
Effect of Clinical Decision Support With Audit and Feedback on Prevention
of Acute Kidney Injury in Patients Undergoing Coronary Angiography
A Randomized Clinical Trial
Matthew T. James, MD, PhD; Bryan J. Har, MD, MPH; Benjamin D. Tyrrell, MD; Peter D. Faris, PhD; Zhi Tan, MSc; John A. Spertus, MD, MPH;
Stephen B. Wilton, MD, MSc; William A. Ghali, MD, MPH; Merril L. Knudtson, MD; Tolulope T. Sajobi, PhD; Neesh I. Pannu, MD, SM;
Scott W. Klarenbach, MD, MSc; Michelle M. Graham, MD

IMPORTANCE Contrast-associated acute kidney injury (AKI) is a common complication of
coronary angiography and percutaneous coronary intervention (PCI) that has been
associated with high costs and adverse long-term outcomes.

OBJECTIVE To determine whether a multifaceted intervention is effective for the prevention
of AKI after coronary angiography or PCI.

DESIGN, SETTING, AND PARTICIPANTS A stepped-wedge, cluster randomized clinical trial was
conducted in Alberta, Canada, that included all invasive cardiologists at 3 cardiac
catheterization laboratories who were randomized to various start dates for the intervention
between January 2018 and September 2019. Eligible patients were aged 18 years or older
who underwent nonemergency coronary angiography, PCI, or both; who were not
undergoing dialysis; and who had a predicted AKI risk of greater than 5%. Thirty-four
physicians performed 7820 procedures among 7106 patients who met the inclusion criteria.
Participant follow-up ended in November 2020.

INTERVENTIONS During the intervention period, cardiologists received educational outreach,
computerized clinical decision support on contrast volume and hemodynamic-guided
intravenous fluid targets, and audit and feedback. During the control (preintervention)
period, cardiologists provided usual care and did not receive the intervention.

MAIN OUTCOMES AND MEASURES The primary outcome was AKI. There were 12 secondary
outcomes, including contrast volume, intravenous fluid administration, and major adverse
cardiovascular and kidney events. The analyses were conducted using time-adjusted models.

RESULTS Of the 34 participating cardiologists who were divided into 8 clusters by practice group
and center, the intervention group included 31 who performed 4327 procedures among 4032
patients (mean age, 70.3 [SD, 10.7] years; 1384 were women [32.0%]) and the control group
included 34 who performed 3493 procedures among 3251 patients (mean age, 70.2 [SD, 10.8]
years; 1151 were women [33.0%]). The incidence of AKI was 7.2% (310 events after 4327
procedures) during the intervention period and 8.6% (299 events after 3493 procedures) during
the control period (between-group difference, −2.3% [95% CI, −0.6% to −4.1%]; odds ratio [OR],
0.72 [95% CI, 0.56 to 0.93]; P = .01). Of 12 prespecified secondary outcomes, 8 showed no
significant difference. The proportion of procedures in which excessive contrast volumes were
used was reduced to 38.1% during the intervention period from 51.7% during the control period
(between-group difference, −12.0% [95% CI, −14.4% to −9.4%]; OR, 0.77 [95% CI, 0.65 to
0.90]; P = .002). The proportion of procedures in eligible patients in whom insufficient
intravenous fluid was given was reduced to 60.8% during the intervention period from 75.1%
during the control period (between-group difference, −15.8% [95% CI, −19.7% to −12.0%]; OR,
0.68 [95% CI, 0.53 to 0.87]; P = .002). There were no significant between-group differences in
major adverse cardiovascular events or major adverse kidney events.

CONCLUSIONS AND RELEVANCE Among cardiologists randomized to an intervention including
clinical decision support with audit and feedback, patients undergoing coronary procedures
during the intervention period were less likely to develop AKI compared with those treated
during the control period, with a time-adjusted absolute risk reduction of 2.3%. Whether this
intervention would show efficacy outside this study setting requires further investigation.
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B etween 4% and 10% of patients undergoing coronary
angiography or percutaneous coronary intervention
(PCI) experience acute kidney injury (AKI),1,2 and the

cost of attributable care has been estimated as high as
$1.67 billion annually in the US.3 Acute kidney injury has been
associated with several adverse kidney and cardiovascular out-
comes, including acute dialysis, end-stage kidney disease, heart
failure, atherosclerotic events, and death.2,4 Although guide-
lines recommend minimizing contrast dye exposure and pro-
viding periprocedure intravenous hydration for prevention of
AKI,5 there is variable uptake of these strategies in care.6-8

Personalized strategies for calculating safe contrast dye
volumes and for tailoring intravenous fluid volumes based
on hemodynamic criteria have been developed for kidney
protection.9-12 However, systematic processes to identify pa-
tients at risk of AKI and incorporate prevention strategies have
not been implemented at most centers performing invasive
coronary procedures.13,14 The large variation in practice pat-
terns among physicians and AKI rates suggest that preven-
tion of AKI in patients undergoing coronary angiography or PCI
could be improved,8 and tailored strategies might guide clini-
cians toward identifying high-risk patients and incorporating
tactics to support AKI prevention.

This stepped-wedge, cluster randomized clinical trial was
designed to determine whether a multifaceted intervention
composed of educational outreach, clinical decision support,
and audit and feedback could improve AKI prevention prac-
tices and reduce the incidence of AKI after patients undergo
coronary angiography, PCI, or both.

Methods
Study Design
The Contrast RISK (Reducing Injury Sustained by Kidneys) trial
was a pragmatic, stepped-wedge, cluster randomized clinical
trial in which invasive cardiologists in Alberta, Canada, were
randomly assigned to 1 of 8 start dates for the intervention be-
tween January 1, 2018, and September 1, 2019. Each physi-
cian contributed data prior to receiving the intervention for a
period ranging from 10 weeks to 80 weeks, with continued data
collection ranging from 10 weeks to 80 weeks after introduc-
tion to the intervention, such that by the end of the trial all prac-
ticing physicians had been exposed to the intervention. De-
tailed methods have been published15 and appear in the trial
protocol in Supplement 1.

This trial was approved by the health research ethics boards
at the universities of Alberta and Calgary in Canada, which
granted a waiver of patient consent because the intervention
was directed at physicians, the cluster design precluded pa-
tients from opting out, the intervention promoted evidence-
based practices, and the risk to patients was low. All physi-
cians provided informed consent to participate in the study,
including for the audit and feedback process.16

Participants
All invasive cardiologists in the province of Alberta, Canada,
were eligible to participate, with the exception of the lead

physician for the trial at each site. The 3 cardiac catheteriza-
tion laboratories in the province of Alberta used a common,
point-of-care electronic clinical information system (Alberta
Provincial Project for Outcomes Assessment in Coronary
Heart Disease), which collects demographic and clinical
information on all patients undergoing coronary angiography
and subsequent procedures.17 For each physician, all Alberta
residents undergoing invasive procedures were included in
the trial if they were aged 18 years or older at the time of the
coronary procedure and had a greater than 5% risk of AKI
based on the National Cardiovascular Data Registry18 multi-
variable AKI risk prediction model. Patients were excluded if
they were undergoing dialysis or underwent an emergency
primary PCI for ST-segment elevation myocardial infarction.

Randomization
Physicians were randomized to 1 of 8 start dates by an inde-
pendent statistician using computer-generated random num-
bers, with randomization stratified by clusters (3-6 physi-
cians per cluster) determined by each physician’s site and
practice group (Figure 1). The start-date assignment was con-
cealed from physicians and other members of the research team
until the month before their scheduled introduction date to
allow sufficient time to plan the educational session at the ini-
tiation of the intervention.

The first physician educational session was held on
January 22, 2018 (start date), and the trial was registered
on February 27, 2018 (without any changes to the trial proto-
col), due to a delay before the decision support intervention
was ready to be delivered to the first cluster of physicians.
Given the nature of the intervention, blinding of the physi-
cians, catheterization unit staff, and members of the research
team was not possible, and all staff at each site worked with
physicians randomized to different start dates.

Intervention Period
The intervention was composed of 3 components.15 First, car-
diologists received a 1-hour educational session (provided im-
mediately prior to the period they started to receive the inter-
vention) that included information about AKI, prevention

Key Points
Question What is the effectiveness of clinical decision support,
accompanied by audit and feedback to physicians, for prevention
of acute kidney injury in patients undergoing coronary
angiography, percutaneous coronary intervention, or both?

Findings In this stepped-wedge, cluster randomized clinical trial
conducted in Alberta, Canada, that included 34 cardiologists who
performed 7820 procedures, the incidence of acute kidney injury
during the intervention period compared with the control period
was 7.2% vs 8.6%, a difference that was statistically significant.

Meaning This multifaceted intervention led to a lower risk of
acute kidney injury in patients undergoing coronary angiography,
percutaneous coronary intervention, or both; however, whether
this intervention would be effective in other settings requires
further investigation.
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approaches, and the components of the trial intervention
(Supplement 1). The training material and an instructional
video also were provided.

Second, physicians received clinical decision support that
included individualized AKI risk prediction, graphic display of
safe contrast volume targets, and automated calculation of he-
modynamic-guided intravenous fluid volume targets accord-
ing to left ventricular end-diastolic pressure measurements
obtained during cardiac catheterization (Supplement 1). Cath-
eterization unit staff executed the AKI risk prediction model,
which classified patients as low (≤5%), above average (>5%-
25%), or at very high risk (>25%) of developing AKI. Safe con-
trast volume targets were calculated with the ePRISM tool
(Health Outcomes Sciences), which used a multivariable model
estimating the maximum contrast volume to reduce the rela-
tive risk of AKI by 15% when a patient’s absolute risk of AKI
exceeded 5%.11 Cardiologists who received the intervention
were alerted to the safe contrast volume target by staff before
the procedure and again when the safe contrast volume tar-
get had been reached. Hemodynamic-guided intravenous fluid
volume targets were calculated automatically in the clinical
information system based on the patient’s left ventricular end-
diastolic pressure and weight9 in those without severe aortic
valve disease or active or recent heart failure within the last 2
weeks. The decision to exceed contrast volume targets or vary
(provide less or more) the intravenous fluid volume was left
to the discretion of the treating physicians.

Third, physicians received audit and feedback every 3
months after their initial introduction to the intervention. Audit
and feedback reported on the contrast volume used relative
to the safe contrast volume target, the administration of
intravenous fluids compared with the hemodynamic-
optimized recommendations, and the AKI incidence for pa-
tients with an AKI risk greater than 5%.19

Control Period
During the control (preintervention) period, cardiologists pro-
vided usual care and did not receive educational outreach, clini-
cal decision support, or audit and feedback.

Outcome Measures
The primary outcome was AKI (defined by serum creatinine–
based criteria from the Kidney Disease: Improving Global Out-
comes AKI guidelines).5 The last creatinine level collected be-
fore the catheterization procedure was used to define the
baseline creatinine level and follow-up creatinine testing was
performed between 48 hours and 96 hours after procedures
for inpatients and outpatients. Alternate, prespecified defini-
tions for AKI also were examined in the secondary analyses
(Supplement 1).

Prespecified secondary process of care outcomes were ob-
tained from the clinical information system and hospital medi-
cal records and included the contrast volume used, the pro-
portion of procedures with excessive contrast volume (ie, the
contrast volume target was exceeded by >15 mL), the intrave-
nous fluid volume administered for AKI prevention up to 6
hours after each procedure, and the proportion of procedures
with insufficient fluid (for which the amount of intravenous

Figure 1. Flow of Patients, Eligible Procedures, and Physicians
in the Contrast RISK (Reducing Injury Sustained by Kidneys) Trial

34 Physicians divided into 8 randomized
clusters by practice group and center

Intervention group at baseline
0 Clusters
0 Physicians
0 Eligible procedures

Control group at baseline
8 Clusters

34 Physicians
769 Eligible procedures

Intervention group at period 1
1 Cluster
4 Physicians

176 Eligible procedures

Intervention group at period 2
2 Clusters
8 Physicians

347 Eligible procedures

Intervention group at period 3
3 Clusters

11 Physicians
262 Eligible procedures

Intervention group at period 4
4 Clusters

14 Physicians
563 Eligible procedures

Intervention group at period 5
5 Clusters

19 Physicians
522 Eligible procedures

Intervention group at period 6
6 Clusters

22 Physicians
574 Eligible procedures

Intervention group at period 7
7 Clusters

28 Physicians
909 Eligible procedures

Intervention group at period 8
8 Clusters

31 Physicians
974 Eligible procedures

351 Patients without serum creatinine
measurement after procedure
for ascertainment of acute
kidney injury

377 Procedures

31 Physicians included in
primary analysis

4327 Procedures
4032 Patients

Control group at period 2
6 Clusters

25 Physicians
691 Eligible procedures

Control group at period 3
5 Clusters

22 Physicians
402 Eligible procedures

Control group at period 4
4 Clusters

18 Physicians
514 Eligible procedures

Control group at period 5
3 Clusters

13 Physicians
169 Eligible procedures

Control group at period 6
2 Clusters
9 Physicians

98 Eligible procedures

Control group at period 7
1 Cluster
3 Physicians

31 Eligible procedures

Control group at period 8
0 Clusters
0 Physicians
0 Eligible procedures

391 Patients without serum creatinine
measurement after procedure
for ascertainment of acute
kidney injury

417 Procedures

34 Physicians included in
primary analysis

3493 Procedures
3251 Patients

Control group at period 1
7 Clusters

29 Physicians
819 Eligible procedures

Invasive cardiologists practicing at 3 cardiac catheterization laboratories in
Alberta, Canada, were randomly assigned to 1 of 8 start dates (periods)
between January 1, 2018, and September 1, 2019, and were included during the
intervention period and the control (preintervention) period. Three physicians
retired before receiving the intervention.
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fluid administered was >50 mL below the hemodynamic-
guided target for those without severe aortic valve disease or
recent heart failure).

Prespecified secondary clinical outcomes were obtained
from provincial hospital and laboratory data sources avail-
able for all patients in Alberta, Canada, and included number
of days in the hospital within 30 days after a procedure, ma-
jor adverse cardiovascular events (including death; hospital-
ization for heart failure, angina, or myocardial infarction; or
an unplanned revascularization procedure), and major ad-
verse kidney events (including death, acute dialysis, subse-
quent hospitalization for AKI, or end-stage kidney disease
[defined as undergoing maintenance dialysis, receiving a trans-
plant, or having a sustained estimated glomerular filtration rate
{eGFR} <10 mL/min/1.73 m2 for 3 months]) within 1 year after
a procedure.

Chronic dialysis and kidney transplant were identified from
Alberta Kidney Care programs, whereas validated algorithms
using the Canadian version of the International Statistical
Classification of Diseases and Related Health Problems, Tenth
Revision, and the Canadian Classification of Health Interven-
tions were applied to the Alberta Health Services databases to
identify cardiovascular events, hospitalizations for AKI, and
patients undergoing acute dialysis.20-25 Additional second-
ary outcomes of the trial included longitudinal changes in eGFR
and cost utility of the intervention, which are not reported in
this article.

Sample Size Calculation
Because historical data from Alberta, Canada, demonstrated
a 10% incidence of AKI in the eligible population, with an in-
tracluster correlation among physicians of 0.054, and we pro-
jected 7270 procedures (90%) with follow-up serum creati-
nine testing performed in eligible patients over the duration
of the trial, we estimated 80% power to detect a 30% reduc-
tion in the primary outcome of AKI at an α level of .05 with 35
physicians randomly assigned to 8 start dates.26,27

Statistical Analysis
The analyses compared the outcomes of patients treated by
physicians who were receiving the intervention at the time of
their procedure (intervention group) vs the outcomes of pa-
tients treated by physicians not yet receiving the interven-
tion (control group) and were performed according to the in-
tended randomization schedule for the 8 clusters of physicians.
For the outcomes of AKI and contrast volume (when data were
missing), we used multiple imputation with 20 imputed data
sets for the main analyses and used complete case analysis for
the sensitivity analyses.

The variables included in the imputation models were
sex; intervention group vs control group; procedure date,
indication, and type; diabetes; heart failure; baseline serum
creatinine level; predicted risk of AKI; physician; and site.
Multilevel logistic regression was used to estimate the
odds ratios (ORs) and 95% CIs for the categorical outcomes.
Mixed-effects linear regression was used to estimate the
differences in the continuous outcomes. Random-effects
regression was used to account for clustering by physician

and site and for repeated procedures in the same patient and
fixed-effects regression was used to adjust for time by calen-
dar month.28

Multivariable-adjusted analyses also were performed for
each outcome that included further adjustment for patient age,
sex, diabetes, heart failure, eGFR, and procedure indication
as fixed effects. The effects on the primary outcome also were
examined in prespecified subgroup analyses according to age,
sex, diabetes, heart failure, chronic kidney disease, proce-
dure type, and baseline AKI risk. Modification of the treat-
ment effect was tested by including a treatment × month in-
teraction term in the time-adjusted model. Because some
cardiologists retired from practice prior to receiving the inter-
vention, a post hoc analysis that excluded these physicians also
was performed.

The significance threshold was .05 and testing was 2-sided.
Because of the potential for type I error due to multiple com-
parisons, the findings for the analyses of the secondary out-
comes should be interpreted as exploratory. The statistical analy-
ses were performed using SAS version 9.4 (SAS Institute Inc).

Results
Study Population
Thirty-four invasive cardiologists in Alberta, Canada, contrib-
uted data to the trial, of whom 3 contributed data only to the
control group (preintervention period) because they retired
from practice before receiving the intervention (Figure 1). The
intervention was delivered as intended to the remaining 31 phy-
sicians (mean age, 51.2 years [SD, 7.2 years]; 4 were women
[12.9%]) who had been practicing for a mean of 19.6 years (SD,
8.1 years). A total of 29 418 coronary angiography or PCI pro-
cedures were performed in 26 110 patients during the study pe-
riod (eFigure 1 in Supplement 2).

After excluding 19 004 patients undergoing dialysis,
urgent primary PCI for ST-segment elevation myocardial
infarction, and those with less than a 5% risk of AKI, there
were 7820 procedures in 7106 patients eligible for inclusion
(eFigure 1 in Supplement 2). Of the 7820 procedures, 794
(10.2%) were missing data for the primary outcome (serum
creatinine was not measured during follow-up to ascertain
AKI) and 698 (8.9%) were missing data on contrast volume.
The differences in the baseline characteristics between
the procedures with complete data and those with incom-
plete data for the outcome of AKI appear in eTable 1 in
Supplement 2.

The number of procedures performed by each physician
among patients with a greater than 5% risk of AKI ranged from
4 to 334 across the 31 physicians during the intervention pe-
riod (median, 130 procedures per physician) and from 22 to 325
across the 34 physicians during the control period (median, 87
procedures per physician). There were small differences in pro-
cedure indication between the intervention group and the con-
trol group, but patient demographic characteristics, comor-
bidities, preprocedure eGFR, predicted risk of AKI, and
fluoroscopy time (a surrogate of procedure complexity) were
similar between the groups (Table 1).
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Table 1. Baseline Characteristics

Intervention group
(n = 4327 procedures in 4032 patients)

Control group
(n = 3493 procedures in 3251 patients)

Demographics

Age, mean (SD), y 70.3 (10.7) 70.2 (10.8)

Sex, No. (%)

Male 2943 (68.0) 2342 (67.0)

Female 1384 (32.0) 1151 (33.0)

Weight, mean (SD), kg

Male 91.2 (19.2) 90.7 (19.3)

Female 77.1 (19.5) 76.8 (18.9)

Weight >100 kg, No. (%)

Male 774 (26.3) 616 (26.3)

Female 132 (9.5) 121 (10.5)

Procedure type, No. (%)

Coronary angiography only 2583 (59.7) 2047 (58.6)

PCI only 346 (8) 320 (9.2)

Coronary angiography plus PCI (direct) 1276 (29.5) 911 (26.1)

Coronary angiography plus PCI (crossover) 122 (2.8) 215 (6.2)

Indication, No. (%)

Non–ST-segment elevation myocardial infarction 1539 (35.6) 1151 (33.0)

ST-segment elevation myocardial infarction 630 (14.6) 681 (19.5)

Unstable angina 662 (15.3) 468 (13.4)

Stable angina 460 (10.6) 360 (10.3)

Congestive heart failure 439 (10.2) 339 (9.7)

Valvular heart disease 276 (6.4) 237 (6.8)

Other 321 (7.4) 257 (7.4)

Comorbidities, No. (%)

Diabetes 2690 (62.2) 2056 (58.8)

Heart failure 1435 (33.2) 1154 (33.0)

Heart failure within past 2 wk 741 (17.1) 531 (15.2)

Cerebrovascular disease 466 (10.8) 382 (10.9)

Prior CABG surgery 379 (8.8) 340 (9.7)

Laboratory values

Serum creatinine, mg/dL

Mean (SD) 1.2 (0.6) 1.2 (0.6)

Median (IQR) 1.1 (0.9-1.4) 1.1 (0.9-1.4)

Estimated glomerular filtration rate, mL/min/1.73 m2

Mean (SD)a 62.3 (22.2) 63.1 (22.3)

Group, No. (%)

<15 44 (1.0) 34 (1.0)

15-29 215 (5.0) 158 (4.5)

30-44 780 (18.0) 615 (17.6)

45-59 1109 (25.6) 896 (25.6)

≥60 2179 (50.4) 1790 (51.2)

Hemoglobin, mean (SD), g/dL 13.2 (2.1) 13.2 (2.1)

Anemia (hemoglobin level <11.0 g/dL) 717 (16.6) 563 (16.1)

Procedural measurements

Coronary disease anatomy, No. (%)

Normal or <50% stenosis 735 (17.0) 603 (17.3)

1-vessel disease 817 (18.9) 636 (18.2)

2-vessel disease 964 (22.2) 793 (22.7)

3-vessel disease 1347 (31.1) 1073 (30.7)

Left main disease 464 (10.7) 388 (11.1)

(continued)
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Primary Outcome
Over the 2-year duration of the trial, there were 310 AKI
events after 4327 procedures (7.2%) performed by physi-
cians in the intervention group compared with 299 AKI
events after 3493 procedures (8.6%) performed by physi-
cians in the control group (Table 2) (between-group differ-
ence, −2.3% [95% CI, −0.6% to −4.1%]). In the primary
analysis accounting for clustering and adjusted for time, the
intervention resulted in a significant odds reduction in AKI
(time-adjusted OR, 0.72 [95% CI, 0.56 to 0.93]; P = .01) with
a consistent effect over the duration of the trial (P = .27 for
treatment × time interaction).

The results were similar in the multivariable analyses
further adjusted for age, sex, comorbidities, eGFR, and pro-
cedure indication (adjusted OR, 0.67 [95% CI, 0.52-0.86])
and in the complete case analysis (eTable 2 in Supplement 2).
This effect was consistently observed in subgroups de-
fined by age, sex, with or without heart failure or chronic
kidney disease, at moderate or high risk of AKI, and in those
who underwent coronary angiography alone or procedures
including PCI (Figure 2) as well as when alternate serum
creatinine-based definitions for AKI were examined (eTable 3
in Supplement 2). In a post hoc analysis, the results re-
mained consistent after excluding data from the 3 physicians
who retired before receiving the intervention (eTable 4 in
Supplement 2).

Secondary Process of Care Outcomes
The contrast volume administered declined to a mean of
93.1 mL (SD, 61.2 mL) during the intervention period from a
mean of 112.7 mL (SD, 67.7 mL) during the control (preinter-
vention) period (time-adjusted mean difference, −17.7 mL
[95% CI, −12.8 to −22.5 mL) (eTable 5 and eFigure 2 in
Supplement 2). The proportion of cases exceeding the
patient-specific contrast volume target was reduced to
38.1% during the intervention period from 51.7% during the
control period (between-group difference, −12.0% [95% CI,
−14.4% to −9.4%]; time-adjusted OR, 0.77 [95% CI, 0.65 to

0.91]; Table 2). The results were similar in the complete case
analysis (eTable 2 in Supplement 2).

The intravenous fluid volume administered increased to
a mean of 851.4 mL (SD, 596.4 mL) during the intervention pe-
riod from 650.0 mL (SD, 467.4 mL) during the control (prein-
tervention) period (time-adjusted mean difference, 112.0 mL
[95% CI, 55.4 to 168.7 mL]). The proportion of eligible pa-
tients who received less than the hemodynamic-guided
intravenous fluid volume target decreased to 60.8% during the
intervention period from 75.1% during the control period
(between-group difference, −15.8% [95% CI, −19.7% to −12.0%];
time-adjusted OR, 0.68 [95% CI, 0.53 to 0.87]; eTable 6 and
eFigure 3 in Supplement 2).

Secondary Clinical Outcomes
The number of days patients were in the hospital within 30 days
after a procedure was not significantly different between the
groups (median, 2.5 days [IQR, 1.1 to 8.1 days] in the interven-
tion group vs 2.9 days [IQR, 1.1 to 8.0 days] in the control group;
mean log difference, −0.3 days [95% CI, −0.9 to 0.4 days];
Table 2). There were no significant between-group differ-
ences in major adverse cardiovascular events (28.6% in the in-
tervention group vs 31.5% in the control group; time-
adjusted OR, 0.96 [95% CI, 0.83 to 1.12]) or major adverse
kidney events (9.4% and 11.2%, respectively; time-adjusted OR,
0.89 [95% CI, 0.72 to 1.10]). There were also no significant dif-
ferences in the components of these secondary outcomes
(Table 2).

Discussion
Among cardiologists in Alberta, Canada, randomized to an in-
tervention that included clinical decision support with audit
and feedback, patients undergoing coronary procedures dur-
ing the intervention period were less likely to develop contrast-
associated AKI compared with those treated during the con-
trol (preintervention) period.

Table 1. Baseline Characteristics (continued)

Intervention group
(n = 4327 procedures in 4032 patients)

Control group
(n = 3493 procedures in 3251 patients)

Left ventricular end-diastolic pressure, mean (SD), mm Hg 14.1 (8.3) 14.4 (8.6)

Fluoroscopy time, median (IQR), minb 7.7 (4.1-13.2) 7.7 (4.2-13.1)

Predicted risk of AKI

Median (IQR), %c 6.7 (5.7-8.9) 6.8 (5.7-8.9)

Group, No. (%)d

5%-9% 3480 (80.4) 2852 (81.6)

10%-14% 553 (12.8) 407 (11.6)

15%-19% 160 (3.7) 124 (3.6)

≥20% 134 (3.1) 110 (3.2)

Abbreviations: AKI, acute kidney injury; CABG, coronary artery bypass graft;
PCI, percutaneous coronary intervention.

SI conversion factor: To convert creatinine to μmol/L, multiply by 88.4.
a Calculated using the equations created by the Chronic Kidney Disease

Epidemiology Collaboration without the coefficient for Black race.

b A surrogate of procedure complexity.
c Calculated using the National Cardiovascular Data Registry multivariable AKI

risk prediction model.18

d Patients considered to be at low risk for AKI had a risk of 5% or less; above
average risk, greater than 5% to 25%; and very high risk, greater than 25%.
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Prior observational studies and quality improvement ini-
tiatives have reported that administration of lower contrast
volumes is associated with reduced risk of AKI. An initiative
that implemented a personalized approach to determine con-
trast volume limits at 1 US center reported a mean reduction
in contrast volume of 55 mL among 3377 patients and an
increased odds of AKI when the contrast volume limit was
exceeded (OR, 1.95 [95% CI, 1.41-2.69]).29 A multicenter qual-
ity improvement initiative that included contrast volume
reductions among 21 067 patients at 6 US hospitals was asso-
ciated with a 20% relative reduction in risk of AKI.13 In a US
cohort of almost 1 million patients with greater than average
risk of AKI, exceeding a personalized contrast volume target
was associated with an 8% higher absolute incidence of
AKI.11 Small randomized clinical trials (N = 396 patients9

and N = 264 patients12) that used individualized intravenous
fluid regimens tailored to left ventricular end-diastolic pres-
sure and central venous pressure measurements have also
reported reductions in AKI incidence after patients undergo
coronary procedures.

The current stepped-wedge, cluster randomized clinical
trial strengthens the evidence base for these personalized
strategies for AKI prevention when implemented across a
large health jurisdiction. In this trial, providing decision
support with personalized targets for contrast volume and
intravenous fluid volume led to significant overall changes

in practice by invasive cardiologists treating patients identi-
fied as being at risk of AKI; however, these targets were still
not met for many patients. Higher contrast volume targets
may be required for technical reasons and may be perceived
as justified by physicians. Further research is needed to
identify barriers that prevent physicians from achieving
these targets more frequently and the effect that additional
facilitators could have on reducing AKI.

This trial demonstrated that a combination of educa-
tional outreach, point-of-care clinical decision support tai-
lored to readily measurable patient characteristics, and
audit and feedback for AKI prevention was effective in
changing the practices of invasive cardiologists and reduc-
ing AKI; however, this study cannot disentangle which
aspects of this intervention mediated this effect. Educa-
tional interventions alone often have limited effects, par-
ticularly in passive, large group settings.30,31 Therefore, the
current trial provided a 1-on-1 educational intervention to
physicians on available strategies (reducing contrast volume
and hemodynamic-guided intravenous fluid administra-
tion) and evidence for identifying patients at risk of AKI,
which may have been more effective in contributing to
improvement. A large body of evidence has demonstrated
that clinical decision support can be effective.32,33 The cur-
rent trial used decision support incorporating features that
have been demonstrated to underlie its effectiveness,

Figure 2. Subgroup Analyses for the Effect of the Intervention on the Incidence of Acute Kidney Injury

P value for
interaction

Favors
intervention

Favors
control

0.4 21
Time-adjusted OR (95% CI)

Acute kidney injury, No. of events/
No. of procedures (%)
Intervention ControlSubgroup

Age group, y

Time-adjusted
OR (95% CI)

74/1287 (5.7) 90/1065 (8.5)<65 0.57 (0.40-0.83)

236/3040 (7.8) 209/2428 (8.6)≥65 0.78 (0.60-1.03)

Sex

120/1384 (8.7) 97/1151 (8.4)Female 0.90 (0.64-1.26)

190/2943 (6.5) 202/2342 (8.6)Male 0.64 (0.48-0.85)

Procedure

193/2583 (7.5) 178/2047 (8.7)Coronary angiography only 0.75 (0.56-0.99)

117/1744 (6.7) 121/1446 (8.4)Percutaneous coronary intervention 0.68 (0.49-0.95)

Diabetes

93/1637 (5.7) 90/1437 (6.3)No 0.80 (0.56-1.13)

216/2690 (8.0) 209/2056 (10.2)Yes 0.69 (0.52-0.90)

Heart failure

136/2892 (4.7) 144/2339 (6.2)No 0.65 (0.48-0.89)

174/1435 (12.1) 155/1154 (13.4)Yes 0.76 (0.56-1.02)

Chronic kidney disease

110/2179 (5.0) 110/1790 (6.1)No 0.71 (0.51-0.99)

200/2148 (9.3) 189/1702 (11.1)Yes 0.72 (0.54-0.96)

Predicted risk of acute kidney injury, %

133/2952 (4.5) 137/2346 (5.8)<8 0.65 (0.48-0.88)

176/1375 (12.8) 162/1147 (14.1)≥8 0.75 (0.56-1.01)

.24

.14

.88

.86

.55

.99

.70

Acute kidney injury was defined according to serum creatinine–based criteria
from the Kidney Disease: Improving Global Outcomes acute kidney injury
guidelines.5 The last serum creatinine measurement collected before the
procedure was used to define the baseline value. Follow-up creatinine testing

was performed between 48 hours and 96 hours after the procedures. The
predicted risk of acute kidney injury was calculated using the National
Cardiovascular Data Registry multivariable acute kidney injury risk prediction
model.18 OR indicates odds ratio.
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including automatic provision of support within routine
clinical workflow, information provided in a manner that is
actionable, support provided at the time and location of
decision-making, and use of computer-based tools with
documentation of actions. The audit and feedback aspect of
the intervention was included to augment the trial interven-
tion by promoting accountability and reinforcing and sus-
taining behavioral changes targeted by the decision sup-
port. Audit and feedback alone generally leads to small
improvements in practice, so the study followed established
best practices for its implementation, including providing it
via a colleague, more than once, delivering it in both verbal
and written formats, and including explicit targets and
prompting individuals to develop action plans.34-39

This trial was designed to detect a significant reduction
in the incidence of AKI but was not powered to detect ben-
eficial differences in the secondary outcomes of major
adverse cardiovascular and kidney events, many of which
would be expected to accrue during longer-term follow-up.
In the context of this limitation, the intervention did not
lead to measurable increases in the shorter-term risks
of recurrent acute coronary syndromes, urgent revascular-
ization procedures, or heart failure, which could be un-
intended consequences of reducing the contrast volume
and increasing the administration of intravenous fluids.
Studies with longer follow-up that are robustly powered to
examine downstream kidney outcomes associated with
AKI are needed to determine effects on long-term kidney
outcomes. Although this intervention may have similar
effects on process of care outcomes and AKI in many other
jurisdictions,6,8 the effect may vary based on the state of
existing performance across clinical centers. Implementa-
tion of this intervention is feasible when electronic medical
records are available at the point of care, when clinical infor-
matics resources are available to audit and report on care
practices, and when a culture of quality improvement exists,
which are all variables that are increasingly common in mod-
ern health care systems. However, successful implementa-
tion of interventions of this nature requires tailoring to the
local context.40

The strengths of this trial include the pragmatic, evidence-
informed design of the intervention, evaluation within car-
diac catheterization unit practices, inclusion of all eligible in-
vasive cardiologists in the provincial health system, and
examination of the effect of implementation on process of care
outcomes as well as clinical outcomes.

Limitations
This study has several limitations. First, although a stepped-
wedge, cluster randomized clinical trial design may have lower
risk of bias than nonrandomized designs, the stepped-wedge
aspect can be vulnerable to secular trends if outcomes are al-
ready improving without the intervention.16,28 The inci-
dence of AKI was stable over the trial period and there were
no other relevant interventions delivered at the participating
cardiac catheterization laboratories during the implementa-
tion period of the trial, which indicates that secular trends are
unlikely to explain the findings.

Second, the stepped-wedge design may also be vulner-
able to contamination if physicians who had not yet received
the intervention were aware of the trial and changed their be-
haviors before receiving the intervention. This would be ex-
pected to attenuate the effect of the intervention, suggesting
that the treatment effect observed in the trial may be a con-
servative estimate of the effect of the intervention.

Third, data for the primary outcome of AKI were missing
for 10.2% of the cohort. Multiple imputation was used under
the assumption that the incomplete data were missing at ran-
dom such that the missingness of the AKI ascertainment was
associated only with the observed data. Similar effects were
found in other analyses using complete case analysis and mul-
tiple imputation.

Fourth, the trial included a relatively small number of phy-
sician clusters and the magnitude of the effect size was mod-
est and less than the clinically important difference specified
for the design of the trial. This reduced the precision of the es-
timate of the treatment effect and resulted in greater fragility
to the findings.

Fifth, this multifactorial intervention was designed for car-
diologists practicing in Canada. Findings may not be general-
izable to other countries, and appropriate tailoring and fur-
ther evaluation is required in other settings.

Conclusions
Among cardiologists randomized to an intervention including
clinical decision support with audit and feedback, patients un-
dergoing coronary procedures during the intervention period
were less likely to develop AKI compared with those treated dur-
ing the control period, with a time-adjusted absolute risk re-
duction of 2.3%. Whether this intervention would show effi-
cacy outside this study setting requires further investigation.
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