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Abstract

Background: Opioids have been linked to worse oncologic outcomes in surgical patients. Studies in certain cancer types
have identified associations between survival and intra-tumoural opioid receptor gene alterations, but no study has
investigated whether the tumour genome interacts with opioid exposure to affect survival. We sought to determine
whether intraoperative opioid exposure is associated with recurrence-specific survival and overall survival in early-stage
lung adenocarcinoma, and whether selected tumour genomics are associated with this relationship. Associations be-
tween ketamine and dexmedetomidine and outcomes were also studied.

Methods: Surgical patients (N=740) with pathological stage I-III lung adenocarcinoma and next-generation sequencing
data were retrospectively reviewed from a prospectively maintained database.

Results: On multivariable analysis, ketamine administration was protective for recurrence-specific survival (hazard
ratio = 0.44, 95% confidence interval 0.24—0.80; P=0.007), compared with no adjunct. Higher intraoperative oral morphine
milligram equivalents were significantly associated with worse overall survival (hazard ratio=1.09/10 morphine milli-
gram equivalents, 95% confidence interval 1.02—1.17; P=0.010). Significant interaction effects were found between
morphine milligram equivalents and fraction genome altered and morphine milligram equivalents and CDKN2A, such
that higher fraction genome altered or CDKN2A alterations were associated with worse overall survival at higher
morphine milligram equivalents (P=0.044 and P=0.052, respectively). In contrast, alterations in the Wnt (P=0.029) and
Hippo (P=0.040) oncogenic pathways were associated with improved recurrence-specific survival at higher morphine
milligram equivalents, compared with unaltered pathways.

Conclusions: Intraoperative opioid exposure is associated with worse overall survival, whereas ketamine exposure is
associated with improved recurrence-specific survival in patients with early-stage lung adenocarcinoma. This is the first
study to investigate tumour-specific genomic interactions with intraoperative opioid administration to modify survival
associations.
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Editor’s key points

e Increased perioperative administration of opioids has
been suggested to be associated with risk of earlier
cancer recurrence and death in some but not all can-
cers, although causality has not been established.

It is also not known whether or what genomic factors,
and whether other anaesthetic medications, might
alter these associations.

This study of outcomes from lung adenocarcinoma
surgery found that ketamine might improve
recurrence-specific survival, and opioid restriction
might improve overall survival after surgery for lung
cancer.

Specific genomic alterations were found to be protec-
tive, whereas others were found to be associated with
worse cancer-related outcomes.

Opioid misuse in the USA has steadily increased during the
past two decades, with nearly half of all opioid-related deaths
attributable to prescription opioids.! Despite the risk of
dependence, opioids are a necessary component of the peri-
operative analgesic regimen. Perioperative care teams
nationwide have recently implemented opioid-sparing regi-
mens, or enhanced recovery after surgery protocols, to opti-
mise pain management while limiting unnecessary exposure
to opioids.? These enhanced recovery after surgery protocols
have proved to reduce hospital length of stay and post-
operative complication rates and have even improved onco-
logic outcomes in surgical patients.>*

Research suggests that opioids may augment tumour
growth and metastasis, possibly through reduction of natural
killer cell activity, T-lymphocyte proliferation, and cytokine
secretion.” Furthermore, although surgery remains the pri-
mary and most effective treatment option for most resectable
cancers, tumour resection itself can induce systemic dissem-
ination of cancer cells despite optimal surgical technique.®
The surgical environment, which combines the immunosup-
pressive effects of intraoperatively administered opioids with
the surgical stress response, has been hypothesised to
magnify the proliferation of minimal residual disease.”®

Recent literature, however, suggests that the relationship
between opioid exposure and oncologic outcomes may vary
according to cancer type or subtype. While opioids may sup-
port tumour pathogenesis in some solid cancers,’ *? they may
be neutral or even protective in others.'®'* This evolving
perspective suggests that overall reduction in the use of opioid
analgesia is not the universal endpoint, but rather should be
tailored to specific cancer subtypes and, perhaps, ultimately to
the specific patient. The real determinant underlying the
relationship between opioids and cancer outcomes may be
variation in individual tumour genomics.

Preliminary studies in breast, oesophageal, and laryngeal
squamous cell cancer have identified associations between
intra-tumour opioid receptor gene alterations or expression
levels and survival.'>~” At present, few data are available that
address the patient tumour genomic profile as it relates to the
effect opioid exposure has on oncologic outcomes. Demon-
strating that variation in a genomic factor can alter the opioid-
dose-to-outcome relationship is a necessary but unrealised
prerequisite for the development of a precision approach to

perioperative analgesia in patients with cancer. Precision
medicine has become a basic tenet of modern oncology. The
treatment for lung adenocarcinoma, for example, includes
tumour genomic profiling, through either genomic alterations
or programmed death-ligand 1 (PD-L1) expression level, to
more effectively tailor therapeutic regimens.'® 2’ We imagine
a model in which, using the preoperative tumour biopsy, the
anaesthesiologist can tailor intraoperative analgesic regimens
according to the patient’s unique clinical and genomic
signature.

We investigated the association between intraoperative
opioid exposure and oncologic outcomes in a cohort of pa-
tients treated with surgery for lung adenocarcinoma for whom
next-generation sequencing data were available. Our primary
hypothesis was that higher intraoperative opioid dose is
associated with worse recurrence-specific survival and overall
survival. We also examined whether the use of the opioid-
sparing analgesic adjuncts ketamine and dexmedetomidine
independently improves patient outcomes. We further lever-
aged patient-specific genomics data to explore the hypothesis
that alterations in underlying tumour genomics may affect the
opioid exposure—survival relationship and therefore modify
the predicted opioid-dose-to-outcome response curve.

Methods
Patients

After institutional review board approval to conduct this study
(IRB# 18-391, Memorial Sloan Kettering Cancer Center,
approval date September 7, 2018), we retrospectively reviewed
a prospectively maintained database to identify patients with
primary pathological stage I-III lung adenocarcinoma who
underwent complete (RO) resection from 2010 to 2019. De-
mographic, radiographic, pathologic, genomic, and follow-up
patient data were reviewed. Predominant invasive lung
adenocarcinoma histologic subtype was designated as either
lepidic, acinar, papillary, micropapillary, solid, or unknown.
The Elixhauser—van Walraven score, a well-validated comor-
bidity index, was used to quantify patient comorbid status.?’
All patients had consented to next-generation sequencing
(MSK-IMPACT) with samples obtained from their primary
tumour.?”” The CONSORT diagram shows exclusion criteria for
the patient cohort (Supplementary Fig. S1). Metachronous and
synchronous tumours were excluded, with metachronous
tumours differentiated from recurrent tumours in accordance
with the Martini and Melamed criteria, and confirmation of
clonal relatedness was performed using next-generation
sequencing data, as previously described by our group.?*%*

MSK-IMPACT sequencing

Tumour genomic profiling was performed on all lung adeno-
carcinoma samples using the MSK-IMPACT platform, as pre-
viously described.”> Genomic factors of interest—including
tumour mutational burden, fraction genome altered, and all
genes altered at >5% frequency in the cohort—were selected
for further analysis. Also included were the 10 canonical
oncologic signalling pathways (cell cycle, Hippo, Myc, Notch,
Nrf2, Pi3K, RTK/RAS, TGFB, p53, and Wnt).”> A total of 121
genes were identified a priori in the 10 oncogenic signalling
pathways (Supplementary Table S1). A pathway was consid-
ered altered in a tumour if at least one gene within the cor-
responding pathway template was altered. For analysis of co-
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Overall Survival Recurrence-Specific

Variables N (%) Hazard Ratio P| Hazard Ratio P
Intraoperative MMEs 740 (100) it 1.09 (1.02-1.17) 0.010 lo 1.02 (0.97-1.08) 0.4
Adjunct I :

No Adjunct 315 (43) IL Reference -- 4 Reference -

Dexmedetomidine 316 (43) - 1.45 (0.88-2.40) 0.14 o 1.15 (0.81-1.64) 0.4

Ketamine 109 (14) —— 1.01 (0.47-2.18) >0.9| —eo— | 0.44 (0.24-0.80) 0.007
Median Age (IQR) 68 (61-73) o 1.04 (1.01-1.06) 0.003 ' NA -
Median van Walraven score (IQR) 12 (4-15) lo 1.06 (1.02-1.10) 0.003 iﬂ 1.06 (1.03-1.19) <0.001
Procedure : |

Segmentectomy 105 (14) f Reference - * Reference -

Lobectomy 610 (83) —re— 1.38 (0.59-3.22) 0.5 —lo— 1.32 (0.70-2.49) 0.4

Bilobe/Pneumo 25 (3) e 0.95 (0.29-3.08) >0.9 le— |206 (0.91-4.68) 0.084
Histology | :

Lepidic 136 (18) I NA = t Reference -

Papillary/Acinar 441 (60) : NA - ——i 1.81(1.01-3.26) 0.048

Micropapillary/solid 153 (21) | NA = ———1 1.65 (0.88-3.10) 0.12

Unknown 10 (1) | NA —| —t— 0.67 (0.15-3.02) 0.6
Pathologic Stage | :

| 456 (62) $ Reference -- Y Reference -

I 157 (21) : —e— 227 (1.31-3.92 0.003 | = [3.08 (1.99-4.76) <0.001

1] 127 (17) | e |4.32(2.54-7.34) <0.001 | +4/6.99 (4.61-10.6) <0.001
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Fig 1. Multivariable analysis for all intraoperative analgesics and clinicopathologic factors significantly associated with overall survival and
recurrence-specific survival on univariable analysis. Purple error bars indicate significant difference compared with the reference group
for each variable. Bilobe, bilobectomy; IQR, inter-quartile; MME, morphine milligram equivalents; NA, not applicable; Pneumo, pneumo-

nectomy.

occurrence and mutual exclusivity, we assessed all genes
known to be drivers in lung adenocarcinoma.?® Mutual ex-
clusivity and co-occurrence alterations in genes and onco-
genic signalling pathways were assessed using Fisher’s exact
test, and P-values were adjusted to correct for multiple com-
parisons using the false discovery rate correction. Further
details can be found in the Supplementary Methods.

Intraoperative analgesic agents

Doses of fentanyl, hydromorphone, and morphine adminis-
tered intraoperatively were extracted from electronic anaes-
thesia records, converted to oral morphine milligram
equivalents, and summed to give the total intraoperative dose,
where 10 morphine milligram equivalents is equivalent to
fentanyl 50 pg iv. (a standard intraoperative bolus dose).
Intraoperative administration of ketamine or dexmedetomi-
dine was also identified and quantified (Supplementary
Fig. S2). Specific analysis measures are found in the
Supplementary Methods.

Statistical analysis

The primary objective of the study was to quantify the asso-
ciation between intraoperative opioid dose and oncologic
outcomes. The primary outcome was recurrence-specific
survival. Time to event was determined from the time of
surgical resection to the time of first recurrence; this was
otherwise censored at the time of last follow-up. Recurrence-
specific survival, time to recurrence, was chosen in place of
the alternative recurrence-free survival in order to determine

whether opioids and the adjuncts were associated with dis-
ease progression in patients with stage I-III lung adenocarci-
noma. The secondary outcome was overall survival, which
was defined as the time to death from any cause.

To estimate the association between intraoperative opioid
dose or use of adjuncts (ketamine and dexmedetomidine) and
oncologic outcomes, we used univariable and multivariable
Cox proportional hazard regressions to calculate hazard ratios
(HRs) and 95% confidence intervals (Cls), treating intra-
operative morphine milligram equivalents as a continuous
variable and administration of adjuncts as a categorical vari-
able. For each endpoint (recurrence-specific survival and
overall survival), variables with P<0.1 were included in the
multivariable model, and some clinically relevant variables
were retained. In the case of recurrence-specific survival
analysis, patients who died without recurrence were consid-
ered to be censored using a cause-specific hazard model rather
than a subdistribution hazard model; in this aetiological
framework, the cause-specific hazard is more appropriate as it
directly quantifies the hazard among subjects who are actually
at risk of developing the event of interest, whereas in the
subdistribution hazard model, individuals who experienced
the competing event remain in the risk set.”” Each model was
designed for the overall survival and recurrence-specific sur-
vival outcomes and was adjusted for relevant clinicopatho-
logical features. An additional multivariable model was
constructed for each genomic factor of interest, for each
outcome, by adding to the multivariable model a term for
presence of factor alteration and a term for interaction be-
tween the factor and opioid dose.
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Fig 2. Association between analgesic adjunct use and recurrence and between intraoperative opioid dose and survival in patients with lung
adenocarcinoma. (a) Five-year Kaplan—Meier curves for recurrence-specific survival for patients with lung adenocarcinoma who received
ketamine, dexmedetomidine, or no adjunct intraoperatively. (b) Five-year predicted curve for overall survival (OS) with increasing

intraoperative morphine milligram equivalents (MMES).

To better illustrate the impact of incremental increases in
intraoperative morphine milligram equivalents on outcomes,
predicted 5-yr overall survival and recurrence-specific survival
estimates, corresponding to a range of morphine milligram
equivalents, were generated on the basis of the final multi-
variable analyses for a representative patient. Survival end-
points were measured from the time of surgery, and patients
were censored at the time of last follow-up. Overall survival
and recurrence-specific survival were estimated using the
Kaplan—Meier approach, by morphine milligram equivalents
and type of adjunct, and were compared using log-rank tests.
Further details on statistical analysis, representative patient
construction, and calculation of predicted opioid-dose-to-
outcome response curves are found in the Supplementary
Methods.

The linearity assumptions for all continuous variables (e.g.
morphine milligram equivalents) were assessed using
restricted cubic splines. All statistical tests were two-sided,
with P<0.05 indicating statistical significance. R 3.6.2 (R
Foundation for Statistical Computing, Vienna, Austria) was
used for statistical analyses.

Results
Patient characteristics

In total, 740 patients were included in the study. The majority
were women (n=489 [66%]), and most were former or current
smokers (n=543 [73%]). The median age at surgery was 68 yr
(inter-quartile range [IQR], 61-73 yr); the median
Elixhauser—van Walraven comorbidity score was 12 (IQR,
4—15) (Fig. 1, Supplementary Table S2).

Clinicopathologic and analgesic variables

The median number of intraoperative morphine milligram
equivalents for the overall cohort was 42 (IQR, 30—60). Patients
who received dexmedetomidine had significantly lower
intraoperative morphine milligram equivalents (median, 40
[IQR, 30—57]), compared with patients who received no adjunct
(median, 50 [IQR, 30—61]) (Supplementary Table S2). All pa-
tients had pathologically diagnosed lung adenocarcinoma and
were differentiated into groups on the basis of histologic
subtype: lepidic (n=136 [18%]), acinar or papillary (n=441
[60%)]), micropapillary or solid (n=153 [21%]), and unknown
(n=10 [1.4%)]). Four hundred and fifty-six patients (62%) had
pathologic stage I disease, 157 (21%) had stage II disease, and
127 (17%) had stage III disease (Fig. 1). Thirteen percent of the
cohort (n=96) received induction chemotherapy, and most
patients underwent lobectomy (n=610 [82%]). Almost one-
third of patients (n=227 [31%]) received adjuvant therapy, 31
(4.2%) received combination chemoradiation, 153 (21%)
received chemotherapy alone, and 29 (3.9%) received radiation
therapy (Supplementary Table S2). Median follow-up was 2.74
yr (IQR, 1.76—3.82 yr).

Association between intraoperative analgesics and
outcomes

Five-year recurrence-specific survival was 61.8% (95% CI,
54.7—69.7%), and 5-yr overall survival was 74.4% (95% CI,
68.6—80.6%). There were 95 deaths and 160 locoregional or
distant recurrence events during the study period (2010—9).
The linearity assumptions for intraoperative morphine milli-
gram equivalents were not violated for either recurrence-
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Fig 3. Association between intraoperative opioid dose and genomic alterations in patients with lung adenocarcinoma. (a) OncoPrint of
alteration frequencies of all genes altered >5% for the overall study cohort. Patients are subdivided by pathologic tumour stage. (b) Five-
year predicted overall survival (OS) for patients with high and low fraction genome altered and altered and wild-type (WT) CDKN2A with
increasing intraoperative morphine milligram equivalents (MMEs). (c) Comparative bar graphs representing the alteration rate for each
genomic factor by stage. (d) Co-occurrence and mutual exclusivity between genes across all tumours. FGA, fraction genome altered; TMB,
tumour mutational burden.



80 | Connolly et al.

Pathologic stage 2 Pathologic stage 3
(n=157) (n=127)
JTYTRP TSI R USRI [P BTN TR PIF TS P OPYRRT I R DY Y
ST W S S WP bt s
HRETT DT Y B LGB B AL ks i

0L i i b o o

I O TR0 AR A N R
il s 88% (W rwmmesmmmn s
1mhl J— | 50% o o

T N I umow 26% 1 v oui g mm o
M=lbN@ 1 = % Al 7% DI ke
1 A T Wl 9% (NVEUAUENERIRNIG w '

.| 1 1 NI ' 9% " R o
1 T T A ' " 6% AN '

i i i el 7% " I BT

' ' o 6% TR ' i

N 4% JI ' '

m Truncating mutation (putative driver)

0 g1 TMB 0 g 676 -~ Nodata

a
Pathologic stage 1
(n=456)
FGA T U U 1 1 N TIPSV PUPRR SOUVRU § T DPSIR NUUON WO DR DY SO IOV
™B & . et sl .
Mutation spectrum {1 TLLAAP IR TR A e A PP T T R
Age at surgery o, ko e b
sex T T = e T
RTK RAS 89%  mmmun{R{HN 86%
TP53 42% op o e [ [ s s [ T 53%
PI3K 20% | | | I 1 b o — i w 25%
Collcycle  18% (| LM LI b Wk e BIL 2%
myc % IS I T i 10%
WNT 4% T Ml 0 1 ] Y il u 10%
NOTCH 5% |1 v o Ul " il Sl ' [T 6%
NRF2 4% WA I ! ol | v 5%
TGF-BETA 1.8% | ' ' 1 ' " 1 4%
HIPPO 0.9% ' ' 1 2.5%
® Inframe mutation (putative driver) ~ ® Missense mutation (putative driver) & Promoter mutation
Genetic alteration
1 Fusion | Amplification ]| Deep deletion No alterations
Mutation spectrum I C>A C>G c>T T>A I T>C I T>G No data Fraction genome altered
Age at surgery 29 ‘ 90 Sex I Female I Male
] WNT HIPPO
1
0.8 08|
[}
%]
[i4
‘.5' 0.6 0.6
)
°
2
o 04
5 0.4
o
a L
.2
0 02 -@- WT
—— Altered
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Intraoperative MMEs Intraoperative MMEs
c d
RTK RAS WNT [46] *
P53 TP53 [338] .
RTK RAS [658] | *
PI3K H
TGF-beta [23]
Cell cycle - PI3K [163]
MYC ' NRF2 [35]
WNT - ' NOTCH [38]
NOTCH MYC [61]
[ stage 1 HIPPO [13]
NRF2 4 [
[ stege 2 Cell cycle [142]
TGF-beta - [ e m Y NToOoO
Stage 3 0 < ™
Hippo - [f = £33zt
v Z o =
X W I
T T T T - O =z
X

25 50 75

Patients (%) -log10(P-value)

Cell cycle

Co-occurrence . ! Mutual exclusivity

>321012>3

* P-value<0.05
. P-value<0.10

Fig 4. Association between intraoperative morphine milligram equivalents (MMEs) and oncogenic pathway alterations in patients with
lung adenocarcinoma. (A) OncoPrint of alteration frequencies of 10 canonical oncogenic pathways for the overall study cohort. Patients are
subdivided by pathologic tumour stage. (B) Five-year predicted recurrence-specific survival (RSS) for patients with altered and unaltered
Wnt and Hippo pathways. (C) Comparative bar graphs representing the alteration rate for each oncologic signalling pathway by stage. (D)
Co-occurrence and mutual exclusivity between oncogenic pathways across all tumours. FGA, fraction genome altered; TMB, tumour
mutational burden; WT, wild-type.
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specific survival (P=0.32) or overall survival (P=0.35); hence,
this primary exposure factor was treated as a continuous
variable in the analyses. Intraoperative opioid dose was not
significantly associated with recurrence-specific survival
(Fig. 1). Ketamine administration was significantly associated
with improved recurrence-specific survival, compared with no
adjunct therapy, on both univariable (HR, 0.51 [95% CI,
0.28—0.91]; P=0.023) and multivariable (HR, 0.44 [95% CI,
0.24—0.80]; P=0.007) analysis (Figs 1 and 2a, Supplementary
Table S3). Higher intraoperative morphine milligram equiva-
lents were associated with worse overall survival on both
univariable (HR, 1.09/10 morphine milligram equivalents [95%
CI, 1.02-1.16]; P=0.011) and multivariable (HR, 1.09/10
morphine milligram equivalents [95% CI, 1.02—1.17]; P=0.010)
analysis. Of note, ketamine administration was not associated
with significant differences in overall survival. Dexmedeto-
midine administration was not associated with either
outcome (Figs 1 and 2b, Supplementary Table S3).

Interaction of gene alterations with opioid dose

We performed an exploratory analysis to assess any modifying
effect of tumour-specific genomic alterations, delineated by
stage in the OncoPrint, on the opioid-survival relationship
(Fig. 3a). Higher tumour mutational burden (P=0.026) and
fraction genome altered (P=0.044), treated as continuous var-
iables, were associated with worse overall survival with
increasing opioid dose, although the actual size of the tumour
mutational burden effect estimate was small (Fig. 3a,
Supplementary Table S4). When fraction genome altered was
broken down into 25th and 75th percentiles for our predicted
model curves, higher fraction genome altered had a profound
interaction with the opioid-overall survival relationship
(Fig. 2b). CDKN2A alteration (8.6% alteration rate [n=64]) was
associated with worse overall survival with increasing opioid
dose, compared with wild-type CDKN2A (P=0.052) (Fig. 3b).
CDKN2A alteration rates were significantly higher in patho-
logic stage II (16%) and stage III (10%) tumours, compared with
stage I tumours (6%; P=0.002) (Fig. 3c). More than half of the
total driver alterations (33 of 61) were homozygous deletions
(Fig. 3a).

Interaction of canonical pathway alterations with
opioid dose

We also investigated alterations in the 10 canonical oncogenic
pathways and determined the sum total of pathways altered
(Fig. 4a). Alterations in the Wnt pathway (6.2% alteration rate
[n=46]) were associated with improved 5-yr recurrence-
specific survival with increasing opioid exposure (P=0.029),
compared with no alterations in the pathway. A similar result
was found for the Hippo pathway (1.8% alteration rate [n=13];
P=0.040) (Fig. 4b). Of note, rates of Wnt and Hippo pathway
alterations increased with higher pathologic stage, but were
not significantly different (P=0.114 and P=0.306, respectively)
(Fig. 4c).

Co-occurrence and mutual exclusivity of genes and
pathways

We assessed co-occurrences and mutual exclusivity between
altered genes and pathways (Figs 3d and 4d). The Wnt pathway
was found to significantly co-occur with the Pi3K pathway
(P=0.020), although the interaction of the Pi3K pathway with

opioid dose was not significantly associated with either overall
survival or recurrence-specific survival (P=0.127 and P=0.119,
respectively) (Supplementary Table S4).

Discussion

Preclinical evidence suggests that the interaction between
exogenous opioids and the tumour immune environment may
underlie pathogenic changes in tumour biology.®*® However,
the results of recent clinical studies suggest that this interac-
tion does not always translate to a more aggressive pathology
for all cancer types.”’ For example, whereas greater opioid
exposure was associated with shortened progression-free
survival and overall survival in advanced-stage prostate can-
cer and renal cell carcinoma,’®*° opioids were found to be
protective against recurrence in squamous oesophageal can-
cer.’® With regard to lung adenocarcinoma, in the present
study, we found that increasing intraoperative opioid dose
was associated with worse overall survival, which is broadly
consistent with findings from recent studies in non-small cell
lung cancer more generally.>'?

Differences in underlying tumour genomics may conceiv-
ably account for differences in the opioid—oncologic—outcome
relationship. Recent studies found that the A118G poly-
morphism in the mu-opioid receptor (MOR) was associated
with increased cancer-specific mortality in breast cancer and
increased overall cancer development in oesophageal squa-
mous cell cancer.'>'” In the present study, we attempted to
uncover specific variations in tumour genomics of the primary
tumour that interact with the association between intra-
operative opioid dose and oncologic outcomes in lung adeno-
carcinoma. We found that alterations in specific genes and
pathways can modify the predicted opioid-dose-to-outcome
response curve, in both magnitude and directionality (i.e.
from antisurvival to prosurvival). Note, that these alterations
may not be reflected in the tumour recurrence genomic profile.
The present study is, to our knowledge, the first analysis to
show that increasing fraction genome altered is associated
with worse overall survival with increasing intraoperative
opioid dose. Nonetheless, fraction genome altered has been
well described in association with increased lung adenocar-
cinoma pathogenicity, including subtype invasiveness and
selective response to immunotherapy.®"*? Similarly, CDNK2A
alterations, most frequently homozygous deletions, are com-
mon in smoking-associated non-small cell lung cancer, but
the present study is the first time that alteration of this gene
and increased opioid exposure have been shown to be corre-
lated with decreased survival.**> The Hippo signalling pathway
is a highly conserved pathway that plays a major role in cell
polarity, cell—cell adhesion, and contact inhibition.>* Of note,
Hippo pathway alteration has been shown to be associated
with worse 2-yr disease-free survival in lung adenocarci-
noma,”” which is consistent with our results, which predict
shorter recurrence-specific survival with Hippo alteration at
lower morphine milligram equivalents. However, as opioid
dose increased, Hippo pathway alteration was associated with
decreased tumour recurrence—patients with alterations in
this pathway had improved recurrence-specific survival with
increasing dose, whereas patients without alteration had
worse recurrence-specific survival.

The Wnt pathway plays a primary role in cellular differ-
entiation in early-stage lung cancer. A critical downstream
effector of this regulatory pathway is B-catenin.* In the pre-
sent study, Wnt pathway alteration in conjunction with
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increasing opioid dose was associated with lower rates of
tumour recurrence. Of interest, the Wnt pathway significantly
co-occurred with the Pi3K pathway in this cohort. Although, at
present, no study has implicated the direct effects of opioids
on the Wnt pathway, Wnt activates the Pi3K pathway via B-
catenin, and it has been suggested that the Pi3K pathway
mediates the role of opioids on tumorigenesis.*® For example,
Lennon and colleagues® found that MOR upregulation pro-
motes lung cancer progression via downstream signalling
involving Akt and mTOR, members of the Pi3K pathway.

MOR signalling may similarly connect to other canonical
oncogenic pathways—in particular, Wnt and Hippo—although
these connections remain unknown at present. The expres-
sion of opioid target receptors in lung cancer would seem to be
a necessary condition for opioid effects on tumour pathology,
and this is supported by data showing associations between
MOR expression and oncologic outcomes.*® We would suggest,
however, that the expression and variation of MOR on tumour
cells is not in itself sufficient to explain the effects of opioids,
insofar as we have found that alterations of other genes and
pathways interact with opioid exposure to affect the predicted
opioid-dose-to-outcome response curve.

Although opioids are the primary focus of the present
work, we also explored adjunct analgesic agents used intra-
operatively. There is a growing trend in favour of ketamine
and dexmedetomidine use, with a concomitant decrease in
opioid use, for intraoperative analgesia.’* Recent evidence
suggests that ketamine may be protective against recurrence.
Intraoperative ketamine exposure was associated with
improved recurrence-free survival in a cohort of 2775 surgical
patients with localised kidney cancer.'? Although the mecha-
nism of action underlying these favourable outcomes is yet to
be fully elucidated, ketamine antagonism at the N-methyl-D-
aspartate (NMDA) receptor is likely crucial, as NMDA receptor
signalling has been demonstrated to facilitate breast
cancer metastasis in a mouse model.* The divide between a
worse overall survival-opioid-dose result and an improved
recurrence-specific survival-ketamine result supports the
theory of different underlying mechanisms for these drugs.

To our knowledge, this is the first study to explore the in-
teractions of patient-specific tumour genomic alterations on
the relationship between intraoperative opioid analgesia and
oncologic outcomes. The strengths of the study include its
large cohort size and detailed clinicopathological and genomic
annotations. Limitations include the retrospective nature and
the lack of detailed data on postoperative opioid exposure.
Additionally, the tumour genomics analysis was exploratory
and thus not driven by specific gene and pathway hypotheses,
although this may also be a strength—uncovering previously
unknown interactions between opioids and specific genomic
factors. Also, although conversion to a common morphine
milligram equivalents measure is consistent with clinical
studies in general, it is possible that different opioids may
have varying oncologic significance. To this point, fentanyl
accounted for the overwhelming majority of opioids admin-
istered (Supplementary Fig. S2b).

While precision medicine in oncology, and lung adenocar-
cinoma in particular, is already a reality, to date there exists no
comparable progress in onco-anaesthesia, for either non-
small cell lung cancer or other solid cancers, which would
enable tailoring of perioperative analgesic techniques on the
basis of tumour genomics. We believe that the present work
offers an incremental development in precision perioperative
anaesthesia to generate hypotheses regarding the impact of

common analgesics on oncologic outcomes for individual pa-
tients. The specific genomic factors uncovered here, and their
predicted interactions with intraoperative opioid dose to
modify outcomes, constitute actionable evidence that could be
expanded in future studies evaluating these mechanistic
pathways.
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