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Drug development has improved over recent decades, with refinements in analytical techniques, population
pharmacokinetic-pharmacodynamic (PK-PD) modelling and simulation, and new biomarkers of efficacy and tolerability. Yet this
progress has not yielded improvements in individualization of treatment and monitoring, owing to various obstacles: monitoring is
complex and demanding, many monitoring procedures have been instituted without critical assessment of the underlying evidence
and rationale, controlled clinical trials are sparse, monitoring procedures are poorly validated and both drug manufacturers and
regulatory authorities take insufficient account of the importance of monitoring.

Drug concentration and effect data should be increasingly collected, analyzed, aggregated and disseminated in forms suitable for
prescribers, along with efficient monitoring tools and evidence-based recommendations regarding their best use. PK-PD observations
should be collected for both novel and established critical drugs and applied to observational data, in order to establish whether
monitoring would be suitable. Methods for aggregating PK-PD data in systematic reviews should be devised.

Observational and intervention studies to evaluate monitoring procedures are needed. Miniaturized monitoring tests for delivery at the
point of care should be developed and harnessed to closed-loop regulated drug delivery systems. Intelligent devices would enable
unprecedented precision in the application of critical treatments, i.e. those with life-saving efficacy, narrow therapeutic margins and

high interpatient variability.

Pharmaceutical companies, regulatory agencies and academic clinical pharmacologists share the responsibility of leading such
developments, in order to ensure that patients obtain the greatest benefit and suffer the least harm from their medicines.

Introduction

Broadly speaking, clinical pharmacology can be desig-
nated as the capability to describe, explain and predict the
fate and the effects of drugs in humans. This expertise is
needed in pharmaceutical companies for the develop-
ment of new therapeutic agents, in health services for pro-
vision of specialized advice to practitioners and patients, in
regulatory authorities for appraisal of drug dossiers and in
universities to teach health professionals the Effective,
Rational, Adjusted, Safe and Monitored Use (ERASMUS) of
medicines. We aim to show here how monitoring drug
therapy typically fits among the core competencies to be
fostered and developed by this discipline.

Monitoring drug therapy

Monitoring therapeutic interventions in the context of the
management of chronic disease has been defined as

repeated testing aimed at guiding and adjusting the man-
agement of a chronic or recurrent condition [1]. A major
part of this activity is the monitoring of drug therapy,
which can be defined as the measurement of a pharmaco-
kinetic, pharmacodynamic or clinical outcome variable
which, with appropriate interpretation, will directly influ-
ence the prescription of a medicine and management of
the patient. For this to be the case, the monitored variable
must either be the relevant clinical outcome itself or, more
often, must represent a valid surrogate that can be used to
predict treatment success, failure or toxicity.The circulating
drug concentration is the classical pharmacokinetic (PK)
surrogate in what has been traditionally called ‘therapeutic
drug monitoring’ (TDM), while various response biomark-
ers are used as pharmacodynamic (PD) surrogates. The
interpretation of such measurements thus requires prior
knowledge of the pharmacokinetic-pharmacodynamic
(PK-PD) relationships that characterize the drug and
of their predictive value regarding clinically relevant
outcomes.
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Blood concentration measurement of drugs can prob-
ably be traced back to Widmark, who in 1932 introduced
an equation for predicting the time course of blood
alcohol concentrations [2], while lithium and digoxin were
the first therapeutic agents recognized to be worth moni-
toring in this way [3, 4]. Among pharmacodynamic biom-
arkers, glycaemia and glycosuria were already by 1925
competing in monitoring insulin therapy [5], and pro-
thrombin time has been used for about 60 years to
monitor treatment with oral anticoagulants [6].

Since then, an increasing number of pharmaceutical
agents have been recognized as deserving pharmacoki-
netic or pharmacodynamic monitoring. In the 1990s, prac-
titioners were usually taught how to interpret blood
(plasma or serum) concentration results of digoxin, pheny-
toin, lithium, theophylline, the aminoglycosides and
ciclosporin [7]. Since then, further cardiac, antiepileptic,
psychoactive, anti-infective and immunosuppressant
agents have joined the list, as well as antiretroviral and
anticancer drugs [8]. Criteria have been devised to identify
candidate drugs for monitoring therapeutic concentra-
tions or adverse effects [9-11].

Developing methods of monitoring
therapy should be part of drug
development

The modern clinical development of drugs has largely ben-
efited from improvements in PK-PD modelling, in particu-
lar since the introduction of population approaches [12].
The ability to predict the average response profile to a
given dosage is essential in elaborating appropriate stan-
dard therapeutic regimens. Assessment of the absorption
and disposition of a drug defines its blood concentration
vs. time curve (pharmacokinetics), while knowing how
concentration exposure affects the evolution of relevant
biomarkers (pharmacodynamics) helps in anticipating its
therapeutic efficacy in terms of clinical outcomes, and
often its adverse effects and consequent adverse reactions
[13]. Assessing dose-response or concentration—effect
relations is necessary in the evaluation of a drug’s thera-
peutic margin, which indicates the range of exposure
within which it is expected to be safe and effective.

In given conditions, several types of biomarkers are
available, and they play different roles in clinical develop-
ment programmes, according to the condition being
treated and whether they are rapid reversible or slow
cumulative response markers. For example, in the treat-
ment of osteoporosis, collagen degradation products fall
almost immediately after the administration of antiresorp-
tive agents and are thus ideally suited for phase | trials; in
contrast, bone mineral density takes months to change
and there is some evidence that it correlates to some
extent with the risk of fracture [14, 15] and hence is more
useful during phase lll. However, within-person variability
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and the limited extent to which bone mineral density pre-
dicts the risk of fractures vitiate its usefulness as a long
term monitoring technique [16].

The second advantage that modern population PK-PD
techniques confer is their ability to identify susceptibility
factors that modify the therapeutic response or the
adverse effects of drugs, namely genetic traits, physiologi-
cal characteristics such as age, gender and pregnancy,
pathophysiological conditions and drug-drug interactions
[17]. Such knowledge is of prime importance in devising
appropriate dosage adjustments in subgroups of patients
in whom such susceptibility factors are identified.

The third type of information to be gained from PK-PD
approaches in drug development is the quantification of
variability in response. Besides the distinction between
pharmacokinetic and pharmacodynamic components,
total population variability can be split into a part that is
explained by the above-mentioned susceptibility factors
and a part that is determined by random population vari-
ability, which is not accounted for by defined factors. This
unexplained variability can in turn be broken down into
between-subject and within-subject (also called inter-
occasion) components. Drug developers should pay
attention to thorough estimation of all those sources
of variability, as they determine the optimal treatment
strategy.

Some agents can be prescribed based solely on stan-
dard dosage recommendations, when the therapeutic
margin is larger than the total population variability.
Others require dosage adjustment recommendations
based on patient characteristics, when the therapeutic
margin is still larger than the random population variabil-
ity. Close monitoring becomes necessary when the thera-
peutic margin is narrower than the random population
variability, but larger than the within-subject variability
(otherwise, erratic fluctuations would preclude safe and
effective dosing in any patient).

Depending on the relative importance of pharmacoki-
netic and pharmacodynamic components in response
variability, monitoring drug therapy relies on measure-
ment of blood concentrations or of appropriate biomark-
ers respectively.

Necessary improvements

Modern drug development has achieved a good degree of
reliability in the elaboration of standard dosage recom-
mendations. It has also become fairly good at providing
prescribers with rational dosage recommendations in clas-
sical patient subgroups (for example, patients with renal or
liver insufficiency). Conversely, its contributions to the
practical management of disease and monitoring strate-
gies are still unsatisfactory. Pharmaceutical manufacturers
tend to leave these responsibilities largely to prescribers.
Even though most physicians would not contest the clini-



cal importance of monitoring drug therapy for some
drugs, several arguments suggest that there is room for
improvement in the way that it is currently performed and
studied.

1 Most monitoring procedures have been devised and set
up mainly, if not exclusively, on empirical grounds,
without critical assessment of the underlying evidence
and rationale [18].This often tends to produce both over-
sampling and under-interpretation of the results, and
prescribers mostly implement therapeutic adjustments
by trial and error. Data for formal dosage adjustments are
often not recorded along with blood sampling [19].
Monitoring is insufficient in some therapeutic areas and
exaggerated in others, and large numbers of tests
requested by practitioners are of questionable useful-
ness. For example, regular cholesterol measurements in
patients taking statins for secondary prevention,
included by the NHS as an indicator in the Quality and
Outcomes Framework, are not useful if performed more
than once every 3-4 years [20] and may not be necessary
at all in primary prevention [21].

2 Clinical researchers have not yet devoted sufficient atten-
tion to the question of monitoring drug therapy and con-
trolled clinical trials remain scarce in this area. Moreover,
we still lack a widely accepted conceptual framework for
the evidence-based appraisal of monitoring procedures.
Parts of such a framework have been elaborated [22], but
without having yet reached the level of recognition of
theoretical constructions developed for diagnostic tests.
In particular, such elaborations still rely insufficiently on
PK-PD modelling and disease evolution modelling,
despite noteworthy appeals from early pioneers [23, 24].

3 Poor use of controlled clinical trials is a problem for moni-
toring procedures, even more than for therapeutic or
diagnostic innovations, in which the need for clinical
research has progressively become established. In our
experience with antiretroviral drugs and new targeted
anticancer agents,denial of access to a monitoring test for
a control group is often felt to be unethical by both prac-
titioners and patients,as soon as a test becomes available,
bringing the promise of improved efficacy and safety of
life-saving treatments. This should stimulate the search
for original alternative study designs that can prevent
frustration among participants and their caregivers.

4 The elaboration and clinical validation of monitoring
procedures are generally disregarded by both private
and public sponsors.In the competitive economic frame-
work that currently characterizes drug development,
pharmaceutical companies are understandably reluctant
to encourage approaches that could complicate to any
extent prescription of their drugs. Nor are public funders
interested in supporting trials, which would be mainly
aimed at improving the use of profit-generating medi-
cines. There are therefore few incentives to optimize
long- term therapies [25].
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5There is insufficient awareness among regulatory

authorities of the importance of monitoring. While the
role of biomarkers as surrogates for clinical outcomes
during drug development has been widely promoted by
the USA’s Food and Drug Administration (FDA) during
the past decade, it is still uncertain whether practical
management of patients has much benefited from such
developments [26]. Monitoring tests are considered by
the authorities as a business mainly related to diagnostic
tests and their approval is disconnected from drug inno-
vation [27]. Pharmacogenetic tests today represent a
noteworthy exception.For example, the FDA encourages
their development and evaluation jointly with the devel-
opment of new drugs [28]. By contrast, there is no indi-
cation that regulatory authorities are interested in
treatment individualization sufficiently to encourage
drug developers to assess monitoring using drug con-
centrations or biomarkers. This is surprising, as monitor-
ing addresses phenotypic traits that integrate both
genetic and non-genetic influences, thus representing a
further relevant step towards individualized medicine.

6 The last but probably most important obstacle to the

development of monitoring is that it is complex and
demanding. Drug concentration monitoring usually
requires blood sampling, pre-analytical precautions, thor-
ough clinical data recording (current dosage, last time of
dosing, patient characteristics), liaison with a distant
laboratory, analysis using sophisticated and costly appa-
ratus, delivery of the results after a significant delay, and
interpretation according to complex algorithms that are
generally not mastered by practitioners, thus requiring
the intervention of a specialist. This is far too compli-
cated. The situation is similar for pharmacodynamic
biomarkers that are characterized by rapid reversible
changes (for example, glycaemia), while slow cumulative
response markers are definitely easier to use for moni-
toring in this type of setting (for example HbA; in diabe-
tes), although they are often poorly established as useful
tools. In a few cases it has been possible to simplify the
monitoring loop, bringing it nearer to cases that merely
require clinical monitoring (such as the treatment of pain
or hypertension). For example, INR monitoring of oral
anticoagulation or HbA,. determination during oral
antidiabetic treatment can now be satisfactorily per-
formed in general practice using desktop devices at the
point of care [29], without loss of efficacy [30]. A further
step forward, self-monitoring and self-management of
anticoagulation by patients themselves, when capable,
has brought definite improvements in treatment efficacy
and safety [31].

The future

Progress in pharmacotherapy continues to make life-
threatening diseases amenable to long term stabilization
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during continuous therapy, using pharmaceutical agents
that have been called ‘critical drugs’ During the recent past,
this has typically been the case for HIV infection, systemic
fungal infections and an increasing number of cancers
(imatinib therapy of chronic myeloid leukaemia being a
paradigmatic example). Many of these critical drugs meet
the classical criteria for monitoring [7, 8]: long term use,
measurability, consistent concentration-response rela-
tions, a narrow or intermediate therapeutic margin, high
inter-individual but restricted intra-individual variability,
limited pharmacokinetic predictability, the problem of
drug-drug interactions and reversibility of effect. However,
most of them have been commercialized in fixed dosage
regimens. In the absence of suitable rapid reversible
markers of efficacy and toxicity, such drugs undoubtedly
represent candidates for concentration monitoring.
Several older drugs used in neglected tropical or orphan
diseases are similar (including antituberculosis drugs). We
therefore consider it both probable and suitable that
monitoring should expand, despite the barriers outlined
above, so that patients with serious diseases will benefit
optimally from the promises brought by novel therapeutic
agents. The following developments could ensure
progress in monitoring.

1 Large scale collection of PK-PD observations should be
pursued and encouraged for both novel and established
critical drugs. Pharmaceutical companies should be pres-
surized to release and publish their data in timely fashion
and clinical laboratories in the public health service
should complement this effort through multicentre
research collaborations. Children and old people, often
neglected during drug development, deserve such
observational PK-PD studies.

2 State of the art PK-PD analyses should be further applied
to observational data, with the intention of establishing
whether monitoring would be suitable, and to estimate
the clinically important parameters that are necessary to
support the development of rational monitoring strate-
gies. Redirecting PK-PD modelling towards monitoring
questions might well change the way that it is per-
formed, compared with its application in pre-marketing
drug development.

3 Methods for aggregating PK-PD data into systematic
PK-PD reviews should be devised, very much like meta-
analyses are used to aggregate results from interven-
tional or diagnostic trials. Central coordination and
repositories for such data would facilitate their dissemi-
nation and clinical use. This task should ideally be
devolved to a consortium working under strict rules of
independence and transparency, which might bring
together people from academies, medical associations,
regulatory authorities and pharmaceutical companies.

4 A consistent set of conceptual criteria for the elaboration
and assessment of monitoring procedures, relying on the
best available evidence, remains to be elaborated and
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validated. Facing a drug concentration or biomarker
measurement, the prescriber essentially has three ques-
tions to answer: (i) Is this result expected in this patient,
considering his/her treatment and personal characteris-
tics? (ii) Is this result suitable with regards to appropriate
therapeutic target ranges? (iii) How does this result
enable prediction of the effect of dosage adjustment
decisions aiming to optimize therapy? The provision of
quantitative answers to those three questions, and of
methods for their critical appraisal, would represent the
global aim of this process.These concepts will have to be
disseminated widely into the medical culture, so that
practitioners adopt them in every day health care. Clini-
cal pharmacologists, even with the assistance of clinical
pharmacists, will be insufficient in number to do the job
by themselves; their role will be mainly to produce and
teach about efficient tools, ensuring wide access of
primary care practitioners and patients to appropriate
monitoring resources.

5 Technological efforts towards the miniaturization of
monitoring tests and their delivery at the point of care
are under way. Recent lab-on-chip methods carry a
promise in the near future that drug concentrations or
relevant biomarkers may be measurable by desktop
devices, of sufficient performance to rival standard labo-
ratory techniques, such as immunoassays or chromatog-
raphy. However, the mere production of accurate and
precise concentration results will not enable practitio-
ners to transform measurements into sound dosage
adjustment decisions. Robust and user-friendly com-
puter tools connected to the measurement devices, and
implementing the conceptual approaches and PK-PD
tools mentioned above, will be necessary to provide
seamless and efficient monitoring services in the clinics.
One may also consider proposing self-monitoring of
drug concentrations for some patients, particularly when
there is high inter-occasion variability.

6 Consequently, observational studies and intervention
trials that evaluate monitoring procedures need to be
designed and performed, so that monitoring develops
according to the standards of evidence-based medicine.
As stated above, methodological progress is still
expected in this area (for example, substituting random-
ized monitoring trials with target concentration inter-
ventions [32]). The connection of point-of-care
monitoring devices to central databases can be envi-
sioned, given the widespread availability of Internet and
mobile communications networks, and will facilitate
large scale surveys (once significant privacy and security
issues have been dealt with), and even the performance
of intervention trials.

7 A further step might lead to closed-loop regulated drug
delivery systems, such as have already been proposed,
for example, in the treatment of diabetes [33]. This
extreme degree of control engineering would enable
prescribers to abandon formal interpretation and deci-
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archival

A) Sequential steps of modern navigation, as currently implemented in GPS-based satellite navigation devices. B: Potential modern methods of monitoring
drug therapy, mapped onto the methods of navigation

sion algorithms almost completely. A few drugs outside
intensive care may be candidates for such a‘pharmacos-
tat’ approach in the near future, at least before more
basic needs in monitoring are satisfactorily covered.

The possibility of implementing monitoring tech-
niques of this sort is illustrated in Figure 1,in which poten-
tial monitoring methods are mapped by analogy on to
modern methods of navigation.
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Conclusions

Progress in various aspects of monitoring drug therapy is
needed and possible. It represents the natural extension of
improvements that have characterized clinical drug devel-
opment during the past few decades. This constitutes an
important duty for today’s clinical pharmacologists, what-
ever their involvement in universities and hospitals, phar-
maceutical companies or regulatory authorities. Patients
are entitled to expect the greatest benefits and the least
harm from medicines that they receive, which is the very
purpose of dosage individualization based on monitoring.
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