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Abstract

Despite the nationwide availability of pharmacogenomic (PGx) guidelines in electronic medication surveillance systems in
The Netherlands, PGx guided prescribing is still uncommon in primary care. We set out to investigate the adoption of
pharmacist initiated PGx testing in primary care. Community pharmacists were offered a free PGx test covering 40 variants
in 8 genes to test patients receiving an incident prescription (IRx) of a selection of 10 drugs. Results of the PGx test along
with predicted phenotypes and a therapeutic recommendation based on the Dutch Pharmacogenetics Working Group
(DPWG) guidelines were transferred to the pharmacist and physician. Adoption was defined as the percentage of eligible
patients that received genotyping. From November 2014—July 2016, 200 patients were included with an adoption of 18.0%.
Of the included patients 57.5% received an IRx for atorvastatin, 14.5% started with simvastatin and 28.0% received an IRx
for amitriptyline, (es)citalopram, nortriptyline, or venlafaxine. 90% of the patients carried at least one actionable PGx test
result in the selected PGx-panel. In 31.0% of the incident prescriptions a combination between a drug with a known gene-
drug interaction and an actionable genotype was present and a therapeutic recommendation was provided. The provided
recommendations were accepted by the clinicians in 88.7% of the patients. Pharmacist initiated implementation of PGx in
primary care is feasible, and the frequency of actionable gene-drug interactions for the selected drugs is high.

Introduction Several pharmacogenomic implementation projects

have been initiated in specialized and secondary care

In recent years many of the hurdles hindering the successful
application of pharmacogenomics (PGx) have been
addressed [1, 2]. The Clinical Pharmacogenetics Imple-
mentation Consortium (CPIC) and the Dutch Pharmacoge-
netics Working Group (DPWG) both have published a
range of guidelines on relevant gene-drug interactions
providing PGx-test interpretation and therapeutic recom-
mendations for patients with a known genotype [2—4].

Supplementary information The online version of this article (https://
doi.org/10.1038/s41431-019-0454-x) contains supplementary
material, which is available to authorized users.

D4 Jesse J. Swen
jj-swen@lumc.nl

Department of Clinical Pharmacy & Toxicology, Leiden
University Medical Center, Leiden, Netherlands

Leiden Network for Personalised Therapeutics, Leiden University
Medical Center, Leiden, Netherlands

SPRINGER NATURE

centers. Results have not only shown the feasibility of
clinical pharmacogenomics but also highlighted the high
frequency of clinically actionable genotypes in the general
population underscoring the potential for the use PGx to
improve pharmacotherapy [5—11]. Currently, PGx testing
is not routinely implemented in primary care [12]. How-
ever, studies have shown that of the drugs with a known
gene-drug interactions 25 are among the most frequently
used medications in the USA by patients in a home set-
ting. Examples of these drug include statins, TCA’s, SSRI
and SNRI’s [13]. Therefore, PGx-informed decision
making has a high potential to lead to optimized phar-
macotherapy in primary care. Indeed, preliminary studies
in primary care setting have shown that PGx informed
prescribing leads to a reduction in hospitalization, appears
to be cost-effective within the cost-structures currently
present in the US healthcare and that gene-drug interac-
tions may appear to be independent risk for hospitaliza-
tion [14-17].
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In the Netherlands the infrastructure for using PGx
information to guide pharmacotherapy is well developed.
The DPWG guidelines are fully integrated into available
clinical decision support (CDS) nationwide through the
G-standard  (https://www.knmp.nl/producten-en-diensten/
gebruiksrecht-g-standaard/informatie-over-de-g-standaard/
the-gstandaard-the-medicines-standard-in-healthcare), and
readily available as pop-up alerts (see Fig. 1) during drug
prescribing and dispensing [3, 4]. With their dedication to
safe and effective pharmacotherapy pharmacists are leading
candidates to act on a patients’ genotype. Patients also
appear to be positive towards PGx-testing initiated within a
community pharmacy setting [18]. Based on the availability
of PGx guidelines integrated in the workflow of healthcare
professionals and the positive attitude to pharmacy deliv-
ered PGx we set out to investigate whether genotype guided
dosing in primary care using a PGx test panel in the
Netherlands is feasible. Additionally, we wanted to inves-
tigate the frequency of actionable genotypes in a panel of
the genes CYP2C9, CYP2C19, CYP2D6, CYP3AS5, DPYD,
SLCOIBI, TPMT and VKORCI and to study the frequency
of gene-drug interactions in primary care.

Methods
Study design and setting

The Implementation of Pharmacogenomics into Primary
care Project (IP3) was designed as a prospective multicenter
observational study of routine clinical practice with the
objective to test the feasibility of pharmacist initiated
pharmacogenomics testing in primary care. Secondary aims
were to investigate the frequency of actionable phenotypes,
the frequency of incident prescriptions with a combination
between a drug with a known gene-drug interaction and the
associated actionable genotype, and the effects of gene-drug
interactions on pharmacotherapy in both the period of
empirical treatment prior to inclusion (i.e. without the
knowledge of the patients’ genetic make-up) and during
genotype-guided dosing in separate exploratory analyses.
Actionable phenotypes were defined as a genetically pre-
dicted poor, intermediate or ultra-rapid metabolizer pheno-
type for the genes CYP2CY9, CYP2C19, CYP2D6, DPYD
and TPMT; a genetically predicted phenotype of hetero-
zygous or homozygous expressor for the gene CYP3AS5, a
genetically predicted phenotype of lowered transporter
activity for the gene SLCOIBI or a genetically predicted
phenotype of high sensitivity for the gene VKORCI (see
supplementary document 1 for associated genetic variants).
The central Medical Ethics Review board of the Leiden
University Medical Center (LUMC) in Leiden, The Neth-
erlands approved the protocol.

Endpoints

The primary endpoint was the adoption rate of PGx test-
ing. This was defined as the number of genotyped patients
divided by the total number of eligible patients in the
timeframe of the study. Secondary endpoints included the
frequency of actionable genotypes, the number of patients
with a combination of an actionable genotype in combi-
nation with a drug with a known gene-drug interaction,
the number of drug related interventions (defined as
stopping of the medication, switching to another drug,
switching to a different dose), the number of visits to the
pharmacy, and the drug dose. The medication history of
the included patients was collected from the electronic
patient records in the pharmacy. In order to compare drug
dosages of different drugs defined daily dosages (DDD)
were used. To account for changing dosages over time, a
time-weighted average was calculated for each of the
drugs of inclusion.

To study the effects of genotype guided dosing on the
secondary endpoints follow-up on all secondary outcomes
was prospectively collected from the point of inclusion
until the end of the study in which general practitioner and
pharmacist had knowledge of actionable PGx test results.
In a similar analysis the effects of actionable genotypes on
secondary outcomes during the period where individuals
had been treated empirically by general practitioners and
pharmacists without the knowledge of the patients’ gen-
otype was studied. The follow-up concerning the sec-
ondary endpoints was collected prospectively for the
period in which general practitioner and pharmacist had
knowledge of actionable PGx test results. For the retro-
spective analysis the DDD, number of visits to the phar-
macy and drug related interventions were collected.
Patients (see below) were identified through weekly
searches in the electronic drug dispensing systems.
Treating pharmacists informed eligible patients about the
project. When the patient agreed to participate, written
informed consent was obtained and a saliva sample for
DNA extraction was collected.

Patients

Adult (18 years or older) patients with an incident pre-
scription (defined as no prescription for the incident drug
within the preceding 12 months) for at least 28 days for
amitriptyline, atomoxetine, atorvastatin, (es)citalopram,
clomipramine, doxepin, nortriptyline, simvastatin or
venlafaxine in participating primary healthcare centers in
the vicinity of Leiden were invited to participate in the
study and offered free genetic testing. To investigate the
impact of PGx informed prescribing historical data were
used. Therefore, patients needed to have at least one
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Fig. 1 Example of an alert generated through Clinical Decision Support

prescription for one of the 10 selected drugs for a period
of at least 28 days other than the incident prescription in
the preceding year. After identification of the patients
through automated queries the participating pharmacists
manually checked whether patients fulfilled the in- and
exclusion criteria. Finally, patients not recruited within
14 days after dispensing the incident prescription were
excluded.

Genotyping

Saliva was collected using the Oragene DNA OG-250
(DNA Genotek Inc, Ottawa, Ontario, Canada) and sent to
the department of Clinical Pharmacy & Toxicology at the
LUMC. DNA was isolated according to the protocol of the
manufacturer. Genotypes of CYP2C9, CYP2C19, CYP2D6,
CYP3AS5, DPYD, SLCOIBI, TPMT and VKORCI (see
supplementary document 1) were determined using the
Drug Metabolizing and Transporters (DMET) Plus Array
(Affymetrix, Santa Clara, CA). CYP2D6 copy-number
variation was detected with gPCR (Thermo Fisher Scien-
tific, Massachusetts, USA). The DMET method was vali-
dated for the genes CYP2CY9, CYP2C19, CYP3AS, DPYD,
SLCOIBI, TPMT and VKORCI by reanalyzing DNA
samples from 94 anonymized blood-donors obtained from
Sanquin (Sanquin, Amsterdam, NL) previously analyzed
using Sanger Sequencing used for the wvalidation of
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assays used in the clinical setting (see supplementary
document 1 for the associated variants). Validation of the
DMET for the detection of genetic variants in the
gene CYP2D6 (see supplementary document 1) and gPCR
used for the detection of copy-number variants occurred
through reanalyzing DNA samples from the CYPTAM
study (CYPTAM: NTR1509) previously analyzed using
the AmpliChip® (Roche, Indianapolis, US) [19]. The
DMET test was further supplemented with the DPYD
variants NM_000110.3:c.1236 G> A (rs56038477) and
NM_000110.3:c.2846 A>T (rs67376798) which were
routinely tested in the LUMC at the time of study execution
[20]. The genotypes of the 8 genes in the pharmacoge-
nomic profile were translated into genotype predicted
phenotypes using the DPWG guidelines [3, 4]. Finally, a
report for the general practitioner and pharmacists was
generated which contained the genotypes, the genetic pre-
dicted phenotypes along with a therapeutic recommenda-
tion to continue current therapy in case of a wildtype
genotype or to adjust pharmacotherapy in case of a com-
bination between an actionable genotype and the prescribed
drug. The report was transferred to the treating clinicians
with the request to record the genetic profile in automated
electronic drug prescribing and dispensing systems for
active medication surveillance based on the patients’ gen-
otype (see also Introduction). The database containing the
genotypes and genetic predicted phenotypes is available
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at https://databases.lovd.nl/shared/individuals (patient IDs
184080-184279) [21].

Statistical analysis
Primary endpoint

The primary endpoint of this study was the extent of
adoption of PGx-testing expressed as the percentage of
eligible patients that received genotyping in a percentage.

Secondary endpoints

The statistical analysis of the secondary endpoints was not
powered to detect a significant effect and was of
exploratory design. To explore whether gene-drug inter-
actions resulted in a difference in the time-weighed
DDD’s a multinomial generalized estimating equation
(GEE) was carried out using the categorized DDD’s from
the prescribed drug at inclusion (amitriptyline, atomox-
etine, atorvastatin, (es)citalopram, clomipramine, dox-
epin, nortriptyline, simvastatin or venlafaxine) as
dependent variable, and the occurrence of a gene-drug
interaction as an independent variable. The GEE model
was chosen because of the hierarchical structure in the
data for the prospective collected DDD’s of the drug
prescribed at the time of inclusion with genotyped guided
dosing. In addition, a multilevel log-linear Poisson ana-
lysis was carried out to determine whether a relationship
was present between the actionable phenotype and num-
ber of switches in dose after inclusion. Furthermore, a
multilevel log-linear Poisson analysis was carried out to
determine between actionable phenotype and the
number of visits to the pharmacy the prospective collected
follow-up.

In three separate analyses, the retrospectively collected
follow-up from the period before inclusion was analyzed
in a similar manner. The categorized DDD’s from one of
the ten selected drugs used before inclusion were ana-
lyzed using a multinomial GEE with the categorized
DDD’s as dependent variable and presence of a gene-
drug interaction as an independent variable. Multilevel
log-linear Poisson analyses were carried out to analyze
the effect gene-drug interactions on the number of
switches in dose applied and the number of visits before
inclusion. Sensitivity analyses for all the multilevel
models were performed to investigate whether factors
such as gender, age, weight, height and automated dose
dispensing were confounding factors. Model specifica-
tions included an exchangeable correlation structure and a
robust estimator. In all models the patient was used as the
lowest level clustered within prescribing physician.

Results

Characterization of included patients & incident
prescriptions

In total 200 patients were included in this study. The
characteristics of the patients are presented in Table 1. The
included study population contained 103 (51.5%) females
and 97 (48.5%) males with mean age was 62+ 11 years
ranging from 27 up to 87. The majority of patients (92.5%)
reported that both parents were of Caucasian descent (see
Table 1). The majority of the patients received an incident
prescription for a statin i.e. atorvastatin (n =115) or sim-
vastatin (n =29). The remainder of the patients were
included on amitriptyline (n=15), citalopram (n=7),
escitalopram (n = 3), nortriptyline (n =17) or venlafaxine
(n=14) (see Table 1). The average turnaround time from
drug prescription to returning the results (including time for
shipping of the sample to LUMC) was 23,4 + 8,3 days.

Adoption of PGx

The adoption of PGx testing by healthcare professionals
(primary endpoint) was 18.0% (see also Fig. 2). In the
20 month recruitment period, 1864 patients with an incident
prescription for one of the 10 drugs and historical use of one
of the other nine drugs were identified. Of those patients
483 were not eligible for inclusion. Reasons included
duration of prescription < 28 days, use of the incident drug
in the preceding 12 months, no use of one of the other nine
selected drugs in the previous year, previously included in
the study, or was too young (<18 years). Furthermore 267
patients were not considered eligible by the pharmacists.
Reasons included palliative treatment, no permanent
address, not capable of providing written informed consent.
Of the 1,114 eligible patients 652 were not contacted by the
pharmacist within two weeks after the patient picked up the
incident prescription. Of the 462 patients that were con-
tacted 207 consented to the study, whereas 255 patients did
not agree to participate. Of the 207 patients that agreed to
participate in the study 7 were excluded because they did
not sign informed consent, failed to provide a saliva sample
or the saliva contained too little DNA and the patient
refused to provide a new sample.

Occurrence of actionable genotypes & gene-drug
interactions

Ninety percent of the genotyped patients carried at least one
actionable genotype with one and two actionable genotypes
per patient being the most frequent with an occurrence of
28.5 and 32.5%, respectively. The remainder of the patients
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Table 1 An overview of the characteristics of the included patients

Gender (M/F) 97/103
Age (year)

Mean (Std. error) 62+11
Range 27-87
Length (cm)

Mean (Std. error) 172+ 10
Weight (kg)

Mean (Std. error) 81.6+17
Reported ethnicities of both parents (%)

Both Caucasian descent 92.5
Both Asian descent 3.0
Both Arabic descent 1.5
Both Somali descent 0.5
Mixed descent 2.5
Medication prescribed on incident prescription (%)

Anmitriptyline 7.5
Atorvastatin 57.5
Citalopram 35
Escitalopram 1.5
Nortriptyline 8.5
Simvastatin 14.5
Venlafaxine 7.0
Medication in history (%)

Amitriptyline 8.5
Atorvastatin 8.5
Citalopram 9.5
Clomipramine 1.5
Escitalopram 1.5
Nortriptyline 2.0
Simvastatin 63.0
Venlafaxine 5.5

Result searches: IP suitable drug + historical
use: 1864

Eligible for inclusion:
1381

Deemed suitable according
to pharmacist:
1114

Patients contacted: 462

Patients agreed
to participate

Fig. 2 Overview of patient flow

carried up to five actionable genotypes out of the panel of
eight tested genes (See Table 2). The frequencies of dif-
ferent genotype predicted phenotypes for each of the eight
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genes are presented in Table 3. For 31.0% of the patients a
combination between a drug with a gene-drug interaction
and actionable genotype was present requiring action from
the healthcare professionals. The majority of the combina-
tions of drugs with known gene-drug interactions and
actionable genotypes consisted of a gene-drug pair between
the SLCO1BI1 gene with the drug atorvastatin (n = 35). The
frequencies of other were CYP2C19 with (es)citalopram (n
=3), CYP2D6 with amitriptyline (n=06), CYP2D6 with
nortriptyline (n =7), CYP2D6 with venlafaxine (n = 8) and
SLCOIBI with simvastatin (n=3). Patients with combi-
nation of an actionable genotype and associated drug were
not significantly different from patients without this gene-
drug pair regarding gender, age, length and weight. In an
exploratory analysis medication surveillance based a phar-
macogenomic profile did not result in a significant change
in time weighed DDD’s (OR 1.14, CI 0.68-1.92, p=
0.614), interventions performed on the medication (OR
1.33, C10.92-1.93, p = 0.128) or the number of visits to the
pharmacy (OR =0.93, CI 0.63-1.36, p =0.695). Medica-
tion surveillance based on genomic information resulted to
32 additional alerts for drugs other than the drugs of
inclusion in 25 patients during the follow-up period.

Medication use during genotype-guided dosing &
guideline adherence

An average follow-up of 15.6 months (ranging from 6 to
25 months) of medication use with electronic medication
surveillance using genetic predicted phenotypes from the
determined panel was prospectively collected. The mean
treatment period for the drug of inclusion was 357 days +
221 (defined as the period between the projected end date of
the last prescription and the start date). In 40.5% of the
patients the medication of inclusion was stopped before the
end of the follow-up period which was higher but not sig-
nificantly different between patients with and without a
gene-drug interaction combination between an actionable
genotype and associated drug (48.4 vs. 37.0%. p = 0.128).
Follow-up on the patients with such as gene-drug pair upon
inclusion showed that in 55 (89%) of the cases with a
relevant combination of an actionable genotype with a
relevant drug the healthcare professionals adhered to the
DPWG guidelines by switching the patient to another drug,
adjusting the dose, guarded a maximum dose or performed
additional monitoring as instructed per the DPWG guide-
lines. In 1 case (1.6%) the healthcare professionals did not
adhere to the guidelines which was motivated by the fact
that patient had tolerated the treatment in the period
between inclusion and the moment where the genetic profile
in combination with the therapeutic recommendations was
provided to the healthcare professionals. In 5 cases (7.8%)
the gene-drug pair between CYP2D6 and venlafaxine was
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Table 2 Overview of the number of actionable phenotypes found per
patient (%)

0 10.0
1 28.5
2 325
3 19.5
4 7.5
5 2.0

Table 3 Overview of the frequencies of phenotypes sorted to gene (%)

CYP2C9

Extensive metabolizer 62.5
Intermediate metabolizer 35.5
Poor metabolizer 2.0
CYP2CI19

Extensive metabolizer 71.5
Intermediate metabolizer 21.5
Poor metabolizer 3.0
Ultra-rapid metabolizer 4.0
CYP2D6

Extensive metabolizer 53.0
Intermediate metabolizer 40.5
Poor metabolizer 5.0
Ultra-rapid metabolizer 1.5
CYP3AS5

Non-expressor 85.0
Heterozygous expressor 14.5
Homozygous expressor 0.5
DPYD (GAS)

2.0 93.0
1.5 55
1.0 1.5
SLCO-1B1

521TT 74.5
521TC 23.5
521CC 2.0
TPMT

Extensive metabolizer 84.5
Intermediate metabolizer 15.0
Poor metabolizer 0.5
VKORCI1

1173CC 33.0
1173CT 50.5
1173TT 16.5

present while treatment continued and 1 case (1.6%) the
dose-maximum for escitalopram as recommended by the
DPWG was surpassed.

Impact of gene-drug interactions on
pharmacotherapy in empirical dosing

One of the goals of this study was to explore the effect of
gene-drug interactions on pharmacotherapy during the
period where healthcare professionals did not have access to
the patients’ pharmacogenomic profile. To study this
research question patients were required to have received at
least one prescription of one of the ten selected drugs in the
year before inclusion (other than the drug of the incident
prescription). The majority of patients (63.0%) had received
a prescription for simvastatin before inclusion in the study
which in 108 patients was stopped for a switch to atorvas-
tatin. 57 patients received a prescription for an anti-
depressant in the year preceding inclusion, most frequently
citalopram (n=19). In 33 cases the drug was still pre-
scribed during follow-up (for example a patient who was
included because of an incident prescription for an anti-
depressant continued statin treatment for hypercholester-
olemia). In the retrospective analyses of the mediation use
in the period during empirically dosing the occurrence of
gene-drug interactions did not lead to a significant differ-
ence in time weighted DDD’s (OR =0.67, CI 0.35-1.29,
p =0.235), interventions (OR =1.27, CI 0.93-1.75, p=
0.133) or visits to pharmacies (OR =1.08, CI 0.64-1.83
p=0.764).

Discussion

This study demonstrates that implementation of genotype
guided dosing in primary care by community pharmacists
willing to participate in an implementation project is fea-
sible. The IP3 project allowed healthcare professionals to
gain experience with individualizing pharmacotherapy
based on genetic variation in the setting of their own
practice. During this implementation study healthcare pro-
fessionals adopted PGx testing in 18.0% of all eligible
patients. The results of this study further show that action-
able genotypes in the tested panel of eight genes are quite
common in our group of primary care patients. The majority
of patient’s caries at least one actionable genotype. More-
over, in 31% of the patients a combination of drug with a
known gene-drug interaction with an actionable genotype
was present at the time of inclusion.

Overall, the IP3 study is the first pharmacist initiated
pre-emptive pharmacogenomics projects outside the US to
evaluate a PGx panel approach to guide individualized
pharmacotherapy using CDS in a primary care setting.
Similar initiatives implementing PGx panel testing in a
primary care setting in the US have been reported by
research groups including Brixner et al., Elliot et al., Fin-
kelstein et al. and Perez et al. [14-17]. In the study
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performed by Brixner et al. the effect of panel-based
genomic screening with 6 genes on the health resource
utilization after starting pharmacotherapy with a selection
of 61 drugs was studied. The research team compared a
cohort of 205 patients who received pharmacogenomic
screening with 820 untested patients. Results showed that
the screened cohort had a lower rate of hospitalizations
(relative risk (RR) of 0.61, 95% confidence interval (CI) =
0.39-0.95, p =0.027), a lower rate of visits to the emer-
gency department (RR =0.29, 95% CI=0.15-0.55, p=
0.0002) and a higher rate of visits to the outpatient clinic
(RR=1.97, 95% CI=1.74-2.23, p<0.0001). With this
decrease in hospitalizations and visits to emergency
departments the authors concluded that prescribing using
genomic information could potentially lead to cost-savings
[14]. Elliot et al. showed in a prospective, open-label,
randomized clinical trial in a hospital-based home health
agency that a pharmacogenomic screening in patients aged
50 years or older results in a lower rate of re-
hospitalizations per patient at 60 days (RR =0.48, 95%
CI=0.27-0.82, p =0.007) and a lower rate of emergency
visits per patient at 60 days (RR =0.58, 95% CI=0.34-
0.99, p=0.045). In a pilot study using a nested case-
control approach Finkelstein et al. showed that frequently
hospitalized older adults have more major drug-gene
interactions compared to adults who are rarely hospita-
lized (p <0.05). Finally, Perez et al. showed in a double-
blind, parallel, multi-center randomized controlled trial in
which 316 adult patients diagnosed with major depressive
disorder were included that genotyping using a PGx panel
that the response rate to anti-depressant treatment in the
PGx-guided group was significantly higher compared to
conventional therapy (Odd Ratio (OR)=1.62, 95% CI
1.00-2.61, p = 0.0476). Additionally, the side-effect burden
measured by the Frequency, Intensity and Burden of Side
Effects Rating Burden sub score was significantly higher in
to the control group compared to the PGx-guided group
(OR =2.06, 95% CI 1.09-3.89, p =0.026). These studies
indicate that a panel approach can reduce adverse drug
reactions, improve drug efficacy and is probably cost-
effective within the US healthcare system. When the cur-
rent study is compared to the frequencies obtained in the
pilot of Elliot et al. similarities in the frequencies of
actionable genotypes can be observed for CYP2C9 (37.5
vs. 29.8%) and CYP2D6 (47.0 vs. 42.9%) [15].

Additionally, when the minor allele frequencies of var-
iants found in the current study are compared with variant
frequencies from a sequencing project of 250 Dutch parent-
offspring families (Genome Of the NetherLands), allele
frequencies are similar (see Table 4) [22-24]. The same is
true for the minor allele frequency of variants reported for
the European non-Finnish population (n=185) in the
gnomAD database (see Table 4) [25].
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Unlike the other four studies no significant effects of
gene-drug interactions on dosages, interventions and visits
were found in this study. This can be explained by the fact
that this study was not powered to detect effects of gene-
drug interactions on the secondary endpoints. An additional
explanation for the lack of an effect of genotyping on the
secondary endpoints can be found in considerable number
of patients with an incident prescription for atorvastatin.
According to the DPWG guidelines a patient should be
switched to an alternate cholesterol lowering therapy in case
the patient is a heterozygous carrier of the NM_006446.4:
¢.521 T > C (rs4149056) variant of the SLCOIBI gene and
additionally uses co-medication that inhibits the enzyme
CYP3A4 [3, 4]. For 35 out of the 62 patients with a gene-
drug interaction observed in this study, the drug-gene
interaction was a combination between the SLCOIBI 521
TC or CC genotype and the drug atorvastatin. As per the
guidelines of the DPWG a check on drug-drug interactions
mediated through the enzyme CYP3A4 was executed by the
pharmacist in case these 35 patients. However, only in
seven cases inhibition of activity of CYP3A4 by another
drug was found, whereas in the remaining 28 cases no
action was required. This dilution of the overall impact by
the SLCOIBI and atorvastatin gene-drug interaction could
have been restricted by applying a cap on the number of
individuals included for each drug such as currently applied
in the U-PGx protocol [26].

The most important limitation of this study is that a
substantial number of eligible patients was not invited to
participate in the study by the participating pharmacists. As
can be seen in Fig. 2, the initial searches identified 1,864
patients that met the requirements regarding type of drug
use, while in the end, only 200 patients have been enrolled
in the study. For 469 patients the duration of the prescrip-
tion was less than 28 days (the majority of excluded patients
had a prescription with a duration of 14 days) and these
patients were not eligible for inclusion. The protocol also
allowed pharmacists to exclude patients based on their
professional insight (n =267; use of a Medirol, received
end-of-life care, not able to provide informed consent, no
known home address or unknown reason) resulting in 1114
patients eligible for inclusion (and used to calculate the
percentage of adoption for the primary endpoint). As our
study was performed in a naturalistic patient care setting
and patients had to be enrolled within 14 days after the first
prescription, many patients were unfortunately missed and
never invited to participate. We believe that this was the
result of several issues: First, our study setting aimed to
resemble routine clinical practice, while for the study
informed consent procedure was required. This resulted in a
substantial time investment from the participating pharma-
cists compared to ordering a PGx test within routine care.
Secondly, the inclusion criterion requiring historical use of
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Table 4 Overview of the minor allele frequencies found in the TIP3, GoNL and gnomAD databases

gene Reference Sequence + Variant rsID 1P3 (all, GoNL  IP3 (caucasian, gnomAD (Eur.
n=200) n=185) Non-Finnish)
CYP2C09 NG_008385.1:2.3608 C>T rs1799853  0.120 0.121  0.124 0.082
CYP2C09 NG_008385.1:2.42614 A>C 1s1057910  0.078 0.069  0.081 0.048
CYP2C19 NG_008384.3:2.19154G > A s4244285  0.135 0.140  0.124 0.167
CYP2C19 NG_008384.3:2.17948 G > A s4986893  0.003 0.000 0.003
CYP2C19 NG_008384.3:2.-806C >T 1s12248560 0.208 0237 0211 0.204
CYP2D6 M33388:2.-1584C >G rs1080985  0.205" 0211  0213" 0.249
CYP2D6  M33388:2.100C>T rs1065852  0.223" 0224 0.224™ 0.192
CYP2D6  M33388:g.1707delT 155030655  0.013" 0.008  0.014" 0.009
CYP2D6  M33388:.1846G > A 153892097 0.195 0.199  0.208" 0.136
CYP2D6  M33388:2.2549delA 1535742686 0.015" 0.030  0.016™ 0.014
CYP2D6  M33388:2.2615delAAG 155030656 0.023" 0.025" 0.015
CYP2D6 M33388:2.2988 G > A 1528371725 0.082° 0.093  0.085" 0.060
CYP2D6 M33388:2.3183G>A 1559421388 0.000° 0.001  0.000" 0.026
CYP3A5 NG_007938.1:2.12083 G > A 15776746 0.923 0.938  0.930 0.928
CYP3A5 NG_007938.1:2.19787G> A 1s10264272 0.000 0.000 0.036
DPYD  NM_000110.3:c.1905+1G>A  1s3918290 0.008 0.007  0.008 0.006
DPYD  NM_000110.3:c.1679T >G 1s55886062 0.000 0.002  0.000 0.000
DPYD  NM_000110.3:c.1236 G> A 1s56038477 0.018 0.020  0.019 0.014
DPYD  NM_000110.3:c.2846 A>T 1567376798 0.010 0.006  0.011 0.005
SLCO1B1 NM_006446.4:c.521 T>C 154149056 0.138 0.163  0.146 0.135
TPMT  NM_000367.4:c.238 G>C rs1800462  0.003 0.001  0.003 0.001
TPMT  NM_000367.4:c.460 G > A s1800460  0.050 0.038  0.054 0.025
TPMT  NM_000367.4:c.719 A>G rs1142345  0.078 0.040  0.081 0.041
VKORCI NM_206824.2:c.173 + 1000C>T rs9934438 0.418 0.288  0.408 0.327

*(n = 190, patients with a combination of a CYP2D6 copy number of 3 and the genotypes *1/%2, *1/*10, *1/*41, *2/*41 were excluded from the

minor allele frequency calculation)

**(n = 183, patients with a combination of a CYP2D6 copy number of 3 and the genotypes *1/%2, *1/¥41, were excluded from the minor allele

frequency calculation)

an additional drug of the prespecified list made the inclusion
procedure complex, resulting in a low amount of patients
enrolled at the time of dispensing the drug of inclusion and
requiring weekly queries of the drug dispensing records to
identify eligible patients. Thirdly, the healthcare profes-
sionals did not receive any financial compensation for the
time required for the inclusion of patients and the inclusion
of patients had to be performed alongside their regular work
in clinical practice. As a result of these factors we believe
that the adoption of PGx testing in this study is likely an
underestimate of adoption in clinical practice.

The substantial number of patients that were not invited
by participating pharmacists could potentially introduce
bias to our results. Selection bias on provider level could
have occurred as highly motivated pharmacists significantly
enrolled more patients compared to other colleagues (p <
0.001 in a pearson-chi® analysis of the different centers vs.
percentage of patients contacted). Primarily, this impacts the
adoption and may thus lead to an underestimation of

adoption in clinical practice. More importantly, selection
bias on a provider level may have led to a selective inclu-
sion of specific subpopulations and as a result may have
decreased the external validity of the study population.
Additionally, it may have had impact on the secondary
endpoints including the frequencies of actionable geno-
types, the percentage of patients with a combination of an
actionable genotype in combination with a drug with a
known gene-drug interaction, the number of drug related
interventions, the number of visits to the pharmacy and the
drug dose.

To evaluate the potential impact of selection bias on the
frequencies of actionable genotypes, minor allele fre-
quencies obtained in this study were compared with the
Genome Of the NetherLands consortium and showed
similar results. Additionally, the minor allele frequencies
from patients who reported the descendance of both parents
as Caucasian was comparable with the European non-
Finnish population in the GnomAD database. Based on the

SPRINGER NATURE
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high concordance of our results with results from GoNL,
GnomAd and reports in literature of similar distributions of
numbers of actionable phenotypes, we feel that the potential
selection bias as result from the high number of patients not
invited did not impact the reported predicted phenotypes in
this study [5-11, 14-17, 22-25].

We also evaluated the potential impact of bias on pro-
vider level on the secondary endpoint “percentage of
patients with a combination of an actionable genotype and a
drug with a clinical recommendation”. As described in the
previous paragraph, the minor allele frequencies in this
study are comparable with data from large public databases
and so are the derived phenotypes. The second factor which
influences this endpoint and might be impacted by a
selection bias on provider level is the type of drug on which
a patient was enrolled in the study. For example, if a
pharmacy close to a psychiatric center includes patients at a
higher rate than the other centers participating in the project
this may affect the distribution of drugs in the study
population and as result may impact this endpoint. How-
ever, an additional analysis investigating whether a phar-
macist contacted the patient vs. the kind of prescribed drug
was not significant (p = 0.337), showing that the selection
bias on provider level did not have an impact on the drug of
inclusion and therefore no impact on the reported percen-
tage of gene-drug interactions found.

Finally, the remaining secondary endpoints (the number
of drug related interventions, the number of visits to the
pharmacy and the mean drug dose) were studied using GEE
and multilevel log-linear Poisson models for the statistical
analyses. These statistical models are designed to perform
statistical analyses on hierarchical data. Furthermore,
because we believe that the percentage of patients with a
combination of a actionable phenotype and associate drug
with a known gene-drug interaction is accurately estimated
and is used as the dependent variable along with the use of
the covariates gender, age, weight, height and the use of an
automated dose dispensing as confounding factors in the
statistical analysis, we believe that the impact of a bias on
provider levels on the effect on the number of interventions,
mean dose and number of visits to the pharmacy is minimal.

Consequently, we believe that an impact of a possible
selection bias on provider level may have led to an under-
estimation of the adoption. However, the effect of bias on
the external validity of the study results appears to be
limited. For a larger study investigating implementation of
pharmacist-initiated implementation of panel-based PGx
screening in routine clinical care the enrollment process
should be simplified so that PGx guided therapy can be
initiated at the moment of dispensing the first prescription
thereby reducing the number of non-routine actions to a
minimum.

SPRINGER NATURE

Similar to previous studies this project has shown that a
significant portion of patients in primary care is open to
pharmacogenomic testing [18, 27, 28]. Additionally, this
study has shown that individualizing medication based on
genetic make-up is possible. However, the body of evidence
supporting large scale implementation of a preemptive PGx
panel approach in primary care within a European health-
care system is still lacking. Large implementation projects
such as the U-PGx program are designed to provide an
answer to this question [26].

In conclusion, implementation of PGx in primary care by
ambitious pharmacists willing to participate in an imple-
mentation project is feasible, and the frequency of action-
able gene-drug interactions is high.
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