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Abstract

Background: The enzyme expression (i.e. phenotype) of the Cytochrome P450 2D6 (CYP2D6) gene is highly relevant to the metabolism of psychotropic
medications, and therefore to precision medicine (i.e. personalised prescribing).

Aims: This review aims to assess the improvement in CYP2D6 phenotyping sensitivity (IPS) and accuracy (IPA) offered by long-read sequencing (LRS),
a new genetic testing technology.

Methods: Human DNA samples that underwent LRS genotyping of CYP2D6 in published, peer-reviewed clinical research were eligible for inclusion.
A systematic literature search was conducted until 30 September 2023. CYP2D6 genotypes were translated into phenotypes using the international
consensus method. IPS was the percentage of non-normal LRS CYP2D6 phenotypes undetectable with FDA-approved testing (AmpliChip). IPA was the
percentage of LRS CYP2D6 phenotypes mischaracterised by non-LRS genetic tests (for samples with LRS and non-LRS data).

Results: Six studies and 1411 samples were included. In a meta-analysis of four studies, IPS was 10% overall (95% CI=(2, 18); n=1385), 20% amongst
Oceanians (95% CI=(17, 23); n=582) and 2% amongst Europeans (95% CI=(1, 4); n=803). IPA was 4% in a large European cohort (95% CI=(2, 7);
n=>567). When LRS was used selectively (e.g. for novel or complex CYP2D6 genotypes), very high figures were observed for IPS (e.g. 88%; 95% CI=(72,
100); n=17; country=Japan) and IPA (e.g. 76%; 95% CI=(55, 98); n=17; country=Japan).

Conclusions: LRS improves CYP2D6 phenotyping compared to established genetic tests, particularly amongst Oceanian and Japanese individuals, and
those with novel or complex genotypes. LRS may therefore assist in optimising personalised prescribing of psychotropic medications. Further research

is needed to determine associated clinical benefits, such as increased medication safety and efficacy.
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Introduction

The Cytochrome P450 2D6 (CYP2D6) enzyme contributes to the
metabolism of approximately 25% of prescribed medications
and is particularly relevant to psychotropic medications (Zhou,
2009). Variability in CYP2D6 genotype is related to enzyme
activity (i.e. metaboliser phenotype), predicting important phar-
macological outcomes (Bertilsson et al., 2002). For example,
CYP2D6 enzyme activity inversely relates to the plasma con-
centration of several typical antipsychotics (e.g. haloperidol),
atypical antipsychotics (e.g. risperidone, aripiprazole), selective
serotonin reuptake inhibitors (e.g. fluvoxamine) and tricyclic
antidepressants (e.g. amitriptyline). Hence, subnormal enzyme
activity increases the risk of adverse effects, and supernormal
enzyme activity increases the risk of nonresponse (Beunk et al.,
2023; Bousman et al., 2023; Hicks et al., 2017). In mental
healthcare settings, two-thirds of patients may be prescribed a
medication with a known variable response according to
CYP2D6 metaboliser phenotype (Jameson et al., 2024). Standard
dosing, without reference to CYP2D6 genotype, may therefore
contribute to the limited success of antipsychotic clinical trials
(51% response rate; Leucht et al., 2017) and first antidepressant

trials (37% remission rate; Rush et al., 2006). Conversely, per-
sonalised prescribing based on CYP2D6 is recommended by
several international guidelines (e.g. United States Food and
Drug Administration (FDA); Clinical Pharmacogenetics
Implementation Consortium (CPIC); Bousman et al., 2020) and
has been shown to improve outcomes in the treatment of depres-
sion (Arnone et al., 2023).

Despite the apparent benefits of CYP2D6 genotyping, trial-
and-error psychotropic prescribing remains predominant in many
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countries, including Australia and the United Kingdom (Jameson
et al., 2024; NICE, 2022; Therapeutic Guidelines, 2021). The
slow uptake of personalised prescribing may reflect concerns
about the feasibility, accuracy and clinical utility of CYP2D6
testing (Bousman et al., 2020; Cavallari et al., 2019). The cost of
pharmacogenetic testing is frequently cited as a barrier by both
patients and clinicians, along with a lack of funding from third
parties (e.g. health insurers; Jameson et al., 2021). Infrastructural
barriers have also been identified, including a lack of available
testing services and difficulty integrating test results into existing
clinical information systems (Pearce et al., 2022; Qureshi et al.,
2022). Meanwhile, existing trials of CYP2D6 genotype-guided
prescribing have produced inconsistent findings, contributing to
doubts about the readiness of pharmacogenetic testing for routine
clinical practice (Barlati et al., 2023).

The benefits of CYP2D6 testing may be hindered by the com-
plex and variable nature of the gene, rendering it difficult to gen-
otype. CYP2D6 is repetitive, highly polymorphic, and
characterised by a range of small and large variants which affect
metaboliser profiles (Gaedigk, 2013). CYP2D6 variant profiles
differ markedly by population, producing a wide range of normal
(67%-90%), slower than normal (1%—16%) and faster than nor-
mal (1%-21%) metaboliser phenotypes across major ethnic
groups (Gaedigk et al., 2017). To facilitate clinical testing,
CYP2D6 genotypes are labelled using star (*) allele nomencla-
ture, which indicates the variants and enzyme function associated
with each allele (e.g. */ predicts normal function and *4 predicts
no function). The overall genotype (e.g. *1/*4, representing the
alleles present on each chromosome) is used to predict metabo-
liser phenotype, with categories including ‘poor’, ‘intermediate’,
‘normal’, ‘ultrarapid’ and ‘indeterminate’ (Caudle et al., 2020).
Metaboliser phenotype may then be used for personalised medi-
cation selection and dosing based on pharmacogenetics guide-
lines (Beunk et al., 2023; Bousman et al., 2023; Hicks et al.,
2017). Sensitive and accurate genotyping of CYP2D6 is there-
fore crucial for effective phenotyping and precision medicine.

Established genetic tests may have limited CYP2D6 geno-
typing sensitivity and accuracy. Sanger sequencing, targeted
genotyping, microarray and short-read sequencing (SRS) have
typically been used to genotype CYP2D6 in clinical popula-
tions (Fleeman et al., 2011; Pratt et al., 2021). Microarray and
SRS offer high-throughput testing (Dodgen et al., 2013; Yang et
al., 2017), making them affordable options for routine clinical
use. However, the repetitive regions of CYP2D6 often exceed
the read lengths of SRS, compromising test accuracy and the
ability to distinguish CYP2D6 from its pseudogenes (Twist et
al., 2016; Yang et al., 2017). Meanwhile, the Roche AmpliChip
CYP450 microarray (henceforth AmpliChip), one of two FDA-
approved CYP2D6 tests, can detect only 20 of the more than
100 currently recognised star alleles (Gaedigk et al., 2021;
Lyon et al., 2012). The other FDA-approved test, xTAG
CYP2D6 Kit v3, is capable of detecting only 16 star alleles,
with none being unique from AmpliChip (Lyon et al., 2012).
The star alleles not detected by AmpliChip and xXTAG are more
prevalent in non-European regions, such as Africa, Asia and
Oceania (Gaedigk et al., 2017), limiting the usefulness of these
tests across populations. Established tests may therefore mis-
characterise or fail to detect CYP2D6 genotypes, leading to
ineffective phenotyping and subsequent harms (e.g. over- or
underdosing of medication).

Long-read sequencing (LRS), a newer genotyping technol-
ogy, may overcome several challenges associated with
CYP2D6. Though generally more expensive than SRS
(Espinosa et al., 2024), LRS offers read lengths that span the
entire CYP2D6 gene (Hu et al., 2021). Hence, LRS can resolve
structural variations (e.g. large insertions and deletions) and
lengthy, complex or repetitive genetic sequences (Goodwin et
al., 2016). LRS has been posited as a gold standard genotyp-
ing technology (Kovaka et al., 2023) and has outperformed
established technologies in preliminary testing of CYP2D6
(Buermans et al., 2017; Qiao et al., 2016; Yang et al., 2017).
However, it is unclear whether LRS testing of CYP2D6 offers
clinical benefit, as improved genotyping does not necessarily
translate into improved phenotyping and precision medicine.
There are several CYP2D6 genotypes associated with each
metaboliser phenotype (e.g. *3/*4 and *5/*6 both predict a
‘poor’ metaboliser), so even if LRS detects different geno-
types than established tests, there may be no indicated changes
to prescribing. Medication or dosage change recommenda-
tions, according to prescribing guidelines (e.g. Bousman et
al., 2023), can only arise if LRS predicts different phenotypes
than established tests. The extent to which LRS improves
CYP2D6 phenotyping therefore has serious implications for
clinical CYP2D6 testing and precision medicine.

Existing reviews have addressed various aspects of CYP2D6
testing, including its evolution across time (Lauschke and
Ingelman-Sundberg, 2019; Yang et al., 2017), impact in the clini-
cal setting (Taylor et al., 2020), utility in guiding psychotropic
pharmacotherapy (Arnone et al., 2023; Bousman et al., 2020;
Islam et al., 2021), and prediction of psychotropic medication
exposure and adverse reactions (Bousman et al., 2020;
Milosavljevic et al., 2021). However, no reviews have investi-
gated the extent to which LRS offers an improvement in CYP2D6
phenotyping compared to established genetic tests. To address
this gap, the current review aimed to examine the percentage of
LRS CYP2D6 metaboliser phenotypes that are not categorised as
‘normal’ and would be undetectable with the FDA-approved
AmpliChip test (i.e. improvement in CYP2D6 phenotyping sen-
sitivity). This review also aimed to examine the percentage of
LRS CYP2D6 metaboliser phenotypes that differ from those
derived from established genetic tests (i.e. improvement in
CYP2D6 phenotyping accuracy).

Methods

This systematic review and meta-analysis, which was pre-regis-
tered with PROSPERO (number: CRD42023433050), examined
original, clinical research studies which used LRS to genotype
CYP2D6 in human DNA samples. The purpose of this review
was to examine the improvements in CYP2D6 phenotyping
offered by LRS. This review was conducted in line with the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) Statement (see Supplemental Tables S1
and S2).

Eligibility criteria
Study and sample eligibility criteria are shown in Table 1. No
restrictions were applied based on setting, language, publication
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Table 1. Study and sample eligibility criteria.

Level Domain Inclusion criteria

Exclusion criteria

Study Publication Published and peer-reviewed

Design Quantitative
Type Original clinical research? that used LRS to

genotype CYP2D6

Uniqueness Contained one or more unique samples compared
to other included studies
Sample Profile DNA samples from healthy or unhealthy human
participant
Genotyping Underwent CYP2D6 genotyping with LRSP
Source Original clinical research?
Uniqueness Not analysed in another, larger included study

Unpublished or not peer reviewed

Qualitative

No clinical research? (e.g. only tested repository DNA samples) or
no LRS genotyping of CYP2D6

Contained no unique samples compared to another, larger included
study

Non-human DNA sample (e.g. animal or microbe DNA)

Did not undergo CYP2D6 genotyping with LRS
Biorepository
Analysed in another, larger included study

LRS: long-read sequencing.

aClinical research was defined as that which investigated diagnostic or treatment outcomes in participants drawn from a specified healthcare population (e.g. patients

receiving tamoxifen chemotherapy).

bSamples were also eligible if they underwent CYP2D6 genotyping with non-LRS technology in addition to LRS technology (i.e. dual genotyping).

date, specific LRS test used, specific non-LRS test used or utili-
sation of reference testing (e.g. Sanger sequencing). To minimise
bias and maximise power, studies were excluded if they con-
tained no unique clinical samples compared to another, larger
included study. For all included studies, reference samples (i.e.
samples drawn from a biorepository) were excluded to increase
the relevance of findings to clinical CYP2D6 testing, and to min-
imise the potential for bias (e.g. testing of samples with known
genotypes).

Where available, eligible outcomes data for each sample
included CYP2D6 genotype (using star (*) allele nomenclature;
Caudle et al., 2020), activity score and metaboliser phenotype
pertaining to any LRS and non-LRS testing. All included samples
were relevant to the examination of improvement in phenotyping
sensitivity offered by LRS, as this only required checking LRS
CYP2D6 genotypes for their detectability with AmpliChip (see
Table 2). However, only samples with both LRS and non-LRS
genotypes were relevant to the examination of improvement in
phenotyping accuracy offered by LRS, as this required compari-
son of CYP2D6 genotypes produced by the respective
technologies.

Information sources and search strategy

A systematic literature search was conducted in PubMed,
MEDLINE, the Cochrane Library and Scopus. The publication
date was from database inception onwards. Search terms included
‘Cytochrome P-450 CYP2D6’, ‘single-molecule real-time
sequencing’, ‘long read sequencing’, ‘long-read sequencing’ and
‘nanopore sequencing’ and were entered as medical subject head-
ings (MeSH terms) where available. The full search terms used
for each database can be found in Supplemental Table S3. Manual
searches were also conducted in the reference lists of eligible
studies, and on the Pharmacogene Variation Consortium
(PharmVar) CYP2D6 website (Gaedigk et al., 2021), which lists
studies credited with discovering novel CYP2D6 star alleles. All
information sources were most recently searched on September
30, 2023.

Selection process

All studies identified in the literature search were imported into
EndNote (version 20.6) and then exported to an EndNote library
file. The library file was uploaded to Covidence (Veritas, 2023),
a web-based systematic review management platform that was
used for study selection. In Stage 1 of study selection, two authors
(D.K. and M.L.) independently screened study titles and abstracts,
and voted ‘Yes’, ‘No’ or ‘Maybe’ for each study based on appar-
ent alignment with eligibility criteria (see Table 1). In Stage 2 of
study selection, the same two authors independently conducted a
full-text review of studies that had progressed through Stage 1
and voted ‘Include’ or ‘Exclude’ for each study based on apparent
alignment with eligibility criteria. Following study selection, the
same two authors independently conducted sample selection,
which involved marking individual samples for exclusion if they
appeared to meet exclusion criteria or not meet inclusion
criteria.

Prior to commencing the selection process, authors agreed
upon how each eligibility criterion would be assessed (e.g. the
presence of a biorepository reference number would constitute
grounds for excluding a sample based on its source; see Table
1). Six instances of disagreement occurred in Stage 1 of study
selection and were resolved by a third author (M.B.). There
were no other instances of disagreement during study or sample
selection. All authors were blinded to each other’s decisions.

Data extraction

For each study, samples that satisfied eligibility criteria were
considered for data extraction. However, data extraction only
occurred for samples that met one or both of the following condi-
tions: (1) one or more CYP2D6 star alleles were AmpliChip-
undetectable (i.e. were not compatible with the list of star alleles
detectable with AmpliChip; see Table 2) or (2) genotyping
occurred with both LRS and non-LRS testing, and the resultant
CYP2D6 genotypes were discordant (i.e. contained at least one
different star allele). For the remainder of the included samples,
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Table 2. CYP2D6 star (*) alleles and duplication events detectable with the Roche AmpliChip CYP450 test (i.e. AmpliChip).

Test parameter No. Alleles
Detectable star alleles 20 *1, %2, *3, *4, *5, %6, *7, *8, *9, *10, *11, *15, *17, *19, *20, *29, *35, *36, *40, *41
Detectable duplication events 7 *1xN, *2xN, *4xN, *10xN, *17xN, *35xN, *41xN

Source: Adapted from Lyon et al. (2012) and United States Food and Drug Administration (FDA, 2005).

N: number of duplicate alleles present.

LRS was not expected to produce improvements in phenotyping,
as their LRS genotype was AmpliChip-detectable and, if com-
parison data were available, concordant with the non-LRS geno-
type. However, these samples were still counted and included in
all relevant tables, figures and analyses. One author extracted the
data (D.K.) and another author (M.L.) checked the data for com-
pleteness. Data were recorded in a spreadsheet.

Where available, data extraction included individual sample
number/identifier, ancestry, cohort (e.g. if the sample was part of
a specified clinical trial), LRS data (specific test used; CYP2D6
genotype using star (*) allele nomenclature; CYP2D6 activity
score; predicted metaboliser phenotype), any non-LRS compari-
son test data (specific test used; CYP2D6 genotype using star (*)
allele nomenclature; CYP2D6 activity score; predicted metabo-
liser phenotype) and any gene duplication test data (specific test
used; copy number of duplicated CYP2D6 star (*) alleles).
Individual sample data were not available for a single included
study (Hitchman et al., 2022), but summary data were sufficient
for determining the number and nature of CYP2D6 genotypes
that were AmpliChip-undetectable, allowing review analyses to
proceed.

Quality assessment

The Quality Assessment of Diagnostic Accuracy Studies-2
(QUADAS-2; Whiting et al., 2011) and Quality Assessment of
Diagnostic Accuracy Studies-Comparative (QUADAS-C; Yang
etal., 2021) were used to assess the included studies. Two authors
(D.K. and M.L.) independently assigned a classification of ‘high
risk’, ‘low risk’ or ‘uncertain risk’ across various domains for
each study with respect to risk of bias and applicability concerns
(i.e. study compatibility with review objective). Disagreements
occurred whilst assessing two studies and were resolved by a
third author (M.B.). All authors were blinded to each other’s
decisions. A quality appraisal of review findings was also con-
ducted by considering the quality assessment of included studies
along with the consistency (i.e. degree of heterogeneity) and pre-
cision (i.e. confidence intervals and sample sizes) of measured
outcomes.

Data synthesis

Data were tabulated for each study, including in the form of sam-
ple-level data (Supplemental Table S4) and data relevant to the
two components of the review objective: improvement in
CYP2D6 phenotyping sensitivity (Supplemental Tables S5-S7)
and improvement in CYP2D6 phenotyping accuracy
(Supplemental Table S8). The risk difference was used to deter-
mine improvement in sensitivity and, where non-LRS genotypes
were available, improvement in accuracy demonstrated by LRS

for each study. However, the terms ‘improvement in CYP2D6
phenotyping sensitivity’ (IPS) and ‘improvement in CYP2D6
phenotyping accuracy’ (IPA) were used in place of risk differ-
ence. The confidence interval was set to 95% for determining
statistical significance.

Meta-analysis was used to synthesise improvement in
CYP2D6 phenotyping sensitivity (IPS) findings across studies
using a Mantel-Haenszel test of the overall effect. A random-
effects model was used to anticipate possible cross-study varia-
bility in true effect associated with the use of different genetic
tests (e.g. different brands or models of LRS tests). Between-
study and between-subgroup heterogeneity were analysed using
tau squared. Planned meta-analysis for improvement in CYP2D6
phenotyping accuracy (IPA) was not possible due to no more than
one study being available for each unique comparison between
LRS and a non-LRS technology (e.g. LRS vs microarray; LRS vs
SRS). Publication bias was assessed by visually inspecting fun-
nel plots for each review outcome (IPS and IPA), but regression
tests were not conducted due to the small number of included
publications. The software package Review Manager (RevMan;
version 5.4.1) was used to conduct the meta-analysis and produce
forest plots. The software package GraphPad Prism (version
9.5.1) was used to create pie charts illustrating descriptive data.

Sample-level data. Sample-level data included all items gath-
ered during data extraction. Information tables hosted by the
Pharmacogenomics Knowledgebase (PharmGKB; Whirl-Car-
rillo et al., 2021) were used to assess CYP2D6 genotype to phe-
notype translations made by studies for agreement with the
consensus translation method (Caudle et al., 2020). Where dis-
agreements were observed, the consensus method took prece-
dence for this review. Minimum copy number (i.e. 2) was
assumed for star alleles reported to have duplications but which
did not specify the copy number (e.g. */xN). Individual samples
were annotated for the detectability of their LRS genotypes with
AmpliChip (per Table 2), and for any differences in star alleles,
activity score and metaboliser phenotype between LRS and non-
LRS genotypes (where comparison data were available).
CYP2D6 suballele-level data were not considered when making
these determinations (e.g. *2.001 was not considered different
from *2.002), as suballeles of a given star allele share the same
functional status (Gaedigk et al., 2021).

Improvement in phenotyping sensitivity. The number and
percentage of LRS CYP2D6 genotypes that were AmpliChip-
undetectable (per Table 2) were counted and listed for each
study. The genotypes were further categorised according to the
predicted metaboliser phenotype, using the consensus genotype
to phenotype translation method (Caudle et al., 2020). To deter-
mine the improvement in CYP2D6 phenotyping sensitivity (IPS)
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Figure 1. PRISMA flow diagram.
PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses.

demonstrated by LRS, the following data were used: (1) the per-
centage of LRS CYP2D6 genotypes that were AmpliChip-detect-
able (AD) and (2) the percentage of LRS CYP2D6 genotypes that
were AmpliChip-undetectable and predicted a non-normal metab-
oliser phenotype (NN). These data were subject to the following
formula to produce a risk difference measure for each study, which
was combined for meta-analysis: ((AD + NN)—AD)=IPS. Given
that CYP2D6 allele frequencies vary significantly across global
populations (Gaedigk et al., 2017), a subgroup analysis of studies
by geographic region was included in the meta-analysis to examine
differences in IPS across regions.

Non-normal CYP2D6 metaboliser phenotypes were defined
as those that would be categorised as ‘poor’, ‘intermediate’, “ult-
rarapid’ or ‘indeterminate’ (Caudle et al., 2020). Though indeter-
minate phenotypes are based on CYP2D6 alleles with missing or
only preliminary functional data, most alleles with preliminary
data have thus far exhibited subnormal enzyme function (i.e.
slow metabolism; Whirl-Carrillo et al., 2021). Several of these
alleles are already considered by expert consensus to be of sub-
normal function (Caudle et al., 2020). Hence, indeterminate
metaboliser phenotypes were considered non-normal for this
review.

Improvement in phenotyping accuracy. The number and per-
centage of samples whose LRS and non-LRS CYP2D6 geno-
types were discordant (i.e. contained one or more different star
alleles) were counted and listed for each study that utilised both

types of technologies. Discordant genotype pairs were further
examined to see whether they predicted different CYP2D6
metaboliser phenotypes, with possible categories including
‘poor’, ‘intermediate’, ‘normal’, ‘ultrarapid’ and ‘indeterminate’
(Caudle et al., 2020). LRS-derived metaboliser phenotypes were
also considered different if the respective non-LRS genotype was
incomplete (i.e. unable to predict the non-LRS metaboliser phe-
notype). However, LRS-derived metaboliser phenotypes were
not considered different if the respective LRS genotype was
incomplete (i.e. unable to predict the LRS metaboliser pheno-
type). To determine the improvement in CYP2D6 phenotyping
accuracy (IPA) demonstrated by LRS, the following data were
used: (1) the percentage of samples with LRS and non-LRS
CYP2D6 genotypes that were concordant (C) and (2) the percent-
age of samples with LRS and non-LRS CYP2D6 genotypes that
were discordant and predicted different CYP2D6 metaboliser
phenotypes (D). These data were subject to the following for-
mula to produce a risk difference measure for each study:
((C+D)-C)=IPA.

Results
Study selection

The study selection process is detailed in Figure 1. Six inde-
pendent studies were included, five of which were identified via
database searches and one of which was identified via the
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Pharmacogene Variation Consortium (PharmVar) CYP2D6 web-
site (Gaedigk et al., 2021).

Study characteristics and outcomes data

Characteristics of the six included studies are presented in
Table 3. There were 2560 samples in total (), of which 1411
(55.1%) were included in the current review (n), on the basis that
they were clinical samples genotyped with LRS. Most included
samples were reported to be of European ancestry (56.9%) or
Oceanian ancestry (39.3%; see Supplemental Table S9 for sam-
ple eligibility and ancestry details). Included samples were drawn
from various clinical populations, including those defined by
diagnosis or problem (Charnaud et al., 2022; Fukunaga et al.,
2021; Liau et al., 2019), setting (Hitchman et al., 2022; Qiao et
al., 2016), or a combination of diagnosis and treatment (van der
Lee et al., 2021). Three studies were conducted in Oceania
(n=582), whilst the remaining three were conducted in Europe
(n=803), Asia (n=17) and North America (2=9). Four studies
contained samples from specified clinical cohorts (e.g. clinical
trials), and one of these studies listed which samples belonged to
each independent cohort (van der Lee et al., 2021). Four studies
used Pacific Biosciences LRS tests (n=1184), and the remaining
two used Oxford Nanopore Technology LRS tests (n=227).
Non-LRS tests were only used in four studies (n=618), as were
tests for gene duplication detection (n=406). Types of non-LRS
technology included SRS (Fukunaga et al., 2021), Sanger
sequencing (Liau et al., 2019), microarray (van der Lee et al.,
2021) and PCR with allele-specific primer extension (Qiao et al.,
2016).

The outcomes data of the included studies are also presented
in Table 3. The percentage of LRS CYP2D6 genotypes that were
AmpliChip-undetectable ranged from 1.8% to 94.1% across
studies, or 1.2% to 88.2% when only counting those with a non-
normal metaboliser phenotype. The percentage of LRS CYP2D6
genotypes that were discordant with non-LRS genotypes (i.e.
contained different star alleles) ranged from 4% to 82.4% across
studies, or 4% to 76.5% when only counting those with a differ-
ent metaboliser phenotype.

Quality assessment of included studies

In the context of this review, all studies were found to be at risk
of bias in one or more domains of the Quality Assessment of
Diagnostic Accuracy Studies-2 (QUADAS-2) or the Quality
Assessment of Diagnostic Accuracy Studies-Comparative
(QUADAS-C; see Supplemental Table S10). A common concern
(k=5) was the absence of reference testing (e.g. Sanger sequenc-
ing), or the use of such testing with only a subset of samples, to
validate the findings of LRS or non-LRS tests. It has been argued,
however, that LRS may be considered a gold standard genotyp-
ing technology (Kovaka et al., 2023). Another common concern
(k=5) was a lack of information regarding sampling methods, as
certain methods may introduce more bias than others (e.g. selec-
tive versus random sampling). Other issues included using LRS
with knowledge of reference testing results (k=1), using refer-
encing testing with knowledge of LRS or non-LRS test results
(k=3) and using LRS with knowledge of non-LRS test results
(k=2).

Two studies were deemed to have applicability concerns (i.e.
possible incompatibility with review objectives) in one or more
domains of the QUADAS-2 (see Supplemental Table S10). In
these studies, LRS was used selectively for samples with
CYP2D6 genotypes deemed to be novel (Fukunaga et al., 2021),
complex (Qiao et al., 2016) or suitable for validating LRS (Qiao
et al., 2016) based on prior non-LRS testing. Unlike the remain-
der of the studies, which were nonselective with LRS testing,
these two studies were not considered to represent the general
population of individuals who undergo CYP2DG6 testing. Hence,
to avoid overestimating the improvements offered by LRS,
Fukunaga et al. (2021) and Qiao et al. (2016) were excluded from
the meta-analysis of improvement in CYP2D6 phenotyping sen-
sitivity (Figure 3). For reference, a meta-analysis that included
these two studies is shown in Supplemental Figure S1. As these
studies conducted both LRS and non-LRS genotyping, there
were also concerns that they might overestimate the improve-
ments in CYP2D6 phenotyping accuracy offered by LRS.
However, the sensitivity and accuracy improvements demon-
strated by LRS were still examined in these studies, albeit sepa-
rately, to explore the potential benefits of LRS when used
selectively (e.g. to resolve complex CYP2D6 genotypes).

Summary and quality appraisal of findings

A summary and quality appraisal of review findings is presented
in Table 4. Across the review analyses, LRS demonstrated an
improvement in CYP2D6 phenotyping sensitivity (IPS) in 2%—
88% of individuals and an improvement in CYP2D6 phenotyp-
ing accuracy (IPA) in 4%-76% of individuals. As mentioned in
the quality assessment of included studies, all studies were found
to be at risk of bias in one or more domains, and hence no review
findings were deemed to be of ‘high’ quality. Findings were
deemed to be of ‘moderate’ quality if they were characterised by
precision (i.e. large sample size and narrow positive confidence
interval) and consistency (i.e. low or no heterogeneity). Findings
were deemed to be of ‘low’ quality if they were characterised by
inconsistency (i.e. substantial heterogeneity) or imprecision (i.e.
small sample size, wide confidence interval or confidence inter-
val including zero). However, in the meta-analysis of IPS, find-
ings were deemed to be of ‘moderate’ rather than ‘low’ quality, as
their imprecision and inconsistency were explained by differ-
ences across geographic regions during subgroup analysis. These
differences are consistent with observations that CYP2D6 allele
frequencies vary significantly across global populations (Gaedigk
etal., 2017).

Improvement in phenotyping sensitivity: LRS
versus CYP2D6 genotypes detectable with
AmpliChip

Descriptive data. An overview of LRS CYP2D6 genotypes
according to their detectability with AmpliChip is provided in
Figure 2. Most of the 1411 LRS genotypes were AmpliChip-
detectable (87.4%) and the remainder were AmpliChip-undetect-
able (12.6%). Of the 178 AmpliChip-undetectable genotypes,
158 (88.8%) predicted non-normal metaboliser phenotypes,
including intermediate (9%), ultrarapid (1.1%), indeterminate
(76.4%) and unspecified non-normal (2.2%) phenotypes. Most of
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Table 4. Summary and quality appraisal of findings.

Outcome Analysis n (k) Effect size Heterogeneity Quality of
(95% CI) (» finding

Improvement in CYP2D6 Europe and Oceania combined (meta-analysis) 1385 (4) 10% (2, 18) 96% Moderate?
phenotyping sensitiv- Europe (subgroup analysis) 803 (1) 2% (1, 4) 22% (NS) Moderatec
ity (IPS) demonstrated Oceania (subgroup analysis) 582 (3) 20% (17, 23) 0% (NS) Moderatec
by LRS Selectived: genotypes deemed novel 17 (1) 88% (72, 100)  None® Lowf

Selectived: genotypes deemed complex or suitable 9 (1) 33% (1, 66) Nonee Lowf

for validating LRS
Improvement in CYP2D6 LRS versus AmpliChip 567 (1)9 4% (2, 7) Nonee Moderatec
phenotyping accuracy LRS versus Sanger sequencing 25 (1) 4% (-6, 14) Nonee Lowf
(IPA) demonstrated Selectived: LRS versus MiSeq for genotypes deemed 17 (1) 76% (55, 98) Nonee Lowf
by LRS novel

Selectived: LRS versus xTAG v3 for genotypes deemed 9 (1) 33% (1, 66) Nonee Lowf

complex or suitable for validating LRS

n: Clinical samples genotyped with LRS; k: number of studies; CI: confidence interval; LRS: long-read sequencing; NS: nonsignificant; AmpliChip: Roche AmpliChip

CYP450; MiSeq: Illumina MiSeq; xTAG v3: Luminex xTAG CYP2D6 Kit v3.

No findings were deemed to be of high quality, as all included studies were found to be at risk of bias in one or more domains.
aModerate due to large sample size, and differences across geographic regions (subgroup analysis) explaining the substantial heterogeneity and width of confidence

interval.
bSingle study with three independent cohorts (van der Lee et al., 2021).

‘Moderate due to large sample size, narrow positive confidence interval and low or no heterogeneity.
dLRS was used selectively for samples with CYP2D6 genotypes deemed to be novel (Fukunaga et al., 2021), complex or suitable for validating LRS (Qiao et al., 2016)

based on prior non-LRS testing.

eNo heterogeneity as the finding was based on a single study or cohort (I? figure not provided).
fLow due to imprecision, as evidenced by small sample size, wide confidence interval or confidence interval including zero.

9CYPTAM cohort of the van der Lee et al. (2021) study.

the AmpliChip-undetectable genotypes predicted indeterminate
metaboliser phenotypes (136; 76.4%), as they were based on
CYP2D6 alleles of uncertain or unknown function (see Supple-
mental Table S4). However, 96 (70.6%) of the 136 indeterminate
phenotypes were based on CYP2D6 alleles with preliminary
functional data, of which 90 (93.8%) were based on alleles that
had exhibited subnormal function (see Supplemental Table S7).
Approximately 112 (82.4%), 12 (8.8%) and 8 (5.9%) of the inde-
terminate phenotypes were found in those of Oceanian, Japanese
and European ancestry, respectively (see Supplemental Tables S5
and S9). Study-level data for AmpliChip-undetectable LRS
CYP2D6 genotypes are shown in Supplemental Table S5.

Examination of improvement in phenotyping sensitivity. A
meta-analysis of the improvement in CYP2D6 phenotyping sensi-
tivity (IPS) demonstrated by LRS is shown in Figure 3. IPS referred
to the percentage of LRS CYP2D6 genotypes in each study or
cohort that were AmpliChip-undetectable and predicted a non-nor-
mal metaboliser phenotype. As mentioned in the quality assessment
of included studies, two studies (Fukunaga et al., 2021; Qiao et al.,
2016) were excluded from this meta-analysis due to using LRS
selectively and may have otherwise exaggerated the IPS (see Sup-
plemental Figure S1). Across the remaining four studies or their
cohorts, IPS ranged from 1 to 21% (see Figure 3). Within the Euro-
pean subgroup, which was represented by a single study with three
independent cohorts, IPS ranged from 1% to 4%. Within the Ocea-
nian subgroup, which was represented by three independent stud-
ies, IPS ranged from 16% to 21%. Combined IPS was 2% for the
European subgroup, 20% for the Oceanian subgroup and 10% over-
all. All IPS values were statistically significant, including at the
cohort, study, subgroup and overall level, aside from two of three

cohorts in the European subgroup. Heterogeneity within subgroups
was low and nonsignificant. Heterogeneity between subgroups, and
at the overall level, was high and significant.

The improvement in CYP2D6 phenotyping sensitivity (IPS)
demonstrated by LRS was considered separately for the two
studies excluded from the meta-analysis (Fukunaga et al., 2021;
Qiao et al., 2016). In the study by Fukunaga et al. (2021), which
used LRS for suspected novel CYP2D6 genotypes, IPS was 88%
(95% CI=(72, 100); Country=Japan; LRS test=Pacific
Biosciences Sequel [; n=17). In the study by Qiao et al. (2016),
which used LRS for CYP2D6 genotypes deemed complex or
suitable for validating LRS, IPS was 33% (95% CI=(1, 66);
Country=USA; LRS test=Pacific Biosciences RSII; n=9).

When considering all six studies, an asymmetrical funnel plot
was observed for IPS (see Supplemental Figure S2). However,
this asymmetry was deemed to reflect the selective use of LRS in
the studies by Fukunaga et al. (2021) and Qiao et al. (2016),
resulting in a larger effect size than studies without selective test-
ing. Publication bias was therefore not indicated.

Improvement in phenotyping accuracy: LRS
versus non-LRS technology

Descriptive data. A total of 618 (43.8%) of the 1411 clinical
samples genotyped with LRS were also genotyped with non-LRS
technology (i.e. genotype comparison data were available). Con-
cordance between the respective LRS and non-LRS genotype
pairs (i.e. whether they were comprised of the same star alleles)
is overviewed in Figure 4. Most of the 618 LRS genotypes in
question were concordant with their non-LRS comparison
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Total=1411

Il AmpliChip-detectable = 1233 (87.4%)
Il AmpliChip-undetectable = 178 (12.6%)

Total=178

Intermediate = 16 (9.0%)
Normal =18 (10.1%)
Ultrarapid = 2 (1.1%)

Non-normal (indeterminate) = 136 (76.4%)

Non-normal (unspecified) = 4 (2.2%)

Unclear =2 (1.1%)

Figure 2. LRS CYP2D6 genotypes categorised according to (a) detectability with AmpliChip and (b) metaboliser phenotype when undetectable with

AmpliChip.

Non-normal (indeterminate): LRS-derived metaboliser phenotypes that would be categorised as ‘indeterminate’; non-normal (unspecified): LRS genotypes containing a
star allele reported only as ‘hybrid’, which would predict a poor, intermediate or indeterminate metaboliser phenotype, depending on the specific hybrid star allele; Un-
clear: LRS genotypes containing a star allele reported only as ‘conversion’, which would predict a normal or non-normal metaboliser, depending on the specific conversion
star allele. Detectability with AmpliChip was determined using the FDA-approved list of detectable star alleles (see Table 2), and metaboliser phenotypes were determined

using the consensus CYP2D6 genotype to phenotype translation method (Caudle et al., 2020).

LRS: long-read sequencing.

Cumulative Detection

IPS ([AD+NN] - AD)

Test for overall effect: Z =2.35 (P = 0.02)
Test for subgroup differences: Chi? = 79.12, df = 1 (P < 0.00001), I? = 98.7%

LRS provides no improvement

Study or Subgroup Country LRS Test n Weight AD AD+NN M-H, Random, 95% CI
Europe

Van der Lee et al. 2021* Netherlands  PacBio Sq | 167 18.4% 98.2% 99.4% 1% [-1%, 4%] 3

Van der Lee et al. 2021° Netherlands ~ PacBio Sq | 69 16.9% 95.6% 97.1% 1% [-5%, 8%)] —-—

Van der Lee et al. 2021° Netherlands ~ PacBio RS Il 567 18.5% 94.9% 98.4% 4% [1%, 6%] -

Subtotal (95% CI) 803  53.8% 2% [1%, 4%] Y
Heterogeneity: Tau?= 0.00; Chi?=2.55, df = 2 (P = 0.28); I = 22%

Test for overall effect: Z = 2.56 (P = 0.01)

Oceania

Liau et al. 2019 New Zealand  ONT GridION 25 11.3% 84.0% 100.0% 16% [1%, 31%] —
Hitchman et al. 2022 New Zealand ONT GridION 202 17.3% 80.7% 100.0% 19% [14%, 25%] -
Charnaud et al. 2022 Solomon sl PacBio Sq I/l 355 17.7% 77.2% 98.0% 21% [16%, 25%] -
Subtotal (95% CI) 582  46.2% 20% [17%, 23%)] ¢
Heterogeneity: Tau? = 0.00; Chi? = 0.45, df = 2 (P = 0.80); I = 0%

Test for overall effect: Z = 11.41 (P < 0.00001)

Total (95% Cl) 1385 100.0% 10% [2%, 18%] |<@
Heterogeneity: Tau?= 0.01; Chi?= 134.19, df = 5 (P < 0.00001); I = 96% -100% -50% 0% 50% 100%

LRS provides improvement

Figure 3. Improvement in CYP2D6 phenotyping sensitivity (IPS) demonstrated by LRS.
Detectability with AmpliChip was determined using the FDA-approved list of detectable star alleles (see Table 2), and metaboliser phenotypes were determined using the

consensus CYP2D6 genotype to phenotype translation method (Caudle et al., 2020). Non-normal metaboliser phenotypes included those that would be categorised as

‘poor’, ‘intermediate’, ‘ultrarapid’ or “indeterminate’ using the consensus CYP2D6 genotype to phenotype translation method.

n: Clinical samples genotyped with LRS; AD: percentage of CYP2D6 genotypes detected by LRS that were AmpliChip-detectable; NN: percentage of CYP2D6 genotypes
detected by LRS that were AmpliChip-undetectable and predicted a non-normal metaboliser phenotype; PacBio: Pacific Biosciences; Sq: sequel; ONT: Oxford Nanopore

Technology.

aIndependent study cohort 2: Breast cancer patients receiving tamoxifen (CYPTAM-BRUT cohort).
bIndependent study cohort 3: Hospital patients receiving venlafaxine (Venlafaxine cohort).
<Independent study cohort 1: Breast cancer patients receiving tamoxifen (CYPTAM cohort).
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Total=618

Il Concordant genotypes = 556 (90.0%)
Bl Discordant genotypes = 62 (10.0%)

Faster = 3 (4.8%)

Slower =6 (9.7%)

No difference = 15 (24.2%)

Different (indeterminate) = 21 (33.9%)
Different (non-LRS incomplete) = 11 (17.7%)

|
=]
[}
=]
=
Il Unclear (LRS incomplete) = 6 (9.7%)

Figure 4. LRS CYP2D6 genotypes with comparison data categorised by (a) concordance with their non-LRS comparison genotype and (b) any

difference in metaboliser phenotype when discordant.

Metaboliser phenotypes are determined using the consensus CYP2D6 genotype to phenotype translation method (Caudle et al., 2020).

Concordant: No different star alleles between LRS and non-LRS comparison genotype; Discordant: LRS genotype contained or more different star alleles from its non-LRS com-
parison genotype; Faster: LRS genotype predicted faster metaboliser category (e.g. normal metaboliser instead of intermediate metaboliser); Slower: LRS genotype predicted
slower metaboliser category (e.g. intermediate metaboliser instead of normal metaboliser); Different (indeterminate): LRS genotype, but not non-LRS genotype, predicted ‘in-
determinate’ metaboliser phenotype; Different (non-LRS incomplete): non-LRS genotype was incomplete (i.e. one or more star alleles not specified), precluding prediction of
metaboliser phenotype; Unclear (LRS incomplete): LRS genotype was incomplete (i.e. one or more star alleles not specified), precluding prediction of metaboliser phenotype.

genotype (90%), whilst a minority were discordant (10%). Of the
62 discordant LRS genotypes, 41 (66.1%) predicted different
metaboliser phenotypes than their comparison genotypes, includ-
ing faster (4.8%), slower (9.7%), indeterminate (33.9%) or
merely available phenotypes (17.7%; where non-LRS pheno-
types were unavailable due to incomplete data). Study-level data
for discordant LRS CYP2D6 genotypes are shown in Supple-
mental Table S8.

Examination of improvement in phenotyping accuracy. The
improvement in CYP2D6 phenotyping accuracy (IPA) demon-
strated by LRS was examined in the four studies that contained
samples genotyped with both LRS and non-LRS technology.
IPA referred to the percentage of LRS CYP2D6 genotypes in
each study or cohort that predicted a different metaboliser phe-
notype than their non-LRS comparison genotype. In the study by
Liau et al. (2019), IPA was 4% (95% CI=(-6, 14); Coun-
try=New Zealand; LRS test=Oxford Nanopore Technology
GridION; non-LRS test=Sanger sequencing; n=25). In the
CYPTAM cohort of the study by van der Lee et al. (2021), IPA
was also 4% (95% CI=(2, 7); Country=Netherlands; LRS
test=Pacific Biosciences RS II; non-LRS test=Roche
AmpliChip CYP450; n=567).

As mentioned in the quality assessment of the included stud-
ies, the other two studies with both LRS and non-LRS data
(Fukunaga et al., 2021; Qiao et al., 2016) used LRS selectively,
which may have exaggerated the IPA. In the study by Fukunaga
et al. (2021), which used LRS for suspected novel CYP2D6 gen-
otypes, IPA was 76% (95% CI=(55, 98); Country=1Japan; LRS
test=Pacific Biosciences Sequel I; non-LRS test=Illumina
MiSeq; n=17). In the study by Qiao et al. (2016), which used
LRS for CYP2D6 genotypes deemed complex or suitable for

validating LRS, IPA was 33% (95% CI=(1, 66); Country=USA;
LRS test=Pacific Biosciences RSII; non-LRS test=Luminex
xTAG CYP2D6 Kit v3; n=9).

When considering all four studies with both LRS and non-
LRS data, an asymmetrical funnel plot was observed for IPA (see
Supplemental Figure S3). However, this asymmetry was deemed
to reflect the selective use of LRS in the studies by Fukunaga et
al. (2021) and Qiao et al. (2016), resulting in a larger effect size
than studies without selective testing. Publication bias was there-
fore not indicated.

Discussion

Summary and interpretation of findings

In this novel systematic review, LRS was found to offer improve-
ments in CYP2D6 phenotyping sensitivity (IPS) and accuracy
(IPA) compared to established genetic tests. IPS, or the percent-
age of LRS CYP2D6 metaboliser phenotypes that were non-nor-
mal and would be undetectable with the FDA-approved
AmpliChip test, was 10% in a meta-analysis of four studies
(n=1385). Subgroup analysis indicated a higher figure amongst
Oceanians (20%; n=>582) and a lower figure amongst Europeans
(2%; n=803). IPA, or the percentage of LRS CYP2D6 metabo-
liser phenotypes that were mischaracterised by non-LRS testing,
was low when LRS was compared to AmpliChip in a large
European cohort (4%; n=567). IPA was low and nonsignificant
when LRS was compared to Sanger sequencing in a small
Oceanian study (4%; n=25). In two studies that used selective
testing (i.e. non-LRS pretesting to determine eligibility for LRS
testing), IPS and IPA were considered separately and found to be
markedly higher. One of these studies used LRS and the
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FDA-approved XTAG CYP2D6 test for genotypes deemed to be
complex or suitable for validating LRS (IPS=33%; IPA=33%;
n=9). The other study used LRS and SRS for genotypes sus-
pected of being novel in a Japanese population (IPS=88%;
IPA=76%; n=17). Thus, LRS appears to detect CYP2D6 pheno-
types that are missed or miscategorised by established genetic
tests, the extent to which varies considerably by population.

This review builds upon previous research to show that the
more accurate CYP2D6 genotyping offered by LRS (Buermans
etal.,2017; Yang et al., 2017) translates into improved phenotyp-
ing. Improvements in the detection of non-normal and mischar-
acterised metaboliser phenotypes were both greatest when LRS
was used selectively (e.g. for complex or suspected novel geno-
types), particularly amongst those of Japanese ancestry.
Furthermore, improvements in the detection of non-normal
metaboliser phenotypes were greater amongst those of Oceanian
than European ancestry. Hence, CYP2D6 genotypes in Asia and
Oceania that tend to be missed by established tests (Gaedigk et
al., 2017), but identified by LRS, may be clinically significant
(e.g. associated with non-normal metabolism). Conversely, LRS
did not appear to improve the detection of mischaracterised phe-
notypes amongst Oceanians, but this finding was based on a very
small sample of unspecified ancestry and an expensive, low-
throughput comparison test (Sanger sequencing; Hu et al., 2021),
limiting its clinical relevance. In any case, the improvement in
CYP2D6 phenotyping demonstrated by LRS may be clinically
significant, particularly amongst non-Europeans and those with
novel or complex genotypes.

Improvements in CYP2D6 phenotyping largely reflected the
identification of ‘indeterminate’ metaboliser phenotypes by LRS
that would be missed or had been miscategorised (e.g. as ‘nor-
mal’) by non-LRS tests. Indeterminate phenotypes are those yet
to be ascribed abnormal (i.e. rapid or slow) or normal metabo-
lism, as they are based on inadequately researched CYP2D6
alleles (Caudle et al., 2020). The lack of research into these
alleles may reflect their tendency to be missed by established
genetic tests (Gaedigk et al., 2017), thereby overestimating their
rarity and underestimating their clinical relevance. Accordingly,
the prevalence and clinical impact of indeterminate CYP2D6
metabolisers across populations has been difficult to gauge. This
review found that 136 (9.6%) of the 1411 individuals genotyped
with LRS were indeterminate metabolisers, of which approxi-
mately 112 (82.4%) and 12 (8.8%) were of Oceanian and
Japanese ancestry, respectively. Ninety-six (70.6%) of the inde-
terminate phenotypes were based on CYP2D6 alleles with pre-
liminary functional data, of which 90 (93.8%) were based on
alleles that had exhibited subnormal function (i.e. slow metabo-
lism). Hence, the prevalence and clinical impact of indeterminate
CYP2D6 metaboliser phenotypes may be greater than once
thought, particularly amongst non-Europeans.

Limitations of the evidence

As a result of this review, several gaps were identified in the lit-
erature concerning LRS of CYP2D6. First, nearly all included
studies failed to adequately describe their sampling method, lead-
ing to possible over- or underestimation of the benefits of LRS.
For example, if individuals were recruited for CYP2D6 testing
based on pharmacotherapy nonresponse, they may have been
more likely to possess complex genotypes and non-normal

metabolism, thereby exaggerating the benefits of LRS. Second,
some studies recruited from populations inherently more likely to
contain non-normal CYP2D6 metabolisers (e.g. adverse drug
reaction cohorts), once again leading to possible overestimation
of LRS benefits. Third, nearly all studies omitted reference test-
ing to validate either a subset or the entirety of reported CYP2D6
genotypes. Though LRS has been posited as a gold standard
genotyping technology (Kovaka et al., 2023), the failure to uni-
formly apply a reference test with comparable accuracy (e.g.
Sanger sequencing) may limit the validity assessment of LRS
findings. Finally, several studies used tests with knowledge of
other test results (e.g. reference testing with knowledge of LRS
genotypes), possibly biasing test interpretation. Importantly,
these limitations were identified in the context of the current
review’s objective and may therefore not be relevant to the
included studies’ objectives.

Limitations of this review

There are several limitations in this review. First, due to the small
number of included publications, regression tests for publication
bias were not completed. Second, amongst the included studies,
there was limited representation of geographic regions and ances-
tries, with those of European and Oceanian ancestry heavily
overrepresented. Third, because no more than one study repre-
sented each unique comparison between LRS and a non-LRS
technology (e.g. LRS vs SRS), no meta-analyses of improvement
in CYP2D6 phenotyping accuracy could be conducted. Fourth,
there was no subgroup analysis for different LRS test brands or
models, which may have helped determine whether certain LRS
tests are more advantageous. Fifth, describing ‘indeterminate’
metaboliser phenotypes as ‘non-normal’ (alongside ‘poor’,
‘intermediate’ and ‘ultrarapid’ phenotypes) may have overesti-
mated the improvements offered by LRS. Though the indetermi-
nate phenotypes identified by LRS were based predominantly on
CYP2D6 alleles exhibiting subnormal function in preliminary
studies, they may ultimately be deemed to be of normal function.
Sixth, as a purported gold standard genotyping technology
(Kovaka et al., 2023), LRS was assumed to produce more accu-
rate CYP2D6 genotypes than other technologies, and its benefits
may have been overestimated to the degree that this assumption
was incorrect. Finally, several review findings were deemed to be
of low quality due to small sample sizes or wide confidence inter-
vals (e.g. improvement in CYP2D6 phenotyping when LRS was
used selectively). Confidence in these findings as true estimates
of the improvements offered by LRS is therefore limited.

Implications for practice and future research

Compared to established genetic tests, LRS demonstrated more
accurate CYP2D6 metaboliser phenotyping and increased sensi-
tivity to non-normal CYP2D6 metaboliser phenotypes. These
findings may have serious clinical implications, as CYP2D6
metaboliser phenotype predicts the serum concentration of sev-
eral psychotropic medications, with adverse effects and nonre-
sponse related to high and low concentrations, respectively
(Beunk et al., 2023; Bousman et al., 2023; Hicks et al., 2017).
Established genetic tests may therefore produce suboptimal pre-
scribing guidance, and subsequent poor outcomes (e.g. over- or
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underdosing of medication), insofar as they mischaracterise or
fail to detect CYP2D6 phenotypes. By comparison, LRS may
offer an incremental benefit in the safety and efficacy of psycho-
tropic prescribing, insofar as it provides a meaningful improve-
ment in CYP2D6 phenotyping. The current review suggests that
this incremental benefit would arise in up to 4% of individuals
with European ancestry, 20% of individuals with Oceanian
ancestry, 33% of individuals with complex genotypes and 88% of
individuals with novel genotypes and Japanese ancestry.

Current findings may help to address concerns about the fea-
sibility and clinical utility of CYP2D6 testing, which have con-
tributed to its slow implementation and uptake. Existing trials of
CYP2D6 genotype-guided prescribing are based on non-LRS
technology and have produced inconsistent results, raising doubts
about the readiness of pharmacogenetic testing for routine clini-
cal practice (Barlati et al., 2023). With more sensitive and accu-
rate CYP2D6 phenotyping, LRS may offer safer, more reliable
and more effective prescribing guidance in clinical pharmacoge-
netics trials, leading to more consistent benefits. Ultimately, this
may encourage additional funding and infrastructure for pharma-
cogenetic testing, facilitating its clinical adoption. At present,
LRS is more expensive than some non-LRS technology, ranging
from 3 to 86 USD per sequenced gigabase of DNA compared to
2 to 30 USD for SRS (Espinosa et al., 2024). However, if LRS
increases the clinical utility of CYP2D6 testing, with subsequent
cost savings (e.g. decreased healthcare attendances due to treat-
ment failure and adverse drug reactions), then it may prove supe-
rior from a cost—benefit perspective.

Whilst this review suggests that LRS may improve the clini-
cal benefits of CYP2D6 testing, further research is needed to
assess the nature and extent of these benefits, including LRS-
guided psychotropic prescribing trials. However, such trials are
yet unlikely to capture the full potential of LRS, as many of the
CYP2D6 alleles it detects tend to be missed by established tests
(Gaedigk et al., 2017) and therefore understudied. In turn, many
LRS CYP2D6 genotypes are deemed to be of uncertain function
(i.e. ‘indeterminate’ metabolisers), and hence omitted from geno-
type-based prescribing guidelines (e.g. Bousman et al., 2023).
Current findings, and expert consensus (Caudle et al., 2020), sug-
gest that many of these genotypes should be ascribed a slow (i.e.
‘intermediate’ or ‘poor’) metaboliser phenotype. However, fur-
ther research is needed to confirm their function and incorporate
them into prescribing guidelines. Further research is also needed
to determine the benefits of CYP2D6 testing with LRS across
major ethnic groups, as existing studies focus largely on Oceanian
and European populations.

Conclusion

In this review, LRS of CYP2D6 was associated with improved
phenotyping sensitivity and accuracy compared to established
genetic tests. Improvements were higher amongst those with
Oceanian ancestry, Japanese ancestry, novel genotypes and com-
plex genotypes, and lower amongst those of European ancestry.
CYP2D6 genotyping with LRS may therefore assist with optimal
selection and dosing of antidepressants, antipsychotics and other
CYP2D6 substrates, particularly amongst non-Europeans and
those with difficult genotypes. Clinical trials are needed to assess
the benefits of CYP2D6 genotype-guided prescribing with LRS,
including with respect to treatment efficacy, harms and

cost—benefit analysis. However, many CYP2D6 genotypes
detected with LRS tend to be missed by established tests and
have therefore been understudied, resulting in unclear metabo-
liser phenotypes and omission from prescribing guidelines.
Hence, further research is needed to determine the function of
understudied CYP2D6 genotypes before the clinical utility of
LRS can be fully assessed.

Author contributions

Dean Kaptsis: Conceptualisation, Methodology, Formal Analysis,
Investigation, Data Curation, Writing — Original Draft Preparation,
Writing — Review and Editing, Visualisation. Martin Lewis:
Conceptualisation, Data Curation, Writing — Review and Editing,
Supervision. Michael Sorich: Conceptualisation, Methodology, Writing
— Review and Editing. Malcolm Battersby: Conceptualisation, Data
Curation, Writing — Review and Editing, Supervision, Project
Administration. All authors contributed to and have approved the final
manuscript.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect to
the research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research, authorship,
and/or publication of this article.

ORCID iD

Dean Kaptsis https://orcid.org/0000-0003-0679-7359

Supplemental material

Supplemental material for this article is available online.

References

Arnone D, Omar O, Arora T, et al. (2023) Effectiveness of pharmacoge-
nomic tests including CYP2D6 and CYP2C19 genomic variants for
guiding the treatment of depressive disorders: Systematic review and
meta-analysis of randomised controlled trials. Neurosci Biobehav
Rev 144: 104965.

Barlati S, Minelli A, Nibbio G, et al. (2023) The role of pharmacogenet-
ics in the treatment of major depressive disorder: A critical review.
Front Psychiatry 14: 1307473.

Bertilsson L, Dahl M-L, Dalén P, et al. (2002) Molecular genetics of
CYP2D6: Clinical relevance with focus on psychotropic drugs. Brit-
ish Journal of Clinical Pharmacology 53(2): 111-122.

Beunk L, Nijenhuis M, Soree B, et al. (2023) Dutch Pharmacogenetics
Working Group (DPWG) guideline for the gene-drug interaction
between CYP2D6, CYP3A4 and CYP1A2 and antipsychotics. Eur
J Hum Genet. Epub ahead of print 20230331. DOI: 10.1038/s41431-
023-01347-3.

Bousman CA, Bengesser SA, Aitchison KJ, et al. (2020) Review and
consensus on pharmacogenomic testing in psychiatry. Pharmaco-
psychiatry 54: 5-17.

Bousman CA, Stevenson JM, Ramsey LB, et al. (2023) Clinical Phar-
macogenetics Implementation Consortium (CPIC) Guideline for
CYP2D6, CYP2C19, CYP2B6, SLC6A4, and HTR2A genotypes
and serotonin reuptake inhibitor antidepressants. Clin Pharmacol
Ther 114: 51-68.

Buermans HP, Vossen RH, Anvar SY, et al. (2017) Flexible and scalable
full-length CYP2D6 long amplicon PacBio Sequencing. Hum Mutat
38:310-316.


https://orcid.org/0000-0003-0679-7359

Kaptsis et al.

783

Caudle KE, Sangkuhl K, Whirl-Carrillo M, et al. (2020) Standardizing
CYP2D6 genotype to phenotype translation: Consensus recommen-
dations from the Clinical Pharmacogenetics Implementation Consor-
tium and Dutch Pharmacogenetics Working Group. Clin Transl Sci
13: 116-124.

Cavallari LH, Van Driest SL, Prows CA, et al. (2019) Multi-site inves-
tigation of strategies for the clinical implementation of CYP2D6
genotyping to guide drug prescribing. Genet Med 21: 2255—
2263.

Charnaud S, Munro JE, Semenec L, et al. (2022) PacBio long-read ampli-
con sequencing enables scalable high-resolution population allele
typing of the complex CYP2D6 locus. Commun Biol 5: 168.

Dodgen TM, Hochfeld WE, Fickl H, et al. (2013) Introduction of the
AmpliChip CYP450 Test to a South African cohort: A platform
comparative prospective cohort study. BMC Med Genet 14: 20.

Espinosa E, Bautista R, Larrosa R, et al. (2024) Advancements in long-
read genome sequencing technologies and algorithms. Genomics
116: 110842.

FDA (2005) Roche AmpliChip Cytochrome P450 Genotyping test and
Affymetrix GeneChip Microarray Instrumentation System, Devices(@),
FDA. United States Food and Drug Administration. Available at:
https://www.accessdata.fda.gov/cdrh_docs/reviews/k042259.pdf
(accessed 30 September 2023).

Fleeman N, Dundar Y, Dickson R, et al. (2011) Cytochrome P450 test-
ing for prescribing antipsychotics in adults with schizophrenia: Sys-
tematic review and meta-analyses. Pharmacogenomics J 11: 1-14.

Fukunaga K, Hishinuma E, Hiratsuka M, et al. (2021) Determination of
novel CYP2DG6 haplotype using the targeted sequencing followed by
the long-read sequencing and the functional characterization in the
Japanese population. J Hum Genet 66: 139-149.

Gaedigk A (2013) Complexities of CYP2D6 gene analysis and interpre-
tation. Int Rev Psychiatry 25: 534-553.

Gaedigk A, Casey ST, Whirl-Carrillo M, et al. (2021) Pharmacogene
Variation Consortium: A global resource and repository for pharma-
cogene variation. Clin Pharmacol Ther 110: 542-545.

Gaedigk A, Sangkuhl K, Whirl-Carrillo M, et al. (2017) Prediction of
CYP2D6 phenotype from genotype across world populations. Genet
Med 19: 69-76.

Goodwin S, McPherson JD and McCombie WR (2016) Coming of age:
Ten years of next-generation sequencing technologies. Nat Rev
Genet 17: 333-351.

Hicks JK, Sangkuhl K, Swen JJ, et al. (2017) Clinical pharmacogenet-
ics implementation consortium guideline (CPIC) for CYP2D6 and
CYP2C19 genotypes and dosing of tricyclic antidepressants: 2016
update. Clin Pharmacol Ther 102: 37-44.

Hitchman LM, Faatoese A, Merriman TR, et al. (2022) Allelic diversity
of the pharmacogene CYP2D6 in New Zealand Maori and Pacific
peoples. Front Genet 13: 1016416.

Hu T, Chitnis N, Monos D, et al. (2021) Next-generation sequencing
technologies: An overview. Hum Immunol 82: 801-811.

Islam F, Men X, Yoshida K, etal. (2021) Pharmacogenetics-guided advances
in antipsychotic treatment. Clin Pharmacol Ther 110: 582-588.

Jameson A, Faisal M, Fylan B, et al. (2024) Proportion of antipsychotics
with CYP2D6 pharmacogenetic (PGx) associations prescribed in an
early intervention in psychosis (EIP) cohort: A cross-sectional study.
J Psychopharmacol 38: 382-394.

Jameson A, Fylan B, Bristow GC, et al. (2021) What are the barriers and
enablers to the implementation of pharmacogenetic testing in mental
health care settings? Front Genet 12: 740216.

Kovaka S, Ou S, Jenike KM, et al. (2023) Approaching complete
genomes, transcriptomes and epi-omes with accurate long-read
sequencing. Nat Methods 20: 12-16.

Lauschke VM and Ingelman-Sundberg M (2019) Prediction of drug
response and adverse drug reactions: From twin studies to Next Gen-
eration Sequencing. Eur J Pharm Sci 130: 65-77.

Leucht S, Leucht C, Huhn M, et al. (2017) Sixty years of placebo-con-
trolled antipsychotic drug trials in acute schizophrenia: Systematic
review, Bayesian meta-analysis, and meta-regression of efficacy pre-
dictors. Am J Psychiatry 174: 927-942.

Liau Y, Maggo S, Miller AL, et al. (2019) Nanopore sequencing of the
pharmacogene CYP2D6 allows simultaneous haplotyping and detec-
tion of duplications. Pharmacogenomics 20: 1033-1047.

Lyon E, Foster JG, Palomaki GE, et al. (2012) Laboratory testing of
CYP2D6 alleles in relation to tamoxifen therapy. Genet Med 14:
990-1000.

Milosavljevic F, Bukvic N, Pavlovic Z, et al. (2021) Association of
CYP2C19 and CYP2D6 poor and intermediate metabolizer status
with antidepressant and antipsychotic exposure: A systematic review
and meta-analysis. JAMA Psychiatry 78: 270-280.

NICE (2022) Depression in Adults: Treatment and Management. Avail-
able at: https://www.nice.org.uk/guidance/ng222 (accessed 19
December 2023).

Pearce A, Terrill B, Alffenaar JW, et al. (2022) Pharmacogenomic test-
ing: Perception of clinical utility, enablers and barriers to adoption in
Australian hospitals. Intern Med J 52: 1135-1143.

Pratt VM, Cavallari LH, Del Tredici AL, et al. (2021) Recommendations
for clinical CYP2D6 genotyping allele selection: A Joint Consensus
Recommendation of the Association for Molecular Pathology, Col-
lege of American Pathologists, Dutch Pharmacogenetics Working
Group of the Royal Dutch Pharmacists Association, and the Euro-
pean Society for Pharmacogenomics and Personalized Therapy. J
Mol Diagn 23: 1047-1064.

Qiao W, Yang Y, Sebra R, et al. (2016) Long-read single molecule real-
time full gene sequencing of cytochrome P450-2D6. Hum Mutat 37:
315-323.

Qureshi S, Latif A, Condon L, et al. (2022) Understanding the barriers
and enablers of pharmacogenomic testing in primary care: A quali-
tative systematic review with meta-aggregation synthesis. Pharma-
cogenomics 23: 135-154.

Rush AJ, Trivedi MH, Wisniewski SR, et al. (2006) Acute and lon-
ger-term outcomes in depressed outpatients requiring one or sev-
eral treatment steps: A STAR*D report. Am J Psychiatry 163:
1905-1917.

Taylor C, Crosby I, Yip V, et al. (2020) A review of the important role of
CYP2D6 in pharmacogenomics. Genes 11: 1295.

Therapeutic Guidelines (2021) Major Depression. Available at: https://
www.tg.org.au (accessed 19 December 2023).

Twist GP, Gaedigk A, Miller NA, et al. (2016) Constellation: A tool
for rapid, automated phenotype assignment of a highly polymor-
phic pharmacogene, CYP2D6, from whole-genome sequences. NP.J
Genom Med 1: 15007.

van der Lee M, Allard WG, Vossen R, et al. (2021) Toward predict-
ing CYP2D6-mediated variable drug response from CYP2D6 gene
sequencing data. Sci Transl Med 13: eabf3637.

Veritas (2023) Covidence systematic review software. Available at:
www.covidence.org

Whirl-Carrillo M, Huddart R, Gong L, et al. (2021) An evidence-based
framework for evaluating pharmacogenomics knowledge for person-
alized medicine. Clin Pharmacol Ther 110: 563-572.

Whiting PF, Rutjes AW, Westwood ME, et al. (2011) QUADAS-2: A
revised tool for the quality assessment of diagnostic accuracy stud-
ies. Ann Intern Med 155: 529-536.

Yang B, Mallett S, Takwoingi Y, et al. (2021) QUADAS-C: A tool for
assessing risk of bias in comparative diagnostic accuracy studies.
Ann Intern Med 174: 1592—1599.

Yang Y, Botton MR, Scott ER, et al. (2017) Sequencing the CYP2D6
gene: From variant allele discovery to clinical pharmacogenetic test-
ing. Pharmacogenomics 18: 673—685.

Zhou SF (2009) Polymorphism of human cytochrome P450 2D6 and its
clinical significance: Part I. Clin Pharmacokinet 48(11): 689-723.


https://www.accessdata.fda.gov/cdrh_docs/reviews/k042259.pdf
https://www.nice.org.uk/guidance/ng222
https://www.tg.org.au
https://www.tg.org.au
www.covidence.org

