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Abstract

Background: Acute renal colic is a common urological emergency characterized by substan-
tial interindividual variability in analgesic response. Pharmacogenetic variation in OPRM1,
COMT, and ABCB1 may contribute to differences in opioid efficacy and pain control. This
study primarily evaluated the associations of OPRM1 A118G (rs1799971), COMT Val158Met
(rs4680), and ABCB1 C3435T (rs1045642) polymorphisms with opioid analgesic response in
patients with acute renal colic. As a secondary exploratory analysis, genotype and allele
frequencies were compared between patients and healthy controls. Methods: This prospec-
tive case-control study included 150 patients with acute renal colic and 100 healthy controls.
Genotyping was performed using TagMan SNP Genotyping Assays based on real-time
polymerase chain reaction. Genotype frequencies were compared between groups using
dominant and recessive genetic models, and Hardy—-Weinberg equilibrium was assessed.
In addition, genotype—-phenotype associations were evaluated using pain severity, early
analgesic response, initial opioid dose, rescue analgesic requirement, and multivariable
logistic regression analyses. Results: In the secondary exploratory case—control analysis, no
statistically significant differences in genotype or allele frequencies of OPRM1 rs1799971,
COMT rs4680, or ABCB1 rs1045642 were observed between patients with acute renal colic
and healthy controls. Within the patient cohort, however, genotype-phenotype analyses
identified differences in early analgesic outcomes. Baseline-adjusted 30 min VAS differed
according to OPRM1, COMT, and ABCB1 genotype, with the most pronounced difference
observed for ABCB1 rs1045642. Patients with the ABCB1 TT genotype had higher adjusted
30 min VAS scores and showed a pattern of greater opioid requirement and more frequent
rescue analgesia. In exploratory multivariable analysis, the ABCBI TT genotype was associ-
ated with higher odds of inadequate early analgesic response (adjusted OR = 2.74, 95% CI
1.18-6.37; p = 0.019). Given the limited number of outcome events, this adjusted association
should be considered preliminary and hypothesis-generating. Conclusions: No signif-
icant differences in the distributions of the polymorphisms investigated were observed
between patients with acute renal colic and healthy controls. Within the patient group,
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ABCBI1 genetic variation was associated with early opioid analgesic response, although this
finding should be considered preliminary and requires confirmation in larger prospective
pharmacogenetic studies before clinical implementation. Any potential future pharmaco-
genetic application should be considered as an adjunct to established first-line renal—colic
management and specifically in patients for whom opioid therapy is clinically indicated.

Keywords: acute renal colic; pharmacogenetics; OPRM1; COMT; ABCB1; opioid analgesics;
personalized medicine; pain management; genetic polymorphism

1. Introduction

Acute renal colic, characterized by sudden and severe pain, is one of the most common
urological reasons for emergency department visits. Rapid and effective pain control is
a primary goal of treatment. Nonsteroidal anti-inflammatory drugs (NSAIDs) are gener-
ally recommended as first-line therapy; however, opioid analgesics are often required in
patients with severe or treatment-resistant pain. Substantial interindividual variability in
pain perception, analgesic efficacy, and opioid requirements cannot be fully explained by
clinical factors alone, suggesting that genetic variation may also contribute to differences in
analgesic response [1-4].

Pharmacogenetics investigates the contribution of genetic variation to the pharma-
cokinetic and pharmacodynamic effects of drugs, with the aim of improving therapeutic
efficacy and reducing adverse effects as part of personalized medicine. Among the genes
most extensively investigated in relation to opioid analgesic response are OPRM1, COMT,
and ABCB1. OPRM1 encodes the p-opioid receptor, the principal molecular target of opioid
analgesics, and the A118G (rs1799971) polymorphism has been associated with differences
in opioid sensitivity and analgesic response [5-7]. The COMT Val158Met (rs4680) polymor-
phism influences catecholamine metabolism and has been associated with interindividual
variability in pain perception and opioid requirements [8-10].

ABCB1 encodes P-glycoprotein (P-gp), an ATP-dependent efflux transporter expressed
at several tissue barriers, including the blood-brain barrier, where it may contribute to
variability in drug disposition and central nervous system exposure to certain opioid
analgesics. The synonymous ABCBI C3435T (rs1045642) variant has been investigated
in relation to ABCBI1 expression, P-glycoprotein activity /function, drug disposition, and
opioid response [11,12]. However, the reported associations have been inconsistent, and
151045642 should not be interpreted as a variant that directly or conclusively determines
P-glycoprotein function. Rather, it may represent a marker of ABCB1-related variability,
potentially including linkage with other functional variants or haplotypes.

Recent pharmacogenetic studies have suggested that variation in these genes may
be associated with opioid requirements, analgesic response, pain sensitivity, and opioid-
related adverse effects [13-17]. Genotype-informed approaches to drug selection and dose
optimization have therefore been proposed as potential strategies for improving thera-
peutic efficacy and reducing adverse effects [18-21]. Nevertheless, evidence supporting
their routine clinical implementation remains limited, particularly in acute pain settings.
The three variants investigated in the present study were selected because they repre-
sent biologically complementary mechanisms potentially contributing to variability in
opioid analgesia: OPRM1 rs1799971 represents opioid receptor-mediated pharmacody-
namic variability, COMT rs4680 represents variability in catecholamine metabolism and
pain processing, and ABCB1 rs1045642 represents potential transporter-related variability
in central opioid exposure [13-18]. Although these variants have been investigated in
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relation to pain perception, opioid requirements, and analgesic response in other clinical
settings, evidence specifically addressing their combined relationship with opioid analgesic
outcomes in acute renal colic remains limited [13-17]. Their associations with early pain
response, opioid requirement, and rescue analgesic use in this acute clinical setting have
not been adequately characterized. Our previous pharmacogenetic studies demonstrated
associations between genetic variability in drug-metabolizing enzymes and analgesic re-
sponse in different clinical settings, including postoperative tramadol therapy, paracetamol
treatment for acute orthopedic pain, and meperidine administration in renal colic [22-24].
These findings provide a rationale for further investigation of pharmacogenetic variability
in acute pain management.

Accordingly, the primary objective of this preliminary candidate-gene pharmacoge-
netic association study was to evaluate the associations of OPRM1 A118G (rs1799971),
COMT Val158Met (rs4680), and ABCB1 C3435T (rs1045642) with clinically relevant opioid
analgesic outcomes in patients with acute renal colic. Baseline-adjusted 30 min VAS was
considered the principal measure of early analgesic response, whereas AVAS was evaluated
as a sensitivity outcome; opioid requirement and rescue analgesic use were evaluated as
additional exploratory outcomes. As a secondary exploratory objective, genotype and allele
frequencies of these variants were compared between patients with acute renal colic and
healthy controls. This case-control comparison was intended to characterize differences in
variant distribution between the study groups and was not designed to establish genetic
susceptibility to acute renal colic.

2. Results
2.1. Study Population

A total of 250 individuals were enrolled in this prospective case—control study, in-
cluding 150 patients with acute renal colic and 100 healthy controls. The demographic,
laboratory, and clinical characteristics of the study population are presented in Table 1.
Patients with acute renal colic presented with severe pain requiring opioid analgesia in
the emergency department. Baseline pain intensity, early analgesic response, initial opioid
dose, rescue analgesic requirement, stone size, hydronephrosis grade, and routine labora-
tory parameters were systematically recorded to enable subsequent genotype—phenotype
analyses. Genomic DNA of adequate quality was successfully isolated from all participants,
and all samples fulfilled the predefined quality control criteria; therefore, no samples were
excluded from the pharmacogenetic analyses.

Table 1. Demographic and clinical characteristics of patients with acute renal colic and healthy controls.

. Patients with Acute Renal Healthy Controls
Variable Colic (n = 150) (n}; 100) p Value
Age, years 37.0 (29.0-49.0) 45.0 (32.0-65.0) 0.002
Male sex, n (%) 91 (60.7) 46 (46.0) 0.031
Creatinine, mg/dL 0.87 (0.72-1.03) 0.81 (0.66-0.93) 0.012
Baseline VAS score 83+1.1 — —
VAS score at 30 min 47+ 1.8 — —
AVAS (baseline-30 min) 36+17 — —
Initial tramadol dose 58+21° — —
Rescue fentanyl required, n (%) 38 (25.3) — —
Stone size, mm 4.0 (3.0-7.0) — —
Hydronephrosis grade 0/1/2/3, n 64/49/33/4 — —
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Table 1. Cont.
. Patients with Acute Renal Healthy Controls
Variable Colic (n = 150) (n = 100) p Value
Hematuria, n (%) 138 (92.0) — —
Costovertebral angle tenderness, n (%) 133 (88.7) — —

Data are presented as median (interquartile range [IQR]), mean + standard deviation (SD), or n (%),
as appropriate. The distribution of continuous variables was assessed using the Shapiro-Wilk test
together with visual inspection of the data distribution. Non-normally distributed continuous vari-
ables were compared using the Mann—-Whitney U test, whereas categorical variables were compared
using the Pearson x? test or Fisher’s exact test, as appropriate. Patient-specific clinical and analgesic
variables were not applicable to healthy controls. Abbreviations: VAS, Visual Analog Scale; AVAS,
change in VAS score from baseline to 30 min. * Values are expressed as mean =+ standard deviation.

2.2. OPRM1 A118G (rs1799971) Polymorphism

Within the patient group, the frequencies of genotypes AA, AG and GG were 97 (64.7%),
44 (29.3%) and 9 (6.0%), respectively. On the other hand, in the control group, these ratios
were 64 (64.0%), 32 (32.0%) and 4 (4.0%), respectively. No significant difference was found
statistically between the patient and control groups in terms of OPRM1 A118G genotype
distributions (p = 0.739).

2.3. COMT Val158Met (rs4680) Polymorphism

In the patient group, Met/Met (AA) genotype was detected in 24 (16.0%), Val/Met
(AG) genotype in 70 (46.7%), and Val/Val (GG) genotype in 56 (37.3%) individuals. In
the control group, respectively, 14 (14.0), 51 (51.0), and 35 (35.0) individuals had the
corresponding genotypes. No statistically significant difference was observed between the
patient and control groups in terms of COMT Val158Met genotype distributions (p = 0.786).

2.4. ABCB1 C3435T (rs1045642) Polymorphism

Regarding the ABCB1 C3435T polymorphism, in the patient group, CC, CT, and TT
genotypes were found in 49 (32.7%), 70 (46.7%), and 31 (20.7) individuals, respectively. In
the control group, CC genotype was observed in 37 (37.0%), CT genotype in 52 (52.0%), and
TT genotype in 11 (11.0%) individuals. Although the TT genotype is present at a higher
rate in the patient group compared to the control group, the overall genotype distribution
between the two groups was not statistically significantly different (p = 0.134).

2.5. Genotype and Allele Distributions of OPRM1, COMT and ABCB1 Polymorphisms

The genotype and allele distributions of the investigated pharmacogenetic polymor-
phisms are presented in Table 2. The genotype frequencies of OPRM1 A118G, COMT
Val158Met, and ABCB1 C3435T polymorphisms did not differ significantly between pa-
tients with renal colic and healthy controls (p > 0.05 for all comparisons). Similarly, allele
frequencies were comparable between the two groups. Although the frequency of the
ABCBI1 TT genotype was higher among patients with acute renal colic than in controls
(20.7% vs. 11.0%), this difference did not reach statistical significance.

Table 2. Genotype and allele distributions of OPRM1, COMT and ABCB1 polymorphisms.

Gene Genotype Patients n (%) Controls n (%) p Value
OPRM1 (rs1799971) AA 97 (64.7) 64 (64.0)
AG 44 (29.3) 32 (32.0)
GG 9 (6.0) 4 (4.0) 0.739
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Table 2. Cont.

Gene Genotype Patients n (%) Controls n (%) p Value
COMT (rs4680) AA (Met/Met) 24 (16.0) 14 (14.0)
AG (Val/Met) 70 (46.7) 51 (51.0)
GG (Val/Val) 56 (37.3) 35 (35.0) 0.786
ABCBI (rs1045642) CC 49 (32.7) 37 (37.0)
CT 70 (46.7) 52 (52.0)
TT 31 (20.7) 11 (11.0) 0.134

2.6. Association Analyses Under Different Genetic Models

As a secondary exploratory analysis, differences in the distribution of the investigated
polymorphisms between patients with acute renal colic and healthy controls were further
evaluated using additive, dominant, and recessive genetic models (Table 3). No statistically
significant between-group associations were observed for OPRM1, COMT, or ABCB1 under
the investigated inheritance models, including the additive per-allele analyses. Under the
recessive model, individuals with the ABCB1 rs1045642 TT genotype had approximately
two-fold higher odds of belonging to the acute renal colic group compared with CC/CT
carriers (OR = 2.11, 95% CI 1.00-4.42); however, this association was not statistically
significant (p = 0.057).

Table 3. Association analyses under dominant and recessive genetic models.

Gene Genetic Comparison  Reference OR (95% p Value
Model Category Category CD
OPRMI ~ Dominant AG+GG  AA ?6.9577-1. 6 L1000
OPRMI ~ Recessive GG AA + AG (10'_55’6_5.12) 0572
CoMT Dominant ~ AG+GG  AA ?62.152—1.75) 0722
COMT Recessive GG AA +AG (1(5.1615—1. s 079
ABCB1 Dominant CT+TT CC (16.2711_2'0 6) 0.499
ABCB1 Recessive TT CC+CT (211010_ 4.42) 0.057

ORs represent the odds of belonging to the acute renal colic patient group relative to healthy controls
for the comparison category versus the explicitly specified reference category. ORs > 1 indicate
higher odds of belonging to the patient group for the comparison category relative to the reference
category. Genotype counts and allele frequencies for patients and controls are presented in Table 2.
Abbreviations: OR, odds ratio; CI, confidence interval.

The genotype distributions of the investigated polymorphisms were evaluated for
Hardy—Weinberg equilibrium (HWE), with primary emphasis on the control group for the
secondary case—control analysis (Table 4). In the control group, no significant deviations
from HWE were observed for OPRM1 A118G (rs1799971), COMT Vall158Met (rs4680),
or ABCB1 C3435T (rs1045642). Given the small number of rare homozygous genotypes,
particularly for OPRM1 rs1799971, HWE was additionally evaluated using an exact test,
which similarly showed no evidence of deviation from equilibrium (OPRM1: exact p = 1.000;
COMT: exact p = 0.675; ABCB1: exact p = 0.291). Patient-group HWE results are presented
descriptively in Table 4. HWE findings were interpreted as a population-level consistency
assessment rather than as standalone evidence of genotyping reliability.
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Table 4. Hardy-Weinberg equilibrium analysis.
Gene Group X2 p (x* HWE) Exact HWE p
OPRM1 Controls 0.000 1.000 1.000
Patients 1.668 0.197 0.212
COMT Controls 0.450 0.502 0.675
Patients 0.074 0.786 0.864
ABCBI1 Controls 1.332 0.248 0.291
Patients 0.422 0.516 0.511

Hardy—Weinberg equilibrium (HWE) was evaluated separately in healthy controls and patients with
acute renal colic using both the x? test and an exact HWE test. For the case—control genetic association
analysis, HWE results in the healthy control group were considered the primary assessment for
identifying potential genotyping- or population-related deviations, whereas patient-group results
are presented for completeness. No investigated variant showed evidence of deviation from HWE
in the control group (all exact HWE p > 0.05). Exact HWE p values were used as the primary
HWE assessment.

2.7. Association Between Genotypes and Clinical Outcomes

To investigate whether genetic variation was associated with clinically relevant anal-
gesic outcomes, pain- and treatment-related parameters were compared according to
OPRM1, COMT, and ABCBI1 genotypes. Baseline VAS score, VAS score at 30 min, AVAS,
initial opioid dose expressed as intravenous morphine-equivalent dose, rescue analgesic
requirement, and stone size were evaluated to explore potential genotype—phenotype
associations. The findings are presented in Table 5.

Table 5. Associations of OPRM1, COMT, and ABCB1 genotypes with pain intensity and analgesic
outcomes in patients with acute renal colic.

Panel A. Continuous Analgesic Outcomes

Adjusted VAS at 30 Initial Tramadol

Gene Genotype min, Mean (95% CI) AVAS, Mean (95% CI) Dose, l\gi;m (95%
OPRM1 rs1799971 AA (n=97) 4.31 (4.07-4.55) 3.90 (3.64—4.16) 5.40 (5.10-5.70)
AG (n=44) 4.78 (4.42-5.13) 3.50 (3.07-3.93) 5.90 (5.35-6.45)
GG (n=9) 5.52 (4.73-6.31) 2.90 (1.98-3.82) 6.80 (5.49-8.11)
Overall nominal p 0.004 0.043 0.020
FDR-adjusted p 0.018 0.086 0.051
COMT rs4680 AA (Met/Met) (n =24) 5.40 (4.91-5.89) 3.40 (2.89-3.91) 6.00 (5.32-6.68)
AG (Val/Met) (n = 70) 4.49 (4.21-4.78) 3.70 (3.37-4.03) 5.70 (5.29-6.11)
GG (Val/Val) (n = 56) 4.47 (4.16-4.79) 3.90 (3.55-4.25) 5.40 (4.97-5.83)
Overall nominal p 0.004 0.302 0.300
FDR-adjusted p 0.018 0.418 0.418
ABCBI1 rs1045642 CC (n=49) 3.96 (3.62—4.31) 4.00 (3.63-4.37) 5.30 (4.90-5.70)
CT (n=70) 4.40 (4.12-4.69) 3.70 (3.37-4.03) 5.80 (5.39-6.21)
TT (n =31) 5.26 (4.82-5.69) 3.10 (2.66-3.54) 6.60 (5.94-7.26)
Overall nominal p <0.001 0.014 0.003
FDR-adjusted p <0.018* 0.042 0.018
Panel B. Categorical Analgesic Outcome: Rescue Fentanyl Requirement
Gene Genotype Rescue Feon tanyl, Comparison OR (95% CD) p Value
n/N (%)
OPRM1 rs1799971 AA 20/97 (20.6) Reference 1.00 —_
AG 12/44 (27.3) AGvs. AA 1.44 (0.63-3.30) 0.383
GG 6/9 (66.7) GGvs. AA 7.70 (1.77-33.51) 0.007
Overall genotype effect Nc})zn];}?;l f 6'(())?.)(;09,
COMT rs4680 GG (Val/Val) 12/56 (21.4) Reference 1.00 —
AG (Val/Met) 18/70 (25.7) AG vs. GG 1.27 (0.55-2.92) 0.575
AA (Met/Met) 8/24 (33.3) AA vs. GG 1.83 (0.63-5.30) 0.263
Overall genotype effect N(;lellgzl f (;.255630,
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Table 5. Cont.
Panel B. Categorical Analgesic Outcome: Rescue Fentanyl Requirement
Gene Genotype Rescue Feun tanyl, Comparison OR (95% CI) p Value
n/N (%)
ABCBI rs1045642 CC 8/49 (16.3) Reference 1.00 —
CT 17/70 (24.3) CTvs. CC 1.64 (0.65-4.18) 0.297
T 13/31 (41.9) TT vs. CC 3.70 (1.31-10.48) 0.014
Nominal p = 0.036;
Overall genotype effect FDR p = 0.081

Panel A. Data for continuous outcomes are presented as adjusted estimated marginal means with
95% confidence intervals (Cls) or unadjusted means with 95% ClIs, as appropriate. Thirty-minute
VAS scores were analyzed using analysis of covariance (ANCOVA), with genotype as the fixed
factor and baseline VAS score as the covariate; therefore, baseline-adjusted estimated marginal
means with 95% Cls are reported. AVAS (baseline VAS minus 30 min VAS) and initial weight-based
tramadol dose are presented as unadjusted means with 95% Cls and were compared across genotype
groups using one-way analysis of variance (ANOVA). Overall nominal p values represent omnibus
genotype effects. To account for multiple genotype—phenotype comparisons, nominal p values were
adjusted using the Benjamini-Hochberg false discovery rate (FDR) procedure, and both nominal
and FDR-adjusted p values are reported. FDR-adjusted p values < 0.05 were considered statistically
significant after multiplicity correction. Abbreviations: VAS, Visual Analog Scale; AVAS, change in
VAS score from baseline to 30 min; CI, confidence interval; FDR, false discovery rate. Because multiple
genotype—-phenotype comparisons were performed, the 18 nominal p values presented in Table 5 were
additionally subjected to Benjamini-Hochberg false discovery rate (FDR) correction. After multiplicity
adjustment, the genotype-related differences in baseline-adjusted 30 min VAS remained statistically
significant for OPRM1, COMT, and ABCB1. The genotype-related difference in rescue fentanyl
requirement for OPRM1 and the differences in AVAS and initial weight-based tramadol dose for
ABCBI also remained statistically significant after FDR correction. In contrast, the nominal differences
in AVAS and initial weight-based tramadol dose for OPRM1 and in rescue fentanyl requirement for
ABCBI did not remain statistically significant after multiplicity adjustment. Panel B. Rescue fentanyl
requirement is presented as n/N (%). Genotype-specific associations with rescue fentanyl requirement
were evaluated using pairwise odds ratios (ORs) with 95% confidence intervals (Cls), calculated
relative to the explicitly specified reference genotype for each gene. ORs > 1 indicate higher odds
of requiring rescue fentanyl compared with the reference genotype. Pairwise p values correspond
to the reported genotype contrasts. Overall nominal p values represent omnibus comparisons of
rescue fentanyl requirement across the three genotype groups using the Pearson x2 test. To account
for multiple genotype—phenotype comparisons, the overall nominal p values were included in the
Benjamini-Hochberg false discovery rate (FDR) correction, and the corresponding FDR-adjusted
p values are reported. FDR-adjusted p values < 0.05 were considered statistically significant after
multiplicity correction. Pairwise OR analyses were exploratory and were not separately subjected to
FDR correction. Abbreviations: OR, odds ratio; CI, confidence interval; FDR, false discovery rate.
t FDR-adjusted p < 0.018 was defined as the threshold for statistical significance after false discovery
rate (FDR) correction for multiple comparisons.

The magnitude and precision of the observed genotype-phenotype differences were
further examined using effect estimates with 95% Cls (Table 5). For ABCB1 rs1045642, TT
carriers had a higher baseline-adjusted 30 min VAS score than CC carriers (5.26 [95% CI
4.82-5.69] vs. 3.96 [95% CI 3.62—4.31]), corresponding to an adjusted mean difference of ap-
proximately 1.30 VAS points. In exploratory unadjusted pairwise comparisons, TT carriers
showed a smaller reduction in pain than CC carriers (mean difference in AVAS = —0.90,
95% CI —1.46 to —0.34) and received a higher initial weight-based tramadol dose (mean
difference = 1.30, 95% CI 0.55-2.05). Rescue fentanyl was required in 41.9% of TT carriers
compared with 16.3% of CC carriers, corresponding to an unadjusted OR of 3.70 (95% CI
1.31-10.48). The concordant direction of these effect estimates across pain intensity, pain
reduction, initial tramadol requirement, and rescue fentanyl use suggests a potentially
clinically relevant pattern; however, these pairwise findings remain exploratory and should
be interpreted cautiously, particularly given the relatively small TT subgroup.

To further explore whether the investigated genetic variants were associated with early
analgesic response after adjustment for potential clinical confounders, an exploratory mul-
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tivariable logistic regression analysis was performed. The dependent outcome was inad-
equate early analgesic response, defined as a VAS score > 4 at 30 min after intravenous
tramadol administration (corresponding to >40 mm on the original 100 mm VAS; versus
VAS < 4). The model included agg, sex, baseline VAS score, stone size, hydronephrosis grade,
OPRM1 rs1799971, COMT rs4680, and ABCBI1 rs1045642. Genetic variables were entered
under recessive models: OPRM1 GG versus AA /AG (reference), COMT AA (Met/Met) versus
AG/GG (reference), and ABCBI1 TT versus CC/CT (reference). In this exploratory adjusted
model, the ABCBI TT genotype was associated with higher odds of inadequate early analgesic
response (adjusted OR = 2.74, 95% CI 1.18-6.37; p = 0.019). Baseline VAS score was also
associated with higher odds of inadequate response (adjusted OR = 1.36, 95% CI 1.02-1.82;
p =0.037), whereas no statistically significant associations were observed for OPRM1 or COMT.
Given the number of covariates relative to the available outcome events and the width of the
confidence intervals, these estimates should be interpreted cautiously as exploratory associa-
tions rather than definitive predictive effects (Figure 1). Detailed results of the multivariable
logistic regression analysis, together with model performance and calibration assessments,
are provided in Supplementary Tables S1 and S2 and Supplementary Figure S1.

OR (95% CI) p value

Age | 1.01 (0.99-1.03) 0.214
i

Male sex —0 { 1.18 (0.64-2.16) 0.589
i

Baseline VAS —e— 1.36 (1.02-1.82)  0.037
]
i

Stone size H-0— 1.11 (0.98-1.26) 0.096
|
i

Hydronephrosis 22 i o | 1.59 (0.83-3.06) 0.164
i

OPRM1 GG k - @ i 2.08 (0.71-6.08) 0.179
!

COMT AA k E o { 1.41 (0.61-3.27) 0.417
i

ABCB1 TT : °® i 274(1.18-6.37)  0.019
]

05 1.0 2.0 40 8.0

Adjusted Odds Ratio (log scale)

<
Lower odds of inadequate Higher odds of inadequate
analgesic response analgesic response

Figure 1. Exploratory multivariable analysis of inadequate early analgesic response in patients
with acute renal colic. Inadequate early analgesic response was defined as a VAS score > 4 at
30 min after initial analgesic treatment (corresponding to >40 mm on the original 100 mm VAS),
whereas a VAS score < 4 was classified as an adequate early analgesic response. The forest plot
shows adjusted odds ratios (ORs) with 95% confidence intervals (CIs) from the multivariable logistic
regression model including age, sex, baseline VAS score, stone size, hydronephrosis grade, and
the investigated genetic variants. Genetic variables were coded under recessive models as follows:
OPRM1 rs1799971, GG versus AA/AG (reference); COMT rs4680, AA (Met/Met) versus AG/GG
(Val/Met + Val/Val; reference); and ABCB1 rs1045642, TT versus CC/CT (reference). Baseline VAS
score and the ABCB1 TT genotype were associated with higher odds of inadequate early analgesic
response. Given the number of covariates relative to the available outcome events, these multivariable
estimates should be interpreted as exploratory and hypothesis-generating rather than as definitive
predictive effects.
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3. Discussion

The present study extends candidate-gene pharmacogenetic research into the acute
renal-colic setting, in which rapid pain control is required and opioid therapy may be
necessary when first-line treatment is inadequate or contraindicated. The findings should
be interpreted as exploratory evidence of interindividual pharmacogenetic variability
in opioid response rather than as evidence of genetic susceptibility to renal colic or as
a basis for genotype-guided prescribing. Recent pharmacogenetic guidelines and studies
have suggested that genotype-informed opioid therapy, particularly using markers such
as CYP2D6, may improve analgesic efficacy and optimize opioid prescribing in selected
clinical settings [25-27]. However, substantial heterogeneity exists across populations, pain
conditions, and treatment protocols [28,29], emphasizing the need to interpret candidate-
gene associations within their specific clinical context.

The absence of robust adjusted associations for OPRM1 A118G and COMT Val158Met
should not necessarily be interpreted as evidence that these pathways are unimportant
in opioid analgesia. OPRM1 has been extensively investigated because of its potential
influence on p-opioid receptor function and opioid sensitivity [30,31], whereas COMT may
influence catecholamine metabolism, pain perception, and opioid requirements [32,33].
Previous studies have reported heterogeneous effects across populations and clinical set-
tings [28,29,34]. Such variability may reflect differences in phenotype definition, opioid
exposure, pain mechanisms, ancestry, treatment protocols, and interactions with additional
pharmacokinetic and pharmacodynamic determinants. In the present cohort, the rela-
tively small number of individuals in some genotype strata, particularly the OPRM1 GG
subgroup, further limits the precision with which modest genetic effects can be estimated.

The ABCBI finding warrants consideration from a biological perspective. ABCB1 en-
codes P-glycoprotein, an ATP-dependent efflux transporter expressed at the blood-brain
barrier that can influence central nervous system exposure to certain opioid agents [35,36].
The C3435T (rs1045642) variant is synonymous and should not be interpreted as directly
determining P-glycoprotein function; rather, it may represent a marker of ABCB1-related
variability, potentially through effects on gene expression or linkage with other functional
variants. Thus, the observed association between the TT genotype and early analgesic
response is biologically plausible but does not establish a causal mechanism.

Beyond statistical significance, the magnitude and potential clinical relevance of the
observed differences should also be considered. The baseline-adjusted mean VAS score
at 30 min was 5.26 (95% CI 4.82-5.69) in ABCB1 TT carriers compared with 3.96 (95% CI
3.62-4.31) in CC carriers, corresponding to an approximately 1.3-point difference on the
0-10 VAS. TT carriers also received a higher mean initial weight-based tramadol dose
(6.6 vs. 5.3 mg/kg) and more frequently required rescue fentanyl (41.9% vs. 16.3%). The
concordant direction of these differences across pain intensity, administered tramadol dose,
and rescue fentanyl requirement suggests a potentially clinically relevant pattern rather
than an isolated statistical association. However, because no prespecified minimal clinically
important difference was defined, the clinical significance of these effect magnitudes
cannot be established from the present study alone. Moreover, given the modest sample
size, relatively wide confidence intervals, limited number of outcome events, and potential
model instability, the ABCB1 association should be regarded as preliminary and hypothesis-
generating rather than as evidence of an established predictive biomarker.

From a clinical perspective, these findings should be considered within the established
treatment pathway for acute renal colic. The current evidence is insufficient to support
routine pharmacogenetic testing before opioid administration or genotype-based dose
adjustment. Although genotype-guided approaches are increasingly being evaluated in
clinical and pragmatic settings, important challenges remain regarding the evidence base,
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clinical utility, and implementation of pharmacogenetic testing in routine practice [37-39].
Importantly, pharmacogenetic information would not be intended to replace NSAIDs or
other established first-line analgesic strategies. Rather, if replicated and clinically validated,
genetic information might eventually contribute to individualized opioid selection or
dosing specifically among patients who require opioid therapy because first-line treatment
is inadequate or contraindicated. In the present treatment pathway, intravenous tramadol
was administered as second-line opioid therapy after inadequate response to first-line
treatment, whereas intravenous fentanyl was reserved for rescue analgesia in patients
with persistent clinically significant pain at 30 min. Future validation should therefore
incorporate standardized analgesic protocols, larger prospective cohorts, and broader
assessment of relevant pharmacokinetic and pharmacodynamic determinants [40,41].

The present findings also extend our previous pharmacogenetic studies of anal-
gesic response in Turkish patient populations. In those studies, CYP2D6 polymorphisms
were associated with tramadol efficacy, CYP2E1 variants with paracetamol response, and
CYP2C19 polymorphisms with meperidine analgesia [22-24]. Together, these observations
support a multifactorial model in which variability in analgesic response may reflect the
combined contribution of drug metabolism, receptor signaling, pain modulation, and drug
transport rather than the effect of a single polymorphism.

The pharmacogenetic evidence for OPRM1, COMT, and ABCB1 should, however,
be distinguished from more clinically established gene-drug relationships in opioid ther-
apy. Associations of these candidate genes with pain perception, opioid requirements,
and analgesic response remain heterogeneous across populations and clinical settings
and currently do not provide a basis for routine genotype-guided opioid prescribing. In
contrast, CYP2D6-dependent metabolism represents a more established pharmacogenetic
relationship for opioids such as tramadol and codeine, for which variation in metabolic
phenotype can substantially influence active-metabolite formation and consequently anal-
gesic efficacy and toxicity [26,42]. This distinction is particularly relevant to the present
study because tramadol constituted the second-line opioid therapy, while CYP2D6 was not
assessed. Therefore, unmeasured CYP2D6-dependent variability in tramadol metabolism
may have contributed to interindividual differences in analgesic response. The present in-
vestigation was intentionally designed as a focused candidate-gene study examining three
variants representing complementary mechanisms relevant to opioid response—receptor-
mediated pharmacodynamics (OPRM1), pain modulation (COMT), and drug transport
(ABCB1)—rather than as comprehensive pharmacogenomic profiling. Additional relevant
pharmacogenes, including CYP2D6, were not genotyped within the scope of the present
study. Their absence limits the ability to account for genetically determined differences in
opioid metabolism and may have contributed to unexplained interindividual variability in
analgesic response [43,44].

Importantly, the present study was designed as a preliminary candidate-gene associa-
tion study rather than as a prediction-model development or validation study. Therefore, it
was not designed to determine whether genetic information provides incremental predic-
tive value beyond routinely available clinical variables. Although the ABCB1 TT genotype
remained associated with inadequate early analgesic response after adjustment for rel-
evant clinical covariates, this adjusted association does not demonstrate that inclusion
of ABCB1 genotype improves individual-level prediction. Given the limited number of
outcome events, post hoc comparison of clinical-only and clinical-plus-genetic prediction
models could also yield unstable or overfitted estimates. Future adequately powered
studies should therefore directly compare clinical and clinical-plus-genetic models and
assess discrimination, calibration, and the incremental predictive contribution of genetic
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information before genotype-informed precision-analgesia approaches are considered for
clinical implementation.

Several strengths of the study should be acknowledged. The prospective design en-
abled systematic collection of clinically relevant analgesic outcomes in a well-defined acute
pain setting. Early analgesic response was evaluated using a baseline-adjusted 30 min VAS
measure rather than relying exclusively on unadjusted change scores, while AVAS was
retained as a sensitivity outcome. The stepwise analgesic protocol enabled prospective
recording of the administered weight-based tramadol dose and subsequent rescue fen-
tanyl requirement, providing complementary treatment-related outcomes alongside pain
intensity. Detailed clinical phenotyping, including stone characteristics and hydronephro-
sis, further enabled genotype—phenotype associations to be evaluated in the context of
clinically relevant factors. Molecular genotyping was supported by predefined quality-
control procedures, including repeat genotyping of randomly selected samples, negative
and no-template controls, and Sanger sequencing confirmation of representative genotypes.
Furthermore, the simultaneous evaluation of candidate variants representing opioid recep-
tor signaling (OPRM1), pain modulation (COMT), and drug transport (ABCB1) provided a
biologically complementary framework for exploring interindividual variability in opioid
analgesic response. The analyses also incorporated effect estimates with 95% confidence in-
tervals, correction for multiple comparisons, and exploratory multivariable adjustment for
relevant demographic and clinical covariates. Nevertheless, these methodological strengths
should be considered within the exploratory candidate-gene and observational design and
do not establish causal relationships.

Several limitations should also be acknowledged. First, no formal a priori sample-size
or power calculation was performed for the genotype-phenotype analyses. Although
the study included 150 patients with acute renal colic, some genotype strata were small,
particularly the OPRM1 GG subgroup (n = 9), which may have limited statistical power
to detect modest genetic effects and resulted in imprecise estimates for rare genotype
groups [45]. Accordingly, genotype-specific findings, particularly those involving low-
frequency genotypes, should be considered exploratory and interpreted with appropriate
caution. Second, only three candidate polymorphisms were investigated. The absence of
additional pharmacogenetically important genes, including CYP2D6, may have limited the
comprehensive evaluation of genetic influences on opioid response [46,47]. Furthermore,
the study was not designed or powered for prediction-model development, and the incre-
mental predictive value of adding genetic information to established clinical predictors
was not formally evaluated.

Third, the study population was derived from a single center and exhibited lim-
ited demographic diversity, which may restrict the generalizability of the findings [48,49].
Ancestry-informative markers or genome-wide ancestry data were not available to formally
assess population stratification. Although patients and controls were recruited from the
same geographic catchment area in western Tiirkiye, residual population substructure
cannot be excluded. This limitation is particularly relevant to the secondary case—control
analysis because allele frequencies may vary across ancestral and geographic populations;
therefore, between-group differences in variant frequencies should be interpreted cau-
tiously. The patient-control comparison should consequently be regarded as a secondary
exploratory analysis of variant distribution rather than as evidence of genetic susceptibility
to acute renal colic.

In addition, previous opioid exposure, recent use of other analgesics such as parac-
etamol, concomitant centrally acting medications, pain characteristics, and other clinical
factors may have influenced analgesic response. Although regular medication use was
recorded, sufficiently detailed and consistently documented exposure data were not avail-
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able for all participants to permit reliable incorporation of these variables into additional
sensitivity or adjusted analyses. Residual confounding related to prior and concomitant
medication exposure therefore cannot be excluded [50]. Although analgesic treatment
followed a predefined stepwise pathway, tramadol dosing was individualized according
to body weight, and rescue fentanyl was administered only to patients with persistent
clinically significant pain; therefore, treatment exposure was not completely uniform across
participants. Finally, because allele frequencies and pharmacogenetic effects may vary
across ancestral and geographic populations, external validation in independent and more
diverse cohorts is required before these findings can be generalized [51]. In addition, be-
cause this was an observational study, the administered tramadol dose was determined
according to body weight and clinical requirements rather than being experimentally
assigned. Although genotype information was unavailable to treating physicians and there-
fore could not directly influence treatment allocation, clinical characteristics associated with
analgesic response may also have influenced dosing and rescue-treatment decisions. Con-
sequently, the observed associations between genotype and administered tramadol dose
should not be interpreted as evidence that genotype determined opioid dose requirements.

Future studies should evaluate broader pharmacogenetic panels incorporating both phar-
macokinetic and pharmacodynamic genes, population-specific allele-frequency information,
and pharmacogenetic variability across different classes of analgesic therapies [52-54]. Large
multicenter prospective cohorts, biobank-based studies, and genome-wide approaches
involving diverse populations may further clarify the contribution of common and rare
genetic variants to interindividual variability in analgesic response and opioid effective-
ness [55,56]. In addition, clinical factors contributing to opioid response, including prior
opioid exposure, tolerance, and treatment-related characteristics, should be considered
alongside genetic determinants [57]. Such studies should also determine whether genetic
information provides incremental predictive value beyond established clinical factors by
formally comparing clinical-only and clinical-plus-genetic models and evaluating discrimi-
nation, calibration, and clinical utility.

No significant differences in the distributions of the investigated OPRM1, COMT,
and ABCBI1 variants were observed between patients with acute renal colic and healthy
controls. Within the patient group, the ABCB1 rs1045642 TT genotype was independently
associated with higher odds of inadequate early analgesic response after adjustment for
clinical covariates. Given the exploratory design, modest sample size, and limited number
of outcome events, this association should be considered preliminary and requires external
validation in larger, independent cohorts before any clinical application can be considered.

4. Materials and Methods
4.1. Study Design

Both patients and healthy controls were recruited from the same geographic catchment
area in Denizli, western Tiirkiye. Detailed self-reported ancestry, parental geographic origin,
ancestry-informative markers, or genome-wide ancestry data were not collected; therefore,
genetically inferred ancestry could not be assessed. Recruitment of both groups from the
same regional population was intended to reduce major geographic heterogeneity between
groups; however, residual population stratification cannot be excluded. The study protocol
was approved by the Non-Interventional Clinical Research Ethics Committee of Pamukkale
University on 16 June 2026 (Meeting No. 11; official approval document dated 22 June
2026, No. E-60116787-020-889274). A total of 250 individuals were included, comprising
150 consecutive patients diagnosed with acute renal colic and 100 healthy controls. The
diagnosis of acute renal colic was established based on clinical presentation and confirmed
by ultrasonography and/or non-contrast computed tomography (NCCT). Eligible patients
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were adults presenting with acute flank pain clinically compatible with renal colic and with
a ureteral stone confirmed by ultrasonography and/or non-contrast computed tomography
(NCCT). Stone location (proximal, middle, or distal ureter), laterality, maximum stone
diameter, and the presence and grade of hydronephrosis were prospectively recorded.
Patients were excluded if they had evidence of active urinary tract infection or systemic
infection, chronic kidney disease or clinically significant renal impairment unrelated to
the acute obstructive episode, chronic pain requiring regular analgesic therapy, chronic
or recent opioid use that could affect opioid responsiveness, pregnancy, or another acute
condition capable of substantially influencing pain assessment or analgesic requirements.
A history of previous or recurrent urolithiasis was recorded where available and was not
considered, by itself, an exclusion criterion unless accompanied by factors expected to
interfere with assessment of the acute analgesic response. Healthy controls were recruited
from the same geographic catchment area as the patient group and had no known history
of nephrolithiasis or renal colic. Control eligibility was assessed based on medical history
and available clinical records. Individuals with a history of chronic pain requiring regular
analgesic treatment, current or recent opioid use, clinically significant renal disease, or other
major medical conditions or regular medications considered likely to affect pain perception
or analgesic response were excluded. No additional imaging was performed solely for
control-group screening; therefore, asymptomatic nephrolithiasis could not be definitively
excluded. Healthy controls were included only in the secondary exploratory comparison of
genotype and allele frequencies and were not included in the genotype—phenotype analyses
of analgesic response.

4.2. Analgesic Treatment Protocol

Analgesic treatment was initiated after baseline pain assessment and followed a step-
wise approach according to pain severity and clinical response. First-line treatment con-
sisted of a nonsteroidal anti-inflammatory drug (NSAID) administered together with
hyoscine butylbromide (Buscopan). In patients with persistent or inadequately controlled
pain after first-line treatment, intravenous tramadol was administered as second-line anal-
gesic therapy, with the dose calculated according to body weight (mg/kg) and clinical
requirements. The administered tramadol dose was prospectively recorded before assess-
ment of the 30 min analgesic response. Pain intensity was reassessed 30 min after tramadol
administration using the Visual Analog Scale (VAS), as described below. Persistent clinically
significant pain, defined as a VAS score > 4 at 30 min (corresponding to >40 mm on the
original 100 mm VAS), prompted rescue analgesia with intravenous fentanyl, with the dose
calculated according to body weight (ug/kg). The requirement for rescue fentanyl was
prospectively recorded. Genotyping was performed independently of the acute clinical
treatment process, and genotype results were not available to the treating physicians at
the time of analgesic selection, tramadol dosing, or rescue-treatment decisions. Therefore,
treatment allocation and dosing decisions were made without knowledge of genotype.

4.3. Clinical Data Collection and Outcome Assessment

Demographic characteristics, including age, sex, body mass index (BMI), smoking
status, comorbidities, and regular medication use, were recorded for all participants. For
patients with acute renal colic, medication history was reviewed with particular attention
to previous opioid exposure and concomitant analgesic or centrally acting medications.
However, detailed quantitative information regarding previous opioid exposure, recent
paracetamol use, and specific centrally acting medications was not consistently available for
all participants and therefore could not be reliably incorporated into additional sensitivity or
adjusted analyses. For patients with acute renal colic, additional clinical variables, including
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stone location, stone diameter, stone laterality, presence and grade of hydronephrosis, and
laboratory findings, were prospectively collected. Laboratory investigations included
complete blood count, serum creatinine, blood urea nitrogen, C-reactive protein (CRP), and
estimated glomerular filtration rate (eGFR).

Pain intensity was assessed using a 100 mm (10 cm) Visual Analog Scale (VAS),
anchored by “no pain” at 0 mm and “worst imaginable pain” at 100 mm. For clinical
recording and statistical analysis, VAS measurements were expressed on a 0-10 scale by
converting the measured distance in millimeters to the corresponding 0-10 value. Pain
intensity was assessed immediately before analgesic administration and reassessed 30 min
after treatment. The change in pain intensity (AVAS) was calculated as the baseline VAS
score minus the 30 min VAS score, with higher AVAS values indicating greater early
pain relief. Persistent clinically significant pain, defined as a VAS score > 4 at 30 min
(corresponding to >40 mm on the original 100 mm VAS), was considered an inadequate
early analgesic response and constituted the criterion for rescue analgesia.

The initial opioid dose, standardized as an intravenous morphine-equivalent dose
(mg), requirement for rescue analgesia, emergency department length of stay, and clinical
disposition (discharge or hospitalization) were prospectively recorded using standardized
case report forms. These clinical outcomes were subsequently evaluated in the genotype—
phenotype association analyses.

4.4. Sampling

All participants provided approximately 2 mL of peripheral venous blood collected
into EDTA-containing tubes. Genomic DNA was isolated using a commercial DNA iso-
lation kit according to the manufacturer’s instructions. The concentration and purity of
the isolated DNA were assessed using a NanoDrop spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). DNA samples with an A260/A280 ratio of 1.8-2.0 were
included in the genotyping analyses.

4.5. Genotyping

Three polymorphisms with potential relevance to opioid analgesic response, pain
perception, and drug transport were investigated: OPRM1 A118G (rs1799971), COMT
Val158Met (rs4680), and ABCB1 C3435T (rs1045642). Genotyping was performed on ge-
nomic DNA obtained from all participants using TagMan SNP Genotyping Assays (Thermo
Fisher Scientific, Waltham, MA, USA) on a LightCycler® 480 Real-Time PCR System (Roche
Diagnostics, Mannheim, Germany). PCR amplification was conducted according to the
manufacturer’s recommended protocol, and allelic discrimination and genotype assign-
ment were carried out using the instrument’s analysis software.

Genotype calls were accepted based on clear separation of fluorescence clusters in
the allelic-discrimination plots. Samples showing absent, weak, or ambiguous allele-
discrimination signals were subjected to repeat analysis before final genotype assignment.
Complete genotype data were available for all participants for all three investigated poly-
morphisms, corresponding to an overall call rate of 100% in the final analytical dataset.

Quality-control procedures were implemented to assess genotyping reproducibility.
Approximately 10% of the samples were randomly selected for independent repeat genotyp-
ing, and the repeated genotype calls were fully concordant with the original assignments.
Negative controls and no-template controls were included in each PCR run to monitor po-
tential contamination. In addition, representative samples covering the observed genotype
categories were subjected to validation by Sanger sequencing. Following purification of the
PCR products, bidirectional sequencing was performed, and the resulting sequences were
compared with the corresponding reference sequences to confirm the identified variants.
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4.6. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics version 26.0 (IBM Corp.,
Armonk, NY, USA). The normality of continuous variables was evaluated using the Shapiro—-
Wilk test. Normally distributed variables are presented as mean =+ standard deviation (SD),
whereas non-normally distributed variables are presented as median (interquartile range).
Categorical variables are expressed as number (n) and percentage (%).

Demographic and clinical characteristics were compared between patients and controls
using the independent-samples t-test or Mann-Whitney U test for continuous variables
and the Pearson x? test or Fisher’s exact test for categorical variables. As no individual or
frequency matching was performed, all comparisons between patients with acute renal
colic and healthy controls were conducted as independent, unmatched-group analyses.

Genotype and allele frequencies were calculated for each polymorphism. For the
secondary case—control analysis, Hardy—Weinberg equilibrium (HWE) was evaluated pri-
marily in the control group, as the control population provides the relevant reference for
assessing genotype-distribution equilibrium. Given the small numbers of some rare ho-
mozygous genotypes, exact HWE testing was used in addition to the x? goodness-of-fit test
where appropriate. HWE was considered a population-level consistency check rather than
standalone evidence of genotyping reliability; technical genotyping quality was assessed
separately through repeat genotyping, negative and no-template controls, and Sanger
sequencing validation. Genotype distributions were evaluated using additive, dominant,
and recessive inheritance models.

To investigate genotype—phenotype associations, baseline VAS score, VAS score at
30 min, AVAS, initial opioid dose expressed as intravenous morphine-equivalent dose,
rescue analgesic requirement, and stone size were evaluated according to genotype. To
account for baseline pain intensity, analysis of covariance (ANCOVA) was performed
with the 30 min VAS score as the dependent variable, genotype as the fixed factor, and
baseline VAS score as the covariate. Separate ANCOVA models were performed for
OPRM1 rs1799971, COMT rs4680, and ABCB1 rs1045642. Adjusted estimated marginal
means with 95% confidence intervals (CIs) were calculated. AVAS, defined as the difference
between baseline and 30 min VAS scores, was retained as a sensitivity analysis. Other
continuous clinical outcomes were compared among genotype groups using one-way
analysis of variance (ANOVA) or the Kruskal-Wallis test, as appropriate. Categorical
clinical outcomes were compared using the x? test or Fisher’s exact test.

For the revised analytical framework, the baseline-adjusted 30 min VAS score was
treated as the principal clinical measure of early analgesic response, whereas AVAS was
retained as a sensitivity outcome. Other genotype—phenotype comparisons, including
initial opioid dose, rescue analgesic requirement, stone size, and analyses under alter-
native inheritance models, were considered exploratory. Because no formal hierarchical
multiplicity-testing strategy had been specified, these analyses were not interpreted as
independent confirmatory tests. To account for multiple testing across the 18 genotype—
phenotype comparisons presented in Table 5, the Benjamini—-Hochberg false discovery
rate (FDR) procedure was applied, and both nominal and FDR-adjusted p values were
reported. Nominal p values < 0.05 were used for descriptive inference, whereas FDR-
adjusted p values < 0.05 were considered to indicate associations that remained statistically
significant after multiplicity correction.

To further explore associations with inadequate early analgesic response, defined as
a VAS score > 4 at 30 min after initial analgesic treatment (corresponding to >40 mm on
the original 100 mm VAS; versus VAS < 4), an exploratory multivariable logistic regression
analysis was performed. The model included age, sex, baseline VAS score, stone size, hy-
dronephrosis grade, and the investigated genetic polymorphisms. For this analysis, genetic
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variables were entered using recessive coding: OPRM1 rs1799971 as GG versus AA/AG
(reference), COMT rs4680 as AA (Met/Met) versus AG/GG (Val/Met + Val/Val; reference),
and ABCBI1 rs1045642 as TT versus CC/CT (reference). Recessive coding was used to
provide clinically interpretable binary genetic contrasts and to limit model complexity by
avoiding separate parameter estimates for all three genotype categories. Adjusted odds
ratios (ORs) with 95% Cls were calculated. Given the number of covariates relative to the
available outcome events, the multivariable model was considered exploratory, and its
estimates were interpreted cautiously rather than as definitive predictive effects.

No formal a priori sample-size or power calculation was performed for the genotype—
phenotype analyses. Therefore, these analyses were considered exploratory, particularly
for low-frequency genotype strata.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ph19091343/s1, Supplementary Table S1: Apparent performance
and diagnostic measures of the exploratory multivariable logistic regression model for inadequate
early analgesic response; Supplementary Figure S1: Calibration plot for the exploratory multivariable
logistic regression model; Supplementary Table S2: Exploratory multivariable logistic regression
analysis of inadequate early analgesic response.
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eGFR Estimated glomerular filtration rate
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OPRM1 n-Opioid receptor 1
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PCR Polymerase chain reaction
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SNP Single nucleotide polymorphism

References

1.

10.

11.

12.

13.

14.

15.

16.

Ferreira do Couto, M.L.; Fonseca, S.; Pozza, D.H. Pharmacogenetic Approaches in Personalized Medicine for Postoperative Pain
Management. Biomedicines 2024, 12, 729. [CrossRef]

Soultati, I.; Ntenti, C.; Tsaousi, G.; Pourzitaki, C.; Gkinas, D.; Thomaidou, E.; Alexandrakis, S.; Papavramidis, T.; Goulas, A. Effect
of Common OPRM1, COMT, SLC6A4, ABCB1, and CYP2B6 Polymorphisms on Perioperative Analgesic and Propofol Demands
on Patients Subjected to Thyroidectomy Surgery. Pharmacol. Rep. 2023, 75, 386-396. [CrossRef]

Di Salvo, C.; Valdiserra, G.; Balestrieri, S.; Beucci, G.; Paciulli, G.; Luculli, G.I.; De Vita, A.; Fornai, M.; Di Paolo, A.; Antonioli, L.
The Role of Clinical Pharmacogenetics and Opioid Interactions in Pain Management: Current Evidence and Future Perspectives.
Pharmaceutics 2026, 18, 59. [CrossRef]

Wong, A.K.; Somogyi, A.A.; Rubio, J.; Philip, J. The Role of Pharmacogenomics in Opioid Prescribing. Curr. Treat. Options Oncol.
2022, 23, 1353-1369. [CrossRef]

Barrachina, J.; Margarit, C.; Muriel, ].; Lopez-Gil, S.; Lopez-Gil, V.; Vara-Gonzalez, A.; Planelles, B.; Inda, M.; Morales, D.; Peiro,
A.M. Oxycodone/Naloxone versus Tapentadol in Real-World Chronic Non-Cancer Pain Management: An Observational and
Pharmacogenetic Study. Sci. Rep. 2022, 12, 10126. [CrossRef]

Fernandez-de-las-Penas, C.; Ambite-Quesada, S.; Fernandez-Méndez, L.M.; Jiménez-Antona, C.; Gémez-Calero, C.; Pocinho,
R.; Valera-Calero, J.A.; Cigaran-Méndez, M.; Arendt-Nielsen, L. Association of OPRM1 Rs1799971, HTR1B Rs6296 and COMT
Rs4680 Polymorphisms with Clinical Phenotype among Women with Fibromyalgia. Sci. Rep. 2024, 14, 11273. [CrossRef]

Tour, J.; Sandstrom, A.; Kadetoff, D.; Schalling, M.; Kosek, E. The OPRM1 Gene and Interactions with the 5-HT1a Gene Regulate
Conditioned Pain Modulation in Fibromyalgia Patients and Healthy Controls. PLoS ONE 2022, 17, e0277427. [CrossRef]
Parada-Marquez, ].F.; Maldonado-Rodriguez, N.D.; Triana-Fonseca, P.; Contreras-Bravo, N.C.; Calder6n-Ospina, C.A.; Restrepo,
C.M.; Morel, A.; Ortega-Recalde, O.].; Silgado-Guzmdn, D.F,; Angulo-Aguado, M.; et al. Pharmacogenomic Profile of Actionable
Molecular Variants Related to Drugs Commonly Used in Anesthesia: WES Analysis Reveals New Mutations. Front. Pharmacol.
2023, 14, 1047854. [CrossRef]

Erenas Ondategui, I.; Gémez Castro, J.; Estepa Hernandez, S.; Chicharro Miguel, C.; Peir6 Cardenas, R.; Fernandez-Araque, A;
Verde, Z. Association of Genetic Variants, Such as the u-Opioid Receptor 1 (OPRM1) Rs1799971 and Catechol-O-Methyltransferase
(COMT) Rs4680, with Phenotypic Expression of Fibromyalgia. Biomedicines 2025, 13, 1183. [CrossRef]

Billens, A.; De Groote, A.; Syx, D.; Meeus, M.; Van Oosterwijck, J. The Influence of Genetic and Epigenetic Variations on Dynamic
Experimental Pain Measures in Adults with and without Chronic Musculoskeletal Pain: A Systematic Review. Pain 2025, 166,
2236-2248. [CrossRef]

Yang, J.; Zheng, L.; Zheng, F.; Zhou, S.-H.; Sun, L.-W.; Song, C. A Case—Control Study on the Individualized Use of Opioid
Analgesics Based on Single-Nucleotide Polymorphism. Front. Pharmacol. 2025, 16, 1629866. [CrossRef]

Coluzzi, F.; Scerpa, M.S.; Rocco, M.; Fornasari, D. The Impact of P-Glycoprotein on Opioid Analgesics: What's the Real Meaning
in Pain Management and Palliative Care? Int. ]. Mol. Sci. 2022, 23, 14125. [CrossRef]

Moran, M.; Blum, K; Ponce, ].V.; Lott, L.; Gondré-Lewis, M.C.; Badgaiyan, S.; Brewer, R.; Downs, B.W.; Fynman, P.; Weingarten,
A.; et al. High Genetic Addiction Risk Score (GARS) in Chronically Prescribed Severe Chronic Opioid Probands Attending
Multi-Pain Clinics: An Open Clinical Pilot Trial. Mol. Neurobiol. 2021, 58, 3335-3346. [CrossRef]

Lewandrowski, K.-U.; Sharafshah, A.; Elfar, J.; Schmidt, S.L.; Blum, K.; Wetzel, ET. A Pharmacogenomics-Based In Silico
Investigation of Opioid Prescribing in Post-Operative Spine Pain Management and Personalized Therapy. Cell. Mol. Neurobiol.
2024, 44, 47. [CrossRef]

Turczynowicz, A.; Réwny, J.; Przontka, W.; Grzesik, M.; Jakubéw, P.; Kowalczuk, O. Do Single-Nucleotide Polymorphisms Affect
Pain Intensity and Sufentanil Analgesia After Pediatric Scoliosis Correction Surgery? Int. . Mol. Sci. 2025, 26, 3504. [CrossRef]
Agulld, L.; Aguado, L; Muriel, J.; Margarit, C.; Gémez, A.; Escorial, M.; Sdnchez, A.; Fernandez, A.; Peir6, A.M. Pharmacogenetic
Guided Opioid Therapy Improves Chronic Pain Outcomes and Comorbid Mental Health: A Randomized, Double-Blind,
Controlled Study. Int. J. Mol. Sci. 2023, 24, 10754. [CrossRef]

https://doi.org/10.3390/ph19091343


https://doi.org/10.3390/biomedicines12040729
https://doi.org/10.1007/s43440-023-00455-7
https://doi.org/10.3390/pharmaceutics18010059
https://doi.org/10.1007/s11864-022-01010-x
https://doi.org/10.1038/s41598-022-13085-5
https://doi.org/10.1038/s41598-024-62240-7
https://doi.org/10.1371/journal.pone.0277427
https://doi.org/10.3389/fphar.2023.1047854
https://doi.org/10.3390/biomedicines13051183
https://doi.org/10.1097/j.pain.0000000000003608
https://doi.org/10.3389/fphar.2025.1629866
https://doi.org/10.3390/ijms232214125
https://doi.org/10.1007/s12035-021-02312-1
https://doi.org/10.1007/s10571-024-01466-5
https://doi.org/10.3390/ijms26083504
https://doi.org/10.3390/ijms241310754
https://doi.org/10.3390/ph19091343

Pharmaceuticals 2026, 19, 1343 18 of 19

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Zhou, Y,; Cao, L.; Yang, Y.; Gao, Y.; Li, Y.; Wang, B.; Pan, B.; Huang, J.; Guo, W. Is OPRM1 Genotype a Valuable Predictor of
VAS in Patients Undergoing Laparoscopic Radical Resection of Colorectal Cancer with Fentanyl? BMC Anesthesiol. 2023, 23, 173.
[CrossRef]

Jmel, H.; Boukhalfa, W.; Gouiza, I; Seghaier, R.O.; Dallali, H.; Kefi, R. Pharmacogenetic Landscape of Pain Management Variants
among Mediterranean Populations. Front. Pharmacol. 2024, 15, 1380613. [CrossRef]

Ayuso, P.; Macias, Y.; Gémez-Tabales, J.; Garcfa-Martin, E.; Agtindez, ].A.G. Molecular Monitoring of Patient Response to
Painkiller Drugs. Expert Rev. Mol. Diagn. 2022, 22, 545-558. [CrossRef]

Jonovski, ].-L.C.; Bacon, E.K.; Velie, B.D. Towards Precision Pain Management in Veterinary Practice: Opportunities and Barriers.
Front. Vet. Sci. 2025, 12, 1658765. [CrossRef]

Rosendo, L.M.; Rosado, T.; Zandonai, T.; Rincon, K.; Peir6, A.M.; Barroso, M.; Gallardo, E. Opioid Monitoring in Clinical Settings:
Strategies and Implications of Tailored Approaches for Therapy. Int. ]. Mol. Sci. 2024, 25, 5925. [CrossRef]

Kocabay, B.; Ok, N,; Kocabay, S.Y.; Ok, ZD,; Yoriikoglu, A.C.; Lengerova, G.; Bozhkova, M.; Petrov, S.; Koseler, A. Impact
of CYP2E1 Polymorphisms on Preoperative Paracetamol Analgesic Response in Patients with Lower Extremity Fractures.
Pharmaceuticals 2026, 19, 824. [CrossRef]

Girbiiz, E.; Elfiky, A.A,; Ok, N.; Koseler, A. The Effect of CYP2D6 Gene Polymorphism on Tramadol Efficacy in Total Knee
Arthroplasty. In Vivo 2026, 40, 1182-1191. [CrossRef]

Baykara Sayili, S.; Koseler, A.; Erdur, B. Association between CYP2C19 Gene Polymorphisms and Analgesic Response to
Meperidine in Emergency Department Patients with Renal Colic: A Prospective Observational Study. BMC Urol. 2026, 26, 200.
[CrossRef]

Crews, K.R.; Monte, A.A.; Huddart, R.; Caudle, K.E.; Kharasch, E.D.; Gaedigk, A.; Dunnenberger, H.M.; Leeder, ].S.; Callaghan,
J.T.; Samer, C.F; et al. Clinical Pharmacogenetics Implementation Consortium Guideline for CYP2D6, OPRM1, and COMT
Genotypes and Select Opioid Therapy. Clin. Pharmacol. Ther. 2021, 110, 888-896. [CrossRef]

Magarbeh, L.; Gorbovskaya, I.; Le Foll, B.; Jhirad, R.; Miiller, D.]J. Reviewing Pharmacogenetics to Advance Precision Medicine for
Opioids. Biomed. Pharmacother. 2021, 142, 112060. [CrossRef]

Nahid, N.A.; McDonough, C.W.; Wei, Y.-].].; Gong, Y.; Empey, PE.; Haddad, A ; Fillingim, R.B.; Johnson, ].A. CYP2D6 Phenotypes
and Emergency Department Visits Among Patients Receiving Opioid Treatment. JAMA Netw. Open 2025, 8, €2523543. [CrossRef]
Loh, F-H.; Azzi, B.; Weingarten, A.; Loewy, Z.G. Pharmacogenomic Testing and Patient Perception Inform Pain Pharmacotherapy.
J. Pers. Med. 2021, 11, 1112. [CrossRef]

Satkunananthan, S.E.; Suppiah, V.; Toh, G.-T.; Yow, H.-Y. Pharmacogenomics of Cancer Pain Treatment Outcomes in Asian
Populations: A Review. J. Pers. Med. 2022, 12, 1927. [CrossRef]

Kwon, C.-H.; Ha, M.W. Pharmacogenetic Approach to Tramadol Use in the Arab Population. Int. ]. Mol. Sci. 2024, 25, 8939.
[CrossRef]

Téanase, G.V.; Ciocoiu, M.; Tanase, A.E.; Ilea, C.G. Particularities in Surgical Results Following Obstetrical and Gynecological
Surgery Using Pharmacological, Anesthesiological and Genetic Markers. |. Pers. Med. 2026, 16, 74. [CrossRef]

Eapen-John, D.; Mohiuddin, A.G.; Kennedy, J.L. A Potential Paradigm Shift in Opioid Crisis Management: The Role of
Pharmacogenomics. World ]. Biol. Psychiatry 2022, 23, 411-423. [CrossRef]

Qin, W,; Zhang, L.; Wang, X.; Liu, B.; Xu, L.; Liu, L.; Fan, B. ABCB1 Genetic Polymorphisms Affect Opioid Requirement by
Altering Function of the Intestinal P-Glycoprotein. Biomed. Pharmacother. 2024, 176, 116897. [CrossRef]

Hertz, D.L.; Ramsey, L.B.; Gopalakrishnan, M.; Leeder, ].S.; Van Driest, S.L. Analysis Approaches to Identify Pharmacogenetic
Associations with Pharmacodynamics. Clin. Pharmacol. Ther. 2021, 110, 589-594. [CrossRef]

Baldo, B.A. Allergic and Other Adverse Reactions to Drugs Used in Anesthesia and Surgery. Anesthesiol. Perioper. Sci. 2023, 1, 16.
[CrossRef]

Deodhar, M.; Turgeon, J.; Michaud, V. Contribution of CYP2D6 Functional Activity to Oxycodone Efficacy in Pain Management:
Genetic Polymorphisms, Phenoconversion, and Tissue-Selective Metabolism. Pharmaceutics 2021, 13, 1466. [CrossRef]

Muhn, S.; Amin, N.S.; Bardolia, C.; Del Toro-Pagéan, N.; Pizzolato, K.; Thacker, D.; Turgeon, J.; Tomaino, C.; Michaud, V.
Pharmacogenomics and Drug-Induced Phenoconversion Informed Medication Safety Review in the Management of Pain Control
and Quality of Life: A Case Report. J. Pers. Med. 2022, 12, 974. [CrossRef]

Skaar, T.C.; Myers, R.A ; Fillingim, R.B.; Callaghan, ].T.; Cicali, E.; Eadon, M.T.; Elwood, E.N.; Ginsburg, G.S.; Lynch, S.; Nguyen,
K.A.; et al. Implementing a Pragmatic Clinical Trial to Tailor Opioids for Chronic Pain on Behalf of the IGNITE ADOPT PGx
Investigators. Clin. Transl. Sci. 2024, 17, e70005. [CrossRef]

Karatas, E.; Kahraman, C.Y.; Akbiyik, N. Association between Polymorphisms in Catechol-O-methyl Transferase, Opioid Receptor
Mu 1 and Serotonin Receptor Genes with Postoperative Pain Following Root Canal Treatment. Int. Endod. J. 2021, 54, 1016-1025.
[CrossRef]

https://doi.org/10.3390/ph19091343


https://doi.org/10.1186/s12871-023-02120-1
https://doi.org/10.3389/fphar.2024.1380613
https://doi.org/10.1080/14737159.2022.2093638
https://doi.org/10.3389/fvets.2025.1658765
https://doi.org/10.3390/ijms25115925
https://doi.org/10.3390/ph19060824
https://doi.org/10.21873/invivo.14273
https://doi.org/10.1186/s12894-026-02217-y
https://doi.org/10.1002/cpt.2149
https://doi.org/10.1016/j.biopha.2021.112060
https://doi.org/10.1001/jamanetworkopen.2025.23543
https://doi.org/10.3390/jpm11111112
https://doi.org/10.3390/jpm12111927
https://doi.org/10.3390/ijms25168939
https://doi.org/10.3390/jpm16020074
https://doi.org/10.1080/15622975.2021.2012397
https://doi.org/10.1016/j.biopha.2024.116897
https://doi.org/10.1002/cpt.2312
https://doi.org/10.1007/s44254-023-00018-2
https://doi.org/10.3390/pharmaceutics13091466
https://doi.org/10.3390/jpm12060974
https://doi.org/10.1111/cts.70005
https://doi.org/10.1111/iej.13493
https://doi.org/10.3390/ph19091343

Pharmaceuticals 2026, 19, 1343 19 of 19

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Casajtis, A.; Zubiaur, P.; Alday, E.; Soria-Chacartegui, P.; Saiz-Rodriguez, M.; Gutierrez, L.; Aragonés, C.; Campodoénico, D.;
Gomez-Ferndndez, A.; Navares-Gémez, M.; et al. Impact of CYP2D6 and CYP2B6 Phenotypes on the Response to Tramadol in
Patients with Acute Post-surgical Pain. Clin. Transl. Sci. 2024, 17, €13698. [CrossRef]

Craig, D.S. Pharmacogenetics in the Treatment and Supportive Care of Patients with Cancer. J. Natl. Compr. Cancer Netw. 2022, 20,
1-4. [CrossRef]

El Rouby, N.; Johnson, J.A. Pharmacogenetic Testing—Evidence, Challenges, and Pathways to Adoption. NEJM Evid. 2025,
4, EVIDra2400343. [CrossRef]

Mahajna, M.; Abu Fanne, R.; Odeh, M.; Berkovitch, M.; Tannous, E.; Eyal, S.; Vinker, S.; Green, I.; Matok, I. Influence of
Cytochrome P450 2D6*10/*10 Genotype on the Risk for Tramadol Associated Adverse Effects: A Retrospective Cohort Study.
Front. Pharmacol. 2024, 15, 1358549. [CrossRef]

Zhu, Y.; Lopes, G.S.; Bielinski, S.J.; Borah, B.J.; Larson, N.B.; Moyer, A.M.; Olson, ].E.; Wang, L.; Weinshilboum, R.; St. Sauver, J.L.
Impact of Pharmacogenomic Information on Values of Care and Quality of Life Associated with Codeine and Tramadol-Related
Adverse Drug Events. Mayo Clin. Proc. Innov. Qual. Outcomes 2021, 5, 35-45. [CrossRef]

Merchant, S.; Prows, C.A.; Yang, F.; Ding, L.; MacDonald, J.; Zhang, X.; Sadhasivam, S.; Garcia, V.; Sturm, P.; Chidambaran, V.
Association of CYP2D6 Genotype Predicted Phenotypes with Oxycodone Requirements and Side Effects in Children Undergoing
Surgery. Ann. Transl. Med. 2022, 10, 1262. [CrossRef]

Chanfreau-Coffinier, C.; Tuteja, S.; Hull, L.E.; MacDonald, S.; Efimova, O.; Bates, J.; Voora, D.; Oslin, D.W.; DuVall, S.L.; Lynch, J.A.
Drug-Drug—Gene Interaction Risk among Opioid Users in the U.S. Department of Veterans Affairs. Pain 2022, 163, 2390-2397.
[CrossRef]

Daglish, M.R.C.; Reilly, S.R.; Mostafa, S.; Edwards, C.; O’Gorman, T.M.; Hayllar, J.S. Cytochrome P450-2D6 Activity in People
with Codeine Use Disorder. Pharmacogenomics J. 2023, 23, 195-200. [CrossRef]

Chen, Y.-C.; Wang, H.; Mandrekar, ].N.; Robertson, C.E.; Starling, A.J.; Cutrer, EM.; Chiang, C.-C. Pharmacogenomic Study—A
Pilot Study of the Effect of Pharmacogenomic Phenotypes on the Adequate Dosing of Verapamil for Migraine Prevention.
Pharmacogenomics J. 2024, 24, 11. [CrossRef]

Thamilselvan, M.; Mather, C.; Wang, Y.; Foo, ].C.; Aitchison, K.J. Haplotype Phasing of CYP2D6: An Allelic Ratio Method Using
Agena MassARRAY Data. Transl. Psychiatry 2024, 14, 91. [CrossRef]

Sanchez-Roige, S.; Fontanillas, P.; Jennings, M.V,; Bianchi, S.B.; Huang, Y.; Hatoum, A.S.; Sealock, J.; Davis, L.K.; Elson, S.L.; Agee,
M.; et al. Genome-Wide Association Study of Problematic Opioid Prescription Use in 132,113 23andMe Research Participants of
European Ancestry. Mol. Psychiatry 2021, 26, 6209-6217. [CrossRef]

Sprague, J.E.; Freiermuth, C.E.; Lambert, J.; Braun, R.; Frey, ].A.; Bachmann, D.J.; Bischof, ].].; Beaumont, L.; Lyons, M.S.; Pantalon,
M.V,; et al. Opioid Use Disorder Risk Alleles in Self-Reported Assigned African American/Afro-Caribbean and European
Biogeographical Genetic Ancestry Groups and in Males and Females. Pharmacogenomics J. 2024, 24, 23. [CrossRef]

Kang, Z.; Qin, Y,; Sun, Y,; Lu, Z.; Sun, Y.; Chen, H.; Feng, X.; Zhang, Y.; Guo, H.; Yan, H.; et al. Multigenetic Pharmacogenomics—
Guided Treatment vs Treatment As Usual Among Hospitalized Men with Schizophrenia. JAMA Netw. Open 2023, 6, €2335518.
[CrossRef]

Maulana, Y.; Toro Jimenez, R.; Twesigomwe, D.; Sani, L.; Irwanto, A.; Bertin, N.; Gonzalez-Porta, M. The Variation Landscape of
CYP2D6 in a Multi-Ethnic Asian Population. Sci. Rep. 2024, 14, 16725. [CrossRef]

Mocci, E.; Ward, K.; Perry, J.A.; Starkweather, A ; Stone, L.S.; Schabrun, S.M.; Renn, C.; Dorsey, S.G.; Ament, S.A. Genome Wide
Association Joint Analysis Reveals 99 Risk Loci for Pain Susceptibility and Pleiotropic Relationships with Psychiatric, Metabolic,
and Immunological Traits. PLoS Genet. 2023, 19, €1010977. [CrossRef]

Deak, ].D.; Zhou, H.; Galimberti, M.; Levey, D.F.; Wendt, ER.; Sanchez-Roige, S.; Hatoum, A.S.; Johnson, E.C.; Nunez, Y.Z,;
Demontis, D.; et al. Genome-Wide Association Study in Individuals of European and African Ancestry and Multi-Trait Analysis
of Opioid Use Disorder Identifies 19 Independent Genome-Wide Significant Risk Loci. Mol. Psychiatry 2022, 27, 3970-3979.
[CrossRef] [PubMed]

Makvand, M.; Mirtorabi, S.D.; Campbell, A.; Ahangari, G. Predictive Factors for Methadone Maintenance Treatment Compliance:
Exploring Resistance and Tolerance in Heroin Addiction. Iran. ]. Psychiatry Behav. Sci. 2024, 18, €143305. [CrossRef]

Zobdeh, E; Eremenko, LI.; Akan, M.A.; Tarasov, V.V.; Chubarev, V.N.; Schi6éth, H.B.; Mwinyi, ]. Pharmacogenetics and Pain
Treatment with a Focus on Non-Steroidal Anti-Inflammatory Drugs (NSAIDs) and Antidepressants: A Systematic Review.
Pharmaceutics 2022, 14, 1190. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ph19091343


https://doi.org/10.1111/cts.13698
https://doi.org/10.6004/jnccn.2022.5024
https://doi.org/10.1056/EVIDra2400343
https://doi.org/10.3389/fphar.2024.1358549
https://doi.org/10.1016/j.mayocpiqo.2020.08.009
https://doi.org/10.21037/atm-2022-58
https://doi.org/10.1097/j.pain.0000000000002637
https://doi.org/10.1038/s41397-023-00319-6
https://doi.org/10.1038/s41397-024-00331-4
https://doi.org/10.1038/s41398-024-02809-y
https://doi.org/10.1038/s41380-021-01335-3
https://doi.org/10.1038/s41397-024-00337-y
https://doi.org/10.1001/jamanetworkopen.2023.35518
https://doi.org/10.1038/s41598-024-67691-6
https://doi.org/10.1371/journal.pgen.1010977
https://doi.org/10.1038/s41380-022-01709-1
https://www.ncbi.nlm.nih.gov/pubmed/35879402
https://doi.org/10.5812/ijpbs-143305
https://doi.org/10.3390/pharmaceutics14061190
https://doi.org/10.3390/ph19091343

	Introduction 
	Results 
	Study Population 
	OPRM1 A118G (rs1799971) Polymorphism 
	COMT Val158Met (rs4680) Polymorphism 
	ABCB1 C3435T (rs1045642) Polymorphism 
	Genotype and Allele Distributions of OPRM1, COMT and ABCB1 Polymorphisms 
	Association Analyses Under Different Genetic Models 
	Association Between Genotypes and Clinical Outcomes 

	Discussion 
	Materials and Methods 
	Study Design 
	Analgesic Treatment Protocol 
	Clinical Data Collection and Outcome Assessment 
	Sampling 
	Genotyping 
	Statistical Analysis 

	References

