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Abstract

Therapeutic Drug Monitoring (TDM) is based on a series of theoretical assumptions, a clinical
pharmacological rationale, scientific documentation and a practical implementation, respecting the
theoretical and scientific basis. The clinical pharmacological rationale for TDM; a pharmacokinetic
variability exceeding therapeutic index and dose titration on the basis of clinical or paraclinical
measurements not being feasible, limits TDM to a minor fraction of all drags available. The
theoretical assumption that blood concentration measurements reflect/predict the tissue/receptor
concentration and the clinical endpoints, requires several points to be considered such as
concentration fluctuations, protein binding, active metabolites, etc. A relatively constant ratio
between blood and tissue/receptor concentration is generally assumed, but the important role of
transporter proteins, with inter- and intraindividual variability due to polymorphisms, inducers and
inhibitors seriously challenge this basic assumption. Concentration—effect relationships concerns
groups of patients and indicate the probability of a given response (therapeutic/toxic) at a given
concentration. Dose-effect and concentration-effect studies of drugs like digoxin, lithium and
antidepressants have shown that the dose-effect or concentration-effect curves for therapeutic
effect and tolerability are flat and overlapping. Dose-effect studies, now standard in drag
development, represent a unique possibility to examine dose—concentration-effect relationships of
new drags. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Therapeutic drug monitoring (TDM) is usually defined as the clinical use of drug blood
concentration measurements as an aid in dose finding and adjustment.

A critical appraisal of this principle requires considerations of several aspects of TDM:

• The clinical rationale,
• The theoretical basis,
• The scientific documentation,
• The practical implementation,
• TDM in drug development, and
• Research applications of TDM.

2. The clinical rationale

TDM, as developed since the 1960s [1-3], is limited to a fairly small fraction of
available drags. This limitation is largely related to the clinical rationale for TDM.

Clinical rationale is essentially based on two clinical pharmacological features of the
drug [1,2].

(1) TDM is only relevant when there is a pharmacokinetic variability that clearly
exceeds the therapeutic index such that standard doses applicable to all patients cannot
be defined.

(2) TDM is only considered when dose titration on the basis of clinical or paraclinical
effect measurements is not feasible. This could be when rapid treatment is required and
clinical endpoints are unacceptable for dose adjustment or the onset of action is slow and
gradual and dose optimisation may speed up the recovery.

3. Theoretical basis

The often implicit assumption made in TDM is that a given drag concentration
measurement reflects the tissue/receptor drag concentration and thereby the clinical
effects. TDM thus may eliminate the pharmacokinetic variability causing poor correlation
between drug dose and drag blood concentration. The use of TDM will, however, require
theoretical considerations on the relationships between drug dose, blood concentration and
clinical effects.

Table 1 summarizes the confounders that may violate the assumption of a straight-
forward concentration-effect relationship for a given drag. For drags with short half-
lives relative to the dose interval, the timing of blood sampling becomes critical. Inter-
and intraindividual variation in serum/plasma protein-binding yields a variability in the
ratio of measured total concentration and free concentration that most directly reflects
tissue/receptor concentration [3,4]. If there are more than one active component in the
form of metabolites or enantiomers, the contribution to the response of each component,
relative to the blood concentration has ideally to be worked out. Indeed, the simple
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Table 1
Confounders affecting the possible relationship between measurements of blood—drug-concentrations and
clinical drug effects

Blood concentration measurements
• Fluctuations—Cmm, Cmdx, Cmean, AUC?
• Protein-binding—total or free concentration?
• Active metabolites—relative potency
• Enantiomers—relative potency

Blood/tissue concentration ration constant?
• Transporter proteins (polymorphisms, inducers, inhibitors)
• Tissue drug metabolism (polymorphisms, inducers, inhibitors)
• Tissue protein-binding

Drug—receptor interaction
' Ligand/receptor interaction
• Selectivity/non-selectivity
• Receptor polymorphisms
• Up/down regulation
• Second messenger/effector

Clinical endpoints
• Therapeutic effect (measurements?)
• Tolerability (measurements?)
• Drop-outs (adverse reactions, lack of effect)

adding of concentration measures of two or more active components may be an
oversimplification [5]. At least, for the free blood concentration, it is generally assumed
that this reflects the free tissue/receptor concentration [4]. However, the recent
demonstration of the role of transporter-proteins for the disposition kinetics of many
drugs [6,7] seriously challenges this assumption. The kinetics of the lipid-lowering drug
pravastatin, although not an obvious candidate for TDM, may serve as an example of
how transporter-protein involvement may distort the relationship between drug concen-
tration in blood and at the effector site. Pravastatin is actively transported from portal/
sinusiodal blood into the liver cells, and actively transported from liver to bile via
canalicular cells [8,9]. The result is a very effective entero-hepatic circulation, probably
leaving little and variable amounts of drug for systemic circulation and distribution.
Blood concentrations thus are unlikely to predict drug activity at the site of action in the
liver. Digoxin, a classical TDM drug, is pharmacokinetically influenced by transporter
proteins [10], which may influence its blood/tissue/receptor ratio. The transporter may
vary in function due to polymorphisms as well as the effect of inducers or inhibitors
and the potential of inter- and intraindividual variations in blood-tissue/receptor
concentration ratios are probably much more than what had been assumed around 10
years ago [4].

Drug metabolism via the polymorphic CYP2D6 has been suggested to contribute to the
differences between extensive and poor metabolisers of debrisoquine/sparteine in analge-
sic effect of codeine through the formation to morphine [11]. The presence of CYP2D6 in
the brain might contribute to this difference [12], and similarly, the occurrence of
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pronounced extrapyramidal effects of remoxipride in poor but not in extensive metabolism
in spite of only moderate differences in systemic kinetics has been interpreted as an effect
of active CYP2D6 in the brain [13]. However, direct evidence of significant drug
metabolism in tissues like brain is limited. Finally, our knowledge of the confounding
effect on TDM of inter/intraindividual variability of receptor activity is limited, although
some studies suggest that monitoring of receptor polymorphisms may become an
important supplement to TDM [14].

4. Scientific basis and practical implementation

The aim of TDM is to optimise drug dosing to achieve the maximal therapeutic effect
with minimal tolerability problems. The theoretical confounders and the scientific basis for
TDM have to be viewed in this context.

The practical implementation of TDM includes more or less rigorous principles for
dosing and sampling schedules, conformant with the underlying scientific/clinical
documentation of recommended drug concentrations. However, in some cases, indica-
tions or procedures may have changed since the original studies were made. For instance,
for digoxin and the antipsychotic drug perphena/ine, dosing has changed from three
times to once daily and the dose-sampling interval from 8 to 12-24 h. Obviously, such
changes may invalidate the TDM procedures if they are not carefully analysed for
possible consequences.

5. Dose-concentration-effect relationships

The target concentration ranges employed in TDM are based on data concerning
concentration—effect relationships. Such concentration—effect curves, related to therapeutic
effect or tolerability, represent groups of patients and actually indicate the probability of a
given effect at a given drug concentration. Large inter- and intraindividual variability in
concentration—effect relationship will obviously limit the value of TDM. Furthermore, the
concentration—effect curves for therapeutic effect and tolerability may be flat and over-
lapping. For two classical TDM drugs, digoxin and lithium, this problem has recently been
emphasized [15,16].

The consequence of this pattern of dose—effect curves is that no drag concentration is
optimal from a group-patient's point of view. Low concentrations will yield generally
good tolerability but insufficient therapeutic/prophylactic (lithium) response; whereas
high concentrations may yield a more consistent response but more patients with
tolerability problems.

This pattern can also be seen in dose—effect studies that are now mandatory for the
market authorisation of new drugs. Some data on antidepressants may exemplify this and
elucidate the link between dose-effect and concentration-effect relationships. For the
selective serotonin reuptake inhibitor (SSRI), fluoxetine, more than 1100 outpatients were
included in large dose-effect studies, which, however, failed to demonstrate any dose-
effect relationship when standard outcome measures in terms of depression ratings were
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analysed [17]. However, analyses based on dropouts, yielded some indication of a dose-
effect relationship: dropouts due to worsening or lack of effect (as a reverse proxy of
antidepressant effect) was high on low doses and lower on higher doses, whereas
dropouts due to adverse events increased with increasing dose [17]. However, one
disturbing pattern was observed—these changes occurred over the same dose range,
suggesting flat and overlapping dose—effect curves for therapeutic effect and tolerability.
In a recent meta-analysis of dose—effect relationships for antidepressants including 33
studies on different antidepressants (tricyclics, SSRI, MAO inhibitors, atypical), Bollini et
al. [18] found essentially the same pattern, concluding that "with a low dose of
antidepressants, clinicians trade off a slightly reduced chance of improvement for a
higher chance of avoiding adverse reactions". The Danish University Antidepressant
Group carried out a study on clomipramine, comparing five doses of 25, 50, 75, 125 or
200 mg/day for 6 weeks with weekly measurements of clomipramine and primary
metabolites [19]. Comprehensive analyses of the relationships between dose—effect,
dose-concentration and concentration—effect thus were possible. A weak but statistically
significant correlation between dose and depressive rating was found. However, endpoint
analyses including the dropout showed the percentage of lack of effect declining from
53% at the lowest dose to 20% at the highest dose, and the percentage of study
terminations due to adverse events increasing from 3% at the lowest dose to 27% at
the highest dose. The total percentage of dropouts and of patients benefiting from the
treatment thus was much the same at all doses. The influence of time on antidepressant
response was analysed using the principle of "pattern analysis" as described by Quitkin
et al. [20]. Of particular interest in this analysis are patients who show a "persistent
response" defined by the rating score reaching a defined low value and remaining low for
the rest of the study period. Further, "persistent response" could be classified as "early"
(first or second week) or "late" (third or fourth week). Among the cases of early
persistent response, 16 out of 18 were seen among patients on medium/high doses (75,
125 or 200 mg/day) whereas among the late persistent responses, 15 out of 20 were seen
among patients on low doses (25 or 50 mg/day). This study thus suggests that low doses
are associated with good tolerability but weak and/or slow antidepressant response,
whereas medium or high doses are associated with more tolerability problems but
stronger and/or faster antidepressant response.

In this study, the factor 8 variation in dose was translated into a 100-fold variation in
drug concentrations (clomipramine + desmethylclomipramine). However, the blood con-
centrations con-elated strongly with the dose (Rs K 0.85) and this explains why dose-
effect and concentration-effect correlations (effect measured as final rating score) were
about the same (Rs « — 0.25).

Clomipramine + desmethylclomipramine blood serum levels below 200 |oM were
associated with high frequency of poor response, and such low blood levels were seen
in 70-95% of patients on low doses (25-50 mg/day) but only in 0-14% in the higher
dose groups (75-200 mg/day). The large range in blood concentrations relative to range in
dose was not only due to interindividual variability, but as much a consequence of dose-
dependent kinetics. The five doses varying with factors 1:2:3:5:8 thus were transformed
into median blood concentrations (clomipramine + desmethylclomipramine) varying with
factors 1:2:4:10:25 [19].
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6. TDM in drug development and research

The dose—effect studies represent a unique possibility to examine the pharmacokinetics
of new drags, not only to explore the relevance of TDM but also to describe inter- and
intraindividual variability and dose dependency in the relevant patient population given
the relevant doses. Unfortunately, most of the dose—effect studies carried out on new drugs
over the last decade have missed this opportunity [21].

TDM data collected in a routine setting may also serve research purposes such as
population kinetic analyses [22] and identification of pharmacokinetic drug—drug inter-
actions [23]. Networks of TDM laboratories should be established that can measure blood
concentrations of essentially all drags, not only TDM drags, in order to facilitate
identification of possible mechanisms underlying suspected drag—drug interactions. Then,
in turn, the clinicians should be trained in "thinking pharmacokinetically" and ensure that
blood samples are collected in suspected cases [24].
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