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Abstract

Introduction   Pharmacogenetic testing is proposed to mini-
mize adverse effects when considered in combination with 
pharmacological knowledge of the drug. As yet, limited studies 
in clinical settings have investigated the predictive value of 
pharmacokinetic (pk) gene variation on therapeutic drug levels 
as a probable mechanism of adverse effects, nor considered 
the combined effect of pk gene variation and drug level on 
antidepressant treatment response.
Methods   Two depression cohorts were investigated for the 
relationship between pk gene variation and antidepressant 
serum concentrations of amitriptyline, venlafaxine, mirtazap-
ine and quetiapine, as well as treatment response. For the 
analysis, 519 patients (49 % females; 46.6 ± 14.1 years) were 
included.
Results   Serum concentration of amitriptyline was associated 
with CYP2D6 (higher concentrations in poor metabolizers com-
pared to normal metabolizers), of venlafaxine with CYP2C19 
(higher concentrations in intermediate metabolizers compared 
to rapid/ultrarapid metabolizers) and CYP2D6 (lower metabo-
lite-to-parent ratio in poor compared to intermediate and nor-
mal metabolizers, and intermediate compared to normal and 
ultrarapid metabolizers). Pk gene variation did not affect treat-
ment response.
Discussion   The present data support previous recommenda-
tions to reduce starting doses of amitriptyline and to guide dose-
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Introduction
Pharmacogenetics is the study of the response to drug therapy de-
pending on a patientʼs genetic background [1]. In the context of pre-
cision medicine, pharmacogenetic (PGx) testing has gained signifi-
cance as, in general, it can improve the effectiveness of drug pre-
scriptions and minimize adverse effects [1, 2] by considering a 
patientʼs genetic profile for drug selection or dose adjustment [3–5]. 
It is, therefore, increasingly suggested to include PGx in the selection 
of psychiatric medications [6–8]. Consequently, there is growing in-
terest in PGx testing among clinicians and patients suffering from 
psychiatric disorders [3, 9]. In general, about 1/3 of the patients with 
major depressive disorders do not respond to initial treatment and 
only a fraction achieves remission after the second trial of pharma-
cotherapy [10–12]; therefore, patients aim to identify the most suit-
able medication according to their genetic variation by PGx testing 
[9]. A meta-analysis analyzing five randomized, controlled trials 
(RCT) with a total of 1737 patients proposed that pharmacogenet-
ic-guided therapy using commercially available test kits, including 
pharmacokinetic (pk) genes, and also pharmacodynamic genes may 
improve clinical remission in patients suffering from major depres-
sive disorders [5]. However, it is not clear if results emerging from 
RCTs with commercial kits are relevant for clinical settings; for exam-
ple, due to restrictions in inclusion criteria and therapy protocols 
[3, 13] and even more so, which genes are relevant. Applying PGx in 
clinical routine has begun only recently as there are several limita-
tions that complicate the understanding of how and when using PGx 
in a clinical setting [6, 7, 14]. Limitations include the lack of a clear 
relationship between serum concentration and efficacy for some 
drugs, polypharmacy, high prevalence of comorbidities, overlapping 
phenotypes, the lack of guidelines on how to use pharmacogenetic 
information and the polygenic architecture of the response on anti-
depressants [1, 3, 6, 7, 14, 15]. The Clinical Pharmacogenetics Imple-
mentation Consortium (CPIC) and the Dutch Pharmacogenetics 
Working Group have published peer-reviewed, evidence-based phar-
macogenetic guidelines for CYP2D6 and CYP2C19 genotypes and 
dosing, in particular for tricyclic antidepressants and selective sero-
tonin reuptake inhibitors [16–19]. The clinical utility for other pk en-
zymes has not been established yet [15]. Compared to pk genes, 
there is a lack of knowledge about pharmacodynamic genes and their 
impact on pharmacotherapy and consequently, there are no recom-
mendations given yet [15].

As the effects of pk genes are assumed to be mediated by ther-
apeutic drug levels measured as serum concentrations, their effects 
should be larger with regard to serum concentrations than to treat-
ment response. In contrast, serum concentrations that are modu-
lated by genetics or somatic comorbidities should show stronger 
correlations with treatment response. However, studies investigat-

ing the relationship between pk genetics and serum concentrations 
in clinical settings, as well as studies investigating the combined 
effect of pk genetics and serum concentrations on treatment re-
sponse, are lacking.

In consequence, in the present study, we investigated the influ-
ence of several genes (transporters, such as ATP-binding cassette 
transporters (ABCG2, ABCB1, and ABCC2), cytochrome P450 (CYP) 
enzymes (CYP3A5, CYP3A4, CYP2C19, CYP2C9, CYP1A2, CYP2B6, 
CYP2D6), uridine 5’-diphospho-glucuronosyltransferase (UGTs) 
(UGT1A1, UGT2B15, and UGT2B7) and catechol-O-methyltrans-
ferase (COMT) affecting the pk of psychiatric drugs on serum con-
centrations of antidepressants and treatment response. Analyses 
were primarily performed based on diplotypes/phenotypes as the 
diplotype and/or the corresponding phenotype are proposed for 
prescribing. However, since the phenotype definition is a dynamic 
assignment that depends on the analyzed variants, we included 
post-hoc genotype and haplotype analyses. In the post-hoc analy-
ses, we also include analyses investigating the combined effect of 
pk genes and serum concentrations on treatment response. The 
study was performed in clinical cohorts to evaluate the relevance 
of the observations for clinical settings.

Methods

Patients
Wuerzburg Sample
Three hundred fifty-five patients (mean age 45.8 ± 16.4 years; 52 % 
female) admitted to the Department of Psychiatry, Psychosomat-
ics and Psychotherapy of the University Hospital of Wuerzburg, 
due to a depressive episode (single major depressive episode, re-
current depression, or bipolar depression), were included in the 
study within the first five days after admission. Diagnosis of depres-
sive episodes was ascertained by experienced psychiatrists accord-
ing to the Diagnostic and Statistical Manual of Mental Disorders 
(DSM)-IV criteria. The Hamilton Depression Rating Scale (HAMD)-
21 was used to assess symptom severity and effectiveness of the 
therapy. Only patients older than 18 years were included if they 
showed at least a moderate depressive episode (HAMD ≥ 14) and 
were of Caucasian origin. Patients suffering from severe neurolog-
ical or general medical conditions were excluded from the obser-
vational study. All patients were treated according to the doctorʼs 
choice, independent of study participation (naturalistic setting). 
Depressive symptom severity was graded weekly, and serum con-
centrations of the psychiatric drugs were determined in weeks 3, 
5, and 7 of study participation and used to adjust doses. Adverse 
drug effects (grading “none”–“mild”–“medium”–“severe” and 

adjustments via therapeutic drug monitoring in CYP2D6 poor 
metabolizers. In addition, we propose including CYP2C19 in 
routine testing in venlafaxine-treated patients to improve ther-
apy by raising awareness of the risk of low serum concentrations 
in CYP2C19 rapid/ultrarapid metabolizers. In summary, pk gene 

variation can predict serum concentrations, and thus the com-
bination of pharmacogenetic testing and therapeutic drug 
monitoring is a useful tool in a personalized therapy approach 
for depression.
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symptoms) were reported in therapeutic drug monitoring request 
forms.

Munich Sample
The Munich sample was collected within the Munich Antidepres-
sant Response Signature (MARS) project [20]. Patients for the pre-
sent study were selected from 1,105 Caucasian participants (mean 
age 47.6 ± 14.1 years; 53 % female) with available serum samples 
and a diagnosis of unipolar depression (single major depressive epi
sode, recurrent depression). Patients were included in the natural-
istic study within the first five days of admission as inpatients due 
to a depressive episode in the Max Planck Institute of Psychiatry 
(MPI-P, Munich, Germany) or in one of the participating clinical sites 
in Southern Bavaria, Germany. Trained psychiatrists diagnosed de-
pressive episodes in accordance with the diagnostic criteria of DSM-
IV. Patients with depressive syndromes secondary to any medical 
or neurological condition, patients with acute manic, hypomanic, 
or mixed affective symptoms, patients with a lifetime diagnosis of 
alcohol dependence, illicit drug abuse, or patients suffering from 
severe medical conditions were excluded from the study. HAMD-
21 was used to grade depressive symptoms weekly until treatment 
week 6 and afterwards bi-weekly until discharge from the hospital. 
Serum concentrations of antidepressant drugs were used to adjust 
doses; therefore, TDM was performed according to the doctorʼs 
choice and not per protocol. Symptoms of adverse drug effects 
were reported within the weekly rating when a drug was changed 
due to adverse drug effects.

A more detailed demographic overview is given in ▶Table 1 and 
Supplement 1.

Written informed consent was obtained from each participant. 
Both studies were approved by the local ethics committees of the 
Universities of Wuerzburg (104/12, amended 128/15) and Munich 
(318/00, 21/03/2001) and carried out in accordance with the eth-
ical principles of the Helsinki Declaration.

Treatment Response and Remission
Percentage reduction in the HAMD-21 score was used for analyses 
on clinical improvement. For post-hoc analyses on genotypes and 
haplotypes, treatment response was defined as ≥ 50 % reduction in 
depressive symptoms from baseline, evaluated by HAMD-21 [21]. 
Remission was defined as a HAMD score ≤ 7 [22]. Week 7, the time 
point of discharge from the study (Wuerzburg sample) and week 
6 (Munich sample), respectively, were chosen as outcome time 
points as an effective and consistent therapy can be expected. Ac-
cordingly, serum concentrations determined in week 7 (Wuerz-
burg) or week 6 (Munich) were used for the analyses.

Genotyping
Genotyping of pharmacokinetically relevant gene variants (SNPs 
and star allele coverage; supplement 2) was performed on a Mas-
sArray Analyzer 4 system (Agena Bioscience GmbH, Hamburg, Ger-
many) based on Agena’s PGx 74 v1.0 Assay, VeriDose CYP2D6 CNV 
Assay and an additional self-designed panel using Spectro-
CHIP®-384 Arrays and the iPLEX® Pro chemistry following the in-
structions supplied by the manufacturer. Primer sequences of the 
self-designed assay are available on request.
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Phenotypes were determined according to the CPIC specifica-
tions into poor metabolizers (PM), intermediate metabolizers (IM), 
normal metabolizers (NM), rapid metabolizers (RM), and ultrara-
pid metabolizers (UM) [23]. If no diplotype-phenotype table was 
available, diplotypes were used for analyses.

Therapeutic drug monitoring
Therapeutic drug monitoring (TDM) was applied in both cohorts, 
according to the AGNP-TDM expert group consensus guideline [24]. 
Blood was drawn at trough levels at steady-state. Daily calibrations 
and internal quality control samples, integrated into each analyti-
cal series ensured correct results of the analyses. The laboratories 
(Wuerzburg and Munich) were certified by a quality control pro-
gram [25]; therefore, the results determined in different laborato-
ries were compatible, giving the rationale for the joint analysis of 
the data. Sum serum concentrations for venlafaxine + O-desmeth-
ylvenlafaxine and amitriptyline + nortriptyline were considered, as 
they represent the active moieties (AM) of the drugs, for which 
therapeutic reference ranges are evaluated and which are relevant 
for treatment response [24]. Dose-corrected serum concentrations 
were calculated (serum concentration/dose; CD) [24] for regres-
sion analyses investigating the association between genetic mark-
ers and serum concentrations of the drugs to overcome the effect 
of the dose. Moreover, the metabolite-to-parent ratios (MPR) nor-
triptyline/amitriptyline, and O-desmethylvenlafaxine/venlafaxine 
were calculated [24].

Dimensional outliers ( ≥ 4 SD from the mean) from serum con-
centrations and CD, as well as MPR, were set as missing data.

Statistical analyses
Statistical analyses were conducted with PLINK v1.9 [26] and R 
v3.1.3 [27]. Haplotype blocks based on sample-specific linkage dis-
equilibrium (LD) pattern from Haploview v4.1 [28, 29] were defined 
for all analysed SNPs according to gene-specific haplotype tables 
from the PharmVar homepage (https://www.pharmvar.org/gene; 
supplement 2). Haplotype coverage for CYP2D6 and CYP2C19 aligns 
with the recommended tier 1 alleles for CYP2D6 and CYP2C19 for 5 
of 10 and 2 of 3, respectively [30, 31]. From a total of 101 geno-
typed single markers located within 26 genes, we restricted our 
analyses to genes affecting pk (n = 14), thus including 86 variants. 
Of those, only 32 heterozygous SNPs in 14 genes with a minor al-
lele frequency of more than 0.01 remained for analyses. All 32 var-
iants reached a genotyping call rate above 95 %, and genotype dis-
tribution did not deviate from Hardy-Weinberg-Equilibrium 
(p > 0.001).

Diplotype/phenotype-based analyses to investigate differences 
in serum concentrations and clinical improvement depending on 
the diplotype or phenotype, respectively, were performed by 
Kruskal-Wallis tests. Diplotype/phenotype-based analyses to in-
vestigate differences in serum concentrations and remission de-
pending on the diplotype or phenotype, respectively, were per-
formed either by chi-squared tests or Fisherʼs exact tests. To adjust 
for alpha-error accumulation, nominal p-values were Bonferroni-
corrected for the total number of genes (7x) and the number of an-
alysed drug concentrations (4x) or MPR (2x), respectively. The sig-
nificance threshold was set to p ≤ 0.001, or p = 0.002. Box-Plot dia-
grams were prepared in R v3.1.3 [27].

Results
To increase statistical power, all analyses were restricted to the 
combined sample. The combined sample comprised 355 patients 
from Wuerzburg and 1,105 from Munich; thus, there were 1,460 
(mean age 47.2 ± 14.7 years; 52 % female) patients. For power rea-
sons, only patients with available serum concentrations for ami-
triptyline (N = 109), venlafaxine (N = 258), mirtazapine (N = 171), and 
quetiapine (N = 193) were included in the analyses. A detailed de-
mographic overview is given in ▶Table 1 and supplement 1; the 
administered psychiatric drugs are summarized in supplement 3.

Serum Concentrations
CDAM of amitriptyline were associated with CYP2D6 phenotypes 
(p = 0.033). Pairwise comparisons with continuity correction re-
vealed significantly (116 %) higher CDAM of amitriptyline in PM com-
pared to NM (p = 0.01) (▶Table 2, ▶Fig. 1, Supplement 4).

▶Table 2	 Significant results in diplotype/phenotype analyses. To adjust 
for alpha-error accumulation, nominal p-values were Bonferroni-corrected 
for the total number of genes (7x) and the number of analysed drug con-
centrations or MPR (6x), respectively, in each analysis. The significance 
threshold was set to p ≤ 0.001.

Serum concentration

Gene P (Bonfer-
roni)

Pairwise

Mean ± SD CD [(ng/ml)/
(mg/day)]

Adjusted 
p-value

CYP2D6 CD Amitriptyline (N = 109)
7.90*10-4 
(0.033)

NM PM

0.92 ± 0.52 1.99 ± 1.02 0.010

CYP2C19 CD Venlafaxine (N = 256)

5.67*10-5 
(0.002)

IM RM

2.02 ± 0.81 1.42 ± 0.65 3.0*10-4

IM UM

2.02 ± 0.81 1.38 ± 0.66 0.035

CYP2D6 MPR O-desmethylvenlafaxine/Venlafaxine (N = 129)

1.22*10-11 
(5.12*10-10)

NM IM

5.32 ± 3.14 2.07 ± 1.21 3.3*10-8

NM PM

5.32 ± 3.14 0.43 ± 0.42 2.7*10-5

IM PM

2.07 ± 1.21 0.43 ± 0.42 6.0*10-4

UM IM

9.2 ± 3.72 2.07 ± 1.21 0.028

SD, standard deviation; CD, dose-corrected serum concentrations; MPR, 
metabolite-to-parent ratio; NM, normal metabolizer, IM intermediate 
metabolizer; PM, poor metabolizer; RM, rapid metabolizer; UM, 
ultrarapid metabolizer.
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CDAM of venlafaxine was associated with CYP2C19 phenotypes 
(p = 0.002). CDAM were 42 % higher in IM compared to RM (p = 3.0*10-4) 
and 46 % higher in IM compared to UM (p = 0.035) (▶Table 2, ▶Fig. 
2a, Supplement 4). The O-desmethylvenlafaxine/venlafaxine ratio 
was associated with CYP2D6 phenotypes (p = 5.2*10-10); MPR was 
higher in CYP2D6 UM compared to IM (344 %, p = 0.028), NM com-
pared to PM (1137 %, p = 2.7*10-5) and IM (157 %, p = 3.3*10-8), and 
IM compared to PM (381 %, p = 6.0*10-4) (▶Table 2, ▶Fig. 2b, Sup-
plement 4).

CD of quetiapine and mirtazapine were not associated with the 
examined diplotypes/phenotypes (Supplement 4).

Post-hoc analyses on genotypes and haplotypes are summa-
rized in Supplement 5.

Treatment Response and Remission
For amitriptyline, venlafaxine, quetiapine, and mirtazapine, none 
of the diplotypes/phenotypes showed a significant association with 
the response to drug therapy (supplement 4). However, CD of am-
itriptyline was nominally associated with ABCC2, CD of venlafaxine 
with CYP2C9, and CD of mirtazapine with CYP2D6. In addition, in 
terms of remission, CD of amitriptyline was associated with ABCC2 
(p = 3.4*10-4) (Supplement 4). Post-hoc analyses on genotypes and 
haplotypes are summarized in supplement 5.

Discussion
In this study, associations between pk gene variation and serum 
concentrations, as well as between pk gene variation and treatment 
response, were investigated in two depression cohorts in a clinical 
setting.

We report an association of the CYP2D6 phenotypes with CDAM 
of amitriptyline; therefore, CDAM of amitriptyline was higher in PM 
compared to NM. This supported previous recommendations that 
in CYP2D6 poor metabolizers, starting doses should be reduced, 
and dose adjustments should be guided via TDM [17]. In addition, 
our result on phenotypes also is supported by the results of post-
hoc analyses on geno- and haplotypes. For the first time, we report 
an association of the CYP2D6 SNP rs1065852 with the CDAM of ami
triptyline. Carriers of the A-allele showed higher serum concentra-
tions of amitriptyline then the wild type (G). This is supported by 
the fact that rs1065852 is located in a conserved region of CYP2D6 
and therefore, possibly important for protein function [32]. Mod-
eling studies showed that the flexibility in the F-G loop, which may 
affect the entrance of a substrate into the protein, is lower in the 
mutant than the wild type, which may account for lower enzyme 
activity [32]. Consistent with this observation, in a previous ge-
nome-wide association study, rs1065852 was found to be associ-
ated with the metabolism of escitalopram [33]. Similarly, the minor 
(T) allele of rs3892097 was associated with higher amitriptyline 
serum concentrations compared to the major allele (C). SNP 
rs3892097 is the diagnostic variant for the *4 haplotype, resulting 
in a splicing defect and, therefore, a nonfunctional protein [34–36]. 
Variant rs1065852 is part of the CYP2D6*10 haplotype with de-
creased function, as well as of the *4 haplotype with no function 
[34, 37]. Consistent with this, CYP2D6*4 was also associated with 
higher CDAM of amitriptyline in the present study. Besides CYP2C19, 
CYP2D6 is the major enzyme in the metabolism of amitriptyline 
and its active metabolite nortriptyline, responsible for the hydrox-
ylation of amitriptyline and nortriptyline [17, 38]. As only CYP2D6 
seems to clinically affect total drug concentration, the present data 
support previous studies showing that compared to CYP2D6, 
CYP2C19 had less influence on total amitriptyline clearance 
[17, 38].

The main metabolizing enzymes for venlafaxine are CYP2D6 and 
CYP2C19 [39, 40]. CYP2D6 is mainly responsible for the formation 
of the active metabolite O-desmethylvenlafaxine; however, it was 
suggested that CYP2C19 might also contribute [39, 40]. CYP2C19 
and CYP3A4 catalyze the N-desmethylvenlafaxine formation; O-, 
and N-desmethylvenlafaxine are further metabolized via CYP2D6, 
CYP2C19, and CYP3A4 [39, 40]. CDAM of venlafaxine was lower in 
CYP2C19 RM and UM compared to IM. This phenotype also was sup-
ported by post-hoc geno-, and haplotype analyses. Thus, CDAM of 
venlafaxine was lower in carriers of CYP2C19*17. The diagnostic SNP 
for this increased function haplotype [37], rs12248560 [40], was also 
associated with lower CDAM. This variant is located in the promoter 
of the gene, and its minor allele is associated with increased CYP2C19 
expression and activity [40, 41]. Previously, lower serum concentra-
tions of escitalopram were associated with the *17 haplotype 
[42, 43], but to the best of our knowledge, this is the first study re-
porting an association between CYP2C19*17 and lower venlafaxine 
serum concentration. In accordance with our results, one study in-
vestigating the combined effect of CYP2D6/CYP2C19 on the pk of 
venlafaxine also reported an impact of CYP2C19 on venlafaxine 
serum concentration; however, contrary to the CPIC phenotype 
grouping [23] they merged the CYP2C19*1/*17 group into the NM 
group [44]. Moreover, in contrast to our results, in combination with 
CYP2D6 phenotypes, CYP2C19 UM did not affect serum concentra-
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were associated with the CYP2D6 phenotype (Kruskal-Wallis test). 
Post-hoc analyses revealed significant differences in dose-corrected 
serum concentrations of amitriptyline between PM and NM.
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tions, but CYP2C19 PM did [44]. To investigate whether the associa-
tion of CYP2C19 phenotypes with the active moiety is also true sep-
arately for the serum concentration of venlafaxine and its renally ex-
creted and pharmacodynamically slightly different active metabolite 
O-desmethylvenlafaxine, we performed explorative analyses 
(Kruskal-Wallis tests as described in the methods section, however, 
with dose-corrected serum concentration of venlafaxine, and O-des-
methylvenlafaxine as outcome parameter, respectively). Doing this, 
we found that CYP2C19 phenotypes were associated with a CD of 
venlafaxine (N = 128, p = 0.04; post-hoc tests: not significant) but not 
with a CD of O-desmethylvenlafaxine (N = 130, p = 0.26). As in the 
present, as well as in previous studies, CDAM of venlafaxine was not 
associated with CYP2D6 genotypes [45, 46]; our results extend the 
evidence that mainly CYP2C19 and not CYP2D6 affect total venla-
faxine clearance. One study investigated the combined effect of 
CYP2D6/CYP2C19 phenotypes on CDAM of venlafaxine, reporting 
that both genes affect serum concentrations; however, they were 
not investigated separately [44]. CYP2D6, however, seems to influ-
ence the conversion from venlafaxine to O-desmethylvenlafaxine. 
Lower MPRs were present in CYP2D6 PM compared to IM and NM 
and in IM compared to NM and UM. In accordance, results of post-
hoc analyses showed that minor alleles of rs1065852 and rs3892097, 
and in consequence, carriers of CYP2D6*4 haplotype were associat-
ed with lower MPRs. Hence, present data suggest that CYP2D6*4 
shifts the metabolism towards a higher level of venlafaxine [45, 46]. 
These results are in line with a previous study, reporting higher ven-
lafaxine and lower O-desmethylvenlafaxine serum concentration in 
CYP2D6 PM compared to NM. In concordance with previous results, 
CYP2D6 did not affect the response to venlafaxine treatment [47]. 

Of note, an MPR below 0.3, indicative of CYP2D6 poor metabolizers 
[24], was associated with more side effects [48]. In consequence, 
CYP2D6 may be relevant for the occurrence of side effects and less 
for treatment response to venlafaxine. However, in our analyses, MPR 
was not associated with adverse drug effects (Mann-Whitney-U test, 
p = 0.18); possibly, as in our sample dosing was adjusted to the serum 
concentrations of the drugs. Thus, in the Wuerzburg sample, only 
mild (N = 6) and medium (N = 6) adverse drug effects were reported, 
and in the Munich sample, venlafaxine was discontinued only in one 
case due to adverse drug events.

Strengths and limitations
The present observational study in two independent cohorts pro-
vides real-life data from naturalistic settings and the results, thus, 
are relevant for clinical settings. We did our analyses based on 
diplotypes/phenotypes as the diplotype and/or the corresponding 
phenotype are proposed for prescribing. However, since the phe-
notype definition is a dynamic assignment that can change over 
time and depending on the analyzed variants, the phenotype may 
be variable, we also included post-hoc genotype and haplotype 
analyses (supplement 5). However, this design also had some limi
tations. The inclusion criteria in both samples were not exactly the 
same. The selected sample from the Munich cohort only included 
unipolar depressed patients, whereas the Wuerzburg sample also 
comprised cases with a bipolar diagnosis. Including also bipolar pa-
tients possibly affected the analyses regarding treatment response. 
The sample only comprised Caucasians; therefore, our results are 
valid only in the Caucasian population. We did not control for any 
inhibiting or inducing medications; thus, possibly inhibiting or in-
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ducing drugs resulted in phenotypically different characteristics 
than genetically determined, which possibly affected our results. 
In the amitriptyline, venlafaxine, quetiapine, and mirtazapine sam-
ple, 8, 17, 37, and 19 patients received CYP2D6 inhibiting drugs 
(bupropion, doxepin, duloxetine, fluoxetine, melperone, paroxe-
tine, perazine), no patient received a CYP2C19 inhibiting drug, and 
1, 2, 1, and 3 patients received carbamazepine (inductive for 
CYP2B6, CYP2C9, CYP3A4, UGT, p-glycoprotein) [49]. In addition, 
we performed an explorative post-hoc analysis excluding patients 
with interacting drugs for CYP2D6 to consider phenoconversion 
effects (Supplement 6). The results did not differ from the results 
of our main analyses. Analyses were not controlled for smoking sta-
tus, which may have affected mirtazapine results as smoking af-
fects mirtazapine metabolism due to the involvement of CYP1A2 
[50, 51]. For the Wuerzburg sample, no severe adverse effect was 
reported, as dosing was adjusted to serum concentrations of the 
drugs. For the MARS sample, adverse drug effects were reported 
only in case of a change in drug therapy. In the amitriptyline, ven-
lafaxine, quetiapine, and mirtazapine sample only in 1, none, 1, and 
3 patients, respectively, the drug was changed due to adverse drug 
effects; however, dosing was adjusted to serum concentrations of 
the drugs as well. Due to the limited data, further analyses on ad-
verse drug effects and genetic data were not conducted. While phy-
sicians were not aware of post-hoc determined PGx data but were 
aware of online-determined TDM results, dosing thus was adjusted 
to the serum concentrations of the drugs. However, this may have 
biased results of the response analyses in a direction against cor-
relations between phenotypes and treatment response. In the Mu-
nich sample, a bias due to the selection of patients for TDM, for ex-
ample, non-response, cannot be excluded, while in the Wuerzburg 
sample, TDM was determined by protocol (weeks 3, 5, and 7). This 
may have biased results against correlations between phenotypes 
and serum concentrations on one side and treatment response on 
the other. All these limitations thus may have contributed to reduc-
ing our power to detect correlations and thus finally argue for the 
robustness of those observed.

Conclusion
The present study supports previous recommendations that in 
CYP2D6 poor metabolizers, starting doses should be reduced, and 
dose adjustments should be guided via TDM [17]. Therapy in venla-
faxine-treated patients was affected by CYP2C19. CDAM was lower in 
CYP2C19 RM and UM compared to IM. While CYP2C19 testing is not 
recommended for venlafaxine yet [52], we propose including 
CYP2C19 in routine testing for venlafaxine-treated patients to im-
prove therapy outcomes by raising awareness of the risk of low serum 
concentrations and potentially non-response in CYP2C19 rapid/ult-
rarapid metabolizers. Thus, our findings primarily support the role 
of pk gene variation for serum concentrations and because of their 
strong relation with adverse effects, also for adverse effects.

We are aware that the present results are based on restricted sam-
ple size. Since, however, such real-life samples are rare, we believe 
that our results are valuable with respect to providing initial guid-
ance for the application of PGx in combination with TDM in routine 
clinical practice. They may thus contribute to further meta-analysis 
and the development of precision medicine in psychiatry.
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