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Background: Several small studies have previously investigated associations between the

cytochrome P450 2D6 (CYP2D6) metabolism and response to opioids. We used a large

sample of patients to study associations between CYP2D6 phenotypes and estimated

CYP2D6 enzymatic activity scores with pain control and adverse reactions related to codeine

and tramadol use. We conducted additional analyses to determine whether our results were

consistent among men and women.

Methods: We used data from 2,877 participants in the RIGHT Protocol who were prescribed

codeine and/or tramadol between 01/01/2005 and 12/31/2017 and who were not prescribed

CYP2D6 inhibitors within 1 year prior to the opioid prescription. CYP2D6 phenotype cate-

gories were condensed into four groups: (1) Ultra-rapid and Rapid (n = 61), (2) Normal and

Intermediate to Normal (n = 1,448), (3) Intermediate and Intermediate to Poor (n = 1,175), and

(4) Poor metabolizer status (n = 193). Opioid-related outcomes included indications of poor

pain control or adverse reactions related to medication use. We modeled the risk of each

outcome using logistic regression, adjusting for age, sex, race, and ethnicity.

Results: The results revealed a trend from poor to ultra-rapid and rapid CYP2D6 phenotypes

in which the risk of adverse reactions incrementally increased and the risk of poor pain

control incrementally decreased. This trend reached statistical significance among female

(but not male) participants. Among normal and intermediate to normal metabolizers, a larger

proportion of women experienced adverse reactions relative to men.

Discussion: We replicated and extended the findings of previous research indicating asso-

ciations between CYP2D6 phenotypes and response to opioids. In addition, the observed

associations were stronger in women than in men. We recommend sex differences to be

factored in future research investigating associations between pharmacogenomics and

response to medications.
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Introduction
Opioids are among the most commonly prescribed medications in the United States,

with 17% of the population filling at least one prescription in 2017.1 Despite this

widespread use of opioids, previous research has documented important individual

differences in effectiveness in relieving pain as well as adverse reactions and

addiction.2–4 Understanding the individual characteristics affecting response to

opioids may allow clinicians to individualize treatments, thereby optimizing effec-

tiveness and reducing adverse reactions related to opioid use.

Variation in genes encoding enzymes important in the metabolism of opioids

leads to different individual responses to these medications. For codeine and
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tramadol, the cytochrome P450 2D6 (CYP2D6) enzyme is

involved in prodrug conversion of these opioids to their

active metabolites. Genetic variation in CYP2D6 directly

affects CYP2D6 enzyme activity.5 An individual’s

CYP2D6 activity can be predicted based on his or her

CYP2D6 genotype (eg, poor metabolizer). Individuals

with a CYP2D6 ultra-rapid metabolizer phenotype may

be more likely to experience adverse reactions with some

opioids as they would convert prodrugs—such as tramadol

and codeine—more efficiently into morphine.6 By con-

trast, individuals with a CYP2D6 poor metabolizer pheno-

type would have a more limited conversion of these

prodrugs to their active metabolites and may experience

less pain relief relative to individuals with a CYP2D6

normal metabolizer phenotype.7

Several small studies have previously investigated

associations between CYP2D6 phenotypes and response

to opioids, although findings have been limited. For exam-

ple, previous research investigating the response to

codeine use among 45 women reported that 100% of

poor metabolizers experienced no analgesia, whereas

67% of ultra-rapid metabolizers reported immediate pain

relief, but also reported adverse reactions.8 A clinical trial

investigating the effects of CYP2D6-guided opioid pre-

scribing on pain control found that intermediate and poor

metabolizers prescribed genotype-appropriate doses of tra-

madol and/or codeine (n = 45) had greater improvement of

pain intensity in the CYP2D6-guided versus usual care

arm.9 Our own investigations of patient response related

to codeine, tramadol, hydrocodone, and oxycodone in

a cohort of 257 patients found that more than 30% of

those with a CYP2D6 poor or ultra-rapid phenotype

experienced either adverse reactions or lack of pain relief

related to opioid use.10 In short, these results suggest poor

pain control in individuals with CYP2D6 poor metabolizer

status and more adverse reactions in individuals with

CYP2D6 ultra-rapid metabolizer status.

Previous studies investigating associations between

CYP2D6 phenotypes and response to opioids have contrib-

uted to advancing pharmacogenomics-guided prescribing

guidelines.11 However, these previous studies have impor-

tant limitations. First, low event rates and small sample

sizes result in a large degree of effect estimate uncertainty,

making the findings difficult to generalize to the general

population.8–10 In addition, our previous research collapsed

ultra-rapid metabolizers and poor metabolizers when com-

paring to normal metabolizers due to phenotype rarity,

limiting the interpretation of results.10 Third, previous

research has used different classifications of CYP2D6 phe-

notypes, such that results may not be comparable across

studies.11–13 Fourth, pain relief and adverse reactions

related to opioid medications occur differently in men and

women, but very few studies have investigated sex differ-

ences in response to opioids.14,15 In particular, previous

research has reported sex differences in the formation of

active opioid metabolites and in clinical responses to

codeine and tramadol,16,17 but it is currently unknown

whether there is an interaction between sex and CYP2D6

phenotypes affecting response to opioids. To overcome

previous limitations, we studied associations between both

CYP2D6 phenotypes and estimated CYP2D6 enzymatic

activity scores with pain relief and adverse reactions related

to codeine and tramadol use in a large sample of patients. In

addition, we conducted a secondary analysis to determine if

our results were consistent among men and women.

Materials and Methods
Study Participants
Details of the RIGHT Protocol study have been previously

reported.13,18,19 Briefly, 10,074 participants in the Mayo

Clinic Biobank were invited and agreed to participate in

a study of pre-emptive genotyping.20 Participants com-

pleted a questionnaire that included demographic informa-

tion and contributed a blood sample that was used to

sequence 70 pharmacogenomic (PGx) genes, including

CYP2D6. At the time of enrollment, participants in the

RIGHT study provided written informed consent to allow

their PGx genetic data and electronic health record data to

be used for research in future studies. This study was

approved by the Mayo Clinic and Olmsted Medical

Center Institutional Review Boards and was conducted in

accordance with the Declaration of Helsinki.

We used the Rochester Epidemiology Project21

research infrastructure to identify all participants in the

RIGHT Protocol who were prescribed codeine or tramadol

between 1/1/2005 and 12/31/2017 from a local health-care

provider. Specifically, we used RxNorm—a national data-

base of normalized names for clinical drugs—to identify

all codes for prescriptions that included the ingredients

codeine or tramadol. We excluded formulations intended

primarily to treat cough (eg, guaifenesin/codeine).

Participants who had a prescription for codeine or trama-

dol between 1/1/2004 and 12/31/2004 were excluded to

focus on initiators of codeine/tramadol use. A complete

list of medications considered is shown in Table S1.
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CYP2D6 Sequencing
For non-pilot RIGHT participants, the Clinical Laboratory

Improvement Amendments (CLIA)-certified and College

of American Pathologists (CAP)-accredited Baylor

College of Medicine’s Human Genome Sequencing

Center Clinical Laboratory sequenced 70 PGx genes

using the PGRNseq version 3 targeted capture sequencing

panel, including the entire ~31 kb region for CYP2D6 and

both of the nearby pseudogenes. Data were then trans-

ferred to the Mayo Clinic Personalized Genomics

Laboratory for interpretation. Genotypes were determined

using software developed and clinically validated at Mayo

Clinic. This software circumvents some of the challenges

of short-read NGS technology and produces allele calls

based on the definitions publically available in PharmVar

(www.pharmvar.org). The software looks at copy number

variation by analyzing read depth of the promoters and

exons in CYP2D7 and CYP2D7 and compares the output

to known CYP2D loci arrangements. CYP2D6 genotypes

were also determined based on variants detected in the

coding regions, promoter, and splice junctions. Novel var-

iants were evaluated for their potential impact on CYP2D6

activity and those that were classified as variants of uncer-

tain significance or likely to impact activity were reported.

Samples were reflexed through a cascade similar to that

used for the pilot participants as needed to deconvolute

difficult genotypes that could not be determined by the

software.22,23

CYP2D6 Phenotypes
CYP2D6 phenotypes were classified based on estimated

activity scores of each CYP2D6 allele. We estimated activity

scores based upon a review of the extensive literature on

CYP2D6 and the PharmVar.org website. Each allele has an

activity score that varied from 0 (eg, *6, *4) to 3 (eg, *1x3).

The activity score of a CYP2D6 genotype is the sum of

activity scores of the two homologous alleles. For example,

if an individual carries one copy of allele *1 with an activity

score of 1, and additionally carries one copy of allele *9 with

activity score of 0.5, the resulting genotype *1/*9 has an

activity score of 1.5. For this study, we used the CYP2D6

phenotype classification that is in use clinically at Mayo

Clinic (CYP2D6 genotype activity scores denoted as “x”):

ultra-rapid (x ≥ 3), rapid (formerly known as extensive to

ultra-rapid) (2.25 < x < 3), normal (1.75 ≤ x ≤ 2.25), inter-

mediate to ultra-rapid (0.75 < x <3), intermediate to normal

(1.25 < x < 1.75), intermediate (0.75 ≤ x ≤ 1.25), poor to

intermediate (0.25 ≤ x < 0.75), and poor CYP2D6 metaboli-

zer status (x < 0.25).

Outcomes
To identify potential opioid-related outcomes, electronic

health records were initially screened by natural language

processing techniques. Specifically, sentences including

the opioid name (codeine, tramadol, and trade names for

medications including these ingredients) and containing

keywords related to opioid effectiveness or presence of

adverse reactions due to opioid use were extracted from

the clinical notes within 6 weeks of the initial prescription

date. All sentences were then reviewed by the study per-

sonnel (JLS and a trained nurse abstractor), and classified

as adverse effect (yes/no), poor pain control (yes/no), or

other. For example, sentences such as “Patient has been

taking Ultram but continues to complain of severe neck

pain” were classified as “poor pain control”. Medical notes

that indicated an adverse reaction related to the medication

use (eg, vomiting, nausea, rash, itching, throat swelling,

constipation) were classified as “adverse reaction”. This

process is summarized in Figure S1. All records were

reviewed without knowledge of the patient CYP2D6 phe-

notype. Patients were classified as having experienced an

adverse reaction or poor pain control if specific medical

record text related the codeine or tramadol prescription to

these outcomes.

CYP2D6 Inhibitors
Concurrent use of CYP2D6 inhibitor medications may

decrease or prevent the conversion of opioid medications

to morphine. Therefore, we excluded participants who

were prescribed a medication that was a strong or moder-

ately strong inhibitor of CYP2D6.24 The list of inhibitors

considered for this study is shown in Table S2. Because

most of these prescriptions are intended to be taken long

term, we considered individuals exposed to a CYP2D6

inhibitor if the prescription occurred within 1 year prior

to the opioid prescription.

Statistical Analyses
For analysis, the CYP2D6 phenotype categories were con-

densed into four groups to mirror the phenotype prediction

system recommended by the Clinical Pharmacogenetics

Implementation Consortium (CPIC): (1) Ultra-rapid and

Rapid (n = 61), (2) Normal and Intermediate to Normal

(n = 1,448), (3) Intermediate and Intermediate to Poor

(n = 1,175), and (4) Poor metabolizer status (n = 193). To
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facilitate comparison of results across studies, we also investi-

gated the associations between CYP2D6 activity scores and

response related to opioid use. We collapsed participants pre-

scribed codeine and/or tramadol to increase stability of esti-

mates. However, because the pharmacodynamic profiles of

codeine and tramadol are different,25 we also conducted sensi-

tivity analysis including participants who were prescribed tra-

madol only (n = 2,085). Limited sample sizes precluded us

from investigating participants prescribed codeine only (n =

481). Baseline patient characteristics were summarized using

counts and percentages for nominal variables, and mean, stan-

dard deviation, median, and quartiles for real-valued variables.

We calculated differences between CYP2D6 phenotypes in

age and CYP2D6 activity scores using Kruskal–Wallis tests,

and in the proportions of sex, race, ethnicity, and prescriptions

using χ2 tests.
First, we conducted univariate analyses to investigate

whether sex, age, race, and ethnicity are associated with

the risk of poor pain control and adverse reactions. We

adjusted effect estimates and p-values for these covariates

in subsequent analyses. Next, we modeled the risk of each

outcome using Firth’s logistic regression, treating

CYP2D6 phenotypes as categorical variables and the nor-

mal and intermediate to normal metabolizer phenotype as

the reference group. We used Firth’s logistic regression to

account for separation issues caused by the inclusion of

covariates. We investigated trends of risk of poor pain

control and adverse reactions across CYP2D6 phenotypes.

We also included interaction terms between sex and

CYP2D6 phenotypes. Finally, we conducted these ana-

lyses by sex separately, adjusting effect estimates and

p-values for age, race, and ethnicity. As different meth-

odologies for phenotype categorization have been

proposed,11–13 we also modeled associations between

CYP2D6 activity scores and each outcome using logistic

regression after verifying that CYP2D6 activity scores and

log-odds were linearly associated. A two-sided signifi-

cance threshold of p < 0.05 was adopted for all analyses.

Results
Among 10,074 RIGHT non-pilot participants, 3911

(39%) participants received at least one prescription of

codeine or tramadol between 1/1/2005 and 12/31/2017

and had not received at least one prescription in 2004.

We excluded 39 (1%) participants because their CYP2D6

phenotype classification was not clear (eg, interpretation

of activity score resulted in an intermediate to ultra-rapid

phenotype due to presence of a rare genetic variant).

From the remaining 3,872 participants, we excluded

995 (26%) because they were prescribed a CYP2D6

inhibitor within 1 year prior to the opioid prescription.

The final sample included 2,877 participants. Participant

characteristics are shown in Table 1. Of these, 61 (2.1%)

were ultra-rapid or rapid metabolizers, 1,448 (50%) were

normal or intermediate to normal metabolizers, 1,175

(41%) were intermediate or poor to intermediate, and

193 (6.7%) were poor metabolizers. In addition, 481

(16.7%) participants were prescribed codeine only,

2,085 (72.5%) were prescribed tramadol only, and 311

(10.8%) were prescribed both opioids. Among the 198

participants with adverse reactions, 61% experienced

gastrointestinal issues such as nausea, vomiting, and

constipation. Itching and rash were present in 7.1% of

the participants, and the remaining participants had other

or unspecified reactions (eg, fatigue, dizziness, anxiety).

The proportions of CYP2D6 phenotypes were similar for

sex, ethnicity, and type of prescription (ie, codeine, tra-

madol, or both opioids). In addition, age did not signifi-

cantly differ between CYP2D6 phenotypes (Table 1).

The results of univariate tests indicated that older per-

sons (p = 0.025) and women (relative to men; p = 0.002)

were more likely to experience adverse reactions. In addi-

tion, Blacks (compared to Whites; OR = 5.1 [1.1–24.1],

p = 0.038) were more likely to experience poor pain

control (Table S3). For this reason, we included age, sex,

race, and ethnicity as covariates in the subsequent regres-

sion models.

Next, we examined associations between CYP2D6

phenotypes and adverse reactions and poor pain control,

controlling for age, sex, race, and ethnicity. Participants

with a CYP2D6 ultra-rapid or rapid phenotype were least

likely to have poor pain control (1.6%), and participants

with a CYP2D6 poor phenotype were most likely to have

a poor pain control recorded (5.2%; p = 0.13; Figure 1).

Conversely, participants with a CYP2D6 ultra-rapid or

rapid metabolizer phenotype experienced the highest

rates of adverse reaction (8.2%), and participants with

a CYP2D6 poor metabolizer phenotype were least likely

to have an adverse reaction (5.7%; p = 0.11; see Figure 1).

However, we note that the tests for trend were not statis-

tically significant. Among participants who were pre-

scribed tramadol only (n = 2,085), we found a significant

trend for poor pain control (p = 0.039) but not for adverse

reactions (p = 0.69).

Analyses of CYP2D6 activity scores additionally

excluded 89 participants with ambiguous scores (eg, carriers
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of variants of unknown significance). Among the remaining

participants (n = 2,788), 115 (4.1%) experienced poor pain

control and 192 (6.9%) experienced adverse reactions.

CYP2D6 activity scores varied from 0 (eg, *4/*5) to 4 (eg,

*1/*2Ax3), with a mean of 1.36 (SD = 0.65). Figure S2

displays activity scores of participants stratified by event-

status for adverse reactions or poor pain control related to

opioid use. Mean CYP2D6 activity scores of participants who

experienced and did not experience poor pain control were

1.30 (SD = 0.64) and 1.36 (SD = 0.65), respectively (Figure

S2). In addition, mean CYP2D6 activity scores of participants

who experienced and did not experience adverse reactions

were, respectively, 1.43 (SD = 0.65) and 1.35 (SD = 0.65).

Next, we conducted a Wilcoxon rank-sum test with continuity

correction and found that the median and shape of ranked

CYP2D6 activity scores did not differ between participants

who experienced versus did not experience poor pain control

(p = 0.44) or adverse reactions (p = 0.066). After controlling

for age, sex, race, and ethnicity, an increase in CYP2D6

activity scores was not significantly associated with risk of

poor pain control (p = 0.32) or adverse reactions (p = 0.10).

Finally, it is currently unknown whether there are sex

differences in the associations between pain control and

adverse reactions related to use of opioid medications and

CYP2D6 phenotypes, despite National Institutes of

Health (NIH) guidelines for clinical research recommending

sex differences to be factored into research design and sta-

tistical analysis (NIH, 2020). We therefore compared pain

Table 1 Baseline Characteristics of Participants by CYP2D6 Metabolizer Phenotypes (n = 2,877)

Characteristic CYP2D6 Metabolizer Phenotypes Total p

Ultra-Rapid and

Rapid N = 61

Normal and

Intermediate to

Normal N = 1,448

Intermediate

and

Intermediate to

Poor N = 1,175

Poor

N = 193

Total 61 (2.1) 1,448 (50) 1,175 (41) 193 (6.7) 2877

Sex, n (%)

Male 24 (2.0) 583 (49) 494 (42) 85 (7.2) 1,186 0.66

Female 37 (2.2) 865 (51) 681 (40) 108 (6.4) 1,691

Age

Mean 63 61 61 63 61 0.09

SD 12 14 13 14 14

Race, n (%)

White 53 (2.0) 1,355 (50) 1,119 (41) 179 (6.6) 2,706 0.02

Black 0 (0.0) 6 (55) 5 (46) 0 (0.0) 11

Asian/Pacific

Islander

0 (0.0) 18 (78) 5 (22) 0 (0.0) 23

Unknown 8 69 46 14 137

Ethnicity, n (%)

Non-Hispanic 59 (2.1) 1,428 (50) 1,160 (41) 192 (6.8) 2,839 0.39

Hispanic 2 (5.9) 17 (50) 14 (41) 1 (2.9) 34

Unknown 0 3 1 0 0

Prescription, n (%)

Codeine only 8 (1.7) 243 (51) 191 (40) 39 (8.1) 481 0.71

Tramadol only 47 (2.3) 1,054 (51) 854 (41) 130 (6.2) 2,085

Both opioids 6 (1.9) 151 (49) 130 (42) 24 (7.7) 311

CYP2D6 activity

score

Total 58 1,394 1,144 192 2,788

Mean 2.9 1.8 0.9 0 1.4 < 0.001

SD 0.4 0.3 0.2 0 0.7

Dovepress Lopes et al

Pharmacogenomics and Personalized Medicine 2020:13 submit your manuscript | www.dovepress.com

DovePress
75

http://www.dovepress.com/get_supplementary_file.php?f=239222.docx
http://www.dovepress.com/get_supplementary_file.php?f=239222.docx
http://www.dovepress.com/get_supplementary_file.php?f=239222.docx
http://www.dovepress.com
http://www.dovepress.com


control and adverse reactions by CYP2D6 phenotypes in

men and women separately.14,15 The results revealed

a trend from poor to ultra-rapid and rapid CYP2D6 pheno-

types in which the risk of adverse reactions significantly

increased and the risk of poor pain control decreased for

women (p = 0.041 and 0.040, respectively), but not for men

(p = 0.95 and 0.77, respectively; see Figure 2). In addition,

among normal and intermediate to normal metabolizers,

approximately twice as many women (9.5%) experienced

adverse reactions compared to men (4.8%), suggesting that

sex modifies the association between CYP2D6 phenotypes

and response to codeine and tramadol. The results including

participants prescribed tramadol only (n = 2,085) revealed

non-significant trends for men. For women, we found a trend

of poor pain control (p = 0.032), while the trend of adverse

reaction was non-significant (p = 0.15). However, we note

that we did not observe a statistically significant interaction

between sex and CYP2D6 phenotype. Figure S3 displays the

associations between the CYP2D6 phenotypes among men

and women separately prescribed codeine and/or tramadol or

A Men ( n = 1,186) Poor pain control % Adverse reactions %

4.2

4.6

3.6

5.9

8.3

4.8

5.3

5.9

Ultra-rapid or Rapid (n = 24)

Normal or
Intermediate to normal 

(n = 583)

Intermediate or
Poor to intermediate

(n = 494)

Poor (n = 85)

p=0.77 p=0.95

B Women ( n = 1,691)
Poor pain control % Adverse reactions %

Ultra-rapid or Rapid (n = 37)

Normal or
Intermediate to normal 

(n = 865)

Intermediate or
Poor to intermediate

(n = 681)

Poor (n = 108)

p=0.040 p=0.041

0.0

3.1

5.0

4.6

8.1

9.5

6.8

5.6

Figure 2 Adverse reactions and poor pain control following the prescription of codeine and/or tramadol by sex among men (A) and women (B) who were not prescribed

CYP2D6 inhibitors (n = 2,877).

Poor pain control % Adverse reactions %

1.6

3.7

4.4

5.2

8.2

7.6

6.1

5.7

Ultra-rapid or Rapid (n = 61)

Normal or
Intermediate to normal 

(n = 1,448)

Intermediate or
Poor to intermediate

(n = 1,175)

Poor (n = 193)

p-value 0.13 0.11

Figure 1 Adverse reactions and poor pain control following the prescription of codeine and/or tramadol among participants who were not prescribed CYP2D6

inhibitors (n = 2,877).
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prescribed only tramadol. Future research may investigate

further sex differences in the associations between adverse

reactions and poor pain control related to opioid use and

CYP2D6 phenotypes.

Discussion
In the current study, participants with a CYP2D6 ultra-

rapid metabolizer phenotype experienced higher rates of

adverse reactions, while participants with a CYP2D6 poor

metabolizer phenotype experienced higher rates of poor

pain control. These differences were driven primarily by

women, suggesting that sex modified the association

between CYP2D6 phenotype and these outcomes.

Our results are consistent with the results of previous

research suggesting associations between CYP2D6 pheno-

types and response to opioid use.10 However, the propor-

tion of individuals experiencing adverse reactions and

poor pain control among those with CYP2D6 poor and

ultra-rapid metabolizer phenotypes differed from the pro-

portions reported by previous research. For example,

VanderVaart et al8 reported that 100% of CYP2D6 poor

metabolizers experienced no analgesia, whereas 67% of

ultra-rapid metabolizers reported adverse reactions. Here,

we documented noticeably different results. Overall, 5.2%

(ie, 10 out of 193) of poor metabolizers experienced poor

pain control, and 8.2% (ie, 5 out of 61) of ultra-rapid and

rapid metabolizers reported adverse reactions. Our study

sample consisted of persons recruited from the Mayo

Clinic primary care practice, and the characteristics of

the population broadly reflect the characteristics of persons

residing in this community.20 Therefore, our study popula-

tion may better reflect the experience of persons residing

in the community. However, in the study conducted by

VanderVaart et al, participants responded to a visual ana-

log scale while they were in the hospital, whereas we

reviewed electronic health records for indications of poor

pain control retrospectively. Differences in study popula-

tions and in the measurement of adverse reactions and

poor pain control likely account for the differences in

outcomes between these studies.

To address differences in CYP2D6 classification

between studies, we also investigated associations between

CYP2D6 activity scores and response to opioids, and found

that these associations corroborated the results using

CYP2D6 phenotype categorizations reported in the current

study and in previous research.8,10 However, we note that

higher CYP2D6 activity scores were not significantly asso-

ciated with adverse reactions or poor pain control. Despite

our large sample size, the relatively small number of out-

comes may have resulted in an inability to detect

a statistically significant association. Future studies should

be powered specifically to investigate CYP2D6 activity

scores among individuals who experienced poor pain con-

trol and/or adverse reactions related to opioid use.

While not statistically significant, our findings revealed

a trend of incremental increase in the risk of adverse reactions

and incremental decrease in the risk of poor pain control from

individuals with CYP2D6 poor to ultra-rapid or rapid meta-

bolizer status. This trend reached statistical significance

among female (but not male) participants. We also found

that, among normal and intermediate to normal metabolizers,

a larger proportion of women experienced adverse reactions

relative to men. This result was not detected in assessing an

interaction or difference in the trends. Previous studies indicate

that response to opioid medications differs in men and

women,27 and men and women are known to metabolize

opioids differently.28 In particular, higher CYP2D6 activity

among extensive metabolizers has been observed in women

compared to men,29 suggesting that underlying biologic dif-

ferences may contribute to differences in CYP2D6 activity.

Sex hormones have been studied as potential modifiers of

CYP2D6 activity. However, menstrual phase and use of oral

contraceptives have not been associatedwith CYP2D6 activity

in several previous studies.30–32 CYP2D6 activity does

increase in pregnant women, and pregnancy changes in liver

tissue small heterodimer partner expression have been

hypothesized to increase CYP2D6 activity in these women.33

Therefore, further studies are needed to understand whether

underlying biologic differences between men and women

might account for the associations we observed in this study.

Finally, our results indicated that older individuals

(compared to younger individuals) and Blacks (compared

to Whites) were more likely to experience adverse reac-

tions related to opioids and poor pain control, respectively.

These results are consistent with previous research sug-

gesting that these characteristics may affect a person’s

response to opioids. In addition, previous findings revealed

that Whites experienced more nausea and vomiting related

to opioid use than Blacks.34 We did not replicate these

results. Unfortunately, our numbers were too small to

allow for sub-analyses within these populations, and our

results are likely conservative estimates of the effects of

covariates on opioid response. Future studies should con-

sider the effect of these characteristics on the associations

between CYP2D6 metabolism and adverse effects or poor

pain control related to codeine and tramadol use.
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Our study has several strengths, including a large sample

size and an ability to extract information directly from patient

medical records shortly after the time of the codeine or trama-

dol prescription. However, our study also has several impor-

tant limitations that are common to retrospective

epidemiological research studies. First, our review of electro-

nic health records for indication of adverse reactions and poor

pain control relied on medical notes, such that we could not

assess patterns of opioid use not documented in the medical

notes (ie, patient self-medicating lower doses of prescribed

opioid or not taking the opioid at all without informing their

health-care provider), or adverse reactions not reported to

health-care providers. Previous research has verified the

appropriateness of chart review for the detection of adverse

drug reactions.35 However, future research may employ more

than one methodology to assess the effectiveness and adverse

reactions related to opioid use, such as active follow-up of

patients prescribed opioid medications. Second, tramadol is an

atypical opioid as it is involved in partial μ agonist activity in

addition to central gamma amino butyric acid (GABA), cate-

cholamine and serotonergic activities. We did not assess (and

therefore could not control for) the specific pathways causing

pain relief in the patients prescribed tramadol (eg, whether

patient obtained pain relief due to a serotonin-norepinephrine

reuptake inhibitor effect). Future research may investigate

interactions between sex and CYP2D6 phenotypes in opioids

with different pathways. Third, some participants may have

been prescribed opioids in conjunctionwith othermedications,

making it difficult to causally attribute the occurrence of

adverse reactions to a particular opioid prescription. Fourth,

despite our large sample size, the number of participants with

an ultra-rapid metabolizer phenotype was limited, and our

study may have been underpowered to detect clinically mean-

ingful associations. Future research may attempt to replicate

the observed trends. Finally, the limited number of persons

with each CYP2D6 phenotype in our study required us to

collapse phenotype categories for analysis. The reported

results most likely represent a conservative estimate of asso-

ciations between CYP2D6 phenotypes and response to

opioids. Future research may investigate sex differences in

response to opioids among persons with less common

CYP2D6 phenotypes (eg, rapid metabolizers).

In summary, using a large sample of patients and

different approaches to assess CYP2D6 metabolizing sta-

tus (ie, phenotype categorization and activity scores), we

replicated and extended the findings of previous research

indicating associations between CYP2D6 phenotypes and

activity scores with response to opioids. In addition, the

associations between CYP2D6 phenotypes and response to

opioid use were stronger in women than men, suggesting

that future studies may benefit from considering sex dif-

ferences in response to medications.
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