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This is a book about a problem, a worldwide problem, a problem that
needs the input from a disparate range of skills for a solution. The
problem is poor adherence to prescription medicines. The challenge for
the authors was to communicate the extent of the problem and the
efforts to overcome it in a way that is informative to everybody with
an interest in this situation.

In this book, the authors have attempted to capture a global per-
spective of the problem of nonadherence and to apply their bioanalyti-
cal and instrumental analytical chemistry expertise to considering
alternative objective but yet patient-friendly methods to assess individ-
ual adherence. This approach has proved to be a bigger challenge than
anticipated with a rapidly growing worldwide interest in this problem
becoming evident from public domain but not necessarily peer-
reviewed literature.

It is a simple fact that at least half of all prescription medicines may
be wasted because they are not taken as prescribed. Under these cir-
cumstances, patients get no benefit from their prescribed drug therapy
and billions of dollars are lost to the healthcare provider. In the cold
light of day, this seems an unrealistic situation—why should patients
suffer unnecessarily, why throw away such large sums of money? And
yet it happens. The pharmaceutical industry spends billions of dollars
on marketing its products but there are few examples of it helping peo-
ple to take them correctly. Healthcare professionals carry out patient-
centered checks on adherence, but in many cases, now accept that the
results will be optimistic. Patients present various reasons for not tak-
ing their prescribed medicines, many are understandable, even more
are not, but in most cases their clinicians are unaware of their actions.

Prescriptions are meant to achieve therapeutic levels of a particular
drug in a patient’s bloodstream. Analytical chemistry now has the
techniques to unequivocally measure these drug levels. Direct analysis
of blood or other biosamples can confirm that the clinician’s prescrip-
tion has achieved these levels, indicate patient adherence and identify
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any unexpected drug—drug interaction or even an incorrect diagnosis.
This level of information is necessary because the therapeutic window
for some drugs is so narrow that if it is not achieved patient lives may
be at risk.

The book follows a logical sequence from an assessment of the
global problem of medicine nonadherence, in the chapter “Medication
Adherence,” to considering how noninvasive samples can be obtained
from a patient to assess the relevant drug levels. This approach, out-
lined in the chapter “Opportunities and Challenges for Analytical
Chemistry in the Assessment of Medication Adherence,” requires
knowledge of the factors affecting drug disposition in the body and
identifies both possible suitable biosamples and the anticipated drug
levels to be detected. Detection of the target drug presents analytical
chemistry with two challenges, namely specificity and sensitivity. Bio-
samples are complex mixtures, and the chapter “Analytical Chemistry
Methods for the Assessment of Medication Adherence” details the
different approaches taken to provide the specificity to ensure that only
the target species will be measured. Developing sufficient sensitivity is a
combination of sample size, drug concentration, and possibly sample
pre-work-up. Factors affecting sample throughput and some notional
instrumental comparisons are documented. The alternative approach
of measuring a disease symptom, as a measure of adherence, is also
considered. The complementary nature of both approaches is indicated
from results for different illnesses.

The authors accept that the chapter “Application of Bioanalytical
Methods to Assess Medication Adherence in Clinical Settings” probably
underrepresents all the work that is done worldwide to measure patient
sample drug levels and hence assess adherence to medication. The missing
data will be shared between hospital laboratories and private health labo-
ratories and is secured by patient confidentiality. Nevertheless, there is
sufficient material presented in the chapter “Application of Bioanalytical
Methods to Assess Medication Adherence in Clinical Settings” to demon-
strate both international interest and collaboration in the direct assess-
ment of medication adherence in a wide range of illnesses. The chapter
“Medication Adherence: Where Do We Go From Here?” attempts to
bring together the problems perceived by different stakeholders in the
provision of the analytical services necessary to deliver a more objective
assessment of adherence and suggests some possible routes forward
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including the concept of the attained drug level being a measure of
adherence rather than a determination of “when” or “if” the medication
was taken.

The authors hope that this book will be of interest to a broad reader-
ship audience including healthcare professionals; biomedical scientists;
analytical instrument manufacturers and users; sectors of the pharma-
ceutical industry; pharmacy, medical and biomedical students, and aca-
demics; researchers in drug analysis and related clinical chemistry
disciplines; regulatory bodies; government departments and policy-
makers for public health issues; patients and journalists with an interest
in public health issues; international public health agencies such as the
World Health Organization.
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Medication Adherence

INTRODUCTION

Medicines are the most common intervention in healthcare and are
crucial in maintaining health, preventing illness, managing chronic
conditions, and curing disease. Getting the most from medicines for
both patients and health service providers is becoming increasingly
important as people are living longer and are suffering from more than
one long-term condition. Medicines are dispensed with the expectation
that they will be taken exactly as prescribed. However, their benefits
are often not realized because, alarmingly, only 50% of medicines pre-
scribed in developed countries are taken as recommended and this
figure is estimated to be lower in developing countries.' In the words
of Dr C. Everett Koop, “drugs don’t work in patients who don’t take
them.”” This lack of adherence to prescribed therapies is termed “med-
ication nonadherence” and is one of the most understated problems
facing healthcare systems worldwide.

WHAT IS MEDICATION ADHERENCE?

Adherence to (or compliance with) a medication regimen is generally
defined as the ability of a patient to take their medications in the way
recommended by their healthcare providers.'

The terms adherence and compliance are commonly used inter-
changeably to describe the extent to which a patient takes their
medication as prescribed.” Compliance is defined as the extent to which
the patient’s behavior matches the prescriber’s recommendations.
Adherence in turn is the extent to which the patient’s behavior matches
the agreed recommendations from the prescriber. Their meanings
are, therefore, somewhat different since adherence presumes the
patient’s agreement with the recommendations, whereas compliance
suggests that a patient is passively following a doctor’s instructions,
rather than actively collaborating in the treatment process.” Adherence

Analytical Chemistry for Assessing Medication Adherence. DOI: http://dx.doi.org/10.1016/B978-0-12-805463-5.00001-8
© 2016 Elsevier Inc. All rights reserved.
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is nowadays preferred by many to compliance because of its emphasis
on the need for agreement” and because healthcare communities are
adopting concepts of patient-centered care and activation.” Regardless
of which term is used, it is clear that the medications will benefit
patients only if they follow prescribed treatment regimens correctly.

Taking medications correctly also involves more than simply read-
ing the “directions on the bottle.” Proper adherence to a medication
regimen involves six key factors:°

+ taking the right medication

+ taking the medication at the right dose

+ taking the medication at the right time

» following the right schedule

» taking the medication under the right conditions, for example, medi-
cation should be taken on an empty stomach

+ taking the medication with the right precautions, for example, sim-
vastatin not to be taken with grapefruit juice

A breakdown in any one of these factors has the potential to result
in side effects and complications for the patient thus resulting in poorer
than expected clinical outcomes, reduced quality of life, and deteriora-
tion of health. Most commonly the term adherence is used with respect
to self-administered oral medications, but it may also apply to the use
of medically prescribed devices, for example, inhalers, counseling ses-
sions, or exercises. The term nonadherence tends to imply patients not
taking any medication. In reality, there are not simply these two
dichotomous extremes (adherence vs nonadherence); adherence can
vary along a continuum from 0 to more than 100%, since patients
sometimes take more than the prescribed amount of medication.” This
is problematic because safety is impaired if patients are taking too
much of a medication, which is cited as more of an issue for oncology
patients taking oral chemotherapy drugs and who have adopted a
“more is better” approach.’*

IS MEDICATION ADHERENCE REALLY A PROBLEM?

The World Health Organization in 2003 reported that adherence
among patients typically averages only 50% and that medication
nonadherence is “a worldwide problem of striking magnitude.”’
This problem is further exemplified by the key statistics related to
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Table 1.1 Key Statistics Related to Medication Adherence

Deaths

Unnecessary deaths in the United States due to medication nonadherence ~ 125,000

Unnecessary deaths in the EU due to medication nonadherence ~ 200,000

Costs

Avoidable healthcare costs to US healthcare systems due to medication $100 billion—$300 billion/
nonadherence year

Avoidable healthcare costs to EU healthcare systems due to medication €125 billion/year
nonadherence

Hospital readmissions within 30 days due to medication nonadherence in the ~64%

United States

Loss of revenue to US pharmaceutical companies due to unfilled prescriptions | $188 billion/year

Wastage

Cost of unused (wastage) NHS prescription medicines in the United Kingdom | £4 billion/year

Cost of unused (wastage) prescription medicines in Canada $8 billion/year
Prevalence

Worldwide the number of tablet medications not taken as recommended ~50%
Adherence rates for cardiovascular therapy drugs ~50%
Adherence rates for different oral cancer therapy drugs 14-97%
Adherence rates for oral diabetes medications 36—93%
Adherence rates for antidepressant therapy 25—-50%
Adherence rates for schizophrenia drugs 11-80%
Adherence rates for HIV/AIDS drugs 70—-95%
Adherence rates for asthma drugs 30—70%
Adherence rates for immunosuppressant drugs 25—-100%

medication adherence shown in Table 1.1. Generally the limit between
good and poor adherence to prescribed drug therapy is set at 80%’,
although for individual patients the degree of nonadherence that
impacts on health outcomes will vary and will be dependent on multi-
ple factors. These include the patient’s health condition, its severity,
the risk of recurrence, the medication dose, and frequency of
administration.

Adherence is a key factor associated with the effectiveness of all
pharmacological therapies but is particularly critical for medications
prescribed for chronic diseases. Furthermore, patients with multiple
chronic diseases are at a significantly greater risk of medication non-
adherence.'’ These problems can only increase as the world’s popula-
tion lives longer.



4 Analytical Chemistry for Assessing Medication Adherence

Across Europe, there is substantial regional variation between 40% and
87% adherence with prescribed pharmacotherapy, whereas in the United
States the figure is approximately 50%.'" But average figures do not give a
real feel for the wide variations that occur between disease states and
patient populations. For example, for patients with cancer, published
results show that adherence rates for oral therapies differ widely depend-
ing on the illness; from low 14—27% for hematological malignancies to
53—98% for breast cancer and 97% for ovarian cancer.®'?~ '

There is evidence that average consumption rates for prescribed car-
diovascular drugs are reportedly only approximately 50%."°~'" These
low rates of adherence to prescribed cardiovascular therapies are likely
to contribute to poor blood pressure control and lead to poor clinical
outcomes. In the United States after hospitalization for acute myocar-
dial infarction, less than 75% of patients collect their medication within
7 days of discharge. Furthermore, 34% of patients stopped taking medi-
cation within a month of being discharged from hospital. Consistent use
of medication over a 6- to 12-month period was found to be low: 44%
adherent for statins and 46% adherent to 3-blockers.'”*'® In India, where
the socioeconomic conditions are different from those in developed
countries, nonadherence to hypertension drugs remains a major factor
with differences in access to medications in cities compared to rural
areas having an impact.'” A study carried out in China to assess adher-
ence to antihypertensive drugs reported a 65% level of medication
adherence among hypertensive patients.”

Many patients who have type 2 diabetes mellitus require several dif-
ferent medications and adherence rates in such patients with multiple
prescriptions range from 36—93% for oral hypoglycemic agents and
62—64% for insulin.”"**

Depression is a relatively common clinical disorder and can be diffi-
cult to treat effectively. Patient adherence with antidepressant therapy is
therefore a critical aspect of effective clinical management and adherence
rates of only 25—50% have been reported.”” Furthermore, differences in
medication adherence rates are documented between psychiatric popula-
tions (52%) and primary care populations (46.2%) in addition to 50% of
patients discontinuing antidepressant therapy prematurely.”*

Adherence to asthma medication regimens tends to be very poor,
with the reported rates of adherence ranging from 30—70%.”>*° Up to
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three-quarters of the total costs associated with asthma may be due to
poor asthma control.

For human immunodeficiency virus (HIV) patients, adherence to anti-
retroviral therapy is crucial to treatment outcomes because it affects how
well these HIV medications decrease the patient’s viral load. The lower
the patient’s viral load, the healthier they are likely to be. However the
complexity of regimens makes adherence to therapy difficult. Adherence
to HIV medications also helps to prevent drug resistance. If a patient
skips a dose of their HIV medication—even once—the virus can take that
opportunity to replicate and the level increases in the blood. Average
adherence rates of 70—95% have been reported in Veterans Affairs
Medical Centres in the United States, but adherence rates consistently
greater than 95% are necessary to achieve optimal viral suppression.”’

The range of chronic diseases cited here shows that medication non-
adherence is common across diseases associated with a wide range of
socioeconomic groups and not just restricted to the poorer members of
society, and this is expanded upon in Chapter 4.

CONSEQUENCES OF MEDICATION NONADHERENCE

The inability of patients to take their medications in the right way has
huge impact on the patients themselves, those around them and society
at large.”® Medication nonadherence is an important public health
issue, affecting health outcomes and overall healthcare costs.”” It is a
growing concern to clinicians, healthcare systems, and other stake-
holders, such as the pharmaceutical industry, due to its high prevalence
and given the increasing occurrence of chronic diseases which require
long-term pharmacotherapy.

Consequences for Patients

Suboptimal adherence to medications can have multiple consequences
and a negative impact on the efficacy of treatments and patient’s well-
being. Nonadherence can severely impede the efficacy of oral regi-
mens.’’ If a doctor is not aware that a patient is not taking a medicine
as prescribed, he or she may attribute progression of the clinical condi-
tion to a lack of activity of the prescribed drug, and therefore may
unnecessarily change a regimen.” Medication nonadherence therefore

limits effective management and control of chronic illnesses, increases
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the likelihood of preventable disease progression and treatment failure,
thereby resulting in complications for the patient. In the United States,
at least 125,000 people die annually due to nonadherence to medica-
tions,”’ and in the EU, it is contributing to the premature deaths of
nearly 200,000 Europeans annually.’”

Worldwide the elderly population are a cohort in which the preva-
lence of multiple chronic illnesses (multimorbidities) is high and con-
tinues to increase.”* Polypharmacy, defined as the use of four or more
regular medications by one individual, is most common in the elderly
who are suffering from multiple chronic conditions.”” These elderly
patients would benefit the most from taking medications correctly but
due to the complexity of having to take different tablets at different
times they are the most at risk from failing to take them properly.
Among older adults the consequences of medication nonadherence
may be more serious, less easily detected, and less easily resolved than
in younger groups.’®’’ Medication nonadherence is also common in
children and adolescents with chronic illnesses.*®

Consequences for Healthcare Systems

The costs of medication nonadherence are staggering and growing. This is
because nonadherence with medication regimes results in additional use of
scarce healthcare resources, such as avoidable doctor visits, laboratory
tests, unnecessary additional treatments, and hospital or nursing home
admissions all contributing to significantly increased healthcare costs.

For instance, poor medication adherence results in 33—69% of
medication-related hospital admissions in the United States, at a cost
of between $100 billion and $300 billion per year, representing 3—10%
of total US healthcare costs.”*”*" An estimated 10% of hospitaliza-
tions in older adults may be caused by medication nonadherence."'
More recently, a report published by the New England Healthcare
Institute (NEHI) estimated that $290 billion in avoidable medical
spending across all chronic diseases could be attributed to medicine-
related problems, of which nonadherence to medications was a sub-
set.*” Examples of the benefits of the better use of medicines have been
highlighted in the US PhRMA report 2015. It was estimated that sub-
optimal prescribing and medication errors led to additional avoidable
costs to the health service of around $213 billion. Patients who were
nonadherent to antihypertensives over a 3-year period were 7%
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(year 1), 13% (year 2), and 42% (year 3), respectively, more likely to
develop coronary artery disease and chronic heart failure than adher-
ent patients. Reduction in cholesterol levels by statin therapy is associ-
ated with 40,000 fewer deaths, 60,000 fewer hospitalizations for heart
attacks, and 22,000 fewer for strokes in 1 year with a gross saving of
$5 billion. Better access to diabetes medication and improved adher-
ence has led to 1 million fewer hospital emergency department visits
and a saving of $8.3 billion. Patients with multiple conditions includ-
ing, for example, hypertension, high cholesterol, diabetes, or COPD
who adhered to their prescription regimens had fewer days off work
than their nonadherent colleagues.*'

Medication nonadherence is costing EU governments an estimated
€125 billion annually.** Five percent of all emergency admissions in
the United Kingdom are for people who do not take their medicines as
prescribed, and this is estimated to cost the National Health Service
(NHS) in England £500 million annually.**** These estimates do not
even capture the costs associated with time off from work, and other
types of expenses incurred by family and support networks.

In the United States approximately 64% of hospital readmissions
within 30 days of discharge are attributed to medication adherence
issues.”” Improving medication adherence is therefore one facet of the
Medicare Hospitals Re-admissions Reduction Program, which provides
financial incentives to hospitals to lower readmission rates occurring
within 30 days of discharge.”® Currently the financial incentives (penal-
ties) may amount to a 2% reduction in the total patient charges paid to
the hospital based on the readmission of Medicare patients who origi-
nally went into hospital with one of three conditions: heart attack, heart
failure, or pneumonia. In the United Kingdom there is also concern
over the 30-day readmission rates and a similar use of financial incen-
tives to improve the situation has been introduced.*” The NHS has
opted to specify which disease states will be excluded from this protocol
and these include cancer care, all children under 17, maternity, mental
health, end of life care, and definitive treatment adjustment.

Such concerns are not restricted to the United States and United
Kingdom. In Ireland, for example, the Irish Platform for Patients’
Organisations, Science and Industry (IPPOSI) has also identified medi-
cation nonadherence as an important issue to highlight, discuss, and
tackle.”® The Western Australian Medication Adherence and Costs in
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Heart (WAMACH) disease study has evaluated the clinical and eco-
nomic consequences of nonadherence to secondary prevention drugs
for cardiac disease in 40,000 coronary heart disease patients aged 65
years or older.”” The conclusion of this study indicated that there was
a need for long-term adherence monitoring of medications for cardiac
patients and this information would be of interest to policymakers,
patients, and healthcare providers.

Medicines Wastage

Medicines wastage is another consequence of medication nonadherence
and can be categorized as either therapeutic loss and/or material
waste.”’>! Therapeutic loss occurs where the effects of the medicine(s)
are reduced or negated by the user’s failure to take them as prescribed.
Material waste occurs where the medicines are physically unused and
either disposed of, returned to the pharmacy, or stock piled in the
patient’s home. In the United Kingdom the National Institute for
Clinical Excellence (NICE) produced guidelines for medication adher-
ence in which it estimated that approximately £4 billion of medicines
supplied on prescription through the NHS are not used correctly.” It
is estimated that 3—7% of medications intended for patients are unused
in the United States and that similar wastage could cost Canada
approximately $8 billion annually.” In several African countries the
magnitude of medicines wastage is less known since in these countries
medicines which remain unused due to various reasons such as lack of
adherence are normally retained in the community for future use.”

The wastage of medicines due to poor adherence also impacts on the
pharmaceutical industry since it takes many years for them to develop a
new medicine to the standards of quality, efficacy, and safety laid down
by legislation and to do all of the research and development necessary
before a medicine can be licensed for use. It costs billions to develop a
new medicine and this is wasted if patients do not take their medications
correctly and therefore do not gain maximum benefit from the pre-
scribed drug therapy (Fig. 1.1). For example in 2012 US pharmaceutical
companies lost an estimated $188 billion annually in revenue because
patients failed to refill their medications as directed.” Indeed the World
Health Organization has declared that more people worldwide would
benefit from efforts to improve medication adherence rather than the
development of new medical treatments.' This will avoid waste of the
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Figure 1.1 Medicines wastage associated with medication adherence.

pharmaceutical industries’ efforts, the health service provider’s resources
and more importantly will improve overall patient well-being. At a
point when care is ever more dependent on medication therapy for treat-
ing an evergrowing number of patients improving medication adherence
is possibly the major challenge for healthcare systems. The responsibility
for improving adherence has usually been placed on the patient and
healthcare provider. However, if the problem of medication adherence
is to be more effectively addressed, other members of the healthcare and
pharmaceutical industries must also take responsibility.

Understanding the magnitude and scope of the problem of medica-
tion adherence is the first step in reaching improved adherence rates.
The second step is to evaluate the risk factors for each patient that
affect medication adherence/nonadherence.’*>’

FACTORS AFFECTING MEDICATION ADHERENCE

Medication nonadherence can be unintentional, for example, forgetting
to take a dose of a medicine. It can sometimes be intentional, for
example, deliberately skipping a dose to try to avoid side effects or
because of concerns about the expense of the drug. It can be defined
by several behavioral patterns, including failure to collect prescrip-
tions, failure to follow day-to-day instructions (eg, taking too few or
too many doses, or taking medication with inappropriate food) and
failure to collect subsequent prescriptions as directed. Either way, the
outcomes for the patient can be risky.”°
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HEALTHCARE
SYSTEM

¢ Provider—patient
relationship

+ High drug costs

* Pooraccess

* Poorinformation provision

| MEDICATION
PATIENT.  ADHERENCE |
+ Physical factors ] TREATMENT
+ Health literacy /' * Regimen complexity
+ Behavioral / + Polypharmacy
i * Perceived side effects
Lokt » Lack of benefit

* Culture/religion/ethnicity
"+ Socioeconomic status
“s Insurance coverage

Duration of therapy

Figure 1.2 A subdivision of factors affecting medication adherence.

Medication nonadherence is a multifactorial problem that can be
influenced by the interrelationship of various factors. According to the
WHO, these factors are in the following categories: social and economic,
healthcare system, health condition-related, therapy-related, and patient-
related.’ In broader terms, these factors fall into the categories of patient
factors, treatment factors, and healthcare system factors, thus impinging
on social and administrative aspects of pharmacy and medicine (Fig. 1.2).

Patient Factors

Several patient-related factors are determinants of medication adher-
ence.' 7% These factors can be further divided into demographic,
sociocultural, and behavioral factors® and include:

+ forgetting to take medicine

* cultural, religious, and lay beliefs about illness
* denial of illness

* lack of understanding of disease

* mental health issues
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Healthcare System Factors
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physical factors including visual impairment, hearing impairment,
impaired mobility, swallowing problems

cognitive function

lack of involvement in the treatment decision-making process
demographic factors including age, sex, education, employment,
income, marital status, and ethnic status

limited language proficiency especially with respect to health
concerns

poor health literacy

poor social support network

the assumption that medication can be discontinued if one feels
better

medicine not covered by insurance or lack of healthcare insurance
motivation

stress, anxiety, and anger

alcohol or substance abuse

selling on prescription medicines

“doctor shopping”

16,29,59

Regimen complexity including number of daily doses and poly-
pharmacy

actual or perceived side effects of medicine

high drug costs

duration of therapy

frequent changes in medication regimen

perception that a prescribed medication would have little benefit
medications with social stigma attached to use

treatment interferes with lifestyle or requires significant behavioral
changes

medication storage requirements

lack of symptoms with a chronic illness

severity of symptoms

counterfeit medicines, for example, malaria treatment tablets and
HIV/AIDS treatment tablets in Sub-Saharan Africa

16,29,59

Poor quality of provider—patient relationship
poor provider communication skills (contributing to lack of patient
knowledge or understanding of the treatment regimen)
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» prohibitive drug costs, copayments, or both

* lack of positive reinforcement from the healthcare provider

» weak capacity of the system to educate patients and provide follow-
up

* patient information leaflets written at too high literacy level

+ limit access to care (making appointments difficult to schedule)

+ long wait times

* lack of continuity of care

There are many interrelationships that exist among patient, treat-
ment, and healthcare system—related factors and there is also clear
evidence that medication nonadherence is a complex problem.®
A recent review by Mathes et al.! concluded that only a few factors
had a consistent influence on adherence. Furthermore, belonging to an
ethnic minority, unemployment and cost for the patient for their medi-
cations showed a negative effect on medication adherence, which indi-
cate further that social aspects are involved. Given such degrees of
complexity, it is not surprising that some practice guidelines to
improve adherence have been issued globally.

CLINICAL PRACTICE GUIDELINES FOR THE IMPROVEMENT OF
MEDICATION ADHERENCE

Improving medication adherence, potentially the most effective route
to improving the therapeutic benefit of pharmacotherapy, remains a
challenge for healthcare systems worldwide. A recent review evaluated
national and international clinical practice guidelines designed to help
healthcare providers address patients’ medication adherence and iden-
tified 23 guidelines of varying detail and quality.®” Nine of the 23
guidelines originated from the United States, three from Canada, three
from the United Kingdom, and one each from Australia and Spain.
Six guidelines had authors from multiple countries in specific
regions—one from Central and South America, one in the Middle
East, and one in Europe. The guidelines’ treatment foci were:

* 5 guidelines for HIV/AIDS

* 3 guidelines for hypertension

2 guidelines for cardiovascular disease
* 2 guidelines for contraception
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* 2 guidelines for menopause

* 1 guideline for osteoporosis

* 1 guideline for renal transplant

* 1 guideline for mental health

* 1 guideline for depression

* 1 guideline for asthma

* 1 guideline for multiple sclerosis

* 3 guidelines did not specify a health condition

Surprisingly, there were no guidelines for assessing adherence
to pain management drugs which is a major health concern.®’
Furthermore, none of the published guidelines reported the use of any
direct assessment methodology for monitoring adherence to prescribed
drug therapy and in their “What is Missing” section the authors failed
to highlight the opportunity that direct measurements could offer.®

Clinicians need measures to assess adherence to prescribed pharma-
cotherapy to aid the clinical decision-making process in the event of
poor patient progress and to maximize the patient health outcomes
from the drug therapies prescribed.

METHODS FOR ASSESSING MEDICATION ADHERENCE

A multitude of methods have been used to assess medication
adherence in patients although no “gold standard” exists for use in
routine clinical practice.”® For the adherence measures identified,
each have their advantages and limitations as summarized in
Table 1.2,2:56:61.64—67

Indirect Assessment Methods

Adherence to medication can be measured by indirect assessment
methods which include pill counts, patient questionnaires, electronic
monitors, patient self-reports, and prescription refill rates. While these
assessments are relatively easy to carry out and are the most com-
monly used,’’ they do not always provide the required information
and are proxy measures of medication adherence. For instance, pill
counts do not provide information of other aspects of taking medica-
tions, such as dose timing which may be important in determining
clinical outcomes. More recently, to eliminate the tendency toward
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Table 1.2 Indirect and Direct Methods Used to Assess Medication

Adherence

Method

Comments

Outcomes

Indirect Methods

Patient interview

Noninvasive/easy/inexpensive/global

Optimistic/interviewer dependent/too
subjective

Patient diary

Noninvasive/self-report/inexpensive/
global

Optimistic/no confirmation of use/diary
must be returned

Pill count Noninvasive/easy/inexpensive/global No confirmation of use or adherence/
pills may be lost or sold
Questionnaire Noninvasive/must collect data/global No confirmation of use/no continuous

data

Electronic monitoring

Noninvasive/expensive/globally difficult

May be manipulated/does not suit all
pharmaceutical dosage forms

Prescription refills

Noninvasive/long-term records/globally
difficult

Medication collection confirmed/no
confirmation of ingestion

Clinical outcomes

Affected by other factors

Adherence is a surrogate endpoint of
clinical outcomes

Direct Methods

Directly observed
therapy

Noninvasive/time consuming/global/
medication can be hidden in mouth/
impractical in outpatient setting

Confirmation that medication has been
taken only during clinics

Blood medication/
metabolite monitoring

Invasive/costly transport & technique/
globally difficult

Confirms recent use/patient PK data/
measured blood drug levels/objective

Dried blood spot
analysis medication/
metabolite monitoring

Minimally invasive/easy transport/
expensive equipment/global

Confirms recent use/patient PK data/
measured blood drug levels/objective

Urine medication/
metabolite monitoring

Noninvasive/costly transport & analysis/
globally difficult

Confirms recent use/patient PK data/
objective

Biomarkers in blood

Invasive/expensive equipment/globally
difficult/influenced by other biological
parameters, drugs and diet

Confirms recent use/patient PK data/
derived blood drug levels/biomarker
not available for all drugs

Ingestible medication
marker

Limited research on its use/costly/not
designed for clinical practice

Ingestible tiny mircosensor fixed in
each tablet

optimistic patient-based reports, a pilot study in Spain was conducted
which required patients to send a short video of them taking their med-
ication to their healthcare provider using a mobile phone.®® Other
recently investigated approaches are technology-derived and include:

. . . . 9_—
* mobile phone real-time assessment, monitoring, and alerts®” "2

» smart pills with ingestible sensors and packaging that flashes at
medication time’”

« web-based games to help manage the condition and side effects’*

« computerized logbooks®’
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The efficacy of primary healthcare clinic-based ‘medication adher-
ence clubs’ to help patients suffering from multiple chronic diseases in
a resource-limited setting has also been investigated.”

In the United States several pharmaceutical companies have taken
the initiative to introduce patient clubs or groups to monitor and
improve adherence to specific medicines. These appear to follow a gen-
eral pattern of the provision of free advice by phone or online, in con-
junction with discounted medicine costs for continuous use of the
companies’ products or based on improvements to the medical condi-
tion. Benefits for the patients, from these activities, included adherence
to particular diabetes medicines rising to 87%, better control of blood
pressure and, for the companies, an increase in brand loyalty, and in
one instance a rise in sales of 510%.”° Despite these successes, this
approach is limited to countries where patients pay directly for the
medicines. In the United Kingdom, for example, one of the main medi-
cine user groups, elderly people, are exempt from medicine charges
and the problems with nonadherence need alternative approaches.

Direct Assessment Methods

Direct assessment methods include direct patient observation, determi-
nation of the level of a drug or its metabolite in blood or urine, mea-
surement of biomarker in blood or urine, and the detection of an
ingestible medication marker, added to the dosage form, in the blood.
Such direct approaches are some of the most accurate methods of mea-
suring medication adherence; however, current measures are more
costly in terms of both patient and clinician time and acquiring such
biological samples requires a visit to a clinic or hospital. The costs
associated with direct assessment can be reduced without detriment to
the information produced, by the use of a finger prick blood sample
collected as a dried blood spot (DBS) for the determination of drug or
biomarker levels as a measure of medication adherence.”” Moreover,
direct assessment based on therapeutic drug, metabolite, or biomarker
monitoring of plasma, serum, DBS, or urine samples also provide
more objective measures; however, such levels may vary because of
variations in patient pharmacokinetics and pharmacogenetics.
Furthermore the impact of urine sample collection time on results
has been reported as having “white coat compliance” in which
improvements in medication adherence several days prior to a
scheduled medical examination was observed.® Due to the many
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advantages offered by saliva and hair sampling compared with blood
and urine sampling, these biosamples have been investigated in
medication adherence studies.’”-”®

Tanna and Lawson have suggested that monitoring blood drug
levels was the more appropriate way forward for ensuring drug(s) are
present within the therapeutic window for individual patients.’® This
concept is reenforced by Morrison et al.”” who suggested that the level
of medication adherence is defined by the patient drug levels in blood
remaining within the therapeutic window irrespective of when the drug
dose was taken. In reality, this approach can only be put into practice
if direct assessment methods are utilized.

Given the high prevalence and detrimental impact of medication
nonadherence on clinical and economic outcomes, there is a clear need
for guidance on the direct measurement of medicines in patient
biosamples. Healthcare professionals such as clinicians, pharmacists,
and nurses have major roles in their daily practice to improve adher-
ence to medications for patients. A basic need for addressing the global
problem of medication adherence is the accurate measurement of drugs
in biological samples to provide healthcare professionals with a reliable
base for decision-making. Only by the direct analysis of a patient
biosample can this confidence be achieved.

CONCLUSIONS

Nonadherence to prescribed drug therapy is a formidable and widespread
problem often leading to a reduction in or lack of treatment benefits,
extra visits to the doctor, and unnecessary hospital admissions. This chap-
ter has highlighted the critical waste of medicines and the extra unneces-
sary costs borne by health service providers as a result of patient
nonadherence to prescribed medicines. A recent investigation®” of the
implementation of medication adherence policy solutions in 10 EU coun-
tries found that the policy leaders reported that there was insufficient
implementation of the initiatives at patient, government, or healthcare
provider levels. This means that patients still do not receive the optimum
benefit from the prescribed medication despite many attempts to involve
them more in following the care regimen by indirect assessment methods.

The use of direct assessment of patients’ adherence to prescribed
regimens is viewed differently around the world: from laboratories
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advertising such assessments for a few dollars in the United States to ini-
tial trials of “at home tests” in the EU, to “you can’t do that—it’s Big
Brother” in the United Kingdom. With this diverse range of attitudes
perhaps it is better to seek the patient’s feelings on providing additional
biosamples. The patients’ response at a focus group meeting held at De
Montfort University in the United Kingdom was “if this makes us better
quicker—we are all for it!” This patient acceptance of the approach using
analytical chemistry to assess medication adherence may help to stimu-
late the stalled progress seen in the EU.*
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Opportunities and Challenges for Analytical
Chemistry in the Assessment of Medication
Adherence

INTRODUCTION

Medicines are one of the contributors to the increasing costs of health-
care worldwide. A major challenge to the healthcare providers is to
maintain these costs within affordable limits for both the patients and
the providers. Inappropriate use of therapeutic drugs is a waste of the
original purchase costs and may lead to additional unnecessary charges
to the healthcare provider. Prescription medicines not collected may
also mean a loss of revenue for the manufacturer. An accurate
knowledge of adherence to prescription is therefore important to
the pharmaceutical industry, the healthcare supplier, and ultimately
the patient. This information can only be obtained objectively by direct
analyses of biosamples obtained from patients. It is therefore in every-
one’s interest to make this happen.

OPPORTUNITIES

The provision of modern healthcare is a complex and expensive under-
taking and yet scant attention appears to be paid ensuring that
resources developed at multibillion dollar expense are used on an opti-
mal and cost-effective basis in order to maximize benefit to both the
patient and the healthcare system.' The resource referred to is of
course the use of therapeutic drugs in patient care. In principle instru-
mental analytical chemical measurements of drug levels in a patient
biosample can be used to:

» Tackle arguably the biggest threat facing modern healthcare
provision, namely, the lack of adherence to medication. As
we discussed in Chapter 1 this is a worldwide problem with
adherence levels typically between 30% and 70%." The absence of
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the prescribed drug in the analysis of a patient’s blood sample would
be a cause for concern for the clinician.

Identify and limit the incorrect use of medicines and thereby
reduce not only the direct costs of wastage involved but also the
much larger and possibly unnecessary costs of re-admission to
hospital.

Enable therapeutic drug monitoring (TDM) in the optimal use of
critical dose drugs. Such drugs are defined by a narrow therapeutic
window in which elevated blood concentrations can cause significant
toxicity, or under-dosing can result in serious consequences from
ineffective treatment.” A critical example is the lifelong necessity to
maintain the correct levels of immunosuppressant drugs in organ
replacement procedures and subsequent recovery in order to prevent
rejection and possible patient death.™*

Provide indications of the cause of suboptimal medication as a
result of either the misdirection of prescribed drugs, adverse drug—
drug interactions or the use of other nonprescribed pain control
therapies. The areca of pain management therapy provides good
examples of these with prescription tablets being diverted to other
users” and the consumption of additional pain killers, for example,
either a therapeutic or an illegal drug.’

Facilitate the personalization of treatment so that medication can be
optimized based on pharmacogenetic analysis of patients.” It is now
recognized that in some instances drug—patient interactions differ
between individuals and the therapeutic effects may be more or less
pronounced. Commercial and hospital based laboratories in the
United States and Canada offer such tests in order to identify the drugs
better suited to a particular patient based on the results obtained.
Confirm directly to the patient that they are adhering to a pre-
scribed therapy. Routine self-monitoring of blood glucose levels® at
least twice a day is a recommended procedure for a diabetic patient.
This ensures that the blood glucose level is maintained within a pre-
defined range and is, in fact, an indirect measure of adherence to
prescribed pharmacotherapy. In Holland, self-monitoring of lithium
levels in blood” is a direct measure of adherence to treatment for
mental disorders and is used to ensure that the level remains within
the very narrow therapeutic window.

Identify counterfeit or substandard medicines which could potentially
lead to mass instances of “unknowing” poor adherence. Such a situation
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occurred in Pakistan where more than 100 patients died after receiving
substandard tablets for the treatment of cardiovascular disease.'’

It is apparent from the above examples that in some instances
measured values are being used to assess adherence to medication,
principally where failure to do so has dire consequences such as organ
rejection or death. These examples are usually from intensive care
situations where the collection of whole blood samples is accepted as
the norm. To utilize the idea of chemical analysis as a means of
assessing adherence on a much wider basis it is necessary to gain
patient acceptance of a proposed scheme which must satisfy the
following three challenges:

» The collection, from the patient, of a suitable biosample for analysis.
Not only must the sampling strategy be acceptable to the patient but
it must also provide enough of the drug to be detectable at the thera-
peutic concentrations anticipated. Furthermore, the proposed sam-
ples must remain stable for the duration of the transit period from
patient to analytical laboratory.

* To develop an analytical capability with sufficient sensitivity and
specificity to uniquely identify (screening) and quantify (assess)
target drug levels in the biosample available. Such instruments must
be reliable, reproducible, and able to handle many hundreds of
samples per shift.

* To promote the wider understanding of the value of the information
obtained especially among clinicians who will treat the patients and
among the regulating authorities. There are reports showing that
clinicians are not always fully aware of new developments, particularly in
the assessment of adherence to medication.'""'* Regulatory assessment of
a new methodology is frequently arranged by the instrument manu-
facturer who anticipates recovering the costs involved from future sales.

CHALLENGES

These challenges can be redefined by stating that it is necessary to
know where the drug is in the body, as a function of time after dosing,
in order to collect an appropriate sample. It is also necessary to know
the target analyte, the active ingredient or its metabolite, and the antic-
ipated concentration in order to match sample size with the analytical
capability available (see Chapter 3).
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Understanding Pharmacokinetic Effects on the Concentration
of a Drug in the Bloodstream

Understanding the basic principles of drug pharmacokinetics is crucial
when identifying meaningful samples to analyze in order to evaluate
adherence to a prescribed drug regimen.

ADME is an abbreviation in pharmacokinetics for absorption (A),
distribution (D), metabolism (M), and excretion (E) used to describe the
disposition of a pharmaceutical compound in the body. Pharmacokinetics
is concerned with the variation in drug concentration with time as a
result of ADME. It may be simply defined as what the body does to
the drug. Readers should note that here distribution means where the
drug is deposited in the body and not the act of moving the drug
around the body.

Absorption

Absorption of drugs from the administration site into the bloodstream
is the first major barrier to consider in determining the amount of drug
that enters the systemic circulation. For instance, orally administered
drugs must pass through the intestine and liver before they reach the
bloodstream. As a result, orally administered drugs typically exhibit
more pharmacokinetic (time to effect) variability than intravenously
administered drugs. Absorption of a drug will vary between patients
and identical doses may not therefore necessarily produce the same
concentrations at the target cells. Poor solubility of the active pharma-
ceutical ingredient, poor chemical stability in the stomach, and an
inability to penetrate the intestinal wall all combine to reduce the
amount of the drug, from the original dose, which is available for ther-
apeutic action. This fraction is known as the bioavailability of the
compound. Direct inhalation is a very common route of administration
with absorption directly into the bloodstream which leads to a very
rapid biological effect. Other routes of administration, for example,
direct injection of solutions must be considered for active ingredients
with poor absorption. Other factors which affect absorption into the
bloodstream are dose, diet, gastric emptying time, intestinal transit
time, drug—drug interactions, and pharmacogenetic effects.
Simvastatin provides a good example of the effects of both diet and
drug—drug interactions on concentrations of the drug in
the bloodstream. Under normal conditions simvastatin is actively
metabolized by the CYP3A4 enzyme to produce a bioavailability of



Opportunities and Challenges for Analytical Chemistry 27

around only 5—10%. If present at the same time as the simvastatin,
grapefruit juice produces a competitive inhibition of the CYP3A4
enzyme. Less simvastatin is therefore metabolized and there is a
consequent increase in the level of simvastatin in the bloodstream. This
phenomenon occurs for a limited range of therapeutic drugs, some for
the treatment of cardiovascular disease. An unexpectedly high level of
simvastatin identified by chemical analysis of a dried blood spot (DBS)
sample'® was shown to result from a case of nonadherence when the
volunteer confirmed taking all the drugs at the same time rather than
taking the simvastatin at night as prescribed.

Distribution

Once a drug is absorbed it is carried throughout the body and the
distribution of a drug from the blood to the tissue depends on the
characteristics of the drug, physiologic conditions of the tissue, and
the amount of drug bound to plasma proteins. The drug must be
carried to the site of action, but will also distribute into muscles and
the general biomass, for example, hair, saliva, and nails. Factors
affecting drug distribution include protein binding affinity, forma-
tion of complexes, and molecular size. There can be serious restric-
tions to distribution at natural barriers such as the blood—brain
barrier.

Metabolism and Pharmacogenetics

The liver is the major site of drug metabolism which is controlled by
numerous classes of enzymes identified as Phase 1 and Phase 2 cyto-
chrome P450 enzymes. Due to the large number of enzymes involved,
metabolism is a major source of interpatient variability in response to
a specific drug. Genetic polymorphisms within these enzymes means a
patient may exhibit poor, normal, or ultrarapid drug metabolism.'*
This may affect the benefits from the therapy as, under these circum-
stances, there will be different drug levels in the blood. Metabolism
usually leads to the reduction of the level of active ingredient in
the blood but there are instances where it is the metabolite that is more
pharmacologically active. Codeine is a good example here as the
CYP2D6 metabolism yields the more active morphine to control
pain.'” Ultrarapid metabolizers will produce higher levels of morphine
and as a result will experience greater benefit in terms of pain control.
Some similar effects are observed for other medicines and patient
genetics therefore has an influence on the efficacy of some medicines.



28 Analytical Chemistry for Assessing Medication Adherence

Over-the-counter tests are currently available, from specialist laborato-
ries, universities, and some high street pharmacies in the United States,
the European Union, and the United Kingdom, to identify the best
medicine for a particular patient. The prescribed medicine for the same
illness may therefore be different for individual patients and the choice
of drug must be known in order to identify the correct species to moni-
tor if adherence tests are to be carried out.

Excretion

Drug transporters in the biliary tract and kidney facilitate the excretion of
unchanged drug and metabolites from the body predominantly in the urine
and to a lesser extent in the feces. The kidney is the primary site for excre-
tion and the level of the drug and/or metabolite in the urine will depend on
dose, volume of urine produced during the sampling period, and the pH of
the urine.'® The period of collection may extend over several hours and so
any data collected from the sample will be time-averaged and therefore
cannot produce information for a specific delay time after dosing. There is
growing evidence that some low-molecular-weight products of the meta-
bolism of pharmaceutical products can be excreted via the lungs.'’

Overall Effects of ADME on Drug Levels in Blood

From the previous sections it is evident that there is a dynamic interaction
between drug absorption and drug loss by either metabolism and/or
excretion. This interaction means that the levels of the drug in the blood-
stream will change significantly as a function of time after dosing. This
change can be modeled using pharmacokinetics and the expected changes
are similar to those shown in Fig. 2.1 for different dose situations. The
boundary of the shaded area representing a single dose shows the change
in drug concentration in the blood as a function of time after dosing at
time zero. Absorption of the drug leads to the fairly rapid rise to a maxi-
mum concentration (Cy,,,) after a time (¢,,x) at which point the loss of
drug by metabolism or excretion becomes dominant and the concentra-
tion will decrease up to 24 hours postdosage when more medication is
usually taken. For a single dose situation the concentration in the blood
will continue to decrease as shown in Fig. 2.1. The trace, post 24 hours,
represents the repeat dose situation and shows the trend toward a steady-
state minimum concentration after each dosage period. The rate of
decrease in the concentration is measured by the half-life (z;,) as indi-
cated on Fig. 2.1. The values of Cyay, fmax, and f;, have a crucial effect
on the level of the drug in the patient’s blood."®
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Figure 2.1 General pharmacokinetic plot of drug concentration versus time showing different kinetic parameters.
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Figure 2.2 Multiple dose pharmacokinetic plot of drug concentration versus time for a short half-life drug (a) and
a long half-life drug (b).

Fig. 2.2a reveals that for a drug with a short half-life the plasma
drug concentration will oscillate through the “therapeutic window”
range whereas for a long half-life (Fig. 2.2b) extra time is taken to reach
this level. Flanagan et al.'® present a mathematical explanation of the
levels of drugs in plasma and discuss the potential for assessing adher-
ence to medication by direct monitoring. The changing in plasma levels
of the drug or the metabolite, present in a patient’s sample, will impose
consequent demands on the performance of the analysis used to assess
the level of adherence to a particular drug. Tanna and Lawson'’ have
discussed the effects of these parameters on the residual levels of selected
cardiovascular drugs available for detection in order to demonstrate
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Table 2.1 Pharmacokinetic Data for Selected Cardiovascular Drugs

Drug Dose Range (mg) Cinax (ng/mL) tmax () ti2 (h)
Bisoprolol 2.5/5/10 37-87 1.5-4.0 5-16
Ramipril 2.5/5/10 11-31 2—-4 4-6
Amlodipine 5/10 5-7 5-8 35-50
Valsartan 40/80/160 879-3874 2-8 3.5-14
Doxasozin 1/2/4/8/16 17-67 2-17.5 6—-21
Simvastatin 10/20/40 5—-40 2-3 1.3-2.7
Atenolol 25/50/100 159-377 1.5-6.0 4-11

adherence. Values for these parameters are available in the literature
(Table 2.1) and it is not surprising, given the different factors involved
with the ADME concept, that there is a range of values for each of the
parameters.'® The data in Table 2.1 shows that both amlodipine and
simvastatin have relatively low C,,,, values and that simvastatin reaches
this value more quickly and then decays more rapidly due to the shorter
half-life. This means that there will be much lower levels of simvastatin
in the bloodstream and these must be detected if a false-negative
response is to be avoided. These considerations concerning the concen-
trations of a drug in the bloodstream apply to all prescribed medicines
where there is a noninstantaneous, that is, injection, introduction of the
drug into the bloodstream. For patients who are adherent to their
medication regimens the trough concentrations, indicated on Fig. 2.1 at
around 23 hours and again at 47 hours and so on, increase with a move
toward a steady-state concentration which will make detection easier.

Physiological factors associated with aging, such as reduced renal
and liver function, result in alterations in the pharmacokinetics of
drugs, which, in turn increases the risk of adverse drug reactions.”’ In
addition, comorbid disease states and the consequent polypharmacy
(multiple prescriptions) are common among the elderly, a population
in which medication adherence problems are well documented.”'*
Thus some assessment is vital to guard against adverse drug reactions
and to monitor adherence to medication.

Movement of a Drug Through the Body

To directly monitor adherence by identifying a marker of the prescribed
drug requires a biosample to be collected from the patient. Current
practice is to call the patient into a clinic or family practice where a
liquid whole blood sample is collected by a phlebotomist or practice
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nurse. This can be an inconvenient and relatively costly process which
can be tolerated in more affluent countries but an alternative method is
needed particularly where travel and sample transport are more
difficult. This approach provides an opportunity to involve the patient
experience as the method of sample collection must be acceptable to the
patient, particularly if it is to be collected away from a clinic or in a
limited “point-of-care” facility. The collection of urine provides the
simplest mode of sampling but it provides undefinable time information
concerning the distribution of the drug. A liquid blood sample provides
fairly precise time-window information but is difficult and expensive to
collect and transport and is generally not favored by patients.
Alternative, more patient-friendly approaches to the collection of bio-
samples can be identified by considering the possible routes of
transportation of a drug throughout the body shown in Fig. 2.3.

This diagram is a simplified representation of the pathway taken by a
drug or metabolite, within the body, from administration through to
excretion. The main blood distribution system is the origin of plasma, the
“gold standard” sample while urine has possibly the longest history of use.
Collecting capillary blood samples using DBS sampling has become very

——» Lver —® Kidney —» Urine ¢

Oral or rectal —»  Gut P Feces
Percutaneous —»  Skin Main follicles —» Hair ¢
Intravenous - ‘ Breast, Milk ¢
PLASMA sweat glands Sweat ¢
Ocular .
9 tears H—— Y© . /| Salivary glands —» Saliva ¢
Vaginal » )
9 fluid <———— Vagina CSF
Capillaies ——» DBS ¢
Brain
Inhalation ———» Lung p Exhaled air @

9 Indicates a potential sample source

Figure 2.3 Diagram to show routes for drug disposition within the body and potential sample source.
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popular following the application of the technique to neonatal screening by
Guthrie.” This approach is minimally invasive and with modern analytical
instrumentation provides the capability to both identify and quantify
therapeutic drugs from a single drop of blood. The availability of this
detection capability has stimulated the investigation of other less invasive
biosamples including saliva, hair, and exhaled breath. The potential of these
newer techniques and their limitations are discussed later in this chapter.

BIOLOGICAL SAMPLE MATRICES

In hospitals and clinics, currently the most frequently used human bio-
logical sample formats are urine, liquid blood (plasma or serum), and,
in special cases, cerebrospinal fluid (CSF). The ease of use and the suc-
cess of DBS sampling in neonatal screening programs®’ has led to
widespread interest in the use of this form of sampling for TDM** and
ultimately to assess adherence.'” This success has been derived from
two complementary capabilities:

» The ease of sample collection and transport provided by the DBS
card

* The ability of analytical equipment to identify and quantify the low
levels of target analytes available from the blood spots on the cards

It is only through the increased sophistication and detection
capabilities of newer analytical instruments that the micro volume
DBS sample (Table 2.2) can provide comparable data to a 1 mL blood
sample. This capability has prompted the investigation of alternate less
invasive samples including saliva, hair, sweat, tears, vaginal secretions,
and exhaled breath. Notional sample volumes and speculative target

Table 2.2 Typical Volumes/Mass of Biological Samples

Sample Size Drug Mass
Urine 100—200 mL 0.1-10 pg
Liquid blood 5—10 mL 10—100 ng
Saliva 0.5-2mL 0.1-10 ng
Sweat 100—500 pL 0.1-10 ng
CSF 5—8 mL 1-10ng

DBS 30—100 uL 30-300 fg
Hair 100 mg 30—300 fg
Tears 50—100 pL 30—300 fg
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drug amounts contained in these alternative sample formats, based on
Chax and sample volume, are provided in Table 2.2. Simple non-
invasive sampling, carried out at home, backed up by routine analysis
of a sample delivered by post could form an acceptable basis for the
development of more patient-personalized medical care. The choice of
the most appropriate sample would depend on:

* Does the biosample matrix contain the target drug or appropriate
metabolite?

* Does the available biosample size contain sufficient target drug or
metabolite to be detected?

* Can the biosample provide the therapeutic concentration versus
time information?

» Are validated analytical methods available or can they be developed?

» Can the sample be easily collected from the patient?

While these questions have obviously been formatted on the need to
appreciate the analytical problems, it is recognized that within any
healthcare situation patient collaboration (willing interaction) is a cru-
cial factor. Therefore the ease of sample collection must assume a high
priority. On this basis, “patient-friendly” sample collection methods
should be developed particularly in situations where the nature of the
illness dictates the type of sample to be collected.

The rest of this chapter reviews the sampling possibilities likely to
facilitate a generally available monitoring service to assess medication
adherence based on patient self-sample collection in the home, where
possible. There is no discrimination between analyses provided by spe-
cialized “pay as you go” laboratories or those provided by the usual
healthcare supplier. Inevitably healthcare suppliers will favor
approaches in-line with facilities or equipment already in place.

Urine

Patient concerns:

» can be collected at home

* religious, cultural, or ethical issues for some patient groups

* noninvasive

+ sometimes difficult to produce/collect sufficient sample especially for
the elderly
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Healthcare system concerns:

» storage and transport concerns minimal

* must know the appropriate metabolite/s to monitor

» cannot provide therapeutic pharmacokinetic concentration and time
information

» sample storage during the collection phase may present problems

» sample authenticity especially in dispute situations, for example,
workplace intoxication

* may require expensive and complex analyzers

Urine has been used since ancient times as an assessment of an indi-
vidual’s health but it has become more widespread and publically
acceptable, particularly in the United States, following legislation in
the 1980s to ensure:

+ a drug-free military°
« a drug-free federal workplace”’
« a drug-free department of transportation”®

The immunoassay test methods developed to deliver the above were
based on legal requirements to demonstrate the ability, or otherwise, to
perform a designated function. To assess adherence to therapeutic
opioid drugs, used in acute pain management, the original test methods
have been adapted and modified into a more “patient friendly”
approach.® When used as a screening test for adherence to therapy the
crucial factor in urine drug tests (UDTs) is the “cutoff” point for detec-
tion, that is, the point at which adherence is confirmed (see Chapter 4).
The majority of literature references citing UDT analyses refer to
chronic pain management, but in the United Kingdom urine analysis is
also being used as a screening process to assess adherence to cardiovas-
cular drugs in hypertension clinics.””*"

Historically, urine has been the favored biosample because relatively
large volumes can easily be collected and the quantities collected allow
for concentration of samples to meet earlier detection capabilities. This
available volume advantage has been virtually eliminated by the increase
in sensitivity and specificity of modern instrumental analytical techniques
but there is an initial cost premium to be met when purchasing the
necessary instrumentation. Cost considerations are important when decid-
ing on the test selected and therefore the necessary pretest work-up of the
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urine sample. Simple immunoassay or “dip-stick” tests can be readily
used with neat or simply diluted urine in point-of-care applications, such
as a family clinic, to provide rapid results at minimal costs for this sort of
information. The limitations on the data will be those implied by the
immunoassay technology which may include reduced sensitivity and
specificity when compared with other modern instrumental methods.
For immunoassay tests, the detection range will have been
preselected depending on the drug type and therefore the
“anticipated” urine concentration ranges. The results obtained may
be subject to the effects of “cross-sensitivity” and this may be
different for different samples.”’

The steps in a modern instrumental analysis of a urine sample will
depend on the nature of the target drug but are likely to include the
following:

* initial sample pretreatment

+ solid-phase extraction (SPE) or protein precipitation

* quantitative chromatographic analysis

* preparation or purchase of system reference/calibration samples

Modern analytical instruments demand well-supplied laboratory
facilities, and the “point-of-care” approach is no longer possible nor is
the rapid production of results. Analytical method development can be
avoided by simply downloading validated methods for selected thera-
peutic drugs from analytical suppliers.”> Based on the example above,
the analysis could take anywhere between 1 and 3 hours to be com-
pleted but is more likely to be run overnight to allow samples to be
batched together to optimize throughput and minimize costs. The
“dip-stick” and the full instrumental analysis possibly represent the
extremes of adherence testing methodologies, particularly for opioid
drugs, and the costs involved may determine which test/s can be used.
In the United States, for example, privately funded tests can be pur-
chased from specialist laboratories, whereas in the United Kingdom,
only a few selected hospitals receive grants to fund full instrumental
analyses for adherence studies. The results from these studies are then
used as part of the NHS patient care package.””"

Urine samples are often collected over a period of several hours and
therefore do not represent the changing therapeutic drug levels in the
patient’s blood.
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Liquid Blood

Patient concerns:

* needs to attend a clinic to provide the sample
* may be scared of needles

» sample collection is invasive

Healthcare system concerns:

* the “gold standard” method for the quantitative determination of
drug levels

* a phlebotomist is required for sample collection

» special storage and transport is needed therefore costly

* liquid blood samples provide sufficient volume for all the required
analyses

* cost and complexity of the analyses

Drug measurements are usually made in plasma or serum and care
should be taken to determine if there is any preferential distribution of
the target drug between these media prior to method selection. Plasma
is the supernatant liquid obtained after centrifuging whole blood
whereas serum is the liquid remaining after blood has clotted; serum is
plasma minus the fibrinogens, the clotting factors.” Plasma is
currently regarded as the gold standard biosample for drug level deter-
minations. A further complication is the possibility of selectivity within
these media. A good example is provided by antiepileptic drugs
(AEDs), some of which can bind to serum proteins.”* While the
analytical method measures the total, that is, bound and unbound
AEDs in the serum, it is only the unbound that can cross the
blood—brain barrier to produce the pharmacological effect. Ideally
only the unbound level should be measured, but while the bound/unbound
ratio remains fixed the measured total will suffice. Unfortunately there are
many instances where this ratio changes at different times within the same
patient and also as a result of illness and so methods to separate free from
bound components of serum have been developed. These methods include
equilibrium dialysis, ultrafiltration, and ultracentrifugation®” >’ but the
additional costs involved have led to the development of methods to
use saliva for the measurement of free AED.*

Dried Blood Spot

Patient concerns:

* minimally invasive

* no need to visit a clinic, can be self-collected at home
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» samples can be posted to clinic

* DBS cards can be obtained anonymously prior to sample collection
and postal return for analysis. Results are available by post or over
the internet

Healthcare system concerns:

» small volume of blood therefore sophisticated instruments required

* high uptake anticipated following success of neonatal screening
programs

* initial costs and potential to be automated to speed results and to
reduce costs

DBS sample collection has been the basis of neonatal screening for
many years and as its name implies the neonatal screening program
demanded only a YES/NO result for the disease states targeted. Since
the inception of the Guthrie® test in 1969 there have been dramatic
developments in the performance of several analytical instrument
types (see Chapter 3) such that quantification of therapeutic drugs in
DBS samples is now accepted as routine.”® DBS samples are derived
from low volume, typically 10—100 uL samples of whole blood col-
lected and allowed to dry on an inert matrix. This matrix is usually,
but not always, dry cellulose in the form of a card.”” Blood spot sam-
ples from either a finger prick in adults or a heel prick in children are
collected on the card either as individual drops or as a known volume
collected by pipette prior to spotting onto the card. The first drop of
blood is usually discarded and four subsequent drops collected in
individually marked regions on the card. The spots are allowed to dry
for between 1.5 and 2 hours before being sealed into a small plastic
bag with a dessicant. The general approach to a card-based DBS
sample is to punch a small disk from the blood spot followed by
extraction of the disk with a solvent or buffer solution to provide a
solution for further analysis.*’ The size of the punched disk provides
the volumetric measure for quantitative analyses and can seriously
affect the overall sensitivity of the analysis. More sample, that is, big-
ger disc, could mean better sensitivity providing the extraction equip-
ment can contain the bigger sample. The actual volume of blood on
the punched disk is a function of both the area of the disk and the
thickness of the dried blood sample. Blood samples from different
people can have different viscosities, related to their hematocrit levels,
and will therefore spread differently to form spots of different sizes
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and thicknesses on the sampling card.”’ Under these circumstances,
there will be differences in the volume of blood in a fixed size disc
depending on the hematocrit level of the blood. The uncertainty in
volume sampled can be eliminated by taking a measured volume of
blood and subsequently extracting the entire spot.*’*** The wide-
spread use of DBS sampling and concern over the “hematocrit
problem” has led to the development of several different novel micro-
sample collection formats:

« The Mitra™ micro-sampling device collects a 10 pL sample directly
from the drop of blood on the finger and the volume collected is
independent of the patient’s hematocrit level (Fig. 2.4a). This device
is based on simple volumetric absorptive micro-sampling (VAMYS)
technology for the collection, transport, storage, and analysis of bio-
logical fluids. Four separate sampling devices are supplied in each
“clam-shell” pack which can be sealed immediately after sample col-
lection and posted off for analysis as there is no required drying
time.*

« The HemaSpot™ device is designed to aid self-sample collection
and needs three drops of blood to saturate the enclosed segmented
fan-shaped blood collection media (Fig. 2.4b). After sample
collection the device can be immediately sealed, packaged, and
despatched for analysis. In the HemaSpot™ device the sample for
analysis is one of the individual “petals” which is detached from the
fan shape prior to extraction.*

« The hemaPEN™ as its name suggests is like a conventional writing
pen but with several barrels (Fig. 2.4c). The blood sample is taken
directly from the fingertip avoiding the need to get the drop to the
right place on the paper. A second, third, and fourth sample can be
separately collected into the integrated storage compartments within
the hemaPEN™. This approach ensures precise volume whole blood
samples are secured and these can be immediately sent for analysis.*’

« The Dry Media Spot Slide*® from TOMTEC is a 6-mm diameter
preperforated disk sampling system (Fig. 2.4d) based on either cellu-
lose or a polyester polymer as the collection medium and requiring
fixed volume sampling via a 10 uL capillary. Each card has nine
spots and all of the sample collected on an individual spot is used
when the spot is pushed out for analysis. This approach provides
sample quantification and removes concerns related to differences in
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Figure 2.4 (a) The Mitra™ micro-sampling device, (b)the HemaSpot™ micro-sampling device, (c)the
hemaPENT micro-sampling device, and (d)the TOMTEC dry media spot slide of cellulose and polyester.
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hematocrit levels. A range of thicknesses and spot diameters are
available for those applications where more sensitivity is required.*°

» The Noviplex system is included here because the patient sample is
a single drop of whole blood produced by either a finger or a heel
prick. Noviplex enables the collection of a 2.5-uLL aliquot of plasma
from a whole blood sample within 3 minutes and eliminates the
need for centrifugation and refrigerated storage. The card has a
single sample deposition area on top of a laminated membrane
stack. The sample is rapidly spread laterally by capillary action in
the first membrane layer and then proceeds into the second
membrane layer where cells are removed by a combination of
adsorption and filtration. Plasma moves down through the
membrane matrix to the collection disc at the bottom of the
membrane stack. To access the sample the upper layers of the mem-
brane assembly are removed from the card, exposing the plasma
filled collection disc. This disc is ready for analysis or transport
within 15 minutes.*’

On receipt of the DBS sample, for quantitative analyses, a decision
has to be made concerning the point of inclusion of the internal
standard/s (IS) into the process. In most published work the IS has been
contained in the extraction solvent.”” Spraying a solution of the IS onto
the card and allowing it to dry prior to the collection of the blood
sample may represent a more realistic approach when considering
possible analyte interactions with the fibers of the card which may affect
extraction efficiency.”® Simple solvent extraction of the target analyte/s
followed by analysis is the least expensive approach. A solid phase extrac-
tion cleanup step may be required, prior to analysis, in order to reduce
matrix interference problems or increase sensitivity”~ but this will increase
both the costs and the time for the analysis. An alternative approach is the
extraction of everything collected on the disk followed by either protein
precipitation or liquid—liquid extraction (LLE) prior to analysis. LLE has
several disadvantages: it is difficult to automate, it requires relatively large
solvent levels with environmental and occupational safety concerns, and
has poor extraction efficiency for hydrophilic and polar compounds.®’ For
DBS card samples the disc punching can be eliminated and the extraction
processes can be automated with solvents flowing through a selected region
of the DBS using capillary tubes clamped either side of the card.
Sophisticated liquid sample handling allows SPE cleanup of the sample to
be included in the automated processes.*’
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The alternative DBS sampling formats, cited above, are at a much
earlier stage of development and automated sample extraction
processes are yet to be developed.

The DBS sample collection can easily be repeated on a daily or
more frequent basis to assess the need for dosage changes, for example,
during pregnancy”’ in order to optimize healthcare.

Saliva

Patient concerns:

* minimally invasive

* no need to visit a clinic, can be collected at home
» samples can be posted to clinic

Healthcare system concerns:

+ small volume of sample therefore sophisticated instruments required

* limited validation of quantitative data

» potential for spurious data from contamination or deliberate
dilution

Saliva is a readily available minimally invasive sampling matrix
which was used in the 1970s by Danoff and Breimers to study levels
of AEDs in patients.”” The reemergence of this approach is probably
due to the increased instrumental detection capabilities now avail-
able’' coupled with the potential, in saliva, to directly measure the
therapeutically active free nonprotein-bound drug.** While access to
saliva samples is relatively easy, the volume available is restricted
and may need to be stimulated by a drop of citric acid on the
tongue. There are commercial sampling devices available, many of
which are nonquantitative and suitable for use in screening appli-
cations. Quantitative applications of such devices would require
validation of both the methodology and sample stability during
transport, prior to data collection.”’ >* Sample collection and trans-
port only requires cleaned sealable tubes and no refrigeration. In the
laboratory saliva samples should be centrifuged to produce a clear
liquid and any cloudy or discolored samples should be discarded.
The fact that saliva samples can be readily contaminated has been
demonstrated for both carbamazepine™ and phenytoin® where resi-
dues of the tablets held in the mouth for just 5seconds were still
detectable after 2 and 3 hours, respectively. These results might be
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taken to confirm adherence to these drugs despite such a minimal
exposure and noningestion.

One of the undoubted drivers of research into the use of saliva is
the ease of sample collection allied to the anticipated cost savings for
the health service providers. The cost savings of this form of sample
collection were demonstrated for UK offender populations where
the costs of the tests were reduced from £500—800 per urine sample
to £70—110 for saliva samples used to demonstrate adherence to
therapy and abstinence from drugs of abuse.”® In a Canadian study
in 1994 the cost savings of saliva versus blood samples for children
were found to be between $1567 and $1822 for every 1000 samples
collected.”’

Saliva samples provide the same opportunities as DBS for repeat
sample collection to monitor patient adherence but, whilst the saliva
sample is less invasive many more investigations and validated
analyses have been reported for the DBS sampling approach.

Hair

Patient concerns:

* minimally invasive

* no need to visit a clinic, can be collected at home
» samples can be posted to the clinic

Healthcare system concerns:

» small volume of sample therefore sophisticated instruments required

* there is no information on the effects of shampoos, dyes, and other
treatments on the retention of drugs in hair

Growing hair is continually exposed to the blood system and
samples of any drug in circulation will be deposited in the hair shaft.
As the hair grows the level of the drug along the shaft will vary in
proportion to the level of the drug in the blood. Assuming hair grows
at around 1cm per month analysis of a hair sample can provide
information of an average exposure over the long term rather than a
day-by-day assessment.

The long digestion period, typically overnight’® needed to release

the drugs from the hair structure prior to analysis means that this
sample format is not appropriate, as a routine method for a cost-
conscious patient healthcare system.
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Sweat

Patient concerns:

 clderly patients may not produce sufficient sample
* no need to visit a clinic, can be collected at home
» samples can be posted to clinic

Healthcare system concerns:

» sample collection problems

» small volume of sample therefore sophisticated instruments required
* limited validation of quantitative data

Collection of sufficient sample on an absorbent pad can only be
achieved over an extended time period. The time uncertainty in sample
collection associated with problems of sample extraction from the pad
means that sweat, like hair is not a useful sample format in the current
application.®’

Tears

Patient concerns:

» very uncomfortable for patients to have a collection tube near their eyes
* need to visit a clinic

* not easy to “cry to order”

Healthcare system concerns:

» sample collection problems

» small volume of sample therefore sophisticated instruments required
» limited validation of quantitative data

There appear to be no benefits in the analysis of tear samples and
sample collection may well be considered invasive. The concept of
chemically inducing patients to cry renders this approach
unacceptable as a means of sample generation.*

Cerebrospinal Fluid
Patient concerns:

* an invasive procedure
* need to visit a hospital

Healthcare system concerns:

+ sample collection costly

* sufficient sample volume but sophisticated instruments required

» sample necessary to provide information on concentrations occur-
ring in the brain
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The invasive nature and the costs associated with this procedure
would normally prevent any applications in the assessment of adher-
ence to medication except for CNS medication®’ and these samples
may be appropriate for Phase 1 clinical trials.®”

Semen

Patient concerns:

* an invasive procedure
* embarrassing

Healthcare system concerns:

» sufficient sample volume but sophisticated instruments may be
required

 usually restricted to HIV/AIDS-related studies

This is not a preferred sample collection method among HIV
patients in a comparative study in Kenya, with only 47—48% returning
semen samples versus 80% giving saliva samples.”’ This is not a
method to adopt for a more general assessment process.

Vaginal Fluid

Patient concerns:

* an invasive procedure
* embarrassing

Healthcare system concerns:

» familiar sample collection process for cervical cancer screening

» sufficient sample volume but sophisticated instruments may be
required

* possible adaptation of sampling to HIV/AIDS related studies

A comparative study in Kenya®® showed that about 52% of the par-
ticipating female patients provided cervico-vaginal samples during the
trials. While being largely disappointing the results from trials of intra-
vaginal anti-HIV microbicides, to provide women with a self-controlled
means of HIV prevention, have identified unexpected inflammatory
effects.® This result demonstrates an example of the benefits that can
accrue from regular monitoring.



Opportunities and Challenges for Analytical Chemistry 45

CONCLUSIONS

Some of the suggested biosamples are obviously more patient-friendly
than others; urine, saliva, and hair for example would all be easier to
collect than a liquid whole blood sample. However there is no value in
collecting an “easy” sample if it does not provide the necessary clinical
information which is the overriding concern. For information on levels
of a drug in blood, a DBS sample, collected at home, might be prefera-
ble to a visit to the clinic to provide a blood sample. Alternatively the
choice of sample may be specified by the disease. Regardless of its
origin the collected biosample will be a complex mixture and some
initial sample treatment may be necessary prior to analysis.

The time spent on any initial sample work-up will depend on the
level of sophistication of the final analytical assay. The analytical assay
may be either:

Direct where the component of interest is analyzed in the
sample as collected, for example, in some immunoassay
determinations

Separational the mixture is separated into its individual components prior
to identification and quantification, for example, a gas or
liquid chromatograph coupled to a mass spectrometer

Neither of these approaches is necessarily superior and the selection
of an assay should be driven by clinical need and not by the technol-
ogy that might be employed in the assay.

Poor adherence is a worldwide problem, not associated only with
the richer nations, and a longer sample work-up time and slower
throughput may be a necessary consequence of the purchase of a more
affordable analyzer by a less affluent healthcare supplier.
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Analytical Chemistry Methods for
the Assessment of Medication Adherence

INTRODUCTION

Assessment of adherence to prescription drugs implies a direct mea-
surement of the drug or metabolite in a biosample but there are several
clinical conditions, for example, diabetes, malaria, HIV, and high
blood pressure, where aspects of the disease status itself are measured
as an indicator of adherence. While all of these approaches rely on
sophisticated instrumental analyses some initial sample work-up is fre-
quently necessary. The analytical methods discussed in this chapter are
selected initially to concentrate on the organic and inorganic therapeu-
tic aspects of the medication followed by methods to assess different
aspects of the disease status. The final section of this chapter examines
the different routes to access the required tests.

SAMPLE PREPARATION

It is important to remember that biological samples are usually a com-
plex mixture with the target analyte often at a low level with respect to
the other constituents. While some analyses can be carried out on sam-
ples directly (“dilute-and-shoot”), some initial sample cleanup may be
used to aid the analytical process by removing interfering contami-
nants or to prevent excess instrument downtime for cleaning or column
changes. It is also necessary to ensure that there is no additional con-
tamination arising from the sample containers. The sensitivity of mod-
ern mass spectrometry (MS) systems enables the detection of leachates
from some plastics even after very low exposure periods to aqueous
solutions. The widespread use of plasticized polyvinyl chloride (PVC)
tubes in hospitals provides a ready source of phthalates, for example.
Care must also be taken to ensure no loss of the target analyte to the
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sample container. Sample cleanup usually follows one of the two fol-
lowing approaches:

* Removal of unwanted material, for example, by centrifuging or pro-
tein precipitation followed by analysis of the supernatant

» Selective extraction of the target analyte/s followed by concentration
and analysis

In this area of investigation the samples presented for analysis are
liquids and any cleanup procedure must be quantitative where the rela-
tionship between the final material for analysis and the original sample
is well defined. There are many literature examples of possible cleanup
methods applied to samples of different compositions, for example,
blood, serum, plasma, urine'~, and dried blood spots.” The purpose of
this part of this chapter is to provide an introduction to each of the
cleanup techniques available rather than to detail specific examples. The
choice of sample preparation will be dependent on the nature of the pri-
mary sample and whether an extract should be analyzed or discarded.

Protein Precipitation

This is a straightforward process in which an organic solvent, usually
acetonitrile, methanol, or acetone, is added to samples such as blood,
serum, or plasma in order to precipitate the excess protein present.
After thorough mixing the sample is centrifuged, to deposit the precipi-
tate on the bottom of the vial, leaving a clear liquid that is removed
either for analysis or concentration prior to testing.”

Liquid—Liquid Extraction

This is a relatively easy extraction which relies on the different solubil-
ity of the analyte between two immiscible liquids. The target analyte
passes from the original sample into a more polarity-compatible liquid
in which it is more soluble. This process can be used to both extract
and concentrate the target analyte/s. Hexane is a good nonpolar sol-
vent which will extract nonpolar drug residues from aqueous media
such as urine. Solvent extraction is rarely 100% efficient and repeat
extractions (3—5) are required for high recoveries. Relatively large sol-
vent volumes may be used and the process is time-consuming and
expensive”*. The additional cost of solvents and subsequent disposal
make liquid—liquid extraction processes to be avoided in the provision
of service analyses.
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Solid-Phase Extraction

This approach to sample preparation uses a solid stationary phase sor-
bent, held in a cartridge, to clean up and/or concentrate the target ana-
lyte, usually by selective retention on the stationary phase. The small
mass of stationary phase, a few 100s of milligrams, held in a cartridge
means that samples can be flushed through them easily with minimum
volumes of solvents. Furthermore, a wide range of sorbent chemistries
can be used selectively to retain either the analytes or the unwanted
components of the sample.” The choice of a particular solid-phase
extraction (SPE) cartridge will depend on the chemical nature of the
analyte, the sample volume, and whether the analyte is to be retained
on the cartridge. For clinical samples the target analyte is usually a
nonpolar compound in an aqueous solution and therefore a nonpolar
sorbent would be appropriate. To ensure retention of the analyte on
the cartridge the typical SPE protocols’ are as follows:

1. Wetting and conditioning the cartridge: 1—2 mL of methanol is
passed through the cartridge to wet all the surfaces, followed by
5 mL of water to condition the surfaces.

2. Sample loading and retention: the sample is passed through the car-
tridge where the analytes of interest are retained.

3. Wash: any residual unretained sample components are flushed out
of the cartridge.

4. Elution: removal of analyte with typically 1—2 mL of solvent. At
least a 10-fold increase in concentration is possible at this stage.
The sample is collected for subsequent analysis.

In service situations, where many repeat analyses are anticipated,
the above protocols can be automated using conventional liquid chro-
matography (LC) equipment as used for the cleanup of samples from
dried blood spots, for example.’

INSTRUMENTAL ANALYSES

The last 35 years have seen dramatic developments in new and
improved instrumental analytical systems. Modern digital technology
has been at the forefront of these new developments with three areas
deserving special mention:

* Increase in the speed of signal detection and response of electronic
systems
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* Development of rapidly accessible bulk data storage capabilities
* Process automation

The increase in the speed of electronic systems was a consequence
of the drive for faster computer systems but applied to mass spectrom-
eter systems, for example, this technology increased the measurement
capability of time of flight (ToF) systems beyond all expectations of
the 1960s—70s to produce the high resolution high mass range instru-
ments of today. Furthermore application of Fourier Transformation
theory has benefitted infrared (IR) spectroscopy, nuclear magnetic res-
onance (NMR) analyses, and latterly MS in the form of the Orbitrap
instrument.” These instruments are all capable of rapid data genera-
tion, which requires bulk storage capabilities and if rapid searching
techniques are available, then reference libraries can be constructed
and subsequently mined. The National Institute of Science and
Technology (NIST)® maintains the electron impact (EI) MS database
which is in use worldwide to identify unknown compounds in complex
mixtures using gas chromatography—mass spectrometry (GC-MYS)
analyses. NIST is also compiling a LC tandem mass spectrometry
(LC-MS/MS) database with information compiled from a range of dif-
ferent instruments and analytical parameters.

The concerns in this chapter are the provision of a service-oriented
analytical capability which can take advantage of these modern abili-
ties, particularly automation, to provide:

» rapid analyses with a quick turnaround

* high assay quality—good specificity and sensitivity

* a robust methodology

+ affordable costs per analysis, including original equipment purchase
* meaningful data output

Many developments in this area are derived from manufacturers
improving current instrumentation to take advantage of a newly
emerging market or developing a new research laboratory technique
into a service capability. The changes in immunoassay (IA) techni-
ques”'’ or MS techniques'' are good examples of the improvement
approach, whereas the use of polymerase chain reaction (PCR)'” anal-
ysis is based on the development of a completely new analytical

capability.
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IMMUNOASSAY (IA) SYSTEMS FOR ORGANIC ACTIVE
INGREDIENTS

Unless developed specifically for in-house determinations, IA availabil-
ity is restricted to kits that are commercially available. Assay perfor-
mance is therefore well documented, but the kits may be expensive and
may not be applicable to specimens other than those identified by the
manufacturers.

IA systems depend on the ability of an antibody to selectively com-
bine with the target analyte, the antigen, and for this complex to be
measured by the addition of a signaling or label capability. In adher-
ence studies the antigen is either the therapeutic drug or a known
metabolite. The antigen—antibody complex binding stage is the selec-
tivity step but there is still the necessity to produce a measurable signal
proportional to the level of the complex formed in this binding process.
Common assay processes are based either on changing the rate of an
enzyme reaction or on measuring the extent of fluorescence
polarization.

Enzyme-Based Assays

These assays are usually used with either urine or plasma samples and
exploit antigen—antibody binding to influence enzyme activity which
can be measured spectrophotometrically. In one approach inactive
antibody—enzyme conjugate is added to the test system and the free
analyte displaces the enzyme thus increasing the overall enzyme activ-
ity in the sample. Measured enzyme activity therefore increases in pro-
portion to the free analyte. An alternative methodology is to use a
two-component cloned enzyme donor system. When mixed the two
components form the active enzyme. In these assays one component of
the enzyme is bonded to the antibody and this component is released
as the analyte is added and thus increasing levels of the active enzyme
are formed. The measured absorbance signal is proportional to the
analyte level.

Fluorescence-Based Polarization Assays

These assays are usually suitable for use with plasma, serum, or urine
samples. The labeled analyte will rotate freely in solution and,
therefore, when irradiated with polarized light it will emit light which
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is not polarized. The addition of an antibody produces a construct
which cannot rotate as freely and the emitted light retains a greater
degree of polarization. An assay will start with the antibody present
which produces a high level of polarization. As the free analyte
exchanges with the construct the level of polarization decreases and
the signal is inversely proportional to the level of the analyte.

To develop detection capabilities at increasingly lower levels manu-
facturers have used labeling techniques which have included radioac-
tivity, fluorescence, chemiluminesence, and metal chelate complexes.

For automated IA analyses either the antibody or the label may be
immobilized to provide the separation necessary for measurement. In
automated analyzers micro-well plates are used as sample vials, thus facil-
itating the washing and reagent pipetting stages. The assay process can be
carried out either in the competitive or noncompetitive mode. In the com-
petitive mode there is competition between free analyte in the sample and
labeled analyte bound to the antibody which is immobilized. After equili-
bration and washing the amount of labeled analyte on the surface of the
well is measured and is inversely related to the concentration of the target
analyte. In the noncompetitive mode two antibodies are required, an
immobilized one to bind with the analyte and one, which is labeled, to
bind to the antibody—analyte complex. After an incubation period of the
sample with the first antibody, the well is washed and a solution of the
second antibody is added to react with the immobilized complex. After a
second washing the activity of the label bound to the well plate is mea-
sured and is proportional to the level of the analyte in the sample.”"’

The performance of any IA system is therefore dependent on:

« the selectivity of the antibody and the elimination of interferences'’

» the capability of the system robotics to track a sample in order to
add the necessary levels of reagents and then transfer the sample
to the detector at the appropriate time

* the sensitivity of the overall detection system utilized

The antibodies and detection methodologies for a particular antigen
(analyte) are often proprietary to a particular manufacturer and may
therefore not produce the same detection capabilities on a different
instrument. Furthermore an assay “kit” will be tuned to the clinical
test requirements and the manufacturers’ specifications for a particular
assay and will also be subject to specific storage requirements.
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Antibodies

Antibodies are proteins generated by animals (cells) in response to the
invasion of a foreign molecule, the antigen/analyte, into the body.
Because antibodies are developed in response to a particular chemical
structure they should respond to it specifically and the analysis of a
complex sample (blood or urine) can therefore be achieved without
pretreatment.'” To develop a new IA a new antibody has to be gener-
ated and once this has been achieved a complete analysis can be
devised. The antibodies can be either monoclonal or polyclonal but for
pharmaceutical analyses monoclonal antibodies are advantageous
because they have a higher degree of affinity and specificity toward the
analyte."” Small molecular size and structurally similar therapeutic
molecules, for example, the analysis of steroids, pose a significant chal-
lenge to the specificity'® of the IA process. Under these circumstances
IA analyses can provide only a screening function indicating the pres-
ence of a member of a group of compounds in the test sample and can-
not confirm the prescribed compound or the use of an additional
medicine of the same compound type.

Instrumentation

IA methods are capable of quantifying a wide variety of compounds
from low-molecular-weight drugs to biomarkers of diseases.
Automation of the assays is necessary to increase sample throughput.
Details of automated IA instruments are tabulated on the
CAPTODAY Web site.'” An assay procedure requires the selection of
the correct antibody, the addition of precise volumes of liquids fol-
lowed by washing with this cycle being repeated prior to measurement.
Automated IA analyzers can process multiple samples at the same
time, the total number of samples and onboard determinations being
dependent on the particular analyzer.'” The completion time may not
be the same for different assays and samples may be introduced into
the system at different times and under these circumstances an auto-
mated system must have:

* multiple onboard methods with other assays which can be set up as
required

» sufficient reagent capacity and accurate dispensing capability for
long-term running

» a sample tracking and handling capability to ensure that the correct
sample reaches the detector at the correct time for measurement
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With instruments of this capability the operator has only to
load the samples into individual vials or 96-well plates and then
identify the analysis required before loading the samples into the
analyzer.

Point-of-Care Testing

Point-of-care testing (POCT) is a simple medical test performed close
to the patient where the results are available more quickly than for
samples sent to a laboratory. Examples include the use of dipstick
monitors, based on IA technology, which are thin plastic strips with
several squares of different colors attached along the strip. Each square
is used to measure a different component of the sample, usually urine.
The entire test strip is dipped into the sample for the stated period and
the color changes noted after a fixed development time. Color change
reference data is usually portrayed on the side of the container for the
test sticks.'® The chemistry involved in the process leading to the color
change is sophisticated and in general is proprietary to the manufac-
turer. An example of this sophistication is the detection of glucose for
diabetes monitoring. Here glucose oxidase liberates hydrogen peroxide
from the glucose and this reacts with a potassium iodide chromogen
under the action of peroxidase to give a color change from green to
brown.'” The use of dipsticks for screening for drugs or their metabo-
lites is common in many areas, for example, athlete screening, emer-
gency medical care, consulting rooms, and drug detoxification
programs. Tests detect the commonly used drugs: cocaine, ampheta-
mines, methamphetamines, marijuana, phencyclidine, barbiturates,
benzodiazipines, and opiates.

The main advantages of dipsticks are the convenience, the ease of use,
the low cost, and that an assessment of up to 17 drugs can be available
within 5—8 minutes depending on the supplier. They can be used in the
consulting room or in the home. There are however some limitations to
these tests. They are generally not quantitative'® and the results may vary
for different drugs from the same group, for example, the benzodiazi-
pines. There is an insufficient level of specificity toward many of the pain
management drugs and IA-based tests in this application are used for
screening purposes only.
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CHROMATOGRAPHY-BASED METHODS FOR ORGANIC ACTIVE
PHARMACEUTICAL INGREDIENTS

Unlike IAs where a degree of specificity is inherent in the use of anti-
bodies or PCR analyses where specificity is derived from the base pair
sequences of the analyte itself, chromatographic analysis must develop
the necessary specificity from a combination of physical parameters
associated with a particular analysis. For all chromatographic analyses
the selectivity of a method depends on the separation achieved between
the individual components, combined with the capability of the detec-
tion system to recognize a particular molecular characteristic. These
two signals must be mutually independent of each other; one is time
and the other depends on the type of detector being used in the mea-
surements. While this is the ideal situation it must be remembered that
adherence problems are now recognized in countries with limited
resources and more limited investigations may be the only ones that
can be undertaken.

Chromatographic analyses can be divided between the separation of
volatile thermally stable compounds using GC and the analysis of non-
volatile materials or thermally sensitive samples by LC. Detectors for
chromatographic systems may be either passive with no change in
detection parameters during an analytical run and will simply indicate
an analyte has eluted, or they may be dynamic whereby the detection
parameters change during the analysis in order to provide specificity
toward different compounds as they elute. For a healthcare service
provider, where a rapid turnaround is required, the inherently specific
analysis represents the optimum because little or no sample pretreat-
ment is required prior to analysis. More extensive initial sample pre-
work-up may be tolerated where the final analytical protocol has a
lower selectivity toward the target analytes which may be the case
where there were financial restrictions on the original equipment pur-
chase. A good example of this mode of investigation of adherence was
reported by Bell et al. in a study of the adherence to malaria drugs
among patients in Malawi.”’ The chromatographic analysis required
multiple solvent extractions with dichloromethane, evaporation to dry-
ness, reconstitution in mobile phase, and analysis by ultraviolet (UV)
at 254 nm. Less selective chromatographic methods, with passive
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detectors, can also be used in situations where the individual dosage
level is relatively high, for example, 900 mg allopurinol for gout’' or
850 mg metformin for diabetes.”**

The principal concern for adherence monitoring is the ability to detect
the anticipated levels of the target drugs. This can frequently be achieved
with equipment far short of the best.

Chromatography Systems With Passive Detectors

The literature has examples of the use of both gas and liquid chro-
matographic separations used in the assessment of adherence to medica-
tion. The practical applications are discussed in Chapter 4 and the
analytical methodology is described below.

GC With Flame Ionization Detection

The basic GC system consists of a gaseous sample in equilibrium
between a flowing carrier gas and a heated stationary phase. In instru-
mental terms there is a heated injector to ensure that gaseous sample
molecules are transferred onto the temperature-controlled analytical
column where either helium or hydrogen is used as the mobile phase.
Technical developments have seen the column change from a one-
quarter inch diameter glass column packed with a dry powder to a 0.6-
mm diameter capillary system with the stationary phase coated on the
inside walls. The other significant change in column technology has
been an increase in column length from a maximum of 18 m for the
packed column to 100 m or more for the fused silica capillary columns.
The column is held in an oven that can be maintained at a fixed tem-
perature or programed typically over the range 30—300°C dependent
on the chosen stationary phase. The most widely used detector is the
flame ionization detector (FID) which responds to the number of
C—H bonds, up to about eight within a compound and thereafter has
a fairly uniform response for most organic molecules. Fast detector
response and good column technology mean that several hundred indi-
vidual components can be separated and recorded in a single GC FID
run. Identification is derived by matching measured retention times
with those for authentic reference analytes’ and analytical integrity
therefore depends on the reproducibility of the retention time which is
inherently dependent on the stability of the operating conditions of the
GC instrument and a fixed carrier gas flow rate.
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For GC analysis the principal factors that affect the separation and
detection of the components of a complex mixture include:

Injection volume Typically between 0.5 and 5 uL

Mobile phase Helium or hydrogen

Column Wide range of stationary phases and column
lengths

Column temperature  Programmable 30—300°C at preselected rates.
Temperature conditions influence both the
peak shape and the size of the molecules that
will elute from the column

FID The FID is very sensitive but responding to
C—H bonds means it is a good general
purpose detector with virtually no selectivity.
None of the other available passive GC
detectors have been reported in adherence
studies to date

Not all molecules are volatile and thermally stable and chemical
derivatization to render the molecule volatile is a possible option for
many therapeutic drugs™ so that they can be successfully analyzed by
GC techniques. BSTFA (N, O-Bis(trimethylsilyl) trifluoroacetamide) is
widely used, in the presence of the catalyst, TMCS (trimethylchlorosi-
lane), to introduce the TMS (trimethylsilyl) group to promote volatility
in the target analytes.”” Derivatization requires that the target drugs be
extracted from the biosample using SPE techniques (see earlier) and
evaporated to dryness prior to derivatization with BSTFA and 1%
TMCS in ethyl acetate. This approach is routinely used in pain man-
agement investigations cited in Chapter 4.

Thin Layer and High-Performance Thin Layer Liquid Chromatography
In thin layer chromatography (TLC) the stationary phase is a thin
layer of particles a fraction of a millimeter thick, spread on and
attached to a rigid base of glass, aluminum, or plastic. The analyte is
applied near the bottom of a dry plate and solvents are then used to
develop the separation. Plates can be developed in two dimensions
using different solvents to improve the separation. Primary advantages
of TLC are the low cost combined with the ability to run samples and
reference material at the same time.”® High-performance thin layer lig-
uid chromatography (HPTLC) is a development of the TLC methodol-
ogy using smaller particles for the stationary phase with a more closely
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controlled particle size distribution. For HPTLC, the stationary phase
particle size is typically around 5 pum compared with 25 pm for a con-
ventional TLC plate. As a consequence sample sizes have to be smaller
for HPTLC, but separations are achieved more rapidly.”

Visual detection is acceptable for qualitative analyses but more instru-
mental methods are required to produce quantitative data. UV, diode
array, and fluorescence spectroscopy are the most frequently used meth-
ods and direct connection to a mass spectrometer has been reported.”
HPTLC is one of the most flexible, reliable, and cost-effective separation
techniques used in the pharmaceutical industry.”’ Its one drawback may
be the need for significant sample work-up prior to analysis to remove
potential interfering components from the biosample.

High-Performance Liquid Chromatography With UV Detection

The basic LC system consists of a liquid sample in equilibrium between
a flowing liquid mobile phase and a stationary solid phase. The wide
applicability of LC methods is derived from the range of different pos-
sible mobile phase properties which can be utilized. The choice of
mobile phase is not restricted to one or two pure compounds, mixtures
can be used and indeed the proportions of the mixture can change dur-
ing a single analysis. This approach is known as gradient elution, a
common approach in biosample analysis. The one requirement is that
the individual components of the mobile phase mixture are HPLC
grade pure and that there are no UV absorbers present in solution. In
instrumental terms an HPLC system consists of a series of reservoirs
for the mobile phase constituents connected to a set of pumps which
will deliver the liquids according to predetermined values to produce a
gradient elution. Because of the high pressure delivered by the pumps
samples are injected into a loop injector for subsequent injection into
the analytical column. In order to protect the analytical column it is
good practice to include a short guard column between the injector
and the analytical column. The guard column usually contains the
same stationary phase, as a replaceable pellet, as the main column,
and is present to prevent unwanted contaminants entering the system.
Conventional HPLC columns used for the analysis of organic com-
pounds are reversed phase material packed into 250 X 4.6-mm stainless
steel tubes. Reversed phase material is silica particles with nonpolar
groups either —C;gH37, or —CgH;7, or —CHj; chemically bonded to
the surface. The octadecyl (C;g) group is most frequently used and
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abbreviated to ODS or C;g on column labels. Under these circum-
stances the stationary phase is less polar than the mobile phase and
nonpolar constituents are retained until the organic level in the mobile
phase is increased sufficiently. Improved separation of the components
of a complex mixture is achieved by decreasing the size of the silica
particles of the stationary phase from, for example, 5—1.3 pm.
Unfortunately this approach increases the resistance to flow through
the column and decreased particle size is often accompanied by shorter
column lengths; 250 mm down to 50 mm. This change in particle size
and the ability to work at higher pressures have been a gradual devel-
opment and have led to the use of the UPLC and UHPLC acronyms
(ultra-pressure or ultra-high-pressure liquid chromatography) to
describe systems with particle sizes less than 2.0 pm. The UV detector
used with these systems can operate either at a single fixed wavelength,
or at a preselectable wavelength, or at several preset wavelengths in
the form of a diode array detector.

For LC analyses the principal factors which can affect the separa-
tion and detection of the components of a complex mixture include:

Injection volume Typically between 1.0 and 100 pL

Mobile phase Wide range available from a single component
to mixtures of components where the
individual proportions can vary during the run

Column Limited range of stationary phases, column
lengths restricted to 25—300 mm range
depending on supplier. Particle size ranges
5.0—2.5 pm for HPLC and 1.7—1.3 um for

UHPLC

Column temperature  Thermostat controlled at fixed temperatures
up to 60°C

UV detector Very sensitive but has poor discrimination due

to wide absorbance bands even for
multiwavelength instruments

Chemical derivatization has been used to aid GC analyses by render-
ing target compounds volatile and therefore detectable and in a similar
manner derivatization to add a fluorescent chemical entity to a target
molecule could aid detection in HPLC analyses. Under these conditions
two different wavelengths must be monitored: excitation at one wave-
length and emission at another. The necessity to use two different
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wavelengths provides a much enhanced degree of selectivity to the anal-
ysis. Work using this approach requires considerable sample pre-work-
up, a direction which has not been followed as the use of more selective
dynamic detection systems has been the chosen way forward.

MASS SPECTROMETRY AND CHROMATOGRAPHY

New mass spectrometry technologies have revolutionized the analysis
of biosamples. The development of new instrumentation, the tandem
mass spectrometer in all its forms, have moved the boundaries of bio-
analytical capabilities forward. For any successful combination with a
chromatographic system, dynamic detectors must have response speeds
fast enough to ensure that multiple measurements can be made within
the time span of a single chromatographic event. As each species elutes
from the separating system, into the detector, it must be scanned at
least 10 X to ensure data clarity.

Mass Spectrometers As Dynamic Detectors For
Chromatography Systems

To date, mass spectrometers have proved to be the most successful and
widely used dynamic detectors with a range of chromatography
options. The different combinations of chromatography and MS
reported in the literature relating to adherence studies include:

*+ GC-MS, GC-tandem MS, or GC-MS/MS
* TLC-MS, LC-MS, LC-MS/MS, and LC—high-resolution mass spec-
trometry or LC-HRMS

These analytical instrumental combinations are often referred to in
the literature simply as hyphenated techniques.

From the technological standpoint, the connection of a high-
pressure chromatographic system to an instrument designed to operate
under high vacuum presented a range of different challenges. The suc-
cessful use of MS detection depends on the sample eluting from the
column being ionized and transferred into the MS system via a region
called the interface. Once ionization is achieved and ions have entered
the MS system, data collection and processing are essentially the same
whether the detector be a low-resolution linear quadrupole (GC-MS or
LC-MS), LC or GC MS/MS system, or a high-resolution instrument
(LC-HRMYS).
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Interfaces for GC-MS Systems

Early GC-MS systems had the problem of the removal of excess
mobile phase, either helium or nitrogen carrier gas, from the sample
before entry in the vacuum region of the mass spectrometer. Prior to
the advent of capillary columns the high gas flows (30 mL/minute)
through a packed GC column required the use of an all-glass jet sepa-
rator to remove the carrier gas via a separately pumped evacuated
region prior to the ion source on the MS. The jet separator was main-
tained above the maximum operating temperature of the column and
was extremely fragile. The excess gas flow problem was removed with
the advent of the capillary column with gas flows of only
1.0 mL/minute. The jet separator was removed and the flexible end of
the column was fed through a heated transfer line, directly into the
MS ion source. Sample molecules were ionized by impact with 70 V
electrons which produced a wide range of fragment ions with either a
positive or a negative charge. These ions were analyzed according to
their mass to charge (m/z) ratio. This approach and the use of uprated
turbo-molecular pumps produced the benchtop GC-MS systems which
are familiar today.

Interfaces for LC-MS Systems

In modern LC-MS systems with a mobile phase flow of between 0.5
and 1.0 mL/minute, ionization is carried out at atmospheric pressure
using either an electrospray ionizer (ESI) or an atmospheric pressure
chemical ionization (APCI) source. After ionization at atmospheric
pressure the ions are transferred through a series of pressure-reducing
stages into the mass spectrometer. This is achieved by focusing the
ions either through a series of small holes in focusing lenses or through
capillary tubes while reducing the pressure with high-capacity pumps.
To prevent adiabatic cooling and the formation of clusters as the
mobile phase expands under the reduced pressure, the process is car-
ried out in a curtain of heated nitrogen gas.”

Electrospray lonization

This is ionization by charge separation and an electrospray is achieved
by forcing liquid through a fine pointed capillary tube, for example,
the exit from the LC column, into a high-voltage electric field at atmo-
spheric pressure. The electric field is produced by applying a potential
of 3—6 kV, either positive or negative, between the capillary tip and
the counter electrode. This field induces charge accumulation in the
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surface of the liquid at the tip of the capillary which will then form
highly charged droplets which move toward the focusing electrode and
the entrance to the MS, through the heated curtain gas. As more sol-
vent evaporates from the droplet, under the action of the heated cur-
tain gas, coulombic repulsion forces between like charges overcome the
liquid cohesive force and a charged species is emitted. This becomes
more frequent as the droplet size decreases. In analyses where ESI is
used it is common to modify the mobile phase with up to 0.5% formic
acid to provide a source of protons to act as the charge carrier for the
ionization process. This addition of a proton to a molecule to produce
what is known as a pseudo-molecular ion, the M + H" species, is a
low-energy process in which there is little or no fragmentation of the
original molecule. This is not the only ionization process which can
happen in an ESI source and species such as M + Na™ can be seen
particularly in biosamples. Very large molecules, when subjected to
ESI conditions, may become multiply charged to such an extent that
the molecular mass of proteins at many tens of thousands can be mea-
sured with an MS with an m/z range of only 2000.

While the ESI source is probably the most used in LC-MS applica-
tions it has two limitations, namely, the matrix effect and little or no
fragment ion production. The matrix effect or ionization suppression
or enhancement” occurs when other materials from the sample elute
into the ESI at the same time as the target analyte and affect the ioni-
zation process and hence its efficiency. This is a major problem partic-
ularly with clinical samples because of their complexity. This problem
can be addressed in three ways:

* Chromatographically improve the separation to prevent co-elution
with a consequent increase in sample run time. This is not a favored
approach for service providers.

* Selectively remove the interference at the sample preparation stage.
Increased sample work-up prior to analysis adds to costs and time
per sample analyzed.

* Incorporation of internal standards, usually stable isotope labeled
versions of the target analytes, into the analytical process. These
will elute at the same time as the target analytes and will therefore
experience the same matrix effects and the signal size detected can
be used to compensate for the matrix effect observed.
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The limited fragmentation as a result of the low-energy (soft) ioni-
zation process used means that little structural information can be
deduced about the molecular structure. The tandem mass spectrometer
is a means of obtaining structural information by forcing the molecular
ion to undergo collision-induced fragmentation followed by MS detec-
tion of the resultant product ions.

Atmospheric Pressure Chemical Ionization

This is an ionization technique that uses ion—molecule reactions, at
atmospheric pressure, to transfer charges originating from the action
of a corona discharge on a spray of the mobile phase. The mobile
phase and sample from the column are passed through a heated
(120°C) capillary tube and are volatilized in the region of a corona dis-
charge electrode where they are ionized. Because this happens at atmo-
spheric pressure the ions are rapidly thermalized by collision and the
major ionic products are either the protonated molecular ion M + H"
or adducts from the mobile phase M + (H,O)H" or M + (MeOH)H ™.
APCI systems are usually used with polar or ionic compounds with
low (<1500) molecular weights.

Mass Analysis

The mass spectrometers used with both GC-MS and LC-MS systems
fall into three broad categories: low-resolution scanning instruments,
tandem MS systems, and high-resolution scanning systems. All MS
systems measure the mass/charge ratio (m/z) of ionic species and this
term is used throughout this work to remind readers that while in gen-
eral z is assumed to be 1, for many biological species this is not the
case particularly where ESI is used. Immunoglobulin gamma is a pep-
tide with a molecular mass of 150 kDa and produces a mass spectrum
with m/z values between 4000 and 2000 corresponding to ions with
multiple charges. The most intense ions are at m/z 2678.32, 2727.91,
and 2630.48 corresponding to 55, 54, and 56 charges, respectively. For
a given MS system this approach can be used to calculate the molecu-
lar mass of a sample’ much greater than the quoted m/z range based
on z = 1. The main characteristics of an MS system are the upper m/z
limit, the transmission, and the resolution. The transmission is the ratio
of the ion current reaching the detector as a fraction of the ion current
leaving the source. The resolution is the ability of the system to
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separate the signals for two ions with a small mass difference. While
the mode of operation of these systems is similar there are some differ-
ences which can best be identified by detailing them separately as
follows.

Low-Resolution Scanning MS—Linear Quadrupole

The quadrupole mass filter has a mass range of around 3000 with a
resolution up to 3000. As its name implies the quadrupole consists of a
square array of four parallel circular or ideally hyperbolic rods
between 15 and 25 cm in length. Opposite pairs of rods are electrically
connected together to either a positive or a negative electrical field
with RF and DC components. Ions, from an EI source, entering along
the long axis of the device are forced to oscillate away from the center
under the influence of the combined fields. Some of these ions will be
lost by collision with the rods while others, of heavier mass, will not
have moved sufficiently to be lost. The motion of ions in this device is
subject to the Mathieu equation,”® which shows that for certain values
of the RF and DC voltages, ions of only one selected mass will have a
stable trajectory through the device and reach the detector. A mass
spectrum can therefore be generated by scanning the RF and DC vol-
tages over a fixed range while ensuring a fixed ratio between them.”®

Electrical fields can be rapidly changed and the quadrupole can
therefore complete a full mass range scan in a few seconds which is
ideally suited to elution time for compounds from capillary GC sys-
tems. The downside with this mode of mass analysis is the relatively
poor overall transmission of the MS system which results from ions of
only one m/z value being stable in the device at any one time. All the
other ions are lost as the mass range is scanned.

Commercial GC-MS instruments are relatively small benchtop sys-
tems requiring only a single cylinder of carrier gas. For application in
adherence assessment, GC-MS analyses often require samples to be deri-
vatized prior to analysis. The main advantage of this approach is the
data-rich fingerprint EI mass spectrum which is recorded for each com-
pound eluting from the column. These can be compared with interna-
tional databases® and in combination with a calibrated retention time
will provide the necessary specificity for target compound recognition.

Commercial LC-MS systems are similarly sized and have the
advantage that, unlike GC-MS systems, there is no necessity for
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sample derivatization with the ESI source. Because the ionization is a
low-energy process the most abundant and possibly the only significant
ion formed is usually the M+ H" and so the information-rich frag-
mentation data is not available. This presents a problem since at m/z
250, for example, there are over 1200 compounds with that molecular
mass. In the absence of any corroborating fragmentation data even the
correct retention time would not be sufficiently selective. This problem
is overcome by tandem MS instruments.

Low-Resolution Tandem Mass Spectrometers—Triple Quadrupole

and Ion Traps

The triple quadrupole (qqq) is an example of a tandem mass spectrom-
eter and consists of two quadrupole MS systems in a straight line sepa-
rated by a quadrupole drift or collision region (Fig. 3.1). There are in
fact only two operating mass spectrometers in a qqq system. The tan-
dem mass spectrometer”® overcomes the problem of poor specificity by
forcing the protonated molecular ions, selected by the first MS, to
undergo collision-induced fragmentation in a region of relatively high
pressure of a nonreactive gas. The collision products are then mass
analyzed by the second MS system. This process is shown schemati-
cally in Fig. 3.1. Before any analysis can be undertaken the appropri-
ate m/z values for MS1 and MS2 have to be determined. To do this,
authentic samples are used to determine the m/z value for the molecu-
lar ion (MS1) and these ions are then focused into the collision cell
where fragmentation produces the ions characteristic of that particular

Atmospheric Vacuum
pressure
MS1 Collision cell MS2
| —> M; M, |
ES1 —» = — —> Detector
| | | |
) Set to pass
One m/z value Transmits selected m/z
transmitted all ions values only

Figure 3.1 Schematic representation of a qqq tandem mass spectrometer ( MSIMS) system.
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species. The m/z values for these characteristic ions are determined in
MS2. The generalized approach for a tandem MS analysis is therefore
to select the target molecular ions mi/z value in MS1 and set MS2 to
monitor the predetermined mi/z value/s for the fragment ion/s. One of
the m/z values monitored by MS2 is the “quantifier ion” and another
is the “qualifier ion” which is used to confirm the correct identity of
the species being monitored. This approach is commonly referred to as
multiple reaction monitoring (MRM).

The first commercial tandem mass spectrometers were combined
with GC systems, and while there was little scope for extensive study
of biosamples, the specificity of the technique was demonstrated in the
unique identification of a range of tropane alkaloids obtained from
plant material with no pre-work-up and infused directly into the MS
ion source.”

The combination of the ESI source and the tandem MS, in the
form of the qqq, has become the widely accepted work-horse instru-
ment in many areas of biosample LC-analysis. This is particularly true
in adherence monitoring where the necessity to detect low levels was
outlined in Chapter 2. The tandem system is inherently more sensitive
than a single quadrupole because more scan time is spent monitoring
the target m/z values. In MRM mode MSI selects relatively few m/z
values with respect to the mass range available and therefore the dwell
time for an individual m/z value is greater than for the conventional
scanning mode and a larger signal is detected. In conventional systems
this would be called single ion (7/z) monitoring (SIM).

Ion traps, with ion trajectories based on the Mathieu Equation,”®
can be operated in two modes. Applying the appropriate RF + DC
potentials will produce m/z selective ion storage within the volume of
the device and if the DC potential is removed ions of all m/z values are
stable in the device. This means that ion traps (IT) can also operate as
tandem mass spectrometers by alternating between mass selective and
nonmass selective modes of operation. Like the linear tandem MS the
first action in the trap is to select the target molecular ion to be stable.
The DC voltage is removed and the ions are retained in the trap to
undergo collision-induced fragmentation as a result of the relatively
long residence time. After a suitable period the DC is scanned to iden-
tify the m/z values of the product ions. This process can be repeated
for one of the product ions, the second set of product ions is identified
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and so on giving rise to MS" analyses. When these analyses are carried
out in an IT they are referred to as “tandem in time” and in the linear
qqq system they are referred to as “tandem in space.””"

High-Resolution Mass Spectrometers—ToF and Orbitrap

High resolution implies the ability to measure the m/z value accurately
to within a few parts per million of the mass and this capability pro-
vides an alternate approach to molecular specificity via a calculation
or direct measure of the accurate mass, typically to four decimal
places, of the target species. A very simple example is the nominal
mlz =28 which can be NJ (28.0061) or CO" (27.9949) or C,H;
(28.0313) each of which can be separately identified by an HRMS
instrument. Not only does this capability provide specificity when iden-
tifying therapeutic drugs but it also allows accurate determinations of
nonintegral m/z values resulting from multiply-charged large bio-
molecules, proteins, for example, with more than 50 charges.’

Time-of-Flight (ToF) Instruments

In a ToF MS”® the m/z value of an ion is determined from the flight
time from the source to the detector, a distance d away, under the
action of a potential V. The relationship between the flight time and
the m/z value is given by:

(m/z) = [t

Where f'is a constant derived from the ion velocity and the distance
between the source and the detector and ¢ is the flight time. From this
equation it can be seen that in principle the ToF has no upper mass
limit which is especially useful for soft ionization of large bio-
molecules. In reality an upper mass limit is arbitrarily fixed by select-
ing a delay period between pulses of ions from the source to provide a
time zero reference point. Furthermore ions are not discarded during
the pulsed process and the instrument therefore offers a very high sen-
sitivity. The linear ToF does however have a poor ability to measure
m/z accurately. To provide high accuracy m/z determinations some
device must be used to correct the small differences in the energy of
ions with the same m/z value resulting from small variations in field
strength across the ion source. Two approaches are possible:

* Improve ion energy filtering and increase the flight path length but
these would lead to reduced signal strength
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» Use electrostatic focusing of the ion beam to focus ions of the same
m/z onto the detector at the same time. This can be achieved using a
device called a Reflectron”® which essentially doubles the path
length by focusing the ions back onto a detector which is coplanar
with the source.

A Reflectron-based ToF is the current commercially preferred
instrument type to minimize the footprint required. Several manufac-
turers have designed instruments with vertical flight tubes but there are
still some restrictions. The accuracy claimed for the determination of
m/z values using ToF instruments equipped with Reflectron energy
focusing is, in general, better than 5 ppm in mass.

Orbitrap

This is a relatively new type of MS instrument’ which offers high reso-
lution and high mass accuracy based on the orbital trapping of ions
between a specially shaped central electrode and an outer barrel-
shaped electrode. Ions are transferred into the trap in a series of pulses
and ions of all masses are retained within the analytical volume. The
ions orbit the central electrode and at the same time oscillate along the
central axis. The equations of motion for this device are quite com-
plex” and only the axial frequency can be used for mass analysis. The
equation of motion in the axial direction is that of a simple harmonic
oscillator. Mass analysis can be carried out in two modes:

* Fourier Transform (FT) mode applied to coherent oscillations in the
axial direction

* Mass selective instability (MSI) which involves selective ion ejection
and detection

The FT mode is used to provide the highest resolution mass spec-
trum that the Orbitrap can produce, and while this is the principal
mode of analysis, the MSI approach will allow MS/MS investigations
to be carried out within the Orbitrap.

Data Collection and Manipulation for GC-MS and LC-MS
Instruments

Before any data is collected it is axiomatic that the MS instrument per-
formance should be checked and that calibration of m/z values has
been performed in-line with the manufacturer’s instructions using the
calibration samples supplied. The supply of reference compounds may
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also be required to account for variations in instrument calibration
over time. Furthermore it is assumed that the instrument is operating
under appropriate conditions for the samples to be analyzed and that
the anticipated signals will be of sufficient intensity to be measured
and will be free from any interferences from other species. It may be
routine to run a known sample or sample mix to confirm instrumental
performance.

To understand how data is collected, first consider either a simple
GC or LC quadrupole system. Once a sample has been injected into the
system the quadrupole starts to scan repetitively over the assigned mass
range and the number of scans performed becomes a measure of
the chromatographic retention time. The sum of the intensities of all the
ions detected in a single scan is recorded and is used to represent
the level of a compound eluting from the chromatograph. A construct
of total ion intensity plotted versus scan number, as shown in Fig. 3.2a,
is known as either a total ion chromatogram (TIC) or a reconstructed
ion chromatogram (RIC). The mass spectral data, m/z value, and peak
intensity are recorded in the MS data system for each scan and the TIC
is produced as different compounds elute from the analytical column.
This data can be reprocessed at any time. Fig. 3.2a shows four MS
scans, one corresponding to the background signal as no compounds
elute from the column (low ion intensity) and three showing the different
m/z values for separate compounds eluting from the column.

Instead of full scan mode the quadrupole can be used in the
SIM mode where the selected m/z values are monitored for extended
periods. Under these circumstances the TIC signal output changes,
as shown in Fig. 3.2b. The TIC only contains a signal when this par-
ticular m/z value is detected. This technique can lead to an increase
in sensitivity versus full scan mode but this is dependent on the num-
ber of SIM options chosen. The resolution of a single quadrupole is
insufficient to provide unambiguous chemical identification of com-
pounds with m/z values greater than ~118.>' But this capability is
available from qqq (or tandem instruments) and is derived from
MRM events which provide unique fingerprints for the target ana-
lyte/s. In Fig. 3.2c the MS data is shown in three groups correspond-
ing to the selection of the primary ion in MSI, a range of ions of
different m/z values in the collision cell resulting from collision-
induced fragmentation and the quantification and the qualifier
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Figure 3.2 (a) Relationship between the chromatographic signal and the TIC, derived from the mass spectral sig-
nal, for the analysis of mixture A; (b) effect on the TIC, for mixture A, as a result of selecting SIM for the MS;
and (¢) effect on the TIC, for mixture A, of selecting two MRM sequences.

product ions monitored by MS2. In this instance the size of the TIC
output is determined by the signal from MS2. The shape of the out-
put TIC signal will depend on the dwell time for each MRM event.
Under these analytical procedures the data collected relates only to
the ions pre-programed into the MRM sequence and all other infor-
mation is lost as is shown in Fig. 3.2c.

In these applications both the MS analyzers were capable of an ni/z
accuracy of only 50 ppm and were therefore set to monitor nominal or
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unit mass to charge. High-resolution instruments are able to measure
m/z ratios more accurately and it is necessary to understand the differ-
ent masses that can be determined for the same compound.

Using sulfamethazine C;,H;4N4O,S as an example:”'

Nominal molecular mass = 278

Average molecular mass = 278.3313—calculated based on all iso-
topes and natural abundances

Precise molecular mass = 278.0837—calculated for a specific isoto-
pic composition

The ability of both the ToF and the Orbitrap to measure m/z values
to four decimal places means that the level of selectivity from the LC
component of the analysis can be reduced thus producing a time saving
with no consequent loss in the value of the results.”” Data collected
over the total run time of the sample is subsequently reprocessed to
give the high-resolution output, a single peak similar to the TIC output
shown in Fig. 3.2b. In this instance however all the data from the com-
plete run is archived and can be reprocessed at any time.

Data management is rapidly becoming a major problem. If an indi-
vidual sample run time is, for example, 5 minutes with a 2-minute
turnaround time, then high-resolution mass accurate data can be pro-
duced at up to a 1 GB/hour. For big service providers with several MS
instruments this can rapidly become several terabytes of data that
needs to be stored, handled, and protected.‘z‘;'34

Comparison of MS Systems

The different modes of MS operation result in different performance
characteristics, some of which are outlined in Table 3.1. The data is taken
from both the literature®™ ** and the manufacturers’ application notes
and is meant for guidance only as variations in instrumental configura-
tion and selection of different analytes will affect sensitivity information.

A comparison of single quadrupole, ToF, IT, qqq, and QToF sys-
tems from the same manufacturer’” used for the analysis of a fixed set
of compounds demonstrated that for repeat analyses of target com-
pounds the optimum instrument was the qqq or tandem MS system.
This work also demonstrated that for unknown mixture analysis the
QToF was the ultimate instrument with the ability to produce both



76 Analytical Chemistry for Assessing Medication Adherence

Table 3.1 Figures of Merit for a Range of MS Detectors Commonly Used in LC-MS

Instruments

Instrument Mass Resolution/ Delta Scan Rate Cost Sensitivity
Range (m/z) | FWHM (m) (©) @

Linear 40—-3000 ¢.4000 50 ppm 10,000 amu/s | $ 10712-1071

quadrupole (MS)

Triple 10—2000 ¢.2000 50 ppm Up to $$$ 107'"—107"

quadrupole (MS/ 500 MRM/s

MS)

ToF 20—20,000 >20,000 ~3ppm | 40 Hz $$ 107 1—10712

Quadrupole ToF | 20—20,000 40,000 ~3ppm | 20Hz $$$S 107 1—10712

(QToF)

Orbitrap 200—4000 15,000—140,000 | ~1ppm | 18 Hz 35383 1071

high-resolution full scan fingerprint data and MS/MS fragmentation
data to provide structural confirmation of the HRMS data. In a sepa-
rate publication the potential of the Orbitrap to provide the ability to
distinguish between peaks from subintegral m/z values resulting from
multiply-charged ions from large bio-molecules was identified.’

ANALYTICAL METHODS FOR INORGANIC ACTIVE
PHARMACEUTICAL INGREDIENTS

These analyses are concerned with the detection of atoms or ions’” and
not molecular species that were the subject of the previous sections in
this chapter. The experiments deal either with atoms that have been
released from the biological matrix or with species that are relatively
unaffected by the matrix that contains the analyte. In this category the
adherence to lithium-based therapies is most frequently assessed.

Flame Photometry

The emission or absorption of light in the UV or visible range is mea-
sured at a characteristic wavelength in order to provide a signal pro-
portional to the concentration. Liquid samples are introduced into a
sampling stream, fed to the detector, and the output is compared with
reference samples. The system can be readily automated, is resilient,
and only requires fuel gas.

lon-Selective Electrodes
Interface potentials, the voltages developed between two phases sepa-
rated by an interface are the basis of ion-selective electrode
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measurements. The most frequently encountered ion-selective electrode
measures pH which is related specifically to the hydrogen ion concen-
tration. In this case the membrane is a thin, soft glass membrane but
for other electrodes the membrane is usually a chemically-modified
polymer. The potential across the membrane results from the differ-
ence in concentration of a particular ion on either side of the mem-
brane. The potential developed is described by the Nernst equation:

E = E°+ (RT/J) In (concentration)

To measure lithium ion concentrations in plasma or serum samples
a sodium ion-selective electrode can be used connected to a
suitable reference electrode. In this format liquid samples can be rap-
idly tested by immersion of the two electrodes in the sample. The pro-
cess can be automated and care must be taken to ensure no sample
carryover and to ensure calibration checks.””

Electrochemical Detection

The Medimate minilab lithium patient self-test at home kit can be
used by patients to test a sample of their blood, from a finger prick, to
assess adherence to prescribed therapy.”’ The minilab uses moving
boundary electrophoresis for sampling from the blood followed by
capillary zone electrophoresis for separation of the target analyte and
finally conductivity measurements to determine the level present.*’*'
The blood spot is deposited on a disposable cartridge called the lab
chip which is then inserted into the multi-reader component. The
device detects the presence of the lab chip and begins the analysis
which takes 9 minutes after which the concentration is displayed on
the screen.

POLYMERASE CHAIN REACTION (PCR) ANALYSIS

DNA is composed of four bases: adenine (A), thymine (T), cytosine
(C), and guanine (G); each one attached to a sugar and a phosphate
molecule. DNA bases pair up with each other, A with T and C with G
to form base pairs. The combination of the base pair with a sugar and
a phosphate molecule at each end is called a nucleotide and the nucleo-
tides combine together to give the double helix structure of DNA. The
base pairs are essentially holding the two strands of individual bases
together to form the intact DNA molecule.
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The PCR process’” takes advantage of the DNA molecule’s ability
to replicate itself. In the PCR analysis only a short selected region of the
original DNA molecule is used. This amplification provides a route to
obtain sufficient sample for analysis from very small primary samples
and will, if appropriate, minimize inconvenience to patients and reduce
transport costs. The first step in the process is to identify the region of
the double-stranded DNA to be amplified. This region provides the
specificity of the process and must be selected with care. This can usu-
ally be achieved by reference to databases of DNA profiles™ or by in-
house determinations. Two short strands of synthetically prepared bases,
which are specific to each end of the DNA section to be amplified, are
needed to act as primers for the amplification process. The primers
are synthesized to ensure the correct half of each base pair is present in
the right order to match the region of the target DNA. The number of
bases, on the analyte DNA, separating the two primer strands must be
consistent with the cycle time of the PCR equipment to be used.

The PCR process is a series of heating and cooling cycles, with each
cycle consisting of three separate stages. In stage one a sample of the
target DNA is heated to around 95°C to separate the two strands of
the DNA by breaking the base pair units. The sample is then allowed
to cool slightly to allow the primers to bond with the correct base pair
units on the appropriate DNA strand to provide the point for chain
extension to begin. Once the primers are in position the temperature is
again adjusted to maximize chain extension of the base units attached
to the primers. Chain extension, under the action of the enzyme DNA
polymerase, can only occur by formation of the appropriate base pair
by the incoming base with respect to the base present in the chain at
that point. So, for example, if cytosine is present in the sample DNA
at this point then only guanine can act as a chain extender. This chain
extension process continues on both strands of the target DNA for the
time period chosen for this phase of the PCR process. This time period
is proportional to the length (number of bases) of the analyte DNA.
The end of this time period constitutes the end of the first PCR cycle
and at this point the sample is heated to separate the new strands that
have formed attached to the primers. The two new strands are dupli-
cate complimentary copies of the strands from the original DNA so
the amplification factor at this point is 2. The cycle shown in Fig. 3.3
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Figure 3.3 Initial stage of the PCR of DNA.

is repeated and new strands are formed on both the original strands
and the copies from the previous cycle. The total amplification factor
theoretically is 2" where n is the number of complete cycles.

These steps can be summarized as follows:

—

. Prepare samples

2. Heat to 95°C for 30—45 seconds to cleave base pair bonds

3. Cool to 50—60°C for 30 seconds to allow primers to bond with tar-
get DNA

4. Heat to 72°C for 30—60 seconds to allow chain extension to

develop

Repeat steps 2, 3, and 4 between 20 and 40 X

6. Heat to 72°C for 5 minutes to complete chain extension

e

This process has two alternative outcomes: if the primers match the
target analyte, and become fixed, a large number of duplicate strands
of DNA bases will be produced; on the other hand in a no-match situ-
ation no extra strands can be formed. After the allotted number of
cycles, analysis of the reaction mix is carried out on an electrophoretic
gel and the detection of signals at intermediate masses, corresponding
to the duplicated strands, confirms the presence of the target analyte in
the original sample. This very technically-sophisticated analysis is
extremely robust in practice and to set up the PCR process requires
only a proprietary sample pack containing the enzymes, DNA bases
(A, C, G, or T) and buffers in an incubation tube to which is added
the sample and the two primers. The tube is sealed, placed into the
chosen PCR instrument,* and the process is allowed to run to comple-
tion. The analysis of the reaction products is equally robust.
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Most of the requirements for good experimental results therefore
depend on the quality of the reagents supplied by the instrument man-
ufacturer and for major illnesses such as HIV and malaria there will be
well-documented primers available from international suppliers.”*"’
This is important because the specificity of the primers determines the
quality of the amplification reaction. The many reports of the use of
PCR systems in challenging situations (see Chapter 4) are testament to
the ruggedness of the equipment and the approach.

Quantitative PCR

Traditional PCR analysis is nonquantitative providing only a yes/no
output in terms of signal amplification. In the PCR process amplifica-
tion begins slowly, passes through a rapidly increasing period, and
then reaches a plateau where all the initial target analyte has been con-
sumed. This plateau is not an indicator of the initial amount of analyte
present and for quantitative data another measure is needed. The new
approach is a real-time measure of the amplification yield as a function
of the number of elapsed cycles. This in turn requires a fluorescent tag
attached to the amplified DNA fragments which can be monitored to
follow the change from low amplification through the rapid rise and
then the plateau. The important point is the number of cycles after
which the rapid rise region becomes linear. This point, shown in
Fig. 3.4, is known as the threshold value Ct and is proportional to the
initial amount of target analyte. The quantitative data required is the
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Figure 3.4 This diagram shows the selection of the threshold cycle, Ct, which correlates strongly with the starting
level of DNA.
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number of the target DNA strands in the sample and this determina-
tion will require a series of calibration graphs prepared from mixtures
of known DNA concentrations. Calibration traces at different concen-
trations would be a series of curves and the number of cycles (Ct) after
which the rapid increase in numbers becomes linear is determined for
each concentration. This data and the appropriate DNA concentra-
tions are used to produce a calibration graph. The test sample is stud-
ied in the same way and the number of cycles needed to reach the
linear portion of a kinetics plot is determined and this value in con-
junction with the calibration graph provides the concentration of the
target DNA. There are a number of different ways of processing this
information and Pabinger et al.** have reviewed 27 open-access soft-
ware packages for the processing of qPCR data and suggest that more
vendors and tools need to use standardized formats to encourage the
exchange of data between researchers and users.

TEST FACILITIES

With few exceptions, for example, point-of-care methods or the elec-
tronic glucose monitor, the equipment needed to assess adherence to
medicines is expensive, complex, and requires specialist attention to
maintain system integrity. This implies that test facilities will be main-
tained in “centers of activity” with the transport of samples or
patients/customers into the “center.” Sample transport, size, stability,
and the need for subsequent destruction and waste removal will all
have an impact on the nature of the biosample format selected. Large
numbers of urine samples pose significantly different handling pro-
blems to a similar number of dried blood spot sample cards. The major
items of equipment discussed earlier in this chapter can, in general,
only be operated from purpose-built facilities which are usually located
in or associated with, one of the following organizations:

1. Hospital laboratories—provide a range of standard clinical tests
related to the size of the institution. More specialized tests may be
run at a delegated central facility serving a local area. Tests are
requested by clinicians and are usually covered by healthcare or
special research grant funding. Research tests may be carried out in
collaboration with local universities or other specialist research
institutions.
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2. Public Health laboratories—are usually run by the state or local
health departments to monitor the prevalence of selected diseases in
the community and also to run rare or unusual tests that clinical
laboratories do not offer. Tests are requested by healthcare or gov-
ernment officials.

3. Direct access laboratories—these laboratories allow consumers to
purchase tests, from a regulated list, without the need to consult a
physician. Such tests are usually bought on the basis of a personal
payment and are not usually covered by a health insurance scheme.
These laboratories can either be “spin-off” companies from hospital
or university research activities or commercial companies set up to
provide a limited range of tests as recorded by the American
Association for Clinical Chemistry.*” The laboratories providing
these services must also supply consumers with reference range data
and some help with understanding their results. Various names
have been used for this type of provision including direct access
testing, direct to consumer tests, or patient-authorized testing.

All laboratories worldwide providing healthcare, but not research
data, are subject to differing forms of government oversight to
ensure that samples are handled correctly and that tests are carried out
in-line with standard procedures. This requires regular accreditation
inspections, education and training programs, proficiency testing, and
QC assessments. In the United States the Clinical Laboratory
Improvements Amendments legislation of 1988 is used by the Centers
for Medicare and Medicaid Services to carry out these checks.*

INSTRUMENTATION FOR SERVICE PROVISION

Only two of the approaches previously discussed, namely, IA and MS,
can provide the direct determination of drug levels in a bio-fluid and
these should therefore be considered as alternative methods for the
provision of a monitoring service. Historically MS in clinical laborato-
ries was considered to be time-intensive and costly,”**° factors which
have inhibited the adoption of the technology particularly when TA
techniques were considered good enough. Other barriers to the wide-
spread use of MS systems in hospitals include the cost of the equip-
ment and the training necessary to deal with the inherent complexity
of both the LC and MS components of a system. Finally there is the
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problem of the “front end” of the analytical protocol namely the most
appropriate sample to collect and what is the optimum work-up to
use? There has been a shift from IA assessments toward MS-based
measurements driven by a range of factors:

1.

Advances in technology making MS systems able to meet the chal-
lenges of the necessary specificity and detection levels.

Improved selectivity toward small molecules afforded by LC-MS/
MS techniques,** particularly for immunosuppressant drugs where
IA has produced overestimations for both tacrolimus and
cyclosporine.*’

. Developing new antibodies is a relatively long-term process whereas

in tandem MS systems a new species can simply be monitored by
identifying three new m/z values (MRM data) for the MS to scan
and entering the data into the system.

. In IA systems, manufacturers may use different measurement tech-

nologies for the same target analyte. The commercial reagents are
often proprietary and all the necessary assay details may not be
available to the end user.'®

. There is an increased awareness of interferences in IA determina-

tions'” and the extent of these effects can vary for different manu-
facturers’ detection Kkits.

Despite these adverse comments, IA techniques can still offer some

significant advantages:

1.

Instrumentation is more robust and [A measurements can be car-
ried out in poor laboratory'® conditions without the need for skilled
operators.

With automation the assays are high throughput with multiple sam-
ples being handled in parallel in the analyzer at any one time. For
the MS systems there is only one sample in the LC component of
the analyzer and throughput is limited by the retention time
required for adequate sample separation.

. IA systems are intermediately priced with respect to the range and

complexity of MS systems available.

For small molecule investigations the advantages, particularly in

terms of specificity, appear to lie with the LC-MS/MS systems and while
there are limitations on the number of individual samples that can be
processed; multiple measurements, using scanned MRM values, can be
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made on each of these samples. This approach dramatically increases
the level of information available from the system and therefore to clini-
cians. It has been suggested that clinicians accept IA data more readily
than clinical biochemists,’’ and despite the limitations, can use the infor-
mation for diagnostic purposes. An important question is: do clinicians
give any thought to how biosample data in a patient’s file is collected?
This concern is reflected in comments in Chapter 5.
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Application of Bioanalytical Methods to Assess
Medication Adherence in Clinical Settings

INTRODUCTION

Evidence presented in Chapter 1 suggests that medication adherence
problems are observed in all situations where the self-administration
of drug therapy is required, regardless of the type of disease, severity of
disease, and accessibility of health resources. The self-administration of
medications is a developing trend for the treatment of cancer and hepati-
tis C and is already practiced for a wide range of chronic illnesses includ-
ing cardiovascular disease (CVD), diabetes, asthma, and depression.
Poor adherence to medications is also one of the most important issues
to face clinicians treating communicable (infectious) diseases such as
human immunodeficiency virus (HIV), acquired immunodeficiency
syndrome (AIDS), malaria, and tuberculosis. Perhaps surprisingly non-
adherence to immunosuppressants is also prevalent in organ transplant
patients. Accurate assessment of adherence is therefore necessary for
effective and efficient treatment planning, and for ensuring that changes
in health outcomes can be derived from the recommended regimen.' The
selection of a suitable biosample, such as blood plasma or serum, urine,
or saliva, from the patient was discussed in Chapter 2. Methods used to
assess medication adherence include direct measures which are objective
and confirm the use of medication(s) by assaying them in the biological
specimen using the analytical techniques described in Chapter 3. This
approach demonstrates the potential of analytical chemistry to address
this major healthcare concern. Such direct measures provide quantitative
data on the physical presence of medication in a patient’s body which
can be compared with the anticipated therapeutic window. This objective
information can be used by the clinician or healthcare professional to
assess the correctness of the dose prescribed, the level of adherence, and
the suitability of the medication. While the clinical utility of assaying
medications in complex matrices such as biological fluids for assessing
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adherence to prescribed therapy has been demonstrated, there remains
the problem of how this might be achieved.

Even for affluent countries where the most advanced instrumentation
can be deployed, healthcare costs are such that any adherence assessments
will be restricted to major diseases in the first instance. Illnesses such as
CVD, cancer, and diabetes would therefore be the expected targets for
such an investigation. Malaria and HIV pose major health threats
throughout the world but mainly in countries with more challenged health-
care facilities and less sophisticated analyses and relying on a more
“hands-on approach” would be expected. Sharing of equipment between
neighboring countries or shipping samples abroad for analysis could be an
option which would define the nature of the sample suitable for this
approach.

This chapter looks at disease states with long-term therapies,
starting with those indicated by the World Health Organization,' in
an attempt to determine the extent to which direct assessment of
adherence to prescription is being practiced worldwide. The authors
live and work in the United Kingdom where the concept of checking
on adherence is likened to an act of “Big Brother” (ie, unwanted
surveillance) and should not happen. Despite this often-heard state-
ment, the rest of this chapter will demonstrate that such direct assess-
ments not only happen in the United Kingdom but throughout the
rest of the world.

CARDIOVASCULAR DISEASE

Cardiovascular disease is one of the biggest killers globally and in
the United Kingdom accounted for 28% of all deaths in 2012.”
Cardiovascular medications comprise the most commonly prescribed
medication class in the United States and United Kingdom. The cur-
rent medical care of patients suffering CVDs uses a combination of
cardiovascular therapy drugs from different families. These include
antihypertensives (ACE inhibitors, 3-blockers, calcium channel block-
ers, calcium channel openers, angiotensin receptor antagonists, diure-
tics, vasodilators), hypolipemic drugs (statins), anticoagulants, and
antiplatelet drugs. Nonadherence to prescribed medications for the
management of hypertension contributes to the burden of adverse out-
comes associated with high blood pressure, including myocardial
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infarction, stroke, and kidney disease. Given the high prevalence and
consequences of medication nonadherence, the direct measurement of
adherence is a crucial step to ensure that clinicians make an informed
clinical decision about treatment and that patients derive the full bene-
fits of the prescribed drug therapy. An objective test of adherence that
is simple, quick, and accurate, is therefore needed. Cardiovascular
drug analysis in biological fluids constitutes an important challenge for
analytical scientists due to the great number of cardiovascular drugs
and the frequent use of combined cardiovascular therapy drugs. This is
because there is a need for the simultaneous determination of several
drugs from different families with different physicochemical properties
in biological fluids.” Objective studies of the adherence to prescribed
cardiovascular pharmacotherapy reported in Table 4.1 have focused

Table 4.1 Bioanalytical Assays to Assess Adherence to Cardiovascular Therapy Drugs

Analytical Method Biosample Analyte(s) Location References
HPLC Urine Cardiovascular therapy United Kingdom 4
drug—aspirin
HPTLC Serum Antihypertensive—propranolol | Chile 5
Antihypertensive—nifedipine Chile 6
LC-MS Urine Antihypertensives Germany 7
LC-MS/MS (ion-trap) | Serum Antihypertensives United States 8
LC-MS/MS (qqq) Urine Antihypertensives United Kingdom, 9-12
France,
Serum Antihypertensives Poland, Czech Rep | 13,14
Serum, Antihypertensives, statins, United States 15
plasma diuretics, vasodilators, other

cardiovascular therapy drugs

Plasma Antihypertensives Germany 16
LC-HRMS (ToF) Urine Antihypertensives Germany 17
DBS Antihypertensive—atenolol United Kingdom 18

Antihypertensives, statins, United Kingdom 19,20

diuretics, other cardiovascular
therapy drugs

LC-HRMS/MS Urine Cardiovascular therapy drugs | Germany 21
(Orbitrap)
LC-HRMS/MS Urine, plasma | Antihypertensives Germany 22
Immunoassay Serum Thromboxane B2 (biomarker United States 23
for aspirin)
Urine N-acetyl-Ser-Asp-Lys-Pro France 24

(biomarker for ramipril)
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on assessing adherence to cardiovascular drug treatment via determi-
nation of target drug levels in urine, plasma, serum, and dried blood
spot (DBS) samples.

With the exception of Chile the range of countries reporting the
investigations belong to the anticipated socioeconomic group for this
illness. Where there was a single antihypertensive drug, the analyses
have been carried out with high-performance liquid chromatography
(HPLC) or high-performance thin layer chromatography (HPTLC).* °
HPLC is a powerful separation technique due to its precision,
accuracy, and robustness. However, challenges faced with determin-
ing combined cardiovascular therapy drugs at very low concentrations
has shifted the balance to the development of liquid chromatography—
mass spectrometry (LC-MS)-based methods which offer the selectivity
and sensitivity required for quantitative analysis of low-level target
drugs extracted from complex biological matrices.” Triple quadrupole
mass spectrometers coupled with liquid chromatography (LC-MS/MS)
have been used for a number of applications in this area and remain
the primary instrument used in routine quantitative therapeutic drug
determinations® '® due to the superior specificity and sensitivity they
offer. This dominance is now being challenged by high-resolution mass
spectrometer (HRMS) in place of the tandem or MS/MS system.' ' **
A study by Patel and coworkers has highlighted that the inclusion of
LC-MS/MS urine screening for nonadherence to antihypertensive
treatment may be helpful in evaluation of patients with resistant hyper-
tension.'" Urine and blood samples for LC-MS-based analyses may
still require some degree of sample preparation before analysis such as
liquid—liquid extraction, protein precipitation, or solid-phase extrac-
tion, depending on the characteristics and concentration of the analyte
in question. A novel simpler approach with urine samples was a
“dilute-and-shoot” method employed to screen a range of antihyper-
tensives.” This allowed urine samples to be simply diluted and then
directly injected onto the LC-MS/MS system, thus offering a rapid
sample preparation time with minimal staff time and reagent costs
compared with the standard sample preparation methods.

. . o) .
Urinary immunoassay measurements” > of an endogenous bio-

marker of ACE inhibition have been used for assessing adherence to an
ACE inhibitor (ramipril) in the routine care of diabetic patients.”* This
mode of determination, based on nonradioactive assay, is inexpensive
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and requires only a random spot urine sample at any moment of the
day, with no special requirements for urine sampling. Additionally, it
can be performed by nonspecialists. In general, such immunoassays
have poorer selectivity than chromatographic-based methods.

Single measurement urine and blood analyses may not fully account
for periodicity (both personal and seasonal) of nonadherence to treat-
ment.”” Here the use of self-collected DBS samples taken at different
times could offer a solution as reported by Lawson and Tanna.'® %"
DBS samples, self-collected by the volunteers at different points during
drug dosing were analyzed by LC-HRMS in order to confirm the
detection of the drugs known to be taken by each volunteer. With this
approach personal pharmacokinetic variations may be observed and
false negatives resulting from drug—drug interactions may be identi-
fied. The advantage of HRMS, in full scan mode, is that all the mass
spectral information from the sample is collected. Another consider-
ation is that since data is simultaneously obtained over the whole mass
range, it is also possible to directly monitor interfering ions in the
sample matrix that could produce ion suppression. Furthermore,
HRMS offers excellent mass accuracy and mass resolving power and
is now emerging as a feasible alternative to LC-MS/MS for drug
quantification studies.

DIABETES

Diabetes mellitus (DM) is a complex heterogeneous endocrine chronic
disease and a major clinical and public health concern worldwide
where the medication regimen contains many aspects that make adher-
ence problematic. Type 2 diabetes mellitus (T2DM) accounts for the
majority of the cases globally. The management of T2DM is complex
since many patients are prescribed a very complicated regime of diet,
exercise, and oral hypoglycemic agents including several tablets a day.
While nonadherence to dietary recommendations has been well
described,”® nonadherence to medication is potentially one of the most
serious problems facing diabetes care delivery, particularly in T2DM.
Poor control of blood glucose as a consequence of poor diabetes medi-
cation adherence can result in poor patient outcomes and the develop-
ment of complications such as blindness, end-stage renal disease,
stroke, coronary artery disease, and peripheral vascular disease thus
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Table 4.2 Bioanalytical Assays to Assess Adherence to Oral Hypoglycemic Drugs

Analytical Method Biosample Analyte(s) Location References
HPLC DBS Metformin United Kingdom 27
Plasma Metformin United Kingdom 28

adding to the pill burden. Given the seriousness of this chronic illness
there are surprisingly few reports of direct measurement assays to
assess adherence to oral hypoglycemic drugs (Table 4.2). It is postu-
lated that this may be because diabetic patients are required to rou-
tinely monitor their blood glucose levels by a simple fingerprick test.
Monitoring adherence is important to improve the control of diabetes
in order to prevent unneeded dose adjustment or adding more medica-
tion for those who simply have poor adherence.”’

HPLC assays for the determination of an oral hypoglycemic drug,
metformin, in plasma and then in DBS samples are documented and
show the relationship between metformin level and metabolic control
of diabetes.”’”® The small volume of the DBS combined with the
simplicity of the HPLC analytical technique highlighted the potential
of this assay for use in a clinical setting to monitor medication
adherence.

CANCER

In the past, most anticancer medications have been given intravenously
in a clinic and the question of nonadherence did not occur. Now as
more and more oral anticancer medications become available, this situ-
ation is rapidly changing and it is envisaged within the next decade,
25—30% of cancer treatments will be delivered in pill form.” This
change in the treatment paradigm will place greater responsibility on
patients to ensure that their medicine is taken correctly. For patients,
the convenience of self-administration constitutes one of the major
benefits associated with tablet-based therapy. With the rise in
availability and increasing use of oral anticancer medications, concerns
about the suboptimal use of oral anticancer therapy, its monitoring,
and its effects on clinical outcomes are growing for healthcare
professionals.”’ ** A major concern that is emerging is the lack of
adherence to oral and prolonged cancer therapy. A high degree of
adherence, taking medication as recommended, is necessary for the
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optimal treatment of cancer. Adherence to oral chemotherapy regi-
mens maximizes their effectiveness and minimizes any potential toxici-
ties and is therefore critical for an optimal benefit—risk ratio.
However, with some oral anticancer medications, patients may be
prone to self-modulating their doses. Without informing their doctor,
they may increase their dose due to perceived ineffectiveness or
decrease it because of actual or potential side effects. This may then
lead the doctor to modify the dose or change to an alternative agent
because of apparent nonresponse or unexpected side effects.

For such a major disease the limited amount of data provided in
Table 4.3 may be a little surprising but this reflects the new develop-
ments away from the clinic and into the home and problems with
adherence would be expected to increase in the future. The data pre-
sented is material from the open literature and it is impossible to assess
the number of tests which may have been carried out by health service
providers and private contract laboratories. Nevertheless, there is suffi-
cient information to demonstrate worldwide concern and to provide
evidence that adherence to oral medications for cancer varies widely
from as little as 14—100% and nonadherence is more pronounced in
children and the elderly.’*** There is evidence to support a strong rec-
ommendation for medication adherence to be assessed routinely and
monitored throughout treatment for pediatric cancer patients and this

Table 4.3 Bioanalytical Assays to Assess Adherence to Oral Anticancer Drugs

Analytical Biosample Analyte(s) Location References
Method
PCR Plasma BCR-ABL United Kingdom, 34-37
Japan, India
HPLC DBS Etoposide Slovenia 38
LC-MS Urine Anastrozole—aromatase United States 39
inhibitor
LC-MS/MS Plasma Imatinib United Kingdom, 34-37
(qqq) Japan, India
Erlotinib The Netherlands 40
Anastrozole, letrozole, Austria 41
tamoxifen
Anastrozole Austria 42
DBS Tamoxifen Brazil 43
Immunoassay Serum Estrone, estradiol United States 44
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would significantly improve outcomes for children and adolescents
with cancer.” “Overadherence” with oral cancer medications is also
reported.’® This is where too much of a medication is taken by a
patient. The issue of nonadherence with oral cancer therapies has been
cited by the World Health Organization as the single most important
yet modifiable factor that can compromise treatment outcomes. '

The treatment of chronic myeloid leukemia has been revolutionized
by the development of oral tyrosine kinase inhibitor drugs, such as
imatinib, that are very effective in managing the disease when taken
correctly. Orally administered hormone-based therapy, including
tamoxifen, together with aromatase inhibitors, such as anastrazole,
plays an important role in the treatment of breast cancer resulting in
substantial reductions in breast cancer recurrence.

As is apparent from Table 4.3, several studies have employed liquid
chromatography—tandem mass spectrometry (LC-MS/MS) for the
determination of oral anticancer drugs in plasma. For adherence
studies on imatinib, coupling these bioanalytical experiments with
assessing molecular response levels by PCR techniques was used® *’
and work of this type confirms the complementary value of the dif-
ferent approaches and can validate the use of the PCR approach in
other applications. Nonadherence to the prescribed anticancer drug
therapy may be the main reason for poor molecular responses, and
Oberguggenberger and coworkers compared the differences between
the reported adherence rates for anazatrazole using four different
approaches.”” Three of these approaches were indirect methods and
these were compared with a direct method of measuring serum drug
concentrations. They concluded that the reported adherence rates
depended on the assessment method used, and furthermore, the determi-
nation of drug serum concentrations at regular intervals may provide a
more meaningful measure of patients’ adherence. Tamoxifen and its
metabolites have been determined using LC-MS/MS in DBS samples,*
and this form of sampling and analysis has enormous potential to
monitor medication adherence as postulated by Tanna and Lawson.*’

HIV/AIDS

HIV is a major global public health issue and in 2014*® there were
approximately 37 million people living with HIV globally with
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Table 4.4 Bioanalytical Assays to Assess Adherence to Antiretroviral Drugs

drugs—zidovudine,
nevirapine, lamivudine

Analytical Biosample Analyte(s) Location References
Method
PCR/ Plasma HIV RNA United States 49
qPCR
HIV RNA Cambodia — Paris 50
Plasma, DBS HIV RNA Spain, India 51,52
HIV RNA Tanzania — Spain 53
Fingerprick blood | HIV RNA South Africa 54
collection device
TLC Saliva Antiretroviral therapy Tanzania 55
drug—nevirapine
Hair Antiretroviral therapy United States 56
drug—nevirapine
HPLC Plasma Protease inhibitors United States, The 57-59
Netherlands, Spain
Nonnucleoside reverse The Netherlands 60
transcriptase inhibitors and
protease inhibitors
Saliva, plasma Antiretroviral therapy The Netherlands 61
drug—indinavir
DBS Antiretroviral therapy United States 62
drug—atazanavir
LC-MS Plasma Antiretroviral therapy Malaysia 63
drugs—efavirenz,
nevirapine, lamivudine
LC-MS/ Plasma Antiretroviral therapy United States, China, 64—67
MS (qqq) drugs United Kingdom
DBS, plasma Antiretroviral therapy Germany, The 68,69
drugs Netherlands
Hair, plasma Antiretroviral therapy Kenya, Uganda — United 70
drugs States
Hair Antiretroviral therapy United Kingdom, 71-74
drugs Uganda — United States,
Kenya — United States
Saliva, plasma Antiretroviral therapy Rwanda — Luxembourg 75

almost 26 million sufferers in Sub-Saharan Africa alone. The extent
of the situation is represented by the data in Table 4.4 which
demonstrates:

» The potential of virtually all the analytical techniques discussed in
Chapter 3



96 Analytical Chemistry for Assessing Medication Adherence

» The need to use different biological samples dependent on where the
sample was collected and where it was to be analyzed (see
Chapter 2)

* The collaborative nature of the investigations with samples being
transferred either to different countries in the European Union or to
the United States for analysis as indicated by —.

The HIV targets the immune system and weakens people’s defense
against infections and some types of cancer. As the virus destroys
and impairs the function of immune cells, infected individuals gradu-
ally become immunodeficient, consequences for which are increased
susceptibility to a wide range of infections and diseases that people
with healthy immune systems can fight off. The most advanced stage
of HIV infection is AIDS, which can take from 2 to 15 years to
develop depending on the individual. There is no cure for HIV infec-
tion; however, effective treatment with antiretroviral therapy (ART)
drugs can control the virus so that people with HIV can live longer,
healthier lives. People on ART take a combination of HIV medicines
(called an HIV regimen) every day.’® Meticulous adherence to ART
drugs is vital since it prevents the virus from multiplying and
destroying the immune system and is therefore essential to achieve
an optimal clinical and virological response. Some studies have sug-
gested adherence rates of at least 90—95% are required for optimal viral
suppression.”” Poor adherence to an HIV regimen allows HIV to
destroy the immune system and also increases the risk of drug resis-
tance and HIV treatment failure. Adherence to an HIV regimen can be
difficult for several reasons which have been highlighted in Chapter 1.
Adherence to ART pharmacotherapy can be assessed by monitoring
the viral load, using PCR, once medication has been initiated.
Conventional assessment of viral load in HIV patients is based on a
measure of the number of HIV RNA units/mL of plasma or serum. A
decrease in the viral load as medication progresses should be
observed.”*Any subsequent increase in the viral load will be indicative
of either nonadherence to medication or drug interaction or
malabsorption.”’ Alternatively, it can be done by direct measurement of
the target ART drug(s) in the biological sample. The PCR assessment
is not only less costly than the LC-MS/MS technique but also has a
more robust “kit-based” methodology, and furthermore it can also be
used to identify changes in the nature of the virus itself.
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Antiretroviral drug concentrations are routinely measured in plasma
at a single time point obtained by venepuncture. This form of sampling
has also been used to ascertain viral load measurements. However, this
sampling strategy may pose several disadvantages™ for assessing
adherence to ART especially in a resource-limited setting:

» Difficult to carry out venous sampling in some populations, for
example, pediatric patients

» Sampling carried out by phlebotomist or trained personnel at hospi-
tal or clinic

* Single drug concentration measurements may not reflect drug expo-
sure during a longer period, because it is only relates adherence to
the last intake

For these reasons, other, more patient-friendly, sampling methods
have been investigated for assessing adherence to ART including DBS,
saliva, and hair and in some cases replicated with conventional plasma
measurements.

The analysis of DBS samples is being used to monitor HIV viral
loads using PCR techniques. Conventional assessment of viral load in
HIV patients is based on a measure of the number of HIV RNA units/
mL of plasma and replacing the liquid with DBS offers many potential
cost and efficiency savings.*’ The principal areas of concern were the
detection capabilities of the absolute viral load, which depended on
the amplification factor of the system and the initial quantification of
the blood sample collected. Correlations have been demonstrated
between DBS and plasma samples for the assessment of the HIV viral
load in a resource-limited setting in rural Tanzania by Johannessen
et al.”? and highlight the advantages of using DBS for assessing adher-
ence in this setting. This investigation constituted a “real life” test of
all the advantages highlighted for the DBS approach highlighted in
Chapter 2. The priority of this work was to examine if this form of
blood sampling was robust enough to use under basic field conditions.
The overall conclusion was that DBS sampling systems performed well
in monitoring the viral loads for patients who had previously received
ART treatment. Adherence to ART pharmacotherapy has also been
conducted via the direct measurement of the target drugs in DBS
samples by HPLC and LC-MS/MS and investigations confirmed the
close relationship between the DBS and plasma concentrations of
the target ART drugs.
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ART drug concentrations in saliva and hair samples, determined
using TLC, HPLC, and LC-MS/MS, have been used to provide nonin-
vasive tools to assess adherence to ART therapy.”” "> The findings
showed that saliva and hair concentrations are correlated with plasma
concentrations, and that some assessment of adherence by measuring
the drug salivary or hair level is possible. Furthermore, the benefits of
using TLC to assess adherence to nevirapine in Tanzania have been
highlighted,’” where more expensive analytical methods such as HPLC
and LC-MS-based methods are not available.

Patient hair samples can be obtained noninvasively and ART drug
levels in hair can provide retrospective information regarding drug
exposure and thus can be used to assess adherence to ART pharmaco-
therapy. Furthermore, hair as a biological matrix has considerable sta-
bility for long periods of time.*' Drug incorporation into hair is a
complex process that is not yet fully understood. The major pathway for
drug delivery into hair is by the bloodstream into the hair follicle. Drugs
from external sources or drugs excreted in sebum or sweat may also be
incorporated or externally contaminate the hair. Hair drug levels depend
not only on blood concentrations but also on the physicochemical prop-
erties of the drug. Lipophilic and basic drugs such as the ART drugs
accumulate well in hair.*

Saliva is also a patient-friendly alternative matrix to assess adherence
to ART drugs. Saliva can be obtained by nonstimulated methods (direct
collection into a tube) or by means of stimulated methods (with a cotton
swab containing citric acid). The transport of ART drugs into saliva is
mainly by passive diffusion since only drugs that are not extensively pro-
tein bound penetrate well into saliva. Drug concentrations in saliva may
therefore be useful for predicting the levels of unbound plasma ART
drugs. Most ART drugs are highly protein bound, resulting in poor sali-
vary penetration.®’

Proper sample pretreatment is essential for drug analysis in DBS,
hair, and saliva matrices and a specific assay should be developed and
validated for application in a clinical real-world setting.

HEPATITIS C

The hepatitis C virus (HCV) is the most common blood-borne chronic
infection affecting 130—150 million people globally. The most frequent
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routes of infection are through needle sharing by individuals with an
intravenous drug addiction; inadequate sterilization of medical equip-
ment; and the transfusion of unscreened (contaminated) blood and
blood products.*” Untreated chronic HCV infection is the leading
cause of chronic liver disease, including cirrhosis and cancer and the
most common cause of liver failure and transplantation. The treatment
and management of chronic HCV has evolved in recent times from
pegylated interferon and ribavirin, which required weekly injections to
the new oral self-administered direct antiviral agent (DAA) drugs
which entered the market recently in 2013.** Adherence is a crucial
factor for the successful treatment of HCV infection; however, given
the recent introduction of the new DAA drugs, it is not surprising that
very few studies have examined adherence to HCV therapy using direct
methods of assessments in real-world settings. DBS testing for blood-
borne viruses was introduced in England, Scotland, and Wales® a
few years ago as an alternative to venepuncture following the reports
of Hickman et al.*> and Crane et al.*® on the positive value of DBS
testing in prison environments and for injection drug users. This form
of blood sampling is continuing to contribute to the uptake of HCV
testing with numbers tested by DBS in England increased by 23%
between 2013 and 2014 and 18% testing positive in 2014 by this
sampling method.** Tait et al.®’ also confirmed the effectiveness of
the DBS sampling approach in reaching people who injected drugs in
order to identify blood-borne viruses and subsequently assess the
adherence to follow-up medication. In this study, 100% adherence
was reported when the DBS samples were collected at a needle
exchange center and 83.3% adherence from DBS samples collected at
a drug treatment center. The DBS sampling platform clearly has the
potential to assess medication adherence in a nonclinical setting, such
as a prison environment, and thus could be a vital tool in controlling
the global HCV epidemic.

PAIN MANAGEMENT

Pharmacotherapy is essential to the clinical management of most
chronic nonmalignant pain conditions; however, therapeutic use,
overuse, abuse, and diversion of controlled substance prescription
(scheduled) drugs such as opioids and benzodiazepines remain criti-
cal challenges for clinicians.®® It is therefore crucial to practice
adherence monitoring of pain management drugs. Urine drug testing
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Table 4.5 Bioanalytical Assays to Assess Adherence to Pain Management Drugs

Analytical Method Biosample | Analyte(s) Location References
TLC Urine Buprenorphine—naloxone | India 89
TLC, GC-MS Urine Benzodiazepines Germany 90
GC-MS Urine Opioids United States 91-93
LC-MS Plasma Opioid—buprenorphine France 94
LC-HRMS (ToF) Urine Opioids, benzodiazepines United States 95
LC-MS/MS (qqq) Urine Opioids Germany, 96—101
United States
Benzodiazepines United States 102—104
Opioids, benzodiazepines United States 105,106
Urine, Opioids United States 107
saliva
Opioids, benzodiazepines United States 108
LC-MS/MS, GC- Urine Opioids United States 109
MS
LC-MS/MS, LC- Urine Opioids United States 110
MS, GC-MS
Immunoassay Urine Opioids, benzodiazepines United States 95,100,102,105,107,108

is a widely used method for adherence monitoring but Table 4.5
shows that there are new developments in the use of both saliva and
plasma-based methods.

The types of assays that are being used by clinicians to assess
adherence to pain management therapy can be categorized as:

* Screening (qualitative) assay
May identify drugs and or drug metabolites with variable speci-
ficity, often only by drug class

* Confirmatory (quantitative) assay
Identify and quantify the drug and/or drug metabolites with high
specificity

The screening assays are immunoassays that use antibodies directed
against a drug or metabolite. These immunoassays may be in a point-
of-care test format so that the assay can be carried out in the clinic or
they can be laboratory-based commercial immunoassays.

Gas chromatography—mass spectrometry (GC-MS) analysis was
the accepted approach to the determination of pain management drug
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levels but this technique required sample prederivatization and is now
being replaced by LC-MS/MS methods because samples can be ana-
lyzed directly without resort to chemical derivatization.

This change in approach to assessing adherence to prescription pain-
killers is confirmed by the data in Table 4.5 which includes urine screen-
ing by immunoassays followed by targeted confirmations with LC-MS/
MS, liquid chromatography high-resolution mass spectrometry (LC-
HRMS), gas chromatography, or GC-MS. Urine is the preferred
biosample for these assays because of the long detection window avail-
able as a result of the pharmacokinetics for the drug metabolites.
Immunoassay-based urine drug tests can be qualitative or quantitative,
however they suffer from poor specificity as reflected by the incidence of
false-positive and false-negative results. A major limitation of immu-
noassays is poor sensitivity or a relatively high minimum detection level,
versus LC-MS/MS methods for example. The work carried out by
Mikel et al. demonstrates how a patient may test “negative” on a urine
immunoassay which has a higher cutoff or limit of detection in compari-
son to an LC-MS/MS assay.'”° In this study the urine opiate immunoas-
say had a cutoft of 300 ng/mL while the LC-MS/MS assay had a cutoff
or limit of detection of 50 ng/mL. For the hydromorphone results in this
study, approximately 69% of patients who were prescribed and taking
hydromorphone tested “positive” or had detectable drug concentrations
from the LC-MS/MS assay, but tested “negative” on the immunoassay
due to the higher cutoff and poor cross-reactivity with the antibody used
in the immunoassay. Saliva tests to monitor adherence to prescribed
painkiller drugs produced results comparable to urine tests with some
minor differences in detection rates for different drug classes. This may
be attributed to factors affecting the accumulation and diffusion of
drugs in saliva such as protein binding, rate of oral fluid production,
and the chemical properties of the drug. Generally, basic drugs appear
in higher concentration in the saliva than those of an acidic nature due
to “ion-trapping” caused by the lower pH of saliva compared to blood.
The opioid pain management drugs display high saliva:plasma (S:P)
ratios, indicating they accumulate well into saliva and can easily be
detected. Drugs which are strongly protein bound (eg, benzodiazepines)
generally do not appear in high concentration in saliva.'"’

Within the United States, there are many different private resources
providing drug testing services''>''? for pain control drugs and the
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existence of these many facilities is an indicator of the number of tests
being carried out. Alongside demonstrating adherence, these tests can
be used to identify unauthorized drug use'”” or the nonuse and sub-
sequent onward selling.'"

Serum, plasma, and DBS assays for pain management drugs may
offer advantages over urine because the drug level in these biological
matrices reflects the patient’s clinical state at the time of sample collec-
tion. The levels could be used for titrating dose, determining steady-
state drug concentrations or determining the drug/metabolite levels in
cases of suspected toxicity.'"”

SCHIZOPHRENIA

Schizophrenia can be a severe mental illness as it impairs important
aspects of human emotion and cognition that are vital for living in a
complex social setting. Antipsychotic medications are the primary
treatment option for the management of schizophrenia as well as for
relapse prevention in long-term maintenance treatment. There are sev-
eral factors that make nonadherence to antipsychotic medication a
major problem in the management of schizophrenia. These include a
lack of illness awareness, social isolation, stigma, comorbid substance
misuse, depression, cognitive impairment, and the increasing fragmen-
tation of health services in many countries.''® The adherence rates to
prescribed drug therapy in schizophrenia are divergent and range from
11% to 80%, with an overall rate estimated to be about 50%. The
actual rate of adherence may be even lower as the estimates do not
account for patients who refuse treatment or drop out of follow-up
studies.''” Nonadherence with antipsychotic medications increases the
risk of relapse. Nonadherent patients are also at higher risk of danger-
ous behavior, suicide, arrest, violence, drug and alcohol consumption,
poor mental performance, and low satisfaction with life.''® Thus, there
is a pressing need to objectively assess adherence to antipsychotic
medications. In Table 4.6 a number of objective studies which have
the potential to offer proof that the patient has taken their antipsy-
chotic medication, that is, detection of the drug in a biological sample,
are summarized.

Various analytical methods have been used for the determination of
antipsychotic drugs in biological samples in adherence studies. The
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Table 4.6 Bioanalytical Assays to Assess Adherence to Antipsychotic Drugs

Analytical Biosample Analyte(s) Location References
Method
HPLC Plasma Serotonin re-uptake inhibitor—fluvoxamine United 119
and antipsychotic—risperidone States
Plasma, Antipsychotics Italy 120
serum
Serotonin re-uptake inhibitors and Germany | 121

antipsychotics

HPTLC Serum Antipsychotic—clozapine Chile 122
HPLC, LC-MS, Serum Antipsychotics Czech 123
LC-MS/MS Republic
LC-MS/MS Urine Antipsychotics—risperidone, quetiapine, United 124
(qqq) olanzapine, haloperidol States

earlier methods were HPLC-based assays for plasma/serum samples,
while the most recent assay used LC-MS/MS to quantitatively deter-
mine antipsychotics in human urine samples.

After a given oral dose of an antipsychotic drug, the resulting blood
concentrations of these drugs are highly variable among individuals.
This is because antipsychotics are extensively metabolized in the liver
by the cytochrome P450 enzymes. Therefore, the concentration of
these drugs in blood is very low. The clinical monitoring of patients
can significantly improve the knowledge of pharmacological inter-
actions among different antipsychotic drugs, as well as improve the
adherence of these drugs, thus resulting in higher treatment efficacy. In
recent years, therapeutic drug monitoring (TDM) of antipsychotic
drugs has proven to be of great value for assessing poor adherence in
patients and determining genetic variability in antipsychotic metabo-
lism.'*> Pharmacotherapy treatment of schizophrenia is often carried
out with the simultaneous use of two or more antipsychotic drugs to
achieve sufficient control of psychotic systems. Therefore reliable,
sensitive, and selective analytical methods are required and have a very
important role to play in adherence studies of antipsychotic drugs.

DEPRESSION

Depression is one of the most prevalent forms of chronic mental disor-
ders, with a huge public health impact globally. The treatment of
depression requires prolonged pharmacotherapy with antidepressants.
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Table 4.7 Bioanalytical Assays to Assess Adherence to Antidepressant Drugs

Analytical Method Biosample Analyte(s) Location References
HPLC Plasma Antidepressants—venlafaxine, United States 126
fluoxetine, paroxetine, citalopram
HPTLC Serum Antidepressants Chile 127—-129
HPLC, LC-MS/MS Plasma Antidepressants—fluoxetine, The Netherlands 130
paroxetine, sertraline, venlafaxine
(HPLC)

Citalopram, escitalopram,
clomipramine (LC-MS/MS)

LC-MS/MS (qqq) Urine Antidepressants United States 131

Nonadherence to antidepressant medications is a significant barrier
to the successful treatment of depression in clinical practice'*”> and
the World Health Organization has recognized depression as one of
the chronic conditions to be focused on for improving adherence to
medications.' There are two main aspects of adherence problems with
antidepressants—the early discontinuation of antidepressant pharma-
cotherapy and the lack of consistency with the prescribed regimen in
the context of ongoing use. The risk of relapse and additional depres-
sive episodes increases with early discontinuation of an antidepressant
medicine. Medication nonadherence in the context of ongoing use is
also a common problem with antidepressants. For example, patients
may either intentionally or unintentionally miss doses, take extra
doses, delay the timing of their doses, or take drug holidays. This lack
of medication adherence could also affect treatment outcomes resulting
in nonresponse or discontinuation symptoms.'”> A number of bio-
analytical assays used to investigate adherence to antidepressants are
summarized in Table 4.7 but this data excludes work carried out by
private health laboratories.''*'"?

Objective measures to assess adherence to antidepressants have
been conducted using bioanalytical assays for plasma, serum, and
urine samples (Table 4.7). Several HPLC and LC-MS/MS analytical
methodologies have been reported for the identification and quantifica-
tion of antidepressants in these different biological matrices.

BIPOLAR DISORDER

Bipolar disorder is a chronic psychiatric condition that causes unusual
shifts in mood, energy, activity levels, and the ability to carry out
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Table 4.8 Bioanalytical Assays to Assess Adherence to Lithium

Analytical Method Biosample Analyte(s) Location References
Flame photometry Whole blood, plasma Lithium carbonate Brazil 133
Ton selective electrodes, Serum Lithium carbonate Denmark 134

flame photometry

Ton selective electrodes Plasma Lithium carbonate India 135

day-to-day tasks. Symptoms of bipolar disorder are severe and can
result in damaged relationships, poor job or school performance, and
even suicide. But bipolar disorder can be treated, and people with this
illness can lead full and productive lives.'*® Lithium is the main treatment
for bipolar disorder'*” but estimated medication adherence is low and
ranges from 20% to 64%."** Although effective, lithium requires specific
care as it has a narrow therapeutic range, high risk of intoxication, and
slow onset of action. Furthermore, lithium serum levels vary as a result of
different pharmacological interactions, and elimination and plasma level
variations among patients have been reported.'*” The TDM of lithium is
therefore very important for the effectiveness of the drug therapy and
patient safety, and in Belgium a patient self-test at home kit to determine
lithium levels is available from Medivate BV.'*’ In this test a single drop
of blood from a fingerprick is placed on a lab-chip which is then placed in
a reader and after 9 minutes the lithium level is displayed. In the National
Health Service in the United Kingdom the checking of blood lithium
levels is specified by the Area Prescribing Committee and includes weekly
monitoring 7 days after the initiation of dose until stable and then every
3 months unless there is a medication change.'*' A different range of
analytical methods are recorded in Table 4.8 which have been necessary
to assess adherence to lithium pharmacotherapy.

Objective measurements of adherence to prescribed lithium have
been carried out on blood samples using flame photometry and ion
selective electrodes.

EPILEPSY

Epilepsy is a chronic neurological condition that affects people of all
ages. Approximately 50 million people worldwide have epilepsy'*
which is associated with physical, psychological, and social problems.
Patients with epilepsy have a higher rate of suicide, anxiety, depression,
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sudden unexplained death, and accidental death. Prolonged seizures
may cause physical injury, neuronal death leading to cognitive
impairment, and can be fatal.'*’ Epilepsy continues to be a highly
stigmatized and disabling condition,'** requiring a lifelong process of
adherence to the prescriber’s instructions and drug therapy. Rates
of medication adherence in epilepsy are estimated to range widely from
20% to 80%' and this reduces the benefit that could be gained from the
prescribed medication. Poor adherence to antiepileptic drugs (AEDs)
may be the most important cause of poorly controlled epilepsy resulting
in seizure relapses. In epilepsy, adherence to medication is commonly
assessed by the direct method of measuring biological specimen AED
levels.'* Various objective studies have investigated the adherence to
prescribed AEDs using analysis of biological samples (Table 4.9).

Direct measures of adherence to AEDs have been conducted by the
measurement of drug levels in blood plasma or serum, DBS, hair, and
saliva. In a resource-limited setting in rural Kenya,'*® immunoassay

Table 4.9 Bioanalytical Assays to Assess Adherence to Antiepileptic Drugs

Analytical Biosample Analyte(s) Location References
Method
HPLC Hair Antiepileptic drug—carbamazepine, United Kingdom | 147
lamotrigine
Hair, plasma Antiepileptic drugs—carbamazepine United Kingdom | 148
Saliva, plasma | Antiepileptic drug—Ilamotrigine Australia 149
DBS Antiepileptic drugs—Ilamotrigine, The Netherlands | 150
oxcarbazepine
HPLC, GC DBS Antiepileptic drugs United Kingdom | 151
Plasma Antiepileptic drugs—carbamazepine, | France 152

lamotrigine, levetiracetam,
oxcarbazepine, phenobarbital,
topiramate, valproic acid

HPLC, GC- DBS, serum Antiepileptic drugs—valproic acid, Brazil 153
MS carbamazepine, phenobarbital,

phenytoin
HPTLC Serum Antiepileptic drug—lamotrigine Chile 154
Immunoassay | Plasma Antiepileptic drugs—carbamazepine, France 152

lamotrigine, levetiracetam,
oxcarbazepine, phenobarbital,
topiramate, valproic acid

Blood Antiepileptic drugs—carbamazepine, | Kenya 146
phenobarbital, phenytoin

W
[y

Saliva, plasma | Antiepileptic drug—topiramate United States 1




Application of Bioanalytical Methods to Assess Medication Adherence in Clinical Settings 107

has been employed to analyze blood samples. Typically AED medica-
tion levels have been measured in such biological samples by conduct-
ing HPLC-, HPTLC-, or GC-based assays.

Plasma and serum monitoring remains the standard for judging
adherence to epilepsy medication regimens and sampling intervals for
these biological samples can be as long as several months. A drop in
medication level of a certain predetermined percentage, dependent on
study and medication being studied, indicates nonadherence.'*> The
use of minimally invasive DBS sampling, which can be performed by
nonexperts, has shown great potential for assessing adherence to
AED:s in children via home sampling.'”' The key findings from these
investigations were that 33 of the 100 children studied were nonadher-
ent to their AED medication and that the DBS mode of sample collec-
tion could effectively be used in adherence assessment. Self-collection
of DBS samples by a patient has also been used in a study to investi-
gate changes in pharmacokinetics of AEDs during pregnancy.'”’ In
this study the blood concentration levels from DBS samples were used
to inform the doses prescribed for two patients (A and B) taking a
combination of lamotrigine (LTG) and oxcarbazepine (OXC) during
pregnancy. Baseline levels for both drugs were determined from DBS
samples to give the blood serum reference ranges prior to pregnancy.
To maintain serum levels within reference ranges during pregnancy the
AED dose levels were changed significantly for patient A where the
OXC daily dose was increased from 1800 to 2400 mg and the LTG
daily dose was increased from 275 to 675 mg. For patient B the OXC
dose was increased from 900 to 2100 mg daily and the daily LTG dose
changed from 600 to 1000 mg. Both of these case studies clearly indi-
cate the need for personalization of medicines. A study to evaluate
adherence to antiepileptic pharmacotherapy compared a standardized
questionnaire with measured AED concentrations in serum and in
DBS. The results showed that AED concentrations in DBS were pro-
portional to those obtained in serum samples and that adherence to
the treatment with anticonvulsants was 66.6% using the standardized
questionnaire and 63.3% through the laboratory analyses.'>”

Adherence studies using the determination of AED levels in human
hair have shown that this mode of sampling is easy to perform and has
similar sensitivity to blood plasma.'*® Other studies consider hair sam-
pling more accurate than self-report methods or blood plasma
monitoring.'*’
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Sampling saliva for AED levels to assess medication adherence offers
numerous advantages. It is not painful to collect a sample which is an
important consideration for pediatric patients. Furthermore, it does not
depend on venous access which is therefore a benefit for pediatric or
geriatric patients who may have few veins.'* It is reported that patients
preferred saliva samples over blood sampling but saliva samples may
be more readily contaminated'”® and it is necessary to measure the
individual rate of saliva production on a daily basis.'*’

MALARIA

Malaria is a serious public health concern with approximately 3.2 billion
people—almost half of the world’s population—at risk. This commu-
nicable disease continues to cause more than 200 million cases and
more than 400,000 deaths per year, of which 91% occurred in
resource-limited Sub-Saharan Africa. Additionally, 70% of all malaria
deaths occur in children under 5 years of age.'”’ Malaria is an acute
mosquito-borne infection caused by the Plasmodium falciparum para-
site. The disease is preventable and treatable with antimalarial drugs
but does require immediate treatment after the onset of symptoms.
A high level of adherence to malaria treatment is important in
ensuring drug effectiveness and contributes to the patient’s complete
recovery and prevents the emergence of parasite resistance to the
antimalarial drug. The assessment of adherence among malaria
patients faces many of the same problems presented for the HIV/
AIDS situation, and in parallel with HIV/AIDS, multimethod assess-
ment processes have been used to investigate adherence to prescrip-
tion. These include pill counts and patient or carer interviews in
conjunction with the direct methods summarized in Table 4.10. Three
different, but complementary, direct methods were used:

* Quantitative PCR (qPCR) analysis of a biological specimen extract
was used, as described in Chapter 3, to identify the malaria parasites
and to determine adherence to prescription based on the number of
parasites present

* Microscope analysis of blood smears to identify the malaria para-
sites and to determine adherence to prescription based on the
number of parasites present

 HPLC-UYV assay of a patient plasma extract to quantify the level of
antimalarial drug(s) in the biological sample
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Table 4.10 Bioanalytical Assays to Assess Adherence to Antimalarial Drugs

Analytical Biosample Analyte(s) Location References
Method
qPCR Plasma Plasmodium falciparum Bangladesh — Thailand | 158
Tanzania — Sweden 159
DBS Plasmodium falciparum Ghana, Nigeria, 160
Uganda
Microscopy Blood smear Plasmodium falciparum Uganda 161
Tanzania — Sweden 159
Ghana, Nigeria, 160
Uganda
Parasitemia Nigeria, Tanzania 162,163
HPLC Plasma Sulfadoxine Uganda 161
Dapsone, lumefantrine United 164
Kingdom — Malawi
Primaquine Thailand 165
Lumefantrine Nigeria, Tanzania 162,163
DBS Sulphadoxine, pyrimethamine, Senegal — France 166
chloroquine
Lumefantrine Tanzania — Sweden 159
Tanzania 167
LC-QTRAP DBS Primaquine Thailand 168

Access to these sophisticated analytical methods meant some
biosamples were transferred between countries as indicated by —.

A high degree of international collaboration in sample collection
and analysis is evident from Table 4.10 and again the need to transport
samples safely for extended time periods is demonstrated. The entry
United Kingdom — Malawi indicates that a team was sent from the
United Kingdom to carry out sample collection and analysis on-site in
Malawi relying on extensive sample pre-work-up to facilitate successful
HPLC analysis.'**

There is clearly a need for medication adherence monitoring during
treatment regimens for antimalarials in personalized pharmacotherapy.
This necessitates calculation of the levels of these drugs in biological
samples. In the low resource settings where malaria is highly prevalent,
concentrations of antimalarial drugs have predominantly been measured
in plasma, serum, and capillary blood sampled as DBS using HPLC.
Often these measurements have been coupled with PCR analysis and/or
microscopy to assess the level of parasite. This requires robust, sensitive,
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specific, and reproducible bioanalytical methods. The robustness and
cost-effectiveness of the DBS sampling approach have supported the
evaluation of filed samples in Tanzania for malaria patients treated with
artemether and lumefantrine.'””"'®” Using HPLC analysis, blood lume-
fantrine levels could be estimated accurately to assess adherence to treat-
ment up to 4 days after the last dose of a standard regimen. The median
lumefantrine concentration was statistically significantly lower in patients
with recrudescence (97 ng/mL), compared with reinfections (205 ng/mL),
or no parasites reappearance (217 ng/mL) and the PCR-assessed cure
rate by day 42 of treatment was 93%.">” Elsewhere it has been noted that
these adherence levels are only maintained where the patients are
involved in specific tests.'” In another study the effectiveness of the
home management of malaria for children was assessed across selected
sites from Ghana, Nigeria, and Uganda by comparing thick blood
smears and the PCR analysis of DBS samples with carer reports of
adherence to a prescribed artemisinin.'® In this study, 1740 children
were initially recruited with 1189 exhibiting parasitemia at baseline. After
a 28-day regimen of home treatment only 51% of parasitemic children
reported for the follow-up test. The use of DBS in the bioanalysis of
antimalarials has been recognized, given the value of the reduction in
sample volume it offers and its potential for home sampling. A problem
reported with this sampling format is the quantification of artemisinin
derivatives.'”” These compounds decompose in the presence of iron (II)
and are therefore unstable for long periods in a blood spot.

IMMUNOSUPPRESSION

Following solid organ transplantation, lifelong adherence to immuno-
suppressant medication regimens is a vital necessity to prevent trans-
plant rejection, graft loss, and additional morbidity. Despite this,
nonadherence to immunosuppressant treatment is highly prevalent for
transplant patients, especially among pediatric transplant recipients,
with a broad adherence rate range from 25% to 100% reported.' """
Immunosuppressant drugs have narrow therapeutic windows and highly
variable pharmacokinetics and adherence monitoring is therefore cru-
cial to provide individualized pharmacotherapy and to avoid toxicity-
related overdosage and transplant rejection from underdosage.'””
This requires frequent hospital visits to phlebotomists. The direct
measurement of immunosuppressant drugs for TDM purposes has been
mainly based on immunoassays (Table 4.11) which are suited for
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Table 4.11 Bioanalytical Assays to Assess Adherence to Immunosuppression Drugs

Analytical Biosample Analyte(s) Location References
Method
LC-MS/MS Blood Tacrolimus, sirolimus, everolimus Australia 174
(999)
DBS Creatinine, tacrolimus, sirolimus, The 175
everolimus, cyclosporine A Netherlands
Tacrolimus, creatinine United 176
States
Tacrolimus, cyclosporin A United 177
Kingdom
Immunoassay | Blood Cyclosporine, rifampin, tacrolimus, Spain 178
everolimus
Tacrolimus, mycophenolic acid United 179
States
Plasma Tacrolimus United 180—182
States
Tacrolimus, everolimus, azathioprine, France 183
prednisone, mycophenolate mofetil,
cyclosporine, sirolimus

routine laboratory analyses with excellent automation and high
throughput. As reviewed by Taylor and coworkers,'” a lack of specific-
ity for the parent drug and variable overestimation of the immunosup-
pressant drugs tacrolimus and cyclosporine are major drawbacks of this
analytical method. A shift to HPLC coupled with tandem mass spec-
trometry (MS/MS) has been apparent in recent times due to the superior
selectivity and specificity offered by this analytical method. These
advances in mass spectrometry techniques have facilitated capillary
blood sampling onto DBSs and thus enable adherence monitoring of
transplant recipients to be carried out at home.

ASTHMA

Asthma is a major noncommunicable chronic disease of the air passages
of the lungs which inflames and narrows them. It is estimated that as
many as 235 million people of all ages suffer from asthma'®* and the
burden of this disease to healthcare systems, carers, and patients is esca-
lating worldwide. Poor adherence to asthma medication regimens has
been reported in both children and adults with adherence rates ranging
from 30% to 70% documented.'®"'*® Direct measures have been used to
assess adherence with asthma medications as summarized in Table 4.12.
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Table 4.12 Bioanalytical Assays to Assess Adherence to Asthma Drugs

Analytical Biosample Analyte(s) Location References
Method
LC-MS/MS Urine Fluticasone propionate United 187,188
(qqq) States
Urine, blood, Beclomethasone, betamethasone, United 189
sputum budesonide, dexamethasone, flunisolide, States

fluticasone propionate, methylprednisolone,
prednisolone, predinisone

Immunoassay | DBS Theophylline United 190
Kingdom

Direct measures, which confirm the use of the asthma medication
by assaying it in blood, urine, and sputum using LC-MS/MS have
been documented. However, in a very forward-thinking study in
1988'” the analysis of DBS samples by immunoassay was used to
assess levels of theophylline in the blood of 100 children receiving
treatment for asthma. One of the purposes of this study was to assess
the willingness of patients from 14 months to 15 years old to provide
DBS samples collected at home. Of the 62 samples returned, 37
showed less than the therapeutic concentration of the target drug, 3
that were at potentially toxic levels, and 6 children had levels less than
the detection limits, suggesting they were nonadherent to the pre-
scribed asthma medication.

OTHER INFECTIONS

Antimicrobial resistance results from inappropriate use of antibiotics
and makes common or life-threatening infections more difficult or
sometimes impossible to treat. Proper adherence to antibiotic pharma-
cotherapy is crucial to prevent antimicrobial resistance and to maintain
therapeutic drug concentration in blood and for achieving therapeutic
benefits. Despite this, a significant number of patients are not adherent
with basic medication for infectious diseases, including antibiotics,
which are one of the most commonly prescribed medicines world-
wide.'”! Tuberculosis (TB) is an infectious disease which is a major
killer worldwide and the largest number of reported cases in 2014 were
in India, Indonesia, Nigeria, Pakistan, China, and South Africa. It is
caused by bacteria (Myobacterium tuberculosis) that most often affect
the lungs and is spread from person to person through the air.'”> This



Application of Bioanalytical Methods to Assess Medication Adherence in Clinical Settings 113

Table 4.13 Bioanalytical Assays to Assess Adherence to Antibiotics, Antifungal

Drugs, and Antituberculosis Drugs

Analytical Biosample Analyte(s) Location References
Method
PCR Urine Chlamydia tracomatis United 193
States
HPLC Urine Antibiotic—trimethorprim United 194
States
DBS Antibiotic—ciprofloxacin Jordan 195
Saliva Antifungal—clotrimazole Israel 196
LC-MS DBS Antibiotic—rifaximin India 197
LC-MS/MS Urine Antibiotic—mupirocin United 198
(qqq) Kingdom
Tuberculosis drug—isoniazid South 199
Africa
Serum Tuberculosis drugs—moxifloxacin, Korea 200
prothionamide, cycloserine

is a curable disease if drug treatment is received quickly and appro-
priately. Nonadherence to anti-TB drug therapy contributes to the
development of multidrug-resistant TB (MDR-TB), prolonged infec-
tiousness, and poor TB treatment outcomes.”’! ">

Direct measures to assess adherence to antibiotic and antifungal
drugs have been conducted using bioanalytical assays for urine, saliva,
and DBS samples (Table 4.13). The earlier assays used PCR while
more recent assays have used mass spectrometry—based methods.

OTHER CLINICAL APPLICATIONS

Adherence studies have also been carried out in areas relating to
attention deficit hyperactivity disorder,””” inflammatory bowel dis-
ease,”"*?"° rheumatoid arthritis,””® and gout®®’ principally based on
analyses of serum or plasma by LC-MS/MS techniques. This work has

been carried out in the United Kingdom and United States.

CONCLUSIONS

In reality, it is not possible to conclude exactly how much work has
been done on the direct measurement of adherence to medication
because details of some of this work are restricted by hospital/patient
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confidentiality and the confidentiality maintained by private analytical
laboratories. Suffice it to say that the amount and extent of the work
reported here demonstrates the recognition of the need to carry out
medication adherence monitoring and thus provides an objective
measure to personalize medication and that “one size fits all” is no lon-
ger appropriate. Indeed pharmacogenetic tests followed by optimizing
dosing based on direct measurement to assist TDM and pharmacokinet-
ics appear to be the accepted approach worldwide. Quick, reliable, and
affordable analytical methods should be used more in the routine assess-
ment of patient biosamples for medication adherence. In a recent fund-
ing application, a representative from the British Heart Foundation
commented that this approach had great potential to make a step
change in allowing clinician—patient discussions to be focused around
which treatments are being taken, which are not and for what reasons.
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Medication Adherence: Where Do We Go From
Here?

INTRODUCTION

Previous chapters in this book have coincidentally examined several of
the pointers in the 2010 National Institutes of Health report,' namely:

* The development of miniaturized devices to allow patients to take a
greater role in their own healthcare which will become more personalized

* Point-of-care or bedside monitoring using small blood spot samples
will be possible

* Low cost point-of-care devices can be used for the disadvantaged
and underserved population of the United States as well as in the
developing world

* New monitoring methods would be developed particularly for
cancer patients

We concluded that there was recognition, from around the world, of
the value of reliable and affordable direct monitoring methods especially
for the routine assessment of medication adherence. The information pro-
vided by monitoring of this type empowers clinicians to make decisions
that will significantly improve individual patient healthcare. It will also
impact on other stakeholders such as healthcare systems and pharmaceu-
tical companies. Healthcare costs are rising dramatically as populations
around the world get older and require treatment for multiple ailments
and as improved healthcare reaches even greater numbers of people with
more and better services. Thanks to the World Wide Web, people are
becoming more interested in health-related problems and are demanding
more information and services from their healthcare providers.

IDENTIFYING PERCEIVED CHALLENGES

The potential to provide medication adherence assessment tests for
a wide range of illnesses has been demonstrated in Chapters 3 and 4

Analytical Chemistry for Assessing Medication Adherence. DOI: http://dx.doi.org/10.1016/B978-0-12-805463-5.00005-5
© 2016 Elsevier Inc. All rights reserved.


http://dx.doi.org/10.1016/B978-0-12-805463-5.00005-5

130 Analytical Chemistry for Assessing Medication Adherence

but to develop such monitoring services raises questions around the
selection of the analytical technique, the capacity, and the financial
ability to deliver them. While immunoassay provides rugged “kit-
based” analyses which are just good enough for the current needs of
clinicians,' there are areas of poor specificity and no opportunity
for multiple data points from a single sample. These limitations
promote the LC-MS/MS systems as the currently “best technique”
but there are several perceived challenges to the use of mass
spectrometry in clinical laboratories.” > An appreciation of these
problems and some discussion of possible routes forward form the
central theme of this chapter which also includes some suggested
alternative approaches to the pivotal problem of objective adherence
monitoring.

The perceived challenges to the wider use of LC-MS/MS techniques
include:

» shortage of suitably trained staff

+ complexity and cost of the equipment

+ software and data handling

* limitations on sample throughput

* lack of dialogue between clinicians and mass spectrometer providers
* instrument manufacturers’ concerns

* regulatory actions

These are discussed below.

Shortage of Suitably Trained Staff

As the number of elderly people needing some form of medical care
increases so does the likely demand on clinical test facilities and staff.
In the United Kingdom, for example, the number of people aged 60
years and older is projected to increase by at least 25% over the next
15 years.® This is a slower rate than for the rest of the world. Moves
have already been made to automate some systems within clinical
laboratories to reduce anticipated demands for additional staff. Many
clinical laboratories use commercially prepared reagents, standard
solutions, and QC processes to save time, but now technical staff have
become less familiar at calculating and weighing out materials in
preparation for tests.” Complete kits for LC-MS analyses including the
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provision of the column and mobile phases is now a reality. Even with
this provision, liquid chromatography and mass spectrometry are both
seen as high—performance, high-maintenance techniques needing
skilled staff.”* Indeed some institutions cite lack of skilled HPLC staff
for not developing new analytical methods.” To develop an adequate
expertise with mass spectrometry requires several years of hands-on
experience™ representing a skills gap rather than a knowledge gap.
There may also be a shortage of staff qualified to deal with the high
volume of data output both in terms of straight information
technology and data handling and also explaining the meaning and
value of the data to the clinicians.” Specialized in-house training from
the MS manufactures can overcome the problem in the short term
until the more automated push-button analyzer is developed.

Complexity and Cost of the Equipment

There can be no doubt that mass spectrometers are complex
instruments, but over the last 30 years manufacturers have reduced
a room full of stainless steel tubes and massive magnets to bench-
top units with superior performance. This has been achieved by
developing new technologies, for example the Orbitrap; improving
older systems, for example the time of flight (ToF) systems and
reducing the bulk of the vacuum pumps and other equipment
needed for the MS systems. Having achieved this small footprint
either a gas chromatograph or a liquid chromatograph is added to
the front end. For clinical samples, for example, some form of
sample handling and/or clean-up process may be added (see
Fig. 5.1) and interconnectivity begins to suffer. System robustness
also suffers with increasing numbers of additional nonoriginal
equipment manufacturer items that are added. Furthermore, the
service laboratory information system may no longer be able to
track the samples with all these add-ons to the MS system. The
general call from the clinicians' > seems to be for a fully integrated
push-button system that will receive a raw sample, pre-prepare as
necessary, carry out specified analyses, and deliver reports
compatible with the laboratory central information system as
exemplified by Fig. 5.1. As Jannetto and Fitzgerald suggested, not
until the MS becomes simply a detector on an automated FDA-
approved platform will its full benefit be realized.’
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Figure 5.1 Schematic diagram of a proposed fully integrated clinical sample analysis for either a dried blood spot
(DBS) or a liquid biosample. The possible routes (thick lines) are determined by the barcode via the laboratory
information system (thin lines). Selection of routes 1, 2, or 3 depends on the nature of the liquid biosample.

Which MS system to select presents another series of questions (see
Chapter 3), but for routine analyses the triple quadrupole tandem MS
(LC-MS/MS) system seems to be the system currently favored based
on the number of investigations using this instrument reported in
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Chapter 4. The choice of other instruments may depend on the nature
of the work whether it be high resolution (Orbitrap) or high mass
range (ToF).

The arguments needed to justify the costs of these systems will
inevitably depend on the local situation and whether the instrument is
meant simply to provide a service or to do so and make a profit. The
arguments will include:

* The ability to do new analytical tests providing better patient care

* The ability to do multiple determinations on a single biosample

* Do current analytical tests more efficiently thereby giving cost savings

* Add other test profiles to the instrument, for example, new-born
screening

* Remove the need to send samples out for costly external testing

Both the capital cost and the running costs of the analytical
instrument must be determined. Consumables, especially the solvents
and columns for the LC-MS/MS, can be relatively expensive as can
service contracts on all the separate components of the overall system.
Currently, this usually means dealing with different suppliers with
plenty of room for differences of opinion when instrument problems
develop.

Software and Data Handling

In several instances, software and data handling were cited as causes
for concern.”” In the author’s experience of several MS systems, the
software appears to be written more to demonstrate the skill of the
writer rather than to make the analytical process as intuitive as
possible. This may lead to longer training time for new staff than
might otherwise be required. This problem may increase as more
multiplexing of data collection from single samples is required. The
benefits of simplifying the MS approach and gaining FDA approval is
evident from the advances in productivity and time savings made when
using MALDI-time of flight (MALDI-ToF) systems for the routine
clinical identification of microbes.’

Data processing can also be a problem when quantitative data is required
from many target compounds from a single sample. The data capture,
processing, and reporting capability must be equal to the task of dealing
with high-throughput systems without delays in sample processing.”
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Limitations on Sample Throughput

The minimum time unit within an LC-MS/MS instrument is the
time required to complete either one complete m/z scan or one
multiple reaction monitoring (MRM) determination (see Chapter 3).
Decreasing these time periods is important because they affect the
number of data points that can be obtained during the elution time of
a compound from the chromatographic separation and into the MS
analyzer. Both of these factors are under constant review by the
manufacturers who are aware of a possible trade-off between scan
speed and detection capability. Any separation system at the front end
of an MS will have periods when no compounds of interest are eluting
and while efforts to reduce elution times are common this problem
cannot be avoided. Idle MS time waiting for target compounds can be
reduced by interfacing several LC systems to the input of a single MS
via a multiposition switching valve.”® The timing of injections and
switching the different eluents into the MS will depend on both the
retention time of the compounds of interest and the reequilibration
time for the column.

Sample preparation prior to analysis may also present restrictions
on throughput although some automated process for both liquid
samples and DBSs have been discussed in Chapter 2. There is an
opportunity here for the development of “smart sample collection”
devices which will pre-process the sample prior to reaching the clinic.
The conventional DBS card is a simple example of this approach as
the unwanted components of blood are immobilized on the cellulose
and the target analytes can be extracted by an automated flow through
process with no punching of discs required. An alternative approach is
taken in the Noviplex card where a plasma sample is produced from
whole blood by in-card filtration. Both of these processes effectively
move sample preparation time away from the clinical laboratory
toward the patient.

Potential elimination of the time-consuming steps of sample
preparation and chromatographic separation using PaperSpray
ambient ionization with transfer of the ions directly into the MS have
been reported by Conaway.” The advantages of this approach include
no sample preparation, no chromatographic system to maintain,
minimum solvent use, and reduced training. The disadvantages are
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slightly poorer detection limits and no chromatographic separation,
specificity depending solely on MRM or HRMS capabilities. This
technique and other ambient ionization techniques used to monitor
therapeutic drugs in DBS, plasma, oral fluids, or urine have recently
been reviewed by Ferreira et al.'’ and have potential for medication
adherence monitoring.

A market survey carried out in 2014 among research laboratory
personnel mainly in pharmaceutical and biotechnical industries and
academia concluded that between 10—25 k samples processed/24-hour
day constituted real high throughput.” This would limit each sample
analysis time to less than 10 seconds which would seem ambitious in a

clinical setting.

Lack of Dialogue Between Clinicians and Manufacturers

It is relatively easy from an academic viewpoint to support a much
greater rate of information exchange and discussion but the need to
protect intellectual property is also recognized. There does however
have to be an exchange of information in order to move development
forward toward a sustainable market for the analytical equipment.
One approach is the development of “wide audience” conferences such
as Mass Spectrometry Applications to Clinical Laboratories
(MSACL)"" where the target audience includes pathologists, clinical
laboratory directors and scientists, mass spectrometry and automated
sample processing providers, as well as laboratory diagnostic
providers. Meetings of this type will also be beneficial to healthcare
administrators, laboratory quality control, and standards scientists.
MSACL meetings are held in both the United States and Europe. The
International Association of Therapeutic Drug Monitoring and
Clinical Toxicology (IATDMCT)'? organizes even “wider audience”
meetings with representatives from immunoassay manufacturers
present. Both groups are ideal forums to discuss direct assessment
methods of adherence to medication. Another approach in this area
might be through the American Association of Clinical Chemistry who
organize meetings and webcasts on the clinical applications of MS."”

Instrument Manufacturers’ Concerns

New developments in MS systems usually only occur in a stepwise manner
and companies are therefore keen to protect and exploit their intellectual
property rights. This means different manufacturers can offer new
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developments in ionization, detection, overall sensitivity, or number of
samples handled at different times as their own internal research programs
come to fruition. There appears to be a lack of clarity from the end-user
clinical fraternity as to exactly what form of instrument is required;
standalone laboratory-based or mobile bedside capable? Most importantly,
some indication of the potential market and particularly the nature of the
system “front end” sample handling requirements would help investment
decisions by the manufacturers. A knowledge of the type or types of
biosample to be analyzed would define the nature of the additional “front
end” sample preparation instrumentation which needs to be integrated
into the MS system.? Alongside all of these uncertainties, clear guidance
from a regulatory perspective would be welcome in order to inform critical
strategic business activities that will advance science while meeting all
regulatory requirements worldwide.”

Regulatory Actions

Until recently, there was little guidance applicable to the use of
LC-MS systems for bioanalysis in clinical laboratories. Laboratories
chose to validate their LC-MS methods by following other industry
standards such as the FDA Guidance for Industry: Bioanalytical
Method Validation,'* the European Medicines Agency Guidelines on
Bioanalytical Method Validation,'” or the Scientific Working Group
for Forensic Toxicology Standard Practices for Method Validation.'®
Currently, there is only one quantitative test approved by the FDA all
others fall under the laboratory developed test (LDT) classification.'’
A new standard for clinical mass spectrometry CLSI C62-A has been
produced by the Clinical and Laboratory Standards Institute and while
many of the guidelines parallel those in the documents cited above
CLSI C62-A provides a more comprehensive approach to
the evaluation of trueness, carryover, linearity, and interferences. It is
interesting to note that this document is specific to systems relying on
MRM (or SRM) methods as the primary mode of analyte identification.
Other techniques operating in full-scan mode and relying on library
searching for identification are in need of similar guidance.'’

WAYS FORWARD

Evidence-Based Treatment and Personalized Medicine
Clinicians need measures to assess the effects of prescribed drug
therapy to help with the clinical decision-making process. The question
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of adherence to medication is an integral part of the determination of
the optimum level of the appropriate drug(s) for an individual patient
based on their biosample drug concentration data. This would be
dependent on drug pharmacokinetics and patient pharmacogenetics.
In the event of poor patient progress the data available would indicate
either poor adherence or adequate adherence but poor choice of a
drug or an incorrect diagnosis. The quantification of prescribed drug
levels in patient biosamples, compared with its therapeutic window,'®
would provide clinicians a solid evidence-based means for further treat-
ment. This would therefore be a step change in the way clinicians
support their patients.

In the immediate future even if such analyses are carried out
with current analytical equipment, it will provide a beneficial
detectable improvement in patient care which will be the spur for
the more rapid development of a sophisticated clinical analyzer. The
current situation is the patient goes to the clinic to provide the sample
which is then taken to be analyzed. A small number of clinics
maximizes the number of samples per analyzer but inconveniences
patients who are forced to travel some distance. Home sample collection
removes this objection and could generate further samples relating to
other diseases, for example sexually transmitted diseases.'® This scenario
suggests a multipurpose central analyzer or analyzers in the near future
with full miniaturization to a mobile instrument in the longer term.

The patient can become involved in their healthcare process
when the optimization of the medication prescription based on their
biosample drug concentration data is explained to them by their
clinician, pharmacist, or other healthcare professional. This concept
of a “personalized for you” medication care scheme could become
routine and lead to long-term savings for the healthcare provider by
improving patient outcomes, optimizing medicine usage, and
eliminating unnecessary hospital readmissions and untimely patient
deaths.

Home Sampling

A major step forward in objectively assessing medication adherence
would be to provide an individual patient with the capability to collect
their own biosample with subsequent transport for analysis, thus
eliminating the need for a phlebotomy appointment or clinic visit. The
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DBS-based sampling devices, highlighted in Chapter 3 lend themselves
ideally for such home sampling by a patient. With a global burgeoning
elderly population in which multiple chronic conditions and poly-
pharmacy prescribing are common, and for whom attendance at a
phlebotomy clinic adds a further layer of complexity, the home-
sampled DBS approach may provide healthcare providers an innova-
tive way of providing evidence-based drug treatment, thereby shifting
the balance of healthcare provision from hospitals to the community."’
The vision is for a paradigm shift in the medication adherence investiga-
tions of various clinical conditions involving blood sampling away from
hospital-centered activity toward patient-focused home sampling in order
to widen access to healthcare. Such sampling strategies could lead to
increased patient benefit by offering multiple blood sampling
opportunities at home or in a care home with the aim of reducing
hospital visits, for example, following postacute treatment for a cardio-
vascular event. Of primary importance in such investigations is the ability
of the patients to collect acceptable biosamples on their own away from a
clinic. To facilitate this, it must be easy for the patients to handle the
collection device which will take a fixed volume sample and be protected
against accidental contamination. Returned conventional DBS cards, for
example, must be checked to ensure adequately sized spots which are not
smudged or misshapen. Such spots would be rejected since it would not
be possible to obtain meaningful quantitative data from their analyses.
The performance of other DBS sampling devices under true home patient
self-sampling conditions have yet to be reported. From the service
providers point of view the cost of the sampling device will be important
and this will be balanced by any increased level of samples returned and
sample security. There may also be concerns about the level of sample
preparation which may be accomplished in the sampler.

Future Clinical Practice Guidelines

Future international clinical practice guidelines with recommendations
for objective direct measures would provide the impetus and support
for this approach to be more readily adopted to address the problem
of poor medication adherence.

Microfluidics

Objective medication adherence monitoring studies require information
regarding drug concentration in a biosample at time points during the
process of absorption, distribution, metabolism, and excretion. In
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order to obtain reproducible and good quality data, the sampling
method is as important as the bioanalytical method and many of the
“gold standard” methods rely on multistep sample preparation and
analysis techniques. The field of microfluidics which is emerging as a
significant trend in bioanalytical instrumentation could address these
pertinent issues. Microfluidics or “lab-on-a-chip” is generally used to
describe any technology that moves microscopic and nanoscale
volumes of liquid through microsized channels on a microelectro-
mechanical system.”” Advances have been made in the miniaturization
and automation of microfluidic devices with features including the ability
to process very small sample volumes (pL to nL) in short analysis times
(minutes or seconds), amenable to integration/multiplexing and high-
throughput analysis, automation, small footprint, cost, disposability, and
portability.”’ There are some examples of commercialized microfluidic
laboratory based devices based on paper or polymeric materials for
healthcare applications. Namely, Abbott’s iSTAT device, Epocal’s
Flexcard, or Abaxis’ compact-disc blood analyzers which perform
complex assays on 50—100 pL volumes of blood. Multiplexed formats
are used for the detection and quantification of electrolytes, gas, small
molecules, or protein markers of metabolic, liver, renal, or cardiac
conditions.”’ These technologies have enormous potential for cost-
effective tests for medication adherence monitoring purposes provided
that they meet requirements of analytical specificity, sensitivity, and
detection limit as well as overcoming national and international regula-
tory barriers. Ease of use and reliability would be other important
requirements. Point-of-care diagnostic tests for home use have also
been designed based on microfluidics, for the semiquantitative
assessment for the presence of a biochemical species of interest (eg,
blood glucose monitoring). If this initiative is extended to medication
adherence monitoring, then it could promote a shift away from
traditional clinical laboratory testing to near-patient settings, thus
providing clinicians or pharmacists with timely information about
medication-taking behavior so as to make informed clinical decisions
regarding treatment. In this setting, there would be no requirement for
biosamples to be sent to a laboratory for analysis. In such a setting the
clinician or healthcare professional would initiate the adherence moni-
toring test and receive the results on the spot, thereby saving time for
providing results rapidly. These initiatives are in line with the National
Institute of Health’s 2010 report to effect a shift toward personalized
healthcare' and would also need to address the varied healthcare needs
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worldwide as highlighted in Chapter 4. It is interesting to speculate if
the combination of:

A blood spot + “Lab-on-a-chip” + Mobile phone = Future of bioanalysis

Perhaps the first move in this direction is the volume measured DBS
microfluidic sampling system using capillary forces and dissolvable
film valving to provide a timing function.”” The volume metering DBS
chip consists of a capillary tube mounted on a dissolvable plastic film
mounted on a piece of DBS card. A drop of blood from a fingerprick
is deposited at one end of the capillary tube and will start to fill the
capillary and at the same time it will dissolve the plastic layer on
the DBS card. The blood, in the capillary tube, reaches the far end of
the tube and will again start to dissolve the plastic layer on the DBS
card. Excess blood from the initial drop is transferred on to the card
when the first area of plastic ruptures and a measured volume of
blood, in the capillary tube, is collected on the card when the second
plastic film ruptures. This approach provides a fixed volume of blood
independent of the haematocrit level.

CONCLUSIONS

Adherence to prescribed drug therapy is a means of achieving
therapeutic levels of drug in the blood. Any direct assessment of these
levels has to be the best way of benefiting the clinicians, the patients,
and the healthcare systems globally. In the immediate future the results
of such a test will provide the evidence base to aid the clinical
decision-making process and to maximize patient benefit from the
prescribed drug therapies. Home sampling will ease the burden on
overstretched healthcare facilities globally and will augment this
process.

Effective adherence to prescribed pharmacotherapy, for an individual,
will be confirmed if the measured blood drug levels are within the
therapeutic windows. Thus the analysis of biosamples will facilitate the
development of personalized medicine to the benefit of patients globally.
Advances in analytical instrumentation will mean that this will no longer
be a dream but a reality in the long term. None of this will be possible
without the global use of analytical chemistry!
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