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Fig 1. Congestion and hypotension and their association with acute kidney injury. Independent association between intraoperative venous
congestion arterial hypotension and postoperative acute kidney injury. Adjusted odds ratio with 95% confidence interval is shown. AUC,

area under the curve; CVP, central venous pressure.

the most at risk based on the premise, but may be explained by
the smaller sample size of our cohort compared with that re-
ported by Lopez and colleagues.

Our results confirm those reported by Lopez and colleagues
and support their reproducibility, the association being inde-
pendent from the quantitative assessment of arterial hypoten-
sion. In our cohort, arterial hypotension was not significantly
associated with AKI. Thus, we believe the results of both studies
taken together strongly reinforce venous congestion as a leading
factor for postoperative AKI. Even if the association between
intraoperative venous congestion and AKI is established, the
proof that venous congestion is the causative event is still lack-
ing. As suggested by Lopez and colleagues, we now need inter-
ventional studies taking the reduction of CVP as a goal to verify
the causative link between CVP and AKIL
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Editor—We recently demonstrated an association between
intraoperative opioid exposure and oncological outcomes in a
retrospective study of 740 patients with early-stage lung
adenocarcinoma who underwent primary tumour resection.
This cohort was unique in that all patients also underwent
next-generation sequencing’ of the tumour samples,
permitting investigation into the interaction of tumour
genomics with opioid dose to modify outcomes. In
particular, we found that alterations in two tumour genomic
factors (high fraction genome altered and CDKN2A gene deep
deletions) were associated with worse overall survival with
increased opioid exposure, compared with patients without
these genetic alterations. By contrast, increasing
intraoperative dose in patients with alteration in either the
Wnt or the Hippo oncogenic signalling pathway reversed the
pro-tumour association, resulting in improved recurrence-
specific survival (RSS) with increased opioid exposure,
compared with patients with unaltered pathways.?

Motivated by the extensive literature suggesting that NSAIDs
may have antitumour effects,®> we decided to look at intra-
operative ketorolac exposure in this cohort (IRB# 18—391, Me-
morial Sloan Kettering Cancer Center, approval date September
7, 2018). Five hundred and eighteen of the 740 patients in our
cohort received ketorolac intraoperatively (either 15 or 30 mg
iv.). Ketorolac administration generally occurred at the
conclusion of the surgery after tumour removal, and most of
these patients (415/518) received additional doses by the end of
the first postoperative day. This exposure was associated with
improved RSS on univariable analysis (hazard ratio [HR] 0.48;
95% confidence interval [CI]: 0.35-0.66; P<0.001) (Fig. 1a).
Consequently, we repeated the original multivariable analysis,
this time including ketorolac. The association remained after
covariate adjustment (HR 0.64; 95% CI: 0.46—0.89; P=0.007). Of
note, the inclusion of ketorolac did not change (and was inde-
pendent of) the previously reported association of opioids with
worse overall survival and the association of ketamine with
improved RSS (Supplementary Table 1). Patient demographics
for this cohort have been previously described in detail.?

Next, we probed whether ketorolac interacted with any of
the tumour genomic factors to modify this association. Of the
oncogenic pathways and high-frequency gene alterations pre-
viously studied, two factors were found to have statistically
significant interactions with ketorolac to modify the association
with RSS (Supplementary Table 2). Alteration in either the nu-
clear factor erythroid 2-related factor 2 (NRF2) oncogenic
pathway (P=0.052) or the MDM2 gene (part of the TP53 oncogenic
pathway) (P=0.009) neutralised the improved RSS seen in the

overall cohort, possibly reversing the association such that
ketorolac was associated with worse RSS (Fig. 1b and c),
although the relatively low frequency of these alterations
limited the ability to statistically differentiate between these
two possibilities in this analysis. Of note, the NRF2 pathway was
altered in 4.1% of patients who did and 6.3% of patients who did
not receive ketorolac; the MDM2 gene was altered in 7.1% who
did and 8.1% who did not receive ketorolac. Both genomic fac-
tors have been related to the effects of NSAIDs on cancer in
preclinical data. Increased levels of MDM2, a proto-oncogene
ubiquitin ligase and negative regulator of TP53, inactivate
cellular apoptosis.* Ketorolac has been shown to block DDX3, an
ATP-dependent RNA helicase that regulates cell cycle activity,
which results in downregulation of MDM2.° Additionally,
NSAIDs have been shown to activate the NRF2 pathway, an
antioxidant response regulatory pathway.® Note that the num-
ber of pathways altered, a global biomarker of genomic muta-
bility across the patient cohort, also had an effect on the
association between ketorolac exposure and recurrence.

We sought to further validate this finding in an external
surgical cohort (The Cancer Genome Atlas Lung Adenocarci-
noma [TCGA-LUAD] cohort)’ through the use of a computa-
tional methodology we developed to predict the effects of
drugs on oncological outcomes.? The method inputs a patient
cohort with both outcome and RNA sequencing data, such as
TCGA, and a priori knowledge of the effects of a drug on gene
expression, generally from the cancer-derived Connectivity
Map database.” The method then calculates gene co-
expression networks associated with patient survival in a
data-driven manner, and projects the effects of a drug on gene
expression onto these networks. The result is a prediction of
the drug’s regulation of the survival-associated networks and,
by extension, the survival outcome itself. For example, a drug
that upregulates a network associated with improved survival
would be expected to itself improve survival.

Application of this method to ketorolac for the TCGA-
LUAD cohort of 392 surgical patients predicts a net anti-
tumour effect of ketorolac on lung adenocarcinoma; ketor-
olac regulates five of six survival-associated gene networks
in an antitumour direction Fig. 1d. Survival curves for one of
the strongest regulated networks (highlighted by the blue
circle in Fig. 1d) are shown in Figure 1le, where it is seen that
downregulation is associated with improved survival. (Note
that, because of greater reliability and validity of this
endpoint in TCGA, overall survival is used in the TCGA
analysis; see Supplementary material.) The predicted anti-
tumour regulation of this highlighted network by ketorolac
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Fig 1.

Kaplan—Meier curves for recurrence-specific survival for patients who did (purple) or did not (blue) receive ketorolac, for (a) all

patients in the cohort, (b) patients with nuclear factor erythroid 2-related factor 2 (NRF2) oncogenic pathway alteration, and (c) patients
with MDM2 gene alteration. (d) Predicted pro-vs antitumour regulation by ketorolac of the six survival-associated gene networks in The
Cancer Genome Atlas Lung Adenocarcinoma (TCGA-LUAD) external validation cohort; each row corresponds to one survival-associated
gene network, and the coloured circle represents ketorolac’s strength and direction (pro-vs antitumour) of regulation of that network in
comparison with all 8558 other drugs and small molecules in the Connectivity Map database, given as a percentile rank (tau), where the
purple dotted line represents the 50th percentile and the blue dotted line represents the 90th percentile. (e) Survival curves for patients in
the TCGA-LUAD cohort with up-vs downregulation of the survival-associated gene network highlighted by the blue circle in (d). (f) Pre-
dicted antitumour regulation by ketorolac of the highlighted gene network (x-axis tau, as described previously), with other drugs
commonly used in the treatment of lung adenocarcinoma highlighted for comparison.

is shown in Figure 1f, where ketorolac is seen to be in the
>90th percentile, compared with all 8558 other drugs in the
Connectivity Map database, in terms of strength of network
regulation, with specific drugs commonly used for the
treatment of lung adenocarcinoma highlighted as well for
comparison. We note that, whereas this method provides
external validation of the antitumour effect of ketorolac
seen in the overall cohort, it is more limited in addressing
the specific tumour genomic alterations found in our clinical
cohort (i.e. NRF2 and TP53 pathways), as gene co-expression
networks are fundamentally different from mutational sig-
natures and transcend individual functional genomic path-
ways. That said, the method predicts that ketorolac does
regulate one of the six survival-associated co-expression
networks in a pro-tumour direction, which is consistent
with the existence of smaller genomic subgroups in which
ketorolac results in worse patient survival.

We recognise the exploratory nature of this study and the
need for further investigation to definitively determine

associations uncovered here, in which a single intra-
operative ketorolac dose potentially impacts oncological
outcomes. Nonetheless, this is, to our knowledge, the first
time that tumour genomics have been demonstrated to
modify the ketorolac—recurrence association. The specific
genomic factors identified here (NRF2 pathway and MDM2
gene alteration), although exploratory and hypothesis
generating, could be of significant clinical importance in
that there may exist a subgroup of patients for whom
ketorolac negates or reverses the RSS benefit observed more
generally. Perioperative use of ketorolac has increased with
the adoption of enhanced recovery after surgery protocols.*’
It is therefore important before surgery to identify particular
patients for whom ketorolac could negatively affect survival
because of underlying tumour genomics. This information
can be derived from next-generation sequencing of a tumour
biopsy specimen (or even plasma-derived cell-free DNA)
obtained preoperatively, enabling patient-based precision
ketorolac dosing in the perioperative period.
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