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Abstract: Background: The clinical impact of the functional CYP2C19 and CYP2D6 gene variants
on antidepressant treatment in people with depression is not well studied. Here, we evaluate the
utility of pharmacogenetic (PGx) testing in psychiatry by investigating the association between
the phenotype status of the cytochrome P450 (CYP) 2C19/2D6 enzymes and the one-year risks of
clinical outcomes in patients with depression with incident new-use of (es)citalopram, sertraline,
or fluoxetine. Methods: This study is a population-based cohort study of 17,297 individuals who
were born between 1981 and 2005 with a depression diagnosis between 1996 and 2012. Using array-
based single-nucleotide-polymorphism genotype data, the individuals were categorized according to
their metabolizing status of CYP2C19/CYP2D6 as normal (NM, reference group), ultra-rapid- (UM),
rapid- (RM), intermediate- (IM), or poor-metabolizer (PM). The outcomes were treatment switching
or discontinuation, psychiatric emergency department contacts, and suicide attempt/self-harm.
By using Poisson regression analyses, we have estimated the incidence rate ratios (IRR) with 95%
confidence intervals (95% CI) that were adjusted for covariates and potential confounders, by age
groups (<18 (children and adolescents), 19–25 (young adults), and 26+ years (adults)), comparing
the outcomes in individuals with NM status (reference) versus the mutant metabolizer status. For
statistically significant outcomes, we have calculated the number needed to treat (NNT) and the
number needed to genotype (NNG) in order to prevent one outcome. Results: The children and
adolescents who were using (es)citalopram with CYP2C19 PM status had increased risks of switching
(IRR = 1.64 [95% CI: 1.10–2.43]) and suicide attempt/self-harm (IRR = 2.67 [95% CI; 1.57–4.52]).
The young adults with CYP2C19 PM status who were using sertraline had an increased risk of
switching (IRR = 2.06 [95% CI; 1.03–4.11]). The young adults with CYP2D6 PM status who were
using fluoxetine had an increased risk of emergency department contacts (IRR = 3.28 [95% CI;
1.11–9.63]). No significant associations were detected in the adults. The NNG for preventing one
suicide attempt/suicide in the children who were using (es)citalopram was 463, and the NNT was 11.
Conclusion: The CYP2C19 and CYP2D6 PM phenotype statuses were associated with outcomes in
children, adolescents, and young adults with depression with incident new-use of (es)citalopram,
sertraline, or fluoxetine, therefore indicating the utility of PGx testing, particularly in younger people,
for PGx-guided antidepressant treatment.
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1. Introduction

Antidepressants are essential of the pharmacological treatment of depression in youths
and adults [1]. However, treatment with antidepressants is often not optimal, with about
30% of patients not recovering, even after several attempts of treatment with different
antidepressants [2]. The insufficient treatment response and the adverse events may partly
be attributed to the individual’s capacity to metabolize the antidepressant (pharmacoki-
netics), which is affected by genetic variations of drug-metabolizing enzymes, e.g., the
hepatic cytochrome P450 (CYP) system [3]. In particular, the highly polymorphic enzymes
CYP2C19 and CYP2D6 play a central role in the metabolism of many antidepressants,
including the selective serotonin-reuptake inhibitors (SSRIs) (es)citalopram, sertraline, and
fluoxetine [3]. There is an increasing body of clinical evidence linking pharmacogenetic
(PGx) variability of CYP2D6 and CYP2C19 to drug blood concentrations [4,5], the treatment
response [4,6], and the remission rates [6] in patients with depression. Thus, by PGx testing
of the genotypes of CYP2C19 and CYP2D6 metabolizer phenotypes according to the vari-
able genotypes’ activity can be classified into poor (PM), intermediate (IM), normal (NM),
rapid (RM), or ultra-rapid metabolizer (UM) for the given enzyme. These phenotypes can
guide the choice of drug and the dose adjustment in order to maximize the likelihood for
treatment effectiveness and minimize the adverse events [7].

As a first-line treatment for depression, SSRIs are commonly used in the population
worldwide, with more than 4% of the total Danish population using SSRIs in 2021 [8], 8% in
UK in 2011 [9], and approximately 11% in the USA in 2021 [10]. The recommendations for
PGx-guided dosing for PM and IM CYP2C19 phenotypes of the SSRIs (es)citalopram and
sertraline have been published by the Dutch Pharmacogenetics Working Group (DPWG)
and the Clinical Pharmacogenetics Implementation Consortium (CPIC) [11,12]. In addition,
the drug labels of (es)citalopram and sertraline, by the national drug authorities in the USA,
Switzerland, Canada, and Japan, consider PGx testing actionable, while the labelling for
these drugs in the EU does not include any annotations for PGx testing [11]. Fluoxetine
is the only approved SSRI for the treatment of depression in children in Denmark [13].
Fluoxetine is mainly metabolized by CYP2D6, but neither drug labels nor the DPWG or the
CPIC offer dosing guidelines, due to insufficient relevant clinical evidence in children [11].

Despite the existing clinical evidence, drug labelling, actionable PGx recommendations
for (es)citalopram and sertraline, and the frequent use of these first-line drugs in the
population, the clinical utility of PGx testing is still broadly discussed nationally and
internationally, particularly in youths [14], and the implementation of PGx testing remains
low in psychiatry in Denmark [7,15], though it is increasing internationally [3]. The clinical
utility of PGx can be defined as the ability of PGx-guided treatment and dosing to prevent
the adverse effects expressed by the number needed to genotype (NNG) and number
needed to treat (NNT) in order to avoid one adverse event [16]. Published PGx studies
rarely report the clinical utility measures [17], which could support the communication of
the evidence of PGx drugs with strong associations and/or frequent use in the population
for the clinical implementation of PGx testing [16].

Here, we have examined the association of CYP2C19 and CYP2D6 gene variants
translated into PGx phenotypes with treatment outcomes of switching or discontinuation,
psychiatric emergency department contacts, and suicide attempt/self-harm in patients with
depression with incident new-use of (es)citalopram, sertraline, or fluoxetine in children
and adolescents (≤18 years), young adults (19–25), and adults (≥26 years).
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2. Results
2.1. Characteristics of the Study Population

Of the 24,110 individuals with a hospital depression diagnosis given at any time
between 1 January 1996 and 31 December 2012, 20,343 (84%) had redeemed at least one
prescription for (es)citalopram, sertraline, or fluoxetine. Of the latter, 17,297 (85%) had
valid genetic data and, therefore, formed the study population, of which 70% were females,
90% were younger than 26 years, and 90% were of Danish/European origin. Compared to
the excluded individuals, the individuals of the study population were slightly younger,
had filled their first prescription for the respective antidepressants in the more recent
years in the study period, had their first prescription issued from the hospital, and had a
diagnosis of autism more often, and a diagnosis of schizophrenia or bipolar disorder less
often (Table S4).

Of the study population, the majority (62%) had redeemed at least one prescription
for (es)citalopram during the study period (Table 1). According to the indicated use of
fluoxetine in children, the mean age of the fluoxetine users was lower than in individuals
initiating the other antidepressants. The differences in the baseline characteristics stratified
by children and adolescents, young adults, and adults existed, but not regarding the
frequency of CYP2C19 and CYP2D6 phenotypes (Tables S5 and 2).

Table 1. Baseline characteristics at the index date of the first-time prescription of sertraline, escitalo-
pram, citalopram, and fluoxetine of the total study population (n = 17,297) of all individuals born
between 1981 and 2005 with a depression diagnosis any time between 1996 and 2012.

Antidepressants

Citalopram,
n = 8281

Escitalopram,
n = 2632

Sertraline,
n = 4583

Fluoxetine,
n = 1801

n (%) n (%) n (%) n (%)

Sex

Female 5896 (71.2) 1783 (67.7) 3164 (69.0) 1377 (76.5)

Male 2385 (28.8) 849 (32.3) 1419 (31.0) 424 (23.5)

Age in groups

Children/adolescents (≤18 years) 3111 (37.6) 928 (35.3) 2513 (54.8) 1338 (74.3)

Young adults (19–25 years) 4263 (51.5) 1428 (54.3) 1567 (34.2) 403 (22.4)

Adults (26+ years) 907 (11.0) 276 (10.5) 503 (11.0) 60 (3.3)

Mean age in years, (SD) 20.3
(3.6)

20.5
(3.4)

19.2
(4.3)

17.5
(3.3)

Region at index prescription

Capital Region 2296 (27.7) 787 (29.9) 1068 (23.3) 514 (28.5)

Middle Jutland 2029 (24.5) 676 (25.7) 1161 (25.3) 323 (17.9)

North Jutland 887 (10.7) 227 (8.6) 574 (12.5) 148 (8.2)

Southern Denmark 1592 (19.2) 595 (22.6) 1073 (23.4) 374 (20.8)

Zealand 1477 (17.8) 347 (13.2) 707 (15.4) 442 (24.5)

Parents/adults SES *

Missing 152 (1.8) 23 (0.9) 126 (2.7) 25 (1.4)

Employed 3670 (44.3) 1256 (47.7) 2292 (50.0) 1094 (60.7)

On social benefits 1839 (22.2) 465 (17.7) 1064 (23.2) 309 (17.2)

On study 1947 (23.5) 673 (25.6) 782 (17.1) 273 (15.2)

Others 673 (8.1) 215 (8.2) 319 (7.0) 100 (5.6)
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Table 1. Cont.

Antidepressants

Citalopram,
n = 8281

Escitalopram,
n = 2632

Sertraline,
n = 4583

Fluoxetine,
n = 1801

n (%) n (%) n (%) n (%)

Within last year: No. of
psychiatric hospital contacts

0 4965 (60.0) 1450 (55.1) 2078 (45.3) 590 (32.8)

1 1220 (14.7) 408 (15.5) 844 (18.4) 371 (20.6)

2 445 (5.4) 143 (5.4) 311 (6.8) 193 (10.7)

3 213 (2.6) 80 (3.0) 143 (3.1) 68 (3.8)

4 107 (1.3) 36 (1.4) 100 (2.2) 42 (2.3)

>4 1331 (16.1) 515 (19.6) 1107 (24.2) 537 (29.8)

Past: No. of past mental
diagnoses

0 2757 (33.3) 798 (30.3) 952 (20.8) 241 (13.4)

1 2511 (30.3) 880 (33.4) 1217 (26.6) 566 (31.4)

2 1648 (19.9) 550 (20.9) 1169 (25.5) 603 (33.5)

3 845 (10.2) 268 (10.2) 779 (17.0) 253 (14.0)

4 361 (4.4) 105 (4.0) 296 (6.5) 96 (5.3)

>4 159 (1.9) 31 (1.2) 170 (3.7) 42 (2.3)

Past ever: history of
self-harm/suicide attempt

Yes 1312 (15.8) 431 (16.4) 651 (14.2) 321 (17.8)

Within last year: history of
self-harm/suicide attempt

Yes 586 (7.1) 206 (7.8) 346 (7.5) 197 (10.9)

Within last 90ds: strong
CYP2D6 inhibitor use

Yes 67 (0.8) 32 (1.2) 66 (1.4) 10 (0.6)

Within last 90ds: moderate
CYP2D6 inhibitor use

Yes 142 (1.7) 42 (1.6) 77 (1.7) 14 (0.8)

Within last 90ds: weak CYP2D6
inhibitor use

Yes One of the categories had <5 observations

Within last 90ds: strong
CYP2C19 inhibitor use

Yes 216 (2.6) 73 (2.8) 109 (2.4) 39 (2.2)

Within last 90ds: moderate
CYP2C19 inhibitor use

No 8281 (100.0) 2632 (100.0) 4583 (100.0) 1801 (100.0)

Within last 90ds: weak
CYP2C19 inhibitor use

Yes 189 (2.3) 59 (2.2) 122 (2.7) 41 (2.3)
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Table 1. Cont.

Antidepressants

Citalopram,
n = 8281

Escitalopram,
n = 2632

Sertraline,
n = 4583

Fluoxetine,
n = 1801

n (%) n (%) n (%) n (%)

Within last 90ds: CYP2C19
inducer use

Yes All categories had <5

Within last 90ds: Antiepileptic
drug use

Yes 80 (1.0) 35 (1.3) 69 (1.5) 13 (0.7)

Year as category of first
prescription

1995–2001 237 (2.9) 0 0 185 (4.0) 44 (2.4)

2001–2005 2201 (26.6) 524 (19.9) 988 (21.6) 264 (14.7)

2006–2010 4447 (53.7) 1890 (71.8) 1931 (42.1) 828 (46.0)

2011–2016 1396 (16.9) 218 (8.3) 1479 (32.3) 665 (36.9)

* For those who had missing information on their own socioeconomic status (SES) we extracted SES from their
parents. For a detailed description of all the variables see Supplement Table S3. Ds = days.

Table 2. Prevalence of CYP2C19 and CYP2D6 phenotypes of individuals born between 1981 and
2005, with a depression diagnosis any time between 1996 and 2012, with at least one prescription for
escitalopram, citalopram, sertraline, or fluoxetine.

Antidepressants

Total,
n = 17,297

Escitalopram,
n = 2632

Citalopram,
n = 8281

Sertraline,
n = 4583

Fluoxetine,
n = 1801

n (%) n (%) n (%) n (%) n (%)

CYP2D6 phenotype

CYP2D6_NM 10,770 (62.3) 1629 (61.9) 5159 (62.3) 2855 (62.3) 1127 (62.6)

CYP2D6_IM 5781 (33.4) 873 (33.2) 2778 (33.5) 1533 (33.4) 597 (33.1)

CYP2D6_PM 746 (4.3) 130 (4.9) 344 (4.2) 195 (4.3) 77 (4.3)

CYP2C19 phenotype

CYP2C19_UM 678 (3.9) 118 (4.5) 304 (3.7) 194 (4.2) 62 (3.4)

CYP2C19_RM 4483 (25.9) 687 (26.1) 2168 (26.2) 1143 (24.9) 485 (26.9)

CYP2C19_NM 7553 (43.7) 1122 (42.6) 3600 (43.5) 2042 (44.6) 789 (43.8)

CYP2C19_IM 4215 (24.4) 652 (24.8) 2024 (24.4) 1111 (24.2) 428 (23.8)

CYP2C19_PM 368 (2.1) 53 (2) 185 (2.2) 93 (2) 37 (2.1)

Abbreviations: NM: normal metabolizer, IM: intermediate metabolizer, PM: poor metabolizer, RM: rapid metabo-
lizer, UM: ultrarapid metabolizer.

2.2. Associations between the CYP2C19 and CYP2D6 Phenotypes and Clinical Outcomes

Overall, irrespective of the outcomes, the study population of 17,297 individuals
contributed to a total follow-up time of 17,237 person-years (PYs) since the treatment
initiation with the respective drugs, with a mean follow-up period of 364 days. During the
study period, 793 individuals emigrated and 124 died.

The incidence rates (IR) per 100 person-years with 95% CI of outcomes, according to
the index drug use, are reported in Table S6. Figure 1 and Table S7 describe the association
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between the CYP2C19 and CYP2D6 phenotypes and the clinical outcomes in the individuals
with depression who were using (es)citalopram, sertraline, or fluoxetine by the age groups.Pharmaceuticals 2022, 15, x FOR PEER REVIEW  6  of  16 

 

 

(a) Children and adolescents 

 

(b) Young adults 

 

(c) Adults 

 

Figure 1. Adjusted incidence rate ratios (IRR) and 95% confidence intervals of the associations
between the CYP2C19 and CYP2D6 phenotypes and clinical outcomes in people with a hospital
depression diagnosis between 1 January 1996 and 31 December 2012 and a first-time prescription
for (es)citalopram, sertraline, or fluoxetine between 1 January 1996 and 31 December 2016, stratified
by age groups (≤18, 19–25, 26+ years). Abbreviations: UM: ultra-rapid metabolizer, RM: rapid
metabolizer, NM: normal metabolizer, IM: intermediate metabolizer, PM: poor metabolizer. NM
was the reference group. IRR were adjusted for: age, gender, region of index prescription, socio-
economic status (SES), number of previous psychiatric diagnosis, CYP2C19/CYP2D6 inhibitor and
inducer use within the last three months of index date, and calendar year of index prescription. For
emergency department contact, we further adjusted for any hospital contacts within the previous
year of index date. For the outcome of suicide attempt/self-harm, we also adjusted for previous
suicide attempt/self-harm and for antiepileptic drug use within the last three months of index date.
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The children and adolescents who were using (es)citalopram with a CYP2C19 PM
status had an incident rate of switching of 41 per 100 PYs and a statistically significant
increased risk of switching (IRRPM = 1.64 [95% CI: 1.10–2.43]) compared to those with
CYP2C19 NM status. The children and adolescents who were using (es)citalopram with a
CYP2C19 PM status had an incident rate of 23 per 100 PYs of attempted suicide/self-harm
and had a statistically significant increased risk of suicide attempt/self-harm (IRRPM = 2.67
[95% CI; 1.57–4.52]), compared to those with CYP2C19 NM status (Figure 1a).

Among the young adults who were using sertraline with CYP2C19 PM status, 51 per
100 PYs switched to another drug, with a statistically significant increased risk of switching
(IRRPM = 2.06 [95% CI; 1.03–4.11]) (Figure 1b) compared with CYP2C19 NMs. The young
adults who were using fluoxetine with a CYP2D6 PM status had an IR of 55 psychiatric
emergency department contacts per 100 PYs, with a more than three-fold increased risk of
psychiatric emergency department contacts compared with CYP2D6 NMs (IRRPM = 3.28
[95% CI; 1.11–9.63]) (Figure 1b).

Among the adults, no statistically significant findings were detected, but associations
indicating a U-shaped relationship across the phenotypes with higher risks in users of
(es)citalopram with CYP2C19 PM and UM status were found (Figure 1c).

2.3. Potential Clinical Validity and Population Impact of PGx Testing

Overall, the clinical utility and population impact of PGx testing for all of the statisti-
cally significant associations of switching, suicide attempt, and self-harm among children
and adolescents, and young adults were 1–2.5% for PAF, the NNG was between 460 and
503, according to their metabolizer phenotypes, and the NNT was between 10 and 11 in
order to prevent one outcome, (Table 3).

Table 3. Measures of population impact of pharmacogenetic testing.

Age Group Children and
Adolescents

Children and
Adolescents Young Adults Young Adults

Drug (Es)citalopram (Es)citalopram Sertraline Fluoxetine

Phenotype CYP2C19 PM CYP2C19 PM CYP2C19 PM CYP2D6 PM

Risk geno-/phenotype
freq. 2.18% 2.18% 2.00% 4.30%

Outcome Switching Suicide
Attempt/Self-Harm Switching ER Contact

IRR * 1.64 2.67 2.06 3.28

RR 1.46 2.15 1.57 **

RD 0.09 0.1 0.11 **

Population
impact of PGx

PAF 1.00% 2.4% 1.12% **

NNT 11 11 10 **

NNG 503 464 460 **

Abbreviations: PM: poor metabolizer, IRR: incidence rate ratio, RR: relative risk, RD: risk difference, PAF:
population attributable fraction, NNT: number needed to treat, NNG: number needed to genotype. * Adjusted for:
age, gender, region of index prescription, socio-economic status (SES), number of previous psychiatric diagnosis,
CYP2C19/CYP2D6 inhibitor and inducer use within the last three months of index date, and calendar year
of index prescription. For emergency room contact, we further adjusted for any hospital contacts within the
previous year of index date. For the outcome of suicide attempt/self-harm, we also adjusted for previous suicide
attempt/self-harm and for antiepileptic drug use within the last three months of index date. ** Numbers cannot
be calculated because there were <5 cases for at least one of the needed numbers. See Supplementary Table S8 for
the underlying numbers for the calculation.

3. Discussion

We have studied the association between CYP2C19 and CYP2D6 gene variants and
the treatment outcomes in children and adolescents, young adults, and adults with de-
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pression who were using (es)citalopram, sertraline, or fluoxetine. The associations were
most pronounced in the children and adolescents with statistically significant results in
PM of CYP2C19 who were using (es)citalopram, with regard to switching and suicide
attempts/self-harm. We found U-shaped associations from UM to PM of CYP2C19 in both
the children and adolescents, and the adults who were using (es)citalopram, related to
suicide attempt/self-harm. The association measures that were translated into measures of
clinical utility were nominally modest, which may be partly because CYP2C19 and CYP2D6
PM are rare phenotypes in a multifactorial setting of drug response.

Compared with the previous findings of CYP2C19 genetic variability and switching, a
study among adults [4] found a more than 3-fold increased frequency of switching within
one year in CYP2C19 PM and RM/UM status who were using escitalopram compared with
the none finding among PM in adults who were using (es)citalopram and the borderline
non-significant association in the RM and UM adults in our study. In addition, we found a
64% significantly increased risk in the children and adolescents with CYP2C19 PM status
who were using (es)citalopram. According to the authors, the increased risk of switching
in CYP2C19 PMs and UM was explained by the increased (PM) and decreased (UM)
drug-plasma concentrations [4], potentially leading to adverse events and an insufficient
treatment response. Though pointing towards similar conclusions, our study differed
from Jukic et al. in identifying the proxies for switching. The study by Jukic et al. was
limited to data that was based on the therapeutic drug measurements, while our study was
limited to prescription data. However, we were able to adjust for potential confounders
and pheno-conversion, which may partly explain the differences in the sizes of the detected
associations.

Regarding sertraline, we found that the young adults with PM status who were using
sertraline were also more likely to switch. A systematic review and meta-analysis [5]
showed that CYP2C19 PMs had higher sertraline plasma concentrations, while Poweleit
et al. [18] showed that CYP2C19 status from PM to UM was inversely associated with
sertraline doses at the beginning of treatment but not with doses in association with
response. Overall, Jessel et al. [19] found that 10% of individuals tended to switch if they
were using antidepressants that were not in line with their CYP2C19 and/or CYP2D6 status,
compared with 6% of patients who were using antidepressants that were aligned with their
metabolizer phenotype.

Regarding discontinuation, Aldrich et al. [20] found a significant association be-
tween the discontinuation of (es)citalopram in youth with anxiety and/or depression
and CYP2C19 PM and IM status, which is partly in line with our study, where the chil-
dren and adolescents who were using (es)citalopram with a CYP2C19 IM phenotype had
a slightly increased, but statistically insignificant, risk for discontinuation. By contrast,
meta-analyses of clinical trials have reported that those with CYP2C19 PM status who were
using escitalopram had an improved treatment response, higher rates of side effects, but
had less drop out from the clinical trials [6,21].

Suicidal behavior is a feared and severe outcome in young patients using SSRIs [22].
We have detected a more than a 2-fold increased risk of suicide attempt/self-harm in
the children and adolescents who were using (es)citalopram with poor metabolizing ca-
pacity. In the young adults and the adults of our study, CYP2C19 PMs who were using
(es)citalopram also showed a nominal increased risk of suicide attempt/self-harm, as well
as CYP2C19 UMs, but this was not statistically significant. It should be noted that our
definition included self-harm of both known and unknown suicidal intent [23]. By contrast,
an international study of 243 patients found no differences between the phenotypes and
suicidal behavior, as measured by clinical rating scales [24], while a post-mortem study
showed an enrichment of CYP2C19 PMs and UMs among adult suicide victims who had
tested positively for citalopram, compared with the population controls [25]. It should
be noted that the use of (es)citalopram dropped to nearly 0 by 2021 [26] in children and
adolescents since the warnings of the increased risk of suicidal behavior were issued in
2010 [22]. In 2021, fluoxetine and sertraline were the most frequently used antidepressants
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among children in Denmark [26]. The numbers were too small to assess the suicidality in
the users of fluoxetine, while a nominally increased risk was seen among the children and
adolescents with PM status who were using sertraline.

Regarding fluoxetine, according to previous reports, CYP2D6 metabolizer status
showed no influence on 8- or 12-week fluoxetine treatment response, which was assessed
with multiple disease severity scales in children and adolescents [27]. Here, we have found
nominally decreased risks for all of the outcomes in the children and adolescents with
CYP2D6 PM status, which may indicate a superior response to fluoxetine in CYP2D6 PMs,
possibly due to higher drug-plasma concentrations in these patients [4], without the off-set
of higher risks of adverse events leading to discontinuation or switching. In contrast to the
children and adolescents, the young adults and the adults who were using fluoxetine with
PM status in our study had an increased risk of switching and emergency room contacts,
which is in line with a smaller study reporting that 33% of people with a CYP2D6 PM status
discontinued the fluoxetine treatments compared with 14% of adults with a CYP2D6 NM
status [28].

The metabolism of fluoxetine is complicated by the self-inhibition/pheno-conversion
of CYP2D6 by fluoxetine enantiomers during chronic treatment, which increases the im-
portance of alternative metabolic pathways, including CYP2C19 [13]. Thus, the CYP2C19
metabolism, and other alternative pathways, may compensate the limited CYP2D6
metabolism [29]. Due to the described complexity of the metabolic pathway, and the
power issues regarding treatment outcomes, it would have been beyond the scope of
the current study to evaluate the combinatorial effect of both the CYP2D6 and CYP2C19
variants, which should be addressed in future studies.

3.1. Potential Clinical Validity and Population Impact of PGx Testing

Despite the significant associations, translated to the clinical utility measures, these
appear to be quite modest. This is partly because CYP2C19 and CYP2D6 PM are rare pheno-
types in a multifactorial setting of drug response. Yet, regarding the suicide attempts/self-
harm in association with (es)citalopram, the NNG was 464 and the NNT was 10, indicating
the utility of pre-emptive PGx testing in those patients for whom fluoxetine is not an option.
Overall, the limitation of the application of a simplified and mono-factorial approach of
estimating the clinical utility highlights that the assessment/testing of PGx variability
should be regarded as a clinical factor contributing to the full clinical assessment.

3.2. Strengths and Limitations

The population-based approach using the national health registries of a tax-financed
health care system providing a free and equal health care service for everyone in Denmark,
the relatively large sample size, the consistent and unambiguous data linkage of multiple
registers, and the limited risk of selection bias are strengths of this study. The genotyping
data with uniform quality control for the complete sample provides a solid foundation
for unbiased phenotyping. Due to the data linkage, we were able to account for other
independent factors and confounders that are related to drug response, including age,
sex, co-medication, some somatic diseases, and pheno-conversion. We have accounted
for the age differences in depression treatment and have included only the first-time use
of the antidepressants of interest, which was possible due to the longitudinal design and
prescription data availability going back to 1995.

Our study also has some limitations. First, we only had information on prescriptions
that were redeemed at community pharmacies in order to identify antidepressant drug
users, thus, any individuals who were solely treated with antidepressants at psychiatric
hospitals were not included. Moreover, we do not know if the patients actually adhered
to the treatment regimen as prescribed or if they discontinued the treatment during the
prescription supply. Second, we focused on people with a life-time hospital diagnosis of
depression from a psychiatric hospital based on the iPSYCH study design, therefore, people
using antidepressants who were solely seen by their general practitioners or by private
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psychiatrists were not included. However, because antidepressants can also be used for
other indications than depression, e.g., anxiety or other mental or neurological disorders,
the focus on people with a depression diagnosis from a psychiatric hospital makes it more
likely that antidepressants were actually used for the indication of depression of similar
severity. Due to the case design of the iPSYCH sample, the index drug could have been
prescribed before, during, or after the registered hospital-based depression diagnosis, with
50% of the study population having had a hospital contact due to depression at the time
of their first antidepressant prescription redemption. Third, the data on dosage and drug-
plasma-concentrations was not available in order to evaluate the clinical significance of the
genetic variations in the drug-metabolizing enzymes on the drug metabolism and the drug-
plasma-concentrations as intermediates for the investigated outcomes [4]. Fourth, only four
out of the eight PGx relevant SNPs for the CYP2D6 gene were available in the genotyped
iPSYCH sample, with the missing variants only accounting for a summed MAFs of 0.04 [23].
Fifth, due to the missing information on the functional duplications (CYP2D6*1xN and
CYP2D6*2xN), the CYP2D6 UM phenotypes could not be determined, but the prevalence of
these duplications is only 0.8% in the Danish population [30]. Sixth, we did not account for
combinatorial pharmacogenetics between the CYP2D6 and CYP2C19 genetic variants [31].
Lastly, we analyzed escitalopram and citalopram in one group, although pharmacokinetic
and pharmacodynamics differences exist [32].

4. Methods
4.1. Study Design and Setting

In this population- and register-based cohort study in Denmark, we investigated
the one-year risks of developing clinical outcomes according to CYP2C19 or CYP2D6
genotypes/phenotypes in individuals with depression who had redeemed prescriptions
for (es)citalopram, sertraline, or fluoxetine for the first time between 1 January 1996 and 31
December 2016.

4.2. Data Sources

We used data of the Integrative Psychiatric Research (iPSYCH) consortium, which
has established a large Danish population-based case-cohort sample (iPSYCH2012) [33].
Details of iPSYCH2012 have been previously described [18]. In brief, the iPSYCH sample
was selected from all individuals born as singletons between 1 May 1981 and 31 December
2005 who were alive and living in Denmark at their first birthday. iPSYCH2012 included
(1) a randomly selected population-based cohort of 30,000 individuals, representative of
the entire Danish population born between 1981 and 2005, and (2) all individuals (cases,
n = 57,377) who had one or more hospital-based diagnoses of five selected severe mental
disorders by 31 December 2012, including schizophrenia, affective disorders, bipolar disor-
der, attention-deficit/hyperactivity disorder (ADHD), and autism spectrum disorder [18].

iPSYCH2012 is linked via the anonymized personal identification number assigned
to the residents of Denmark at birth or immigration to longitudinal data of the following:
(i) The Danish Civil Registration System [34]; (ii) The Danish Psychiatric Central Research
Register (PCRR) [35]; (iii) The Danish National Prescription Registry [36] holding infor-
mation on prescriptions redeemed at community pharmacies since 1995; (iv) the Danish
National Patient Register [37]; (v) the Danish Register of Causes of Death [38]; (vi) the
socio-demographic and labor market-related data hosted at Statistics Denmark (DST) [39];
and (vii) the Danish Neonatal Screening Biobank [40], which stores dried blood spots from
practically all neonates in Denmark.

4.3. Genotyping and Phenotyping

Genetic information of the individuals in iPSYCH2012 was collected from the dried
blood spots retrieved from the Danish Neonatal Screening Biobank [40]. A total of
80,422 samples were genotyped using the Infinium PsychChip v1.0 array (Illumina, San
Diego, CA, USA). The array-based genotyped SNPs were imputed using 1000 Genomes
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Project phase 3, with GRCh37 as a reference. [41]. After sample and genotype QC using
the Ricopilli bioinformatics pipeline [42], 6,361,597 high-quality best guess-genotypes were
available. See Schorck et al. 2019 for a detailed description of the imputation and QC
procedures [43].

4.4. Study Population and Study Period

From iPSYCH2012, we identified all individuals with a hospital-based depression
diagnosis of F32–33 according to the International Classification of Diseases, 10th edition
(ICD-10) as psychiatric inpatient, outpatient, or emergency department admissions at
any time between 1 January 1996 and 31 December 2012 [44]. Of those. we included
all individuals redeeming a first-time (i.e., incident new-use since 1995) prescription for
(es)citalopram, sertraline, or fluoxetine between 1 January 1996 and 31 December 2016
(study period, Figure 2) [45]. Thus, we did not include individuals diagnosed with a mental
disorder before the start of the study period (1 January 1996) or a prescription redemption
for an SSRI of interest in 1995. We defined the date of the first prescription redemption of
the respective drug as the index date.
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4.5. CYP2C19 and CYP2D6 Genotyping and Phenotyping

The exposure was defined as expression of any mutant CYP2C19 (UM, RM, IM, or
PM) or CYP2D6 genotype/phenotype (IM or PM) based on the array-based SNP informa-
tion [46,47]. Non-exposed individuals who did not carry a mutant CYP2C19 or CYP2D6
genetic variant and were classified as NM. The PGx phenotype translation procedure has
been described in detail [46]. In short, the translation based on the 2019 Ubiquitous-PGx
(U-PGx) panel [23] included 9 variants for CYP2C19 and 8 variants for CYP2D6, including
CYP2D6 duplication and deletion. The SNPs were linked to star (*) allele nomenclature,
which standardizes genetic polymorphism annotations for cytochrome P450 genes to sim-
plify the translations of a patient’s genotype into a predicted clinical phenotype [48–50].
For CYPC19, the star-alleles *2, *8, and *17 variants and the CYPCD6 the star-alleles *4,
*10, *17, and *41 were available. Based on the individuals’ genotypes, the diplotypes were
translated into the PGx phenotypes (Tables S1 and S2).
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4.6. Outcomes

Outcomes were assessed within one year of the index date (Figure 1) as follows:
(1) Switching from the index prescription to any other antidepressant (ATC: N06A); (2) Dis-
continuation, defined as less than three prescriptions of the index antidepressant; (3) Emer-
gency department contact at a psychiatric hospital; (4) Suicide attempt/self-harm, which
was identified according to the algorithm as described by Gasse et al. [51].

4.7. Covariates

Detailed definitions of all the covariates and confounders are shown in Table S3. Co-
variates included the following: age, gender, region of index prescription, socio-economic
status (SES, assessed for the adults of the study population and for the parents of the
children of the study population), number of previous psychiatric diagnoses, prescription
drug use acting as CYP2C19/CYP2D6 inhibitor/inducer within the last three months of the
index date, calendar year of index prescription, any hospital contacts within the previous
year of index date, previous suicide attempt/self-harm, and antiepileptic drug use within
the last three months prior to the index date.

4.8. Statistical Analyses

The analysis was performed separately for the three age groups (children and adoles-
cents, young adults, adults) because of the differences in disease states, enzyme activity,
experience of adverse events, and choice of antidepressant treatment in children and adults.
Children and adolescents with depression must be referred to a pediatric psychiatrist
before treatment initiation, irrespective of the severity of depression, according to Danish
guidelines [13]. Young adults with depression should be referred to a psychiatrist within
one week after the start of antidepressant treatment. Adults are often treated solely by
general practitioners and are only recommended to be referred to a psychiatric department
if treatment with two different antidepressants has failed or suicidality is suspected, in
diagnostic doubts, and/or the presence of psychotic symptoms or somatic disorders that
complicate treatment with antidepressants [52].

We described the characteristics of the study population at the index date as propor-
tions (%). We followed all individuals from the index date for one year. Individuals were
censored at end of follow-up, outcome events, emigration, or death, whichever came first.
We calculated incidence rates (IR) using SAS %Lexis macro [53]. The IRs were modeled
in a Poisson regression analysis (using follow-up as offset) to investigate the association
between CYP2C19/CYP2D6 phenotype status and clinical outcomes, which was presented
as incidence rate ratios (IRR) with 95% confidence intervals (CI). We considered a 95% CI
that did not overlap 1.00 to be statistically significant.

All analyses were adjusted for the following potential covariates and confounders:
age, gender, region of index prescription, socio-economic status (SES, assessed for the
adults of the study population and for the parents of the children of the study population
(Table S3), number of previous psychiatric diagnoses, CYP2C19/CYP2D6 inhibitor/inducer
use within the last three months of the index date, and calendar year of index prescription.
For emergency department contact, we further adjusted for any hospital contacts within
the previous year of the index date. For the outcome of suicide attempt/self-harm, we
additionally adjusted for previous suicide attempt/self-harm and for antiepileptic drug
use within the last three months of index date.

We have reported the potential clinical utility of PGx testing for CYP2C19 and CYP2D6
genetic variability by calculating the population attributable fraction (PAF), number needed
to treat (NNT), and number needed to genotype (NNG) for all significant associations,
based on Tonk et al. [16].

All data processing and analyses were carried out using SAS statistical software
version 9.4 (SAS Institute Inc., Cary, NC, USA).
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4.9. Data Protection

Data permissions have been granted to iPSYCH2012 by The Danish Scientific Ethics
Committee (EC: 1-10-72-287-12), the Danish Health Data Authority, the Danish data pro-
tection agency, and the Danish Neonatal Screening Biobank Steering Committee. Danish
Data Protection Agency: Journal number 2015-57-0002 /Journal number: 62908 (Um-
brella permission Aarhus University) and National Board of Health: FSEID 00000098.
Researchers can access anonymous individual-level data only through secure servers where
the download of individual-level information is prohibited, which protects the privacy of
the individuals included in the study. Due to data protection, we do not report numbers
below five, but state ‘<5’, or combine categories to achieve larger counts than five.

5. Conclusions

Our study adds new knowledge of the associations between CYP2C19 and CYP2D6
phenotypes and antidepressant switching, discontinuation, emergency department contacts,
and suicide attempt/self-harm in children, adolescents, and adults with depression with
incident new-use of (es)citalopram, sertraline, or fluoxetine, which indicates the clinical
utility of PGx in patients with depression. Even though the associations were strong and
pronounced from a population perspective, the nominal clinical utility remains low, due to
the multifactorial contribution of many factors to the outcomes. Children and adolescents
seem to be a relevant target group benefitting from PGx testing where clinical data is still
rare and urgently needed, because a large part of the existing evidence is deduced from
adult data.
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4. Jukić, M.M.; Haslemo, T.; Molden, E.; Ingelman-Sundberg, M. Impact of CYP2C19 genotype on escitalopram exposure and
therapeutic failure: A retrospective study based on 2087 Patients. Am. J. Psychiatry 2018, 175, 463–470. [CrossRef] [PubMed]

5. Milosavljevic, F.; Bukvic, N.; Pavlovic, Z.; Miljevic, C.; Pešic, V.; Molden, E.; Ingelman-Sundberg, M.; Leucht, S.; Jukic, M.M.
Association of CYP2C19 and CYP2D6 poor and intermediate metabolizer status with antidepressant and antipsychotic exposure:
A systematic review and meta-analysis. JAMA Psychiatry 2021, 78, 270–280. [CrossRef]

6. Fabbri, C.; Tansey, K.E.; Perlis, R.H.; Hauser, J.; Henigsberg, N.; Maier, W.; Mors, O.; Placentino, A.; Rietschel, M.; Souery, D.; et al.
Effect of cytochrome CYP2C19 metabolizing activity on antidepressant response and side effects: Meta-analysis of data from
genome-wide association studies. Eur. Neuropsychopharmacol. 2018, 28, 945–954. [CrossRef]

7. Lunenburg, C.A.; Gasse, C. Pharmacogenetics in psychiatric care, a call for uptake of available applications. Psychiatry Res. 2020,
292, 113336. [CrossRef]

8. Schmidt, M.; Hallas, J.; Laursen, M.; Friis, S. Data Resource Profile: Danish online drug use statistics (MEDSTAT). Int. J. Epidemiol.
2016, 45, 1401–1402g. [CrossRef]

9. Mars, B.; Heron, J.; Kessler, D.; Davies, N.M.; Martin, R.M.; Thomas, K.H.; Gunnell, D. Influences on antidepressant prescribing
trends in the UK: 1995–2011. Soc. Psychiatry Psychiatr. Epidemiol. 2017, 52, 193–200. [CrossRef]

10. Milani, S.A.; Raji, M.A.; Chen, L.; Kuo, Y.-F. Trends in the Use of Benzodiazepines, Z-Hypnotics, and Serotonergic Drugs Among
US Women and Men Before and During the COVID-19 Pandemic. JAMA Netw. Open 2021, 4, e2131012. [CrossRef]

11. Whirl-Carrillo, M.; Huddart, R.; Gong, L.; Sangkuhl, K.; Thorn, C.F.; Whaley, R.; Klein, T.E. An Evidence-Based Framework for
Evaluating Pharmacogenomics Knowledge for Personalized Medicine. Clin. Pharmacol. Ther. 2021, 110, 563–572. [CrossRef]

12. Dutch Pharmacogenetics Working Group. Dutch Pharmacogenetics Working Group Guidelines 2018. Available online: https:
//api.pharmgkb.org/v1/download/file/attachment/DPWG_November_2018.pdf (accessed on 10 July 2022).

13. Retsinformation. Vejledning om Medikamentel Behandling af Børn og Unge Med Psykiske Lidelse. 2019. Available online:
https://www.retsinformation.dk/eli/retsinfo/2019/9733 (accessed on 10 July 2022).

14. Ramsey, L.B.; Bishop, J.R.; Strawn, J.R. Pharmacogenetics of treating pediatric anxiety and depression. Pharmacogenomics 2019, 20,
867–870. [CrossRef] [PubMed]

15. Jürgens, G.; Jacobsen, C.B.; Rasmussen, H.B.; Werge, T.; Nordentoft, M.; Andersen, S.E. Utility and adoption of CYP2D6 and
CYP2C19 genotyping and its translation into psychiatric clinical practice. Acta Psychiatr. Scand. 2012, 125, 228–237. [CrossRef]
[PubMed]

16. Tonk, E.C.M.; Gurwitz, D.; Der Zee, A.-H.M.-V.; Janssens, A.C.J.W. Assessment of pharmacogenetic tests: Presenting measures of
clinical validity and potential population impact in association studies. Pharmacogenomics 2017, 17, 386–392. [CrossRef] [PubMed]

17. Jansen, M.E.; Rigter, T.; Rodenburg, W.; Fleur, T.M.C.; Houwink, E.J.F.; Weda, M.; Cornel, M.C. Review of the reported measures of
clinical validity and clinical utility as arguments for the implementation of pharmacogenetic testing: A case study of statin-induced
muscle toxicity. Front. Pharmacol. 2017, 8, 555. [CrossRef]

18. Poweleit, E.A.; Aldrich, S.L.; Martin, L.J.; Hahn, D.; Strawn, J.R.; Ramsey, L.B. Pharmacogenetics of sertraline tolerability and
response in pediatric anxiety and depressive disorders. J. Child Adolesc. Psychopharmacol. 2019, 29, 348–361. [CrossRef]

19. Jessel, C.D.; Mostafa, S.; Potiriadis, M.; Everall, I.P.; Gunn, J.M.; Bousman, C.A. Use of antidepressants with pharmacogenetic
prescribing guidelines in a 10-year depression cohort of adult primary care patients. Pharm. Genom. 2020, 30, 145–152. [CrossRef]

20. Aldrich, S.L.; Poweleit, E.A.; Prows, C.A.; Martin, L.J.; Strawn, J.R.; Ramsey, L.B. Influence of CYP2C19 Metabolizer status on
escitalopram/citalopram tolerability and response in youth with anxiety and depressive disorders. Front. Pharmacol. 2019, 10, 99.
[CrossRef]

21. Campos, A.I.; Byrne, E.M.; Mitchell, B.L.; Wray, N.R.; Lind, P.A.; Licinio, J.; Medland, S.E.; Martin, N.G.; Hickie, I.B.; Rentería, M.E.
Impact of CYP2C19 metaboliser status on SSRI response: A retrospective study of 9500 participants of the Australian Genetics of
Depression Study. Pharm. J. 2022, 22, 130–135. [CrossRef]

22. Chen, Q.-H.; Li, Y.-L.; Hu, Y.-R.; Liang, W.-Y.; Zhang, B. Observing time effect of SSRIs on suicide risk and suicide-related
behaviour: A network meta-analysis protocol. BMJ Open 2021, 11, e054479. [CrossRef]

23. Van der Wouden, C.H.; Cambon-Thomsen, A.; Cecchin, E.; Cheung, K.C.; Dávila-Fajardo, C.L.; Deneer, V.H.; Dolžan, M.; Ingelman-
Sundberg, M.; Jönsson, S.; Karlsson, M.O.; et al. Implementing pharmacogenomics in Europe: Design and implementation
strategy of the ubiquitous pharmacogenomics consortium. Clin. Pharmacol. Ther. 2017, 101, 341–358. [CrossRef] [PubMed]

24. Höfer, P.; Schosser, A.; Calati, R.; Serretti, A.; Massat, I.; Kocabas, N.A.; Konstantinidis, A.; Linotte, S.; Mendlewicz, J.; Souery, D.;
et al. The impact of Cytochrome P450 CYP1A2, CYP2C9, CYP2C19 and CYP2D6 genes on suicide attempt and suicide risk—A
European multicentre study on treatment-resistant major depressive disorder. Eur. Arch. Psychiatry Clin. Neurosci. 2013, 263,
385–391. [CrossRef] [PubMed]

http://doi.org/10.1016/S0140-6736(18)31948-2
http://doi.org/10.1016/j.jad.2020.02.023
http://www.ncbi.nlm.nih.gov/pubmed/32217227
http://doi.org/10.1055/a-1288-1061
http://www.ncbi.nlm.nih.gov/pubmed/33147643
http://doi.org/10.1176/appi.ajp.2017.17050550
http://www.ncbi.nlm.nih.gov/pubmed/29325448
http://doi.org/10.1001/jamapsychiatry.2020.3643
http://doi.org/10.1016/j.euroneuro.2018.05.009
http://doi.org/10.1016/j.psychres.2020.113336
http://doi.org/10.1093/ije/dyw116
http://doi.org/10.1007/s00127-016-1306-4
http://doi.org/10.1001/jamanetworkopen.2021.31012
http://doi.org/10.1002/cpt.2350
https://api.pharmgkb.org/v1/download/file/attachment/DPWG_November_2018.pdf
https://api.pharmgkb.org/v1/download/file/attachment/DPWG_November_2018.pdf
https://www.retsinformation.dk/eli/retsinfo/2019/9733
http://doi.org/10.2217/pgs-2019-0088
http://www.ncbi.nlm.nih.gov/pubmed/31453769
http://doi.org/10.1111/j.1600-0447.2011.01802.x
http://www.ncbi.nlm.nih.gov/pubmed/22128793
http://doi.org/10.1038/tpj.2016.34
http://www.ncbi.nlm.nih.gov/pubmed/27168098
http://doi.org/10.3389/fphar.2017.00555
http://doi.org/10.1089/cap.2019.0017
http://doi.org/10.1097/FPC.0000000000000406
http://doi.org/10.3389/fphar.2019.00099
http://doi.org/10.1038/s41397-022-00267-7
http://doi.org/10.1136/bmjopen-2021-054479
http://doi.org/10.1002/cpt.602
http://www.ncbi.nlm.nih.gov/pubmed/28027596
http://doi.org/10.1007/s00406-012-0375-y
http://www.ncbi.nlm.nih.gov/pubmed/23081704


Pharmaceuticals 2022, 15, 870 15 of 16

25. Rahikainen, A.L.; Vauhkonen, P.; Pett, H.; Palo, J.U.; Haukka, J.; Ojanperä, I.; Niemi, M.; Sajantila, A. Completed suicides of
citalopram users-the role of CYP genotypes and adverse drug interactions. Int. J. Legal Med. 2019, 133, 353–363. [CrossRef]
[PubMed]

26. Available online: https://medstat.dk/ (accessed on 8 June 2022).
27. Gassó, P.; Rodríguez, N.; Mas, S.; Pagerols, M.; Blázquez, A.; Plana, M.T.; Torra, M.; Lázaro, L.; Lafuente, A. Effect of CYP2D6,

CYP2C9 and ABCB1 genotypes on fluoxetine plasma concentrations and clinical improvement in children and adolescent patients.
Pharm. J. 2014, 14, 457–462. [CrossRef] [PubMed]

28. Roberts, R.L.; Mulder, R.T.; Joyce, P.R.; Luty, S.E.; Kennedy, M.A. No evidence of increased adverse drug reactions in cytochrome
P450CYP2D6 poor metabolizers treated with fluoxetine or nortriptyline. Hum. Psychopharmacol. Clin. Exp. 2004, 19, 17–23.
[CrossRef]

29. Hicks, J.B.; Sangkuhl, K.; Muller, D.J.; Ji, Y.; Leckband, S.G.; Leeder, J.S.; Graham, R.L.; Chiulli, D.L.; LLerena, A.; Skaar, T.C.; et al.
Clinical Pharmacogenetics Implementation Consortium (CPIC) Guideline for CYP2D6 and CYP2C19 Genotypes and Dosing of
Selective Serotonin Reuptake Inhibitors. 2015. Available online: https://files.cpicpgx.org/data/guideline/publication/SSRI/20
15/25974703.pdf (accessed on 10 July 2022).
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