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PERsOnAlizED mEDiCinE

The application of genetic information for the personalization of treatment for differ-
ent diseases has gained much attention during the last decade. Personalized medicine 
is used as a broad concept in which all information about individual characteristics is 
used for optimization of treatment. These characteristics include, but are not limited to, 
health factors, drug interactions, biomarkers, genetic variations, and even epigenetic 
variations as is shown in figure 1 (1). There is no unique definition of the term personal-
ized or precision medicine, however it has often been defined as the situation in which 
drug class and drug dosing are selected according to an individual’s genetic makeup to 
make drug safer and more effective (2). Frequently, the term personalized medicine and 
precision medicine are used interchangeable. In addition, when speaking solely of drug 
therapy, the term precision drug therapy can be used.

Figure 1. Factors of importance in personalized medicine. Novel aspects concern the genetic and in the 
future maybe also epigenetic variation. From: Journal of Internal Medicine Volume 277, Issue 2, pages 152-
154, 26 JAN 2015 DOI: 10.1111/joim.12325

1.2. mEtHODs APPliED in PRECisiOn DRug tHERAPy

Genetic information can be used to predict if a drug would work well in certain patients 
(i.e. pharmacodynamics) and into information which could predict the metabolism of 
a drug in certain patients (i.e. pharmacokinetics). For a long time clinicians relied on 
experience and on techniques like therapeutic drug monitoring (TDM) to monitor the 
metabolism of drugs. Moreover, due to already well develop bioanalytical methods to 



12 Chapter 1

measure plasma drug concentrations, differentiation between patients metabolism 
related to genetics could already been made without prior knowledge of the underlying 
genetic variation. This could be referred to as phenotyping. To phenotype a patient, a 
certain compound with no major pharmacological effect, but a well know metabolism 
and easy to measure metabolites pattern is given. The ratio of the compound and 
its metabolites can then be used to predict the metabolic capacity of a certain drug 
metabolizing enzyme. Compounds which are used for phenotyping can be considered 
as reference compounds. For example, with the use of caffeine one could test the cy-
tochrome P450 CYP1A2 function (3, 4). With the use of phenotyping a differentiation 
between patients with a slow metabolism, or ultra-rapid metabolism can be made. As 
such, by solely measuring drug plasma concentrations, predictions about the genetic 
make-up can be made. As a result of ongoing development and innovation in tech-
nique, different phenotypes can nowadays also be predicted by measuring the genetic 
variations itself instead of measuring the effects of these variation by phenotyping. This 
genetic information can be determined by collection of blood, saliva, or tissue biopsies 
(5). Based on this genetic information, a genotype can be determined which can then 
predict a phenotype. Nowadays, the terms genotype and the predicted phenotype and 
phenotype (i.e. as determined by a reference compound) are often used interchange-
able which can complicate reporting and interpretation of studies about precision drug 
therapy.

1.3. PHARmACOgEnEtiCs OF PsyCHOtROPiC DRugs

Cytochrome P450 (CYP) are drug metabolizing enzymes and the CYP2D6 and CYP2C19 
isoforms are responsible for the metabolism of many psychotropic drugs. There are many 
different genetic variations of these enzymes between persons and these variation can 
have a major effect on the clearance of drugs (6, 7). Well-established relationships are 
the ones between CYP2D6 genotypes and plasma concentrations of the antidepres-
sant nortriptyline and venlafaxine (8-11). Depending on the genetic variation in these 
enzymes, a 4-fold decrease in clearance of nortriptyline up to a 5-fold increase can be 
observed with respect to the average clearance (10). To compensate for such differences 
in metabolisms, genotype-based dose adaptations can be made. For drugs like nortrip-
tyline and venlafaxine, guidelines for such dose adaptations are available (12). In the 
Netherlands, pharmacogenetic guidelines are provided by the Royal Dutch Pharmacy 
Association (KNMP). In addition, international guidelines of the Clinical Pharmacogenet-
ics Implementation Consortium (CPIC) are available. The CPIC has currently published 
>30 guidelines and aims to publish more in the future (13).
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1.4. nOVEl mEtHODs in tHERAPEutiC DRug mOnitORing

TDM has been used for individualization of pharmacotherapy and its applications have 
grown over the past 25 years (2). In TDM, drug concentrations are usually measured in 
blood plasma of the patient and based on reference concentrations a therapeutic range 
is established (14). When a patients has a drug concentration outside this range, dose 
adaptations can be made to improve pharmacotherapy. Besides plasma, different body 
fluids can be used like feces, urine, blood, blood plasma, and even saliva or sweat. The 
blood plasma is usually collected by venous blood sampling, however novel techniques 
for less invasive sampling are emerging. One of these techniques is Dried Blood Spot 
sampling (DBS) (15). DBS samples consist of whole blood which can be collected by 
fingerprick. With the use of DBS sampling, research and application of precision drug 
therapy in heterogeneous patient populations and under naturalistic conditions can be 
achieved. Since DBS samples contain no biohazard risk, the samples can be sent to a 
laboratory site by regular mail services, reducing logistic costs, patients discomfort and 
efforts in research and clinical practice (16, 17). Prospective studies about the effects 
of pharmacogenetic (PGx) testing, often require large numbers of patients to include 
sufficient genetic variations. This is due to the fact that many polymorphisms which 
have relevant clinical implications occur only in a small part of the patient population. 
To obtain a sufficient study size, different study locations can be used, however this will 
include heterogeneity in the study population. Hence, DBS sampling can be beneficial 
to centralize TDM analysis in such studies. In addition, digitalization of data collection 
(e-CRF) with rigid data flow can help to make these studies more accurate and feasible.

1.5. EViDEnCE BAsED PRECisiOn DRug tHERAPy

For drugs that enter the market, thorough assessment of quality, safety, and efficacy 
takes place. In addition, the cost-effectiveness of drugs is usually assessed in order to 
achieve reimbursement of drug costs. For diagnostic tools like TDM and PGx testing 
there are no strict regulations. For some new drugs, like trastuzumab, a drug to treat 
breast cancer, genetic testing is necessary according to the registration file of the drug 
(18). For this PGx test reimbursement seems no point of discussion. However, for PGx 
tests in combination with a drug which has been on the market for decades, evidence 
about cost-effectiveness will usually not be available (19). For these combinations, 
PGx tests are usually reimbursed, when according to the treating physician, there is a 
medical need for this diagnostic test. If critically assessed, such a medical need should 
be based on recommendations presented in guidelines supported by data from ran-
domized controlled trials, observational studies, or expert opinions. Evidence from 
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several observational studies that assessed associations between CYP2D6 genotype 
and pharmacotherapy with CYP2D6 metabolized psychotropic drugs, found poor and 
intermediate metabolizers experience more side-effects (20, 21). Others found a lower 
efficacy of CYP2D6 metabolized antidepressants among CYP2D6 ultra-rapid metaboliz-
ers, but only if co-medication, which can also effect the CYP2D6 function, was taken 
into account (22). Although it might be reasonable to expect these problems could be 
prevented by preemptive genotyping, there is not yet any empirical evidence to support 
this. To create such evidence, large trials are needed (21). To complicate things further, 
certain co-medication of patients which influence the CYP2D6 function should be care-
fully monitored, since CYP2D6 inhibitors can have a significant effect on the CYP2D6 
capacity (22). This can lead to a discrepancy between a patient’s genotype and observed 
phenotype, which is referred to as phenoconversion (23). Nevertheless, demonstrating 
beneficial effects and associated acceptable cost-effectiveness of preemptive genotyp-
ing by use of a randzomized controlled trial (RCT), would likely result in uptake of the 
PGx test in guidelines. This may increase application in clinical practice and therefore 
fulfill the expected promises of benefit for patients by precision drug therapy. However, 
the conduct of a large RCT is expensive and since the drugs are usually already out of 
patent, funding for these studies is difficult to obtain. Since older patient populations 
(i.e. 55 years and older) experience a higher burden from adverse drug reactions of 
antidepressants and non-response towards antidepressants is equal or even higher, 
this population could serve as a high risk study population to detect possible effects 
of genotyping (24, 25). Alternatives for a pragmatic RCT can in theory be a modeling 
approach in which the best available evidence is used to simulate effects and cost-
effectiveness of PGx testing (2).

1.6. COst-EFFECtiVEnEss mODEling

Models are well established research tools in the field of pharmacokinetics and dynamics 
as well as in the field of clinical outcome studies which often include a cost-effectiveness 
analysis (26). In cost-effectiveness studies, models can be used to either synthesize evi-
dence which is not available through prospective studies yet, or to extrapolate results 
from prospective studies to other countries or to a longer time period. To analyze health 
and economic outcomes, different model structures are available. The simplest model 
structure is a decision tree in which patients follow a certain branch and end up in a 
health state depending on different probabilities to enter a branch of the decision tree 
(27). Other more sophisticated models are Markov models and discrete event simulation 
models (28). Depending on the time and complexity of a medical question, the most 
appropriate model can be selected. Genetic associations with impaired drug treatment 
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outcomes are commonly observed in a minority of the population (29). To extrapolate 
such findings into cost-effect estimates for larger populations at national or regional 
level, modeling can be very informative.

1.7. tARgEts OF PRECisiOn AntiDEPREssAnt tHERAPy

Half of the patients does not respond to an antidepressant and around a quarter does 
discontinue due to side-effects (30-33). To manage non-response and side-effects, a first 
step is usually TDM directed dose adaptation (34). The next step is switching to another 
antidepressant type or class (35). Precision drug therapy may increase efficacy of both 
dose adaptations as well as switching to another antidepressant (36). In addition, a DBS 
method for TDM of nortriptyline and venlafaxine would be a welcome patient friendly 
alternative for the current venous sampling. In time, sampling could even be performed 
at home which would be beneficial for the depressed ambulant patient. There is a need 
for research which demonstrates cost-effectiveness of pharmacogenetic testing. To 
obtain reliable effect estimates, a (pragmatic) RCT would be ideal, however modelled 
estimates could serve as a prior indication (37).

1.8. Aim AnD OutlinE OF tHis tHEsis

This thesis aims to develop DBS analysis of antidepressants and as such facilitate preci-
sion drug therapy. In addition, effects of genetic tests on costs and health outcomes 
will be assessed with a specific focus on CYP2D6 in combination with nortriptyline use 
among older patients.

Chapter 2.1 starts with an example of environmental influence on drug clearance by 
the CYP1A2 enzyme. Although the interaction of smoking on CYP1A2 dependent drug 
clearance has been known for a long time, we wanted to create awareness of changes 
caused by e-smoking which is increasingly used as an alternative for smoking. In Chap-
ter 2.2. the phenomenon of phenoconversion was addressed in a sample of old aged 
patients. Although the genetic information was limited, useful information could still 
be extracted. In Chapter 3.1 and 3.2 two method validation studies are described for 
determination of amitriptyline, nortriptyline, desipramine, imipramine, clomipramine, 
desmethylclomipramine, venlafaxine and desmethylvenlafaxine in dried blood spots 
by liquid chromatography-tandem mass spectrometry. In chapter 3.3 problems which 
are faced when implementing DBS methods, like different concentration in plasma and 
dried blood spots, hematocrit effects and statistical analysis of bridging studies are 
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discussed and solutions are formulated. In Chapter 4.1 a review of economic evalua-
tions of pharmacogenetics testing is described. This review builds upon two previous 
reviews to maintain a uniform search strategy and outcome assessment. In Chapter 4.2 
a cost-effectiveness study is performed to assess the cost-effectiveness of genotyping 
for CYP2D6 as routine practice when pharmacotherapy with nortriptyline is initiated. The 
study population consisted of depressed old aged hospitalized patients. Chapter 4.3. 
describes a protocol for a pragmatic RCT in which the validated BDS methods are ap-
plied to monitor nortriptyline and venlafaxine plasma concentrations in order to assess 
the effects of genotyping for CYP2D6 when old aged patients start pharmacotherapy 
with nortriptyline or venlafaxine. The results of all chapters and future perspectives are 
discussed in Chapter 5.
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