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Oral opioids, including codeine,

Purpose: We describe the implementation of CYP2D6-focused pharma-
cogenetic testing to guide opioid prescribing in a quaternary care, nonprofit
pediatric academic medical center.

Summary: Children are often prescribed oral opioids after surgeries,
for cancer pain, and occasionally for chronic pain. In 2004, Cincinnati
Children’s Hospital Medical Center implemented pharmacogenetic test-
ing for CYP2D6 metabolism phenotype to inform codeine prescribing.
The test and reports were updated to align with changes over time in the
testing platform, the interpretation of genotype to phenotype, the elec-
tronic health record, and Food and Drug Administration (FDA) guidance.
The use of the test increased when a research project required testing and
decreased as prescribing of oxycodone increased due to FDA warnings
about codeine. Education about the opioid-focused pharmacogenetic test
was provided to prescribers (eg, the pain and sickle cell teams) as well as
patients and families. Education and electronic health record capability
increased provider compliance with genotype-guided postsurgical pre-
scribing of oxycodone, although there was a perceived lack of utility for
oxycodone prescribing.

Conclusion: The implementation of pharmacogenetic testing to inform
opioid prescribing for children has evolved with accumulating evidence
and guidelines, requiring changes in reporting of results and recommenda-
tions.

Keywords: analgesics, opioid; cytochrome P450 CYP2D6; pharmaco-
genetics
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tramadol, hydrocodone, and oxy- younger than 12 years of age due to

codeine and tramadol use in children

codone, are often prescribed to children
and infants for analgesia after surgeries,
for cancer pain, and occasionally for
chronic pain. While they are all metabol-
ized by cytochrome P450 (CYP) isozyme
2D6, there are some important differ-
ences. Codeine and tramadol are pro-
drugs primarily metabolized by CYP2D6
into active metabolites, morphine and
(+)-O-desmethyltramadol, respect-
ively."* Unlike codeine and tramadol,
hydrocodone and oxycodone have some
analgesic properties not involving me-
tabolism by CYP2D6. The Food and
Drug Administration (FDA) issued a
black box warning in 2013, followed by
a contraindication in 2017, regarding
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life-threatening and fatal events associ-
ated with CYP2D6 metabolizer pheno-
type.® After these warnings, codeine use
dramatically declined and alternative
pain management post tonsillectomy
with/without adenoidectomy became
necessary.

The Clinical Pharmacogenetics
Implementation Consortium (CPIC)
published guidelines for opioid pre-
scribing based on CYP2D6 metabol-
izer phenotype in 2012, with guideline
updates in 2014 and 2021.%® There are
more than 140 CYP2D6 alleles, with
complete gene duplication and de-
letion being possible.” CYP2D6 me-
tabolizer phenotype is determined by
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calculation of an activity score based
on allele activity values.'®'! For poor
CPIC
avoiding codeine and tramadol due to

metabolizers, recommends
poor analgesia.® For ultrarapid metab-
olizers, CPIC recommends avoiding
codeine and tramadol due to a risk of
serious toxicity.'>"* The recommenda-
tions for intermediate metabolizers are
to prescribe usual doses of codeine or
tramadol but, if the patient experiences
poor analgesia, to switch to a different
medication.

At Cincinnati Children’s Hospital
Medical Center (CCHMC), we have
approximately 1.5 million patient en-
counters per year and perform more
than 6,000 inpatient surgeries and
more than 25,000 outpatient surgeries
per year. CCHMC has a perioperative,
medical pain, and palliative service for
management of pain in inpatients with
postsurgical pain, medical/chronic
pain, and cancer pain, respectively. Our
pain clinic manages outpatients with
chronic pain. Codeine is restricted to
use only by the pain team, and tramadol
use in patients less than 12 years of age
requires prior approval from the pain or
palliative care team. We have a Genetic
Pharmacology Service that facilitates
the implementation of pharmacogen-
etic testing in clinical care across mul-
tiple gene-drug pairs for a variety of
medications."* We began performing
pharmacogenetic testing in 2004, with
CYP2C19 and CYP2D6 tests to guide
use of neuropsychiatric medications
and CYP2D6 testing to guide codeine
use. In this report, we describe the im-
plementation and evolution of CYP2D6
pharmacogenetic testing to inform
opioid prescribing and our learnings.

Implementation and evolution
of the CYP2D6-opioid
pharmacogenetics panel

The Genetic Pharmacology Service
at CCHMC began with a team com-
posed of a molecular geneticist,
clinical pharmacologists, a clinical
pharmacy specialist, advanced prac-
tice nurses, and an informaticist, neur-
ologist, and psychiatrist champion.'*
When the service began, testing was

KEY POINTS

¢ Implementing CYP2D6 testing
to inform opioid prescribing
required a multidisciplinary
team that has adapted to
advances in knowledge and
changing guidelines.

e When implementing CYP2D6
testing to inform opioid pre-
scribing, great consideration
must be given to the alleles to
test, the assay method used
to detect duplication, testing
turnaround time, and educa-
tion of providers.

e At our institution, the enthusi-
asm for genotyping CYP2D6
to guide opioid prescribing
has decreased as the rate of
codeine prescribing has de-
creased and due to the lack of
consensus recommendations
on pharmacogenetics-guided
oxycodone prescribing.

implemented at once for several gene-
drug pairs, including CYP2D6 and
CYP2C19 for antidepressants, VKORC1
and CYP2C9 for warfarin, TPMT for
thiopurines, and CYP2D6 for codeine.
Collaboration by a multidisciplinary
team was necessary to select the vari-
ants to test, estimate dosing adjust-
ments for each medication (a task led
by the clinical pharmacologist), write
template reports for each combin-
ation of metabolizer status and drug
(with contributions from the nurses,
pharmacist, and physicians), imple-
ment decision support and result re-
porting (a task led by the informaticist),
and provide education to clinicians on
how to order, view, understand, and
use the testing (with contributions
from the entire team).

A test focused on codeine based
on 3 CYP2D6 alleles was launched in
2004 but was rarely ordered. CCHMC
is a member of the Electronic Medical
Records and Genomics (eMERGE)
Network, which is organized and
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funded by the National Human
Genome Research Institute to imple-
ment genomic medicine."* eMERGE is
a national network that combines DNA
biorepositories with electronic medical
record systems for large-scale, high-
throughput genetic research in support
of implementing genomic medicine,
including site-specific projects.'® As
part of a research project conducted
with the eMERGE Network, an anes-
thesiologist champion worked with the
Genetic Pharmacology Service team to
replace the codeine test with an opioid
panel that included more comprehen-
sive CYP2D6 testing and recommenda-
tions for 4 opioids (codeine, tramadol,
hydrocodone, and oxycodone).'”® The
effort of the anesthesiologist and ad-
vanced practice nurse that led the 2013
update was supported by an eMERGE
II grant to CCHMC." The membership
of the Genetic Pharmacology Service
team also evolved but always included
at least one (but often more than one)
physician, pharmacist, pharmacolo-
gist, laboratory director, and advanced
practice nurse. The service does not
support any eMERGE Network re-
search efforts of the team members, but
it provides the codirectors a small fee
for each completed test, which is built
into the cost of the testing.

Evolution of the assay. Since
our service started before most com-
mercial pharmacogenetic tests were
available, there was little consider-
ation of external tests at the onset. In
designing the pharmacogenetic test,
there were many considerations re-
garding which alleles to include and
what assay to use for testing. When
testing was launched in 2004, only
CYP2D6*3, *4, and *5 (deletion) and
duplication were tested to balance
the 2-day turnaround time and cost
of testing. These alleles were chosen
based on then-available evidence sup-
porting their impact on function and
their population frequency; many of
the alleles that are now commonly
tested had not yet been described or
characterized at that time. In 2013,
the assay was updated to test for 21 al-
leles on a TagMan low-density array
853
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(Applied Biosystems, Forest City, CA)
and perform long-range polymerase
chain reaction (PCR) testing for du-
plication, which indicates whether a
duplication is present but not which
allele is duplicated or how many times
it is duplicated (Figure 1). Again the
evidence was evaluated for alleles
that impact the function of CYP2DS§,
and the testing platform was chosen
based on cost and turnaround time.
In 2019, the molecular genetics la-
boratory validated a new assay using
the MassARRAY System (Agena
Bioscience, San Diego, CA) but was
still using long-range PCR to detect
duplications. This test was chosen for
cost-effectiveness and speed, though
it did not include some of the other
alleles or genes that we wanted (eg,
CYP2D6*40, TPMT, NUDTI5).1n 2022,
the laboratory validated a custom
panel to add these genes and alleles.
In 2022, we also migrated to using the
VeriDose CYP2D6 CNV Panel reagent
(Agena Bioscience) for CYP2D6 copy
number variation (CNV) to help deter-
mine which allele is duplicated and to

detecthybrid alleles (eg, when CYP2D6
has portions of CYP2D7 inserted). The
turnaround time remains at 2 business
days. As there is no gold standard for
allele coverage in pharmacogenetic
testing, the Association for Molecular
Pathology has begun categorizing al-
leles into tier 1 (ie, “must test” alleles)
and tier 2 (ie, “nice to include” alleles).?
When the CYP2D6 -categorizations
were published in 2021, we ensured
that we were testing all the tier 1 alleles
(our test also includes many, but not
all, of the tier 2 alleles). We prefer not
to test alleles that CPIC categorizes as
“unknown function” so that we do not
report a ranged or “possible” pheno-
type (eg, “possible intermediate me-
tabolizer”). The CPIC and PharmVar
websites are the resources we use to
determine the activity of each allele,
calculate the activity score, and deter-
mine the phenotype.?>*® The benefits
of in-house testing over commercial
testing remain: quick turnaround, re-
porting of results in the electronic
health record (EHR), and ensuring
our standards for allele coverage,

genotype-to-phenotype translation,
and dosing recommendations are met.

Evolution of genotype-to-
phenotype interpretation. We
used best available evidence to assign
a predicted metabolizer phenotype to
a diplotype. In preparation for our 2004
launch, we used the literature’s most
common diplotype interpretation
without the subsequently published
activity scoring system. The interpret-
ation of intermediate, normal, and
ultrarapid metabolizers has changed
since 2004. With our initial minimal
set of alleles, the combination of a
functional allele (CYP2D6*1) and
no-function allele (CYP2D6*3, *4, or *5)
was interpreted as “intermediate me-
tabolizer” (IM). When our test was ex-
panded to include decreased-function
alleles in 2013, we used the activity
scoring system and assigned the IM
designation to individuals with a total
activity scores of 0.5 (1 no-function
and 1 reduced-function allele), 1.0
(2 reduced-function alleles or 1
no-function and 1 normal-function al-
lele), and 1.5 (1 reduced-function and

Figure 1. Timeline of the evolution of CYP2D6 testing for opioid guidance at Cincinnati Children’s Hospital Medical Center

(including assay selection, interpretation of genotype to phenotype for intermediate and ultrarapid metabolizers, reporting,
clinical decision support, and education). CNV indicates copy number variation; AS, activity score; CDS, clinical decision
support; CPIC, Clinical Pharmacogenetics Implementation Consortium; FDA, Food and Drug Administration; PCR, long-
range polymerase chain reaction; EHR, electronic health record; Ed, provider education; IM, intermediate metabolizer.
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1 normal-function allele) (Figure 1).
We updated our interpretations in 2016
to be consistent with the 2014 CPIC
guideline for codeine,” which classi-
fied patients with total activity scores
of 1.0 and 1.5 as normal metabolizers
(NMs). In 2019, CPIC published a con-
sensus paper on the standardization
of CYP2D6 genotype-to-phenotype
translation.?! This led to the inclusion
of the activity score of 1.0 in the IM
classification and changed the defin-
ition of ultrarapid metabolizer (UM),
and our interpretation was modified
accordingly.

Evolution of results reporting.
As our service began prior to the im-
plementation of the electronic med-
ical record at our institution, results
were delivered to the ordering clin-
ician by fax (Figure 1). When the EHR
was introduced in 2010, text reports
were included in the results review
tab, where all routine clinical labora-
tory results are reported. Additionally,
clinical decision support alerts were
deployed in 2010 to inform the or-
dering clinician that a genetic test ap-
plicable to a medication was available
(Figure 2). When the alerts were im-
plemented with the introduction of the
EHR, there were not many options for
customizing the alerts, so they were
designed to simply state that a test was
available for an ordered medication or
that results relevant to the medication
ordered were available. If the results

were already in the chart, the alert said
that they were available in the results
review tab; however, it took the clin-
icians several clicks to view the results.
The report available in the results re-
view tab includes recommendations
for codeine, tramadol, hydrocodone,
and oxycodone that are consistent
with the most recent CPIC guidelines.?
The pain team was able to provide
feedback about how the reports were
structured and what guidance was pro-
vided. When CPIC determined that
there was insufficient evidence to sup-
port making any recommendations for
oxycodone based on CYP2D6 metab-
olizer status,® the report was updated
to reflect this recommendation. For
each CYP2D6 phenotype, all 4 medica-
tions are included in the report along
with the associated recommendations
(Table 1). The reason we include oxy-
codone and hydrocodone in the report
is because the clinicians wanted to
know the recommendations for alter-
natives to codeine and tramadol.
During the period 2016-2018,
the postoperative pain team phys-
icians, nurse practitioners, and
surgeons were directed through edu-
cation and EHR alerts to prescribe
hydromorphone or morphine instead
of oxycodone for CYP2D6 PMs and
UMs as part of a research project.
During the time period when the edu-
cation on genotype guidance was pro-
vided in addition to passive alerts, 29%

of CYP2D6 PM/UMs were prescribed
CYP2D6-dependent opioids, com-
pared to 67% during the preceding
period, when the results were only
provided passively.'® In the genotype-
directed group (N = 127), 95% of NM/
IMs versus 29% of PM/UMs were
prescribed CYP2D6-dependent opi-
oids (P < 0.001). Logistic regression
showed that PM/UMs in the genotype-
directed group had a lower chance of
being prescribed CYP2D6-dependent
opioids (effect size, -2.775; SE, 1.566;
P = 0.076) than the control group (n
= 66). The study was not powered to
study the clinical effectiveness of the
program. However, we found that oxy-
codone requirements to maintain an-
algesia and the risk of opioid-induced
respiratory depression (in subjects
with higher oxycodone use relative
to total opioid use) were different by
CYP2D6 genotype.

In 2019, the molecular genetics lab
transitioned to a different reporting
system that enabled inclusion of
CYP2D6 phenotype as a discrete re-
sult in the results review tab, with only
one click required to view the recom-
mendations. New best practice alerts
that included the CYP2D6 phenotype
when an opioid was prescribed were
created, but dosing recommendations
could not be included in the alert due
to lack of infrastructure (ie, there was
no genomics module in our EHR);
however, they are presented in a table

Figure 2. Best practice alerts that appear after an opioid is ordered to prompt ordering the CYP2D6 test (A) or to indicate

that results are available (B).

A

| Order

B

% Results Review

@ An expanded pharmacogenetics test is available that includes this medication. Results may help you adjust dosing to improve
the medication’s effectiveness and reduce the risk of side effects. Click below to order this test.

Do Not Order & Opioid CYP2D6 Pharmacogenetics Panel

@ Previous Pharmacogenetics results that are relevant for this medication are available. Look in Results Review for the Opioid
CYP2D6 Pharmacogenetics Panel results.

© 2022 Epic Systems Corporation. Used with permission.

Accept Dismiss

Accept Dismiss
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in the results review tab, and one goal
for the future is to provide dosing re-
commendations in the alert when in-
frastructure allows.

The Genetic Pharmacology Service
does not update previously released
the
changes, but patients could be retested
if their first test was prior to the 2013
update, since there is the potential for
CYP2D6*] allele carriers to have an al-
lele that was not tested for previously.
The molecular genetics laboratory
also does not typically perform a re-
interpretation of genetic testing when
the assay or genotype-to-phenotype
translation changes unless it is re-
quested by the clinician. Therefore,
when the CYP2D6 variants tested or
genotype-to-phenotype interpret-
ations changed, we did not issue new

results when interpretation

reports to patients tested prior to the
change. Because CYP2D6*1 is the de-
fault allele when none of the tested
variants are detected, patients with
one or more *I alleles are retested
on an updated assay when clinicians
request a reinterpretation or order
pharmacogenetic testing for a different
panel of drugs, such as our psychiatry
panel. If the patient had a genotype of
CYP2D6%*4/*4 on the 2012 test, any sub-
sequent new test order is cancelled in
the laboratory because the phenotype
is unlikely to change with the addition
of more alleles on the test. In the event
that there are 2 test results, they are
both available in the results review tab.
The phenotype from the most recent
test will be shown to the clinician in a
best practice alert when a medication
is ordered. With the implementation of

Table 1. Current Recommendations for Opioid Prescribing Based on
CYP2D6 phenotype at Cincinnati Children’s Hospital Medical Center

CYP2D6 Codeine and tramadol Oxycodone and hydrocodone

phenotype recommendations recommendations

PM Not recommended 100% standard starting dose

IM When not contraindicated, 100% standard starting dose
100% standard starting dose

NM When not contraindicated, 100% standard starting dose
100% standard starting dose

UM Not recommended Insufficient evidence to make

recommendation

Abbreviations: CYP2D6, cytochrome P450 isozyme 2D6; IM, intermediate metabolizer; NM,
normal metabolizer; PM, poor metabolizer; UM, ultrarapid metabolizer.

the CNV assay in 2022, it is possible to
detect which allele is duplicated and
whether there are 3 copies or more
than 3 copies of the gene. This is im-
portant because a patient who was pre-
viously genotyped as a CYP2D6*1/*4
with duplication could be either an IM
(if the *4 allele is the one duplicated) or
a normal metabolizer (if the *1 allele
is the one duplicated). Prior to the im-
plementation of the CNV assay in 2022,
this patient’s phenotype would have
been reported as “uncertain” and the
report would have indicated that the
response to these opioids could not be
predicted because the duplicated allele
could not be determined.

Experience with use of the
opioid pharmacogenetic
panel

There was very slow uptake of the
test for codeine pharmacogenetics prior
to 2013; however, since implementation
of the expanded opioid panel, more
than 1,300 tests that include opioid re-
commendations have been ordered
(Figure 3). Growth in testing was due
to clinician awareness of the expanded
test rather than direct marketing to pa-
tients. As with other laboratory tests,
clinicians inform patients about the
rationale for planned testing and pa-
tients or their parents have the option
to refuse such testing. Clinician orders
gradually decreased because the acute
pain team perceived a lack of utility

Figure 3. Number of tests that include CYP2D6 ordered per year. The CYP2D6 test results include no therapeutic recom-
mendations. The opioid panel test results include recommendations for 4 opioids. The CYP2D6/CYP2C19 panel includes
recommendations on prescribing of voriconazole and opioids.
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for oxycodone prescribing, ineffective
clinical decision support, and lack
of insurance coverage. The clinician
perceptions were shared with the dir-
ector of the perioperative pain service
through personal communication, not
a rigorous survey. Yet, recent analysis
of retrospective data demonstrated an
association of CYP2D6 phenotype and
oxycodone requirements after sur-
gery, affirming that alerts for genotype-
guided dosing affected prescribing
after surgery.'® When codeine use was
first restricted by FDA, the hematol-
ogists would order CYP2DE6 testing for
patients with sickle cell disease be-
cause codeine was the only opioid
that could be prescribed electronically
or by phone and didn’t require a pre-
scription that the patient would have
to physically pick up.** When the ability
to prescribe any opioid electronic-
ally was available, the perceived need
for testing in this population fell off
sharply, and hematologists prescribed
other opioids, most often oxycodone.
The number of codeine prescriptions
for any indication at our institution fell
by 90% after the FDA restriction, from
more than 5,500 prescriptions in 2012
to 550 in 2017.

In 2017, the clinical pharmacy spe-
cialist on the bone marrow transplant
service requested a combination test
report that included CYP2C19 data for
voriconazole dosing and CYP2D6 data
for opioid selection. Since then, this
combination test has been part of the
standard order set for all patients re-
ceiving a bone marrow transplant.

Because our clinicians prefer or-
dering drug panels relevant to their
specialties, it is possible that CYP2D6
test results are in patients’ EHRs
without therapeutic recommenda-
tions specific to opioids. If a clinician
notices the CYP2D6 test result and
wants the opioid recommendations,
they can order a reinterpretation and
the laboratory will add the report,
along with recommendations, to the
patient’s chart without the need for a
new sample to be tested. In response
to clinicians’ requests, we recently
began offering CYP2D6 as well as other

pharmacogenes without drug specific
therapeutic recommendations. Uptake
is low for gene-only tests.
Education. Education
pharmacogenetic testing in general
was made available on the CCHMC
website. Codeine- and opioid-focused
CYP2D6 testing education was initi-
ated in preparation for research studies
using pharmacogenetics to inform
pain management drug selection.”
Therefore, presentations were given to
otolaryngology, orthopedic surgery,
and same-day surgery faculty and
staff. The research-focused education

about

quickly expanded to presentations with
the clinical pain team at faculty meet-
ings. The clinical pharmacy specialists
were made aware of the pharmaco-
genetic tests via periodic presentations
at their monthly meetings. Printable
handouts about pharmacogenetic
testing and about specific results are
available on the website for parents and
patients. Additional parent education
about results occurred when the ad-
vanced practice nurse returned results
as part of eMERGE-related pharmaco-
genetic studies.'™'8
Cost and
issues. When
etic testing was first implemented
at CCHMC, the cost of testing was
balanced with the turnaround time and

reimbursement
pharmacogen-

evidence-based determination of the
most impactful variants in the patient
population. The cost billed to patients
was approximately $300 for CYP2D6
testing that included alleles *3 and *4
CNV. When the panel was expanded
in 2013, the price was increased over
the initial price at implementation to
reflect improved coverage of the gene,
and the price has continued to increase
to keep up with inflation of the cost of
testing. If the test is ordered during an
inpatient stay, the cost is included in
the bundle payment from insurance
and the hospital ensures that the mo-
lecular genetics lab is reimbursed for
the test. When testing is performed at
an outpatient visit, insurance coverage
is variable, as some insurance com-
panies consider it experimental.?
Recent changes in insurance coverage
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have likely improved reimbursement,
but many insurers still will not cover
CYP2DE6 testing. During our education
sessions with clinicians, cost and insur-
ance coverage issues are addressed and
clinicians are provided with instruc-
tions on how to check an individual
patient’s insurance coverage with the
Current Procedural Terminology codes
that will be used for billing.

Lessons learned. CYP2D6 is a
complicated locus to genotype, with
many alleles having been discovered
and characterized after our first im-
plementation. When beginning imple-
mentation, the decision of which alleles
to test and how to test for duplication
of alleles is a necessary consideration
that has to be balanced with cost and
turnaround time. The interpretation of
genotype to phenotype has changed
several times over the last 18 years as
more information about the impact of
alleles and the effect on opioid pharma-
cokinetics accumulated. This required
our service to update our therapeutic
recommendations several times to
keep pace with the updated guidelines.

The use of the test changed as clin-
ician champions (doctors, nurses,
and pharmacists) became aware of
the test and understood how to use
it through education with direct in-
struction. It was common to incorp-
orate testing into the standard order
sets for patients they knew were likely
to receive opioids as part of their treat-
ment course (those having very painful
surgeries, bone marrow transplant, or
cancer treatment). For future efforts in
implementing pharmacogenetic tests,
we will engage clinical champions in
the divisions expected to utilize the
testing most frequently to allow for
education to reach all members of the
divisions and to achieve faster uptake
and appropriate utilization.

Planned updates for the fu-
ture. Long-read sequencing is planned
for future testing, which will improve
the accuracy of allele-calling (ie,
determining which star allele is repre-
sented by the combination of variants)
and genotype-to-phenotype interpret-
ation.?” We are working to develop a
857
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comprehensive panel that includes
the CYP2D6-guided opioid recom-
mendations with several of the other
gene-drug pairs we have implemented.
The clinical pharmacy specialist in on-
cology will incorporate this compre-
hensive test into the standard order set
for patients with acute lymphoblastic
leukemia. We will work with the teams
serving the populations we believe can
benefit from CYP2D6 testing to incorp-
orate the testing into routine care in the
future, as well as perform cost-benefit
analyses of the testing.

Conclusion

The evidence, FDA recommenda-
tions, CPIC guidelines, and imple-
mentation of CYP2D6 gene-drug
pairs have evolved over the last 18
years, which has required the Genetic
Pharmacology Service team at CCHMC
to update its testing, interpretation,
and reporting several times. The use of
the testing has also varied considerably
over the years as clinician interest and
prescribing trends have changed.
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