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Transcatheter aortic valve replacement (TAVR) is a treatment option in high-risk patients with

severe aortic stenosis who are not surgical candidates. In light of emerging evidence, it is being

increasingly performed even in intermediate-risk patients in recent years. Patients who develop

acute kidney injury (AKI) following TAVR are known to have worse outcomes. The objective of

this concise review was to identify the prevalence and the impact of AKI following TAVR on

patient outcomes by including the most recent literature in our search. After a thorough search

on MEDLINE, Google Scholar, and PubMed, we included all literature relevant to AKI following

TAVR. We found that AKI was caused by a variety of reasons, such as hemodynamic instability

during rapid pacing, blood transfusion, periprocedural embolization, and use of contrast

medium, to name a few. In patients who developed AKI following TAVR, 30-day and 1-year

mortality were increased. Further, in these patients, length and cost of hospital stay were

increased as well. Preventive measures such as optimal periprocedural hydration, careful con-

trast use, and techniques to prevent embolization during device implantation have been tried

with limited success. Given that TAVR is expected to be increasingly performed, this review

aimed to summarize the rapidly expanding currently available literature in an effort to reduce

procedural complications and thereby improve patient outcomes.
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1 | INTRODUCTION

Since the time of its inception in the 1960s, surgical aortic valve

replacement (SAVR) has remained the gold standard for the manage-

ment of severe aortic stenosis. Despite low complication rates in

high-volume centers with surgical expertise, approximately 30% of

patients are not considered surgical candidates due to underlying

comorbidities.1 In the last decade, transcatheter aortic valve replace-

ment (TAVR) has emerged as an alternative in selected patients.2 This

procedure has gained popularity since the landmark Placement of

Aortic Transcatheter Valves (PARTNER) trial showed improved out-

comes in high-risk or inoperable patients who otherwise would have

been managed medically.3

Though initially conceived with the idea of reducing patient mor-

bidity and mortality by utilizing a less invasive approach, TAVR has

been associated with complications that need careful consideration

when weighing risks and benefits. Potential major complications

include stroke, heart block, paravalvular aortic regurgitation, and

acute kidney injury (AKI).4,5 Given that patients undergoing TAVR are

generally elderly and often have preexisting chronic kidney disease

(CKD), the impact of postprocedure AKI can be significant, as even

subtle decreases in glomerular filtration rate (GFR) are associated with

increased mortality.6,7 Over the last few years, the body of literature

in support of TAVR has strengthened greatly, and TAVR procedures

are being performed more frequently in intermediate-risk patients.8

In this review we will focus on AKI following TAVR, describing its

prevalence, risk factors, and prognostic significance. All work was

conducted in accordance with the Declaration of Helsinki (1964).

2 | IMPORTANCE AND DEFINITION

The reported prevalence of AKI after TAVR ranges from 5% to as

high as 57%.4,5,9 AKI following TAVR is independently associated
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with a 5- to 8-fold increase in 30-day mortality and a > 3-fold

increase in 1-year mortality.4,5,9–11 Although few studies have looked

at AKI following SAVR specifically,12,13 30-day mortality for patients

with AKI following other cardiac surgery (most commonly coronary

artery bypass grafting) has ranged from 6% to 45%, compared with

1% to 3% for patients without AKI.10–14 This wide range can be

largely attributed to the lack of a standard definition for AKI.

In addition to the lack of a standard definition that caused differ-

ent studies to use different definitions, factors such as varying sample

sizes of single-center experiences, different valve prostheses under

use, and varied inclusion criteria were responsible for the dramatically

different reported incidences of AKI following TAVR. A few impor-

tant experiences are highlighted in Table 1.15–19

In 2004, the Acute Dialysis Quality Initiative Group proposed the

Risk, Injury, Failure, Loss, and End-Stage (RIFLE) criteria to standard-

ize the definition of kidney injury.20 AKI was defined based on a

150% to 200% increase in serum creatinine (sCr) from baseline, by a

decrease in estimated GFR of 25% to 75% from baseline, or by time

of onset of oliguria (6, 12, or 24 hours; Table 2). Further outcomes

such as complete loss of kidney function and the development of

end-stage renal disease (ESRD) were included in this definition.

The Acute Kidney Injury Network (AKIN) modified the RIFLE cri-

teria by staging the Risk, Injury, and Failure components as stage 1 to

stage 3. Further, they added an absolute change in sCr of >0.3 mg/dL

to the definition (Table 2).

The Kidney Disease Improving Global Outcomes Foundation

(KDIGO) merged aspects of the RIFLE and AKIN definitions in 2012;

AKI was defined as an increase in sCr of >0.3 mg/dL within the previ-

ous 48 hours, a relative increase of >50% from baseline within the

previous 7 days, or a decrease in urine volume to <0.5 mL/kg/h. Of

note, urine output was included in their definition, but GFR was not

(Table 2).

In 2011, the Valve Academic Research Consortium (VARC) intro-

duced standardized endpoints into the classification of AKI in

TAVR.11 These definitions were modified in the VARC-2 criteria, pub-

lished in 2014.21 VARC-2 recommended that the AKIN system be fol-

lowed in making a diagnosis of AKI following TAVR (Table 3). In

comparison with the original VARC criteria, the timing and diagnosis

of AKI was extended from 72 hours to 7 days postprocedure.

Further, in light of emerging research, it is important to summa-

rize the evolving patterns of AKI temporally, because with the cur-

rently available long-term follow-up data, unexpected possible

benefits such as cognitive-function improvement are being reported

despite the presence of subclinical ischemia in patients who have

undergone TAVR.22,23

3 | PATHOGENESIS AND RISK FACTORS

The pathogenesis of AKI following TAVR is multifactorial (Figure 1). It

is thought to develop from a combination of hemodynamic instability

and the use of contrast medium, which is nephrotoxic.24 Athero-

embolization of cholesterol debris to the renal vasculature during

cannulation is also thought to cause injury, as evidenced by reports

of eosinophils appearing in the urine.5 Risk factors can be classified

as preoperative, perioperative, or postoperative.

TABLE 1 Incidence of AKI and criteria used

Study, Year Incidence Rate of AKI, % Criteria Used

Strauch et al, 201015 57 RIFLE

Barbash et al, 201216 15 RIFLE

Sinning et al, 201017 26 AKIN

Khawaja et al, 201218 36 VARC

Yamamoto et al, 201319 15 VARC

Abbreviations: AKI, acute kidney injury; AKIN, Acute Kidney Injury Net-
work; RIFLE, Risk, Injury, Failure, Loss, and End-Stage; VARC, Valve Aca-
demic Research Consortium.

FIGURE 1 Factors responsible for and

consequences after AKI post-TAVR.
Abbreviations: AKI, acute kidney injury;
CKD, chronic kidney disease; ESRD, end-
stage renal disease; LOS, length of stay;
PRBC, packed red blood cells; STS, Society
of Thoracic Surgeons; TAVR, transcatheter
aortic valve replacement
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3.1 | Preoperative risk factors

Preoperative or patient-related factors associated with AKI are the

presence of CKD (elevated baseline Cr or reduced GFR), hyperten-

sion, higher Society of Thoracic Surgeons (STS) or EuroSCORE risk

score, diabetes mellitus, and the presence of peripheral arterial dis-

ease or chronic obstructive pulmonary disease (Figure 1).14,25 A

review of the literature shows an inverse correlation between base-

line GFR and risk of AKI.10 Further, a recent substudy from the

PARTNER 1 registry showed that in patients with baseline renal

impairment, those with worsening GFR had an increased all-cause

mortality at 1 year. However, it is also interesting to note that 76%

of the patients did not have their baseline renal impairment exacer-

bated following TAVR.26 Conflicting reports exist with regard to sex-

based risk, with some studies showing higher risk in males whereas

others find females to be at greater risk of AKI.14,16,27 Age is an addi-

tional independent risk factor for the development of AKI.4,5

These risk factors are additive, and caution must be exercised

prior to intervention in patients with multiple risk factors.

3.2 | Intraoperative risk factors

Intraoperative factors are among the most significant for develop-

ment of AKI, with the number of units of blood transfused being

the strongest. In patients undergoing SAVR, use of cardiopulmo-

nary bypass and blood transfusion result in platelet activation,

inflammation, and free-radical generation, all of which contribute

to the development of AKI.4,16,25 Some attribute this association

to the increased inflammatory milieu perioperatively, accentuated

by concomitant blood products administration; others have sug-

gested that a greater transfusion requirement is a surrogate for

intraoperative hemodynamic instability, which is known to

increase AKI risk. Although this seems logically appealing, no data

are available to support or refute either hypothesis. In patients

undergoing SAVR or TAVR, among those who developed stage

2 or stage 3 (severe) AKI, granular casts have been noted, sugges-

tive of acute tubular necrosis. Athero-emboli are another potential

source of AKI during aortic valve replacement.4,5 Cholesterol

embolization during cannulation and vascular instrumentation can

cause renal injury, though the exact incidence of this important

complication is unknown.28

The transfemoral approach is most commonly employed for

TAVR, with the transapical and transaortic approaches used less

often. The incidence of AKI appears to be increased when using non-

femoral approaches. However, it is important to note that peripheral

arterial disease (which may necessitate an alternative approach) is

itself an independent and important predictor of AKI. Thus, its pres-

ence confounds the risk for AKI of these alternative access methods.

It is also known that in high-volume centers with increased operator

experience, the incidence of AKI is lower. Given that the most com-

monly employed approach is transfemoral, operator experience is cer-

tainly higher with this approach, and thus this further confounds the

picture.5,10,14

Use of nephrotoxic contrast media has been associated with

renal injury in a dose-dependent manner (>100 mL) following

TAVR in 1 study, though others have not confirmed these

results.14,19,27 Widespread use of low-osmolar contrast agents and

minimization of contrast use in patients with CKD might explain a

lack of association between contrast volume and AKI.19,27 Inflam-

matory markers such as neutrophil-to-lymphocyte ratio and high-

sensitivity C-reactive protein were found to be predictive of

contrast-induced AKI in patients undergoing emergency percutane-

ous coronary interventions.29 An interesting area of further inves-

tigation would be to attempt to replicate these results in patients

undergoing TAVR.

Intraoperative hypotension, commonly associated with rapid pac-

ing during deployment of the balloon-expandable Edwards SAPIEN

valve (Edwards Lifesciences, Irvine, CA), is thought to be associated

with AKI, given the high sensitivity of renal tissue to hemodynamic

perturbations.14 The self-expandable CoreValve system (Medtronic,

Minneapolis, MN) does not require rapid pacing. Whether the inci-

dence of AKI with the use of the self-expandable system is lower is

an area where further analysis is needed. Reflective of intraoperative

hypotension and ischemia-related injuries, 1 study showed that use

of an intra-aortic balloon pump post-TAVR was associated with

increased incidence of AKI.4,5

A large single-center US study16 showed that, among patients

with AKI post-TAVR, the transapical approach was more commonly

used and a larger valve more commonly deployed, as compared with

patients without AKI. It is not clear whether the larger valve size is

independently associated with AKI, and this is an area for further

study.

3.3 | Postoperative risk factors

Postoperative factors influencing the development of AKI post-TAVR

are related to the intraoperative course and postoperative complica-

tions. Postoperative anemia, which can be associated with intraopera-

tive hemodynamic instability, was shown to be significantly

associated with AKI, which can be attributed to aforementioned rea-

sons.16 However, the optimal hemoglobin target for transfusion

becomes tricky, as some patients undergoing TAVR could have a

reduced left ventricular ejection fraction, and thus there is sometimes

hesitation to liberally transfuse these patients in an attempt to avoid

pulmonary edema.

Longer postoperative intensive care unit (ICU) stays also were

associated with worse outcomes.16 Given that in patients with AKI

following TAVR the length of ICU stay was noted to be longer, this

forms a vicious cycle where association and causality can be attrib-

uted to a complicated procedure requiring ICU stay and also predis-

posing to increased AKI development.30

Further, continued smoking and decreased left ventricular ejec-

tion fraction were associated with worsening GFR in a recent study

conducted by Beohar et al.26

It is interesting to note that TAVR does not increase mortality in

patients with ESRD and is therefore an attractive option in the dialy-

sis patient.31 One can argue that in subjects with ESRD, where all the

functions of the kidney are met by renal replacement therapy (RRT),

contrast-mediated and athero-embolic effects have minimal adverse

impact.

1360 RAM ET AL.



4 | IMPACT

4.1 | Mortality

All of the aforementioned factors are associated with development of

AKI, which is itself independently associated with increased 30-day

and 1-year mortality.4,5,9,16 Mortality rates at 30 days post-TAVR

among patients experiencing AKI have ranged from 10% to 30%,

compared with 2% to 15% for those without AKI.2,3,5,9,25 One-year

mortality ranged from 10% to 70% for AKI patients, compared with

3% to 40% for patients without AKI.14 Severity of post-TAVR AKI

was also important, with need for RRT being associated with the

highest mortality. Further, AKI was found to be a predictor of sepsis,

which is independently associated with increased mortality and

length of stay (LOS).32

4.2 | Hospital stay and need for RRT

Development of post-TAVR AKI was independently associated with

increased LOS, although it was less than that for patients with post-

SAVR AKI.33,34 Need for hemodialysis, on the other hand, was higher

in TAVR patients with AKI when compared with SAVR, with the high-

est reported incidence at 21%, compared with <3%. This can be

explained by increased baseline CKD and overall risk in patients

undergoing TAVR.

The mean LOS for patients who developed complications follow-

ing TAVR increased by 2 days, whereas the cost of their stay,

depending on the complication, increased up to $40 000. Given these

LOS issues and increased ICU use, it can be inferred that hospital

cost is greater for patients with AKI vs without.33,34 Additionally, all

cause 30-day readmission rates post-TAVR are >15%, and AKI was

found to be an independent predictor of readmission.33

5 | PREVENTION

No standard protocol for prevention of AKI is currently available.

Optimization of volume status prior to TAVR remains the standard of

care. Hydration with resultant plasma expansion results in suppres-

sion of the renin-angiotensin-aldosterone system and can thereby

prevent renal vasoconstriction. However, overhydration can result in

the development of congestive heart failure, which is why mainte-

nance of euvolemic status is of paramount importance.35 Apart from

optimal hydration, techniques such as the use of sodium bicarbonate

in dextrose coupled with N-acetylcysteine in water have also been

tried, but without conclusive results.36,37 Promising techniques such

as the RenalGuard System (RenalGuard Solutions, Inc., Milford, MA),

which is a device for precisely controlling fluid administration accord-

ing to diuretic-induced urine output, have been reported in the litera-

ture, but have yet to gain widespread acceptance.38 Devices for

cerebrovascular protection from emboli following TAVR have been

tried in small samples, and the applicability of these devices for renal

emboli prevention would be an interesting topic for further study.39

Avoidance and discontinuation of concomitantly used nephrotoxic

agents, such as nonsteroidal anti-inflammatory drugs and aminoglyco-

sides, remains important.

The Prospective Randomized Trial of Prevention Measures in

Patients at High Risk for Contrast Nephropathy (PRINCE) study

showed that increasing urine output was found to be protective

against contrast-induced renal injury.40 More recently, methods such

as the RenalGuard System, which administers intravenous fluids to

exactly match the volume of urine produced by using furosemide,

showed promising outcomes in a single-center study.9 Large studies

are needed to validate the benefits of these single-center trials

before such methods are incorporated into the standard of care. The

landmark Prevention of Contrast Renal Injury With Different Hydra-

tion Strategies (POSEIDON) trial highlighted the value of using left

ventricular end-diastolic pressure–guided fluid management in the

relative risk reduction of contrast nephropathy. When feasible, mea-

surement of this parameter invasively or noninvasively may offer

valuable information on optimizing renal perfusion in these high-risk

patients.35

6 | CONCLUSION

AKI is frequent following TAVR. One of the problems in measuring

the scope of the problem and efficacy of prevention has been lack of

standard definitions. With standardization of definitions, we can hope

to see greater accuracy in the characterization of post-TAVR AKI.

Further, with more advanced tools and renoprotective systems, we

may see a reduction in the development of AKI following TAVR. For

now, it is important to identify those patients who are at greatest risk

of developing AKI after TAVR. These are patients with multiple

underlying comorbidities, including CKD, and possibly those undergo-

ing the procedure at low-volume centers. At this time, hydration

remains the mainstay of preventive therapy.
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