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Abstract

Background: Opioid-induced immunomodulation may be important in colon adenocarcinoma, where tumour DNA

mismatch repair (MMR) can determine the level of immune activation with consequences for therapeutic response and

prognosis. We evaluated the relationship between intraoperative opioid exposure, MMR subtype, and oncological out-

comes after surgery for colon adenocarcinoma.

Methods: Intraoperative opioid use (standardised by calculating morphinemilligram equivalents) during stage IeIII colon

adenocarcinoma resection was reviewed retrospectively. Tumours were classified as DNA mismatch repair deficient

(dMMR) or proficient (pMMR) by immunohistochemistry. The primary outcome was local tumour recurrence, distant

tumour recurrence, or both (multivariable analysis). The exposures of interest were intraoperative analgesia and tumour

subtype. Opioid-related gene expression was analysed using The Cancer Genome Atlas Colon Adenocarcinoma tran-

scriptomic data.

Results: Clinical and pathological data were analysed from 1157 subjects (median age, 60 [51e70] yr; 49% female) who

underwent curative resection for stage IeIII colon adenocarcinoma. Higher intraoperative opioid doses were associated

with reduced risk of tumour recurrence (hazard ratio¼0.92 per 10 morphine milligram equivalents; 95% confidence in-

terval [95% CI], 0.87e0.98; P¼0.007), but not with overall survival. In tumours deficient in DNA MMR, tumour recurrence

was less likely (HR¼0.38; 95% CI, 0.21e0.68; P¼0.001), with higher opioid dose associated with eightfold lower recurrence

rates. Gene expression related to opioid signalling was different between dMMR and pMMR tumours.

Conclusions: Higher intraoperative opioid dose was associated with a lower risk of tumour recurrence after surgery for

stage IeIII colon adenocarcinoma, but particularly so in tumours in which DNA MMR was deficient.
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Editor’s key points

� Opioid-induced immunomodulation may alter

recurrence, survival after surgery, or both for colon

adenocarcinoma.

� The impact of opioids on cancer progression may

also be influenced by the genomic landscape of

tumours.

� Higher intraoperative opioid use was associated with

lower tumour recurrence, particularly in tumours

with deficient DNA mismatch repair.

� Onco-anaesthesia may benefit from a personalised

medicine approach that incorporates tumour

genomics.
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Perioperative opioids may have a deleterious effect in can-

cer1e4 through multiple mechanisms,5,6 but clinical evidence

is more nuanced.7,8 The impact of perioperative exposure to

opioids, and other analgesic drugs,6,9e12 on cancer progression

may also be influenced by the genomic landscape of

tumours.9,10,13

The DNA mismatch repair (MMR) system maintains

genomic integrity by identifying and repairing mismatched

nucleotides that occur duringgenetic recombinationor because

of damage.14 When one or more enzymes in the MMR system

are altered, the tumour is referred to as MMR deficient (dMMR);

when unaltered, it is referred to as MMR proficient (pMMR).15

Around 15% of early-stage, non-metastatic colon adenocarci-

noma (COAD) tumours harbour dMMR alterations that cause

high microsatellite instability (MSI-H) (as opposed to pMMR

tumors which are microsatellite low (MSI-L) or stable (MSS)).15

dMMR tumours generate neoantigens, resulting in immune

activation and recruitment of tumour-infiltrating lymphocytes

(TILs).16,17 dMMR tumours are less responsive to traditional

chemotherapy15,18 but more responsive to immunotherapy19

and are associated with improved stage-specific prognosis.20

Given that both MMR subtype and opioids may affect can-

cer progression through immunomodulation,21 we hypoth-

esised that tumour MMR subtype may interact with

intraoperative opioid dose, other analgesic drugs, or both. We

further explored mechanisms for our findings, based both on

data in our clinical cohort and using transcriptomic data in

The Cancer Genome Atlas for COAD.22
Methods

Study design

After obtaining institutional review board approval from Me-

morial Sloan Kettering Hospital, we performed a retrospective

review from March 1, 2010 to December 31, 2018 (follow-up

updated in July 2020).
Inclusion criteria

Patients with stage IeIII COAD who underwent curative

resection at Memorial Sloan Kettering were eligible for

analysis.
Exclusion criteria

Patients were excluded if their DNA MMR subtype was un-

known, had received neoadjuvant treatment, had a rare his-

tological subtype, or another invasive cancer within 5 yr before

colectomy (Supplementary Fig. S1).
Intraoperative analgesia

Intraoperative doses of fentanyl, hydromorphone, and

morphine were extracted from the electronic anaesthesia re-

cords. Total doses were converted to oral morphine milligram

equivalents (MMEs); 10 MMEs equal 50 mg i.v. fentanyl. Intra-

operative administration of ketorolac, ketamine, and dexme-

detomidine was also recorded.
Mismatch repair subtype

pMMRwas defined by immunohistochemical (IHC) staining for

the proteins MLH1 (MutL homolog 1), MSH2 (MutS homolog 2),

MSH6 (MutS homolog 6), and PMS2 (Postmeiotic Segregation

Increased 2) in the pretreatment biopsy or the resected spec-

imen.23 dMMR was defined by the absence of one or more of

these proteins.
Mechanistic analyses

Tumour-infiltrating lymphocytes

We examined the relationship between opioid use, tumour

type, and TILs, the increased presence of which is associated

with a lower risk of recurrence.24 For 1010 (87%) of the 1157

patients in the cohort, surgical pathology reports explicitly

noted the presence or absence of increased numbers of TILs. A

tumour was classified as having increased TILs if the mean

number of lymphocytes per high-powered field was �4, aver-

aged from five consecutive high-powered fields in an area

determined to have the highest concentration of TILs by

examination of the entire tumour. The relationships of TILs,

intraoperative opioids, and recurrence and OS outcomes

were explored using cumulative incidence functions and

KaplaneMeier estimates, respectively.
Opioid signalling transcriptomic analysis

We used the TCGA-COAD cohort22 to also examine gene

expression related to opioid signalling and function in dMMR

(MSI-H) vs pMMR tumour (MSS and MSI-L) tumours, compared

with normal tissue using bulk RNA sequencing data from 358

patients (Supplementary material).

Differential gene expression analysis was performed

using the R package DESeq2 (R Foundation for Statistical

Computing, Vienna, Austria).25 P-values were adjusted using

BenjaminieHochberg correction for multiple hypothesis

testing. An absolute fold change of 2 and an adjusted P-value

cut-off of 0.05 defined statistical significance. The canonical

opioid receptors (mu [OPRM1], delta [OPRD1], kappa [OPRK1])

plus 430 genes broadly related to opioid signalling and func-

tion was generated using Geneshot.26 This list was subse-

quently refined to only include those genes determined to be

differentially expressed between MSI and MSS tumours. This

was further divided into lists of up- and downregulated genes,

where up and down are in reference to expression in MSI vs



Table 1 Clinical and pathological characteristics. Data are presented as number and frequency for categorical variables and median, interquartile range, and range for continuous
variables. P-values are calculated withWilcoxon rank-sum test, Pearson’s c2 test, and Fisher’s exact test. CEA, carcinoembryonic antigen; COAD, colon adenocarcinoma; EBL, estimated
blood loss; IQR, interquartile range; MMEs, oral morphine milligram equivalents; MMR, mismatch repair; TAP, transversus abdominis plane.

Characteristic Overall
n¼1157

MMR P-value

Proficient,
n¼875 (76%)

Deficient,
n¼282 (24%)

Intraoperative MMEs 0.5
Median (IQR) 60 (44, 90) 62 (47, 90) 59 (40, 92)
[Range] [0, 473] [0, 323] [0, 473]

Adjunct 0.025
None 630 (54%) 457 (52%) 173 (61%)
Dexmedetomidine 161 (14%) 130 (15%) 31 (11%)
Ketamine 366 (32%) 288 (33%) 78 (28%)

Ketorolac use 0.5
No ketorolac 930 (80%) 699 (80%) 231 (82%)
Yes ketorolac 227 (20%) 176 (20%) 51 (18%)

Regional anaesthesia 0.006
None 583 (50%) 429 (49%) 154 (55%)
Epidural 269 (23%) 200 (23%) 69 (24%)
TAP block 303 (26%) 246 (28%) 57 (20%)
Both 2 (0.2%) 0 (0%) 2 (0.7%)

Patient age (yr) <0.001
Median (IQR) 60 (51, 70) 58 (50, 68) 66 (53, 77)
[Range] [24, 96] [25, 93] [24, 96]

Sex 0.14
Male 594 (51%) 460 (53%) 134 (48%)
Female 563 (49%) 415 (47%) 148 (52%)

Race 0.002
White 937 (84%) 688 (82%) 249 (91%)
Black 67 (6.0%) 58 (6.9%) 9 (3.3%)
Other 105 (9.5%) 90 (11%) 15 (5.5%)
Unknown 48 39 9

Ethnicity 0.6
Hispanic 70 (6.1%) 51 (5.9%) 19 (6.8%)
Not Hispanic 1071 (94%) 810 (94%) 261 (93%)
Unknown 16 14 2

Pathological T stage 0.2
1 153 (13%) 112 (13%) 41 (15%)
2 161 (14%) 120 (14%) 41 (15%)
3 701 (61%) 526 (60%) 175 (62%)
4 142 (12%) 117 (13%) 25 (8.9%)

Pathological N stage <0.001
0 706 (61%) 497 (57%) 209 (74%)
1 313 (27%) 261 (30%) 52 (18%)
2 138 (12%) 117 (13%) 21 (7.4%)

Tumour location <0.001
Right 579 (50%) 370 (42%) 209 (74%)
Left 488 (42%) 443 (51%) 45 (16%)
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Table 1 Continued

Characteristic Overall
n¼1157

MMR P-value

Proficient,
n¼875 (76%)

Deficient,
n¼282 (24%)

Mid-transverse 90 (7.8%) 62 (7.1%) 28 (9.9%)
CEA (ng ml�1) 0.3
Median (IQR) 3 (2, 6) 3 (2, 6) 3 (2, 6)
[Range] [0, 1360] [0, 1360] [1, 836]
Unknown 144 106 38

Conversion >0.9
No 1088 (94%) 823 (94%) 265 (94%)
Yes 69 (6.0%) 52 (5.9%) 17 (6.0%)

Synchronous COAD 0.6
No 1122 (97%) 850 (97%) 272 (96%)
Yes 35 (3.0%) 25 (2.9%) 10 (3.5%)

Type of resection 0.003
Open 192 (17%) 137 (16%) 55 (20%)
Laparoscopic 298 (26%) 209 (24%) 89 (32%)
Robotic 667 (58%) 529 (60%) 138 (49%)

Extent of resection 0.001
Extended 69 (6.0%) 41 (4.7%) 28 (9.9%)
Segmental 1088 (94%) 834 (95%) 254 (90%)

Adjuvant chemotherapy <0.001
No 610 (54%) 405 (48%) 205 (75%)
Yes 511 (46%) 443 (52%) 68 (25%)
Unknown 36 27 9

Surgery time (min) <0.001
Median (IQR) 183 (137, 232) 186 (144, 239) 168 (126, 222)
[Range] [49, 620] [49, 620] [58, 600]

Smoking history 0.7
Never used 656 (57%) 502 (58%) 154 (55%)
Past smoker 401 (35%) 298 (34%) 103 (37%)
Current smoker 92 (8.0%) 69 (7.9%) 23 (8.2%)
Unknown 8 6 2

Albumin (g dl�1) <0.001
Median (IQR) 4.20 (3.90, 4.40) 4.20 (4.00, 4.40) 4.10 (3.80, 4.30)
[Range] [1.70, 5.20] [1.70, 5.20] [2.40, 4.90]
Unknown 6 3 3

ASA physical status 0.024
1/2 401 (35%) 319 (36%) 82 (29%)
3/4 756 (65%) 556 (64%) 200 (71%)

van Walraven score 0.8
Median (IQR) 12.0 (8.0, 12.0) 12.0 (8.0, 12.0) 12.0 (7.0, 12.0)
[Range] [0.0, 46.0] [0.0, 46.0] [0.0, 33.0]

BMI (kg m�2) 0.4
Median (IQR) 27.5 (24.2, 32.4) 27.7 (24.3, 32.7) 27.4 (24.2, 31.4)
[Range] [15.8, 62.5] [15.8, 62.5] [16.3, 53.9]
Unknown 3 2 1

EBL (ml) 0.016
EBL <100 ml 834 (72%) 615 (70%) 219 (78%)
EBL �100 ml 323 (28%) 260 (30%) 63 (22%)
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Fig 1. Associations between intraoperative opioid dose, DNA mismatch repair subtype. and recurrence. Cumulative incidence functions of

recurrence for (a) all patients, (inset) stratified by MMR subtype, and (b) stratified by intraoperative opioid dose (<median: below vs �
median: above median) for (l) dMMR and (r) pMMR patients separately. (c) Model-estimated probability of recurrence at 5 yr after surgery

over a range of intraoperative MME values based on MMR subtype (for a hypothetical patient with these MVA factor values: T stage¼3, N

stage¼0, BMI¼27.5, no adjuvant chemotherapy, no adjunct, and no ketorolac). Shaded area represents 95% confidence intervals for all

panels. dMMR, MMR deficient; MME, intraoperative oral morphine milligram equivalent; MVA, multivariable analysis; pMMR, MMR pro-

ficient.
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MSS, and referred to as ‘Opioid*MSI’ and ‘Opioid*MSS’,

respectively. For example, the gene CCK (Cholecystokinin) is

upregulated in MSI compared to MSS and as such is in the

Opioid*MSI list. Single-sample gene set enrichment analysis

(SSGSEA) was used to correlate pathways and immune cell

types with the Opioid*MSI and Opioid*MSS lists. Pathways

included the 50 ‘Hallmark’ gene lists (representing well-

defined biological processes),27 whereas 25 immune cell

types were represented by specific gene signatures.28
Primary outcome

The primary outcome was local tumour recurrence, distant

tumour recurrence, or both. Death without recurrence was

treated as a competing event. Recurrence was calculated from

time of surgery to recurrence if a patient experienced the
event, until death if a patient experienced the competing

event, or it was censored at last follow-up.
Secondary outcome

The secondary outcome was overall survival (OS), calculated

from time of surgery to death from any cause.
Exposures of interest

MMR and analgesic dose were the exposures of interest in

relation to tumour recurrence and overall survival.
Statistical analyses

The relationship between intraoperative opioids and MMR

subtype on recurrence was summarised using cumulative



Table 2Multivariable competing risk regression analysis for tumour recurrence. Estimates are pooled from 10 imputed datasets. Model
includes clinical factors of interest (intraoperative MMEs, MMR subtype, adjunct, and ketorolac) and statistically significant factors
from the univariable analysis for adjusting baseline factors, followed by backwards selection on the adjusting factors. CI, confidence
interval; HR, hazard ratio; MMEs, oral morphine milligram equivalents; MMR, mismatch repair.

Characteristic HR 95% CI P-value

Intraoperative MMEs (per 10) 0.92 0.87e0.98 0.007
MMR subtype
Proficient e e

Deficient 0.38 0.21e0.68 0.001
Adjunct
None e e

Dexmedetomidine 1.02 0.56e1.87 >0.9
Ketamine 0.90 0.59e1.38 0.6

Ketorolac use
No ketorolac e e

Yes ketorolac 1.41 0.93e2.15 0.10
Pathological T stage
1 e e

2 1.13 0.25e5.00 0.9
3 4.62 1.43e14.88 0.010
4 10.0 2.94e34.21 <0.001

Pathological N stage
0 e e

1 2.96 1.62e5.40 <0.001
2 4.34 2.23e8.44 <0.001

BMI (kg m�2) 1.03 1.01e1.06 0.009
Adjuvant chemotherapy
No e e

Yes 0.49 0.27e0.90 0.022
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incidence functions and quantified using competing risk

regression models. The relationship between intraoperative

opioids and MMR subtype on OS was summarised using the

KaplaneMeier approach and quantified using Cox propor-

tional hazards regressionmodels. In all models, intraoperative

MMEs were treated as a continuous variable, and adminis-

tration of adjuncts and ketorolac as categorical variables. For

multivariable analyses, a set of factors selected a priori (intra-

operative MMEs, MMR subtype, adjunct, and ketorolac) were

included. Backward regression was used to determine addi-

tional adjusting baseline factors, starting with a model

including all factors with P<0.1 in the univariable models for

each endpoint. Associations quantified via regression model-

ling were presented as hazard ratios (HRs) and 95% confidence

intervals (CIs). Handling of missing covariate data is described

in the Supplementary methods.

To explore the potential interaction between MMR subtype

and MMEs on oncological outcomes, we calculated the

KaplaneMeier and cumulative incidence functions separately

for dMMR and pMMR patients, stratified byMME at themedian

(see Supplementary methods for further details). Statistical

tests were two-sided with P<0.05 indicating statistical signifi-

cance. All analyses were performed using R software version

4.1.1 (R Core Team, Vienna, Austria) with the mice v3.13.0

package for multiple imputation.29
Results

Study participants

A total of 1157 patients (median age, 60 [51e70] yr) met the

inclusion criteria (Supplementary Fig. S1), of whom 282 (24%)

had dMMR tumours (Table 1). Patients received general
anaesthesia, which generally involved inductionwith propofol

and maintenance with sevoflurane. The median opioid dose

was 60 MMEs (inter-quartile range [IQR], 44e90), with fewer

than 50% patients receiving ketamine, dexmedetomidine,

and/or ketorolac (Table 1). Regional analgesia (epidural or

transversus abdominis plane block) was associated with lower

intraoperative MMEs (Supplementary Table S1). The median

follow-up duration was 3.0 yr (95% CI, 2.8e3.2).
Primary outcome

Tumour recurrence and intraoperative analgesia

Tumour recurrence (19 local, 107 distant) occurred in in 126

patients (Fig. 1a). Higher intraoperative opioid dose was asso-

ciated with lower rates of tumour recurrence in both uni-

variable (HR¼0.93 per 10 MME; 95% CI, 0.88e0.98; P¼0.008) and

multivariable (HR¼0.92 per 10 MME; 95% CI, 0.87e0.98;

P¼0.007) analyses. Ketamine, dexmedetomidine, and ketor-

olac were not associated with recurrence in either univariable

or multivariable analysis.
Tumour recurrence and mismatch repair

The dMMR tumour subtype was associated with lower rates

of tumour recurrence (HR¼ 0.38; 95% CI, 0.21e0.68; P¼0.001;

Fig. 1a). An eightfold greater decrease of recurrence was

associated with high vs low opioid dose for dMMR,

compared with pMMR (P¼0.016; Fig. 1b and c). Adjuvant

chemotherapy, tumour stage, and BMI were also indepen-

dently associated with tumour recurrence (Table 2;

Supplementary Table S2).
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Secondary outcome: overall survival

Seventy-six patients died during follow-up, with 37 deaths

occurring after tumour recurrence. Estimated 3- and 5-yr OS

probability was 95% (95% CI, 93e96%) and 90% (95% CI,

88e93%), respectively, which were similar for pMMR and

dMMR. There was no relationship between any intra-

operative analgesic agents and OS (Supplementary Tables S3

and S4).

Exploratory analyses

Tumour infiltrating lymphocytes

Increased numbers of TILs were reported in 360/1010 (36%)

specimens, with the majority (71%) present in dMMR (Fig. 2a).
Increased TILs were associated with a lower risk of recurrence

(Fig. 2b), but higher opioid doses were associated with lower

risk of recurrence in dMMR tumours independent of whether

increased TILs were present (Fig. 2c; Supplementary Figs S2

and S3).
Opioid receptor/signalling transcriptomics

Opioid receptors were differentially expressed between

tumour and normal tissue but not between dMMR and pMMR

subtypes (Supplementary Fig. S4). Overall, 83 of 430 genes

regulating opioid signalling and function were differentially

expressed between dMMR and pMMR tumours (Fig. 3a;

Supplementary Table S5), which correlated with immune
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Fig 3. Differential expression of opioid-related genes in colon adenocarcinoma. Transcriptomic data from The Cancer Genome Atlas Colon

Adenocarcinoma (TCGA-COAD) database was analysed. (a) Volcano plot showing differential expression of opioid genes for MSI (dMMR) vs

MSS (pMMR) tumours. eLog10 P-value (adjusted for multiple testing) is plotted against log2 (fold change). The horizontal dotted line

represents P¼0.05. Vertical lines dotted at an absolute fold change of 2. Genes with absolute fold change higher than 2 and P-value<0.05 are

coloured blue. (b) SSGSEA analysis correlation plot highlighting major pathways and cell types correlated with MSI upregulated

(Opioid*MSI) and downregulated (Opioid*MSS) opioid genes. For each pairwise correlation, the colour and the size of the circle denote the

Spearman correlation. (c) SSGSEA correlation of MSI upregulated opioid genes and Th1 immune signature and (d) MSI downregulated

opioid genes and Wnt beta-catenin pathway; each patient sample is labelled as MSI (blue) or MSS (purple) and is plotted by normalised

SSGSEA scores for the relevant gene sets on the x- and y-axes. Shaded area represents the 95% confidence interval around the best fit line.

MSI, microsatellite instability; MSS, microsatellite stability; SSGSEA, single-sample gene set enrichment analysis.
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pathways that modulate the tumour microenvironment

(Fig. 3bed).
Discussion

The main finding of this study is that intraoperative opioids

are associated with a lower hazard of recurrence in a large

cohort of non-metastatic patients with COAD who underwent

primary tumour resection. The associated anti-tumour effect
of opioids was amplified in patients with dMMR tumours

compared with pMMR tumours, suggesting that tumour ge-

nomics (in this case, the DNA MMR system) may interact with

intraoperative opioid dose to modify recurrence risk.

In principle, information pertaining to individual tumour

genomics is attainable before primary resection (e.g. from IHC

staining or next-generation sequencing of a preoperative bi-

opsy specimen, or from plasma-derived cell-free DNA). It may

therefore be possible to develop a precision approach to
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analgesia in COAD patients based on tumour genomics. The

current findings may be relevant beyond the perioperative

period, given recent evidence that opioids may affect the ef-

ficacy of immunotherapy30 and recent work suggesting that

although chronic opioid use may increase the risk of a cancer

diagnosis generally, colorectal cancer was one of a few cancer

types where this risk may be decreased.31

Exploratory analysis to elucidate contributory factors un-

derlying decreased recurrence with increased opioid dose in

COAD reveals that opioids may promote anti-tumour TILs.

However, although increased TILs are more prominent in

dMMR, this alone cannot explain amplification of recurrence

risk reduction in dMMR at higher opioid dose, which was still

present in dMMR tumours without increased TILs (even

compared with pMMR tumours with increased TILs). Differ-

ences in gene expression at the intersection of opioid and

MMR signalling may explain this amplification but not at the

level of the opioid receptors (although the pattern of receptor

differential expression in tumour vs normal is similar to that

observed in triple-negative breast cancer, another cancer type

where TILs recruitment is prognostic for improved survival,

where opioids were found to improve recurrence-free sur-

vival,7 and where, as a subset of breast cancer more generally,

chronic opioid use may actually decrease the risk of diag-

nosis).31 Instead, genes more broadly involved in opioid sig-

nalling and differentially expressed between dMMR and pMMR

correlated with specific pathways and immune cell types,

suggesting that dMMR amplification may involve opioid

interaction with the Th1 immune response (known to be

relevant to survival differences between dMMR and

pMMR)17,32 and Wnt signalling.9 Opioid interaction with MMR

subtype (and with COAD more generally) may rely on both

TILs-mediated (Th1 immune response) and on-tumour (Wnt

signalling) effects.

The strengths of the study include its use of opioid dose as a

continuous variable and the detailed clinicopathologic fea-

tures including MMR subtype and characterisation of TILs.

However, the study is limited by its retrospective design, lack

of detailed data on postoperative opioid use, and the use of

bulk, rather than single-cell, sequencing data from an external

cohort. Although it is possible that different opioids may have

variable effects on oncological outcomes, fentanyl accounted

for the overwhelming majority of opioids used in this study

(Supplementary Figure S6).

In summary, our study provides the rationale for a pro-

spective study focused on perioperative opioid dosing and

tumour subtypes in patients undergoing surgery for COAD.
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