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A B S T R A C T

Background: Acute kidney injury (AKI) after contrast-guided interventions is associated with adverse outcomes, but the role of contrast in the context of renal function
is less well described for patients undergoing transcatheter aortic valve replacement (TAVR).

Methods: Patients from the Michigan TAVR registry between January 2016 and December 2019 were included. AKI was defined using Valve Academic Research
Consortium 2 definitions. An integer cut point for the ratio of contrast volume (CV) to renal function (estimated glomerular filtration rate [eGFR]) as a predictor of AKI
was calculated.

Results: Of 7112 cases, AKI occurred in 629 (8.8%) patients. Unadjusted mortality was higher among patients with AKI (32.5% vs 9.0%, P < .0001). AKI remained
significantly associated with the risk of mortality after multivariable adjustment (hazard ratio ¼ 4.50, P < .001). Procedural characteristics associated with AKI
included CV/eGFR >2 (adjusted odds ratio [aOR] ¼ 1.36, P ¼ .003, 95% CI ¼ 1.10-1.67), CV/eGFR >3 (aOR ¼ 1.38, P ¼ .009, 95% CI ¼ 1.09-1.77), and use of
general anesthesia (aOR ¼ 1.67, P < .0001, 95% CI ¼ 1.38-2.03).

Conclusions: CV in the context of renal function administrated during TAVR is a robust tool to predict AKI. AKI after TAVR is associated with an increased risk of
mortality. Incorporation of thresholds of >2� and > 3� eGFR into procedural planning should be considered as a quality initiative.
Introduction

Acute kidney injury (AKI) after contrast-guided procedures such as
percutaneous coronary intervention (PCI) and peripheral vascular
intervention (PVI) has been associated with adverse outcomes including
mortality.1,2 AKI after cardiac surgery is also independently associated
with mortality. Reports of AKI in patients undergoing transcatheter
aortic valve replacement (TAVR) have demonstrated increased risk of
mortality; however, the role of contrast volume (CV) in the development
of AKI after TAVR remains unclear.3–8
Abbreviations: AKI, acute kidney injury; CV, contrast volume; GFR, glomerular filtr
OR, odds ratio; PCI, percutaneous coronary intervention; PVI, percutaneous vascular i
replacement; TVT, transcatheter valve therapy.
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A more refined risk predictor of AKI may not simply be absolute CV
used, but rather CV administered in the context of baseline renal func-
tion. Though prior studies have focused on CV as a continuous variable,
grouping patients into ranges of contrast administered based on renal
function with subsequent analysis of CV as a categorical variable may be
more informative. CV greater than 3 times creatinine clearance was
shown to be associated with increased risk of contrast nephropathy in a
large registry of patients undergoing percutaneous coronary and pe-
ripheral arterial interventions.1,9 It remains unknown if a CV ratio
threshold may predict AKI after TAVR. The purpose of this study was to
ation rate; MITAVR, Michigan Transcatheter Aortic Valve Replacement Registry;
ntervention; STS, Society of Thoracic Surgeons; TAVR, transcatheter aortic valve

ity; acute kidney injury; contrast nephropathy.
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investigate the incidence, risk factors, survival implications, and role of
contrast in the development of AKI after TAVR in contemporary practice
using a statewide registry.

Methods

Registry design and population

The Michigan Transcatheter Aortic Valve Replacement (MITAVR)
registry is a regional, multihospital, physician-led collaboration be-
tween the Michigan Society of Thoracic and Cardiovascular Surgeons
and Blue Cross and Blue Shield of Michigan Cardiovascular Con-
sortium (BMC2). MITAVR is designed to improve the quality of care
and outcomes of patients undergoing TAVR within Michigan at the
nonfederal participant hospitals. Data on consecutive patients under-
going TAVR at participating programs are collected through the So-
ciety of Thoracic Surgeons/American College of Cardiology (STS/
ACC) Transcatheter Valve Therapy (TVT) registry using standardized
data forms and endpoints as defined in the TVT database. Data are
then downloaded and analyzed by MITAVR. Data quality and
completeness are confirmed by TVT and enhanced accuracy of data
through annual on-site audits at all participating MITAVR hospitals.
Participation in the MITAVR registry for each hospital has either been
approved by or been waived at local institutional review boards as
part of continuous clinical care quality improvement initiatives.

Since the goal of this study was focused on AKI in a contemporary
patient population with current generation valves, cases prior to January
2016 were excluded to avoid confounding the analysis.
Study endpoints

Preprocedural creatinine (the creatinine value closest to the time of
the procedure), peak creatinine, and discharge creatinine were recorded
in accordance with TVT definitions.10 Renal function beyond discharge
was not measured, as the purpose of this study was to explore the rela-
tionship between in-hospital AKI and mortality events. The estimated
glomerular filtration rate (eGFR) was calculated using the Chronic Kid-
ney Disease Epidemiology Collaboration formula.11 The ratio of CV (mL)
to eGFR (mL/min) was calculated for each patient.

AKI was defined as a creatinine increase to at least stage 1 of the Acute
Kidney Injury Network classification system in accordance with Valve
Academic Research Consortium 2 definitions.12 At a minimum, patients
must have an increase in serum creatinine compared with baseline
greater than 150% or an increase of �0.3 mg/dL. Urine output was not
available and thus not used to categorize patients. Postdischarge mor-
tality at 90 days and 1 year was included as a secondary endpoint. Pa-
tients on dialysis or with missing creatinine values were excluded from
the analysis.
Statistical analysis

Baseline clinical characteristics, procedural characteristics, and
mortality up to 1 year were compared between those who did and did not
develop AKI. t tests were used to compare continuous variables, and χ2

tests were used for categorical variables. Cox regression was used for
adjusted mortality comparisons.

Analysis of the CV/eGFR ratio as a categorical variable rather than a
continuous variable was performed with the goal of determining a pro-
cedural threshold for prediction of AKI as in prior PCI and PVI studies.1,9

The ROC01 and Youden methods were used for determining an integer
cut point for the CV/eGFR metric. This cut point and the PCI and PVI
threshold of 3 were then used to predict the odds of developing AKI.
Logistic regression models were used to assess the association of CV on
2

the risk of AKI, adjusting for baseline patient clinical and demographic
characteristics (Supplemental Table 1).

Baseline patient and procedural characteristics were chosen from
many candidate predictors for inclusion in regression models using bidi-
rectional stepwise selection using the Akaike information criteria. CV and
use of general anesthesia were included in the analysis as these variables
were consideredmodifiable. Use of nonfemoral accesswas not included as
no reasonable operator would choose to forego transfemoral access if that
was an option. Cardiopulmonary bypass was also not used as amodifiable
variable as the need for mechanical support may arise from a variety of
intraoperative complications and thusmaynot be amodifiable procedural
variable. Statistical analysis was performed with R 4.0.5 software.

Results

Study cohort and procedural outcomes

From January 2016 to December 2019, 7432 consecutive TAVR
cases performed in Michigan were included in the registry. Patients on
dialysis prior to the procedure (n ¼ 268; 3.6%) or with missing
creatinine values (n ¼ 72; 1.0%) were excluded. The remaining 7112
patients were included in the analysis. The mean patient age was 79.6
(�8.8) years, and 3783 (53.2%) patients were male. The mean STS-
predicted risk of mortality score was 5.8% (SD ¼ 4.2%). The median
follow-up was 345 (interquartile range: 37-379) days. There were 572
deaths (8.0%) within 1 year, with 82 (1.2%) in-hospital deaths.

Acute kidney injury

AKI occurred in 629 (8.8%) patients. Demographic, clinical, and
procedural characteristics of patients with and without AKI included in
the analysis are represented in Table 1. Patients with AKI had higher
unadjusted rates of acute heart failure (52.5% vs 46.8%, P ¼ .007),
peripheral arterial disease (42.6% vs 33.7%, P< .001), atrial fibrillation/
flutter (44.1% vs 38.8%, P¼ .011), diabetes (55.2% vs 37.9%, P< .001),
and severe lung disease (17.4% vs 9.7%, P < .001), lower baseline eGFR
(mL/min per 1.73 m2) (21.6% vs 19.1%, P < .001), lower ejection
fraction (54.6% vs 55.8%, P ¼ .027), lower mean aortic valve gradient
(40.8 mm Hg vs 42.4 mm Hg, P .008), nontransfemoral approach (88.6%
vs 95.3%, P < .001), general anesthesia (52.1% vs 35.5%, P < .001), CV
(63.4 mL vs 54.3 mL, P¼ .005), and cardiopulmonary bypass used (2.1%
vs 0.1%, P < .001).

After multivariable analysis, patient characteristics that remained
statistically associated with the odds of developing AKI included pre-
procedural creatinine (adjusted odds ratio [aOR] ¼ 1.64 per increase of
1 mg/dL, P < .001), albumin (aOR ¼ 0.62, P < .001), the Society of
Thoracic Surgeons Predictive Risk of Mortality score (aOR ¼ 1.04, P <

.001), 1), prior coronary artery bypass graft (aOR¼ 0.69, P¼ .017), prior
aortic valve procedure (aOR¼ 0.57, P< .001), peripheral arterial disease
(aOR¼ 1.30, P¼ .01), tobacco use (aOR¼ 0.65, P¼ .049), diabetes (aOR
¼ 1.49, P < .001), home oxygen use (aOR ¼ 1.41, P ¼ .021), preproce-
dural hemoglobin (aOR ¼ 0.88, P < .001), severe tricuspid valve
regurgitation (compared to no regurgitation) (aOR¼ 2.32, P< .001), and
number of diseased coronary arteries (aOR for 1 vs none: 1.40, P ¼ .020)
(Table 2).

Contrast volume

CV was recorded for 6578 patients (92.5%) in the cohort, with 558
(8.48%) experiencing AKI. Among those with recorded CV values, lo-
gistic regression models were utilized to assess the impact of CV on
incidence of AKI, adjusting for the GFR and other baseline patient clinical
and demographic characteristics. A predictive model was used to deter-
mine the effects of the ratio of CV/eGFR on the likelihood of developing



Table 1. Univariate patient and procedural factors associated with acute kidney injury

All patients, N ¼ 7112 No AKI, n ¼ 6483 AKI, n ¼ 629 P-value

Patient characteristics
Age, y 79.6 � 8.8 79.6 � 8.7 79.1 � 9.2 .141
Male 3783 (53.2) 3457 (53.3) 326 (51.8) .499
Prior coronary intervention 2598 (36.5) 2349 (36.2) 249 (39.6) .099
Prior coronary bypass surgery 1484 (20.9) 1352 (20.9) 132 (21.0) .984
Acute heart failure 3364 (47.4) 3034 (46.8) 330 (52.5) .007
Prior stroke 859 (12.1) 772 (11.9) 87 (13.8) .179
Prior vascular disease 2448 (34.5) 2181 (33.7) 267 (42.6) <.001
Atrial fibrillation/flutter 2791 (39.3) 2515 (38.8) 276 (44.1) .011
Diabetes mellitus 2804 (39.4) 2457 (37.9) 347 (55.2) <.001
Severe lung disease 737 (10.4) 628 (9.7) 109 (17.4) <.001
Estimated GFR, mL/min/1.73 m2 59.6 � 19.5 60.5 � 19.1 51.1 � 21.6 <.001
Renal insufficiency (Cr > 2 mg/dL) 271 (3.8) 195 (3.0) 76 (12.1) <.001
Ejection fraction, % 55.7 � 13.0 55.8 � 13.0 54.6 � 13.8 .027
Body mass index, kg/m2 30.1 � 12.3 30.0 � 12.7 30.9 � 7.9 .089
Mean aortic valve gradient, mm Hg 42.2 � 13.9 42.4 � 13.9 40.8 � 13.8 .008
Aortic valve area, cm2 0.70 � 0.26 0.70 � 0.27 0.70 � 0.23 .956
STS mortality risk score, % 5.82 � 4.20 5.63 � 4.04 7.79 � 5.15 <.001

Procedural characteristics
Transfemoral approach 6738 (94.7) 6181 (95.3) 557 (88.6) <.001
General anesthesia 2631 (37.0) 2303 (35.5) 328 (52.1) <.001
Contrast volume, mL 106.4 � 55.2 105.8 � 54.3 112.7 � 63.4 .005
Cardiopulmonary bypass used 21 (0.3) 8 (0.1) 13 (2.1) <.001

In-hospital outcomes
Cardiac arrest 177 (2.5) 110 (1.7) 67 (10.7) <.001
New requirement for dialysis 46 (0.6) 4 (0.1) 42 (6.7) <.001
Ischemic stroke 138 (1.9) 101 (1.6) 37 (5.9) <.001
Bleeding at the access site 113 (1.6) 88 (1.4) 25 (4.0) <.001
Major vascular complications 66 (0.9) 38 (0.6) 28 (4.5) <.001
Myocardial infarction 14 (0.2) 9 (0.1) 5 (0.8) .002
New pacemaker 679 (9.5) 566 (8.7) 113 (18.0) <.001
New pathological Q wave or LBBB 1642 (23.1) 1472 (22.7) 170 (27.1) .015
RBC/whole blood transfusion 587 (8.3) 393 (6.1) 194 (30.9) <.001
Atrial fibrillation 170 (2.4) 127 (2.0) 43 (6.8) <.001

Values are mean � standard deviation or n (%).
AKI, acute kidney injury; GFR, glomerular filtration rate; LBBB, left bundle branch block; RBC, red blood cell; STS, Society of Thoracic Surgeons.

Table 2. Adjusted patient and procedural factors significantly associated with
acute kidney injury

Odds
ratio

95% Confidence
interval

P-value

Contrast/GFR >2 1.361 1.110-1.669 .0031
Contrast/GFR >3 1.384 1.086-1.765 .0087
General anesthesia 1.670 1.376-2.028 < .0001
Creatinine (mg/dL) 1.640 1.359-1.980 < .0001
Total albumin 0.623 0.505-0.768 < .0001
STS-PROM risk (%) 1.043 1.020-1.066 .0002
Coronary artery bypass graft 0.694 0.514-0.937 .0170
Aortic valve procedure 0.565 0.410-0.780 .0005
Peripheral arterial disease 1.297 1.065-1.581 .0099
Tobacco use 0.647 0.419-0.998 .0492
Diabetes 1.485 1.208-1.825 .0002
Home O2 1.405 1.052-1.875 .0212
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AKI. Analysis of the optimal cut point using ROC01 (cut point ¼ 2.02,
sensitivity ¼ 0.543, specificity ¼ 0.645) and the Youden index method
(2.25, sensitivity ¼ 0.473, specificity ¼ 0.718) suggested an integer cut
point of 2 (Supplemental Figure 1). As the ratio of 3 has been used as a cut
point in prior PCI and PVI studies, both cut points of 2 and 3 were
evaluated in this analysis.

Use of the CV/eGFR threshold of 3 as in prior PCI and PVI studies
identified a smaller population of increased risk (<15%) compared to a
ratio of 2, which included an additional 23% of patients. The risk of
AKI was significantly increased in patients who had a CV/eGFR >3
(16.1%vs 7.2%, P< .0001) (Figure 1) aswell as in patientswhohad a CV/
eGFR >2 (12.2% vs 6.2%, P < .0001). After adjusting for patient factors,
procedural characteristics that were associated with postprocedural AKI
included CV/eGFR>3 (aOR¼ 1.38, P¼ .009, 95%CI¼ 1.09-1.77) aswell
as CV/eGFR >2 (aOR ¼ 1.36, P ¼ .003, 95% CI ¼ 1.10-1.67), with the 2
cut points evaluated in separate models, and the use of general anesthesia
(aOR ¼ 1.67, P < .0001, 95% CI ¼ 1.38-2.03) (Table 2).
Hemoglobin 0.882 0.834-0.933 < .0001
Number of diseased major
native coronary vessel systems
(vs none)
1 1.396 1.053-1.851 .0203
2 1.421 1.037-1.945 .0287
3 or more 1.498 1.067-2.104 .0196

Tricuspid valve regurgitation
severity (vs none)
Trace/trivial 1.293 0.896-1.866 .1695
Mild 1.168 0.824-1.654 .3833
Moderate 1.450 0.979-2.148 .0638
Severe 2.315 1.383-3.875 .0014

GFR, glomerular filtration rate; STS-PROM, Society of Thoracic Surgeons Pre-
dicted Risk of Mortality.
Observed mortality

The Kaplan-Meier–estimated 1-year mortality was 11.1% (95% CI ¼
10.2%-12.0%) in the overall cohort. Unadjusted mortality was higher
among patients who developed AKI (32.5% [28.2%-36.6%] vs 9.0%
[8.1%-9.8%], P< .0001), and AKI remained significantly associated with
the risk of mortality after multivariable adjustment (hazard ratio [HR] ¼
4.50, P < .001). There was a significant association between AKI and in-
hospital mortality (11.6% vs 0.64%, P < .0001). Among patients who
survived to discharge, the association between AKI and mortality was
highest in the first 90 days after discharge (HR ¼ 5.118, P < .0001) and
3

remained significant in a landmark analysis of 90-day survivors to 1 year
(HR ¼ 1.59, P ¼ .007) (Figure 2).



Figure 1. Acute kidney injury by contrast volume to estimated glomerular filtration rate ratio.
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Discussion

CV administrated during a TAVR in the context of eGFR is a robust
tool to predict AKI. Though prior studies have demonstrated the dose-
dependent risk of AKI based on contrast, this analysis is the first to pro-
vide a practical threshold which may be used during TAVR procedures to
avoid AKI (Central Illustration).

AKI remains common after TAVR in this large, real-world registry,
and it is independently associated with a higher risk of 1-year mortality,
particularly within the first 90 days after the procedure. The predictors of
AKI included preprocedural creatinine, albumin, Society of Thoracic
Surgeons Predictive Risk of Mortality, prior coronary artery bypass graft,
prior aortic valve procedure, peripheral arterial disease, tobacco use,
diabetes, home oxygen use, preprocedural hemoglobin, severe tricuspid
valve regurgitation, and number of diseased coronary arteries.

This study complements and extends prior clinical trial and TVT
registry data and represents a robust analysis of clinical risk in a
Figure 2. Kaplan-Meier survival curve for patients alive at dischar
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contemporary, real-world population.4,5,13–19 Though distinguishing
between these causes of AKI in an individual case may be difficult, we
attempted to estimate the risk of AKI attributable to procedural variables.
Indeed, procedural factors such as contrast media volume or anesthetic
choice were associated with increased AKI risk and can be targeted as a
potential action item for quality improvement initiatives at TAVR sites.

The present study is the first to have demonstrated the clear risk of
AKI based on procedural CV in the context of baseline renal function for
patients undergoing TAVR. After adjusting for patient characteristics,
procedural factors such as CV/eGFR >2 and >3 and use of general
anesthesia were significantly associated with the development of AKI,
with CV/eGFR >3 correlated with almost double the risk of AKI. TAVR
operators must be aware of these patient-specific thresholds to minimize
the risk of AKI and associated mortality.

Incorporation of both the 2� and 3� eGFR CV thresholds in the
preprocedural timeout is a simple method of reminding TAVR operators
to remain mindful of AKI risk. Members of the procedural team such as
ge with and without postprocedural acute kidney injury (AKI).



Central Illustration. Renal function-based contrast thresholds predict acute kindey injury and provide a practical guide to reduce the likelihood of acute kidney injury.
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nurses and technicians should be empowered to remind operators when
contrast use is nearing these thresholds during a TAVR. Operators should
consider a CV/eGFR ratio of <2 ideal but should make every effort
possible to remain under the threshold of 3. Reduction of contrast dosing
could be achieved through a variety of means, for example, elimination
of a pelvic angiogram using 30-40 cc of contrast and instead using se-
lective iliac angiography with 5 cc of contrast for assessment of the access
sites after implantation. Alternatively, Doppler assessments of access sites
may be performed. The optimal implant view may be determined using
only 10 cc of contrast or less. Implantation views can also be obtained
from pre-TAVR computed tomography angiography and during the
procedure with the use of 2 pigtail catheters in different sinuses.

Study limitations

Our study has several limitations. Although we adjusted for patient
risk by incorporating multiple variables associated with patient risk, as
an observational study, there may be residual confounding. Analysis is
also limited to variables as part of the registry without ability to modify.
Variability in practice patterns between TAVR sites was not character-
ized. Specific type of contrast used at each site was unknown. Pre-
procedural intravenous volume expansion and renal function–based
contrast mitigation strategies which have been shown to be effective in
reducing AKI during PCI procedures are unknown in this population.1,20

The rationale for selection of general anesthesia was also not known. Use
of general anesthesia because of operator comfort vs requirement for
alternative access or procedure complexity was not assessed. Further
details about clinical decision-making regarding initiation of dialysis or
predialysis supportive care were unavailable.

Conclusions

CV administrated during a TAVR in the context of eGFR is a practical
metric which predicts AKI, and awareness of this threshold should be
incorporated into modern practice. AKI remains common after TAVR and
is associated with an increased risk of 90-day and 1-year mortality and
increased hospital length of stay. Modifiable risk factors associated with
AKI after TAVR included CV used in the context of renal function and the
use of general anesthesia. A CV greater than 2 times eGFR was strongly
5

associated with AKI. Procedure techniques including contrast-sparing
strategies and the use of moderate sedation could reduce the incidence
of AKI and should be included in quality improvement initiatives.
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