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The work of this thesis aims to support implementation of precision medicine using 

pharmacogenomic (PGx) panel testing. In provision of this aim, it has reported on generating 

evidence for PGx panel testing (PPaarrtt  II) and the development of tools facilitating 

implementation (PPaarrtt  IIII). Furthermore, it evaluated the implementation process utilizing these 

tools (PPaarrtt  IIIIII) and quantified the impact of PGx implementation on patient outcomes and 

cost-effectiveness (PPaarrtt  IIVV). The following sections reflect on findings from each part and 

present future perspectives. An overview of the general discussion and future perspectives is 

given in FFiigguurree  11. 
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PPaarrtt  II::  GGeenneerraattiinngg  EEvviiddeennccee  ffoorr  PPhhaarrmmaaccooggeennoommiicc  PPaanneell  TTeessttiinngg  

Several of the reported hurdles obstructing the implementation of PGx are currently 

being addressed by various initiatives, both in the United States and the European Union. A 

compact overview of these initiatives is was provided in CChhaapptteerr  22. From this overview, a 

significant research gap was identified: the absence of evidence presenting the collective 

clinical utility of a panel of PGx-markers for pre-emptive PGx testing. Although several 

randomized controlled trials (RCTs) support the clinical utility of individual gene-drug pairs, 

delivered in a single gene reactive approach, to either optimize dosing (1-4) or drug selection 

(5, 6); evidence supporting clinical utility of the remaining drug-gene interactions (DGIs) for 

which recommendations are available when delivered in a pre-emptive panel approach is 

lacking. Significant debate persists regarding both the nature and strength of evidence 

required for the clinical application of PGx. Some argue that gold-standard evidence is 

required for each individual DGI before clinical implementation is substantiated (7). Others 

argue that a mandatory requirement for prospective evidence to support the clinical validity 

for each PGx interaction is incongruous and excessive (8-11). As discussed in CChhaapptteerr  33, we 

support the latter view. Generating gold-standard evidence for each of the 51 individual DGI 

for which we currently have Dutch Pharmacogenetics Working Group (DPWG) guidelines 

separately would require unrealistically large amounts of funds. However, extrapolating 

efficacy of all 51 DGIs based on the conclusions of the previously mentioned RCTs is not 

substantiated. Reasons for this being: the diversity in underlying pharmacology of the 

interactions, the predictive utility of genetic variation to predict drug response and the ability 

to reduce the risk of unwanted effects by adjusting pharmacotherapy. Nonetheless, the 

Ubiquitous Pharmacogenomics (U-PGx) consortium aims to fill this identified evidence gap 

to ultimately support implementation. 

As discussed in CChhaapptteerr  33, a number of strategies may be deployed to generate 

evidence for the collective clinical utility of a panel of PGx-markers for pre-emptive PGx 

testing. In the context of precision medicine, several fundamental options for generating 

evidence have been suggested (12): 1) observational research designed to identify modifiers 

of the effectiveness of interventions received by patients in the course of health care delivery; 

2) subgroup analyses and interaction testing in standard RCTs of intervention effectiveness; 

3) dedicated precision medicine RCTs that directly compare targeted vs untargeted 

intervention approaches. When generating evidence for PGx effectiveness, we may envision 

an observational study wherein the available guidelines are implemented prospectively and 

compare a defined outcome with a historical control group, as recently performed for the 

DPYD-fluoropyrimidine interaction (13). However, historical controls may likely only be 

feasible for patient populations who are closely monitored, such as those on high-risk drugs 

as fluoropyrimidines. Additionally, it is not considered ethical to prospectively recruit a 

control group for DGIs where there is sufficient evidence for clinical implementation, again 

as is the case for DPYD-fluoropyrimidines. However, many drugs included in the DPWG 
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guidelines are low-risk primary care drugs for which close monitoring not routinely performed. 

Therefore, these studies are prone to many forms of bias. Alternatively, an RCT can be 

executed to generate evidence. Several RCTs have provided gold-standard evidence 

showing the clinical utility of individual DGIs to guide dosing (1-4) and drug selection (5, 6). 

However, the DPWG has recommendations for 51 DGIs, most of which have been devised in 

the absence of RCTs. It may not be feasible to conduct RCTs for specific DGIs of which the 

anticipated efficacy can only be observed after a long follow-up. For example, the improved 

efficacy of adjuvant tamoxifen by guiding dose on CYP2D6 genotype may only be observed 

at an estimated 10-year follow-up (14). It is important to note that non-PGx interventions, 

such as dose adjustment of renally excreted drug in response to kidney function, have been 

widely implemented in the absence of RCTs validating its effectiveness for each individual 

drug. Genetic exceptionalism has been held responsible for this double standard (15).  

Regardless of the inconvenience, there is still a demand for evidence substantiating 

patient benefit and cost-effectiveness, to enable stakeholders to practice evidence-based 

medicine. Therefore, the U-PGx consortium had decided upon an alternative model of 

evaluating the (cost-) effectiveness of PGx-guided pharmacotherapy. As an alternative to 

conducting 51 separate RCTs (one for each DPWG guideline), the consortium set out to 

quantify the collective clinical utility of a panel of PGx-markers (50 variants in 13 

pharmacogenes) within one trial (the PREPARE study) as a proof-of-concept across multiple 

potentially clinically relevant DGIs, as described in CChhaapptteerr  22. The PREemptive 

Pharmacogenomic testing for Preventing Adverse drug Reactions (PREPARE) Study 

(ClinicalTrials.gov: NCT03093818), aims to quantify the collective clinical utility of a panel of 

PGx-markers to guide dose and drug selection in reducing the risk of clinically relevant 

adverse drug reactions (ADRs) (16, 17). Additional outcomes include cost-effectiveness, 

process indicators for implementation and provider adoption of PGx. 

Although PREPARE presents an unconventional and practical solution to enable 

quantification of the collective clinical utility of a panel of PGx-markers, it may be potentially 

underestimating the true effect. Reasons for this being: the inability of the PGx panel to 

determine all of an individual’s genetic variation, the delayed initiation of PGx-guided dose 

or drug as a result of the turn-around-time, and limiting the primary endpoint to ADRs caused 

by the drug of enrolment within a 12-week follow-up. In addition, due to its limited 12-week 

follow-up, it does not enable quantification of the cost-effectiveness in patients encountering 

multiple DGIs over a longer time-horizon. This can be estimated using model-based methods 

to simulate long term (cost-)effectiveness. Nonetheless, PREPARE may generate proof-of-

concept evidence for ubiquitous adoption of PGx-guided pharmacotherapy (18). 

FFuuttuurree  PPeerrssppeeccttiivveess::  GGeenneerraattiinngg  EEvviiddeennccee  EEnnaabblliinngg  PPrreecciissiioonn  MMeeddiicciinnee  

Conventionally, evidence supporting novel interventions are generated within 

prospective studies. However, in an era where digitalization is driving data accumulation and 
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a concomitant increase in stratification of patient groups and a more precise diagnosis, we 

are moving towards the utilization of real-world data to support precision medicine. Several 

authors have pointed out that precision medicine, and genomic medicine, in particular, would 

benefit from a convergence of implementation science and a learning health system to 

measure outcomes and generate evidence across a large population (19, 20). However, this 

requires standardization of outcomes in Electronic Medical Records (EMRs) to enable 

aggregation of phenotype data across large populations for both discovery and outcomes 

assessment within a genomic medicine implementation (21). Many nationwide, large-scale 

initiatives are generating prospective longitudinal evidence supporting precision medicine 

approaches (22-24). In addition to the U-PGx consortium, a project specifically generating 

evidence for pharmacogenomics is the AllofUs project (25). Alternatively, pragmatic clinical 

trials offer researchers a means to study precision medicine interventions in real-world 

settings (26, 27). In contrast to traditional clinical trials that are performed in ideal conditions, 

these pragmatic trials are conducted in the context of usual care (27). Pragmatic clinical trials 

easily transition into existing healthcare infrastructures and therefore make them particularly 

appealing to comparative effectiveness research and the evidence-based mission of learning 

healthcare systems (28, 29). An example of such a pragmatic trial for generating evidence for 

pre-emptive PGx testing is the I-PICC study (30).  

In any case, whether generating evidence for precision medicine through a 

prospective trial, pragmatic trial or real-world data approach, the timing and resources 

required to both understand and implement interventions should be taken into consideration. 

For example, in the case of understanding genetic variation to predict drug response, we 

argue this should ideally be performed before market authorization to maximize the benefit-

risk ratio of drugs across the time in which they are used in patient care. However, since 

understanding germline PGx variation is not routinely included in drug development, it is 

mostly performed after market-authorization by investigator-initiated initiatives. The absence 

of this knowledge is a great limitation since the uptake of PGx may be limited by the 

increasing availability of alternative therapies which appear to be at least as effective without 

known major pharmacogenomic issues (31).  

Evolving digital health technologies are driving data accumulation. Data collected by 

sensors (in smartphones, wearables, and ingestibles), mobile apps and social media can be 

processed by machine learning to support medical decision making (32). Raw sensor data 

can also be processed into digital biomarkers and endpoints (33). This development may be 

particularly useful for endpoint definition in disease areas where biological endpoints are 

lacking, as in psychiatry and neurology, to enable quantification of disease progression and 

drug response. For example, novel digital endpoints are being developed to stratify mental 

health conditions and predict remission using passively collected smartphone data (34). 

Another example is the development of a digital biomarker for Parkinson’s disease using 

motor active tests and passive monitoring through a smartphone (35). For precision medicine, 
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in particular, we may also be more able to stratify patient groups into responders and non-

responders with improved endpoint development in these disease areas. Increased 

stratification of patient groups on the basis of genetic, (digital) biomarker, phenotypic, of 

psychosocial characteristics will drive more precise diagnoses and pharmacotherapy 

optimization (36, 37). This trend will drive demand for innovations for more efficient study 

designs due to increasing numbers of indications, while resources to fund these trials remain 

constant (38). In the case of rare diseases, the ultimate form of generation of evidence for 

precision medicine is through “N-of-1” studies (39). Recently, a successful example of such a 

trial was presented. A paediatric patient was diagnosed with a rare, fatal neurodegenerative 

condition. The molecular diagnosis led to the rational design, testing, and manufacture of 

milasen, a splice-modulating antisense oligonucleotide drug tailored to this particular 

patient. Proof-of-concept experiments in cell lines from the patient served as the basis for 

launching an "N-of-1" study of milasen within 1 year after the first contact with the patient, 

resulting in a safe and effective therapy (40). 

PPaarrtt  IIII::  DDeevveellooppiinngg  TToooollss  FFaacciilliittaattiinngg  IImmpplleemmeennttaattiioonn  

The utility of precision medicine using PGx guided pharmacotherapy is dependent on 

two factors. Firstly, the predictive utility of genetic variation to predict drug response and 

secondly our ability to adjust pharmacotherapy to reduce the risk of unwanted effects among 

high-risk individuals. We will discuss the current status of both factors using CChhaapptteerrss  44  aanndd  

55 to illustrate current strengths and limitations. In CChhaapptteerr  44, we presented the development 

of a tool to determine genetic variation to predict drug response. The PGx-passport uses 58 

variant alleles within 14 pharmacogenes (CYP2B6, CYP2C9, CYP2C19, CYP2D6, CYP3A5, 

DPYD, F5, HLA-B, NUDT15, SLCO1B1, TPMT, UGT1A1, and VKORC1) to predict patient 

phenotypes and corresponding drug response when exposed to an interacting drug. In 

CChhaapptteerr  55 we presented the development of a DPWG guideline on how to use predicted 

DPYD gene activity score (GAS) to adjust starting dose of fluoropyrimidines to reduce the risk 

of severe, potentially fatal toxicity.  

PPrreeddiiccttiivvee  UUttiilliittyy  ooff  GGeenneettiicc  VVaarriiaattiioonn  ttoo  PPrreeddiicctt  DDrruugg  RReessppoonnssee  

The paradigm of PGx to enable precision medicine is to determine an individual’s 

genetic variation in a given gene, to predict the corresponding phenotype, or functionality, 

of its gene product which in turn corresponds to a higher risk of a particular drug response. 

For intrinsic and pharmacokinetic dependant drug response (see FFiigguurree  11  AA), we expect the 

predicted phenotype to correspond to the drug plasma level and receptor occupancy and 

therefore predictive of an ADR or effect. For intrinsic and pharmacodynamic dependant ADRs 

(see FFiigguurree  11  BB), we expect the predicted phenotype to correspond to the affinity between 

receptor and ligand and therefore predictive of an ADR or effect. For idiosyncratic ADRs (see 

FFiigguurree  11  CC), we expect the predicted phenotype to correspond to a, most commonly 

immunological, mechanism which causes an ADRs. In PGx testing, as it is performed today, 
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genetic variants are determined (see FFiigguurree  11  DD) and interpreted to predict patient 

phenotype and corresponding drug response when exposed to an interacting drug. 

However, due to both technical constraints to determine all genetic variation and constraints 

in the interpretation of variants due to unknown downstream functionality, we have not yet 

reached maximum predictive utility of genetic variation.  

Even though multiple variants have been discovered we currently restrict testing to a 

subset of these variants. Restricting testing to individual variants disregards untested or 

undiscovered variants that may also influence the functionality of the gene product. Therefore 

we are unable to fully predict the functionality of the gene product (see FFiigguurree  11  EE). Reasons 

for restriction of testing are twofold. Firstly, technical limitations regarding the sequencing of 

complex loci prevent complete determination of both the gene of interest and other areas in 

the genome which may have an effect on the gene product. Determining genetic variation is 

specifically difficult in highly polymorphic genes such as the HLA genes or genes located near 

pseudogenes such as CYP2D6. Secondly, even if we were to determine all genetic variation, 

the downstream effect on protein functionality may be unknown and therefore impossible to 

interpret clinically (41). However, progress in the interpretation of functional consequences 

of such uncharacterized variations may support future interpretation in silico (42), in vitro or 

in vivo (43). Importantly, a study has shown that 92.9% of genetic variation in ADME genes 

are rare and 30-40% of functional variability in pharmacogenes can be attributed to these 

variants (44). In addition to the downstream functionality, the penetrance (i.e. the potential 

of a variant to accurately predict the genetic component of drug response) is also unknown. 

The penetrance is a function of both the variant’s effect on protein functionality and the extent 

to which the protein functionality is associated with clinical outcome. Significant debate 

persists regarding both the nature and strength of evidence required for the clinical 

application of variant alleles of unknown functionality. Since the strength of these functions 

differs across genes and DGIs, we do not foresee a one-size-fits-all consensus regarding an 

evidence threshold across all DGIs, but rather a different evidence threshold per individual 

DGI based on the genetics and pharmacology of the interaction. For example, in the case of 

the TPMT-thiopurine interaction, the effect of TPMT variation on protein functionality has 

been firmly established since it exhibits behavior similar to monogenetic co-dominant traits 

(45). Therefore identified variants in TPMT (*3A/*3B/*3D) are considered to have sufficient 

evidence to be applied in the clinic, even in the absence of studies specifically investigating 

clinical effects in patients carrying these particular variants. On the other hand, clinically 

relevant variant alleles in CYP2D6 are based on the pharmacology of the interaction. For 

example, the flecainide-CYP2D6 interaction is based on the associations between decreasing 

CYP2D6 activity leading to increasing flecainide plasma levels which in turn leads to increased 

risk for flecainide intoxication. Therefore, all identified variants in CYP2D6, have shown to 

have a significant effect on CYP2D6 enzyme activity are defined to have sufficient evidence 

to be applied in the clinic.  
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in particular, we may also be more able to stratify patient groups into responders and non-

responders with improved endpoint development in these disease areas. Increased 

stratification of patient groups on the basis of genetic, (digital) biomarker, phenotypic, of 

psychosocial characteristics will drive more precise diagnoses and pharmacotherapy 

optimization (36, 37). This trend will drive demand for innovations for more efficient study 

designs due to increasing numbers of indications, while resources to fund these trials remain 

constant (38). In the case of rare diseases, the ultimate form of generation of evidence for 

precision medicine is through “N-of-1” studies (39). Recently, a successful example of such a 

trial was presented. A paediatric patient was diagnosed with a rare, fatal neurodegenerative 

condition. The molecular diagnosis led to the rational design, testing, and manufacture of 

milasen, a splice-modulating antisense oligonucleotide drug tailored to this particular 

patient. Proof-of-concept experiments in cell lines from the patient served as the basis for 

launching an "N-of-1" study of milasen within 1 year after the first contact with the patient, 

resulting in a safe and effective therapy (40). 

PPaarrtt  IIII::  DDeevveellooppiinngg  TToooollss  FFaacciilliittaattiinngg  IImmpplleemmeennttaattiioonn  

The utility of precision medicine using PGx guided pharmacotherapy is dependent on 

two factors. Firstly, the predictive utility of genetic variation to predict drug response and 

secondly our ability to adjust pharmacotherapy to reduce the risk of unwanted effects among 

high-risk individuals. We will discuss the current status of both factors using CChhaapptteerrss  44  aanndd  

55 to illustrate current strengths and limitations. In CChhaapptteerr  44, we presented the development 

of a tool to determine genetic variation to predict drug response. The PGx-passport uses 58 

variant alleles within 14 pharmacogenes (CYP2B6, CYP2C9, CYP2C19, CYP2D6, CYP3A5, 

DPYD, F5, HLA-B, NUDT15, SLCO1B1, TPMT, UGT1A1, and VKORC1) to predict patient 

phenotypes and corresponding drug response when exposed to an interacting drug. In 

CChhaapptteerr  55 we presented the development of a DPWG guideline on how to use predicted 

DPYD gene activity score (GAS) to adjust starting dose of fluoropyrimidines to reduce the risk 

of severe, potentially fatal toxicity.  

PPrreeddiiccttiivvee  UUttiilliittyy  ooff  GGeenneettiicc  VVaarriiaattiioonn  ttoo  PPrreeddiicctt  DDrruugg  RReessppoonnssee  

The paradigm of PGx to enable precision medicine is to determine an individual’s 

genetic variation in a given gene, to predict the corresponding phenotype, or functionality, 

of its gene product which in turn corresponds to a higher risk of a particular drug response. 

For intrinsic and pharmacokinetic dependant drug response (see FFiigguurree  11  AA), we expect the 

predicted phenotype to correspond to the drug plasma level and receptor occupancy and 

therefore predictive of an ADR or effect. For intrinsic and pharmacodynamic dependant ADRs 

(see FFiigguurree  11  BB), we expect the predicted phenotype to correspond to the affinity between 

receptor and ligand and therefore predictive of an ADR or effect. For idiosyncratic ADRs (see 

FFiigguurree  11  CC), we expect the predicted phenotype to correspond to a, most commonly 

immunological, mechanism which causes an ADRs. In PGx testing, as it is performed today, 
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genetic variants are determined (see FFiigguurree  11  DD) and interpreted to predict patient 

phenotype and corresponding drug response when exposed to an interacting drug. 

However, due to both technical constraints to determine all genetic variation and constraints 

in the interpretation of variants due to unknown downstream functionality, we have not yet 

reached maximum predictive utility of genetic variation.  

Even though multiple variants have been discovered we currently restrict testing to a 

subset of these variants. Restricting testing to individual variants disregards untested or 

undiscovered variants that may also influence the functionality of the gene product. Therefore 

we are unable to fully predict the functionality of the gene product (see FFiigguurree  11  EE). Reasons 

for restriction of testing are twofold. Firstly, technical limitations regarding the sequencing of 

complex loci prevent complete determination of both the gene of interest and other areas in 

the genome which may have an effect on the gene product. Determining genetic variation is 

specifically difficult in highly polymorphic genes such as the HLA genes or genes located near 

pseudogenes such as CYP2D6. Secondly, even if we were to determine all genetic variation, 

the downstream effect on protein functionality may be unknown and therefore impossible to 

interpret clinically (41). However, progress in the interpretation of functional consequences 

of such uncharacterized variations may support future interpretation in silico (42), in vitro or 

in vivo (43). Importantly, a study has shown that 92.9% of genetic variation in ADME genes 

are rare and 30-40% of functional variability in pharmacogenes can be attributed to these 

variants (44). In addition to the downstream functionality, the penetrance (i.e. the potential 

of a variant to accurately predict the genetic component of drug response) is also unknown. 

The penetrance is a function of both the variant’s effect on protein functionality and the extent 

to which the protein functionality is associated with clinical outcome. Significant debate 

persists regarding both the nature and strength of evidence required for the clinical 

application of variant alleles of unknown functionality. Since the strength of these functions 

differs across genes and DGIs, we do not foresee a one-size-fits-all consensus regarding an 

evidence threshold across all DGIs, but rather a different evidence threshold per individual 

DGI based on the genetics and pharmacology of the interaction. For example, in the case of 

the TPMT-thiopurine interaction, the effect of TPMT variation on protein functionality has 

been firmly established since it exhibits behavior similar to monogenetic co-dominant traits 

(45). Therefore identified variants in TPMT (*3A/*3B/*3D) are considered to have sufficient 

evidence to be applied in the clinic, even in the absence of studies specifically investigating 

clinical effects in patients carrying these particular variants. On the other hand, clinically 

relevant variant alleles in CYP2D6 are based on the pharmacology of the interaction. For 

example, the flecainide-CYP2D6 interaction is based on the associations between decreasing 

CYP2D6 activity leading to increasing flecainide plasma levels which in turn leads to increased 

risk for flecainide intoxication. Therefore, all identified variants in CYP2D6, have shown to 

have a significant effect on CYP2D6 enzyme activity are defined to have sufficient evidence 

to be applied in the clinic.  
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In summary, both the functional effects and the penetrance of many rare variants is 

yet unknown. As an additional complication, these may also differ across substrates and drug 

responses. Even more fundamentally, variants may impact each other’s functionality and 

therefore individual variants may have different functionalities depending on the absence or 

presence of other variants. For example, a non-synonymous insertion causing a frameshift 

upstream of another variant will cause the functionality of the gene product to be different 

than in the absence of this insertion.  

Another significant limitation, which is applicable to PGx testing and interpretation as 

it is performed today, is that we interpret predicted phenotypes as categories rather than 

continuous scores and assume the sum of both alleles equals total metabolic capacity (see 

FFiigguurree  11  FF). For example, for CYP2D6, patients are categorized into normal metabolizers 

(NM), intermediate metabolizers (IM), poor metabolizers (PM) or ultra-rapid metabolizers (UM) 

based upon their genotype. However, the actual CYP2D6 phenotype is likely normally 

distributed. Imposing categorization, as opposed to the interpretation of the actual 

genotype, therefore sacrifices information in order to simplify clinical interpretation. In the 

process, we interpret the functionality of each allele individually and assume that the sum of 

these activity scores equals the total activity of the diplotype, thereby abstracting from 

potential compensatory effects. Furthermore, these categorizations are currently substrate 

invariant, even though the effects on metabolic capacity may differ between substrates (46). 

However, categorization is currently justified due to the lack of evidence to devise 

pharmacotherapeutic recommendations per diplotype or per substrate. For example, the 

CYP2D6 activity score is now set at 0.5 for CYP2D6*10 for all substrates. However, in reality, 

the effect on activity scores may be different across substrates. As the field of PGx evolves 

we foresee that phenotypes will be predicted substrate specifically on a continuous scale, 

and pharmacotherapeutic recommendations are provided for each value.  

In CChhaapptteerr  44,, we have selected 46 SNPs and therefore base our phenotype prediction 

on 0.00092% of all 5 million known SNPs (47) and 0.38% of all known 12,152 variants in 146 

genes involved in drug pharmacokinetics (44). Although the presented PGx-Passport has not 

yet reached maximum predictive utility of genetic variation, due to reasons stated above, we 

have found a practical solution for determining and interpreting variation. Here we based 

variant selection on criteria regarding their effect on protein functionality, minor allele 

frequency (MAF) and association with drug response. We argue that only including variants 

with known effect on protein functionality is substantiated as including variants of unknown 

effect in the reported results would provide clinically ambiguous results (41). Additionally, we 

argued to limit included variants to those with a MAF>1% in at least one ethnicity. Here, we 

restrict testing to common variants to limit the number of tested variants from an economic 

perspective. Since many PGx variant alleles vary in frequency across ethnicities (48) and since 

self-reported ethnicity is not always in agreement with genetic ethnicity (49), it is of clinical 

importance that the PGx-Passport contains all variant alleles, which are considered common 
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in at least one defined ethnicity. Lastly, we argued to limit to variants for which association 

with drug response is determined, regardless of their MAF, as it may be useful to determine 

these alleles even though the frequency may be low. For example, the DPYD variant alleles 

DPYD*2A (MAF<1%), DPYD*13 (MAF<1%), DPYD c.2846A>T (MAF<1%) were selected 

regardless of their MAF since their association with fluoropyrimidine-induced toxicity has 

been well-established and adopted clinically. Since the selection was performed on a *-allele 

level, we would enable determination through sequencing platforms. However, in the case 

of the PREPARE study, it was not feasible to perform sequencing and therefore we resorted 

to performing genotyping. To operationalize the PGx-passport on a genotyping platform we, 

therefore, selected particular variants to represent haplotype blocks. However, one must take 

special consideration when selecting and interpreting tagging SNPs for HLA genotyping 

since frequencies as linkage disequilibrium (LD) patterns vary across ethnicities. For example, 

HLA-B*57:01 may be tested by using tagging SNP rs2395029(T>G). However, while 

rs2395029(T>G) is in complete LD with HLA-B*57:01 in Han Chinese, LD is lower in Southeast 

Asians (50-52). Therefore, this result should be interpreted with caution in certain populations. 

Further examples are tagging SNPs for HLA-A*31:01 and HLA-B*15:02 in Asian populations, 

which cannot be interpreted in Caucasians due to lower LD (53, 54). In summary, we consider 

the PGx-passport a minimal list of clinically relevant variant alleles. An advantage of the 

approach as described in CChhaapptteerr  44 is that the number of clinically interpretable results within 

their PGx-Passport is maximized, while costs remain reasonable.  

FFuuttuurree  PPeerrssppeeccttiivveess::  IImmpprroovviinngg  tthhee  PPrreeddiiccttiivvee  UUttiilliittyy  ooff  GGeenneettiicc  VVaarriiaattiioonn  ttoo  PPrreeddiicctt  DDrruugg  

RReessppoonnssee  

The predictive utility of genetics to identify those at risk for intrinsic ADRs is 

determined by the ability to determine an individual’s genetic variation and, subsequently, 

the ability to accurately predict protein functionality.  

Recent advances have been made to improve the ability to determine an individual’s 

genetic variation. Technical limitations regarding the sequencing of complex loci may be 

overcome by advances in long-read sequencing technologies and synthetic long-read 

assembly (55). As a result, an increasing number of variants with unknown functionality will 

need to be interpreted. Due to the larger number of rare variants, it is impossible to 

determine functionality in expression systems. To overcome this challenge, advances have 

been made in the development of in silico methods to predict functionality. However, these 

methods are based on genes that are evolutionarily highly conserved. Since many ADME 

genes are only poorly conserved, steps have been taken to calibrate in silico models on 

datasets (56). Nonetheless, these models still do not enable prediction of the functionality of 

synonymous mutations, intronic variants or variants in non-coding regions of the genome. An 

exciting initiative has provided an alternative method for the interpretation of variants with 

unknown functionality using machine learning, more specifically with a neural network (57). 
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based upon their genotype. However, the actual CYP2D6 phenotype is likely normally 

distributed. Imposing categorization, as opposed to the interpretation of the actual 

genotype, therefore sacrifices information in order to simplify clinical interpretation. In the 

process, we interpret the functionality of each allele individually and assume that the sum of 

these activity scores equals the total activity of the diplotype, thereby abstracting from 

potential compensatory effects. Furthermore, these categorizations are currently substrate 

invariant, even though the effects on metabolic capacity may differ between substrates (46). 

However, categorization is currently justified due to the lack of evidence to devise 

pharmacotherapeutic recommendations per diplotype or per substrate. For example, the 

CYP2D6 activity score is now set at 0.5 for CYP2D6*10 for all substrates. However, in reality, 

the effect on activity scores may be different across substrates. As the field of PGx evolves 

we foresee that phenotypes will be predicted substrate specifically on a continuous scale, 

and pharmacotherapeutic recommendations are provided for each value.  

In CChhaapptteerr  44,, we have selected 46 SNPs and therefore base our phenotype prediction 

on 0.00092% of all 5 million known SNPs (47) and 0.38% of all known 12,152 variants in 146 

genes involved in drug pharmacokinetics (44). Although the presented PGx-Passport has not 

yet reached maximum predictive utility of genetic variation, due to reasons stated above, we 

have found a practical solution for determining and interpreting variation. Here we based 

variant selection on criteria regarding their effect on protein functionality, minor allele 

frequency (MAF) and association with drug response. We argue that only including variants 

with known effect on protein functionality is substantiated as including variants of unknown 

effect in the reported results would provide clinically ambiguous results (41). Additionally, we 

argued to limit included variants to those with a MAF>1% in at least one ethnicity. Here, we 

restrict testing to common variants to limit the number of tested variants from an economic 

perspective. Since many PGx variant alleles vary in frequency across ethnicities (48) and since 

self-reported ethnicity is not always in agreement with genetic ethnicity (49), it is of clinical 

importance that the PGx-Passport contains all variant alleles, which are considered common 
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in at least one defined ethnicity. Lastly, we argued to limit to variants for which association 

with drug response is determined, regardless of their MAF, as it may be useful to determine 

these alleles even though the frequency may be low. For example, the DPYD variant alleles 

DPYD*2A (MAF<1%), DPYD*13 (MAF<1%), DPYD c.2846A>T (MAF<1%) were selected 

regardless of their MAF since their association with fluoropyrimidine-induced toxicity has 

been well-established and adopted clinically. Since the selection was performed on a *-allele 

level, we would enable determination through sequencing platforms. However, in the case 

of the PREPARE study, it was not feasible to perform sequencing and therefore we resorted 

to performing genotyping. To operationalize the PGx-passport on a genotyping platform we, 

therefore, selected particular variants to represent haplotype blocks. However, one must take 

special consideration when selecting and interpreting tagging SNPs for HLA genotyping 

since frequencies as linkage disequilibrium (LD) patterns vary across ethnicities. For example, 

HLA-B*57:01 may be tested by using tagging SNP rs2395029(T>G). However, while 

rs2395029(T>G) is in complete LD with HLA-B*57:01 in Han Chinese, LD is lower in Southeast 

Asians (50-52). Therefore, this result should be interpreted with caution in certain populations. 

Further examples are tagging SNPs for HLA-A*31:01 and HLA-B*15:02 in Asian populations, 

which cannot be interpreted in Caucasians due to lower LD (53, 54). In summary, we consider 

the PGx-passport a minimal list of clinically relevant variant alleles. An advantage of the 

approach as described in CChhaapptteerr  44 is that the number of clinically interpretable results within 

their PGx-Passport is maximized, while costs remain reasonable.  

FFuuttuurree  PPeerrssppeeccttiivveess::  IImmpprroovviinngg  tthhee  PPrreeddiiccttiivvee  UUttiilliittyy  ooff  GGeenneettiicc  VVaarriiaattiioonn  ttoo  PPrreeddiicctt  DDrruugg  

RReessppoonnssee  

The predictive utility of genetics to identify those at risk for intrinsic ADRs is 

determined by the ability to determine an individual’s genetic variation and, subsequently, 

the ability to accurately predict protein functionality.  

Recent advances have been made to improve the ability to determine an individual’s 

genetic variation. Technical limitations regarding the sequencing of complex loci may be 

overcome by advances in long-read sequencing technologies and synthetic long-read 

assembly (55). As a result, an increasing number of variants with unknown functionality will 

need to be interpreted. Due to the larger number of rare variants, it is impossible to 

determine functionality in expression systems. To overcome this challenge, advances have 

been made in the development of in silico methods to predict functionality. However, these 

methods are based on genes that are evolutionarily highly conserved. Since many ADME 

genes are only poorly conserved, steps have been taken to calibrate in silico models on 

datasets (56). Nonetheless, these models still do not enable prediction of the functionality of 

synonymous mutations, intronic variants or variants in non-coding regions of the genome. An 

exciting initiative has provided an alternative method for the interpretation of variants with 

unknown functionality using machine learning, more specifically with a neural network (57). 
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Here, the investigators trained a neural network model on the long-read sequencing profiles 

of CYP2D6 of 561 patients and used the metabolic ratio between tamoxifen and endoxifen 

as an outcome measure. The model explains 79% of the interindividual variability in CYP2D6 

activity compared to 55% with the conventional categorization approach. Additionally, this 

model is capable of assigning accurate enzyme activity to alleles containing previously 

uncharacterized combinations of variants. 

Due to the different underlying pharmacology of intrinsic (pharmacokinetic and -

dynamic) and idiosyncratic ADRs, approaches to translate variants of unknown functionality 

to usable clinical phenotypes may also be specific to the underlying pharmacology. 

Intrinsic Pharmacokinetic ADRs 

Currently, phenotypes are predicted in a categorical approach. However, we may 

expect enzyme activity to be normally distributed within a population and therefore better 

described by a continuous phenotype scale. We envision a future where phenotypes can be 

predicted more precisely by using all of an individual’s genetic variation, as opposed to 

limiting our view only to those variants included in a tested panel. Following a further 

understanding of the effects of individual variants to inform phenotype prediction on a 

continuous scale, we can imagine that this phenotype prediction will ultimately become 

substrate-specific as opposed to simply gene-specific. More fundamentally, in PGx we 

currently limit our view to a single DGI, while multiple genes may be involved in the 

metabolism of drugs and their metabolites. If we were to expand our view to multiple genes 

involved to predict drug response, the predictive utility will further improve. To incorporate 

genetic variations of multiple genes polygenic risk scores may provide useful (58).  

Subsequent to improved prediction of genetic variation and interpretation, the 

potential utility of correct phenotype prediction is determined by a number of factors 

including both the extent to which the enzyme determines drug exposure and the extent at 

which drug exposure is associated with a particular drug response. In current PGx research, 

blood plasma levels are often used as a surrogate endpoint for drug response. The underlying 

rationale here is that drug response is assumed to be a function of receptor occupancy in a 

specific tissue. However, receptors may be expressed in multiple tissues and may be 

expressed in varying densities within these tissues. Additionally, there may be interindividual 

differences in receptor expression across tissues, impacting the risk of intrinsic off-target 

ADRs, ADRs as a result of over efficacy and the lack of efficacy (see FFiigguurree  11  AA). However, in 

current PGx research, we do not take into account interindividual differences in receptor 

expression across tissues. Therefore, it may be of interest to further clarify the interindividual 

relationship between blood plasma level, receptor occupancy across tissues and drug 

response to validate the utility of using blood plasma levels in PGx discovery. For example, 

CYP2D6 phenotype may correctly predict plasma blood levels of endoxifen among patients 

treated with tamoxifen for adjuvant breast cancer. However, this does not seem to be 
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associated with clinical outcome (14). Therefore, the predictive utility of CYP2D6, in this case, 

is not substantiated.  

Since we are not fully able to predict drug response with the PGx-passport as 

described in CChhaapptteerr  44, we question ourselves to what extent the genetic component of drug 

response should be predictive of drug response to be useful. Theoretically, this is determined 

by the proportion of variation in drug response explained by genetics. For example, the 

genetic component of CYP2D6 in metabolism on metoprolol pharmacokinetics is 91% (59). 

If we assume this is also the case for tamoxifen metabolism, then explaining 79% of the 

interindividual variability by using a neural network model (57) explains the majority of genetic 

variation. Whether explaining the remaining missing hereditability of 21% is clinically relevant 

will depend on a number of factors including the width of the therapeutic window, 

interpatient variability of plasma levels and the severity of the associated ADRs and therefore 

will potentially be determined per individual DGI. 

Intrinsic Pharmacodynamic ADRs 

 In contrast to pharmacokinetic ADRs, pharmacodynamic ADRs often have a 

monogenetic association between receptor and ligand. Therefore, genetic variation 

underlying pharmacodynamic ADRs may be much easier to interpret. Potentially, a neural 

network could also be deployed to determine the functionality of variants. Here, one could 

use the ratio between bound and unbound ligand as a phenotype measured on a continuous 

scale.  

Idiosyncratic ADRs 

 The biological mechanism underlying hypersensitivity reactions is yet undetermined. 

However, associations discovered until now are mono-variant and have a high effect size. 

Based on this, one could expect that future variants associated with hypersensitivity reactions 

will also be mono-variant and therefore do not follow a continuous phenotype scale, but 

rather a dichotomous scale. 

FFuuttuurree  PPeerrssppeeccttiivveess::  IInnccoorrppoorraattiinngg  PPrreeddiiccttiivvee  UUttiilliittyy  ooff  OOtthheerr  DDeetteerrmmiinnaannttss  ttoo  PPrreeddiicctt  DDrruugg  

RReessppoonnssee  

Although genetics is considered the causal anchor of biological processes (60), the 

biological mechanism underlying drug response may be downstream of a genetic variant. In 

these cases, genetics will have no predictive utility for drug response (see FFiigguurree  11  JJ). 

Therefore, incorporating processes downstream of the genome, such as the epigenome (61), 

transcriptome, microbiome (62), and metabolome (63), may further optimize our ability to 

predict drug response to enable more accurate stratification of patient populations. 

Combining these profiles in a systems medicine approach may have a synergistic effect.  
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uncharacterized combinations of variants. 

Due to the different underlying pharmacology of intrinsic (pharmacokinetic and -

dynamic) and idiosyncratic ADRs, approaches to translate variants of unknown functionality 
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expect enzyme activity to be normally distributed within a population and therefore better 
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currently limit our view to a single DGI, while multiple genes may be involved in the 

metabolism of drugs and their metabolites. If we were to expand our view to multiple genes 

involved to predict drug response, the predictive utility will further improve. To incorporate 

genetic variations of multiple genes polygenic risk scores may provide useful (58).  

Subsequent to improved prediction of genetic variation and interpretation, the 

potential utility of correct phenotype prediction is determined by a number of factors 

including both the extent to which the enzyme determines drug exposure and the extent at 

which drug exposure is associated with a particular drug response. In current PGx research, 

blood plasma levels are often used as a surrogate endpoint for drug response. The underlying 

rationale here is that drug response is assumed to be a function of receptor occupancy in a 

specific tissue. However, receptors may be expressed in multiple tissues and may be 

expressed in varying densities within these tissues. Additionally, there may be interindividual 

differences in receptor expression across tissues, impacting the risk of intrinsic off-target 

ADRs, ADRs as a result of over efficacy and the lack of efficacy (see FFiigguurree  11  AA). However, in 

current PGx research, we do not take into account interindividual differences in receptor 

expression across tissues. Therefore, it may be of interest to further clarify the interindividual 

relationship between blood plasma level, receptor occupancy across tissues and drug 

response to validate the utility of using blood plasma levels in PGx discovery. For example, 

CYP2D6 phenotype may correctly predict plasma blood levels of endoxifen among patients 

treated with tamoxifen for adjuvant breast cancer. However, this does not seem to be 
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associated with clinical outcome (14). Therefore, the predictive utility of CYP2D6, in this case, 

is not substantiated.  

Since we are not fully able to predict drug response with the PGx-passport as 

described in CChhaapptteerr  44, we question ourselves to what extent the genetic component of drug 

response should be predictive of drug response to be useful. Theoretically, this is determined 

by the proportion of variation in drug response explained by genetics. For example, the 

genetic component of CYP2D6 in metabolism on metoprolol pharmacokinetics is 91% (59). 

If we assume this is also the case for tamoxifen metabolism, then explaining 79% of the 

interindividual variability by using a neural network model (57) explains the majority of genetic 

variation. Whether explaining the remaining missing hereditability of 21% is clinically relevant 

will depend on a number of factors including the width of the therapeutic window, 

interpatient variability of plasma levels and the severity of the associated ADRs and therefore 

will potentially be determined per individual DGI. 

Intrinsic Pharmacodynamic ADRs 

 In contrast to pharmacokinetic ADRs, pharmacodynamic ADRs often have a 

monogenetic association between receptor and ligand. Therefore, genetic variation 

underlying pharmacodynamic ADRs may be much easier to interpret. Potentially, a neural 

network could also be deployed to determine the functionality of variants. Here, one could 

use the ratio between bound and unbound ligand as a phenotype measured on a continuous 

scale.  

Idiosyncratic ADRs 

 The biological mechanism underlying hypersensitivity reactions is yet undetermined. 

However, associations discovered until now are mono-variant and have a high effect size. 

Based on this, one could expect that future variants associated with hypersensitivity reactions 
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FFuuttuurree  PPeerrssppeeccttiivveess::  IInnccoorrppoorraattiinngg  PPrreeddiiccttiivvee  UUttiilliittyy  ooff  OOtthheerr  DDeetteerrmmiinnaannttss  ttoo  PPrreeddiicctt  DDrruugg  

RReessppoonnssee  

Although genetics is considered the causal anchor of biological processes (60), the 

biological mechanism underlying drug response may be downstream of a genetic variant. In 

these cases, genetics will have no predictive utility for drug response (see FFiigguurree  11  JJ). 

Therefore, incorporating processes downstream of the genome, such as the epigenome (61), 

transcriptome, microbiome (62), and metabolome (63), may further optimize our ability to 

predict drug response to enable more accurate stratification of patient populations. 

Combining these profiles in a systems medicine approach may have a synergistic effect.  
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AAbbiilliittyy  ttoo  AAddjjuusstt  PPhhaarrmmaaccootthheerraappyy  ttoo  OOppttiimmiizzee  OOuuttccoommeess  

In addition to the predictive utility of genetic variation to predict drug response, the 

second component determining the utility of precision medicine using PGx guided 

pharmacotherapy is our ability to adjust pharmacotherapy to reduce the risk of unwanted 

effects among these individuals. Currently, we have two tools available to reduce the risk of 

ADRs and lack of efficacy: 1) selecting another drug and 2) adjusting the dose (see FFiigguurree  11  

HH).  

A successful example of choosing an alternative therapy to avoid an ADR is pre-

emptive testing for HLA-B 57:01 to guide drug selection for abacavir or another antiretroviral 

therapy that has an effect size of OR=0.03 95% CI [0.00-0.18] in reducing the risk of 

immunologically-confirmed hypersensitivity. Here, 0% of the prospectively screened group 

vs 2.7% of the control group experienced immunologically-confirmed hypersensitivity (5). In 

this example, the PGx intervention and subsequent adjustment completely eliminated the 

risk of hypersensitivity. This was due to the 100% sensitivity of the PGx test and the 100% 

efficacy of the pharmacotherapy adjustment. However, it is undetermined whether both the 

risk of ADRs other than hypersensitivity and the efficacy of the alternative antiretrovirals were 

similar. The safety and efficacy of the alternative dose or therapy should be kept in 

consideration when determining the utility of PGx testing.  

An example of adjusting the dose to reduce the risk of ADRs is pre-emptive testing 

for TPMT to guide dose selection of thiopurines in reducing the risk of severe hematologic 

ADRs (4). In contrast to the previously stated example, this PGx intervention has a lower effect 

size of RR=0.11 95% CI [0.01-0.85].  Here, severe hematologic ADRs still occurred in 2.6% of 

TPMT variant carriers who received an adjusted dose based, compared to the 22.9% of TPMT 

variant carriers without an adjusted dose. Although dose adjustment prevented ~89% of 

severe hematologic ADRs, the remaining ~11% could not be prevented by this intervention. 

Indeed, this could be partially explained by the sensitivity of TPMT testing not reaching 100%, 

but could also due to the fact that dose reduction was not sufficient for avoiding this ADR. 

Furthermore, the incidence of severe hematological ADRs among non-carriers of TPMT 

variants was 7.3%. This indicates that other (genetic) factors may play a role in the risk of 

severe hematological ADRs. Opportunely, we have been able to improve dosing 

interventions to optimize outcomes. For example, a previous version of the DPWG guideline 

as described in CChhaapptteerr  55, was updated to a further dose reduction for patients with DPYD 

GAS 1.5 to further decrease their risk of severe fluoropyrimidine-toxicity. Initially, those with 

a DPYD GAS 1.5 were to receive 75% of the normal fluoropyrimidine starting dose. However, 

a prospective study showed that among patients carrying c.2846A>T and c.1236G>A/HapB3 

variants the 75% starting dose was inadequate to reduce the risk of toxicity. The updated to 

50% was based on the median DPD enzyme activity and observed subsequent dose 

reductions in this prospective trial. With dose adjustments, one may superficially expect 
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under-dosing when decreasing a dose to prevent toxicity. This has been reported to lead to 

resistance to adhering to DPWG guidelines. Nevertheless, since the DPWG dose adjustments 

are calculated based on pharmacokinetic studies, the anticipated drug exposure among 

those with variant genotypes treated with a guideline-recommended lowered dose, are 

expected to have similar drug exposures to those with wildtype genotypes treated with 

normal doses. This was confirmed in a pharmacokinetic sub-study among patients carrying 

DPYD variants who were treated with a lower fluoropyrimidine dose (13). Still, one could 

argue that decreased efficacy is a significant outcome that should be measured, to place the 

results into context. Potentially, this could be inferred from surrogate endpoints, such as drug 

discontinuation, within the PREPARE study. 

 

FFuuttuurree  PPeerrssppeeccttiivveess::  AAbbiilliittyy  ttoo  AAddjjuusstt  PPhhaarrmmaaccootthheerraappyy  ttoo  OOppttiimmiizzee  OOuuttccoommeess  

In the future, pharmacotherapy adjustment may be further improved by imminent 

technologies such as 3D-printing to enable personalized dosing and delivery (64). Currently, 

the DPWG calculates specific dose adjustments based on pharmacokinetic studies and 

rounds the recommended dose to the nearest corresponding marketed dose for clinical 

feasibility. The utilization of 3D-printing technologies may enable rapid compounding of 

tablets with a specific dose based on an individual’s genetic profile. In any case, adjustment 

of the pharmacotherapy will always be limited by the safety profile of available drugs. 

Opportunely, over the last decades, newly developed drugs have been shifting from 

unspecific small molecules to more targeted drugs in the form of humanized monoclonal 

antibodies (65), cell therapies (66) and gene therapies (67). Therefore, as a general trend, on 

the one hand, the risk of off-target ADRs is decreasing thereby yielding safer drugs. On the 

other hand, the more personalized application of drugs in narrower diagnoses is yielding 

more efficacious drugs.   

PPaarrtt  IIIIII::  EEvvaalluuaattiinngg  tthhee  IImmpplleemmeennttaattiioonn  PPrroocceessss  

 Over the last years, a number of barriers preventing PGx implementation have been 

addressed. However, despite this progress, a number of remaining hurdles are hampering 

implementation. Previously surmounted barriers include the generation of gold-standard 

evidence demonstrating clinical utility or individual DGIs, the development of guidelines 

directing the use of PGx results to guide dose and drug selection (68-71) (CChhaapptteerr  44), the 

incorporation of PGx information in drug labels (72), selection of clinically relevant variants 

(73-75) (CChhaapptteerr  55) and the initiation of multiple implementation studies (16, 76) generating 

evidence and incorporating PGx results into clinical workflows (77-79). In CChhaapptteerr  88 we 

identified pharmacists reported remaining barriers of implementation. These included 

unclear procedures regarding timing and methodology of testing, inefficiencies in recording 

PGx results for future use, lacking health care provider (HCP) PGx knowledge and awareness 

and undetermined reimbursement for PGx test and consult. A number of these remaining 
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incorporation of PGx information in drug labels (72), selection of clinically relevant variants 

(73-75) (CChhaapptteerr  55) and the initiation of multiple implementation studies (16, 76) generating 

evidence and incorporating PGx results into clinical workflows (77-79). In CChhaapptteerr  88 we 

identified pharmacists reported remaining barriers of implementation. These included 

unclear procedures regarding timing and methodology of testing, inefficiencies in recording 

PGx results for future use, lacking health care provider (HCP) PGx knowledge and awareness 

and undetermined reimbursement for PGx test and consult. A number of these remaining 



543759-L-bw-Wouden543759-L-bw-Wouden543759-L-bw-Wouden543759-L-bw-Wouden
Processed on: 23-6-2020Processed on: 23-6-2020Processed on: 23-6-2020Processed on: 23-6-2020 PDF page: 410PDF page: 410PDF page: 410PDF page: 410

Chapter 10 

408 
 

barriers and future perspectives on how these may be overcome will be discussed among the 

following sections. 

OOppttiimmaall  TTiimmiinngg  aanndd  MMeetthhooddoollooggyy  

Significant debate persists regarding the optimal timing and methodology of testing 

for delivering PGx testing in clinical care (76) (see FFiigguurree  11  DD). Some support a pre-therapeutic 

single gene-drug approach, in which a PGx test of a single relevant gene is ordered once a 

target drug is prescribed; while others advocate for a pre-emptive panel-based strategy in 

which multiple genes are tested simultaneously and saved for later use, in preparation of 

future prescriptions throughout a patient’s lifetime (80). When combined with a clinical 

decision support system (CDSS), the corresponding PGx guideline can be deployed by the 

CDSS at the point of care, thereby providing clinicians with the necessary information to 

optimize drug prescribing, when a target drug is prescribed. This is deemed useful since 

patients will receive multiple drug prescriptions with potential DGIs within their lifetime (76, 

81). It has been estimated that half of the patients above 65 years will use at least one of the 

drugs for which PGx guidelines are available during a four year period, and one fourth to one 

third, will use two or more of these drugs (82). Logistics and cost-effectiveness are therefore 

optimized when delivered in a pre-emptive panel-based approach; pharmacotherapy does 

not have to be delayed, in awaiting single gene testing results and costs for genotyping are 

minimized, as marginal acquisition costs of testing and interpreting additional 

pharmacogenes is near-zero (18). However, the clinical utility of panel-based PGx testing 

must be demonstrated before wide-spread implementation is substantiated. In the 

meantime, sufficient evidence supports the implementation of a number of individual DGIs 

(83, 84). To support the uptake of these reactive tests, we present the clinical implication 

score (85) (CChhaapptteerr  44), which directs the testing of “essential” genes before initiation of an 

interacting drug.  

The timing at which panel-based testing should be performed is also yet 

undetermined. A panel test could be performed when no drug initiation is indicated, in 

preparation of future drug prescriptions. In this case, PGx testing would be a waste of 

resources if no drug would be initiated in the near future. Alternatively, panel testing could 

be performed once a patient plans to initiate a drug for which PGx testing may be useful and 

re-use these results when future DGIs are encountered. This model was deployed in CChhaapptteerr  

77, where pharmacists requested a PGx panel test when patients planned to initiate one of ten 

drugs for which PGx guidelines are available. Here, 97% of patients to (re)used  PGx-panel 

results for at least one, and 33% for up to four newly initiated prescriptions with possible DGIs 

within a 2.5-year follow-up. In this case, 24% were actionable DGIs, requiring 

pharmacotherapy adjustment. This high rate of re-use indicates this may be a promising 

model for delivering PGx panel-based testing.  As an alternative model, another initiative has 
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utilized a prediction model to select patients who may benefit from PGx testing in the near 

future algorithmically and using prescription data (86, 87).  

In addition to undetermined timing and methodology, the most optimal target group 

for testing is also yet undetermined. Current studies have identified potential patient sub-

groups for which pre-emptive PGx panel testing may be most useful. Some initiatives have 

selected patients with particular indications in psychiatry (88-91). Others have selected 

patients with particular characteristics such as polypharmacy and elderly patients (78, 92). In 

CChhaapptteerr  77, we performed an exploratory analysis to identify patient characteristics associated 

with increased use of PGx panel results. It seemed that the number of newly initiated 

prescriptions increased with age, number of comorbidities and number of comedications, but 

this could not be statistically concluded. A larger sample size and a threshold defining 

usefulness would be required to identify subgroups based on these baseline characteristics.  

Alternatively, consumers who have an interest in their PGx profile may also obtain 

their PGx test results outside the realm of healthcare and without the intervention of an HCP. 

In 2018, direct-to-consumer (DTC) PGx testing was approved by the US Food and Drug 

Administration (FDA). However, in contrast to DTC tests provided before 2013, the FDA has 

approved only a limited scope of 33 variants in 8 genes, and providers have mandated the 

need to retest. Concerns of DTC PGx testing have been reported to relate to patient actions 

(e.g., to stop taking a prescribed medication or adjusting the regimen based on genotype 

without consultation with a health provider) (93). However, a longitudinal study of DTC 

consumers showed that only 5.6% of consumers reported changing a medication they were 

taking or starting a new medication due to their PGx results. Of these, 45 (83.3%) reported 

consulting with an HCP regarding the change (94). Nonetheless, the involvement of HCPs will 

optimize the use of PGx results when delivered in a DTC setting. In the same longitudinal 

study, (CChhaapptteerr  66) we found that 63% of consumers planned to share their results with a 

primary care provider. However, at 6-month follow-up, only 27% reported having done so, 

and 8% reported sharing with another HCP. Among participants who discussed results with 

their PCP, 35% were very satisfied with the encounter, and 18% were not at all satisfied. These 

results indicate that PGx testing in a DTC model may be a safe model for obtaining PGx 

testing. 

FFuuttuurree  PPeerrssppeeccttiivveess::  OOppttiimmaall  TTiimmiinngg  aanndd  MMeetthhooddoollooggyy  

Consensus regarding who should be tested, and when it is most cost-effective to 

perform pre-emptive panel testing, remains undetermined (18). Moreover, the most cost-

effective technique to determine the PGx profile is also undetermined. As novel DGIs are 

discovered, it may be more efficient to determine whole-genomes using sequencing 

techniques, to avoid testing of additional variants through genotyping over time. Clinically 

relevant PGx variants are currently able to be extracted from sequencing data using 
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utilized a prediction model to select patients who may benefit from PGx testing in the near 

future algorithmically and using prescription data (86, 87).  

In addition to undetermined timing and methodology, the most optimal target group 

for testing is also yet undetermined. Current studies have identified potential patient sub-

groups for which pre-emptive PGx panel testing may be most useful. Some initiatives have 
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prescriptions increased with age, number of comorbidities and number of comedications, but 

this could not be statistically concluded. A larger sample size and a threshold defining 
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Alternatively, consumers who have an interest in their PGx profile may also obtain 
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Administration (FDA). However, in contrast to DTC tests provided before 2013, the FDA has 

approved only a limited scope of 33 variants in 8 genes, and providers have mandated the 

need to retest. Concerns of DTC PGx testing have been reported to relate to patient actions 
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bioinformatics pipelines (95, 96). As the cost of sequencing techniques decrease, genotype-

based testing will become obsolete. In this case, it may be more cost-effective to perform 

population-wide sequencing at birth, to ensure the maximization of instances in which a PGx 

result is available when a DGI is encountered. Initially, however, sequencing may be indicated 

by other medical indications and objectives (97, 98). If this is to come into fruition, the 

determining the cost-effectiveness of implementing PGx testing will become redundant, as 

the information on PGx variants become secondary findings, free of additional costs. 

RReeccoorrddiinngg  PPGGxx  PPaanneell  RReessuullttss  ffoorr  FFuuttuurree  UUssee  

To enable pre-emptive PGx testing, it is imperative that the PGx test results are 

recorded in the EMR for future use (see FFiigguurree  11  GG). In CChhaapptteerr  77 we found that both 

pharmacists and GPs are very able to record PGx results in their EMRs as contra-indications 

(96% and 33% of pharmacists and GPs, respectively); enabling the deployment of relevant 

guidelines by the CDSS when a DGI is encountered both at prescribing and dispensing. An 

advantage of recording PGx results in both pharmacy and GP EMRs is the minimization of 

the risk of missing a DGI. As a result, it is not disastrous that GPs also recorded them in other 

formats, thereby not enabling the CDSS at prescribing, in 35% of cases. In contrast, a recent 

study showed that genotyping results were sparsely communicated and recorded correctly; 

only 3.1% and 5.9% of reported genotyping results were recorded by GPs and pharmacists, 

respectively, within a similar follow-up time of 2.36 years (99). Surprisingly, 1.5% of PGx results 

were not recorded by pharmacists because they did not include actionable genotypes. 

However, it is still of importance to document these results to avoid unnecessary re-testing 

of the patient. Finally, the fact that discrepancies between reported results and the recorded 

result were only observed in 1% of pharmacy EMR cases, indicates that the current manual 

system of recording is error-prone. Regardless of the low error rate, PGx results are static and 

therefore life-long. It is therefore imperative that errors in the recording of PGx results are 

avoided.  

FFuuttuurree  PPeerrssppeeccttiivveess::  RReeccoorrddiinngg  PPGGxx  PPaanneell  RReessuullttss  ffoorr  FFuuttuurree  UUssee  

Future initiatives should focus on the development of automated sharing of PGx 

results across EMRs. In the Netherlands, such an initiative has been launched but requires 

patient consent before it can be utilized. The National Exchange Point (“Landelijk Schakel 

Punt” (LSP)) is a nationwide secured EMR infrastructure to which nearly HCPs access (100). 

Only when a patient has provided written consent for the LSP, can a professional summary of 

the local pharmacy or GP EMR, including PGx results, be downloaded by another treating 

HCP in the same region; unless the patient chose to shield this information. Alternatively, 

providing the PGx results directly to patients may resolve the issue in terms of communicating 

and recording PGx results; for example, utilizing the MSC safety-code card as utilized in the 

PREPARE study (101, 102). 
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Because the implications and potential actionability of PGx results will often apply to 

multiple drugs across a patient’s lifetime, it is essential to have a system capable of updating 

interpretations of PGx variants based on the most state of the art literature (103). However, a 

consensus on how to incorporate such a system into EMRs is undetermined (104).  As we shift 

from determining PGx profile through panel-based testing to genome sequencing and 

thereby shift from utilizing variants of known significance to variants of unknown significance 

to determine phenotypes, it may become of utmost importance to record uninterpreted 

variants in the EMR as opposed to only recording predicted phenotypes.  

PPaarrtt  IIVV::  QQuuaannttiiffyyiinngg  tthhee  IImmppaacctt  oonn  PPaattiieenntt  OOuuttccoommeess  aanndd  CCoosstt--EEffffeeccttiivveenneessss  

Several small randomized and observational studies indicate the (cost-)effectiveness 

of PGx panel-based testing in psychiatry and polypharmacy (78, 88, 90, 92), where observed 

cost savings ranged from $218 (92) to $2,778 (105) per patient. Others have modeled the 

cost-effectiveness of one-time genetic testing to minimize a lifetime of adverse drug reactions 

and concluded an incremental cost-effectiveness ratio (ICER) of $43,165 per additional life-

year and $53,680 per additional quality-adjusted life-year, and therefore cost-effective (106). 

However, cost-effectiveness may vary across ethnic populations, as a result of varying in allele 

frequencies; the target population, as a result of varying prescription patterns; and the 

healthcare setting, as a result of varying healthcare costs and ICER cost-effectiveness 

thresholds. Although these studies indicate the potential benefit of PGx panel-based testing, 

a sufficiently powered prospective study assessing the clinical and cost-effectiveness of pre-

emptive PGx-testing is yet to be executed (7).  

In the meantime, to stimulate the adoption of single-gene PGx testing, we 

determined the cost-effectiveness of a sub-set of genes included in the PGx-Passport 

(CChhaapptteerr  99) covering interactions that are classified as “Essential” according to the DPWG 

clinical implications score. These DGIs direct pre-therapeutic PGx testing for the relevant 

gene to guide initial dose and drug selection and concern high-risk drugs and intend to 

prevent severe clinical consequences such as gene-drug-related death. We found that 

148,128 patients initiate at least one of seven drugs per year in the Netherlands. The 

corresponding PGx-testing of relevant single genes would cost €19.4 million. Of these drug 

initiators, 35,762 (24.1%) would have an actionable DGI, requiring an alternative dose or 

drug. HCP discussion of these actionable results would cost €586,000. The extra costs made 

to initiate a PGx-guided drug is €1.458 million. Overall, costs are therefore €21.4 million. 

Interestingly, PGx-guided drug costs are cost-saving for all DGIs (range per cost-saving DGI: 

0.7%-4.6%), except the clopidogrel-CYP2C19 interaction where the drug costs are €2.8 

million (162%) higher than the standard of care. Remarkably, the costs of drugs saved in the 

PGx-guided group surmounts the cost of PGx testing and HCP interpretation combined for 

the irinotecan-UGT1A1 interaction, making the intervention cost-minimizing and saving 

€481,000 on drug costs per year. The overall cost PGx-guided initial dose and drug selection 
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bioinformatics pipelines (95, 96). As the cost of sequencing techniques decrease, genotype-

based testing will become obsolete. In this case, it may be more cost-effective to perform 
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RReeccoorrddiinngg  PPGGxx  PPaanneell  RReessuullttss  ffoorr  FFuuttuurree  UUssee  
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FFuuttuurree  PPeerrssppeeccttiivveess::  RReeccoorrddiinngg  PPGGxx  PPaanneell  RReessuullttss  ffoorr  FFuuttuurree  UUssee  
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PREPARE study (101, 102). 
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for “essential” DGIs would reduce the overall relative risk of gene-drug-related death with 

10.6% (range per DGI: 8.1% – 14.5%) and prevent 419 (0.3% of initiators) deaths a year. The 

cost of preventing one gene-drug-related death is, therefore, €51,000 (range per DGI: €-

752,000 – €633,000). 

FFuuttuurree  PPeerrssppeeccttiivveess::  QQuuaannttiiffyyiinngg  tthhee  IImmppaacctt  oonn  PPaattiieenntt  OOuuttccoommeess  aanndd  CCoosstt--EEffffeeccttiivveenneessss   

Clinical trials and prospective cohorts typically measure short-term benefits of PGx 

testing, while the time horizon for the benefit of PGx testing is over a lifetime and therefore 

unable to be captured within regular trials. As such, the life-long cost-effectiveness of one-

time pre-emptive panel-based testing to prevent ADRs is yet undetermined. Other 

methodologies such as Markov models can be deployed to simulate effectiveness over 

longer time-horizons. This will be of interest to reimbursement policymakers, who require 

evidence that panel-based testing will yield downstream improved health outcomes at 

acceptable costs. Therefore, future research should model the cost-effectiveness of pre-

emptive PGx testing to prevent a lifetime of adverse drug events. Optimally, such an analysis 

could be run on a longitudinal cohort of patients for which both prescription data and PGx 

results are available. Initial steps are being taken to obtain such data from the Doetinchem 

cohort. Furthermore, such a dataset could be used to explore the optimal timing and sub-

group application of testing to optimize cost-effectiveness.  

CCoonncclluussiioonn::  PPrreecciissiioonn  MMeeddiicciinnee  UUssiinngg  PPhhaarrmmaaccooggeennoommiicc  PPaanneell  TTeessttiinngg  

The work of this thesis aims to support implementation of precision medicine using 

PGx panel testing. It reports on the development of tools facilitating implementation (PPaarrtt  IIII) 

such as a guideline for using PGx results to guide pharmacotherapy and a standardized panel 

of PGx variants. Subsequently, it evaluates of the implementation process utilizing these tools 

(PPaarrtt  IIIIII), underlining the importance of overcoming remaining implementation barriers, such 

as the generation of evidence supporting PGx panel testing, clarifying the most optimal 

timing and methodology for delivering and recording PGx results, improving acceptance and 

knowledge and acquiring reimbursement. Proof-of-concept evidence for precision medicine 

using PGx panel testing will be primarily generated through the PREPARE study (PPaarrtt  II) 

Currently, over 6,500 patients have been enrolled and the trial is aiming to report by the end 

of 2020. In the meantime, we have quantified the impact of PGx implementation on patient 

outcomes and cost-effectiveness for a subset of DGIs (PPaarrtt  IIVV). Depending on the trial results, 

this evidence set may help overcome the remaining implementation barriers to make 

precision medicine using PGx panel testing a reality for all European citizens and beyond.  

In the coming years and decades, the utility of precision medicine using PGx guided 

pharmacotherapy will be further optimized as a result of technological developments 

improving the predictive utility of genetic variation to predict drug response and 

developments improving our ability to adjust pharmacotherapy to reduce risk of unwanted 
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effects among high-risk individuals. Additionally, the utility of precision medicine will be 

further improved by combining other determinants of drug response in prediction models. 

In parallel, implementation and evidence generation supporting improved precision 

medicine approaches can be generated concomitantly by combining digital medicine and 

innovative study designs within learning health care systems. In conclusion, these 

developments will revolutionize current stratified medicine to enable true personalized 

medicine. 
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