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Abstract

Background Nonsteroidal anti-inflammatory drugs (NSAIDS) are increasingly important alternatives to opioids
for analgesia during hospitalization as health systems implement opioid-minimization initiatives. Increasing
NSAID use may increase AKI rates, particularly in patients with predisposing risk factors. Inconclusive data in
outpatient populations suggests that NSAID nephrotoxicity is magnified by renin-angiotensin system inhibitors
(RAS-I). No studies have tested this in hospitalized patients.

Methods Retrospective, active-comparator cohort study of patients admitted to four hospitals in Philadelphia,
Pennsylvania. To minimize confounding by indication, NSAIDs were compared to oxycodone, and RAS-T were
compared to amlodipine. We tested synergistic NSAID+RAS-I nephrotoxicity by comparing the difference in
AKI rate between NSAID versus oxycodone in patients treated with RAS-I to the difference in AKI rate between
NSAID versus oxycodone in patients treated with amlodipine. In a secondary analysis, we restricted the cohort to
patients with baseline diuretic treatment. AKI rates were adjusted for 71 baseline characteristics with inverse

probability of treatment-weighted Poisson regression.

Results The analysis included 25,571 patients who received a median of 2.4 days of analgesia. The overall AKI rate
was 23.6 per 1000 days. The rate difference (RD) for NSAID versus oxycodone in patients treated with amlodipine
was 4.1 per 1000 days (95% CI, —2.8 to 11.1), and the rate difference for NSAID versus oxycodone in patients
treated with RAS-I was 5.9 per 1000 days (95% CI, 1.9 to 10.1), resulting in a nonsignificant interaction estimate:
1.85 excess AKI events per 1000 days (95% CI, —6.23 to 9.92). Analysis in patients treated with diuretics produced
a higher, albeit nonsignificant, interaction estimate: 9.89 excess AKI events per 1000 days (95% CI, —5.04 to 24.83).

Conclusions Synergistic nephrotoxicity was not observed with short-term NSAID+RAS-I treatment in the

absence of concomitant diuretics, suggesting that RAS-I treatment may not be a reason to choose opioids in lieu of

NSAIDs in this population. Synergistic nephrotoxicity cannot be ruled out in patients treated with diuretics.
KIDNEY360 1: 604-613, 2020. doi: https://doi.org/10.34067 /KID.0001432020

Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are
essential options for analgesia in patients who are hos-
pitalized (1-3). They have similar efficacy compared
with opioids for multiple indications (1,4-6), and are
recommended as first-line treatment for mild to mod-
erate pain (1-3). Moreover, NSAID use during hospi-
talization is increasing as health systems across the
United States implement opioid-minimization inter-
ventions (7-10), efforts encouraged by the US Surgeon

General and analgesia guideline organizations (1,2,11).
A recent national survey of 81 hospitals showed that
98% had implemented such measures, with the third
most common intervention being the increased use of
NSAIDs and other nonopioids (7).

Increasing NSAID use in patients who are hospital-
ized may increase AKI rates, particularly in patients
with predisposing risk factors (12-14). Minimizing
NSAID-AKI risk requires avoidance of nephrotoxicity
risk factors, especially modifiable factors such as drug-
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drug interactions. Inconclusive evidence in outpatient pop-
ulations suggests that NSAID nephrotoxicity is magnified
by renin-angiotensin system inhibitors (RAS-I) (13-17).
NSAIDs can vasoconstrict the afferent glomerular arterioles
(12), whereas RAS-I vasodilate the efferent arterioles (18).
The combined effects are postulated to produce synergis-
tic reductions in transglomerular pressure that compro-
mise glomerular filtration (19). Some studies suggest that
NSAID-AKI risk is doubled by RAS-I treatment (16,17),
whereas others show no signal of synergistic nephrotoxicity
(13,14,15).

Additional uncertainty stems from whether outpatient
studies can be extrapolated to the inpatient setting, where
patients have a higher baseline AKI risk, but also tend to
receive much shorter durations of combined therapy. This
represents a critical knowledge gap: if NSAID+RAS-I is
truly nephrotoxic in this setting, the combination may con-
tribute substantially to AKI and associated downstream
effects including CKD (20); if not, withholding such therapy
may unnecessarily expose patients to opioids, with corre-
sponding risks of adverse drug events (21) and long-term
opioid use and abuse syndromes (22,23). The potential effect
on global kidney disease burden is substantial, given that
approximately 15-20 million patients receive analgesia dur-
ing hospitalization each year (21,24), and RAS-I are the most
commonly used antihypertensives (25). We thus aimed to
determine whether NSAID+RAS-I treatment has synergis-
tic effects on AKI rates in patients who are hospitalized.

Materials and Methods
Overview of Study Design

We conducted a retrospective cohort study of patients
who are hospitalized that compared AKI rate in patients
treated with NSAID+RAS-I versus control patients who
received comparator drugs lacking effects on kidney func-
tion (26). Oxycodone was the comparator for NSAIDs be-
cause it is a commonly used, non-nephrotoxic analgesic (21).
Amlodipine was the active comparator for RAS-I because it
has similar indications compared with RAS-T (27), and it
does not vasodilate the efferent arterioles (28). We tested
synergistic interaction by comparing the difference in AKI
rate between NSAID versus oxycodone in patients treated
with RAS-I to the difference in AKI rate between NSAID
versus oxycodone in patients treated with amlodipine. We
estimated interaction on the multiplicative (ratio of rate
ratios) and additive (difference-in-differences) scales (29).
The University of Pennsylvania Institutional Review Board
approved the study.

Source Population

The study population was drawn from patients admitted
to one of four hospitals within the University of Pennsyl-
vania Health System (UPHS) from January 1, 2004 to June
30, 2017. Inclusion criteria were age =18 years and at least
24 hours of concomitant treatment with a drug pair of in-
terest. Exclusion criteria were the presence of relative con-
traindications to NSAIDs (baseline platelet count <100x101!
cells/L; ESKD, RRT, or nonresolved AKI within 2 weeks
before cohort entry; or baseline creatinine >2 mg/dl), rel-
ative contraindications to RAS-I treatment (pregnancy),
lack of a baseline or at least one follow-up creatinine, and
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a history of solid organ transplant. In patients with multiple
eligible episodes, only the first was included.

Drug-Drug Interaction Cohort (Cohort A)

We identified patients who received =24 hours of either
a RAS-T or amlodipine. Eligible RAS-I were angiotensin-
converting enzyme inhibitors (lisinopril, enalapril, ramipril,
benazepril, quinapril, and captopril) and angiotensin II re-
ceptor blockers (losartan, irbesartan, and valsartan). Within
this cohort, we identified patients who received =24 hours
of NSAIDs or oxycodone treatment. Eligible NSAIDs were
ibuprofen, ketorolac, indomethacin, naproxen, and nabu-
metone. Follow-up began with the first dose of concomitant
exposure (i.e., the index date) and continued until a lapse in
concomitant treatment >48 hours, occurrence of AKI, hos-
pital discharge, death, or at 14 days after the index date. The
specific NSAIDs and RAS-I studied were selected based on
UPHS formulary availability. Detailed exposure definitions
can be found in the Supplemental Methods.

Outcomes

The primary outcome was AKI at 14 days of follow-up,
defined using Kidney Disease Improving Global Outcomes
(KDIGO) creatinine and dialysis criteria (30). Baseline cre-
atinine was defined as the last value before the index date.
We staged AKI over 7 days after AKI onset. Secondary
outcomes included KDIGO-defined AKI severity stage and
AKI duration, defined as the number of days required for
creatinine to return to within 25% of baseline (31). AKI
duration was categorized as short (=2 days), medium
(3-6 days), and long (=7 days) (31). Patients who required
RRT were considered long duration regardless of creatinine
resolution.

Data Collection

Data were obtained from Penn Data Store (PDS), Penn
Medicine’s electronic health record (EHR) data warehouse.
PDS includes medication administration records, laboratory
values, demographics, location of care records, and diag-
nosis codes. PDS data on EHR procedure orders were used
to define RRT episodes.

Potential confounders were selected a priori based on
clinical knowledge and prior literature, with an emphasis
on those associated with AKI or severity of illness (Table 1).
Comorbidities were ascertained from diagnosis codes (see
Supplemental Table 1). Pre-exposure AKI was defined by
applying KDIGO criteria from hospital admission up to the
index date (see Supplemental Methods for details). Baseline
medication and laboratory variables were assessed during
the 72 hours before the index date. For each laboratory
measure, the value most proximate to cohort entry was
collected. Baseline eGFR was calculated using the CKD
Epidemiology Collaboration equation (32).

Data Analysis

Descriptive Statistics. We examined baseline covariate
balance with standardized mean differences (SMD) (33). We
examined balance across all possible contrasts between the
four groups, because estimation of a causal synergistic in-
teraction requires balanced covariates across all possible
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Table 1. Baseline characteristics in cohort B (the primary analysis cohort) after inverse probability of treatment weighting
RAS Cohort Amlodipine Cohort
Qi NSAID, n=4034 Oxycodone, svp  NSAID, n=1181° Oxycodone, SMD
(6249°) n=16,110" (7127°) (5782°) n=4700" (6413)
Demographics
Age, years, mean 62.8 63.1 0.020 63.8 63.6 0.012
Female sex, % 49 48 0.016 50 49 0.023
Race, %
White 54 54 0.009 53 52 0.019
Black 37 37 0.005 39 3 0.003
Other/unknown 9 10 0.007 8 9 0.039
BMI in kg/m?, mean 31.1 31.1 0.003 30.7 30.9 0.016
Year, mean 2011 2011 0.018 2011 2011 0.001
Hospital admission characteristics
Center, %
CCH 0.8 0.8 0.000 0.8 0.6 0.025
HuUP 46 47 0.015 46 47 0.020
PAH 25 25 0.003 25 27 0.049
PMC 29 28 0.020 29 26 0.065
Surgical admission, % 61 62 0.015 62 61 0.016
Location of initial
presentation, %
ED 31 30 0.018 32 30 0.048
Icu 8 7 0.028 7 7 0.005
OR 27 27 0.001 28 28 0.006
Floor 28 29 0.008 28 29 0.023
Other 6 7 0.052 6 6 0.034
LOS before index in 29 2.9 0.005 2.8 2.9 0.021
days, mean
ICU care at index date, % 16 16 0.013 16 16 0.002
Perioperative recency, %
Not in perioperative 74 73 0.022 71 72 0.008
period
POD zero 2 2 0.014 2 2 0.012
POD one 13 13 0.015 15 14 0.026
POD two 8 9 0.028 8 10 0.053
POD three 4 3 0.006 4 4 0.032
Mechanical ventilation, % 3 4 0.039 4 3 0.034
Comorbidities, %
Heart failure 24 23 0.011 22 21 0.013
Myocardial infarction 14 14 0.002 13 13 0.015
Hypertension 90 90 0.003 92 91 0.042
Cardiac arrhythmias 20 19 0.010 17 17 0.009
Atrial fibrillation 16 16 0.001 15 14 0.028
Valvular disease 16 15 0.008 15 15 0.013
Stroke 10 10 0.005 9 11 0.068
Peripheral vascular 14 15 0.025 14 16 0.061
disease
Pulmonary circulation 9 9 0.008 9 7 0.044
disorder
Chronic pulmonary 28 27 0.028 29 27 0.044
disease
Liver disease 5 5 0.001 4 5 0.045
Diabetes mellitus
None 65 65 0.003 67 67 0.001
Noncomplicated 28 28 0.009 26 26 0.013
Complicated 8 8 0.021 7 8 0.021
CKD 10 11 0.038 13 11 0.058
Weight loss 6 6 0.002 7 7 0.005
Fluid and electrolyte 26 26 0.009 28 27 0.040
disorder
Cancer
None 82 82 0.011 81 81 0.013
Nonmetastatic 12 12 0.003 13 13 0.016
Metastatic 6 6 0.015 6 6 0.002
Obstructive sleep 15 14 0.025 12 14 0.075
apnea
HIV/AIDS 1 1 0.013 1 1 0.013
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Table 1. (Continued)
RAS Cohort Amlodipine Cohort
Claedaiie: NSAID, n=4034% Oxycodone, SMD NSAID, n=1181? Oxycodone, SMD
(6249°) n=16,110% (7127°) (5782%) n=4700" (6413)
Kidney function
GFR, ml/min per 74.9 74.5 0.021 744 74.8 0.017
1.73 m?, mean
Prior AKI, % 10 10 0.008 9 9 0.002
Laboratory values, mean
WBC, X10° cells/L 9.9 9.9 0.014 9.8 10.0 0.029
Hemoglobin, g/dl 11.2 11.1 0.037 11.1 11.1 0.029
Platelets, X10™ cells/L 235.8 236.7 0.010 233.1 237.0 0.039
Chloride, mEq/L 103.8 103.7 0.004 103.9 103.7 0.039
Potassium, mEq/L 41 41 0.001 41 41 0.040
Medications, %
Selective B1-blockers 41 42 0.013 44 41 0.052
Combined a- and 12 12 0.007 10 10 0.005
B-blockers
Loop diuretics 26 25 0.016 23 24 0.009
Thiazide diuretics 16 16 0.010 15 16 0.041
Hydralazine 8 9 0.037 10 10 0.017
Other 7 8 0.029 8 9 0.025
antihypertensives®
Acid suppressants
None 39 40 0.006 39 38 0.008
H2RA 25 25 0.004 26 27 0.012
PPI 36 35 0.009 35 35 0.003
Broad spectrum 12 12 0.008 10 13 0.074
antibiotics®
Narrow spectrum 40 41 0.026 44 42 0.038
antibiotics®
Vancomycin 22 22 0.018 20 21 0.027
Sulfamethoxazole/ 3 3 0.026 2 3 0.066
trimethoprim
Other nephrotoxic 3 3 0.017 4 3 0.006
antibiotics’
Other nephrotoxins® 2 2 0.032 2 2 0.030
Vasopressors 4 4 0.025 4 4 0.002
RAS, renin-angiotensin system inhibitor; NSAID, nonsteroidal anti-inflammatory drug; SMD, absolute standardized mean difference;
BMI, body mass index; CCH, Chester County Hospital; HUP, Hospital of the University of Pennsylvania; PAH, Pennsylvania Hospital;
PMC, Presbyterian Medical Center; ED, emergency department; ICU, intensive care unit; OR, operating room; LOS, length of stay; POD,
postoperative day; WBC, white blood cells; H2RA, histamine-2 receptor antagonist; PPI, proton pump inhibitor.
®Actual sample size.
PEffective sample size after inverse probability of treatment weighting.
“Propranolol, clonidine, doxazosin, terazosin.
dCarbapenems, cefepime, piperacillin-tazobactam, fluoroquinolones, aztreonam.
°First- and second-generation cephalosporins, macrolides, amoxicillin, penicillin, tetracycline, nitrofurantoin, ampicillin-sulbactam.
fAminoglycosides (amikacin, gentamicin, tobramycin), colistin.
8Carboplatin, cisplatin, ifosfamide, cyclosporine, tacrolimus, methotrexate, amphotericin, acyclovir.

contrasts (34). Absolute SMD values >0.1 were considered
meaningful imbalance (35).

Inverse Probability of Treatment Weighting Ana-
lysis. We adjusted for covariates listed in Table 1 using
inverse probability of treatment weighting (IPTW) analysis
(36,37). Weights were formulated to estimate an average
treatment effect (36), and were calculated from multinomial
propensity scores estimated in the full cohort (cohort A).
(36). Multinomial propensity scores extend standard pro-
pensity score methods to multiple treatment groups. The
key difference is that there are multiple propensity scores
estimated (one for each treatment group). Multinomial pro-
pensity scores were estimated using generalized boosted
models (36). Generalized boosted models are machine-
learning classifiers that select the propensity score model
that minimizes covariate imbalance across all treatment

groups (36). Covariates with absolute SMD>0.1 after IPTW
were included in the outcome models (38).

Propensity Score Trimming. The primary IPTW analysis
was restricted to the subset of patients with comparable
propensity scores (cohort B) (39). This restriction was ac-
complished by trimming the areas of nonoverlap in the
propensity score distribution for each treatment category.
Trimming methods are described in the Supplemental
Methods, and the multinomial propensity score distribu-
tions and restriction bounds for cohort B are shown in
Supplemental Figure 1.

In a sensitivity analysis, all models were repeated after
restricting to the subset of patients with propensity scores
between the first and 99th percentiles of the overlapping
multinomial propensity score distributions (cohort C; see
Supplemental Figure 1 for restriction bounds). The rationale
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is to remove patients who were treated contrary to pre-
diction, because these patients may be the most likely to
have unmeasured confounders (39,40).

Outcome Models. AKI rate was estimated with IPTW
Poisson regression using robust variance estimation. Inter-
action on the ratio scale was estimated from regression
model interaction terms between NSAID and RAS-I (29).
Interaction on the difference scale was determined by con-
trasting the predicted marginal AKI rates of each exposure
group (41). AKI duration and KDIGO severity stage were
modeled with IPTW multinomial logistic regression.

Sensitivity and Subgroup Analyses. Prespecified sub-
group analyses included restricting to patients who received
combined exposure for =3 days (to examine duration re-
sponse) and an analysis stratified by exposure to diuretics
at baseline, because some studies suggest that synergistic
NSAID-RAS-I nephrotoxicity may be limited to patients
treated with diuretics (15). We also performed two addi-
tional post hoc subgroup analyses suggested during peer
review: stratified analysis based on age of 65 years, and
presence of diabetes mellitus II at baseline. In addition, all
analyses were repeated using unweighted multivariable-
adjusted Poisson regression in cohort A, because IPTW may
have less power compared with multivariable regression

(36,37). Multivariable modeling procedures are detailed in
the Supplemental Methods. Lastly, we performed quanti-
tative bias analysis, in which we estimated the effect of a
hypothetical unmeasured confounder on our interaction
estimates (see Supplemental Methods, Supplemental Ta-
ble 2, and Supplemental Figures 2 and 3 for detailed
methods).

Results

The selection of patients into the study is depicted in
Figure 1. Our initial query identified 114,491 episodes of
concomitant exposure to a drug pair of interest, of which
61,360 courses (in 43,201 patients) had a duration =24
hours. From this population, 27,741 patients were included
in cohort A (the propensity score estimation cohort). After
multinomial propensity score estimation, an additional 2170
patients were excluded due to noncomparable propensity
scores, leaving 25,571 patients in cohort B (the primary
analysis cohort).

Patient Characteristics before Weighting in Cohort A
The median duration of combined analgesic and antihy-
pertensive treatment was approximately 2 days in all study

Adult patients with > 24 hours of exposure to drug pairs of interest
n=61,360 courses in 43,201 patients
Exclusions n (courses)
* ESRD / Creatinine > 25,029
¢ Baseline AKI 2,184
* Platelets < 100 3,087
* No baseline creatinine 1,055
* No follow-up creatinine 3,998
* Pregnancy 1,979
* Solid organ transplant 315
* Other missing data 724
Eligible courses
n=42,989 courses in 27,741 patients
First eligible course per patient
n=15,248 repeat courses excluded

Cohort A: Propensity score estimation (n=27,741 patients)

NSAID+RAS
n=4,250

Oxy+RAS
n=17,610

NSAID+CCB
n=1,181

Oxy+CCB
n=4,700

Exclude patients with non-

comparable propensity scores
(n=2,170) J

NSAID+RAS
n=4,034

Oxy+RAS
n=16,110

Cohort B: Primary analysis (n=25,571 patients)

NSAID+CCB

Oxy+CCB ’
n=1,140

n=4,287

Exclude patients after
trimming the tails of the

propensity score distributions

(n=8,932) )
Cohort C: Trimmed sensitivity analyses (n=16,639 patients)
NSAID+RAS Oxy+RAS NSAID+CCB Oxy+CCB
n=2,817 n=10,417 n=749 n=2,656

Figure 1. | Exclusions applied to obtain the primary and sensitivity analysis cohorts. CCB, calcium channel blocker (amlodipine); NSAID,
nonsteroidal anti-inflammatory drug; Oxy, oxycodone; RAS, renin-angiotensin system inhibitors.
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groups, reflecting the short-term, acute pain indications
that are common in the inpatient setting (Supplemental
Tables 3 and 4). The daily doses of NSAID and oxycodone
courses were generally low to moderate (Supplemental
Table 3). In patients treated with RAS-I, patients treated
with NSAIDs versus oxycodone tended to be younger,
female patients admitted through the emergency depart-
ment (Supplemental Table 4). They were less likely to have
heart failure, atrial fibrillation, and other cardiovascular
diseases. As expected, patients treated with NSAIDs had
higher baseline eGFR compared with those treated with
oxycodone.

In patients treated with NSAIDS, those treated with RAS-I
were less likely to be in the intensive care unit or in the
perioperative period at baseline (Supplemental Table 4),
more often had heart failure, myocardial infarction, other
cardiovascular disease, and diabetes mellitus type II.
Patients treated with RAS-I also had lower baseline eGFR
and were more likely to be exposed to concomitant diuretic
therapy.

Patient Characteristics after Weighting in Cohort B (Primary
Analysis Cohort)

The weighted population characteristics are shown in
Table 1, and a summary of SMDs for all possible contrasts
among the four treatment groups before and after weighting
is shown in Supplemental Figure 4. IPTW successfully bal-
anced covariates across all possible group contrasts. Ob-
structive sleep apnea and CKD variables had SMD values
>0.1 and were thus included in the weighted outcome
models.

Analysis of AKI Rate

There were 2138 AKI events observed during 90,571
person-days of follow-up. No interaction between NSAID+
RAS-T was evident in the unadjusted analysis in cohort A,
either on the difference (Supplemental Table 5) or the ratio
(Supplemental Table 6) scales. Results of the weighted out-
come analysis in cohort B are shown in Table 2 (difference
scale) and Table 3 (ratio scale), which shows the effect of
NSAID versus oxycodone on AKI rate to be similar in
patients treated with RAS-T and those treated with amlodi-
pine: difference in difference 1.85 (95% CI, —6.23 to 9.92)
excess AKI events per 1000 days. Repeating the analysis
without an interaction term between NSAID+RAS-I showed
significant, independent associations between NSAID treat-
ment, RAS-T treatment, and increased AKI rates (Table 4).
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AKI Severity Stage and Duration

The majority of AKI events were stage 1 (1707/2138;
80%), with stage 2 and stage 3 events representing 14%
and 6% of events, respectively. RRT was uncommon (21
events; 0.1%). There was no statistically significant evidence
for synergistic effects of NSAID+RAS-I treatment on AKI
severity or duration (Supplemental Figures 5 and 6).

Subgroup and Sensitivity Analyses

Figure 2 summarizes interaction estimates from the pre-
specified subgroup and sensitivity analyses, with the cor-
responding interaction tables reported in Supplemental
Tables 7 and 8. Interaction estimates were more consistent
with synergistic NSAID+RAS-I effects in patients treated
for =3 days and in patients receiving diuretics at baseline.
However, the confidence intervals around these estimates
included the null value. Repeating all primary and sub-
group analyses in cohort B (the trimmed cohort) produced
similar results, as did repeating all analyses using multivari-
able Poisson regression (Figure 2, Supplemental Tables 7
and 8). Post hoc subgroup analysis by age and diabetes did
not show strong evidence of altered NSAID-RAS-I effects
(Supplemental Tables 7 and 8). Quantitative bias analysis
(Supplemental Figures 2 and 3, Supplemental Table 2)
showed that our primary interaction estimate is robust to
unmeasured confounding under a wide range of plausible
scenarios. Unmeasured confounding could change the pri-
mary conclusions only under extreme circumstances: an
unmeasured confounder would need to have a very strong
effect on AKI (e.g., increases AKI rate by 15-20 events /1000
days) and would need to show a degree of imbalance
several fold more extreme than that observed for any of
the measured covariates. Taken together, the results suggest
that unmeasured confounding is unlikely to change our
conclusions.

Discussion

We conducted a large-scale analysis of the NSAID+RAS-I
interaction using a rigorous study design and analysis pro-
cedures to control confounding. To our knowledge, this is
the first study to examine this question in patients who are
hospitalized. We found that, despite a clear association of
short-term NSAID use with AKI, NSAID nephrotoxicity
was not meaningfully increased by concomitant RAS-I treat-
ment. We could not, however, rule out the possibility of
synergistic nephrotoxicity with NSAID+RAS-T among patients
also taking diuretics.

Antihypertensive Strata Oxycodone Rate®

Table 2. Weighted estimates of AKI rate and interaction analysis on the difference scale in cohort B (the primary analysis cohort)

NSAID RD within Antihypertensive

NSAID Rate Strata (95% CI)*

19.9
23.1
3.22 (0.29 to 6.14)

Amlodipine

RAS

RAS RD within analgesic strata
(95% CI)?

5.06 (—2.46 to 12.60)

24.0
29.1

4.13 (—2.83 to 11.09)
5.97 (1.88 to 10.07)
Difference in difference: 1.85
(—6.23 t0 9.92)

?AKI events/1000 person days.

The difference-in-difference estimate suggests that the effect of NSAIDs on AKI rate does not differ across antihypertensive groups.
NSAID, nonsteroidal anti-inflammatory drug; RD, rate difference; RAS, renin-angiotensin system inhibitor.
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Table 3. Weighted estimates of AKI rate and interaction analysis on the ratio scale in cohort B (the primary analysis cohort)

NSAID RR within Antihypertensive

INBSEIDH e Strata (95% CI)

Antihypertensive Strata Oxycodone Rate®

19.9
23.1
1.16 (1.00 to 1.34)

24.0
29.1
1.21 0.89 to 1.63)

Amlodipine
RAS
RAS RR within analgesic strata (95% CI)

1.21 (0.89 to 1.63)
1.26 (1.09 to 1.45)
Ratio of rate ratios 1.04 (0.74 to 1.45)

The ratio of rate ratio estimate suggests that the effect of NSAIDs on AKI rate does not differ across antihypertensive groups. NSAID,
nonsteroidal anti-inflammatory drug; RR, rate ratio; RAS, renin-angiotensin system inhibitor.

?AKI events/1000 person days.

Interpretation of our primary finding (lack of NSAID+
RAS-T interaction) must carefully consider the confidence
intervals around the interaction parameter. The upper
bound of the confidence interval on the additive scale
was 9.9 AKI events/1000 days. This translates into two
extra AKI cases in a population of 100 patients treated
with 2 days of concomitant NSAID+RAS-I (the median
duration in our cohort). Given the low severity of most
observed AKI events, and the risks associated with
opioids (21-23,42), many clinicians might judge the upper
bound of our interaction estimate to represent an accept-
able risk compared with opioid analgesia.

Although there is a dearth of prior evidence in patients
who are hospitalized, prior outpatient studies have exam-
ined the NSAID+RAS-I interaction with conflicting results
(13-17). Dreischulte et al. (16) conducted a case-control
study that compared NSAIDs versus no NSAIDs in a cohort
of patients treated with RAS-I, showing a 60% increase in
the odds of AKI associated with NSAID treatment. The lack
of an active-comparator cohort in this study, such as
patients exposed to a non-RAS antihypertensive, makes it
impossible to determine whether these results reflect a true
drug-drug interaction (i.e. synergistic toxicity between
NSAID and RAS-I) or simply the known nephrotoxic effects
of NSAIDs independent of RAS-I treatment (29). In a second
case-control study, Lapi et al. (15) also compared NSAIDs
versus no NSAIDs in a RAS-I-treated cohort, finding no
evidence of higher AKI risk with combined NSAID+RAS-I
treatment. Notably, this analysis found that NSAIDs con-
ferred a higher AKI risk only in patients treated with both
RAS-T and diuretics.

Our analyses differs from these prior outpatient studies
in that we specifically tested for synergistic effects by

comparing the difference in AKI rate between NSAID ver-
sus oxycodone in patients treated with RAS-I to the differ-
ence in AKI rate between NSAID versus oxycodone in
patients treated with amlodipine (29). The use of active
comparators for both the NSAID and RAS-I groups serves
to minimize confounding by indication (26). Moreover, our
approach to testing interaction directly addresses the rele-
vant clinical question: is NSAID toxicity altered by RAS-I
treatment? The presence of a synergistic interaction between
two treatments implies that there are persons for whom AKI
would occur if both treatments were present but not if only
one or the other were present (29,43). Our results suggest
that, at least for short-term (2-3 days) treatment in the
absence of diuretics, RAS-I treatment does not alter AKI risk
during NSAID analgesia. Thus, in patients who would other-
wise be deemed candidates for NSAID therapy, RAS-I treat-
ment may not be a reason to choose opioids over NSAIDs.
In secondary analyses, we observed stronger interaction
signals in the subset of patients treated with NSAID+
RAS-I for =3 days, and in patients who were receiving
baseline diuretics. A higher risk with longer treatment
duration is consistent with prior evidence describing
duration-dependent nephrotoxicity with ketorolac (44).
Synergistic nephrotoxicity with diuretics is consistent
with the results from Lapi et al. (15), and other case reports
and case series in outpatient populations (45). This three-
way interaction is postulated to result from diuretic-
mediated decreases of inflow to the glomerulus, combined
with disrupted renal blood flow autoregulation induced
by NSAID+RAS-I treatment (15). In our analysis, the
upper bound of the interaction estimate in the diuretic
cohort was 24.8 excess AKI events per 1000 days, an
increase that many would judge as clinically meaningful.

Table 4. Main effects estimates of NSAID and RAS exposure

Exposure

IRR (95% CI) IRD (95% CI)*

NSAID

1.24 (1.06 to 1.44)
1.28 (1.07 to 1.53)
1.23 (1.11 to 1.37)

5.09 (1.13 to 9.05)
5.07 (1.03 to 9.11)
5.59 (2.51 to 8.66)

Weighted analysis in cohort B

Weighted analysis in cohort C

Multivariable regression in cohort A
RAS inhibitors

Weighted analysis in cohort B

Weighted analysis in cohort C

Multivariable regression in cohort A

1.18 (1.00 to 1.39)
1.25 (1.02 to 1.54)
1.09 (0.98 to 1.22)

4.06 (0.34 to 7.78)
4.71 (0.81 to 8.61)
2.27 (—0.23 to 4.77)

NSAID, nonsteroidal anti-inflammatory drug; RAS, renin-angiotensin system; IRR, incident rate ratio; IRD, incidence rate difference.
?AKI events/1000 person days.
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Figure 2. | Interaction estimates from the primary analysism, sensitivity analyeses, and prespecified subgroups. (A) Interaction measures on
the ratio scale (ratio of rate ratios [RRR]). Each point represents an RRR estimate, with 95% Cl represented by the capped bars. Values above one
favor excess AKI with NSAID+RAS-I. (B) Interaction measures on the difference scale (difference in differences [DID]). Each point represents
a DID estimate, with 95% Cl represented by the capped bars. Values above zero favor excess AKI with NSAID+RAS-1. IPTW, inverse probability

of treatment weighting; MV, multivariable.

Given the uncertainty of the confidence intervals around
this estimate, larger studies of individuals exposed to
diuretics are warranted. However, given the similar find-
ings in prior outpatient studies, it may be reasonable to
avoid the NSAID+RAS-I combination in patients treated
with diuretics.

Our study has limitations. First, the observational design
is susceptible to residual confounding. We minimized con-
founding with the active-comparator study design (26), and
by collecting and controlling for all available potential con-
founders in IPTW analyses. In addition, we conducted
quantitative bias analysis which suggested that our results
are robust to unmeasured confounding under a wide range
of plausible scenarios. Second, although the use of active
comparators may help to reduce confounding, this ap-
proach may limit generalizability. Strictly speaking, our
results suggest that combined NSAID+RAS-I treatment
may not synergistically worsen AKI risk in comparison
with our control drugs (oxycodone and amlodipine). It
may be the case that our inability to detect a meaningful
interaction was driven by similar synergistic effects
across the studied groups, rather than the absence of
synergistic NSAID+RAS-I toxicity. Although possible,
this seems unlikely given the proposed effects of amlo-
dipine on renal vascular tone (28) and lack of known
oxycodone nephrotoxicity (21). Third, although our pri-
mary analysis did not detect a meaningful NSAID+RAS-I
interaction, this might not hold in other populations with
higher AKI risk. Fourth, we were unable to examine the
effect of NSAID daily dose due to the multiple different
NSAIDs and RAS-I included, limiting the numbers of
patients that received any specific drug and dose combi-
nation. Fifth, our findings may not apply to longer
NSAID+RAS-I treatment durations. Notably, such long

durations were relatively uncommon in our cohort: only
20% of the 114,491 episodes of concomitant therapy were
of =3 days. Lastly, there may be numerous other factors
that alter the effect of the NSAID-RAS-I interaction (e.g.,
severity of illness factors such as admission to the in-
tensive care unit and comorbid illnesses such as heart
failure). Sample size limited our ability to identify such
factors because the examination of three-way interactions
require severalfold greater sample sizes compared with
two-way interactions.

Synergistic nephrotoxicity was not observed with short-
term NSAIDs+RAS-I treatment in the absence of concom-
itant diuretics, suggesting that RAS-I treatment may not be
a reason to choose opioids in lieu of NSAIDs in this pop-
ulation. Synergistic nephrotoxicity cannot be ruled out in
patients treated with diuretics.
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