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Therapeutic drug monitoring in the era of
precision medicine: opportunities!
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Introduction
Bioanalytical assays are available for virtually all drugs used in
humans, partly because of the regulatory requirements to
characterize a drug’s pharmacokinetic properties during its
preclinical and clinical development. However, only a few
drugs are subject to routine therapeutic drug monitoring
(TDM) in patients, including several immunosuppressive
drugs, antibiotics, antiepileptics, antidepressants, digoxin
and methotrexate. Major reasons for this relatively small
number of drugs include a lack of a straightforward relation-
ship between serum/blood levels and effect, a wide therapeu-
tic window and an unfavourable balance between intra- and
interpatient and intra- and interoccasion variability in phar-
macokinetics [1, 2]. Moreover, there are surprisingly few
prospective randomized data available to demonstrate a true
beneficial effect of routine TDM, especially when looking at
defined outcome parameters. Instead, most published data
rather suggest that TDM might benefit patients [2–8].

Another important reason for the relatively low number
of drugs for which levels are monitored routinely might be
that interpretation of drug levels may be perceived to be
complicated. TDM data are often used to adjust dose regi-
mens using fairly challenging pharmacokinetic calculations,
or even using population pharmacokinetic models and
Bayesian forecasting embedded in sophisticated software
packages [9, 10]. Although deemed useful by most clinical
pharmacologists, and for some even a ‘raison d’être’, this
relatively complicated use of data tends to scare off clinicians,
minimizing the use of TDM. In our opinion, straightforward,
easy-to-use TDM will result in its much broader use by the
average clinician, which can be achieved by implementing
user-friendly information technology tools, but can also be
achieved by returning to user-friendly sampling strategies,
such as the use of trough levels wherever possible and by
considering alternative matrices such as saliva or dried blood
spots [11, 12]. Broader application is further supported by the

rapidly developing field of pharmacogenetics, whichmakes it
possible to identify patients who might benefit from higher
or lower doses of some drugs without even having to deter-
mine a drug level [13]. However, despite being able to explain
some variability in the pharmacokinetics of some drugs,
some aspects relevant for drug exposure are simply not
covered by pharmacogenetics such as ontogeny in paediatric
patients, poor adherence, and drug–drug and drug–food
interactions, which can easily be monitored adequately by
measuring trough levels for most drugs [14–17].

A more practical but also important reason for the rela-
tively small number of drugs for which levels are measured
routinely is the limited availability of drug assays with turn-
around times adequate for patient care. Most drug assays
available in routine clinical chemistry and toxicology labora-
tories are automated immunoassays, which are fairly easy to
perform and have a relatively short turnaround time. Other
methodologies to determine drug levels are mostly chroma-
tography based, such as high-performance liquid chromatog-
raphy combined with ultraviolet detection (HPLC-UV) and
liquid chromatography combined with mass spectrometry
(LC-MS). While usually having a longer turnaround time
and needing specialized technologists to perform them, these
methods are much more versatile than automated assays and
allow the development of assays for individual drugs by
clinical laboratories themselves, so-called ‘laboratory-developed
tests’ (LDTs) or ‘in-house’ assays. The recent growth in the
number of LC-MS instruments in many clinical laboratories
around the world could, therefore, produce enormous growth
in quantitative ‘in house’ assays for TDM but this has not
happened yet.

The discrepancy between the increased availability of
instruments and the relatively modest number of TDM assays
may be because, for most drugs, levels are requested only
rarely, which makes it difficult to cover the costs of develop-
ing, validating and maintaining a clinical assay for such a
drug, even for large reference laboratories, and even though
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developing and validating chromatographic assays are much
easier and cheaper than for most immunoassays. This situa-
tion might be a ‘catch 22’ as it is likely that some drug levels
are not requested, for the simple reason that an assay for it
does not exist, or is not easily accessible.

In summary, the limited availability of drug assays, the
lack of strong data demonstrating a positive effect on
clinical outcome, and logistical sampling and interpretive
challenges all contribute to underutilization of TDM.
Expanding the number of drug assays, improving access to
these assays, and simplifying blood sampling and data inter-
pretation will not only improve the current status of TDM,
but also better position TDM in the era of precision
medicine.

Precision medicine
Precision medicine is an emerging approach for disease
treatment and prevention that takes into account individual
variability in genes, environment and lifestyle. A near conse-
quence of precision medicine, especially with the inclusion
of a systems biology approach, is the selection of drugs
entirely tailored to a specific patient and her or his disease.
This could mean prescribing according to the label, but it
could also involve off-label use, such as using an antidiabetic
drug to treat breast cancer or using an antibiotic to treat a
specific form of childhood epilepsy. Although this practice
is expanding into all disease areas, most headway has been
made in oncology. Indeed, an incredibly exciting therapeutic
approach that is currently entering the clinic is the treatment
of cancer patients with (combinations of) drugs based on a
systems biology analysis of tumour gene expression data in
the absence and presence of pharmacological perturbation;
this identifies relevant pathways, master regulator genes and
actionable proteins, and optimal combinations of com-
pounds that target these [18]. This approach, which is cur-
rently being tested in various settings, will revolutionize
pharmacotherapy, in oncology as well as other disease areas,
and TDM can be of immense value to advance this novel
way of treating patients. One example involves treating a pa-
tient with prostate cancer with a combination of the well-
known mechanistic target of rapamycin (mTOR) inhibitor,
rapamycin, and an experimental drug, DP0325901, which to-
gether optimally target the Forkhead box protein 1 / Centromere
protein F (FOXM1/CENPF) pathway that was identified using
a systems biology analysis of tumour expression data in the
absence and presence of pharmacological perturbation [18]. In
this example, both drugs would be taken orally and it is not
known if there is any interaction between the two drugs, or
between the experimental drug and other drugs that are
concomitantly prescribed to patients with prostate cancer.
Measuring circulating levels of both drugs would help to char-
acterize the pharmacokinetics of these drugs in this particular
combination, in this particular patient population. Measuring
levels of both drugs might also directly benefit this patient.
Pharmacokinetic data are available for both rapamycin and
DP0325901, so from the literature a preliminary estimate could
be made regarding what levels to expect and, perhaps, even
when to adjust the dose [19].

TDM in precision medicine
Recently, a few perspectives and mini-reviews have de-
scribed the opportunities for TDM in the era of precision
medicine [20, 21]. Although positive in nature, the scope
of all of these papers was mostly restricted to reviewing
drugs that are currently already monitored, although a re-
cent editorial by Martin et al. in the British Journal of Clinical
Pharmacology expanded this to more experimental drugs, by
calling for more clinical pharmacology in the era of person-
alized medicine [22]. The above-mentioned example of
rapamycin and DP0325901 identifies additional tremen-
dous opportunities for clinical pharmacologists, (bio-)chem-
ists, pharmacists and pathologists who are active in the
TDM field. Systems biology-driven selection of combina-
tions of drugs will lead to unforeseen off-label use of
registered drugs, as well as an increasing number of experi-
mental drugs used to treat patients who are not part of a
clinical study protocol. To some extent, this practice will
take place within the grey area of combining patient care
and clinical research. This research would benefit from
generating pharmacokinetic data in patient groups for
whom such data do not yet exist. Simultaneously, however,
individual patients might benefit from dose adjustments
based on rapidly determined drug levels that are compared
with the scarce pharmacokinetic data available. In a sense,
laboratories would, therefore, simultaneously generate both
drug development and TDM data.

This exciting and novel application of TDM requires
extensive assay development and validation, easy access to
the validated assays, and rapid turnaround times so that
assays can be used for drug development and individual
patient care. Such an endeavour would entail a new set of
bioanalytical, regulatory, interpretive and financial chal-
lenges. The development and validation of these new assays
require collaboration between individual laboratories,
national and international clinical chemistry societies, and
industry. In addition, each new assay needs assessment and
approval by the respective national regulatory/accreditation
services. Finally, optimal interpretation of the scarce data
requires significant input from national and international
medical, pharmacology and pharmaceutical societies, includ-
ing the British Pharmacological Society and the International
Association for Therapeutic Drug Monitoring and Clinical
Toxicology.

This new and exciting era of precision medicine has
created never-before-seen opportunities for TDM in support
of drug development and patient care. All that is required to
seize these opportunities is tenacity, creativity, flexibility
and collaboration.
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