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Abstract Drug-drug interactions can be associated with patient morbidity due to either
increased toxicity or a potentially ineffective concentration. Because interactions
cannot always be anticipated during drug development and actual patients receiv-
ing a drug for therapeutic use often differ from those included in clinical trials,
postmarketing surveillance is essential. Therapeutic drug monitoring (TDM)
databases offer a unique opportunity in this respect.

Prerequisites for TDM databases to provide valid information in a phar-
macoepidemiological perspective include the following: precise description of
exposure to the potentially interacting drugs; measurement of parent compound
and active metabolites through accurate and precise analytical techniques; doc-
umentation of relevant patient characteristics that may act as confounding factors
(e.g. gender, age, smoking habits); repeated assessments over time if possible;
and sound pharmacokinetic framework for data selection, analysis and interpre-
tation.

The contribution of TDM to the documentation of drug-drug interactions takes
advantage of different possible study designs, discussed on the basis of recently
published studies. The single case report plays an important role as an alert signal.
It is illustrated for a patient on long-term treatment, who displayed an unexpect-
edly high clozapine concentration after the introduction of ciprofloxacin com-
edication. The prospective on and off comedication panel study shows advantages
in terms of carefully selected inclusion criteria and control of treatment modali-
ties. A study of the thioridazine-fluvoxamine interaction is presented, with pa-
tients followed on thioridazine monotherapy, after introduction of fluvoxamine
and after its discontinuation. The main advantage of the retrospective large-scale
TDM database screen is representativeness of patients actually treated, whereas
drawbacks are related to quality of data and suitability for valid interpretation.
Such an approach is illustrated by a review of data collected over 10 years of
routine TDM that allowed documenting induction of nortriptyline metabolism by
carbamazepine and inhibition by several phenothiazines. Finally, population
pharmacokinetics is well suited to observational data collected for TDM purpose,
provided quality is ascertained. Focus is placed on interindividual variability and
relationship between pharmacokinetic parameters and patient characteristics,
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including comedication. The population approach is discussed with respect to a
study that documented a 32% increase of haloperidol clearance associated with
anticonvulsant comedication, in addition to effects of age and bodyweight.

Among factors to consider for improved effectiveness in the use of TDM
databases for postmarketing surveillance of drug-drug interactions, integration
of efficacy and safety data in future studies and communication of expert recom-
mendations to prescribing physicians are essential.

Concurrent use of multiple drugs is common
and drug-drug interactions are responsible for con-
siderable patient morbidity. Various estimates of
the prevalence of multiple drug use have been pub-
lished. Polypharmacy has been estimated to occur
in 10% of the total population in a Danish study,[1]

the proportion increasing in elderly and more de-
pendent, institutionalised patients.[2] Furthermore,
a medication database screening in a Finnish hos-
pital revealed that 57.3% of patients taking two or
more drugs concurrently were exposed to potential
interactions of minor clinical importance and 7.4%
had combinations which might have led to serious
clinical consequences.[3] These combinations were
potentially hazardous because of either increased
toxicity (4.8% of patients) or potentially ineffective
concentration (2.2% of patients). The search for effi-
cient and valid means of conducting drug-drug in-
teraction studies and of conveying the information
to prescribing physicians is thus a priority. Thera-
peutic drug monitoring (TDM) databases offer a
unique opportunity in this respect.

Guidelines have been provided for the design of
interaction studies during drug development, from
early in vitro and in vivo investigations to sub-
sequent rationally designed studies in healthy vol-
unteers or patients.[4,5] However, careful postmarket-
ing surveillance remains essential to identify
previously unexpected interactions in populations
that often differ from the ones considered in pre-
marketing studies.[6] Whereas an interaction can oc-
cur at a pharmacodynamic level through a variety
of mechanisms, this article focuses on pharmaco-
kinetic interactions, i.e. alterations of absorption,
distribution, metabolism and elimination caused
by concomitant drug treatment. As emphasised in
the European note for guidance on the investiga-

tion of drug-drug interactions, it is important to
differentiate between detectable interactions and
clinically relevant interactions.[4] An interaction is
clinically relevant when the therapeutic activity
and/or toxicity of a drug is changed to such an ex-
tent that a dosage adjustment of the medication
may be required.

The goal of TDM is to optimise the patient’s
clinical outcome by managing the medication reg-
imen with the assistance of measured drug concen-
tration.[7] TDM is particularly valuable if thera-
peutic concentration range is narrow and intra- and
interindividual pharmacokinetic variability is pro-
nounced. Evaluation of possible drug-drug interac-
tions has long been advocated as an appropriate
indication for TDM and has been recognised as such
in the standards of practice recently published by
the US National Academy of Clinical Biochemis-
try.[8] TDM has been used to minimise toxicity and
improve efficacy in the presence of potentially in-
teracting drugs in many areas, including cardiol-
ogy (e.g. digoxin, amiodarone), infectious diseases
(aminoglycoside antibacterials), asthma therapy
(theophylline) and thyroid hormone replacement the-
rapy.[9] Areas where TDM is promising, although
still controversial, include antiretroviral therapy,[10]

cancer therapy[11] and antituberculosis chemother-
apy.[12] Anticonvulsant and psychotropic drugs de-
serve particular focus.[13-15] Some of these drugs
have been considered among the best candidates
for TDM because their safety margin between ther-
apeutic and toxic levels is small, polytherapy is
frequent and the likelihood for drug-drug inter-
actions is important. Indeed, these drug classes
include some potent inducers [e.g. phenytoin, phe-
nobarbital (phenobarbitone), carbamazepine] or
inhibitors [e.g. fluoxetine, fluvoxamine, phenothi-
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azines, valproic acid (sodium valproate)] of drug-
metabolising enzymes of the cytochrome P450
(CYP) system.[16,17] This review focuses largely,
though not exclusively, on psychotropic drugs, for
which published data are abundant and the authors
have accumulated experience over 20 years of
TDM at the Department of Psychiatry, University
of Geneva, Switzerland.[18,19]

This article proceeds in two stages. First, it re-
views the prerequisites for TDM databases to pro-
vide valid information for documenting drug-drug
interactions in a pharmacoepidemiological per-
spective, i.e. sound pharmacokinetic background and
quality of the collected data. Secondly, it addresses
four different methodological approaches that
have been used to document drug-drug interac-
tions, i.e. the single case report, the on and off com-
edication panel study, the TDM database screen
and population pharmacokinetics. In each case, an
example is illustrated and discussed in detail.

1. Pharmacokinetic Background

TDM data are generally interpreted within the
framework of the following linear pharmacoki-
netic model. Assuming a 1-compartment open mo-
del, the average steady-state concentration (Css) of
a drug administered at a fixed dose and constant dos-
ing interval is provided by the following equation:

Css = F ⋅ dose

CL ⋅ τ
(eq. 1)

where CL is total systemic clearance of the com-
pound and τ is dosing interval. F is systemic avail-
ability, which equals 1 for intravenous administra-
tion and is less than 1 for orally administered drugs
that display incomplete absorption and/or intesti-
nal or hepatic first-pass metabolism.

If an active metabolite is measured together
with parent compound, the following equation ap-
plies:

Css,metabolite =
F ⋅ dose

CLmetabolite⋅ τ
⋅

CLformation

CLparent
(eq. 2)

where CLparent and CLmetabolite are total systemic
clearances of parent compound and metabolite,

respectively, and CLformation is the partial clearance
reflecting biotransformation of parent compound
to metabolite. The metabolic ratio is thus as fol-
lows:

Css,metabolite

Css,parent = CLformation

CLmetabolite
(eq. 3)

The extent to which TDM measurements truly
reflect average steady-state concentrations de-
pends on the compound half-life. For a drug with
a relatively long elimination half-life (t1⁄2 = 24
hours) that is administered twice a day (τ = 12
hours), fluctuation over one dosing interval is rel-
atively modest, with a maximum to minimum con-
centration ratio less than 1.4. For a drug with a
short elimination half-life (t1⁄2 = 2 hours) adminis-
tered three times a day (τ = 8 hours) maximum
fluctuation is about 16-fold.[20] Implications with
respect to drug-drug interaction studies are 5-fold:
• The timing of blood samples relative to last dose

is an important parameter and accuracy is critic-
al for short half-life drugs. Trough levels obtain-
ed immediately before next intake are generally
recommended to facilitate interpretation.[13]

• Attention should be given to obtaining blood sam-
ples under steady-state conditions whenever pos-
sible, i.e. after 4 to 5 half-lives have elapsed since
the most recent dose adjustment.[8]

• Straightforward interpretation of elevated or re-
duced concentration in terms of altered clearance
and/or bioavailability is not allowed unless the
validity of such an approximation is carefully
assessed for each specific drug.

• Alternatively, the population pharmacokinetic
approach makes it possible to take advantage of
data obtained over the full dosing interval and
before steady state is achieved.[21,22] This is par-
ticularly relevant for short half-life drugs. Dos-
ing history over several days (or weeks) is
generally required.

• Measuring active metabolites may be an efficient
means to understand the nature of an interac-
tion and its effect on different metabolic path-
ways.[23,24]
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2. Therapeutic Drug Monitoring (TDM)
Database Requirements

The quality of data necessary for proper inter-
pretation of TDM data has been emphasised in re-
cent publications.[8,25] The principles of epidemio-
logical research have contributed to setting validity
criteria for postmarketing surveillance of drug
safety on the basis of automated databases.[26-28]

These criteria may as well apply to surveillance of
drug-drug interactions on the basis of TDM
databases. First, exposure and outcome need to be
properly defined. Exposure refers to the two (or
more) potentially interacting drugs. Posology, dos-
ing schedule and time interval since introduction,
dose adjustment or discontinuation need to be fully
documented for both compounds. Complete medi-
cation history over the last week may be required.
Indeed, the time interval before onset of induction
ranges from 2 to 7 days and the time to maximum
inhibition depends on the involved mechanism,
from 24 to 48 hours for competitive binding to much
longer for decreased biosynthesis.[29] Outcome re-
fers to measurement of parent drug and active me-
tabolites through an accurate and precise analytical
technique. Secondly, possible bias and confound-
ing factors should be documented. Provided that
TDM databases collect routine data, no procedure
can be set up to control for such factors, but their
careful measurement is necessary for proper data
interpretation. Thus, TDM request forms should in-
clude information such as gender, age, body-
weight, renal or hepatic diseases, smoking and
drinking habits, and comedication other than the
drugs suspected to interact. Complementing these
data with information about phenotype or genotype
of individuals with regard to specific metabolic
pathways has been advocated to allow differentia-
tion between pharmacogenetic and environmental
(e.g. comedication) determinants of altered drug
metabolism.[30] Thirdly, repeated measurements
over time increase the validity of results by increas-
ing coherence and allowing assessment of a possi-
ble relationship between dose, duration of expo-
sure and magnitude of interaction.

Statistical power, i.e. probability of detecting an
interaction if present, should be adequate and thus
the number of included patients should be suffi-
cient. A specific aim of TDM-based studies should
be to identify interactions sufficiently large not
only to necessitate but also to permit dose adjust-
ment by the prescribing clinician, for a given for-
mulation. Focus also needs to be placed on large
effects because routine TDM is nothing like a care-
fully controlled experiment, any weak effect being
conceivably attributable to unidentified sources of
variability. For comparison of patient groups ex-
posed and nonexposed to comedication, sample
size calculation suggested that about 15 to 20 pa-
tients per group may be sufficient to detect a 2-fold
concentration increase or decrease for psycho-
tropic drugs. If exposed and nonexposed patients
were matched for possibly influencing charac-
teristics, such as gender and age, this number may
decrease to about 8 to 10 patients per group.[19]

Interaction studies performed during drug de-
velopment and during therapeutic use differ in
terms of primary objective, and thus in terms of
statistics. For premarketing studies, the use of con-
fidence intervals and acceptance ranges is recom-
mended by regulatory authorities to document the
size of expected effects or to support a no interac-
tion claim.[4,5,31] In postmarketing studies, focus is
placed on detection of unsuspected interactions
and significance tests are generally performed.

For a postmarketing surveillance system to be
effective, computerised TDM database manage-
ment should aim at reaching a reasonable standard
of validity and allowing rapid assembly of patient
populations at low cost. As illustrated below, TDM
databases have demonstrated potential for effec-
tive documentation of drug-drug interactions, us-
ing methodologies of variable complexity, from
simple case reports to sophisticated population phar-
macokinetic modelling.

3. The Single Case Report

Case reports have played a major role in post-
marketing surveillance of drug safety and as an
alert system for drug-drug interactions.[28] They
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represent a simple and low cost method for gener-
ating hypotheses and stimulating subsequent stud-
ies on a larger scale. TDM data represent a unique
and ever-growing source of information in that re-
spect, with some patients receiving treatment for
prolonged periods of time and assessed before a
possibly interacting comedication is introduced,
during comedication and after discontinuation.

Figure 1 illustrates the as yet unpublished case
of a 46-year-old man who was prescribed clozap-
ine for the long-term treatment of schizophrenia
and had blood samples taken for TDM on 17 occa-
sions during the year 2000. Inter-occasion 2-fold
variability in clozapine concentrations was ob-
served over about 5 months of treatment at a fixed
400mg/day, suggesting partial or irregular compli-
ance during that period. In September 2000, the
patient had a urinary tract infection and started
ciprofloxacin treatment. Last monitoring perform-
ed before comedication was introduced showed con-
centrations of 354 µg/L for clozapine and 194 µg/L
for desmethylclozapine at a clozapine dosage of
500 mg/day. Metabolite formation ratio desmethyl-
clozapine/clozapine was 0.55. After introduction
of ciprofloxacin 1500 mg/day, with a 775mg/day
dose of clozapine, concentrations increased to 1218
and 371 µg/L for clozapine and desmethylcloza-
pine, respectively, with the metabolic ratio de-
creasing to 0.30. The 3.4-fold concentration in-
crease for clozapine largely exceeded the 1.6-fold
dose increase, so that an interaction was suspected.
Monitoring was repeated 3 days later while the pa-
tient was receiving ciprofloxacin 3000 mg/day and
clozapine 775 mg/day, providing a similar picture
with 1197 and 475 µg/L measured for clozapine
and desmethylclozapine, respectively. Nine days
after discontinuation of ciprofloxacin, concentrations
decreased to 730 µg/L for clozapine and 256 µg/L
for desmethylclozapine with a 600mg/day of cloza-
pine. The metabolic ratio was 0.35 and still rela-
tively low when compared with values measured
before antibacterial treatment.

The likelihood of a clozapine-ciprofloxacin in-
teraction was supported by different observations.
On the one hand, the metabolism of clozapine is

dependent on enzymes CYP1A2 and CYP3A4,[32]

and ciprofloxacin is known to inhibit CYP1A- and
CYP3A-mediated biotransformation.[33] On the
other hand, a clinically significant interaction was
expected from a recent study with a low dose of
ciprofloxacin.[34] Reviewing TDM request forms,
nevertheless, revealed that other factors might
have contributed to variability. The patient was a
smoker[35] and had received up to seven comedi-
cations on some occasions, including omeprazole
and valproic acid (sodium valproate), which in-
duce and inhibit, respectively, clozapine metabo-
lism.[16,36] This complex situation emphasises the
need to have all relevant information recorded for
adequate evaluation of a case report and to repli-
cate the observation to rule out the influence of
uncontrolled or insufficiently controlled factors.

TDM-documented case reports of suspected drug-
drug interactions have been numerous for many
classes of drugs. As an example, the metabolic in-
teraction between selective serotonin reuptake in-
hibitors (SSRI) and tricyclic antidepressants has
been the object of repeated case reports from 1988
to the present.[37-42] They have been accompanied
by numerous in vitro and in vivo studies aimed at
quantifying the inhibitory potential of each indi-
vidual SSRI with regard to the different CYP en-
zymes.[14,43]

4. The On and Off Comedication 
Panel Study

In the context of drug-drug interaction studies,
panel studies refer to cohorts of patients followed
over time before, during and after exposure to med-
ication suspected to interact with ongoing treat-
ment. They resemble formal interaction studies per-
formed during drug development, with a selected
group of patients included in a research protocol
and drug treatment at least partially controlled.
However, TDM-like steady-state concentrations
are measured instead of full pharmacokinetic pro-
files and are used for intraindividual comparisons,
each patient serving as his/her own control.

An example of such a panel study has been pub-
lished recently by Carrillo et al.[44] They measured

TDM for Postmarketing Surveillance of Interactions 951

 Adis International Limited. All rights reserved. Drug Safety 2001; 24 (13)



thioridazine and its active metabolites mesoridaz-
ine and sulforidazine in 10 male inpatients with
schizophrenia on three occasions: during mono-
therapy with thioridazine at a flexible dose, 1 week
after introduction of fluvoxamine at a low dose
(25mg twice a day) and 2 weeks after fluvoxamine
discontinuation. After addition of fluvoxamine,
concentrations increased significantly, with mean
percentage change of 225% for thioridazine, 219%
for mesoridazine and 258% for sulforidazine. Two
weeks after fluvoxamine discontinuation, mean
concentration decreased, but a few patients contin-
ued to show elevated concentrations when com-
pared with initial values. Results for thioridazine
are illustrated in figure 2. It should be noted that
inclusion and exclusion criteria were rigorous in
this study; e.g. patients were not alcohol drinkers,
had no abnormal laboratory values at baseline and
received no concomitant medication other than the
investigated drugs. Drug intake and blood sam-
pling times were carefully controlled to reduce un-
explained variability.

Such a prospective, experimental design clearly
offers great potential to assess drug-drug interac-
tions in a causal perspective. It has been used with
success,[45-48] sometimes allowing investigation of
a dose-effect or duration-effect relationship as
well.[49] The literature indicates that careful review
of TDM databases may allow retrospective collec-
tion of panels of well documented cases. Intraindi-
vidual comparison of concentrations obtained on
monotherapy and while on comedication has dem-
onstrated its value for documenting drug-drug in-
teractions.[50-52]

5. The TDM Database Screen

In this review, the screen approach refers to
retrospective studies performed on routinely as-
sembled TDM databases to identify subgroups of
patients exposed to comedication and at risk for
elevated or reduced concentration of the target drug
when compared with a control group. Advantages
of such a study include better representativeness of
patients actually treated and abundance of data
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available at low cost. Drawbacks are mainly related
to the nature and quality of data and their suitability
for valid analysis and interpretation.[21,22] First, for
pharmacokinetic reasons, only steady-state trough
concentrations are generally analysed, with precise
selection criteria actually depending on drug half-
life. Secondly, classical statistics for group com-
parisons does not allow advantage to be taken of
unequal numbers of repeated measurements in dif-
ferent patients, so that some data need to be discar-
ded. Finally, increasing scientific validity of com-
parisons may lead to additional inclusion and
exclusion criteria for increasing the homogeneity
of the patient group exposed to comedication and
the comparability of the nonexposed group. Most
often, an independent control group is selected and
checked for similarity with the exposed group with
respect to possible bias or confounding factors.[50,53]

Pairwise matching of exposed and nonexposed pa-
tients with respect to gender, age and possibly other
factors known to influence the pharmacokinetics
of the target drug (e.g. smoking, pharmacogenetic
characteristics) has been advocated as a means to
increase the power of group comparisons.[19] An-
other strategy is to address interindividual variabil-
ity by multiple regression analysis, with comedica-
tion as well as other influencing variables included
in the model.[23,24,54,55]

The potential of TDM database screening for
documenting drug-drug interactions is best illus-
trated by the study of Jerling et al.[50,56] Data collec-
ted over 10 years of routine TDM for amitriptyline
(2431 analyses for 1718 patients) and nortriptyline
(1847 analyses for 1219 patients) were screened
for groups of patients exposed to different com-
edications and a reference group of patients on
monotherapy. Non-steady-state data were exclu-
ded, as well as outpatient data in order to minimise
the influence of possibly erratic compliance. For
each patient who had repeated measurements, the
sample taken at the highest dose of the concomitant
drug and, in a second stage, at the highest dose of
antidepressant drug was selected. Comparability
of exposed and nonexposed groups with respect to
gender, age, dosing schedule, sampling time and

treatment duration with current dose was carefully
assessed. For some comedications, such as dextro-
propoxyphene, a subset of the original control group
was selected to obtain similar age distributions.
Results for nortriptyline are provided in figure 3.
Group comparison of patients on monotherapy (n
= 194) with patients exposed to comedication (n =
8 to 25) confirmed the induction of nortriptyline me-
tabolism by carbamazepine and its inhibition by the
phenothiazines perphenazine, thioridazine and
levomepromazine. It revealed an inhibitory effect
of dextropropoxyphene not previously described.
For perphenazine, thioridazine and levomeprom-
azine, data analysis also revealed an interaction more
pronounced at low than at high doses of nortripty-
line.

Gender and age pairwise matching of patients
exposed to comedication with patients randomly
selected from a pool of nonexposed patients has
similarly demonstrated its value to quantify known
interactions and to identify as yet undocumented
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ones.[19] Assuming a therapeutic range has been de-
fined for the target drug, the interaction can be
quantified by increased relative risk of a patient to
remain at a subtherapeutic level or to reach exces-
sively high, possibly toxic concentration when re-
ceiving comedication.[18]

From the earlier reports of TDM-based studies
in the early 1990s,[23,57] and in parallel with a more
widespread use of computerised databases, the
number of publications has been increasing in re-
cent years.[54,55,58-62] A few features of these recent
studies are worth emphasising. The specific objec-
tive of studying interactions in actual patients as a
complement to formal studies performed during
drug development has been highlighted.[60,62] The
added value of measuring metabolites for distin-
guishing between different metabolic pathways
that may be influenced differently by interacting
substances has been emphasised.[24,63] Real-time
TDM-based surveillance of interactions has dem-
onstrated its clinical relevance for drugs usually
prescribed in combination.[10,61] The experience of
Back et al.[10] with protease inhibitors indicated

that trough concentrations of saquinavir (hard gel
formulation) displayed marked interindividual
variability, with a large proportion of patients be-
low the therapeutic threshold. Coadministration of
ritonavir was associated with markedly increased
concentrations and a majority of patients above
minimum target level. Given that rapid resistance
emerges with the use of too low doses and that
excessive toxicity occurs at high concentration,
this study emphasises the need for early detection
and adequate management of interactions that are
part of combined treatment.

6. Population Pharmacokinetics

Whereas the approaches considered so far have
concentrated on measured concentrations, popula-
tion pharmacokinetics focuses on estimation of
parameters such as absorption rate, systemic clear-
ance and volume of distribution, and their quan-
titative relationship with demographic, patho-
physiological and exposure variables, including
comedication. Unexplained interindividual vari-
ability of pharmacokinetic parameters and residual
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intraindividual variability are explicitly integrated
in the pharmacostatistical model. Such an approach
is well suited to the nonstringent, observational
data collected for TDM purposes, as long as their
quality can be ascertained. More specifically, blood
samples randomly spread over the full dosing in-
terval or obtained before steady state is reached are
important if complete description of the population
pharmacokinetic profile is to be performed. Sev-
eral blood samples from each patient are an advan-
tage, and unequal numbers of measurements for
different patients (imbalance) are accounted for.[21,22]

Heterogeneity of the patient population is gener-
ally regarded as an advantage with respect to the
role of serendipity in identifying factors associated
with altered kinetics, even though a posteriori cri-
teria for grouping patients may be considered as a
drawback for reaching definitive conclusions.[64]

Data analysis according to sometimes elaborate
population models requires specific software. The
NONMEM software has represented pioneering
advances in the population methodology and re-
mains the most frequently cited program.[65] How-
ever, software development continues to be an ac-
tive area of investigation, with reliability, ease of
use and level of support cited among the factors to
consider in making a choice between different pro-
ducts.[66]

Several studies have shown the feasibility of de-
tecting drug-drug interactions through population
approaches during phase III clinical trials or during
post-approval therapeutic use.[67-71] Results were of-
ten expected from available knowledge about meta-
bolic processes or confirmed those of formal drug-
drug interaction studies during drug development.
In some cases, as yet undocumented drug-drug in-
teractions have been detected. An example is the
increase in caffeine clearance associated with dex-
amethasone comedication, identified on the basis
of TDM data in neonates and infants.[72] Ludden[70]

pointed out that population approaches have some-
times failed to detect expected interactions. Among
possible explanations, one may cite a low number
of patients for a particular combination of drugs
and the numerous uncontrolled sources of variabil-

ity that are particularly relevant for TDM data,
such as patient compliance, inaccuracies in dosing
histories and sampling time, or unreported use of
over-the-counter drugs. Antal et al.[73] emphasised
that analysis of retrospectively collected data can
lead to markedly upward biased estimates of both
interindividual and residual variability when com-
pared with prospective studies. The quality of TDM
databases may thus limit its potential for detecting
smaller interactions but detection of large, clini-
cally meaningful interactions is likely.

Recent use of the population approach for
postmarketing surveillance of drug-drug interac-
tions on the basis of TDM data is exemplified by
studies by Yukawa et al. on lithium,[74] carbamaz-
epine,[75] digoxin,[76] valproic acid,[77] phenobarbi-
tal[78] and haloperidol.[79] This recent study fo-
cused on 270 serum concentrations of haloperidol
retrospectively collected from 191 patients during
routine treatment.[79] All patients had been taking
a constant dose of haloperidol for at least 10 days
so that steady state was assumed. Blood samples were
drawn before the morning dose. A steady-state phar-
macokinetic model was selected, as described by
equation 1. The authors emphasised that a relative
rather than true average clearance was estimated
on the basis of measured trough concentrations. The
influence of a variety of factors on clearance was
investigated, including gender, age, bodyweight,
daily dose of haloperidol, and comedication with
anticonvulsant drugs, antiparkinsonian drugs and
substrates of CYP2D6. Between-patient variabil-
ity in total body clearance and within-patient residual
variability of concentration were described accord-
ing to a proportional error model. The final relation-
ship between haloperidol relative clearance, dose
and patient characteristics was as follows:

CL (L/h) = 0.74 ⋅ BW0.594 ⋅ dose0.326 ⋅

1.32COMED⋅ 0.867ELDERLY (eq. 4)

where BW is total bodyweight in kilograms, dose
is in µg/kg/day, COMED is 1 if anticonvulsant co-
medication is present and 0 otherwise, and ELD-
ERLY is 1 if age is ≥55 years and 0 otherwise. A
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significant 32% clearance increase was associated
with comedication with anticonvulsant drugs (pheny-
toin, phenobarbital or carbamazepine), in keeping
with previously reported low concentrations in the
presence of carbamazepine comedication.[19,80] The
combined effect of total bodyweight, age and com-
edication is illustrated in figure 4. Interindividual
variability was 33.6% and residual variability was
15.5%.

An important aspect of population pharmacoki-
netic models is their potential for prospective in-
dividualisation of dosage regimen, on the basis of
TDM data and Bayesian forecasting.[21,81,82]

7. Perspectives

With postmarketing surveillance recognised as
necessary to detect interactions of potential clinical
relevance[6] and increasing reliance placed by reg-
ulatory authorities on population methods,[4,5] the
future of TDM-based studies can be envisaged pos-

itively. Additional incentive arises from their suit-
ability for subpopulations generally excluded from
clinical trials, such as children, frail elderly pa-
tients and individuals with concomitant diseases
who are receiving complex combined treatment.[2,83]

The contribution of TDM databases takes place at
different levels, from the alert signal based on a
single case to the large-scale pharmacokinetic screen
and the experimental on and off comedication
panel study. It should be viewed as part of a dy-
namic process, which reflects changes in prescrip-
tion habits and use of comedication over time and
allows for serendipity in the detection of effects.

Despite the increasing number of well perfor-
med studies documenting drug-drug interactions, a
major discrepancy persists between available
knowledge and factors actually taken into account
when prescribing.[18,84] An explanation might be
insufficient information or sometimes conflicting
results about the relationship between concentra-
tion, therapeutic effect and adverse drug reactions.
However, failure to effectively communicate ex-
pertise gained from TDM material to prescribing
clinicians can also be invoked. Improved effective-
ness in the use of TDM databases for postmarket-
ing surveillance of drug-drug interactions asks for
increased awareness of clinicians about the need to
provide accurate and complete information about
patient and treatment. It relies on intensive ongoing
scientific activity to exploit TDM data fully and in-
tegrate efficacy and safety data if feasible. Equally
important are efforts to communicate to clinicians
expert recommendations for safe management of
drug-drug interactions.

Acknowledgements

This work has been prepared in the course of the authors’
employment at the Geneva University Hospitals, Geneva,
Switzerland. No external funding nor conflict of interest was
relevant to the content of this article.

References
1. Bjerrum L, Rosholm J, Hallas J, et al. Methods for estimating

the occurrence of polypharmacy by means of a prescription
database. Eur J Clin Pharmacol 1997; 53: 7-11

2. Seymour RM, Routledge PA. Important drug-drug interactions
in the elderly. Drugs Aging 1998; 12: 485-94

20

30

40

50

60

70

30 40 50 60 70 80 90 100 110

Bodyweight (kg)

H
al

op
er

id
ol

 c
le

ar
an

ce
 (

L/
h)

With
anticonvulsant
comedication

Without
anticonvulsant
comedication

<55 years old
≥55 years old

Fig. 4. Relationship between haloperidol relative clearance, body-
weight, age group and comedication with anticonvulsant drugs.
A population pharmacokinetic model was developed by Yukawa
et al.[79] on the basis of therapeutic drug monitoring data for 191
Japanese patients. It led to equation (4), which was used to draw
this figure. A fixed 10mg daily dose was postulated. The arrows
indicate clearance increase associated with anticonvulsant co-
medication.

956 Gex-Fabry et al.

 Adis International Limited. All rights reserved. Drug Safety 2001; 24 (13)



3. Grönroos P, Irjala K, Huupponen R, et al. Amedication database
– a tool for detecting drug interactions in hospital. Eur J Clin
Pharmacol 1997; 53: 13-7

4. European Agency for the Evaluation of Medicinal Products.
Note for guidance on the investigation of drug interactions
[online]. Available from URL: http: //www.emea.eu.int/index/
indexh1.htm [Accessed 2001 Sep 20]

5. US Food and Drug Administration. Guidance for industry. In
vivo drug metabolism/drug interaction studies – study design,
data analysis, and recommendations for dosing and labeling
[online]. Available from URL: http: //www.fda.gov/cder/
guidance/index.htm [Accessed 2001 Sep 20]

6. Müller HJ, Gundert-Remy U. The regulatory view on drug-drug
interactions. Int J Clin Pharmacol Ther 1994; 32: 269-73

7. Gross AS. Best practice in therapeutic drug monitoring. Br J
Clin Pharmacol 1998; 46: 95-9

8. Warner A. Setting standards of practice in therapeutic drug mon-
itoring and clinical toxicology: a North American view. Ther
Drug Monit 2000; 22: 93-7

9. Keyler DE, VanDeVoort JT, Howard JE, et al. Monitoring blood
levels of selected drugs. Remember to factor in the many
confounding variables. Postgrad Med 1998; 103: 209-4

10. Back DJ, Khoo SH, Gibbons SE, et al. Therapeutic drug mon-
itoring of antiretrovirals in human immunodeficiency virus
infection. Ther Drug Monit 2000; 22: 122-6

11. McLeod HL. Therapeutic drug monitoring opportunities in
cancer therapy. Pharmacol Ther 1997; 74: 39-54

12. Yew WW. Therapeutic drug monitoring in antituberculosis
chemotherapy. Ther Drug Monit 1998; 20: 469-72

13. Johannessen SI. Plasma drug concentration monitoring of anti-
convulsants. Practical guidelines. CNS Drugs 1997; 7: 349-65

14. Mitchell PB. Therapeutic drug monitoring of psychotropic medi-
cations. Br J Clin Pharmacol 2000; 49: 303-12

15. Perucca E. Is there a role for therapeutic drug monitoring of
new anticonvulsants? Clin Pharmacokinet 2000; 38: 191-204

16. Brøsen K. Drug-metabolizing enzymes and therapeutic drug
monitoring in psychiatry. Ther Drug Monit 1996; 18: 393-6

17. Glue P, Banfield C. Psychiatry, psychopharmacology and P-
450s. Hum Psychopharmacol 1996; 11: 97-114

18. Balant-Gorgia AE, Gex-Fabry M, Balant LP. Therapeutic drug
monitoring and drug-drug interactions: a pharmacoepidemi-
ological perspective. Thérapie 1996; 51: 399-402

19. Gex-Fabry M, Balant-Gorgia AE, Balant LP. Therapeutic drug
monitoring databases for postmarketing surveillance of drug-
drug interactions: evaluation of a paired approach for psycho-
tropic medication. Ther Drug Monit 1997; 19: 1-10

20. Gex-Fabry M, Balant-Gorgia AE, Balant LP. Potential of con-
centration monitoring data for a short half-life drug: analysis
of pharmacokinetic variability for moclobemide. Ther Drug
Monit 1995; 17: 39-46

21. Whiting B, Kelman AW, Grevel J. Population pharmacokinet-
ics. Theory and clinical application. Clin Pharmacokinet 1986;
11: 387-401

22. Sheiner LB, Ludden TM. Population pharmacokinetics/dynam-
ics. Annu Rev Pharmacol Toxicol 1992; 32: 185-209

23. Gex-Fabry M, Balant-Gorgia AE, Balant LP, et al. Clomipram-
ine metabolism. Model-based analysis of variability factors
from drug monitoring data. Clin Pharmacokinet 1990; 19:
241-55

24. Balant-Gorgia AE, Gex-Fabry M, Genet C, et al. Therapeutic
drug monitoring of risperidone using a new, rapid HPLC me-
thod: reappraisal of interindividual variability factors. Ther
Drug Monit 1999; 21: 105-5

25. Bates DW. Improving the use of therapeutic drug monitoring.
Ther Drug Monit 1998; 20: 550-5

26. Shapiro S. The role of automated record linkage in the post-
marketing surveillance of drug safety: a critique. Clin Phar-
macol Ther 1989; 46: 371-86

27. Strom BL, Carson JL. Automated data bases used for phar-
macoepidemiology research. Clin Pharmacol Ther 1989; 46:
390-4

28. Hollister LE, Jones JK, Fisher S. Post-marketing surveillance
of drugs. In: Prien RF, Robinson DS, editors. Clinical evalu-
ation of psychotropic drugs: principles and guidelines. New
York: Raven Press, 1994: 217-35

29. Ereshefsky L, Tran-Johnson T, Davis CM, et al. Pharmacoki-
netic factors affecting antidepressant drug clearance and clin-
ical effect: evaluation of doxepin and imipramine – new data
and review. Clin Chem 1988; 34: 863-80

30. Dahl ML, Sjöqvist F. Pharmacogenetic methods as a comple-
ment to therapeutic monitoring of antidepressants and neuro-
leptics. Ther Drug Monit 2000; 22: 114-7

31. Steinijans VW, Hartmann M, Huber R, et al. Lack of pharma-
cokinetic interaction as an equivalence problem. Int J Clin
Pharmacol Ther Toxicol 1991; 29: 323-8

32. Buur-Rasmussen B, Brøsen K. Cytochrome P450 and therapeu-
tic drug monitoring with respect to clozapine. Eur Neuro-
psychopharmacol 1999; 9: 453-9

33. McLellan RA, Drobitch RK, Monshouwer M, et al. Fluoro-
quinolone antibiotics inhibit cytochrome P450-mediated mi-
crosomal drug metabolism in rat and human. Drug Metab
Dispos 1996; 24: 1134-8

34. Raaska K, Neuvonen PJ. Ciprofloxacin increases serum clozap-
ine and N-desmethylclozapine: a study in patients with schiz-
ophrenia. Eur J Clin Pharmacol 2000; 56: 585-9

35. Perry PJ. Therapeutic drug monitoring of atypical antipsychot-
ics. Is it of potential clinical value? CNS Drugs 2000; 13:
167-71

36. Centorrino F, Baldessarini RJ, Kando JC, et al. Clozapine and
metabolites: concentrations in serum and clinical findings
during treatment of chronically psychotic patients. J Clin Psy-
chopharmacol 1994; 14: 119-25

37. Vaughan DA. Interaction of fluoxetine with tricyclic antide-
pressants. Am J Psychiatry 1988; 145: 1478

38. Bertschy G, Vandel S, Vandel B, et al. Fluvoxamine-tricyclic
antidepressant interaction. Eur J Clin Pharmacol 1991; 40:
119-20

39. Seifritz E, Holsboer-Trachsler E, Hemmeter U, et al. Increased
trimipramine plasma levels during fluvoxamine comedica-
tion. Eur Neuropsychopharmacol 1994; 4: 15-20

40. Balant-Gorgia AE, Ries C, Balant LP. Metabolic interaction
between fluoxetine and clomipramine: a case report. Pharma-
copsychiatry 1996; 29: 38-41

41. Balant-Gorgia AE, Balant LP. Metabolic interaction between
fluoxetine and tricyclic antidepressants: benefit for the patient
or potential problem? J Subst Misuse 1997; 2: 5-7

42. Haffen E, Vandel P, Broly F, et al. Citalopram: an interaction
study with clomipramine in a patient heterozygous for CYP2D6
genotype. Pharmacopsychiatry 1999; 32: 232-4

43. Greenblatt DJ, von Moltke LL, Harmatz JS, et al. Drug inter-
actions with newer antidepressants: role of human cyto-
chromes P450. J Clin Psychiatry 1998; 59: 19-27

44. Carrillo JA, Ramos SI, Herraiz AG, et al. Pharmacokinetic in-
teraction of fluvoxamine and thioridazine in schizophrenic
patients. J Clin Psychopharmacol 1999; 19: 494-9

TDM for Postmarketing Surveillance of Interactions 957

 Adis International Limited. All rights reserved. Drug Safety 2001; 24 (13)



45. Spina E, Avenoso A, Pollicino AM, et al. Carbamazepine co-
administration with fluoxetine or fluvoxamine. Ther Drug
Monit 1993; 15: 247-50

46. Vandel S, Bertschy G, Baumann P, et al. Fluvoxamine and flu-
oxetine: interaction studies with amitriptyline, clomipramine
and neuroleptics in phenotyped patients. Pharmacol Res 1995;
31: 347-53

47. Eap CB, Bertschy G, Powell K, et al. Fluvoxamine and fluoxet-
ine do not interact in the same way with the metabolism of the
enantiomers of methadone. J Clin Psychopharmacol 1997; 17:
113-7

48. Loonen AJM, Doorschot CH, Oostelbos MCJM, et al. Lack of
drug interactions between mirtazapine and risperidone in psy-
chiatric patients: a pilot study. Eur Neuropsychopharmacol
1999; 10: 51-7

49. Daniel DG, Randolph C, Jaskiw G, et al. Coadministration of
fluvoxamine increases serum concentrations of haloperidol. J
Clin Psychopharmacol 1994; 14: 340-3

50. Jerling M, Bertilsson L, Sjöqvist F. The use of therapeutic drug
monitoring data to document kinetic drug interactions: an ex-
ample with amitriptyline and nortriptyline. Ther Drug Monit
1994; 16: 1-12

51. Jerling M, Lindström L, Bondesson U, et al. Fluvoxamine inhi-
bition and carbamazepine induction of the metabolism of clo-
zapine: evidence from a therapeutic drug monitoring service.
Ther Drug Monit 1994; 16: 368-74

52. Islam SI, Masuda QN, Bolaji OO, et al. Possible interaction
between cyclosporine and glibenclamide in posttransplant di-
abetic patients. Ther Drug Monit 1996; 18: 624-6

53. Spina E, Avenoso A, Facciola G, et al. Plasma concentrations
of risperidone and 9-hydroxyrisperidone: effect of comedica-
tion with carbamazepine or valproate. Ther Drug Monit 2000;
22: 481-5

54. Leinonen E, Lepola U, Koponen H, et al. The effect of age and
concomitant treatment with other psychoactive drugs on se-
rum concentrations of citalopram measured with a nonenan-
tioselective method. Ther Drug Monit 1996; 18: 111-7

55. Hirokane G, Someya T, Takahashi S, et al. Interindividual vari-
ation of plasma haloperidol concentrations and the impact of
concomitant medications: the analysis of therapeutic drug mon-
itoring data. Ther Drug Monit 1999; 21: 82-6

56. Jerling M. Population pharmacokinetics and pharmacodynam-
ics: potential use for gathering dose-concentration-response.
Eur J Drug Metab Pharmacokinet 1996; 21: 113-21

57. Ereshefsky L, Saklad SR, Watanabe MD, et al. Thiothixene
pharmacokinetic interactions: a study of hepatic enzyme in-
ducers, clearance inhibitors, and demographic variables. J Clin
Psychopharmacol 1991; 11: 296-301

58. Morris RG, Black AB, Harris AL, et al. Lamotrigine and thera-
peutic drug monitoring: retrospective survey following the
introduction of a routine service. Br J Clin Pharmacol 1998;
46: 547-51

59. Olesen OV. Olanzapine serum concentrations in psychiatric pa-
tients given standard doses: the influence of comedication.
Ther Drug Monit 1999; 21: 87-90

60. Böttiger Y, Svensson JO, Ståhle L. Lamotrigine drug interac-
tions in a TDM material. Ther Drug Monit 1999; 21: 171-4

61. Hübner GI, Eismann R, Sziegoleit W. Drug interaction between
mycophenolate mofetil and tacrolimus detectable within ther-
apeutic mycophenolic acid monitoring in renal transplant pa-
tients. Ther Drug Monit 1999; 21: 536-9

62. Lundmark J, Reis M, Bengtsson F. Therapeutic drug monitoring
of sertraline: variability factors as displayed in a clinical set-
ting. Ther Drug Monit 2000; 22: 446-54

63. Liu H, Delgado MR. Improved therapeutic monitoring of drug
interactions in epileptic children using carbamazepine poly-
therapy. Ther Drug Monit 1994; 16: 132-8

64. DeVane CL, Grasela TH, Antal EJ, et al. Evaluation of popula-
tion pharmacokinetics in therapeutic trials. IV. Application to
postmarketing surveillance. Clin Pharmacol Ther 1993; 53:
521-8

65. Sheiner LB, Rosenberg B, Marathe VV. Estimation of popula-
tion characteristics of pharmacokinetic parameters from rou-
tine clinical data. J Pharmacokinet Biopharm 1977; 5: 445-79

66. Aarons L. Software for population pharmacokinetics and phar-
macodynamics. Clin Pharmacokinet 1999; 36: 255-64

67. Williams PJ, Lane J, Murray W, et al. Pharmacokinetics of the
digoxin-quinidine interaction via mixed-effect modelling. Clin
Pharmacokinet 1992; 22: 66-74

68. Jerling M, Merlé Y, Mentré F, et al. Population pharmacok-
inetics of nortriptyline during monotherapy and during con-
comitant treatment with drugs that inhibit CYP2D6 – an
evaluation with the nonparametric maximum likelihood me-
thod. Br J Clin Pharmacol 1994; 38: 453-62

69. Bauer LA, Horn JR, Pettit H. Mixed-effect modeling for detec-
tion and evaluation of drug interactions: digoxin-quinidine
and digoxin-verapamil combinations. Ther Drug Monit 1996;
18: 46-52

70. Ludden TM. Evaluation of potential drug-drug interactions us-
ing the population approach. In: Aarons L, Balant LP, Danhof
M, et al., editors. The population approach: measuring vari-
ability in response, concentration and dose. Luxembourg: Of-
fice for Official Publications of the European Communities,
1997: 40-5

71. Grasela TH, Fiedler-Kelly J, Cox E, et al. Population pharma-
cokinetics of lamotrigine adjunctive therapy in adults with
epilepsy. J Clin Pharmacol 1999; 39: 373-84

72. Thomson AH, Kerr S, Wright S. Population pharmacokinetics
of caffeine in neonates and young infants. Ther Drug Monit
1996; 18: 245-53

73. Antal EJ, Grasela TH, Smith RB. An evaluation of population
pharmacokinetics in therapeutic trials. Part III. Prospective
data collection versus retrospective data assembly. Clin Phar-
macol Ther 1989; 46: 552-9

74. Yukawa E, Nomiyama N, Higuchi S, et al. Lithium population
pharmacokinetics from routine clinical data: role of patient
characteristics for estimating dosing regimens. Ther Drug Monit
1993; 15: 75-82

75. Yukawa E, Aoyama T. Detection of carbamazepine drug inter-
action by multiple peak approach screening using routine clini-
cal pharmacokinetic data. J Clin Pharmacol 1996; 36: 752-9

76. Yukawa E, Honda T, Ohdo S, et al. Population-based investiga-
tion of relative clearance of digoxin in Japanese patients by
multiple trough screen analysis: an update. J Clin Pharmacol
1997; 37: 92-100

77. Yukawa E, To H, Ohdo S, et al. Population-based investigation
of valproic acid relative clearance using nonlinear mixed ef-
fects modeling: influence of drug-drug interaction and patient
characteristics. J Clin Pharmacol 1997; 37: 1160-7

78. Yukawa E, To H, Ohdo S, et al. Detection of a drug-drug inter-
action on population-based phenobarbitone clearance using
nonlinear mixed-effects modeling. Eur J Clin Pharmacol
1998; 54: 69-74

79. Yukawa E, Hokazono T, Funakoshi A, et al. Epidemiologic in-
vestigation of the relative clearance of haloperidol by mixed-
effect modeling using routine clinical pharmacokinetic data
in Japanese patients. J Clin Psychopharmacol 2000; 20: 685-90

958 Gex-Fabry et al.

 Adis International Limited. All rights reserved. Drug Safety 2001; 24 (13)



80. Jann MW, Ereshefsky L, Saklad SR, et al. Effects of carbamaz-
epine on plasma haloperidol levels. J Clin Psychopharmacol
1985; 5: 106-9

81. Vozeh S, Steimer J-L. Feedback control methods for drug dos-
age optimisation. Concepts, classification and clinical appli-
cation. Clin Pharmacokinet 1985; 10: 457-76

82. Jelliffe RW, Schumitzky A, Bayard D, et al. Model-based, goal-
oriented, individualised drug therapy. Linkage of population
modelling, new ‘multiple model’dosage design, bayesian feed-
back and individualised target goals. Clin Pharmacokinet 1998;
34: 57-77

83. Walson PD. Therapeutic drug monitoring in special popula-
tions. Clin Chem 1998; 44: 415-9

84. Jerling M. Dosing of antidepressants – the unknown art. J Clin
Psychopharmacol 1995; 15: 435-9

Correspondence and offprints: Dr Marianne Gex-Fabry,
Clinical Research Unit, Department of Psychiatry, 2, chemin
du Petit-Bel-Air, CH-1225 Chêne-Bourg, Switzerland.
E-mail: gexfabry@cmu.unige.ch

TDM for Postmarketing Surveillance of Interactions 959

 Adis International Limited. All rights reserved. Drug Safety 2001; 24 (13)


	Abstract 947
	1. Pharmacokinetic Background 949
	2. Therapeutic Drug Monitoring (TDM) Database Requirements 950
	3. The Single Case Report 950
	4. The On and Off Comedication Panel Study 951
	5. The TDM Database Screen 952
	6. Population Pharmacokinetics 954
	7. Perspectives 956
	Acknowledgements 956
	References 956
	Correspondence and offprints 959
	E-mail 959

