patel. The biochemical analysis was performed by Mr Richard Cole
Senior Biomedical Scientist and Ms. Alison Kinell (nee Burns) - Clinical Scientist with
biochemical analysis under my supervision and approval of results. The statistical
analyses plan was formulated by
me and Prof Tomaszewski. I performed all initial analysis on SPSS24. For the sake
of publication, it was later re-confirmed and
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performed by statisticians: Florence Y. Lai, Artur Akbarov, Xang Xiao and Prof John
R Thompson
The figures in the manuscript in Chapter 5 and 6 were produced by Mr Artur Akarbov
in discussion with me and Prof. Maciej Tomaszewski.
The Prague data were collected, and the biochemical analysis was performed by our
colleagues from General University Hospital, Charles University, Prague, Czech
Republic namely: Dr Branislav Štrauch, Prof Věra Marešová, Dr Ondřej Petrák, Prof
Ján Rosa, Dr Tomáš Zelinka, Dr Robert Holaj, and Prof Jiří Widimský.
All authors critically reviewed the manuscripts and provided intellectual input.
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2.1.1.1 Abstract
The quality of assessment of non-adherence in hypertension to medication is poor.
Within this review, we discuss the different methods used to assess adherence in
hypertension patients. Subjective reports such as physician perceptions are inaccurate
and questionnaires completed by patients over-report adherence and have a low
diagnostic specificity. We recommend using these as an adjunct to more objective
methods. Indirect objective methods such as pharmacy database records can be
useful, but they are limited by the robustness of the recorded data. Electronic
medication monitoring devices are accurate but usually monitor only a single
medication and can be expensive. Overall, the fundamental issue with indirect
objective measures is that they do not fully confirm ingestion of medications. Detection
of medications in body fluids using liquid chromatography–tandem mass spectrometry
is currently, in our view, the most robust and clinically useful method to assess nonadherence to antihypertensive treatment. This tool to screen for non-adherence to
antihypertensive treatment is particularly helpful in patients presenting with resistant,
refractory or uncontrolled hypertension despite optimal therapy. We recommend using
this diagnostic strategy to detect non-adherence alongside a no-blame approach
tailoring support to address the perceptions (e.g. beliefs about the illness and
treatment) and practicalities (e.g. capability and resources) influencing the motivation
and ability to adhere

20

2.1.1.2 Introduction
Hypertension affects more than a billion patients world-wide and is the leading cause
of global disease burden, ahead of smoking and obesity (1). High blood pressure
(BP) is one of the most important modifiable risk factors of cardiovascular disease.
Although potent antihypertensive medications are available, BP is optimally
controlled in only half to two-thirds of patients (2,3). One potential explanation for
such low rates BP control is that antihypertensive medications are not taken as
prescribed or not taken at all (4-6). Adherence is defined as “the extent to which a
person’s behaviour – taking medication, following a diet, and/or executing lifestyle
changes, corresponds with agreed recommendations from a health care provider”
(7). Non-adherence to antihypertensive therapy is known to correlate with poor
cardiovascular outcomes. It is the main reason for treatment failure and repeated
hospital admissions (8). Conversely, high adherence to BP lowering therapy is
associated with a reduction of adverse cardiovascular outcomes (9). Unfortunately,
up to 40% of clinical appointments fail to address adherence (10,11). Furthermore,
patients are frequently reluctant to volunteer information about sub-optimal
adherence to treatment (12).
Resistant hypertension is defined as uncontrolled blood pressure despite the use of
three different classes of antihypertensive therapy at maximally tolerated doses, one
of which is a diuretic (13). The prevalence of resistant hypertension is estimated at
10-20% in patients with elevated blood pressure (13-16). Patients with resistant
hypertension have a higher incidence of cardiovascular disease and mortality than
the general hypertensive population (13). Without an appropriate diagnostic
approach, resistant hypertension is often difficult to differentiate from pseudoresistant hypertension (apparent resistant hypertension) (14). The latter is usually

21

caused

by

white

coat

effect/hypertension,

suboptimal

choice/doses

of

antihypertensive medications and/or non-adherence to treatment (17). Our recent
analysis suggests that non-adherence is the dominant type of pseudo-resistant
hypertension in patients referred for renal denervation (18). Thus, addressing nonadherence is of critical importance in the management of patients diagnosed with
resistant hypertension (6,19).
2.1.1.3 How to diagnose non-adherence
2.1.1.3.1 Subjective methods
2.1.1.3.1.1 Physician perception and patient self-reported methods

Research has demonstrated that physicians are generally not good judges of
whether their patients are taking their medication as prescribed. Indeed, physicians’
perception of non-adherence correlated with an objective measure in less than 40%
of cases. Moreover, 40% of diagnoses of non-adherence based on clinical judgment
results in treatment escalation that through augmentation of polypharmacy may
further

compromise

adherence

(20).

Increasing

the

number/doses

of

antihypertensive medications despite an impression of non-adherence implies that
the confidence of physicians in the diagnostic capacity of their perception is poor.
Hence this method is not useful in diagnosing non-adherence in clinical practice.
Asking patients to report on their own medication adherence also leads to inaccurate
estimates. There are a number of questionnaires available to diagnose adherence
and these are easy to implement, cheap and widely available (21). Of around 20
different patient self-reported questionnaires validated to some extent for use in
hypertension, the 4-item Morisky Adherence Questionnaire (MAQ) is perhaps most
commonly used. The expanded version of Morisky Medication Adherence Scale
(MMAS), Hill–Bone Compliance Scale, Medication adherence questionnaire and
Medication Adherence Self Efficacy Scale (MEMS) are also used (22). However,
22

their internal validity varies (Cronbachs’s α: 0.61-0.91) and their specificity is
generally below 75%. Adherence is over-reported by up to 20% when compared to
an objective measure (23). These over-estimates may be due to a number of
reasons, for example social desirability (wanting to be seen as a ‘good’ patient).
Thus, questionnaires have an advantage of providing some insight into barriers of
non-adherence, but are not associated with prediction of cardiovascular outcomes
(9,24). Due to the limitations highlighted above, questionnaires are not competitive
against objective methods of diagnosing non-adherence but possibly as an adjunct
to these.
2.1.1.3.2 Objective methods
2.1.1.3.2.1 Indirect methods
2.1.1.3.2.1.1 Review of pharmacy database records

Acquisition of medications by patients is considered as a surrogate of adherence to
treatment. The most common type of this measure is medical possession ratio
(MPR) defined as the number of days medication supplied to the number of days in
the observation multiplied by 100 (25). MPR >80% is generally considered as the
threshold of good adherence as there is some evidence that it predicts future
hospitalisation (26). Pharmacy database records are a popular method of assessing
adherence; they can provide some insight into various components of nonadherence including persistence and discontinuation rates (27-32). The prevalence
rates of non-adherence assessed through review of pharmacy database records
range between 14%-76% and association with increased risk of cardiovascular
outcomes ranged from 0.55-1.07 (27-32). Such a high variation may reflect (at least
in part) inherent limitations of this method in diagnosing non-adherence. For
example, the accuracy of non-adherence detected also depends on the
completeness and robustness of the records. A systematic review of pharmacy
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patient records has revealed that significant medication errors were noted in all
studies (33). There was an error rate of between 13-29% in the retention of
discontinued medications on the records and 24% of medication lists errors were
classified as significant (33). For example, the accuracy of adherence assessed
using pharmacy records also depends on patients having access to only monitored
systems of medications supply and the integration of data across the monitored
systems of prescription refill. The correlation between pharmacy refill records and an
objective measure of testing for non-adherence (electronic monitoring) is poor (34).
Furthermore, retrospective pharmacy records may not be reflective of a patient’s
current disease condition, medication taking pattern or behaviour. Finally, obtaining
information from pharmacy records may be difficult where primary health care
records are not integrated across various systems/providers and electronic records
are not ubiquitously used. Finally, collecting a prescription for a medicine is not the
same as taking it.
2.1.1.3.2.1.2 Pill counting

This indirect measure of adherence relies on counting the number of pills that remain
with a patient after a prescribed period. Pill-counting overestimates non-adherence
by roughly 8% when compared to data from objective electronic monitoring devices
(23). Although in theory it is a simple method, it is entirely dependent on the patient’s
co-operation (bringing their pill containers to the clinic), it does not take into account
any surplus medication the patient may have from previous prescriptions, and it is
time consuming in a busy clinical setting (21). It is also often difficult to determine the
baseline number of pills with a patient and is open to inadvertent omission due to
pills being stored in different places (35). Patients may also remove pills when a
clinic visit is due in order to mask non-adherence. Indeed, pill counting does not

24

necessarily mean the patient has taken the pills. Hence this method is not commonly
used to assess non-adherence in clinical practice.
2.1.1.3.2.1.3 Electronic monitoring devices (EMDs)

Electronic monitoring devices (EMDs) can be broadly divided into devices that record
adherence and those that also provide feedback to the patient and/or the health care
provider. They range from simple audio-visual devices e.g.: digital recorders with
display and alarms, to sophisticated devices which use pill dispensers with electronic
sensors activated by the act of opening. Feedback may be provided in the form of
audio-visual alerts, prompts on computer systems or wirelessly through text
messaging and mobile phones. This data can be transmitted to the patient, their
relatives, their health care provider or support care providers (36). Medication event
monitoring systems (MEMS) is the most widely used EMD. It provides a rich
granularity of data on dosing times, patterns of non-adherence including, lack of
initiation of medication, persistence and discontinuation periods and periods of good
and poor adherence (37). It has been widely used in research studies but there is
limited data available on the ability of non-adherence detected in EMDs to predict
adverse

cardiovascular

outcomes.

The

recent

metanalysis

of

prospective

epidemiological studies on non-adherence to cardiovascular therapy included one
small study that used an EMD (9). The study demonstrated that the likelihood of
adverse outcomes was decreased in patients with heart failure who had good
adherence (38). However, EMDs are expensive and each device can currently
monitor only one medication. Therefore, it is difficult to assess overall non-adherence
in patients on multiple medications such as those with resistant hypertension.
Recently multi-compartment pill organisers with electronic monitoring have become
available (39). There also adhesive labels or thin polymers with sensors available to
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attach on blister packs (30,45). These polypharmacy electronic monitoring systems
(POEMS) overcome the limitation of single medication monitoring.
EMDs may undergo mechanical failure and patients may take out more than one pill
with each opening (40). There is also an increased adherence rate reported on initial
use of the devices thus EMDs may to some extent act as intervention in increasing
adherence to medication (35). Patients often take their medications outside of their
home and thus the systems may be bulky and intrusive to the patient’s privacy (39).
Despite these limitations EMDs are probably one of the best indirect objective
methods of diagnosing non-adherence (23). The main issue remains the high cost of
the devices and the fact that opening the container does not equate to ingestion of
consumption or ingestion of medications.
2.1.1.3.2.2 Direct methods

Direct methods include directly observed therapy, digital pills and biochemical
measurements in urine or blood.
2.1.1.3.2.2.1 Directly observed therapy (DOT)

DOT clinics invite patients to attend the hospital and take part in sequential ingestion
of antihypertensive mediations at intervals of 1-2 hours under direct continuous
observation of a nurse. Twenty-five percent of non-adherent patients were reported
to develop symptomatic hypotension when assessed using this method (41). There
are also anecdotal reports of non-adherent patients being admitted to intensive care
due to a precipitous drop in blood pressure driven by ingestion of previously avoided
prescribed medications. Apart from safety concerns, there are other limitations of this
method including costs, logistics and labour (the patients usually have to come for at
least half-a day and be supervised by trained staff).

26

2.1.1.3.2.2.2 Digital Pills

A recent innovation is the development of pills with ingestible sensors that emit a
signal when activated by gastric juices. The signal is detected by a patch worn by the
patient and the information remotely transmitted to a health care provider. Digital pills
have been shown to be effective where a course of medications is needed for a
limited timeframe such as in tuberculosis (42). Although these have been approved
for use by the FDA and European Medicines Agency, these are currently expensive
and as yet there is only a limited uptake of this technique. It is also not clear how
acceptable this technique might be to patients.
2.1.1.3.2.2.3 Biochemical detection of medications in urine or blood

We and others have recently developed an objective method to assess nonadherence in bodily fluids samples (43-50). The method utilises high performance
chromatography-tandem mass spectrometry (HPLC-MS/MS) which is commonly
used in forensic toxicological analysis (51,52). HPLC-MS/MS-based analysis
requires a simple urine/blood sample. A total of 5-10 ml of urine collected in a plain
container, frozen and analysed in batches. Our assay tests for the presence/absence
of 40 most commonly prescribed antihypertensive medications (43). The nondetection of expected antihypertensive medication in urine is consistent with nonadherence to the prescribed antihypertensive lasting at least as long as its four halflives (53). This time is different for each antihypertensive medication dependent on
their pharmacokinetic profile. For a majority of antihypertensive medications this time
is in excess of 24 hours. For example, the absence of amlodipine in urine (half live:
35-70 hr, 4 half-lives: 140-280hr) means that the medication was not taken for at
least 5.8 days prior to the urine sample collection (53).
HPLC-MS/MS instrumentation is expensive (≈$250,000-$300,000) and requires
skilled laboratory staff. These resources are available in most teaching hospitals in
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the UK and the same would be true in similar centres across the Western world. The
analytes are stable in urine (50) and hence we envisage a model of non-adherence
testing with regional centres where samples could be sent for analysis by HPLCMS/MS. Indeed, our laboratory receives samples from across 20 centres in the UK
and has analysed more than 2000 samples to date. A recent predictive modelling
study demonstrated that repeated biochemical screening for non-adherence to
antihypertensive treatment (known as therapeutic drug monitoring) is cost–effective
in the management of resistant hypertension (54).
Biochemical assessment by HPLC-MS/MS provides only a snapshot of non-adherent
behaviour. The detection of a prescribed antihypertensive medication in blood/urine
does not equate to persistence. Furthermore, the HPLC-MS/MS-based urine
analysis is not immune to “tooth-brush adherence” or white-coat adherence – i.e.
sudden improvement of adherence prior to a clinic visit (similar to the behaviour of
patients brushing their teeth before visiting a dentist) (55).
2.1.1.4 When to assess for non-adherence
Given the high incidence of non-adherence in patients presenting with “resistant
hypertension”, we would suggest screening for non-adherence in all such patients
(56). We have demonstrated that approximately one in three patients referred for
renal denervation was non-adherent to their antihypertensive treatment (18). The
recent data from DENERHTN trial suggest that non-adherence is even more
common amongst patients in whom renal denervation was conducted (57). Thus, it is
worth

considering screening for non-adherence

in

patients with

resistant

hypertension prior to irreversible and expensive interventions such as renal
denervation.
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There is a sub-group of patients who are considered to have refractory hypertension.
This is defined as patients who have uncontrolled blood pressure despite being on
≥5 antihypertensive medications (usually on two diuretics) and under specialist care
for their hypertension (58). The prevalence is thought to be between 3-10% of
patients referred with uncontrolled resistant hypertension to a specialist clinic
(59,60). The prevalence of refractory hypertension is estimated at 0.5% of all
hypertensives (13). We suggest excluding non-adherence to BP lowering therapy by
an objective method in all such patients before classifying them as truly refractory to
antihypertensive medications.
In our experience, the overwhelming number of patients on monotherapy are likely to
be adherent and therefore non-adherence testing is unlikely to be of benefit or costeffective in this group of patients. Conversely as the number of medications
increase, it is more likely that patients are non-adherent. Therefore, it would be
useful to test for non-adherence if there is a lack of an expected response in blood
pressure in patients on optimal antihypertensive therapy, even if they do not satisfy
the definition of resistant hypertension. In such cases, the test helps the clinician
identify the reason for uncontrolled hypertension and thus prevent unnecessary and
expensive investigations.
2.1.1.5 Which Interventions improve non-adherence?
A Cochrane review of interventions with a potential to improve non-adherence was
published in 2012 (61). Only 13 studies related to non-adherence to antihypertensive
treatment were of sufficient quality to be included in this review. Of these, four used
self-reported measures of non-adherence, five used pill counts and the remaining
four used MEMS to monitor non-adherence. Adherence rates improved by 3% (pill
counts) to 36% (self-report) in 11 of the 13 studies. Systolic BP improved by 3-
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9.5mmHg in 7 studies and in 2 studies only diastolic BP improved by 3-4 mmHg (61).
There were 7 studies that showed improved adherence and a significant change in
BP. The interventions that were of benefit were complex and included various
combinations of detailed patient education or discussion, simplifying dose regime,
patient reported BP measurements, telephone discussions and lifestyle advice (61).
The findings of the review are in keeping with the WHO view that non-adherence
needs to be considered in a holistic manner (7). All barriers such as difficulty in
access to health care, cost of medications, lack of social support, inadequate health
care provider, patient education (especially for asymptomatic diseases such as
hypertension), lack of training of health care providers, complexities of medication
dosing and co-morbidities including depression need to be addressed (7).
Furthermore, any intervention needs to be underpinned by a Perception and
Practicalities Approach to adherence support (62). This approach has been
endorsed by NICE Medicines Adherence Guideline (12). It is a tailored approach that
identifies and addresses patient’s perceptions (e.g.: beliefs about hypertension and
medications) and also addresses the practicalities (e.g.: capability and resources)
influencing the patient’s motivation and ability to adhere to treatment (62,63).
The Cochrane review concluded that overall the quality of research was poor and
emphasised the need to use objective measures of non-adherence in future
research in this field (61).
2.1.1.6 Our clinical experience
We have been using urine HPLC–MS/MS analysis in routine clinical practice for the
last four years. We collect urine samples from the patients with their prior consent on
the day of their clinic visit. The results of the analysis are then discussed at the
subsequent appointment. Through its unbiased nature, the urine analysis provides
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the physicians with necessary confidence to discuss non-adherence and its causes.
Such discussions are conducted in a non-confrontational and a non–judgmental
manner further to the biochemical confirmation of the non-adherence to
antihypertensive treatment. We explain to patients that the lack of medications in the
body is the reason why their blood pressure is high. This simple linkage, in our
experience, often changes the perception of patients about the benefit of
medications in controlling their hypertension. We also address patient beliefs about
medications. A key misconception is that because there are no symptoms of the
disease (hypertension is mostly asymptomatic) and/or there is actual improvement in
well-being, the persistence with antihypertensive medications is assumed to be
unnecessary (7,63). Common reasons of non-adherence 7 such as forgetfulness
and polypharmacy are also addressed and simple cost-effective solutions such as a
pill organiser, reminder techniques and/or the reduction in the number of prescribed
medications (combination pills) are suggested. The HPLC-MS/MS-based urine
analysis is performed on follow-up appointments.
2.1.1.7 The ethical, clinical and economic aspects of screening for nonadherence to antihypertensive treatment
There may be concerns that objective testing is similar to “policing” the patients and
reflects a disciplinary society where hierarchical organisations have the dominant
power and individuals lose control of their self and their privacy (64). The alternative
view is that such monitoring (especially digital) is part of information society that
individuals are willing to be part of and thus gain personal benefit (65). From the
clinical point of view, ignoring or ineffective way of testing for non-adherence will
result in unnecessary treatment escalations and additional investigations many of
which carry risks. From the health economy point of view, the consequences of
ineffective diagnostic approaches to non-adherence to antihypertensive treatment
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are extremely expensive reaching approximately $1000 to $1500 per patient in the
UK. Improvement in non-adherence rates in hypertensive patients by 25% can lead
to reduction of adverse events by more than 2 million and lead to savings of
$20billion (66). On the individual level, detecting non-adherence objectively prevents
unnecessary investigations, hospital visits and helps bringing to the surface the
patient’s views about medications and their understanding of their illness which can
then be discussed openly in a patient-centred manner. In our experience, patients
are very rarely concerned about the urinary screening for adherence. Anecdotally,
we have had similar feedback from other clinicians across UK who use our service to
detect non-adherence by HPLC-MS/MS.
2.1.1.8 Conclusion
Non-adherence to blood pressure lowering therapy is common in patients with
uncontrolled hypertension and is much higher in patients with “resistant
hypertension” than in the general hypertensive population. Therefore, testing for nonadherence in these patients should become a part of routine clinical practice. In our
view, subjective methods to assess non-adherence such as patients’ reports should
be used with caution, only in conjunction with an objective method and not as a
stand-alone-tool to diagnose non-adherence. Objective measures are more reliable
but are more expensive. Amongst the indirect objective measures, EMDs with
patient feedback provided by a health care provider are to be preferred over
pharmacy records but the usage would be dictated by resources. Some direct
methods such as DOT are expensive and can lead to hypotensive events. In our
view, the biochemical analysis by HPLC-MS/MS, if available, is the most accurate
and practical technique for use in busy clinics. Due to the non-invasive nature of
collection of urine, the latter is preferred to blood.
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The confirmation of non-adherence to antihypertensive treatment should be followed
by a no blame approach facilitating an open discussion to identify and address the
perceptions and practicalities influencing a patient’s motivation and ability to adhere
to treatment. Ultimately, repeated assessments of non-adherence and a tailored
approach as above is possibly the most appropriate management strategy that will
lead to sustained adherence to antihypertensive treatment.
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Chapter 2 - Part 2 - Tables
Table 2.1: Validated patient reported questionnaires utilised in studies of nonadherence to antihypertensive medications studies
Number.
of
questions

Barriers to
nonadherence
identified?
(Yes/No)

No

Scale

Comparator

Sensitivity/
specificity/
Cronbach’s
alpha

1

Brief Medication
Questionnaire
(BMQ)

MEMS

0.27/1.0/NA

9

Yes

2

Hill-Bone
Compliance Scale
10

BP control

NA/NA/0.79

10

Yes

3

Hill-Bone
Compliance Scale
14

BP control

NA/NA/NA/
0.84

14

Yes

BP control

4

Morisky
Medication
Adherence scale
(MMAS)

8

Yes

BP records

5

Medication
Adherence
Questionnaire
(MAQ)

4

Yes

Pharmacy
records

Pharmacy
records

0.93/0.53/0.83
0.73/0.36/0.56
0.81/0.41/0.61
0.32/0.71/NA

Medication
Adherence Self
6
Efficacy Scale
MEMS
NA/NA/0.91
13
Yes
Revised
(MASES-R)
MEMS: Medication Event Monitoring System, BP: Blood pressure, NA: Not available;
Cronbach’s alpha: measure of internal consistency (>0.8 denotes good internal
consistency). Table modified from Nguyen TM, La Caze A, Cottrell N. 2011(11).
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Table 2.2: List of commonly available electronic monitoring devices

No

Nature of
device

Technique

Example

Cost of
device

Software
reader

Cera Pack

~£50

~£175

e-pill MultiAlarm plus Pill
Timer Pillbox

~£20

Not
required

Medication
Event
Monitoring
Systems
(MEMS)

~£5

~£300

1

Blister Pack
with reader

Records data when
each blister opened –
data scanned by a
reader and can be
uploaded/ transmitted
to a computer

2

Alert
container

Alerts (glow/ beeps)
when it is time for
patient to take his
medication

Smart Pill
containers

Sensors on cap that
transmit information to
a computer when the
bottle is opened

3

Data compiled from Goldfarb N 2007 (12) and Figge H 2010(13)
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Table 2.3: Non –adherence in prospective studies of patients with Hypertension

No

Study Region
(Reference)

Key inclusion
criteria

Average.
Follow up
period

1

Lombardy-I,
Italy (14)

New HT ± CVD
age >18yr

6.0yr

3

Local Health
Unit Florence,
Italy (15)

New HT without
CVD

1.9yr

PDC

31,306

2

Tennessee
Care, USA
(16)

HT excluded if
stroke/death in
previous 2yrs,
age< 64yr

4.7yr

MPR

49,479

4

Taiwan (17)

HT+- comorbidity

1.0yr

Adherence
measure

No of
participants

PDC

242,594

PDC

29,685

Relative
risk of
CVD
events
(CI)

No. of events
(%)

NonAdherence
Prevalence

12,016 (4.9%)

0.24

0.75

MACE

(0.24-0.24)

(0.71-0.80)

2097

0.42

0.86

(6.7%) MACE

(0.41-0.42)

(0.69-1.07)

4721 (9.5%)

0.39

0.91

Stroke +death

(0.39-0.40)

(0.86-0.97)

491 (1.6%)
CVD

0.86
(0.85-0.86)

0.70
(0.55-0.80)
44

5

6

Germany (18)

Treatment naive,
monotherapy

Australia (19)

Comparison of
ACE vs. Diuretic.

2,981 (46.7%)
6.0yr

MPR

4.1yr

MAQ
questionnaire

6,376

3,912

0.68

0.81

HT related
disease

(0.67-0.69)

(0.70-0.93)

449 (11.4%)

0.67

Cardiovascular
events

(Not
provided)

0.81
(0.67-0.98)

ACE: Angiotensin converting enzyme inhibitors or angiotensin receptor blockers; CCF: Congestive cardiac failure; CI: confidence
interval; CVD: Cardiovascular disease, HT: Hypertension; MACE: Major adverse cardiovascular events (composite end point of allcause mortality, myocardial infarction or stroke); MPR: Medication possession ratio; PDC: Proportion of days covered; RR: relative
risk.
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Table 2.4: Summary of randomised control trials to improve non-adherence with antihypertensive medications

No

Number in
each arm)
(reference)

1

120 (20)

Intervention

Improvement
Adherence
(%)

Improvement
in BP (mmHg)

Selfreported

Dose change, adherence
assessed at each visit, leaflets &
exercise regimes provided

16.6

SBP:5.2

6.0

DBP:4.4

Objective

Adherence
measure

Effect of pharmacy
care

156 (21)

Effect of
telecommunication

Pill counts

Telephone linked computer
system that interacted with
patients,
Patients reported weekly
adherence and self-monitored BP

3

85 (22)

Effect of pharmacy
care

Selfreported

Advice on healthy lifestyle referral
for smoking cessation, 8 weekly
telephone calls, dosage
simplification

36.0

SBP:6.8

4

83 (23)

Effect of pharmacy
care

Pill counts

Education + blister packs + 2
monthly follow up

35.7%

SBP:3.3

2
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5

6

7

8

9

182 (24)

100 (25)

Effect of mail
intervention (MI)
and nurse led
telephone
interventions (TI)
Effect of Home
Blood pressure
monitoring

98 (26)

Effect of pharmacy
care

74 (27)

Effect of nurse led,
physician directed
home-based blood
pressure
management

100 (28)

Effect of nurse led
home tele-health
intervention

Pill counts

TI by a nurse or MI and reminder
to attend physician visit

2.9 (TI)
5.3 (MI)

SBP: 9.5 (TI)
NS (MI)

MEMS

Home blood pressure monitors +
instruction book+ card to record
BP+ phone call to confirm
instructions

Not stated

DBP: 3.1

Self reported &
Pill counting

Discussion to identify reasons of
non-adherence, education,
counselling, advice to physicians

16.9

SBP: 6.8

MEMS

Education on adherence,
recognition of side-effects, selfmonitoring of BP, encouraged
return of BP printouts, telephoned
patients and change medications
as required

11.3

SBP:8.5

SelfReported

Daily BP monitoring with a device
that had a programmed
algorithm-based advice about BP
control and lifestyle- advice
appeared as daily prompts

Yes- data not
available

SBP:3.3
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10

11

12

13

196

Comparison of
once vs. twice
daily HT therapy

Pill count

Once daily metoprolol vs. twice
daily

11.3

NS

27 (30)

Comparison once
a day vs twice
daily medication

MEMS

Enalapril 20mg OD vs 10mg BD

11.0

NS

17 (31)

Comparison of
intensive
adherence control
vs. routine care

Pill count

Education, Tailoring, selfmonitoring of pills and rewards by
non- health professional

22.8

NS

125 (32)

Effect of education
+ Positive
affirmation

MEMS

Increasing positive affirmation by
information, telephone discussion
about “proud moments” and
unexpected rewards

8

NS

Table adapted from Nieuwalat 2014 (9). BP – Blood pressure; DBP - Diastolic blood pressure; MEMS - Medication Event
Monitoring System; MI - Mail Intervention; NS – Not significant, SBP - Systolic Blood Pressure; TI – Telephone Intervention
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3 CHAPTER 3
Part 1: Aims and objectives
Aim and objectives of Chapter 4
3.1.1.1 Aims
• To examine the prevalence and risk factors of non-adherence in patients attending
hypertension clinics.
3.1.1.2 Objectives
• To establish the percentage of patients attending Hypertension clinics that were totally
non-adherent (no medications detected) or partially adherent (non-detection of at least
one of the prescribed medications)
•

To examine the associations between non-adherence and clinical factors

Aims and objectives of Chapter 5
3.1.2.1 Aim
• To perform an initial indicative study of the therapeutic potential of biochemical
screening for non-adherence in management of blood pressure
3.1.2.2 Objectives
• To compare the change in clinic BP and/or 24-hr ABPM at baseline and follow-up in
patients who were non-adherent to their antihypertensive medications
•

To compare the change in adherence ratio (the number of medications detected to
prescribed) in patients who underwent biochemical screening for non-adherence

•

To compare BP control and medication control of adherent and non-adherent
hypertensive patients at baseline and follow-up
Aims and Objectives of Chapter 6

3.1.3.1 Aim
• To explore the proposed role of sympathetic nervous system activity in resistant
hypertension using clinical information of patients in whom non-adherence has been
excluded objectively by biochemical analysis of urine
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3.1.3.2 Objective
• To examine the associations between the degree of resistance to antihypertensive
treatment and measure of sympathetic nervous system activity recorded on 24-hr ABPM
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3.2.1.1 Abstract
Biochemical detection of antihypertensive medications in blood and urine is a recent addition to
the diagnosis to therapeutic non-adherence. The biochemical analysis by high performance
liquid chromatography-tandem mass spectrometry (LC-MS/MS) provides a direct, objective
and robust confirmation of the presence or absence of prescribed antihypertensive medications
in bodily fluids. This chapter covers the laboratory principles and the clinical aspects of the
biochemical screening for therapeutic non-adherence in management of hypertension.
3.2.1.2 Key words
Biochemical screening, adherence, non-adherence, liquid chromatography mass spectrometry,
hypertension, cardiovascular disease, blood pressure
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3.2.1.3 Background
Biochemical screening for non-adherence provides an objective and direct approach to
detection of medications in blood or urine. The biochemical analysis is based on high
performance liquid chromatography-tandem mass spectrometry (LC-MS/MS). Chromatography
was first developed in 1903 by celebrated Russian botanist Mikhail S. Tswettto to separate
plant pigments (1). Liquid chromatography is an evolution of this technique and is based on the
principle of partition chromatography. The technique “partitions” (or separates) analytes based
on differences in solubility in two phases namely the mobile and stationary phases (2). The
technique was invented by J P Martin and R LM Synge for which they were awarded the Nobel
prize in Chemistry in 1952.
Mass spectrometry was first described in 1897 by Sir Joseph J Thomson (3). A mass
spectrometer principally consists of walls made of two pairs of strong magnets (called a
quadrupole). Ions travel at variable speed based on their mass (m) to charge (z) ratio and thus
are filtered while passing through it. Mass spectrometry was already used in research
laboratories in the 1960s and 70s. It expanded dramatically since the ability to volatilise large
molecules by electrospray ionisation was achieved [Nobel prize in Chemistry awarded to John
Fenn 2002) (4)]. The mass spectrometer in the past, was interfaced with gas chromatography
which requires more processing of samples and hence was difficult and

time-consuming.

Liquid chromatography is a lot simpler and therefore once liquid chromatography was
interfaced with the mass spectrometer the use of LC-MS/MS increased exponentially over the
last two decades.
LC-MS/MS is now the workhorse and a gold standard technique for a wide range of specialised
clinical tests use such as measurement of vitamin D in blood, quantification of steroids such as
cortisol or 17-hydroxy progesterone in blood and urine and in proteomics/metabolomics
research (5). Due to its high specificity and sensitivity, LC-MS/MS has been used to detect
drugs in forensic laboratories (6) and to detect doping in competitive sports (7).
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3.2.1.4 Principle of LC-MS/MS
The key components of an LC-MS/MS are outlined schematically in Figure 3.1.
3.2.1.4.1 Sample derivatisation

A blood or urine specimen contains a complex mixture of substances including proteins, lipids,
carbohydrates, cells and numerous small molecules. The sample therefore requires purification
by derivatisation. An aqueous aliquot of this derivatised sample is then injected into a highperformance liquid chromatograph.
3.2.1.4.2 High performance liquid chromatography (HPLC)

HPLC separates the analytes of interest in a specimen by passing it through a fine bore column
under high pressure. Hence HPLC is a much faster process than normal pressure
chromatography. The HPLC column is packed with tiny silica particles that form the stationary
phase. Commonly these silica particles are coated with compounds having alkyl side chains to
increase their affinity for hydrophobic compounds. Thus, analytes of interest (which are usually
hydrophobic) bind to the stationary phase and are hence separated from the aqueous phase.
The type of column and the alkyl side chain are chosen to provide an optimum internal porosity
and retention of the analytes of interest from the mixture of substances present within a
specimen. Samples are introduced at one end of the columns; the analyte of interest is
retained, and the rest of the sample is discarded from the column as effluent. The retained
analytes are then released or eluted from the column by using specialised solutions and buffers
(8).
3.2.1.4.3 Mass spectrometry (Figure 3.2)

The analytes need to be introduced in the mass spectrometer in a volatised and ionised form
so that they can be suitably detected. The two common volatilisation techniques are
Atmospheric Pressure Ionisation (API) or Electro Spray Ionisation (ESI). The separated sample
is introduced through a nebuliser under conditions of dry heat or reduced pressure into a
narrow inlet which causes them to form small ionised droplets. Once ionised, the sample is fed
into the mass spectrometer.
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A tandem mass spectrometer (MS/MS) consists of two sequential sets of mass spectrometer
that are aligned in tandem and hence the term tandem mass spectrometer. The first mass
spectrometer filters ions (called as parent ions) which are introduced in a collision cell forming
daughter ions which are again filtered through the second mass spectrometer.
The filtered ions can now be finally detected and then identified. The identification is based on
the fragmentation pattern of an analyte. This can be predicted from their structure and previous
experience of a laboratory. Thus, most users of LC-MS/MS have a library of analytes with their
expected unique identifier ions that is used to identify the analyte of interest. In our laboratory,
at least two unique m/z ions are used to identify a drug and/or its metabolite (8).
In summary, the entire process of LC-MS/MS consists of purification of an analyte and
separation by HPLC. The sample is then vaporised and ionised fed into the first MS and are
filtered by their m/z ratio. These parent ions then are further fragmented in the second collision
cell into daughter ions which are again filtered in the second MS based on their m/z ratio. The
filtered parent and daughter ions can be identified by their unique mass to charge (m/z ratios).
3.2.1.5 The biochemical principles of assessment of non-adherence to
antihypertensive treatment
We and others have developed an LC-MS/MS method to detect the most common
antihypertensive medications in blood and urine to diagnose non-adherence to blood pressure
lowering therapy (9-16). The most modern LC-MS/MS methods can detect presence or
absence of antihypertensives reliably with high specificity and extraordinary sensitivity (usually
in the nanogram range and typically <10ng/L) (15). In our centre, the LC-MS/MS-based system
can screen for 40 of the most commonly prescribed antihypertensive medications in a single
urine sample (9). The absence of medications in a sample implies that it has not taken for the
time equivalent to at least 4-6 half-lives of the medication. The time of retention of medications
and its traces in bodily fluids is determined by its pharmacokinetic and pharmacodynamics
profile and patient’s individual metabolic characteristics (17) (Table 3.1). It has to be
appreciated that the biochemical test provides a snapshot of non-adherence and as yet there
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is no data on how well it reflects long-term persistence with antihypertensive treatment (18) or
long-term health outcomes. LC-MS/MS-based analysis is also not immune to changes in
patients’ behaviour activated by clinical appointments (toothbrush effect or white coat
adherence) (19).
3.2.1.6 Laboratory processing of samples
Biochemical screening for non-adherence can be conducted using a urine or blood sample.
Our preference is using a urine sample due to the non-invasive nature of the collection. The
volume of urine or blood required is only around 1mL. The samples are stable for 3-4 days at
room temperature and hence can be transported by ordinary post to remote laboratories where
HPLC-MS/MS is available. Our hospital now receives samples from around 25 UK and a few
overseas centres. Upon receipt, the samples are stored at -200 C until analysis, which is
undertaken in batches of 20-30 samples two-three times a week.
The analytical process is labour and skill intensive. One batch of samples requires two hours of
a mid-level laboratory technician’s time. The run time for each sample on the LC-MS/MS takes
approximately 30 minutes. Each run is repeated and performed in two detection modes. Our
screening panel has gradually expanded, and we can now detect not only almost all known
antihypertensives but 20 other medications including commonly prescribed hypoglycaemics,
statins, anti-arrythmics and newer oral anticoagulants. The outputs from HPLC-MS/MS are
read by a senior laboratory scientist against an in-house library and then interpreted and
signed off by a medical consultant. The ultimate report provides qualitative information of
whether the prescribed medication was detected or not in a sample.
The instrument is expensive (around £200,000-250,000). This makes biochemical testing for
non-adherence unlikely to be available across the world. The lack of widespread use of direct
and objective methods to detect non-adherence may be a reason for the persistent clinical
challenges to tackle deviations from prescribed antihypertensive medications (20). Centres
with required expertise and availability of LC-MS/MS instruments should increasingly act as
hubs to provide access to the biochemical screening for non-adherence to antihypertensive
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treatment. Indeed, in Leicester we have set up the first National Centre for Adherence testing
in UK (21) and so far, have analysed over 4,000 urine samples.
3.2.1.7 Detecting non-adherence to antihypertensive treatment
Biochemical analysis of bodily fluids is one of few direct objective methods to confirm nonadherence to treatment. Subjective methods such as physician’s perceptions have poor
diagnostic accuracy of around 60% as compared to an objective method (22). Patient self–
reported questionnaires tend to over report adherence by up to 20% (23) and show poor
correlation with cardiovascular outcomes (24). Pharmacy database records are an objective
indirect method to assess non-adherence but suffer from inaccuracies (i.e. out-dated
medication history) and suboptimal completeness of records (25).
Electronic monitoring devices (EMDs) provide an indirect objective method to assess nonadherence and are available in a variety of forms from simple alarm devices to highly
sophisticated systems that register and record each time a medication dispensing device is
opened. They can provide a rich amount of data including exact time of a missed dose (26).
The limitations of EMDs are that each device can monitor only a single medication, they are
expensive and are bulky to carry. Crucially, opening of a medication dispenser is not the same
as ingestion of a pill.
Directly observed therapy (DOT) is based on patient’s ingestion of antihypertensive
medications under a supervision of clinical staff. It is logistically involved, expensive and
requires the patient to attend the hospital for at least half-day plus a dedicated supervision of
senior clinical staff. It is can also lead to serious clinical complications. One study reported that
25% of seemingly adherent hypertensive patients developed significant hypotension as a result
of attending DOT appointment (27).
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3.2.1.8 Prevalence and risk factors of non-adherence to antihypertensive
medications – insights from biochemical analysis of bodily fluids by HPLCMS/MS
Non-adherence to antihypertensive medications has been previously estimated at 24-86%
mainly by using pharmacy databases (28). One of the highest rates are reported in patients
who underwent renal denervation – nearly 80% had some degree of non-adherence to
antihypertensive therapy when biochemical testing was performed (29). We have recently
demonstrated, in a large study of approximately 1,400 patients from two European countries
that the prevalence of non-adherence was between 31.5% and 41.6% (30). Up to 14.5-24.1%
patients were completely non-adherent with their prescribed antihypertensive treatment (30).
Biochemical non-adherence to antihypertensive treatment is inversely related to age with the
risk decreasing by nearly 35% with each decade of life (30). Non-adherence to BP lowering
therapy is also higher in women than by men (30). The most striking risk factor for nonadherence is the number of prescribed antihypertensive medications – each increase in this
number increases the risk of non-adherence by around 80% (30). Furthermore, non-adherence
to antihypertensive treatment is associated with the use of diuretics (30).
3.2.1.9 Our clinical experience
We have routinely been performing biochemical screening for non-adherence in the University
Hospitals of Leicester Blood Pressure Clinic since 2011. The process is summarised in Figure
3.3. In cases where non-adherence is suspected, we request the patient to provide a spot urine
sample on the day of their clinic appointment after explaining to them the reasons for doing so.
The results of the LC-MS/MS-based urine analysis are discussed with them at their subsequent
visits.
The insights provided by the information from the biochemical screening for non-adherence are
clinically useful both for doctors and patients. The doctors are given much needed confidence
to discuss the most appropriate management strategy on non-adherence to antihypertensive
treatment based on the objective non-detection of prescribed BP lowering medications. This is
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particularly important given the evidence that a doctor’s training in communication has a
significant impact on patient’s attitude to adherence (31).
Indeed, the results of the test sets the scene for an exploration of barriers to adherence some
of which may be embedded in patients’ self-beliefs about the necessity of taking medications
and illnesses (32). Due to the largely asymptomatic nature of hypertension, patients do not feel
“pressurised” to take BP lowering medications on a regular basis. The non-detection of
antihypertensive medications in urine helps making its linkage to high blood pressure crystal
clear to patients over discussion of the results. This discussion shapes the tailored therapy that
addresses the key underlying reasons for non-adherence to antihypertensive treatment. Such a
personalised approach is the most effective method of improving non-adherence (33). One of
the key reasons for non-adherence to antihypertensive treatment is complex dosing regimens
and polypharamcy (30,34-35). Removing unnecessary medications, fixed dose combinations,
dosette boxes, involving relatives in reminding the patients to adhere to treatment can be very
effective in tackling biochemically confirmed non-adherence to BP lowering therapy. We have
also started involving a psychologist to help exploring the complex nature for reasons of
intentional non-adherence and have found this approach very useful.
Reassuringly, the patients’ acceptance of the biochemical screening for non-adherence to
treatment is overwhelmingly very positive. In our experience, it has not led to an erosion of trust
or adversely affected the doctor-patient relationship.
We find that biochemical screening for non-adherence is particularly helpful in patients with
suspected resistant hypertension and prior to invasive therapeutic procedures such as renal
denervation (29,36). We proposed that biochemical analysis of urine by HPLC-MS/MS should
be introduced early for uncontrolled hypertension, prior to undertaking expensive, unnecessary
tests or treatment escalation (36).
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3.2.1.10

Other benefits of biochemical testing for non-adherence to
antihypertensive treatment
Besides the diagnostic role of HPLC-MS/MS-based analysis, there is evidence that the
repeated screening for non-adherence to antihypertensive treatment helps improving patients’
blood pressure control. A small study demonstrated that systolic and diastolic blood pressure
on follow-up dropped by around 46mmHg and 20mmHg (respectively) in initially non-adherent
hypertensive patients (13). In our clinic, we have noted similar improvements in blood pressure.
The test is repeated, on subsequent visits and in our experience by the third visit a majority of
non-adherent patients become adherent. The test precludes the need to investigate a nonadherent patient unnecessarily or add medications with cost implications to the health
economy. A cost–benefit analysis has demonstrated that the test is cost-effective in detection
of non-adherence in cases of resistant hypertension (37).
3.2.1.11
The future
Biochemical adherence testing is likely to become embedded in the routine management of
patients with difficult to treat hypertension in the near future. It is tempting to foresee the future
with the biochemical screening for non-adherence available as a point of care instrument in
doctors’ consultation room but the technology for this is not currently available. The more likely
scenario is that non- biochemical testing for adherence will become available more widely in a
few specialised laboratories providing the service for a country or a region. There is no reason
why the screening cannot be used in other chronic cardiovascular diseases such as coronary
artery disease or heart failure. Further research in the field will, in our view, provide the
evidence of the clinical and economic benefits across an array of cardiovascular conditions.
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3.2.1.12

Case study

First Visit
A 42-year old female hypertensive patient of white European ethnicity was referred to
Hypertension Clinic for management of her uncontrolled hypertension by her primary care
physician.
She was asymptomatic from the clinical point of view. There was no history of depression or comorbidities. She was a non-smoker, drank alcohol in moderation and there was no family history
of hypertension or premature cardiovascular disease.
On referral her antihypertensive treatment consisted of five antihypertensive medications
including a diuretic – all BP lowering medications were prescribed in maximum tolerated doses.
She mentioned her BP had always been difficult to control but denied non-adherence on
questioning.
On examination, she had a raised body mass index of 37.8kg/m2, a pulse rate of 80 beats per
minute and clinic BP of 174/92 mmHg. There were no stigmata of secondary hypertension. Her
ECG and urine dipstick analysis were also normal. On routine blood biochemistry her kidney and
thyroid function were normal. On 24hr ABPM her average daytime BP was 160/90 mmHg
A random urine sample was collected for biochemical screening for non-adherence to
antihypertensive treatment. The results of her initial HPLC-MS/MS-based urine analysis are
shown below

Second Visit
The results of her biochemical analysis of urine were discussed with the patient. She confessed
to “forgetting her medications”. It has been agreed to reduce the burden of polypharmacy and restart her antihypertensive therapy initially with one medication (Losartan).
Third Visit (6months)
Her clinic BP was recorded at 140/86 mmHg and her average BP on 7-day home-based BP
monitoring was 129/79 mmHg. The results of the biochemical screening for non-adherence to
antihypertensive treatment are shown below:
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3.2.1.13
Conclusion
Biochemical screening for non-adherence is a rapidly expanding technique to diagnose nonadherence in the field of hypertension. It is reliable, has been demonstrated to have good
diagnostic ability and can be used in busy routine clinical practice. It is especially of use in
detecting non-adherence in suspected cases of resistant hypertension, when there is a
suboptimal response to treatment and prior to any surgical or complex investigations for
patients with uncontrolled hypertension. It also helps in treating patients and appears to have
therapeutic potential in control of blood pressure. The test is well accepted by patients and
provides confidence to health professionals about a patient’s non-adherence status thus
allowing for an objective non-accusatory discussion about the patient’s reasons for nonadherence. It is limited by in that it only provides non-adherence at a single time point but can
be repeated with ease. The use of biochemical screening can be extended to testing for other
cardiovascular medications and we anticipate that its use will continue to grow in the future and
become an integral part of management of patients with chronic cardiovascular diseases.
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Table 3.1: Examples of antihypertensive medications and their 4-6 half-lives
MEDICATION
4-6 half-lives (hours)
ACE/ARB
Ramipril

36-108

Lisinopril

48-72

Enalapril

44-152

CCB
Amlodipine

140-420

Felodipine

44-96

Diltiazem

8-36

Verapamil

20-78

DIURETICS
Indapamide

60-90

Spironolactone

52-108

Furosemide

4-18

BETA BLOCKERS
Bisoprolol

40-72

Atenolol

12-84

Labetolol

12-36

OTHERS
Clonidine

40-150

Doxazosin

64-132

Prazosin

12-18

ACE/ARBs: angiotensin converting enzyme inhibitors /angiotensin
receptor blockers; CCB: calcium channel blockers; data from (17).
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Figure 3.1: Schematic visualisation of the key components a high
performance liquid chromatography-tandem mass spectrometry (LC
MS/MS) instrument
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Figure 3.2: Scheme of the components of a tandem mass spectrometer
(MS/MS)
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Figure 3.3: The process of screening for biochemical non–adherence to
antihypertensive treatment.
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Chapter 3 Part 3 Justification of study methods
Chapter 3 was undertaken as a narrative review of the methods used in the diagnosis of non- adherence
with a focus on the biochemical screening method. A metanalysis or structured literature review are both
powerful methods to robustly ascertain gaps in knowledge in a field and help in scoping the identified
research topic. There have been numerous systematic reviews and metanalysis on non-adherence
including those limited to cardiovascular disease and more specifically to hypertension. These include
two Cochrane reviews (9,33). Since the last Cochrane review in 2014 there have been at least 18
reviews on the subject (9,11,34-46). The conclusions of these very high-quality research publications are
similar: non-adherence to cardiovascular diseases is common, it increases morbidity and mortality and
interventions that improve non-adherence are few and expensive to deliver. A key identified lacuna was
the lack of a reliable method to diagnose non-adherence (3).
The biochemical screening method by LC-MS/MS is a new method and as yet the test is not extensively
used. There were ten studies that used LC-MS/MS which were summarised in an article in 2016. Two of
these studies were published by our group (47). Since there is a paucity of published evidence in this
field, a narrative style review was utilized in Chapter 1 to distill information from previous systematic
reviews and meta-analyses on non-adherence in hypertension followed by a narrative on the
development and utility of biochemical screening of non-adherence in hypertensive patients.
The studies that were undertaken in this thesis were all non-experimental retrospective studies. The
ones pertaining to chapters 4 and 6 were observational in nature. The data was collected as part of audit
and/or retrospective research. These present with the well-known limitations pertaining to the data
collection, testing and selection bias (48). The data in Chapter 4 had a limited availability of information
on the demographic and baseline characteristics of the study population. This included the lack of
information on factors that could affect non-adherence including the ethnicity, socio-economic status and
comorbidities. It also did not include information on body weight, renal or liver function tests- all of which
could affect the adherence detection rates. Also, the study was limited to patients attending specialist
hypertension centers where the treating physician suspected non -adherence. Hence the results may not
be applicable to the general population. Nevertheless, it is the largest study to date using objective
biochemical measure of non-adherence. The results are strengthened by the fact that data was obtained
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from two different countries and they were cross-validated against each other. Further studies, including
setting up a national registry of patients who had a biochemical adherence test that will include detailed
baseline information and inclusion of patients form primary care would help improve the validity of the
findings The study in Chapter 5 was a cohort study (48). The limitations of this study are the lack of a
control group, inability to exclude “Hawthorne effect” (change in behaviour as the result of awareness of
being observed) and the effect of attrition (48-50). Where possible the STROBE criteria were followed
(51). The study also had significant loss of data on follow up (around 30%). Data on the reasons of loss
to follow up were not obtained. In addition, adherence retesting was performed only in a very small
subset of the population. Hence the conclusions of the therapeutic benefit in terms of blood pressure
reduction need to be confirmed in well characterised prospective studies such as a randomized trial.
Outreach is an ongoing randomized control trial that is designed to answer this question (please see
section 7.3.3).
The studies undertaken in the thesis were based on collection of data from the real world. There are pros
and cons of undertaking real-world studies vs. studies such as a randomized control trial. The key
benefits of the latter over the former are that such a study is designed to answer a specific question and
usually designed in a manner to limit selection, observer and participant biases. The quality of evidence
provided by such studies are thus rated at one of the highest levels (51). Nevertheless, they are costly to
perform and the characteristics of participants who agree to participate in such studies may be very
different

from

the

real-world

(52).
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Despite several limitations the overall insight from these studies was important. I quote “A real
prospective follow up-that is, starting afresh with a new collection of baseline data
-is necessary only when the research clearly gains by the more specific, albeit tedious,
collection of novel data and by the laborious tracing of individuals when follow up events slowly
accrue over time. Otherwise, the elegant and leisurely use of existing data, permitting very long
term follow up of large numbers at minimum cost, is preferable” (49). The strength of this body
of work is that the results are based on real-life clinical medicine which can be very different to
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carefully designed experimental studies (52).
Further, the impact of the work undertaken in the thesis has provided evidence of the utility of
biochemical screening for adherence. Two publications from this thesis have been quoted in in
the recent European Society of Hypertension/European Society of Cariology Hypertension
Guidelines (53). The guidelines for the first time recommend adherence testing as Level 1A
evidence in patients with resistant hypertension and suggest that the biochemical analysis of
bodily fluids is the best available measure despite its limitations (53).

Ethics and governance

The observational study in Chapter 4 was conducted as an audit in Leicester. The ethical
approval for the Prague cohort was secured. All the other studies were conducted after ethical
approval from the Regional Ethics Committee (REC) (Appendix 8.1). All the studies adhered to
the Declaration of Helsinki and followed the rules of good clinical practice in research.
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Abstract

Non-adherence to antihypertensive treatment is a critical contributor to suboptimal blood
pressure control. There is limited and heterogeneous data on the risk factors for non-adherence
as few studies used objective direct diagnostic methods. We used high-performance liquid
chromatography tandem mass spectrometry of urine and serum to detect non-adherence and
explored its association with the main demographic and therapy-related factors in 1,348
hypertensive patients from two European countries. The rates of non-adherence to
antihypertensive treatment were 41.6% and 31.5% in the United Kingdom and Czech
populations, respectively. Non-adherence was inversely related to age and male sex. Each
increase in the number of antihypertensive medications led to 85% and 77% increase in nonadherence (P<0.001) in the United Kingdom and Czech populations, respectively. The odds of
non-adherence to diuretics were the highest amongst five classes of antihypertensive
medications (P≤0.005 in both populations). The predictive model for non-adherence including
age, sex, diuretics and the number of prescribed antihypertensives showed area under the curve
of 0.758 and 0.710 in the United Kingdom and Czech populations, respectively. The area under
the curve for the United Kingdom model tested on the Czech data and for the Czech model
tested on United Kingdom data were calculated at 0.708 and 0.756, respectively. We
demonstrate that the number and class of prescribed antihypertensives are modifiable risk
factors for biochemically confirmed non-adherence to blood pressure lowering therapy. Further
development of discriminatory models incorporating these parameters might prove clinically
useful in assessment of non-adherence in countries where biochemical analysis is unavailable.
Key words: non-adherence, adherence, treatment, antihypertensives, hypertension,
polypharmacy, diuretics
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Introduction

The number of adult patients with hypertension was estimated at 972 million in 2000 (1) This
number is projected to increase by 60% bringing a total number of hypertensives to 1.56 billion
in 2025 (1) Antihypertensive medications have been the mainstay of cardiovascular care over
the last few decades. They are effective in lowering blood pressure (BP), preventing target organ
damage, overt cardiovascular disease and reducing mortality. Despite the documented
effectiveness of antihypertensive treatment, targets of BP are achieved only in 40%–50% of
hypertensive patients (2,3) and high BP is the leading single risk factor for health loss and
premature death globally, exceeding the burden of disease attributable to smoking and
excessive weight (1) Non-adherence to antihypertensive treatment is increasingly recognised as
a main contributor to suboptimal BP control at the population level, high prevalence of “resistant
hypertension” and high financial burden for healthcare (4-13). One of the major obstacles in
management of non-adherence to antihypertensive treatment has been the lack of direct,
sufficiently sensitive and reproducible methods of its detection in clinical practice (14-16). We
and others have recently developed an objective high-performance liquid chromatographytandem mass spectrometry (HPLC-MS/MS)-based assay to screen for non-adherence to most
commonly prescribed antihypertensive medications using an analysis of spot urine or blood
sample (6,7,17-19). Biochemically confirmed non-adherence to antihypertensive treatment
shows a tight correlation with the magnitude of BP elevation (7) and remains the most common
reason for pseudo-resistant hypertension (12). In the absence of HPLC-MS/MS-based urine
analysis it is very difficult to confirm the non-adherence to antihypertensive treatment
(15,16,20,21). Patient-, treatment-, physician- and healthcare-specific barriers are known to
prevent regular administration of medications and are recognised risk factors of therapeutic nonadherence (22). Of those, therapy-related factors (such as the number and choice of
antihypertensive medication) are easiest to quantify, monitor and modify. However, to date there
has been no comprehensive analysis of the potential effects of the number of prescribed
antihypertensives and classes of BP lowering medications on the risk of objectively measured
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biochemical non-adherence. Mindful of potential practical applications of such studies, we
examined the associations between both the burden and choice of BP lowering therapy in the
largest to date analysis of almost 1,400 patients whose urine/serum samples were examined by
HPLC-MS/MS in two European countries.

Methods
4.1.3.1 Populations
A total of 676 United Kingdom (UK) hypertensive patients were included in this project. This
population consisted of patients whose spot urine samples were received for screening of nonadherence to antihypertensive treatment from 15 British centres by the University Hospitals of
Leicester (UHL) between 2011 and 2014. The main criterion for screening and the inclusion in
this analysis was suspected therapeutic non-adherence by a referring clinician.
We included 672 patients recruited between 2010 and 2016 in Hypertension Unit of the 3rd
Department of Medicine, General University Hospital (GUH) in Prague (Czech Republic) for
replication purposes. Serum samples from all these patients were screened for non-adherence
to antihypertensive therapy because of difficult to manage hypertension/suboptimal BP control.
Of those, 475 attended the outpatient service and 197 were admitted to hospital.
Apart from age, sex and the details of prescribed antihypertensive treatment, no other clinical
information was collected for the purpose of this analysis.
In both centres the patients were informed about the purpose of urine/blood analysis (screening
for non-adherence to antihypertensive medications) by the clinical staff. This information was
provided on the day of the sample collection. In the UHL, the patients provided a verbal consent
for the urine analysis and the data were collected as a part of the approved clinical audit
(No:7235). All Czech patients provided written consent for use of their anonynmised laboratory
and clinical data for the purpose of retrospective analysis. The study was granted institutional
approval by GUH (VFN/004704). All results of HPLC-MS/MS-based analyses were collected as
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a part of routine clinical service and data were retrieved from the existing clinical files and/or
electronic systems.
4.1.3.2 Biochemistry
All urine (UK cohort) or serum (Czech cohort) samples were examined in single centres – the
Department of Metabolic Medicine and Chemical Pathology, UHL NHS Trust, Leicester (UK
patients) or the Toxicological Laboratory of the Institute of Forensic Medicine and Toxicology,
General University Hospital, Charles University, Prague (Czech patients).
The biochemical analysis of UK samples was conducted on an Agilent Technologies 1290 series
High Pressure Liquid Chromatograph interfaced with an Agilent Technologies 6460 Triple
Quadrople Mass Spectrometer fitted with a Jetstream electro spray ionisation (ESI) source, as
previously reported (7).
In the Czech Republic centre, serum concentrations of amlodipine, verapamil, betaxolol,
bisoprolol, metoprolol, doxazosin, losartan, telmisartan, hydrochlorothiazide, perindoprilate,
ramiprilate, urapidil, rilmenidine, canrenoate (metabolite of spironolactone) and furosemide were
measured as previously reported (17,23-25). In outpatients, the sample was taken on the first
visit to the outpatient department; in in-patients – on the day of admission to hospital. The
chromatographic separation was performed on an Agilent Technologies 1200 Rapid Resolution
Liquid Chromatography consisting of a degasser, binary pump, autosampler and thermostatted
column compartment. The mass spectrometry analysis was performed using a MDS Sciex3200
Q-trap triple quadrupole/linear ion trap mass spectrometer with a Turbo Ion Spray source.
Any deviation from prescribed antihypertensive treatment (absence of at least one prescribed
BP lowering medications/their metabolites in body fluids on biochemical analysis) was defined
as non-adherence to antihypertensive treatment. Partial/total non-adherence was further
identified as incomplete presence/complete absence of prescribed antihypertensive medications
in urine/serum on this analysis (respectively).
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4.1.3.3 Statistical analysis
Demographic and clinical characteristics of both populations are shown as means (standard
deviations), medians (interquartile ranges) and counts (percentages).
Medication class-specific non-adherence was examined after categorising antihypertensives into
five classes (A – ACE-inhibitors, angiotensin II type 1 receptor antagonists and renin inhibitors, B
– beta-blockers, C – calcium channel blockers, D – diuretics, E – other antihypertensive
medications). Population level average effects were derived from generalised estimating
equations (geeR package) (26,27). taking into account the correlated nature of observations
across the above five medication classes. The response variable was a binary indicator of
medication-class specific non-adherence defined as absence of at least one medication from the
associated class in the HPLC-MS/MS-based test results. The models were adjusted for age, sex
and total number of antihypertensive medications prescribed.
Prediction models for the overall non-adherence, defined as non-adherence to at least one
medication of any class, were built using logistic regression with logit link function adjusting for
age, sex, number of prescribed antihypertensive medications and a binary variable indicating
whether a patient was given diuretics (D). The discriminatory power of the models was evaluated
using area under the curve (AUC).
The generalisability of the models, that is, their ability to predict outcomes using unseen/new
data were evaluated by measuring each population's model's AUC on the data of the other. The
goodness-of-fit was examined using Stukel's test. The percentage of variation in the outcome
explained by independent variables was expressed by Nagelkerke's pseudo R2.
Sensitivity analyses stratified on the source for referral (in-patient and out-patient) were
conducted on the data from the Czech population.

Results
4.1.4.1 Basic demographic and clinical characteristics
The demographic characteristics of 1,348 hypertensive patients stratified by population are
presented in Table 4.1.
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4.1.4.2 Non-adherence to antihypertensive treatment is common in UK and Czech
Republic
In 676 UK hypertensives whose urine sample underwent HPLC-MS/MS analysis, the rates of
any, partial and total non-adherence were 41.6%, 27.1% and 14.5%, respectively (Table 4.1). Of
2,562 medications prescribed to 676 British patients 815 (31.8%) were not detected in urine on
HPLC-MS/MS analysis.
The prevalence of any, partial and total non-adherence was 31.5%, 19.5% and 12.1%
(respectively) amongst 672 patients recruited in the Czech Republic (Table 4.1). The overall
percentage of prescribed antihypertensive medications undetected on HPLC-MS/MS-based
serum analysis was 24.1% in this population.
4.1.4.3 Age and sex are associated with non-adherence to antihypertensive treatment
Women were more commonly non-adherent to antihypertensive treatment in both populations –
the odds of the overall non-adherence were approximately 65% and 55% higher in women than
men in the UK and Czech patients, respectively (Table 4.2). Age showed an inverse association
with non-adherence to antihypertensive treatment – every 10-year increase in age was
associated with just over 30% reduction in the odds of non-adherence in the UK and the Czech
populations (Table 4.2).
4.1.4.4 The number of prescribed antihypertensive medications is a strong risk factor for
non-adherence to antihypertensive treatment
Our analysis of UK patients showed that the risk of non-adherence increases with the number of
prescribed BP lowering medications (Figure 4.1). Indeed, while non-adherence amongst those
who were prescribed only one antihypertensive was minimal, the majority (79.3%) of UK patients
prescribed six or more BP lowering medications, were non-adherent to antihypertensive
treatment (Figure 4.1). This association was independent of age, sex as well as the class of
prescribed antihypertensive medications (Tables 4.2-4.3). We replicated these findings in the
Czech population – the number of prescribed antihypertensive medications showed a strong
association with the risk of non-adherence to treatment even after adjusting for basic
demographics and the classes of prescribed antihypertensives (Figure 4.1, Tables 4.2-4.3). On
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average, every increase in the number of prescribed antihypertensive medications was
associated with 85% and 77% increase in the odds of the non-adherence in the UK and Czech
populations, respectively (Table 4.2).
4.1.4.5 Diuretics are associated with the highest odds of biochemical non-adherence
amongst five classes of antihypertensive medications
Antihypertensive medications acting on the renin angiotensin system (A) were the most
commonly prescribed class of antihypertensive medications in the UK population and were used
as the reference for comparisons with other classes in both population samples (Table 4.2). After
adjustment for age, sex, and the number of prescribed medications, the odds of non-adherence
to diuretics were the highest amongst five classes of antihypertensive medications;
approximately 1.8-fold and 1.6-fold higher than the reference category (A) in the UK and Czech
populations, respectively (Table 4.3). However, the absolute percentage difference in adherence
to the diuretics was only modestly lower at 10.1 % (UK) and 6.4% (Czech) compared to the
reference category A (Table 4.1).
4.1.4.6 Prediction of the overall non-adherence to antihypertensive treatment based on
four basic clinical parameters
Based on the four parameters (age, sex, number of prescribed antihypertensives and prescribed
diuretics) associated with non-adherence, we built its predictive models in both populations. We
fitted discrimination models in each population as a discovery cohort and then tested the
performance of these models in the other dataset (replication) (Table 4.4). The AUC on the data
used for model fitting was 0.758 and 0.710 for the UK and Czech data; both consistent with fair
discriminatory power (Table 4.4). Similar levels of AUC were observed when the UK model was
tested on the Czech data (0.708) and vice versa for the Czech model (0.756) (Table 4.4). The
goodness-of-fit tests using Stuckel's test did not reveal any model misspecification (Table 4.4).
The amount of variation in the overall non-adherence explained by the independent variables,
measured by Nagelkerke's pseudo R2 was 27% and 16% in the UK and Czech models,
respectively (Table 4.4). The probabilities of the overall non-adherence derived from these
models are shown in Figure 4.2. For example, the probability of non-adherence in middle-aged
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women (aged 35-55 years) on more than 6 antihypertensive medications was over 75% in both
populations.
4.1.4.7 Sensitivity analysis
The out-patient/in-patient indicator in the prediction model for the Czech Republic data had a Pvalue of 0.054. Its inclusion in the model had no effect on the odds ratio estimates for age and
sex and reduced only slightly the odds ratio for the total number of prescribed medications from
1.77 (1.47 – 2.12) to 1.72 (1.43 – 2.07). The indicator variable for whether patients were
prescribed diuretics or not was kept in the model to enable comparison with the UK model. For
the same reason – consistent comparison with the UK model – the out-patient/in-patient variable
was dropped from the medication class-specific model for the Czech Republic data as it was not
a significant predictor of non-adherence (P=0.450).

Discussion

This study has provided several important insights into the non-adherence to antihypertensive
medications and the management of hypertension. Firstly, our data reveal a widespread
prevalence of non-adherence, irrespective of the region/country of recruitment. Secondly, we
show that both the number and the class of prescribed antihypertensives are strong independent
risk factors for biochemically confirmed non-adherence to antihypertensive treatment. The
similarity in the direction and the magnitude of association between non-adherence to
antihypertensive medications and both predictors across two different health systems in two
countries and by analysis of two different biological fluids make our results extremely robust.
Finally, we show that diagnostic models based on four cost-free and easy to collect clinical
parameters show a fair discrimination between adherence and non-adherence to treatment in
hypertensive patients.
The correlation between the count of antihypertensive medications and the increased risk of
non-adherence was assessed in previous studies (14,28,29). Some investigations (mostly
relying on indirect measures of adherence) proposed neutral (30) or even positive (31) effect of
the number of prescriptions on the concordance with therapy. To this end, the consistency of
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almost two-fold increase in odds of directly confirmed non-adherence with each additional
prescribed medication in two independent populations demonstrated here provides a strong line
of evidence for polypharmacy as a potential risk factor for non-adherence to antihypertensive
treatment. Due to the retrospective nature of our analysis, we are unable to assign directional
causality to this association. While it appears intuitive that the higher number of medications
might increase the susceptibility to non-adherence, we should acknowledge that concealed nonadherence could also stimulate over-prescribing (leading to the increasing number of
antihypertensives). Future prospective clinical studies are warranted to provide clarity into the
sequence and mechanisms of the demonstrated associations. Nevertheless, the relationship
between the number of prescribed antihypertensives and the non-adherence is an extremely
important finding with direct implications for treatment escalations in difficult to treat hypertensive
patients. Given the increase in non-adherence with every additional prescribed antihypertensive
medication the strategy of using more fixed-dose combinations may be effective, as
demonstrated before in hypertensive patients (28). However, since partial deviation from the
prescribed antihypertensive treatment is the most common type of non-adherence, one should
consider that on fixed-dose combinations some partially non-adherent patients might end up
missing more prescribed medications than on individual antihypertensives. Further prospective
studies using HPLC-MS/MS-based urine analyses will be necessary to confirm directly whether
fixed-dose combinations of antihypertensive medications can reduce the overall burden of nonadherence in hypertensive population.
The highest risk for non-adherence to diuretics is in keeping with previously published metaanalysis (32). Well-known side effects of diuretics directly affecting the quality of life may
probably explain the highest risk of non-adherence (driven by low persistence) for this class of
BP lowering medications. However, we should also acknowledge that diuretics are often added
to antihypertensive treatment later than other BP lowering drugs such as calcium channel
antagonists or blockers of renin- angiotensin system. Thus, the increase in non-adherence to
diuretics when compared to the usual first line antihypertensive therapies could be potentiated
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by the relationship between the existing burden of prescribed medications and deviation from the
antihypertensive therapy.
The mechanisms underlying the strong relationship between sex and biochemically confirmed
non-adherence to antihypertensive medications in both populations is less clear. Previous
studies showed either no association between sex with adherence (33) or that females are more
susceptible to non-adherence than males (34). While our data appear consistent with the
previously demonstrated “female disadvantage” in non-adherence, in the absence of information
on sex distribution of patients attending each referring centre (from where the population
samples were derived) we cannot fully exclude a potential contribution of sex referral bias to the
detected association. This will require further confirmation in well-designed prospective studies.
The published evidence for the association between non-adherence and age is also
inconsistent. Non-adherence to antihypertensive treatment was reported to correlate with
younger age (35,36), older age (34) and was not associated with age at all (29,33). This
inconsistency in associations between the non-adherence and basic demographics is likely to
arise from the subjective or semi-objective measures used to assess non-adherence in the
previous studies (i.e. self-reported measures and retrospective pharmacy database reviews)
(4,14,15,37). We speculate that younger patients are more reluctant to accept the regular
administration of medication for a chronic and generally asymptomatic condition, in particular if
the therapy regime interferes with work/daily routine. From interviews with some of our nonadherent patients emerges a belief that regular administration of medications heralds the “end of
youth” that many patients are very reluctant to accept.
The fair discriminatory power of our prediction algorithms across both cohorts suggests that the
number/classes of antihypertensive medications together with age and sex might be a helpful
template for further development of tools to estimate the risk of non-adherence in centres where
HPLC-MS/MS is unlikely to become available. We accept that the simple predictive algorithms
demonstrated in this study are not yet ready for immediate introduction to clinical practice.
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However, their fair power to discriminate between adherence and non-adherence based on only
four cost-free and easy to collect clinical parameters should provide an impetus for their further
advancement in future studies. These investigations should pave the way to develop tools that
could (at least to some extent) substitute subjective and often insensitive methods of assessing
adherence in healthcare systems with very limited financial resources. Indeed, we should
appreciate that HPLC-MS/MS-based analysis (due to the costs of the test and related
infrastructure) is unlikely to become available in many developing countries. This is recognised
in the medical literature including the recent conclusions by the Lancet Commission on
hypertension (38). The rates of non-adherence to antihypertensive therapy in those countries are
not lower than in the westernised societies. Therefore, we argue that inexpensive (or in fact costfree) predictive tools developed based on objective and direct methods of assessing nonadherence have a potential to equip clinicians practicing in such countries with more sensitive
methods of estimating the risk of non-adherence than clinical impression.
Our analysis has several strengths. It is the largest to date study into the risk factors of nonadherence defined by a robust, direct and objective method of its detection. We also
demonstrate a unique replication for each of the identified associations between non-adherence
and the examined parameters by using two separate populations. However, we are aware of
some limitations of our study. Firstly, our data collection was based on retrospective analysis of
clinical files and as such is not immune from a potential bias due to selection and incomplete
information. Secondly, the rates of non-adherence reported here are probably higher than those
in the general hypertensive population given the selection criteria (hypertensive patients with
suspected non-adherence and those with suboptimal BP control). Indeed, the magnitude of BP
elevation shows a strong positive association with the risk of non-adherence (7). Furthermore,
patients selected for HPLC-MS/MS screening specifically based on suboptimal BP control exhibit
much higher prevalence of non-adherence than those in whom the suspicion of non- adherence
or suboptimal BP control was not the exclusive reason for screening (7). Finally, weaccept the
biochemical limitations of our method of diagnosing non-adherence to
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antihypertensive treatment. For example, HPLC-MS/MS-based urine analysis is not immune to
detection of “toothbrush adherence” (39) This means that patients activating their adherence
prior to the clinical appointments (similar to the behaviour of patients brushing teeth prior to
seeing a dentist) might be classified as biochemically adherent despite being therapeutically
non-persistent. Furthermore, a majority of antihypertensive medications retain their presence in
bodily fluids long after the last pill had been ingested (due to their long half-lives). That means
that for several medications (i.e. indapamide – 4 half-lives: 60 hours) (40), intermittent
adherence/non-adherence might go undetected. Because of these limitations, we suspect that
our method probably underestimates the genuine burden of non-adherence to antihypertensive
treatment. A combination of electronic monitoring with direct biochemical HPLC-MS/MS-based
analysis should provide better measures of defining non-adherence in such patients.

Perspectives

Biochemical assessment of non-adherence to antihypertensive medications is a useful
diagnostic test in management of hypertensive patients; in particular those with suboptimal BP
control. A wider use of this test may prevent many unnecessary investigations and treatment
escalations. We anticipate that the simple changes in antihypertensive treatment (such as a
reduction in the number of prescribed medications or single pill combinations) inspired by the
results of this test will improve adherence and translate into better BP control in many nonadherent hypertensive patients.
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Novelty and significance
4.1.10.1
What is new?
Biochemically confirmed non-adherence to antihypertensive treatment is inversely related to age
and male sex. The risk of non-adherence increases by more than 75% with every increase in the
number of prescribed antihypertensives. Biochemical non-adherence to diuretics is higher than
to other classes of antihypertensive medications.
4.1.10.2
What is relevant?
• Biochemical analysis of urine/serum is a useful diagnostic strategy in screening for nonadherence to antihypertensive medications
•

The number and the choice of prescribed BP lowering medications should always be
considered in management of non-adherence to antihypertensive treatment

4.1.10.3
Summary
Non-adherence to antihypertensive treatment is common, in particular in patients on multiple BP
lowering medications and/or diuretics.
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Figures
Figure 4.1 Association between the number of prescribed antihypertensive medications

and the risk of non-adherence by

population (grey – UK, black – Czech Republic).
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Figure 4.2: Predicted probability of non-adherence by age, sex, and total number of
prescribed medications for both UK and Czech Republic populations (grey – females,
black – males)
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Tables
Table 4.1. Demographic and clinical characteristics by population
Phenotype

UK

Czech Republic

Number of patients

676

672

Age (years)

55.8 (14.6)

54.4 (11.6)

Men

328 (48.5%)

393 (58.5%)

Total Number

4 (3 – 5)

3 (2 – 4)

1

59 (8.7%)

20 (3%)

2

86 (12.7%)

254 (37.8%)

3

128 (18.9%)

177 (26.3%)

4

191 (28.3%)

137 (20.4%)

5

130 (19.2%)

61 (9.1%)

6+

82 (12.1%)

23 (3.4%)

Total Number

3 (1 – 4)

2 (2 – 3)

0

98 (14.5%)

81 (12.1%)

1

102 (15.1%)

72 (10.7%)

2

129 (19.1%)

246 (36.6%)

3

118 (17.5%)

144 (21.4%)

4

132 (19.5%)

91 (13.5%)

5+

97 (14.3%)

38 (5.7%)

Number of medications prescribed

Number of medications detected

98

Any non-adherence

281 (41.6%)

212 (31.5%)

Partial non-adherence

183 (27.1%)

131 (19.5%)

Total non-adherence

98 (14.5%)

81 (12.1%)

Total adherence

395 (58.4%)

460 (68.5%)

A

601 (88.9%)

372 (55.4%)

B

348 (51.5%)

280 (41.7%)

C

507 (75%)

451 (67.1%)

D

484 (71.6%)

361 (53.7%)

E

325 (48.1%)

440 (65.5%)

A

447 (74.4%)

294 (79.0%)

B

265 (76.1%)

209 (74.6%)

C

361 (71.2%)

360 (79.8%)

D

311 (64.3%)

262 (72.6%)

E

230 (70.8%)

348 (79.1%)

Number of medications prescribed by class

Number of medications detected by class

Data are counts (percentages), means (standard deviations)

and medians (interquartile ranges), A –

ACE-inhibitors, angiotensin II type 1 receptor antagonists and renin inhibitors, B – beta-blockers, C –
calcium channel antagonists, D – diuretics, E – other antihypertensive medications.
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Table 4.2. Clinical predictors of non-adherence to antihypertensive treatment

Phenotype

United Kingdom

Czech Republic

Adjusted

Adjusted
P-value

OR (95% CI)

P-value
OR (95% CI)

Age

0.67 (0.59 – 0.77)

< 0.001

0.69 (0.59 – 0.80)

< 0.001

Women

1.65 (1.16 – 2.33)

0.005

1.55 (1.09 – 2.20)

0.014

No of med.

1.85 (1.58 – 2.16)

< 0.001

1.77 (1.47 – 2.12)

< 0.001

Prescribed diuretics

1.65 (1.01 – 2.70)

0.047

1.18 (0.76 – 1.83)

0.457

Data are odds ratios (OR) with respective 95% confidence intervals and levels of statistical significance
(P-value) from adjusted logistic regression models, No of med. – total number of prescribed
antihypertensive medications.
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Table 4.3. Antihypertensive class-specific non-adherence across five groups of
prescribed BP lowering medications

Phenotype

United Kingdom

Czech Republic

Adjusted

Adjusted
P-value

OR (95% CI)

P-value
OR (95% CI)

Age

0.64 (0.59 – 0.69)

< 0.001

0.66 (0.60 – 0.73)

< 0.001

Women

2.40 (1.96 – 2.94)

< 0.001

1.85 (1.48 – 2.31)

< 0.001

No of med.

1.71 (1.58 – 1.84)

< 0.001

1.56 (1.43 – 1.71)

< 0.001

Antihypertensive medication classes
A

1

-

1

-

B

0.69 (0.50 – 0.96)

0.025

1.07 (0.74 – 1.56)

0.708

C

1.02 (0.77 – 1.35)

0.899

0.96 (0.67 – 1.36)

0.800

D

1.76 (1.33 – 2.33)

< 0.001

1.63 (1.16 – 2.30)

0.005

E

1.05 (0.77 – 1.44)

0.757

1.10 (0.78 – 1.56)

0.583

Data are odds ratios (OR) with respective 95% confidence intervals and levels of statistical significance
(P-value), No of med. – total number of prescribed antihypertensive medications, A – ACE-inhibitors,
angiotensin II type 1 receptor antagonists and renin inhibitors, B – beta-blockers, C – calcium channel
antagonists, D – diuretics, E – other antihypertensive medications.
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Table 4.4. Model diagnostics and performance measures
Population
Statistic
UK

Czech Republic

AUC – UK model

0.758

0.708

AUC – Czech model

0.756

0.710

Stukel's test

0.443

0.348

Nagelkerke pseudo R2

0.269

0.165

AUC – area under the curve, Stukel’s test – model calibration test, Nagelkerke pseudo R2 – proportion of
variation explained by models.
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Abstract
We hypothesised that screening for non-adherence to antihypertensive treatment
using liquid chromatography-tandem mass spectrometry based biochemical analysis
of urine/serum has therapeutic applications in non-adherent hypertensive patients. A
retrospective analysis of hypertensive patients attending specialist tertiary care
centres was conducted in two European countries (UK and Czech Republic). Nonadherence to antihypertensive treatment was diagnosed using biochemical analysis
of urine (UK) or serum (Czech Republic). These results were subsequently discussed
with each patient and data on follow-up clinic blood pressure measurements were
collected from clinical files. Of 238 UK patients who underwent biochemical urine
analysis 73 were non-adherent to antihypertensive treatment. Their initial urinary
adherence ratio (the ratio of detected to prescribed antihypertensive medications)
increased from 0.33 (0–0.67) to 1 (0.67–1) between the first and the last clinic
appointment. The observed increase in the urinary adherence ratio in initially nonadherent UK patients was associated with the improved blood pressure control; by
the last clinic appointment systolic and diastolic blood pressure were approximately
19.5 mmHg and 7.5 mmHg lower than at baseline (P=0.001 and 0.009, respectively).
These findings were further corroborated in 93 non-adherent hypertensive patients
from Czech Republic – their average systolic and diastolic blood pressures dropped
by approximately 32.6 and 17.4 mmHg (respectively, P<0.001) on appointments
following the biochemical analysis. Our data show that non-adherent hypertensive
patients respond to based liquid chromatography-tandem mass spectrometry
biochemical analysis with improved adherence and significant blood pressure drop.
Repeated biochemical analysis should be considered as a therapeutic approach in
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non-adherent hypertensive patients.
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Introduction
Hypertension has become the single leading cause of global disease burden ahead
of smoking and alcohol use (1). All cardiovascular complications of hypertension are
related to poor blood pressure (BP) control (2-4). Despite the widespread availability
of effective antihypertensive therapies, BP control is achieved only in approximately
half of the Western populations (5,6). One of the potential explanations for this
apparent paradox is the pandemic of non-adherence to antihypertensive medications
(7-10). Indeed, recent studies show that 25–65% hypertensive patients do not take
their BP lowering medications as prescribed (8,10-18). These figures are extremely
robust as they come from studies that used a direct and objective method of
screening for therapeutic non-adherence (8,10-18). High performance liquid
chromatography-tandem mass spectrometry (LC-MS/MS) provides a highly sensitive
and specific detection of all commonly prescribed BP lowering medications (or their
metabolites) in urine/serum samples. Due to its simplicity, relatively low cost and
objective nature of analysis, it is a very useful diagnostic test in patients with
apparent lack of BP response to antihypertensive treatment (17).
Here, we examined the potential therapeutic applications of biochemical screening
for the presence of antihypertensive medications in bodily fluids. We demonstrate
that non-adherent patients who undergo LC-MS/MS-based analyses exhibit an
improvement in adherence and a clinically meaningful BP drop. We further show that
a majority of initially non-adherent patients can successfully improve their adherence
through repeated LC-MS/MS-based analysis and achieve BP targets similar to those
who have been persistently adherent to treatment.
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Methods
5.1.3.1 Data collection and biochemistry
5.1.3.1.1 United Kingdom (UK) patients

We collected retrospective data from patients attending University Hospitals of
Leicester (UHL) NHS Trust Blood Pressure Clinic (European Society of Hypertension
Centre of Excellence) between 2011 and 2014. Included in this analysis were
hypertensive patients who had at least one biochemical screening for non-adherence
to antihypertensive treatment (by LC-MS/MS of urine) during this period. Referred for
the biochemical screening for non-adherence in the UK centre were patients
suspected to deviate from the prescribed antihypertensive therapy by their managing
doctor, as reported before (19). None of the patients asked to provide a urine sample
for LC-MS/MS-based analysis refused to undertake the test. Apart from the results of
LC-MS/MS-based urine analyses, we collected available basic demographic and
clinical characteristics, information on prescribed antihypertensive medications and
their changes between the first (baseline) and the last clinical appointment (as
defined by the timing of LC-MS/MS-based urine analysis). BP was recorded using a
validated semi-automatic device (A&D Digital BP Monitor UA-767PC, A&D
Instruments, Abingdon, UK). Measurements were made as per the National Institute
of Health and Care Excellence (NICE) Guideline 127 (20). 24-hour ambulatory blood
pressure monitoring (24hr ABPM) was conducted using Spacelabs 90217A-1
monitors (Space Labs Healthcare, Snoqualmie, Washington, USA) in line with the
NICE guidelines (20).
On the day of their clinic appointment, patients were asked to provide a urine sample
for the analysis of their adherence to antihypertensive medications(10) Briefly, the
LC-MS/MS-based screening detects 40 of the most commonly prescribed
antihypertensive medications (10). Samples were collected in a standard container,
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stored at -800C until analysis and examined using the Agilent Technologies 1290
High Pressure Liquid Chromatograph interfaced with an Agilent Technologies 6460
Triple Quad Mass Spectrometer (Santa Clara, USA) fitted with a jet stream
electrospray source. The detection was based upon the presence of the specific
precursor ion to product ion transition (at least two for each analyte) and retention
times (10).
Patients whose baseline urine analysis by LC-MS/MS did not detect at least one of
the prescribed antihypertensive medications were classified as initially non-adherent.
Those whose baseline urine analysis detected all prescribed antihypertensive
medications were classified as initially adherent. Patients who were initially nonadherent as defined above but whose subsequent urine analysis detected all
prescribed medications were defined as converters. Patients who were initially
adherent as defined above and whose subsequent urine analysis continued to show
presence of all prescribed medications were classified as persistently adherent.
5.1.3.1.2 Czech Republic patients

All hypertensive patients referred with sub-optimal BP control to the Hypertension
Unit at the 3rd Department of Medicine, General University Hospital in Prague
between 2010 and 2016 were included in the initial retrospective analysis of clinical
notes. Included in this project were hypertensive patients diagnosed with nonadherence to antihypertensive treatment by LC-MS/MS-based analysis and at least
two clinic appointments with recorded clinic BP values. The Czech patients were
referred for LC-MS/MS-based analysis if their treating clinician found their BP control
was sub-optimal on the existing antihypertensive treatment (20). None of the patients
asked to provide a blood sample for LC-MS/MS-based analysis refused. Similar to
the UK cohort, information on demographic data, prescribed antihypertensives and
clinic BP values recorded at baseline and on follow-up appointments was retrieved
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retrospectively from the clinical files or electronic systems. The follow-up
appointments were conducted either in Hypertension Unit at the 3rd Department of
Medicine, General University Hospital in Prague or in the primary care. BP
measurements were taken using validated oscillometric automated devices in line
with guidelines of the Czech Society of Hypertension (21).
Serum samples were collected on the initial visit in the outpatient clinic of the
Hypertension Unit. Analysis of the serum concentrations of antihypertensive
medications was performed as described before (22-25). Serum samples were
collected as a part of routine service and sent to the Toxicology laboratory of the
Institute of Forensic Medicine and Toxicology. The samples were aliquoted and
stored at -800C until analysis. The LC-MS/MS was performed using Agilent
Technologies 1200 Rapid Resolution Liquid Chromatography consisting of a
degasser, binary pump, autosampler and thermostatted column compartment. The
mass spectrometry analysis was performed using a MDS Sciex 3200 Q142 trap triple
quadrupole/linear ion trap mass spectrometer with a TurboIonSpray source.
Patients whose baseline serum analysis by LC-MS/MS did not detect at least one of
the prescribed antihypertensive medications were classified as non-adherent.
The studies comply with the Declaration of Helsinki. In the UK cohort, patients were
informed about the purpose of urine collection on the day of their clinical
appointment. The UK patients gave a verbal consent for the biochemical screening
for non-adherence, the project was approved by UHL (audit registration number:
5944) and ratified by the local ethics committee (Reference no: 17/EM/0027). Czech
Republic patients provided a written consent for collection of their data in
anonymised form and the project received an institutional approval (VFN
004707/2017). The results of all biochemical analyses were sent to the appropriate
clinician who informed the patients of the findings and discussed them during their
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clinic appointment. The form and timing of the discussion was left to the discretion of
the responsible clinician.
5.1.3.2 Statistical analysis
Descriptive statistics are presented as counts (percentages), means (standard
deviations) or medians (interquartile ranges). Crude comparisons of basic
demographic and clinical characteristics between two groups (i.e. initially adherent
vs. non-adherent patients) were conducted using Fisher’s exact test or t-test as
appropriate. The groups were also compared in terms of the number of prescribed
and detected BP lowering drugs, adherence ratio and BP over follow-up
appointments using mixed-effects regression models to account for the correlated
nature of observations across the appointments. Continuous variables such as BP
were log-transformed, the adherence proportion data were arcsine-transformed and
both analysed using linear mixed-effects models. Variables based on counts such as
the differences in the number of prescribed and detected antihypertensive
medications were examined using Poisson mixed-effects models. Non-demographic
comparisons were adjusted for age, sex, ethnicity (where appropriate) and, for the
number of prescribed antihypertensive medications. The R2 of mixed-models was
evaluated using Nakagwa and Schielzeth's approach (26) All analyses were
conducted using R27 with the use of the following R packages “lme4” (28), “data.
table” (29) and “ggplot2” (30)

Results
5.1.4.1 General clinical characteristics
Of 238 UK patients included in this analysis, 165 and 73 were classified as initially
adherent and non-adherent (respectively) based on the results of their first LCMS/MS urine test. The basic demographic characteristics as well as the percentage
of attended follow-up appointments were similar in both groups (Table 5.1). The
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clinical characteristics of 93 Czech patients whose non-adherence was confirmed by
LC- MS/MS-based analysis of serum are also shown in Table 5.1. None of the UK or
Czech patients with the initial biochemical confirmation of non-adherence to
antihypertensive treatment admitted being non-adherent prior to the LC-MS/MSbased analysis.
5.1.4.2 Initially non-adherent hypertensive patients show steeper reduction in
BP on follow-up appointments than those who are initially adherent to
antihypertensive therapy.
As expected, on the first clinic appointment initially non-adherent patients had higher
BP values than those who adhered to antihypertensive therapy (Table 5.2). However,
there were no statistically significant differences in either clinic systolic BP (SBP) or
diastolic BP (DBP) between both groups on the last clinic appointment (Table 5.2).
This pattern of changes was replicated for both mean SBP and DBP on 24-hr ABPM
(Table 5.2). The median number of prescribed antihypertensive medications
increased from 2 to 3 in the initially adherent group but remained constant at 4 in the
initially non-adherent patients (Table 5.2). Further sensitivity analyses restricted to
those with sub-optimal BP control on treatment with at least 3 antihypertensive
medications (including a diuretic) (31), confirmed that the differences in BP between
initially non- adherent and adherent patients followed the pattern of changes
observed in the analysis of the entire cohort of hypertensives (data not shown).
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5.1.4.3 LC-MS/MS-based analysis is associated with better adherence to
antihypertensive treatment and improved BP control in initially nonadherent patients
We further examined the patterns of changes in adherence to antihypertensive
therapy and BP exclusively in UK patients who were non-adherent on their first clinic
appointment. Of 73 initially non-adherent patients, 30 had repeated LC-MS/MSbased urine analysis coinciding with clinic BP measurements. There were no
statistically significant differences in their basic clinical characteristics when
compared to the 43 non-adherent patients who did not have repeated urine analysis
(data not shown). The median adherence ratio increased between their first and last
appointment (Table 5.3). Indeed, while the median number of prescribed medications
remained constant (P=0.906), the median number of drugs detected in urine by LCMS/MS increased from one to three (P<0.001) (Table 5.3). By the last appointment,
80% of the 30 initially non-adherent patients with follow-up LC-MS/MS-based
analysis improved their urinary adherence ratio and 53.3% became fully adherent
(converters). We also recorded 19.5- and 7.5-mmHg reduction in SBP and DBP
(respectively) between the patients’ first and last appointment (Table 5.3).
An additional analysis conducted in an independent sample of 93 non-adherent
hypertensive patients from Czech Republic revealed even more significant reduction
in BP – average SBP and DBP dropped by 32.6 and 17.4 mmHg (respectively,
P<0.001) on appointments following the initial LC-MS/MS-based serum analysis. This
BP reduction occurred without statistically significant changes in the average number
of prescribed antihypertensive medications (Table 5.3).
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5.1.4.4 Initially non-adherent patients who become converters reach BP similar
to that of persistently adherent patients
19 initially adherent patients had repeated LC-MS/MS-based urine analysis and
remained adherent to treatment by the final clinic appointment (persistently adherent
patients). Their clinical characteristics are shown in Table 5.4. While the baseline
clinic BP was numerically lower in persistently adherent patients than in converters,
by the last appointment, both clinic SBP and DBP became statistically comparable
between both groups of patients (Table 5.4).
5.1.4.5 The numerical change in the adherence ratio shows a correlation with
the drop in BP in initially non-adherent patients who underwent
repeated urine analysis and BP measurements
We detected a significant association between the increase in the adherence ratio
(on LC-MS/MS-based urine analysis) and drop in BP (on clinic measurements) in 29
UK patients who underwent repeated screening for non-adherence and had BP
measurements taken on the same visits (R2=0.25, P=0.002 for SBP and R2=0.21,
P=0.005 for DBP). An average increase in urinary adherence ratio of 0.5 correlated
with an approximately 16-mmHg drop in SBP and 9-mmHg drop in DBP (Figure 5.1).
After adjustment for age, sex, ethnicity and the number of prescribed drugs, the
association between the increase in the urinary adherence ratio and drop in BP
remained significant (P=0.010 for SBP and P=0.006 for DBP)

Discussion

Our study provides several important insights into the potential therapeutic utility of
biochemical screening for non-adherence to antihypertensive treatment. Firstly, we
demonstrate that non-adherent hypertensive patients who underwent LC-MS/MSbased analysis of urine/serum and were informed of the results exhibit a significant
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BP drop on subsequent clinical appointments. Secondly, we show that repeated LCMS/MS-based

analyses

have

the

potential

to

normalise

adherence

to

antihypertensive treatment in a majority of initially non-adherent patients. Thirdly, our
data suggest that the observed improvement in BP on follow-up appointments can be
explained by an improvement in urinary adherence ratio. Finally, we reveal that those
who fully convert from initial non-adherence to full adherence may achieve BP levels
similar to those who have been persistently adherent to treatment.
We and others previously demonstrated the diagnostic utility of LC-MS/MS-based
screening in detecting non-adherence to antihypertensive treatment (8,10-12,14-18).
It also emerges that biochemical screening for non-adherence to BP lowering therapy
may be helpful in treatment of hypertension. Indeed, 16 hypertensive patients with
biochemically confirmed non-adherence showed 46- and 14-mmHg drop in clinic
SBP and DBP (respectively) on follow-up in a pilot US study (13). We extend these
observations to larger samples of patients recruited in two European countries. Most
importantly, our study demonstrates that a reduction in BP can be explained (at least
in part) through improved therapeutic adherence (as measured by the average
increase in detected BP lowering medications and the absolute increase in urinary
adherence ratio).
We also show for the first time that as the directly measured adherence ratio
improves over the follow-up appointments, the number of initially non-adherent
patients drops, and adherence normalises in 53.3% of initially non-adherent
individuals. This means that a majority of initially non-adherent patients may convert
into

adherence

on

repeated

LC-MS/MS-based

analysis.

The

mechanisms

responsible for BP reduction after LC-MS/MS-based analyses remain unclear. We
anticipate that discussing the results of LC-MS/MS-based analysis break down key
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barriers to adherence on both the clinician’s and the patient’s side (32,33). In our
study, the form and content of this discussion was left at the discretion of the
managing physician. At UHL BP clinic, this structured discussion aims to identify and
eliminate the lead reason(s) for non-adherence to antihypertensive treatment. The
conceptual principles of this intervention are rooted in the apparent BP lowering
efficacy of therapeutic drug monitoring (13) and follow the strategy proposed by
National Institute of Clinical Excellence (NICE) guidelines on adherence to medicines
(34). The discussion focuses primarily on 1/ polypharmacy, 2/ practical difficulties
(i.e. forgetting, managing treatment costs, etc.) that through limitations in capability
and resources affect ability to adhere and 3/ perceptions affecting the motivation to
adhere (e.g. beliefs that daily treatment is not necessary and concerns about harm).
Such structured discussions are intended to help clinicians to explain the results of
the urine analysis with the patients and to tailor adherence support through
addressing the specific perceptual and practical factors influencing the patients’
motivation and ability to adhere as recommended in the NICE Guidelines (34).
The potential benefits of LC-MS/MS-based analysis in managing non-adherent
hypertensive patients should not be underestimated. Firstly, a reduction of
approximately 20 mmHg in SBP achieved by repeated biochemical analysis may
potentially translate into a 45% reduction in risk of coronary heart disease and
approximately 65% reduction in risk of stroke (4,35). Conversion of the majority of
non-adherent hypertensive patients to adherence with a significant drop in BP would
be an important breakthrough in the field, given that previous studies showed limited
benefits from complex and costly interventions (36-38). Based on the previous
simulations, 54% improvement in adherence (conversion from non-adherence to
adherence) at the population level may reduce the number of strokes, myocardial
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infarction, kidney disease and heart failure by around 4.6 million with a cost reduction
of about $39 billion (39). In economic terms, non-adherence to antihypertensive
medications accounts for around $18.5 billion excess costs to the US health
economy (40). Thus, the change of more than half of non-adherent patients to
adherence patients with improvement of their BP control by approximately 20 mmHg
is likely to have an important impact on health economy if the test were used
routinely and on a widespread basis. It is worth reflecting that the cost of the assay is
less than a monthly supply of antihypertensive medications for some patients.
Further larger, prospective randomised controlled trials are necessary to precisely
quantify the efficacy of LC-MS/MS-based intervention and elucidate the factors
behind

the

successful

conversion

from

non-adherence

to

adherence

to

antihypertensive treatment.
We appreciate some limitations of our study. Firstly, the patients who underwent this
analysis represent a specific group of hypertensive patients with sub-optimal BP
control. Secondly, our results are based on retrospective analyses of clinical notes
and we recognise the limitation of incomplete data availability and unmeasured
confounding inherent to this type of analysis. Thirdly, information on the reasons for
non-adherence was not formally a part of our data collection. However, forgetfulness
emerges as one of the most common drivers of sub-optimal adherence in interviews
with patients conducted at UHL BP clinic. This form of non-intentional non-adherence
to antihypertensive therapy was also demonstrated as one of the main barriers to
adherence in other studies (41,42). Our study is not immune from the so-called
toothbrush effect (43) – patients may have taken their medications just prior to their
clinic appointment and thus influence their clinic BP measurement. To this end, the
availability of 24hr ABPM data showing the same direction of BP changes is
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reassuring as this investigation was conducted at a different time point from the clinic
appointment. Finally, our data provide insights into repeated snapshots of adherence
rather than continuous therapeutic persistence.

Perspectives

We show that repeated biochemical screening for non-adherence by LC-MS/MS is
associated with BP reduction. We further demonstrate that a majority of nonadherent patients can be converted to full adherence by repeated testing with
optimisation of their BP control. To this end we suggest that repeated LC-MS/MSbased analysis should be considered as a potential therapeutic approach to nonadherence-driven pseudo-resistant hypertension. Future well-designed studies are
needed to confirm these findings in prospective clinical trials and address the impact
of this test on cardiovascular outcomes and its impact on the global health economy.
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Novelty and significance
5.1.11.1
What is new
• Hypertensive patients with biochemically confirmed non-adherence to
antihypertensive treatment respond to the LC-MS/MS analysis with a
significant drop in BP.
80% of initially non-adherent hypertensive patients show an improvement in

•

their adherence in response to initial biochemical screening.
5.1.11.2
What is relevant
• Biochemical testing for non-adherence has an important therapeutic potential.
5.1.11.3
•

Summary

Biochemical screening for non-adherence to antihypertensive treatment leads
to a significant improvement in blood pressure as a result of improved
adherence.
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Figures
Figure 5.1 Relationship between change in adherence and change in blood
pressure

SBP – systolic blood pressure, DBP – diastolic blood pressure, X axis represents the
change

in

urinary

adherence

ratio

(the

ratio

of

detected

to

prescribed

antihypertensive medications), Y axis represents the change in clinic blood pressure
(mmHg), data points are changes in blood pressure and urinary adherence ratio
between the appointments with complete information (both blood pressure and
adherence) available, P-value – level of statistical significance for association
between the change in urinary adherence ratio and change in SBP and DBP
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Tables
Table 5.1. Demographic and clinical characteristics of patients
Characteristic

Phenotype

Czech

UK

All

Initially
Adherent

Initially

Initially
non-

P-value nonadherent

adherent

N

238

165

73

-

93

Age (years)

54.3 (16.3)

53.3 (17.8)

56.6 (12.1)

0.094

51.4 (10.5)

Female sex (%)

128 (53.8)

84 (50.9)

44 (60.3)

0.206

53 (57)

151 (63.4)

113 (68.5)

38 (52.1)

0.019

93 (100)

214 (89.9)

149 (90.3)

65 (89.0)

0.817

-

166 (69.7)

112 (67.9)

54 (74.0)

0.364

93 (100)

4.5 (3.1)

4.5 (3.3)

4.5 (2.7)

0.977

-

Caucasian
ethnicity (%)
Attendance at
the second
clinic appointment (%)
Attendance at the
last clinic
appointment (%)
Time between 1st
and 2nd
appointment (months)

128

Time between 2nd
and last

10.9 (7.0)

9.8 (6.3)

13.4 (7.8)

0.003

-

appointment (months)
Data are means (standard deviations) or counts (percentages), P-value – level of
statistical significance for the difference between initially adherent and non-adherent
patients from UK
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Table 5.2. Blood pressure values on follow-up appointments – comparison of
initially adherent and initially non-adherent patients
Clinic
appointment

Initially adherent

N

Clinic

P-value

Initially non-adherent

SBP

(mmHg)

N

Clinic

SBP

(mmHg)

1st

152 [13]

154.5 (21.7)

69 [4]

167.8 (21.5)

< 0.001

2nd

126 [23]

143.8 (19.7)

61 [4]

158.9 (27.8)

< 0.001

Last

90 [22]

140.5 (17.9)

50 [4]

147.1 (23.1)

0.247

Clinic

DBP

Clinic

(mmHg)

DBP

(mmHg)

1st

152 [13]

88.7 (14.0)

69 [4]

94.8 (12.8)

< 0.001

2nd

126 [23]

86.0 (14.9)

61 [4]

89.6 (17.7)

0.012

Last

90 [22]

82.9 (13.8)

50 [4]

84.4 (14.6)

0.187

24hr mean

24hr mean

SBP (mmHg)

SBP (mmHg)

1st

109 [56]

147.5 (14.9)

37 [36]

156.8 (18.9)

0.037

2nd

26 [123]

151.2 (24.1)

11 [54]

156.1 (22.3)

0.667
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Last

15 [97]

136.9 (14.8)

7 [47]

149.3 (14.6)

24hr mean

24hr mean

DBP (mmHg)

DBP (mmHg)

0.198

1st

109 [56]

86.4 (12.2)

37 [36]

90.3 (12.3)

0.012

2nd

26 [123]

84.2 (13.5)

11 [54]

86.8 (12.6)

0.130

Last

15 [97]

78.1 (14.2)

7 [47]

82.1 (8.6)

0.134

Medications

Medications

1st

165 [0]

2 (1 - 4)

73 [0]

4 (3 - 5)

<0.001

2nd

148 [1]

3 (2 - 4)

65 [0]

4 (3 - 5)

0.003

Last

111 [1]

3 (2 - 4)

54 [0]

4 (3 - 5)

0.042

Data are counts (percentages), medians (interquartile ranges) or means (standard
deviations), N – number of patients with available data [number of patients with
missing data], medications – number of prescribed antihypertensive medications, Pvalue – level of statistical significance for the difference between initially adherent
and initially non-adherent patients adjusted for age, sex and ethnicity; blood pressure
comparisons were also adjusted for the number of prescribed medications
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Table 5.3. Changes in clinic blood pressure and adherence to antihypertensive treatment in initially non-adherent patients.
UK patients

Characteristics

N
Adherence
ratio

Czech patients
1st

Last

appointment

appointment

-

93

93

-

1 (0.67 - 1)

< 0.001

0.17 (0 - 0.50)

-

-

4 (4 - 5)

4 (3 - 5)

0.906

4 (3 - 4)

4 (3 - 5)

0.436

3 (0.5 - 4)

3 (2 - 4)

< 0.001

1 (0 - 2)

-

-

1st

2nd

Last

appointment

appointment

appointment

73

23

17

0.33 (0 - 0.67)

0.60 (0.13 - 1)

4 (3 - 5)

1 (0 - 2)

P-value

P-value

Number
of
drugs
prescribed
Number
of
drugs detected

132

SBP (mmHg)

167.8 (21.5)

162.7 (28.8)

148.3 (24.5)

0.001

183.6 (25.8)

151.0 (27.8)

< 0.001

DBP (mmHg)

94.8 (12.8)

93.8 (20.0)

87.3 (13.4)

0.009

108.3 (14.9)

90.9 (14.6)

< 0.001

Data are counts, medians (interquartile ranges) or means (standard deviations), adherence ratio – the urinary ratio of detected to
prescribed antihypertensive medications, P-value – level of statistical significance for comparison of the first and last appointments
adjusted for age and sex; blood pressure comparisons were also adjusted for the number of prescribed medications
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Table 5.4. Clinical characteristics, adherence to antihypertensive treatment
and clinic blood pressure in converters and persistently adherent patients
Clinic

Characteristic

appointment

Converters

Persistently

P-value

adherent

N

-

16

19

-

Age (years)

-

54.6 (13.7)

64.4 (15.3)

0.052

Female sex (%)

-

12 (75)

11 (58)

0.476

Caucasian ethnicity (%)

-

9 (56)

13 (68)

0.503

1st

4 (3.5 - 5)

4 (2 - 4.5)

0.066

2nd

4 (3.5 - 5)

3 (2 - 4)

0.069

Last

4 (3.5 - 5)

3.5 (3 - 4)

0.178

1st

174.4 (17.8)

157.8 (25.2)

0.004

2nd

156.6 (27.3)

157.2 (24.4)

0.800

Last

138.4 (19.0)

148.6 (17.3)

0.342

1st

96.1 (17.4)

81.8 (16.7)

0.074

2nd

90.9 (22.3)

85.8 (17.7)

0.906

Number

of

prescribed

SBP (mmHg)

drugs

DBP (mmHg)

134

Last

84.2 (16.4)

86.1 (11.2)

0.143

Data are counts (percentages), medians (interquartile ranges) or means (standard
deviations), converters – initially non-adherent patients who by their last clinic
appointment converted to fully adherent, persistently adherent – initially adherent
patients who remained fully adherent on repeated testing, P-value – level of
statistical significance for comparison between converters and persistent adherers;
comparisons at each appointment were adjusted for age, sex and ethnicity; blood
pressure comparisons were also adjusted for the number of prescribed drugs
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Abstract
6.1.1.1 Objectives
True resistant hypertension and refractory hypertension are proposed to stem from
sympathetic nervous system activity. However, the studies that laid foundation to this
hypothesis were largely conducted without exclusion of the most common forms of
pseudo-resistant

hypertension

including

non-adherence

to

antihypertensive

treatment. We sought to examine whether the degree of resistance to
antihypertensive treatment correlates with clinical measures of sympathetic nervous
system (SNS) activity after biochemical exclusion of non-adherence.
6.1.1.2 Methods
Seventy-six hypertensive patients from two European centres were included.
Adherence to antihypertensive treatment was confirmed by high performance liquid
chromatography mass spectrophotometry-based urine analysis. We used the
number of prescribed blood pressure lowering medications as a measure of
resistance to antihypertensive treatment. Patients prescribed five antihypertensive
medications were classified as having refractory hypertension. Blood pressure and
heart rate variabilities recorded on 24-hr ambulatory blood pressure monitoring were
used as clinical surrogates of sympathetic nervous system activity.
6.1.1.3 Results
A total of 43.4% of patients were on ≥5 antihypertensive medications. The variability
in night-time diastolic blood pressure, mean day-time and night-time heart rates were
inversely correlated with the number of prescribed antihypertensives on unadjusted
analysis. However, none of the clinical measures of sympathetic nervous system
activity remained significant after the adjustment for clinical cofounders and/or the
correction for multiple testing.
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6.1.1.4 Conclusion
We found no evidence for association between the increased sympathetic nervous
system activity and the magnitude of resistance to blood pressure lowering
medications. This suggests that therapeutic targeting of the sympathetic nervous
system is unlikely to cure resistant/refractory hypertension.
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Condensed abstract

We examined associations between 24-hour ambulatory blood pressure monitoringderived measures of sympathetic nervous system activity and the degree of
resistance to antihypertensive treatment in 76 patients' hypertensive patients who
were adherent to their antihypertensive therapy. We found no evidence in favour of
increased sympathetic nervous system activity as the driver of resistance to blood
pressure lowering therapy.
Key words adherence, resistant hypertension, refractory hypertension, sympathetic
nervous system.
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Introduction

Hypertension is the most common non-communicable disease affecting more than
1.1 billion people in the world with an age-standardised prevalence of 24.1% in men
and 20.1% in women (1). It shows a robust association with increased risk of all
cardiovascular diseases (2). The risk of death due to stroke, ischemic heart disease
and other vascular diseases doubles with each 20-mmHg rise in systolic blood
pressure (SBP) and a 10-mmHg rise in diastolic blood pressure (DBP), respectively
(3). Globally, high SBP is the leading cause of disability-lost life years, ahead of
smoking (4). Although hypertension is a modifiable cardiovascular risk factor, only a
small proportion of hypertensive patients have their BP controlled to the
recommended therapeutic targets (5). At the very end of the uncontrolled BP
spectrum are patients with resistant hypertension – those whose BP is below the
recommended therapeutic targets despite treatment with maximum tolerated doses
of three or more antihypertensive of different classes with (one of them being a
diuretic) (6,7). Refractory hypertension is an extreme presentation of resistant
hypertension defined by uncontrolled BP on blood pressure lowering therapy with
five or more medications (8,9). The prevalence of refractory hypertension is
estimated at 1.5-9.5% in patients with resistant hypertension (who traditionally are
thought to account for 10% of hypertensive individuals) (8-13).
It has been recently postulated that patients with refractory hypertension represent a
specific pathophysiological and clinical entity driven by heightened activity of
sympathetic nervous system (SNS) (10,14). Indeed, it was demonstrated that
patients who fulfil the diagnostic criteria of refractory hypertension had higher heart
rates, urinary normetanephrine excretion, pulse wave velocity and systemic vascular
resistance when compared to patients with controlled hypertension on
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antihypertensive treatment (14). This up-regulation of SNS activity was also
postulated as a cause of treatment failure in patients with refractory hypertension
(14). One of the major caveats of the studies including patients with resistance and
refractory hypertension is that they have been conducted without an objective
exclusion of common forms of pseudo-resistance such as non-adherence to blood
pressure lowering medications (13). The latter is very common – based on the
recently developed objective biochemical analysis of bodily fluids, we estimate that
15-45% patients with resistant hypertension are non-adherent to blood pressure
lowering treatment (15-22). Many of the prescribed antihypertensives (i.e. beta
blockers, clonidine, doxazosin, moxonidine and methyldopa) are known for their
direct or indirect inhibitory effects on SNS or its clinical measures. Thus, higher
resting heart rate in patients with refractory hypertension than in those with controlled
hypertension may be secondary to more common non-adherence to these
medications rather than heightened SNS tone per se. The latter hypothesis is further
substantiated

by

our

recent

observation

that

the

number

of

prescribed

antihypertensives directly correlates with the risk of non-adherence (23). Thus,
patients who satisfy the diagnostic criteria of refractory hypertension (i.e. those on
five antihypertensive medications) have ~15-30% higher rates of non-adherence that
those who were prescribed 3 blood pressure lowering drugs (23).
In this study we examined associations between clinical surrogates of SNS activity
derived from 24-hour ambulatory blood pressure monitoring and the degree of
resistance to antihypertensive treatment (measured by the number of prescribed
antihypertensive medications) in hypertensive patients who were fully adherent to BP
lowering therapy on liquid chromatography-tandem mass spectrometry (LC-MS/MS)
based analysis of bodily fluids (22).
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Methods
6.1.4.1 Patients, inclusion criteria, definitions
The retrospective study was conducted using data collected between 2010–2017 at
two European Centres of Excellence in management of hypertension: Blood
Pressure Clinic of University Hospitals of Leicester NHS Trust (Leicester, UK) and
the Hypertension Unit of General Medical Hospital (Prague, Czech Republic). Each
of the centres uses biochemical screening for non-adherence to antihypertensive
treatment as a part of the routine diagnostic pathway to resistant and refractory
hypertension (22-25). Included in this analysis were hypertensive patients who i)
underwent at least one biochemical analysis of urine/blood by LC-MS/MS between
2010 and 2017 and were classified as fully adherent to antihypertensive treatment, ii)
had a concomitant 24-hour ambulatory blood pressure monitoring (24-hr ABPM)
performed within six months of the date of the biochemical confirmation of
adherence to antihypertensive treatment, iii) had resistant or refractory hypertension.
Adherence to antihypertensive treatment was defined as the presence of all
prescribed antihypertensive medication in urine/blood on LC-MS/MS-based analysis.
Resistant hypertension was defined as 24-hr ABPMBP >135/85 mmHg on at least
three antihypertensive medications of different classes at maximally tolerated doses
with one of them being a diuretic (6). We further assessed the degree of resistant
hypertension based on the number of prescribed antihypertensives; group 1: those
on three antihypertensives, group 2: patients on four antihypertensives and group 3:
those treated with at least 5 antihypertensive medications. Refractory hypertension
was defined as patients with resistant hypertension on at least 5 antihypertensive
medications. All relevant clinical and demographic data were retrieved from the
clinical files.
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6.1.4.2 24-hr ABPM-derived measures of SNS activity
24-hr ABPM was performed using Spacelabs 90217A or 90217A-1 monitors (Space
Labs Healthcare, Snoqualmie, Washington) in accordance with the National Institute
of Health and Care Excellence guidelines (26). The following clinical parameters
were collected: means and standard deviations of 24-hr SBP, 24-hr DBP, day-time
SBP, day-time DPB, night-time SBP, night-time DBP, 24-hr heart rate (HR), day-time
HR and night-time HR. HR variability (HRV) was calculated as the standard deviation
of HR over a reference period (24 hours, day-time or night-time as appropriate) (27).
The standard deviations of BP over the reference periods were used as a measure
of BP variability (27,28).
6.1.4.3 Biochemical analysis by LC-MS/MS
In UK patients spot urine samples were obtained after verbally secured consent from
participants on the day of their visit to the outpatient clinic. Samples were then sent
to the National Centre for Adherence Testing (NCAT) in Leicester (29). The analysis
was performed as described previously (22). In brief, samples were aliquoted and
stored at -700C, analysed in batches after appropriate dilution and extraction (22).
The analysis was conducted on Agilent Technologies 1290 High Pressure Liquid
Chromatograph interfaced with an Agilent Technologies 6460 Triple Quad Mass
Spectrometer (Santa Clara, CA, USA) fitted with a jet stream electrospray source.
Identification of analytes was based on the unique mass to charge ratio of the
fragments generated in the tandem mass spectrometer.
The Czech patients provided written consent for the use of their samples and data in
an anonymised form. Blood samples were obtained from patients at the time of their
clinic visit to the hypertension clinic. Samples were sent and analysed in the
Toxicology Laboratory of the Institute of Forensic Medicine and Toxicology. The
details of this analysis are provided elsewhere (30,31). In brief, the samples were
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batch-analysed

on

Agilent

Technologies

1200

Rapid

Resolution

Liquid

Chromatography (Santa Clara. CA, USA) consisting of a degasser, binary pump,
autosampler and thermostatted column compartment. The mass spectrometry
analysis was performed using an MDS Sciex 3200 Q142 trap triple quadrupole/linear
ion trap mass spectrometer with a TurboIon Spray source.
6.1.4.4 Approvals
The studies complied with the Declaration of Helsinki. The studies were granted
Regional Ethics Committee agreement (reference no: 17/EM/0027) (UK) and the
local institutional approval (reference no: VFN 004707/2017) (Czech Republic).
6.1.4.5 Statistical analysis
Categorical data are presented as counts and percentage and continuous data are
presented as means and standard deviations. Ordinal logistic regression was used
to examine crude associations between the degree of resistance to antihypertensive
treatment (as dependent variable) and each individual demographic and clinical
variable, separately. Multiple ordinal logistic regression was then used to further
adjust these associations for age, sex, ethnicity, centre of recruitment, use of betablockers (drugs B) and other antihypertensive medications (drugs E) [the only two
classes of antihypertensive medications that showed baseline associations with the
phenotypes of interest]. Associations with p-value <0.05 were considered as
nominally significant. The correction for multiple testing was calculated using
Bonferroni method. The corrected level of significance was equal to the nominal
significance level (e.g. 0.05) divided by the number of tests. The association was
considered as significant after the correction for multiple testing if the corresponding
p-value was smaller than the corrected level of significance. The Bonferronicorrected levels of statistical significance for analyses highlighted in Tables 6.2 and
6.3 were calculated at 0.01, and 0.00278, respectively.
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Results

A total of 76 patients were included in this analysis. Their baseline characteristics
stratified on the degree of resistance to antihypertensive treatment are shown in
Table 6.1. A total of 43.4% patients were on ≥5 medications. These patients were
older than the other two groups (Table 6.2). Patients with the lowest degree of
resistant hypertension were less frequently prescribed beta-blockers and “other”
antihypertensive medications than individuals from the two other groups (Table 6..2).
There were no statistically significant differences in mean, daytime and night-time
SBP and DBP between the three groups (Table 6.3). Of BP variability measures,
only night-time DBP variability showed an inverse association with the degree of
therapeutic resistance to antihypertensive treatment – patients with the highest
number of prescribed blood pressure lowering medications showed the smallest
average SD of nocturnal DBP (Table 6.3). However, this association was no longer
significant after the adjustment.
The 24-hour mean, daytime and nigh-time heart rate values were numerically lowest
in patients with the greatest degree of resistance to antihypertensive treatment
before adjustment but these associations were no longer significant in the adjusted
analysis (Table 6.3). The mean 24-hour and daytime heart rate variability showed
associations with the degree of resistance to blood pressure lowering therapy in the
adjusted analyses (Table 6.3). However, neither of these associations passed the
threshold of correction for multiple testing (Table 6.3).

Discussion

Our study is the first to analyse the relationship between clinical measures of SNS
activity and degree of therapeutic resistance in hypertension after objective exclusion
of non-adherence to antihypertensive treatment using biochemical analysis of
blood/urine. We show that in this cohort of patients, the magnitude of resistance to
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antihypertensive treatment (as a proxy of the magnitude of resistant hypertension)
shows no correlation with increased sympathetic activity surrogates. Dudenbostel et
al showed that patients with refractory hypertension had significantly higher absolute
values of mean 24-hour heart rate and decreased heart rate variability when
compared to individuals with “controlled” resistant hypertensive (14). We found no
statistically significant associations between the resistance to antihypertensive
treatment and heart rate variability amongst adherent hypertensive patients. Both
clinical measures of SNS activity showed numerically inverse association with the
degree of resistance to antihypertensive treatment (at least on crude analysis and/or
prior to the correction for multiple testing). This could be explained (at least in part)
by the higher rate of beta-blocker use with the increasing degree of resistant
hypertension. In contrast to a study by Dudenbostel et al (that used patient selfreports as an adherence measure) we have objectively confirmed that all patients
included in the analysis were indeed adherent to antihypertensive treatment. Thus, it
is unlikely that our study is confounded by non-adherence to medications known to
affect clinical measures of SNS activity. Self-reports are known as very poor
estimates of adherence (32). Hence, the associations between refractory
hypertension and measures of SNS activity (i.e. heart rate) from analyses based on
self-reports may be affected by concealed non-adherence to medications with
documented influence on SNS (14).
Over the last five years the biochemical screening for non-adherence has come to
the forefront of clinical medicine as a direct objective test to exclude a common form
of pseudo-resistant hypertension (15-22). It is now recommended that adherence
should be assessed preferably by objective methods (such as biochemical
screening) in patients with resistant hypertension (13,33). We, therefore suggest that
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future studies in this field need to be conducted upon confirmation of true resistance
using a biochemical analysis of urine or blood by LC-MS/MS.
This study adds to the debate on the key biological mechanisms of true resistant
hypertension. More than 40 years ago, Guyton proposed that homeostatic regulation
of the fluid water status in the body by the kidney is central to the regulation of BP
and a right ward shift of this renal function curve causes sustained hypertension (34).
Indeed, salt-water retention is an important factor that contributes to resistant
hypertension (35). The recent PATHWAY-2 randomised control trial showed that the
spironolactone as an add-on therapy had a superior effect on BP over doxazosin and
betablockers in patients with resistant hypertension (36). Sympathetic activity is
considered to play a causal role in resistant hypertension although the evidence for
its role does not appear as consistently strong as that of salt-water retention (37).
Clinically, the effectiveness of renal denervation was questioned after the results of
the Symplicty-3 trial (38) although the recent studies including SPYRAL HTN-OFF
MED, SPYRAL HTN-ON MED and RADIANCE-HTN SOLO suggest that this
procedure may be effective in reduction of blood pressure in subsets of patients (3941). On the basis of data from this study and the previous literature we propose that
to identify patients who may respond to renal denervation therapy it would useful to
assess their salt retention status along with assessment of sympathetic activity at
baseline and follow up.
We are aware of several limitations of this analysis. Due to retrospective nature of
the study it is not immune to a selection bias and unmeasured cofounding.
Unfortunately, data on plasma or urine catecholamines and more sophisticated
parameters of SNS (including invasively measured regional catecholamine spill over
in the kidney and heart or direct record of the sympathetic activity by
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microneurography in the skeletal muscles) (42) were not available to us. In the future
application of these methods in studies with biochemically confirmed adherence to
antihypertensive treatment should help to further consolidate the conclusion of this
study.

Conclusion

This study suggests that in patients with objectively confirmed adherence to
antihypertensive treatment the degree of resistance to blood pressure therapy is not
associated with heightened sympathetic nervous system activity (as derived from 24hour ABPM). This suggests that specific targeting sympathetic activity in patients
with resistant/refractory hypertension may not provide the expected cure/ therapeutic
benefits. Further larger studies are required to validate these findings.
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Tables

Table 6.1. Clinical characteristics of patients.

Characteristics

All

Group 1

Group 2

Group 3

P-value *

N (%)

76 (100)

18 (23.7)

25 (32.9)

33 (43.4)

-

Age (years)

60.9 (12.3)

55.2 (14.0)

60.8 (12.6)

64.2 (9.9)

0.016

Men (%)

42 (55.2)

9 (50)

15 (60.0)

18 (54.5)

0.879

Caucasian (%)

60 (79.0)

16 (88.9)

19 (76.0)

25 (75.8)

0.353

BMI (kg/m2)

33.0 (6.7)

31.5 (7.4)

34.6 (7.2)

32.5 (5.8)

0.928

Smoking (%)

15 (22.7)

5 (27.8)

5 (20.8)

5 (15.2)

0.289

Diabetes (%)

33 (44)

4 (22.2)

12 (48)

17 (51.5)

0.073

CVD (%)

18 (23.7)

1 (5.6)

8 (32.0)

9 (27.3)

0.186

Data are means (standard deviation) or counts (percentages), Group 1 – patients on
three antihypertensive medications, 2 – patients on four antihypertensive
medications, 3 – patients on ≥five antihypertensive medications. P-value* – nominal
p-value. CVD- cardiovascular disease
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Table 6.2. Degree of resistance to antihypertensive treatment and use of
different classes of antihypertensives.
Medication Class

All

Group 1

Group 2

Group 3

P value *

A

73
(96.1)
44
(57.9)
59
(77.6)
76 (100)

15 (83.3)

25 (100.0)

33 (100)

0.767

3 (16.7)

14 (56.0)

27 (81.8)

< 0.0001

12 (66.7)

19 (76.0)

28 (84.8)

0.135

18 (100)

25 (100)

33 (100)

1.0

B
C
D
E

49
4 (22.2)
14 (56.0)
31 (94.0)
<0.0001
(64.5)
Data are counts (percentages), Group 1 – patients on three antihypertensive
medications, 2 – patients on four antihypertensive medications, 3 – patients on ≥five
antihypertensive medications A – angiotensin converting enzyme inhibitors or
angiotensin receptor blockers, B – beta-blockers, C – calcium channel blockers, D
- diuretics, E – other antihypertensive medications, P-value – nominal p-value.
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Table 6.3: 24-hour ambulatory blood pressure monitoring-derived parameters
and the degree of resistance to antihypertensive treatment.
Parameter

Group 1

Group 2

Group 3

Total

P

P

N=18

N=25

N=33

N=76

value**

24-hr SBP

151.5

158.0

153.1

154.3

0.964

value
Ɨ
0.92

(mmHg)

(11.1)

(16.1)

(10.7)

(12.9)

24-hr SBP

16.5

16.3

16.9

16.6

0.706

0.479

variability*

(4.7)

(4.6)

(4.2)

(4.4)

Day-time SBP

153.9

159.28

155.4

156.3

0.976

0.790

(mmHg)

(11.1)

(17.6)

(11.6)

(13.8)

Day-time SBP

12.8

15.9

16.0

15.4

0.148

0.696

Variability*

(3.0)

(4.7)

(4.8)

(4.6)

Night-time SBP

146.0

155.3

146.8

149.4

0.694

0.273

(mmHg)

(18.5)

(14.9)

(16.8)

(17.0)

Night-time SBP

12.4

13.6

12.8

13.0

0.949

0.396

Variability*

(3.6)

(5.6)

(4.9)

(5.0)

24-hr DBP

83.9

84.7

79.8

82.4

0.185

0.156

(mmHg)

(15.0)

(14.1)

(10.5)

(12.9)

24-hr DBP

11.1

10.2

10.0

10.3

0.261

0.725

Variability*

(2.8)

(2.0)

(2.2)

(2.2)

Day-time DBP

85.9

86.4

81.9

84.3

0.233

0.878

(mmHg)

(17.0)

(14.7)

(10.9)

(13.8)

Day-time DBP

8.9

9.7

8.9

9.2

0.652

0.938

Variability*

(1.7)

(2.3)

(2.3)

(2.2)
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Night-time DBP

81.8

81.1

74.1

78.2

0.047

0.958

(mmHg)

(21.1)

(13.1)

(11.3)

Night-time DBP

10.4

9.3

7.7

(14.
9)
8.8

0.003

0.094

Variability*

(3.6)

(2.3)

(2.2)

(2.7)

24-hr HR

72.1

67.8

64.9

67.6

0.036

0.556

(bpm)

(10.0)

(11.4)

(11.8)

24-hr HRV*

9.1

7.9

6.9

(11.
5)
7.7

0.082

0.030

(2.8)

(3.6)

(3.3)

(3.4)

Day-time HR

74.5

69.3

66.1

69.1

0.027

0.443

(bpm)

(11.2)

(12.4)

(12.5)

Day-time HRV*

8.2

7.4

6.6

(12.
5)
7.2

0.160

0.037

(2.9)

(3.4)

(3.0)

(3.1)

Night-time HR

65.8

64.2

61.4

63.4

0.102

0.840

(bpm)

(8.1)

(9.2)

(11.1)

(9.9)

Night-time
HRV*

7.0

5.8

4.1

5.3

0.004

0.322

(2.5)

(3.1)

(2.0)

(2.8)

Data are means and (standard deviations), SBP – systolic blood pressure, DBP –
diastolic blood pressure, HR – heart rate, HRV – hear rate variability, N – number of
individuals, Group 1 – patients on three antihypertensive medications, 2 – patients
on four antihypertensive medications, 3 – patients on ≥five antihypertensive
medications. Data“*” – available only for the Leicester cohort, The P-value**– the
unadjusted nominal p-value; P-valueƗ – p-value after adjustment, Bonferroni method
was applied for the correction for multiple testing (the corrected level of significance
= 0.00278)
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7 SUMMARY, CLINICAL IMPACT, WORK INSPIRED BY THE
THEISIS, ANCILLARY AND FUTURE WORK
Summary
Chapter 1 is the introductory chapter which defines non-adherence and provides an
overview of the extent of non-adherence in cardiovascular diseases.
Chapter 2 summarises the various methods to assess non-adherence. Adherence is
not assessed 40% of the times. Subjective methods are inexpensive and easy to
use. These commonly include patient questionnaires, but they tend to underestimate
non-adherence by ~ 20% and have limited internal validity (Cronbach’s α 0.61-0.91).
Pharmacy prescription records are an objective measure and are commonly used in
epidemiological studies but require complete and accurate records. They have
reported error rates ranging from 13-29%. Another objective measure is

an

electronic monitoring device (digital pill bottles). These provide rich level of data but
are usually for single pill monitoring and opening a pill bottle does not equate to
medication adherence. Directly observed therapy requires expensive resources and
up-to 25% of patients have suffered hypotensive effects during the test. Biochemical
adherence screen is clinically acceptable by patients, is robust and is becoming the
preferred modality of diagnosing non-adherence. It only provides a snap-shot of
adherence behaviour. This is test would be best used when patients are on more
than one antihypertensive medications specially where resistant hypertension is
suspected

Chapter 3 is structured into two parts. The first part details the evolution of LCMS/MS with the development of mass spectrometry in 1897 and its subsequent
combination with high pressure liquid chromatography, first developed in 1903, into a
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powerful technique that has been in use in forensics. HPLC separates analytes
which are ionised and introduced into two sequential mass spectrometers (tandem
MS-MS) where they separated by four magnets based on their unique mass to
charge (m/z) ratios. The process of sample analyses of samples is also described in
the chapter. The test is labour intensive with 20-30 samples being processed in a
day, technically demanding and requires £200,000 worth of instrumentation. Hence it
is anticipated that they would referral centres where the test is analysed.

The second part of the chapter explains the research design of the studies reported
in Chapters 4,5 and 6. The studies are retrospective observational or cohort followup studies. These methodologies were used because of their inexpensive nature and
ease of data availability. The limitations of such studies are also explained including
limitations of data collection.

Chapter 4 details the study of prevalence of non-adherence and demographic
characteristics in 1348 hypertensive patients who had a biochemical adherence test.
676 patients were from the Hypertension clinics in UK and 672 attended the
Hypertension Clinic, General University Hospital, Prague, the Czech Republic. Nonadherence rates were high at 41.5% in the UK cohort and 31.5% in the Czech
cohort. Non-adherence was strongly associated with number of prescribed
medications. It increased gradually almost in a linear fashion with each increase in
number of prescribed medications. The risk of non-adherence was decreased by ~
70% with increase in each decile of age, was higher by more than 50% in women
and doubled in those prescribed diuretics. These four factors, number of prescribed
medications, age, sex and diuretics were used in discriminant analysis for each
cohort
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independently (the UK and the Czech Republic cohorts) and each cohort was
validated against the other. The area under the curve was approximately 0.710 for
both cohorts showing that these four factors provide a fair discrimination. Hence
these factors may be used clinically where biochemical screening is unavailable or to
prioritise adherence testing where there is limited access to the method. This is the
largest such study to date and strengthened by the fact that similar results were
obtained from two separate cohorts. Its limitations include the retrospective nature of
the data collection, lack of generalisability to all hypertensive patients and the
biochemical limitations of the method.

Chapter 5 details a follow-up study of patients from two European hypertension
centres in Leicester and Prague who had biochemical adherence testing and the
results of the test were subsequently discussed with them on follow up. 238 patients
were studied at baseline in the Leicester cohort of which 165 were initially adherent
and 75 non-adherent. The urine adherence ratio (number of prescribed to detected
medications) increased from 0.33 (0.33-0.67) to 1 (0.67-1). This was associated with
a ~19.5 mmHg drop in SBP and a ~7.5mmHg drop in DBP. All the 93 patients in the
Prague cohort were non-adherent and the corresponding drops in SBP and DBP on
follow up were ~32.6 mmHg and ~17.4 mmHg, respectively. This study
demonstrates that the discussion of non-adherence with patients after objective
testing results in clinical improvement in BP control. The limitations include - possible
selection and testing biases, the large amount of data loss and the unavailability of
details in patients that were lost to follow-up.

Chapter 6 is based on a retrospective study conducted in the two hypertension
centres (in Leicester and Prague). The study explored the potential role of
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sympathetic nervous system activity (SNS) in resistant hypertension. The study
uniquely excluded non-adherence by using biochemical screening by LC-MS/MS. 76
patients with uncontrolled blood pressure and on ≥3 antihypertensive medications
including a diuretic were studied. The results showed no correlation between
resistance to antihypertensive treatment and measures of SNS (collected using 24hr ABPM). Although the study was small and retrospective in nature, it was the
largest such study in patients with refractory hypertension. The results may have an
impact of the utility of renal denervation to cure/treat resistant hypertension.

Clinical Impact
Clinically, biochemical screening and research undertaken in thesis has been proven
to be of significant benefit in the field of hypertension. The recent ESC/ESH
Guidelines for the Management of Arterial Hypertension quotes two papers from this
thesis and for the first time recommends “a strong emphasis on the evaluation of
non-adherence

–

detecting

poor

adherence

to

drug

therapy”

(Level

1A

recommendation). It further states “Poor adherence to prescribed medicines is a
frequent cause of pseudo-resistant hypertension, occurring in <50% of patients
assessed by therapeutic drug monitoring, and is directly related to the number
prescribed tablets. Further the guidelines state: “Today, the most accurate methods
that can be recommended, despite their limitations, are the detection of prescribed
drugs in blood or urine samples” (54).
The National Centre for Adherence Testing (NCAT), University Hospitals of Leicester
provides the use of this assay to 33 NHS Trusts across UK (55). A recent survey
among 46 consultant physicians managing hypertension has demonstrated that the
test has changed clinical practice amongst hypertension experts in the UK (Appendix
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2). NCAT now provides an extended screen of 60 medications including that for oral
hypoglycaemic agents, newer anticoagulants and lipid lowering therapy. The use of
biochemical adherence screening is thus likely to expand into other cardiovascular
conditions.

Ancillary and future work
Work inspired by the thesis
Health economic modelling, based on data presented in Chapters 4 and 5, has
demonstrated that biochemical adherence testing is cost effective with a quality-per
adjusted life year (QALY) saving of £495 (Appendix 3) (56).
Ancillary work
Biochemical adherence testing by LC-MS/MS is a promising innovation in the field of
adherence testing. There has been research undertaken that is ancillary to the work
undertaken in the thesis:
•

Non-adherence to cardiovascular medications was assessed in 228 patients
with type 2 diabetes mellitus in primary care. This novel study demonstrated
non-adherence rates of ~28% with statins having the highest non-adherence
rates (Appendix 4)

•

A study examined the effect of storage conditions on results of the
biochemical adherence screen in patient samples. It demonstrated that there
was no impact on the results based on storage conditions (Appendix 5) (57).

•

The correlation of pharmacokinetic parameters such as bioavailability, plasma
half-life, urine excretion of antihypertensive medications with the detection of
medication in urine has been studied and it appears to show no effect.
(Appendix 6). Further formal pharmacokinetic studies are needed to answer
this important question
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Future work
BiOmarkers in Urine, anTihypeRtensive trEAtment and

blood

pressure Control

in Hypertensive patients – OUTREACH Study (sponsor number;CS/17/3/32799) is a
British Heart Foundation funded multi-centre prospective randomised control trial led
by Prof M Tomaszewski and I am a co- applicant. It will recruit 321 non-adherent
patients with primary aim of comparing clinical benefits of the urine LC-MS/MS
nonadherence screen and standard care. The study started in November 2018 and
will be completed in three years. The result of this study, if positive, will provide
strong evidence of the benefit of using biochemical adherence testing in improving
outcomes in non-adherent hypertensive patients.
Further studies are needed to compare biochemical adherence which providers
adherence at a single time point vs. longer term measures of non-adherence.

In conclusion, the research submitted in thesis, aided by the development of an
extensive biochemical adherence testing using LC-MS/MS, has provided a fresh
impetus in the field of adherence and hypertension. It is possible that with further
evidence, biochemical adherence testing will be adopted more widely in the clinical
practice and subsequently in other cardiovascular diseases and chronic conditions.
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9 APPENDICES
Appendix 1 Non adherence to CVD
Study title:

The

diagnostic

application

chromatography–mass

of

high

spectrometry

performance

liquid

(HPLC-MS/MS)-based

urine analysis in non-adherence to cardiovascular medications
Rec no:

17/EM/0027

IRAS ID

214704

Principal
Investigator:

Pankaj Gupta

Co Investigators: Prof N J Samani, Prof M Tomaszewski, Prof K Khunti, Prof I Squires,
Prof T Robinson, Prof N Brunskill, Dr A Mistri and Dr P Patel
Status:

Retrospective arm completed; prospective arm ongoing.

Synopsis
Non-adherence to prescribed cardiovascular medications is pandemic and is often
the primary reason for treatment failure. Non-adherence poses risks to patients
through treatment escalation, unnecessary tests and invasive interventions; with
significant cost to the economy through avoidable hospital admissions, resource
waste, and disease complications. Tools for non-adherence have until recently been
limited, lacking objectivity and non-adherence is infrequently or poorly assessed as
part of routine clinical care. Therefore, the need for an objective and quantifiable tool
to assess non-adherence in the clinical setting was a priority.
developed

an

objective

method

in

urine

using

high

We, in 2012

performance

liquid

chromatography–tandem mass spectrometry (HPLC-MS/MS) and demonstrated a
25% non-adherence rate to antihypertensive medications in the Hypertension Clinic
in University Hospitals of Leicester NHS Trust (UHL) (European Centre of
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Excellence). The test is in routine use in some of our clinics and we also receive
samples from across the country. We now aim to estimate the prevalence, disease
factors and benefit of testing for non-adherence in patients with cardiovascular
conditions using objective testing in the urine by HLC-MS/MS by HPLC-MS/MS. This
will be performed as a retrospective study of available clinical information and
prospectively by analysing surplus samples. The retrospective review will analyse
the existing information of samples received for testing in the laboratory (n≈1500)
and from clinics where the test is in routine use (n≈1000). Prospectively, we will
analyse urine samples from 2 cohorts of 500 patients each: acute in-patient and
outpatient attending UHL with cardiovascular conditions such as; diabetes,
hypertension, stroke and coronary artery disease, over a 15-month period. Testing
for non-adherence of 60 common cardiovascular medications will be performed
using surplus of urine provided by patients during their visit for routine test. Clinical
patient data will be collected in a coded anonymised manner with the results not
being reported to the treating clinician. The ground-breaking data obtained from this
study will for the first time objectively quantify the extent of non-adherence, establish
clinical benefit and help identify the associated reasons in cardiovascular disease
across multiple settings. The data will also be used to perform economic cost benefit
analysis. This in turn will help design algorithm for use of the test in routine NHS
service across the country and possibly to the wider healthcare economy in the
world. It will also help design intervention trials to improve non-adherence and also
inform health economy studies that ascertain the overall cost benefit of the test to the
NHS
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Appendix 2 NCAT Survey

Department of Chemical Pathology and Metabolic
Disease
NATIONAL CENTRE FOR ADHERENCE
TESTING (NCAT)

Uk Wide User Survey November 2018
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Summary of findings
Total number of respondents: 24 of 46

Has this service enabled
conversations with your
patients around their drug use
which would have been difficult
prior to using this test

Does this service benefit
your clinical practice
5
4

5
4

3

3

2

2

1

1
0

5

10

15

20

0

5

Do you think this service
reduces unneccassary
investigations /changes in
medications

10

15

Do you feel this service has
improved drug compliance
with your patients
5

5
4
3
2
1

4
3
2
1
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20

0

5

10

15

20

0

2

4

6

8

10

Key
5. Strongly Agree, 4. Agree, 3. Unknown, 2. Disagree, 1. Strongly Disagree

Additional comments
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“Many of the so called

“Very useful but I am still a bit

“resistant hypertensives” are in

unsure about whether to tell

fact not taking their meds.

patients I am doing testing

Hence they get investigated

and challenging them when

grossly unnecessarily and even

the results are negative; my

receive things like renal

approach varies with each

denervation etc completely

patient”
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“The test helps to identify poor

compliance and devise regimes
more suitable to patient’s
lifestyle”

“A 31-year-old had multiple

“This service is a significant

(10+) admissions/year for his

contributor to the success of

‘vasospastic angina’ always

my hypertension clinic. Many

asking for intravenous morphine

thanks.”

due to his chest pain. He has
already had multiple
investigations: 4 coronary
angiograms, stress MRI etc.
In February 2018 I tested his
urine for level of Diltiazem which
he was supposed to use in dose
480mg BD (but was still having
heart rate of 85 bpm).
The level was ZERO. I told him
what we found and that I’m not
convinced he was taking his
medication which he then
admitted. Since restarting his
medication his ‘vasospastic
angina’ is now stable”

“I think it is an excellent aid to managing patients with hypertension – it helps avoid unnecessary addition of
medication, avoids the risk of hypotensive episodes when patients are admitted to hospital, and aids in
discussing BP management with patients. It is an incredibly valuable help with treatment”
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Appendix 3 Cost benefit analysis Biochemical adherence
Study title:

Cost-utility of an objective biochemical measure to improve
adherence to antihypertensive treatment

Authors:

van Schoonhoven AV a, van Asselt ADI a,b, Tomaszewski M c,
Patel P c,d,e, Khunti K f, Gupta* P c,d,e, Postma* MJ b,g
(* PG and MJP share last authorship)

Status:

Completed and published

Journal:

Hypertension. 2018;72:1117–1124

Abstract
Non-adherence to antihypertensive medications is known to be a major health
problem. Novel biochemical analyses using liquid chromatography-tandem mass
spectrometry are becoming accepted as a clinically useful objective measure to
manage (non-)adherence in Hypertension Clinics. Discussion of results from such
analyses with patients can significantly improve adherence and blood pressure
control. Our objective was to model the cost-effectiveness of performing liquid
chromatography-tandem mass spectrometry-based analyses in improving adherence
in patients with hypertension.
Lifetime cost-utility was assessed from a UK healthcare payer perspective, using a
Markov model. Efficacy was based on study findings of lowering blood pressure
because of improved adherence to drug treatment. Cost and utilities were derived
from literature. The base-case cohort consisted of males aged 65 years. Subgroup
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analyses included varying population sex and age and a subgroup of patients with
apparent resistant hypertension. Additionally, univariate and probabilistic sensitivity
analyses were performed. Our findings are reported following the Consolidated
Health Economic Evaluation Reporting Standards checklist.
Per patient, screening resulted in 0.020 incremental quality-adjusted life-years and a
negative incremental cost of - £1,192, suggesting the intervention to be dominant
compared to care as usual. Targeting younger patients or patients with apparent
resistant hypertension would further improve these outcomes. Modelling suggested
that screening prevented 518 myocardial infarctions and 305 stroke events in a
cohort of 10,000 male hypertensive patients.
Using

liquid

chromatography-tandem

mass

spectrometry-based

biochemical

analyses to improve adherence in hypertensive patients is likely to be an effective
and cost-saving strategy, especially in patients with apparent resistant hypertension.
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Appendix 4 Non adherence in patients with DM attending
primary care
Study Title:

Biochemical urine testing of adherence to cardiovascular
medications reveals high rates of non-adherence in people
attending their annual review for Type 2 diabetes.

Authors:

*Prashanth Patel, *Pankaj Gupta, **Angela Burns, **Ali A
Mohamed, Richard Cole, Dan Lane, Samuel Seidu, Kamlesh
Khunti.
*Joint first authors; ** joint second authors

Status:

Revised version submitted to Diabetes Care

Award:

Best poster in its category European Society of Cardiology
Congress 2018

Abstract
Objectives
Liquid chromatography-tandem mass spectrometry (LC-MS/MS) is a new method to
objectively and robustly detect non-adherence. We applied this technique to study
non-adherence to cardiovascular medications in people with Type 2 diabetes
(T2DM).
Research design and methods
Routine urine samples, received at the time of annual diabetic review from 228
people with T2DM in primary care, were assessed for adherence by LC-MS/MS.
Results
28.1% patients (N=64) were non-adherent to antidiabetic, antihypertensive and/or
lipid lowering medications. Non-adherence to statins was the highest at 23.7% and
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was 9.3% for OHAs. HbA1c, albumin creatinine ratio and lipid profiles were
significantly higher in the non-adherent patients compared to adherent patients.
This unique study shows that routine urine samples can be used for adherence
screening by LC-MS/MS and has demonstrated high non-adherence rates especially
to statins in people with T2DM. Future intervention studies using LC-MS/MS as a
diagnostic/therapeutic tool may help improve clinical outcomes
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Appendix 5 Stability of results in urine biochemical adherence
testing
Study Title:

Stability of cardiovascular medication in urine for non-adherence
screening by liquid chromatography-tandem mass spectrometry

Authors:

Burns A.D., Lane D., Cole R., Patel P. and Gupta P.

Status:

Published

Journal:

Journal of Analytical Toxicology doi: 10.1093/jat/bky090.

Abstract
Biochemical testing in urine is a powerful new tool in the investigation of nonadherence to cardiovascular medications Drug testing using liquid chromatography
tandem mass spectrometry (LC-MS/MS) is the mainstay of the laboratory test but
may be subject to pre-analytical factors that could impact on test results. The stability
of cardiovascular medications in urine is one such factor that has not been fully
explored in non-adherence testing and has the potential to result in patients
appearing falsely non-adherent to their therapy. The stability of 29 cardiovascular
medications in patients’ urine samples were assessed at room temperature (RT) and
at –80 ºC using a LC-MS/MS screening method. All drugs and drug metabolites were
found to be stable under the storage conditions studied. The findings imply that the
medication stability in urine samples does not have any impact on non-adherence
results and thus allowing samples to be taken and transported without the need for
specialist sample handling procedures. The stability of cardiovascular drugs in urine
samples will allow adherence testing to be utilised more widely into routine clinics
and research.
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: Appendix 6 Pharmacokinetics
adherence testing

and

urine

biochemical

Study title: The pharmacokinetics of antihypertensive drugs does not affect
biochemical screening in urine of non-adherence using liquid
chromatography tandem mass spectrometry
Authors:

Gupta P, Muscat M, Lane D, Ahmadi R, M Tomaszewski, Patel P
Gershkovich P

Status:

Completed, manuscript to be submitted for publication

Abstract
Non-adherence to antihypertensive drug is a significant challenge in the
management of hypertension. Biochemical screening of drugs in blood or urine
using liquid chromatography tandem mass spectrometry (LC-MS/MS) is emerging as
a crucial and clinically useful method but there are some concerns about the impact
of pharmacokinetics (the effect of a drug on the body) on non-adherence results. We
retrospectively analysed the results of 463 patients prescribed 1709 drugs of 27
different types with an overall non-adherence rate of 41.7%. An adherence score for
each drug was calculated using the ratio of number detected to prescribed drugs.
There was a wide range of adherence scores ranging from 0.40 for clonidine to 0.85
for lercanidipine. Pharmacokinetic parameters were obtained from published
literature and again showed a wide variability range for the drugs studied. They
included concentration bund to plasma protein (230.60 ±479.65ng/ml), bioavailability
(49.92± 28.74%), drug bound to plasma protein (67.40± 37.79%), volume of
distribution (3.01±4.01 L/kg), half-life of the drug (9.53± 8.20hrs), clearance of drug
from the body (352.00 ± 252.25 /ml/min/kg), urine excretion (36.14±33.51%) and
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time to peak plasma concentration (2.44±1.53hr). None of the pharmacokinetic
parameters demonstrated any significant correlation with the adherence scores for
the 27 antihypertensive drugs. This study, for the first time, demonstrates that
pharmacokinetic factors had no significant impact on detection of antihypertensive
drugs in urine by the biochemical non-adherence results by LC-MS/MS.
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