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The effects of OPRM1 118A>G 
on methadone response in pain 
management in advanced cancer 
at end of life
Larisa M. Haupt 1,2,3*, Alison Haywood 4,5*, Heidi G. Sutherland 1, Chieh Yu 1,6, 
Cassie L. Albury 1, Anushka Pharasi 4, Mathew Zunk 4, Rani George 4,7, Lyn R. Griffiths 1, 
Phillip Good 5,8 & Janet Hardy 5,9

Cancer pain is the most feared symptom at end of life. Methadone has advantages over other opioids 
but is associated with significant variability in clinical response, making dosing challenging in practice. 
OPRM1 is the most studied pharmacogene associated with the pharmacodynamics of opioids, 
however reports on the association of the A118G polymorphism on opioid dose requirements are 
conflicting, with no reports including methadone as the primary intervention. This association study 
on OPRM1 A118G and response to methadone for pain management, includes a review of this genetic 
factor’s role in inter-patient variability. Fifty-four adult patients with advanced cancer were recruited 
in a prospective, multi-centre, open label dose individualization study. Patient characteristics were 
not shown to influence methadone response, and no significant associations were observed for 
methadone dose or pain score. The findings of our review of association studies for OPRM1 A118G in 
advanced cancer pain demonstrate the importance of taking ancestry into account. While our sample 
size was small, our results were consistent with European populations, but in contrast to studies in 
Chinese patients, where carriers of the A118G polymorphism were associated with higher opioid dose 
requirements. Pharmacogenetic studies in palliative care are challenging, continued contribution will 
support future genotype-based drug dosing guidelines.

Cancers are among the leading causes of morbidity and mortality worldwide1 and 30–40% of cancer patients 
experience pain, with this rate increasing to 70–90% in patients with advanced and progressive disease2. As the 
most common and feared symptom, effective management of pain is crucial in palliative care1. While opioids are 
commonly prescribed in the treatment of moderate to severe cancer pain, inter-patient variability in response to 
opioids is well known3, and as a result many patients still experience pain or serious side effects. Recently there 
has been increasing appreciation that a patient’s individual genetic makeup can affect their clinical response to 
opioids4,5. Of the pharmacogenes suggested to influence the pharmacodynamics of opioids, the μ-opioid recep-
tor gene (OPRM1) has shown the most evidence for clinically relevant pharmacogenetic effects on the analgesic 
treatment with opioids6.

The μ-opioid receptor is the primary binding site for endogenous opioid peptides and opioid analgesics, and 
OPRM1 codes for this receptor. The A118G polymorphism in exon 1 (rs1799971) is the most widely studied 
single nucleotide polymorphism (SNP) in OPRM1 with respect to its consequences for opioid therapy. In this 
variant, substitution of a guanosine (G) for adenosine (A) results in an asparagine to aspartate amino acid change 
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(Asn40Asp), which is thought to result in the loss of a putative N-linked glycosylation site in the extracellular 
N-terminal domain of the μ-opioid receptor5,7–9 (Fig. 1).

In palliative care settings for patients with advanced cancer, individuals carrying the OPRM1 AA genotype 
(wild type) have been associated with a more favourable phenotype, showing better response to opioids with 
lower dose, and fewer side effects10–15. However, some studies have shown no associations16–23. The opioids 
investigated in these studies included morphine, fentanyl, oxycodone, tramadol, tapentadol, hydromorphone, 
and buprenorphine. Of these studies, only one included methadone as the primary intervention for 25 patients.

Methadone is a long acting synthetic opioid that has complex pharmacokinetics2 and is typically only pre-
scribed by specialist palliative care (SPC) doctors as a second line opioid, in an attempt to improve the balance 
between analgesia and adverse effects, and in difficult pain control scenarios24,25. In addition to its activity as a 
potent opioid receptor agonist, it also has antagonist activity at the N-methyl-d-aspartate (NMDA) receptor, 
resulting in interest for its use in clinical conditions including neuropathic pain syndromes and hyperalgesic 
states24. Methadone has many advantages including low cost, high oral bioavailability, rapid onset of effect, and 
a lack of active metabolites2, and it has been suggested that methadone should be used as a first-line opioid in 
the management of cancer pain24.

On the basis of these findings, where some studies have shown the OPRM1 A118G polymorphism to have 
an effect on response to opioids, we investigated whether the A118G polymorphism of OPRM1 may account for 
inter-individual variability in methadone treatment response for pain management in palliative care.

Results
Fifty-four adult patients with advanced cancer were recruited in this prospective, multi-centre, open label dose 
individualization study. Complete pain scores and genotyping data were available for 46 participants (Table 1). 
One participant was excluded due to insufficient pain score data and seven participants did not have a sufficient 
blood or saliva sample size for genotyping analysis. The median (IQR) age, weight, and BMI was 62 (23) years, 
68.0 (17.1) kg and 24.4 (6.0) kg/m2 respectively, and 27 (58.7%) patients were female. The most common cancer 
types included 8 (17.4%) breast, 8 (17.4%) colorectal, 6 (13.0%) cervical, 5 (10.9%) lung, and 4 (8.7%) meso-
thelioma cancers. Methadone was administered via the oral route twice daily with dosing titrated according to 
patient need by the palliative care specialist. The prescribed dose of methadone ranged from 2.5 to 50 mg twice 
daily. The median (IQR) number of samples obtained from each participant was 2 (3). The methadone dose 
was titrated as required to control pain. For participants providing multiple samples, methadone dose and pain 
scores were averaged across all samples.

None of the patient characteristics including gender, age, height, weight, BMI, renal and liver function were 
found to significantly determine the outcomes of methadone dose or pain score (Supplementary Table 1).

Genotype frequencies for the study population were AA (n = 34), AG (n = 11) and GG (n = 1) and was found 
to be in Hardy–Weinberg equilibrium (p > 0.05). The 118G allele is the minor allele across most populations, 
with frequencies ranging from 4% in African American samples to approximately 16% in samples of European 

Figure 1.   A118G polymorphism in exon 1 (rs1799971) in OPRM1 and its consequences for opioid therapy in 
pain management. In this variant, substitution of a guanosine (G) for adenosine (A) results in an asparagine to 
aspartate amino acid change (Asn40Asp). In Chinese patients, carriers of the A118G polymorphism have been 
associated with higher opioid dose requirements.
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ancestry and 40–60% in Asian samples26. The allele frequencies for our Australian cohort (A = 0.859; G = 0.141) 
were similar to those reported for the European populations of 1000Genomes (A = 0.838; G = 0.162) and ALFA 
(A = 0.867; G = 0.133)27.

Methadone daily dose and pain score are shown for each genotype in Table 2. The median (IQR) methadone 
daily dose was 11.3 (13.9) mg and the patient reported pain score out of ten was 3.9 (3.2). Due to the small sample 
size, with only one patient carrying the GG genotype, data for patients who were homozygous or heterozygous 
for the 118G minor allele were combined. No significant associations were observed for methadone dose or pain 
score, when treated as continuous variables, and no significant association was shown between genotypes and 
low (≤ 3/10) or high (> 3/10) pain scores (p > 0.05) (Table 2).

Table 3 summarizes the characteristics of studies from the literature on the association of OPRM1 A11G and 
response to opioids for pain management in advanced cancer. χ2 analysis was used to determine any significant 
differences in allele frequencies between our study cohort and these reported studies. The allele frequencies for 
our cohort were similar to those reported for the studies in European populations, but significantly different 
(p < 0.001) for Chinese13–15 and Japanese19,20 patients. This ethnic variance in OPRM1 A118G is also evident 
when considering the East Asian populations for 1000Genomes (A = 0.607; G = 0.393) and ALFA (A = 0.583; 
G = 0.417)27.

While the results for the association of OPRM1 A11G and response to opioids for pain management in 
advanced cancer appear conflicting (Table 3), all studies conducted in China13–15 showed the AG and GG 
genotypes to be associated with a significantly higher opioid dose than AA, while those studies conducted 
in the UK, Netherlands and European cohorts showed no association between genotypes and opioid dose 

Table 1.   Patient characteristic variables for study population.

Patient characteristic (n = 46) Value

Gender n (%)
Female 27 (58.7)

Male 19 (41.3)

Age (years)

Median (IQR)

62 (23)

Weight (kg) 68.0 (17.1)

BMI (kg/m2) 24.4 (6.0)

Cancer type n (%)

Breast 8 (17.4)

Colorectal 8 (17.4)

Cervical 6 (13.0)

Lung 5 (10.9)

Mesothelioma 4 (8.7)

Endometrial 3 (6.5)

Pancreatic 3 (6.5)

Prostate 2 (4.3)

Multiple myeloma 2 (4.3)

Gallbladder, bladder, liver, periauricular squamous cell carcinoma, skin cancer 1 (2.2)

Methadone daily dose (mg)
Median (IQR)

11.3 (13.9)

Pain score (Scale 0–10) 3.9 (3.2)

Genotype frequency n (%)
A/A: 34 (73.9)
A/G: 11 (23.9)
G/G: 1 (2.2)

Allele frequency A: 0.859
G: 0.141

Table 2.   Methadone dose and pain score for each genotype. a Kruskal-Wallis H test. b χ2 test for association of 
methadone dose or pain score with genotype A/A compared to A/G+G/G.

Outcome

Genotype frequency

Test statistic p value
A/A
n = 34 (73.9%)

A/G
n = 11 (23.9%)

G/G
n = 1 (2.2%)

A/G+G/G
n = 12 (26.1%)

Methadone dose (mg/day)
Median (IQR) (min, max) 15 (12.8) (5, 58.3) 7.7 (17.9) (3.8, 93.3) 5.0 7.6 ± 14.4 (3.8, 93.3) H = 2.121 0.145a

Pain score (0–10)
Median (IQR) (min, max) 3.8 (3.3) (0, 8) 4.0 (2.0) (0, 5.7) 2.3 3.9 ± 1.9 (0, 5.7) H = 0.347 0.556a

Low pain score (≤ 3/10)
n (%) 15 (44.1) 4 (36.4) 1 (100) 5 (41.7)

χ2 = 0.022 0.883b

High pain score (> 3/10)
n (%) 19 (55.9) 7 (63.6) 0 (0) 7 (58.3)
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Study references
Study site, design and included 
participants Intervention Genotype distribution Allele frequency Study findings

Campa et al. (2008)12 137 cancer patients receiving 
morphine, Italy Morphine (oral)

AA (n = 106)
AG (n = 22)
GG (n = 10)

A = 0.848
G = 0.152

AA genotype associated with a 
significant decrease in pain score 
from baseline compared to AG 
and GG

Chatti et al. (2016)16 129 patients with cancer pain, 
Tunisia Morphine (oral)

AA (n = 98)
AG (n = 31)
GG (n = 0)

A = 0.880
G = 0.120

No significant association 
between genotypes and the dose 
of morphine needed for pain 
relief

Droney et al. (2013)17 249 patients with cancer pain, UK 
(Caucasian) Morphine (oral)

AA (n = 183)
AG (n = 58)
GG (n = 8)

A = 0.851
G = 0.149

No association between 
genotypes and residual pain (pain 
score) or central side-effects in 
a principal components analysis 
study

Gong et al. (2013)13 112 patients with moderate to 
severe cancer pain, China

Opioids (morphine, tramadol, 
oxycodone, fentanyl)

AA (n = 44)
AG (n = 50)
GG (n = 18)

A = 0.616*
G = 0.384

AG and GG genotype associated 
with a significantly higher dose 
than AA, and GG requiring a 
significantly higher dose than 
both AG and AA

Hajj et al. (2017)10 89 palliative care patients with 
advanced cancer, Lebanon Morphine (IV)

AA (n = 69)
AG (n = 20)
GG (n = 0)

A = 0.888
G = 0.112

AG genotype associated with 
significantly higher dose of 
morphine than AA

Klepstad et al. (2004)11

Reyes-Gibby et al. (2007)

99 advanced cancer patients with 
adequate analgesia (BPI average 
pain score < 4), Norway
Same population as above

Morphine (oral)
AA (n = 78)
AG (n = 17)
GG (n = 4)

A = 0.874
G = 0.126

AG genotype associated with a 
significantly higher pain score, 
GG associated with significantly 
higher dose
Patients jointly carrying AA 
and Met/Met for COMT rs4680 
(Val158Met) required the lowest 
dose to achieve pain relief

Klepstad et al. (2011)18

1745 cancer patients with moder-
ate to severe pain at 17 centres 
including Denmark, Finland, 
Germany, Great Britain, Iceland, 
Italy, Lithuania, Norway, Sweden, 
Switzerland

Opioids (morphine, oxycodone, 
fentanyl, other opioids)

AA (n = 1335)
AG (n = 385)
GG (n = 25)

A = 0.875
G = 0.125

No significant associations 
between genotypes and opioid 
dose in the development 
(n = 1177) or validation (n = 568) 
sample

Li et al. (2016)14 59 patients with severe cancer-
induced pain, China

Oxycodone (oral sustained-
release)

AA (n = 23)
AG (n = 28)
GG (n = 8)

A = 0.627*
G = 0.373

AG and GG genotype associated 
with a significantly higher dose 
than AA, with adverse effects not 
associated with the polymor-
phism

Matic et al. (2017)28

238 advanced cancer patients 
referred to a pain consultation 
service due to inadequate analge-
sia, Netherlands

Opioids (fentanyl, oxycodone, 
hydromorphone, morphine, 
buprenorphine) with 9% requir-
ing ketamine as an adjuvant 
analgesic

AA (n = 192)
AG (n = 45)
GG (n = 1)

A = 0.901
G = 0.099

A trending increase in change 
of morphine equivalent dose 
increase from baseline was seen 
for 118A>G, which converted to 
a significant 50% higher required 
dose increase for those patients 
who also carried the COMT 
rs4680 (Val158Val) genotype

Matsuoka et al. (2012)19 41 opioid naïve patients with 
malignant neoplasms, Japan Morphine (mixed routes)

AA (n = 12)
AG (n = 21)
GG (n = 8)

A = 0.549*
G = 0.451

No association was observed 
between the OPRM1 118A>G 
genotype and the plasma concen-
tration or the required dose of 
morphine

Naito et al. (2011)20
62 cancer patients receiving 
oxycodone in a dose escalation 
study, Japan

Oxycodone (oral extended-
release)

AA (n = 19)
AG + GG (n = 43)

A = 0.581*
G = 0.419

No significant association 
observed in the incidence of dose 
escalation between genotypes

Oosten et al. (2016)21 339 moderate-to-severe cancer-
related pain, Netherlands

Opioids (oxycodone, morphine, 
fentanyl, hydromorphone)

AA (n = 269)
AG + GG (n = 70) –

No association between geno-
types and opioid failure, defined 
as rotation to another opioid 
or treatment with intrathecal 
opioids due to insufficient pain 
control and/or side effects, or the 
use of palliative sedation because 
of refractory symptoms associ-
ated with opioid treatment in the 
dying phase

Ross et al. (2005)22
156 cancer patients (117 controls 
and 39 switchers), UK (Cauca-
sian)

Opioids (morphine, oxycodone, 
other opioids)

AA (n = 114)
AG (n = 37)
GG (n = 5)

A = 0.849
G = 0.151

No association between geno-
types of patients who responded 
to morphine (control) vs those 
switching to an alternate opioid

Takemura et al. (2023)23

222 in-patients receiving cancer 
pain treatment as part of an 
opioid introduction or opioid 
rotation strategy, Japan

Opioids (fentanyl, hydromor-
phone, oxycodone, methadone, 
tapentadol)

AA (n = 81)
AG (n = 74)
GG (n = 67)

A = 0.532*
G = 0.468

No association for those patients 
receiving tapentadol (n = 28) 
and methadone (n = 25), but a 
significantly smaller reduction 
pain score in G-allele carriers 
for hydromorphone (n = 67), 
oxycodone (n = 26), and fentanyl 
(n = 76) groups

Continued
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requirements17,18,21,22,28. Studies conducted in Lebanon10 and Tunisia16 had no carriers of the homozygous GG 
genotype. Two studies conducted in Japan showed no significant associations19,20. One study comparing the effects 
of OPRM1 A118G on different opioids in 222 in-patients in Japan showed no association for those patients receiv-
ing tapentadol (n = 28) and methadone (n = 25), but a significantly smaller reduction in pain score in G-allele 
carriers for hydromorphone (n = 67), oxycodone (n = 26), and fentanyl (n = 76) groups23.

Discussion
OPRM1 is the most studied pharmacogene associated with the pharmacodynamics of opioids, for a variety of pain 
conditions including experimentally induced pain, postoperative pain, chronic non-malignant pain and cancer 
pain. The results from several studies on the association of the A118G polymorphism on analgesia and opioid 
dose requirements are conflicting. Reviews on the associations of OPRM1 A118G and experimental pain have 
reported study findings ranging from increased to decreased pain threshold, to not finding significance29,30. For 
post-operative pain, meta-analyses31,32 have indicated that the A118G polymorphism is associated with opioid 
requirements and adverse effects in pain treatment, however reviews have reported mixed results29,30,33,34. For 
chronic pain, reviews have identified an association between the polymorphism and chronic low back pain, but 
not for other types of chronic pain35,36. Studies on pain in advanced cancer are also disparate. A recent review by 
Bugada et al.8 and a meta-analysis by Yu et al.37 have suggested that while further studies are needed, the polymor-
phism is associated with opioid analgesia effects on cancer pain, in particular in Asian patients. Another study 
by Lui et al.38 on 96 ethnic Chinese patients with adenocarcinoma of the colon, rectum, or stomach who were 
treated with tramadol/acetaminophen combination tablets for oxaliplatin-induced painful neuropathy showed 
that patients with the AA genotype (n = 30) had a better analgesic effect than those with G allele variants (AG: 
n = 56 and GG: n = 10), with the requirement for rescue analgesia also higher for patients with G allele variants.

Only one study on pain in cancer included methadone as the primary intervention for 25 patients23. Asso-
ciation studies on OPRM1 A118G and methadone response have been conducted in methadone maintenance 
treatment (MMT) settings for the treatment of heroin dependence, however the influence of this SNP on MMT 
outcome remains unclear39–41. The results of our study of 46 patients receiving methadone for advanced cancer 
showed no association for methadone dose or pain score which is consistent with studies conducted in European 
populations17,18,21,22,28. The results are also consistent with a recent GWAS study of 178 advanced cancer patients 
receiving a variety of opioids for pain, where no association was shown between OPRM1 A118G and pain sever-
ity, opioid dose requirement or pain response42.

While the results of our review on association studies of OPRM1 A118G and response to opioids in advanced 
cancer pain appear to show conflicting results, they do demonstrate the importance of taking ancestry into 
account at the individual level, where possible. Studies in Chinese populations consistently showed patients 
with the AG and GG genotype to be associated with significantly higher opioid dose requirements than those 
with the AA genotype. The recent study by Takemura et al.23 comparing the effects of five opioids in cancer in-
patients in Japan showed a significantly smaller reduction in pain score in G-allele carriers for patients receiving 
hydromorphone, oxycodone and fentanyl, while no association was shown for those receiving methadone and 
tapentadol. The authors concluded that tapentadol and methadone may be more suitable than hydromorphone, 
oxycodone, and fentanyl for G-allele carriers due to their dual mechanisms of analgesic action (i.e. noradrenaline 
reuptake inhibition for tapentadol and NMDA receptor antagonism for methadone) and low susceptibility to 
OPRM1 A118G polymorphism23.

It is also important to note that genetic polymorphisms of the cytochrome P450 enzymes involved in opioid 
pharmacokinetics can also affect response to opioid therapy43. There are many challenges inherent in conducting 
studies on the management of cancer pain. The patients’ pain is often not stable with each individual having a 
different pattern of escalation in pain, depending on the status of their disease, requiring individual dose titra-
tion guided by breakthrough doses and/or other background opioids. There is also significant attrition and small 
sample sizes are common. While we collected data across two study sites over an extended period, our sample 
size was small with only one patient identified as carrying the homozygous GG genotype. Another limitation 
of the study is the diverse mixed lineage inherent to the Australian population with participants in our study 
unable to be stratified into traditional distinct homogenous groups by race/ethnicity.

It is hoped that this study will provide a useful starting point for further research in this challenging field. 
While research conducted in this uncontrolled ‘real-life’ setting in patients with advanced cancer may be seen 
as a limitation, it should not preclude further research in the area. Further studies will build on the growing 
evidence base that will allow for the continued development of gene-drug dosing guidelines.

As the technology in pharmacogenomic testing becomes more accessible and economical4, clinicians will be 
faced with having patients’ genotypes available even if they have not explicitly ordered a test with a specific drug 
in mind. The Clinical Pharmacogenetic Implementation Consortium (CPIC) is an international consortium that 

Table 3.   Characteristics of studies on the association of OPRM1 A11G and response to opioids for pain 
management in advanced cancer. *p < 0.001 (as determined by χ2 test for allele frequency compared to our 
study).

Study references
Study site, design and included 
participants Intervention Genotype distribution Allele frequency Study findings

Ying et al. (2016)15
66 Han Chinese patients with 
medium and severe cancer pain, 
China

Opioids (oxycodone, morphine, 
fentanyl)

AA (n = 24)
AG (n = 35)
GG (n = 7)

A = 0.629*
G = 0.371

AG and GG genotype associated 
with a significantly higher opioid 
dose than AA
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creates and disseminates peer-reviewed, freely available genotype-based drug-dosing guidelines for clinicians that 
are regularly updated and referenced in ClinGen and PharmGKB44. The goal of the CPIC is to translate genetic 
laboratory test results into actionable prescribing decisions for affected drugs. A standard system for grading 
based on genotype/phenotype that includes a standardized system for assigning strength to each prescribing 
recommendation44. This free, online, searchable repository will be a valuable therapeutic decision support tool 
for clinicians as new studies become available in the future.

Of further interest is that opioids are reported to be immunosuppressive and affect the endocrine system45, 
and the μ-opioid receptor is a major element underlying pain, the endocrine system and immune function. As 
such, OPRM1 might be used in the future to customize opioid therapy, not only to improve treatment and avoid 
side effects, but also in predicting disease progression8,46.

Conclusion
The A118G polymorphism in OPRM1 has been associated with a number of phenotypes including drug addic-
tion, response to treatment (pain, maintenance pharmacotherapy for opioid dependence), personality traits, and 
response to stress26. We did not find an association with methadone dose or pain scores for our study, although 
our sample size was small and focused on the A11G polymorphism. The results of our review on association 
studies of OPRM1 A118G in advanced cancer pain, suggest the importance of taking ancestry into account at 
the individual level, where possible. Initial dosing considerations may include accounting for the significant 
associations for the 118G allele and cancer pain for Chinese patients, as compared to European populations. 
Further studies are needed to determine whether methadone may be more suitable for pain management than 
other opioids for G-allele carriers due its dual mechanisms of analgesic action and thus potential lower suscep-
tibility to the OPRM1 A118G polymorphism. Accurate predictions of response to opioid therapy should also 
include consideration of polymorphisms involved in opioid pharmacokinetics. As the technology in genetic 
testing becomes more accessible, consideration of pharmacogenomic factors is likely to play an important role 
in improving patient outcomes in palliative care. Freely available online genotype-based drug-dosing guidelines 
for clinicians, such as CPIC, will significantly assist in expediting the translation of research findings to the clinic. 
While clinical studies in palliative care are challenging, we encourage continued research in the area to provide 
evidence to support clinicians in achieving better treatment outcomes and quality of life for their patients.

Materials and methods
Study participants and procedures
This is a sub-study of a prospective, multi-centre, open label dose individualization study of methadone for pain 
management in palliative care. Fifty-four adult patients with advanced cancer were recruited through the oncol-
ogy and palliative care services of the Mater Adults Hospital (MAH) and St Vincent’s Private Hospital (SVPH) 
in Brisbane between 2013 and 2016. Written informed consent for genotyping analysis was obtained from all 
participants and ethics approval was granted by both Human Research Ethics Committees (#HREC/13/MHS/103, 
#HREC/13/15). Methadone was administered via the oral route twice daily according to clinical need as assessed 
by the SPC doctor often in conjunction with other opioids, considering current breakthrough and/or background 
doses. The methadone dose was recorded, including any titrations to the dose. Patient characteristics including 
type of cancer, liver and renal function were recorded. Due to the vulnerable nature of the population, samples 
were taken when it was convenient for the participant, and at each time blood and saliva was collected for the 
dose individualization study47. Pain intensity was assessed using the Brief Pain Inventory (BPI)48. Participants 
were required to rate their pain “right now” on a numerical rating scale from 0 to 10 using the BPI, with 0 rep-
resenting no pain and 10 worst pain intensity (pain as bad as you can imagine) each time blood and saliva were 
collected. All participants who were aged ≥ 18 years, able to read and understand the patient information sheet, 
provide written consent, and agree to the provision of blood and saliva samples were eligible to enrol in the 
study. Exclusion criteria included those patients with oral mucositis, infection, or xerostomia. A sample size of 
50 participants, providing two to four samples, was determined to be the minimum number necessary to gener-
ate satisfactory estimates of the structural parameters (clearance and volume of distribution) and the variance 
parameters (interindividual and inter-occasion variability) for non-linear mixed effect modelling (population 
pharmacokinetic modelling) for the dose individualization study.

Genotyping
Genomic DNA (gDNA) was extracted from whole blood collected into EDTA tubes using an in-house salting-
out method49 at the Genomics Research Centre, Queensland University of Technology, Brisbane. A NanoDrop™ 
ND-1000 spectrophotometer (ThermoFischer Scientific Inc., Waltham, MA, USA) was used to measure DNA 
concentration and purity before dilution to 15–20 ng/μL and storing as stock gDNA at 4 °C. Genotyping of 
OPRM1 (rs1799971, 118A>G N40D) was conducted via pyrosequencing with primers designed using Pyro-
mark Assay Design software (QIAGEN): 5ʹ CAC​TGA​TGC​CTT​GGC​GTA​C, 5ʹ GGG​CAC​AGG​CTG​TCT​CTC​ 
(biotinylated) and sequencing primer 5ʹ CAA​CTT​GTC​CCA​CTT​AGA​T. Pyrosequencing was performed on a 
QSeq platform (BioMolecular Systems) using Pyromark Gold Q24 reagents (QIAGEN). Sequencing traces were 
analyzed with QSeq software, version 2.1.3 (BioMolecular Systems). All genotyping was conducted by investiga-
tors blinded to sample identity. Genotypes were assigned using all of the data from the study simultaneously 
and not in batches.

Statistical analysis
Deviation of Hardy–Weinberg equilibrium was tested using the chi-square (χ2) test (p < 0.05) and the observed 
minor allele frequency (MAF) compared with the MAF from relevant populations in dbSNP (National Center 
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for Biotechnology Information)27. Clinical data are described as mean ± standard deviation (SD) or medians 
and interquartile ranges, as appropriate for continuous measures. Nominal variables are described as frequen-
cies and percentages. The adequacy of each statistical test was assessed by examining residuals for heterogeneity 
and normality. Regression analysis was used to examine whether the outcomes of methadone dose and pain 
score were dependent on patient characteristics not related to the OPRM1 A118G genotype, including age, gen-
der, body mass index (BMI), liver and kidney function. Kruskal–Wallis H test was used to determine whether 
genotypes were associated with the methadone dose or pain score. For participants providing multiple samples, 
methadone dose and pain scores were averaged across all samples. χ2 analysis was used to determine significant 
associations for pain score, where low and high pain were categorized as ≤ 3/10 and > 3/10, respectively. Data 
was analyzed using IBM SPSS Statistics for Windows, version 26.0 (Armonk, NY: IBM Corp) and significance 
was considered if p < 0.05.

Ethics approval and consent to participate
This study was performed in line with the principles of the Declaration of Helsinki. Approval was granted by the 
Human Research Ethics Committees at Mater Health Services (# HREC/13/MHS/103), St Vincent’s Health and 
Aged Care (#HREC/13/15) and Griffith University (#PHM/17/13/HREC). Informed consent was obtained from 
all individual participants included in the study with all samples deidentified prior to use.

Data availability
All data generated or analysed during this study are included in this published article (and its supplementary 
information files). All genotype data has been deidentified to ensure no connection to individual participants.
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