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BACKGROUND: In DanGer Shock (the Danish–German Cardiogenic Shock trial), use of a microaxial flow pump (mAFP) in 
patients with ST-segment–elevation myocardial infarction–related cardiogenic shock led to lower all-cause mortality but 
higher rates of renal replacement therapy (RRT). In this prespecified analysis, rates and predictors of acute kidney injury 
(AKI) and RRT were assessed.

METHODS: In this international, randomized, open-label, multicenter trial, 355 adult patients with ST-segment–elevation 
myocardial infarction–related cardiogenic shock were randomized to mAFP (n=179) or standard care alone (n=176). AKI 
was defined according to RIFLE criteria (Risk, Injury, Failure, Loss, and End-stage kidney disease) and assessed using logistic 
regression models. Use of RRT was assessed accounting for the competing risk of death using Fine-Gray subdistribution 
hazard models.

RESULTS: AKI (RIFLE ≥1) was recorded in 110 patients (61%) in the mAFP group and 79 patients (45%) in the control group 
(P<0.01); RRT was used in 75 (42%) and 47 (27%) patients, respectively (P<0.01). About two-thirds of the RRTs were 
initiated within the first 24 hours from admission (n=48 [64%] in the mAFP group and n=31 [66%] in the control group). 
Occurrence of AKI and RRT were associated with higher 180-day mortality in both study arms. At 180 days, all patients alive 
were free of RRT. mAFP use was associated with higher rates of RRT, even when accounting for competing risk of death 
(subdistribution hazard, 1.67 [1.18–2.35]). This association was largely consistent among prespecified subgroups. Allocation 
to mAFP was associated with lower 180-day mortality irrespective of AKI or RRT (Pinteraction=0.84). Relevant predictors of AKI 
in both groups comprised reduced left ventricular ejection fraction, baseline kidney function, shock severity, bleeding events, 
and positive fluid balance. Predictors of AKI specific to mAFP were suction events, higher pump speed, and longer duration 
of support.

CONCLUSIONS: Shock severity, allocation to mAFP, and device-related complications were associated with an increased risk of 
AKI. AKI was generally associated with higher mortality, but the allocation to mAFP consistently led to lower mortality rates 
at 180 days irrespective of the occurrence of AKI with or without RRT initiation.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT01633502.
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Editorial, see p 2004

Cardiogenic shock (CS) is a clinical syndrome 
defined as hypotension and hypoperfusion attrib-
utable to cardiac dysfunction. CS can occur as a 

complication of ST-segment–elevation myocardial infarc-
tion (STEMI)1 and is associated with a high in-hospital 
mortality rate of 40% to 60% depending on the defini-
tion of shock.2–4

Acute kidney injury (AKI) occurs frequently in CS, and is 
one of the strongest predictors of in-hospital death in CS,5,6 
particularly in CS due to acute myocardial infarction.7,8 Mech-
anisms involve hypoperfusion, renal venous congestion, 
systemic inflammation, sepsis, neurohumoral activation, and 
volume extravasation.9 In addition, therapy with vasopres-
sors and inotropes has been associated with AKI.9 Specific 
treatment options and recommendations beyond standard 
management of CS, careful fluid management, and timing of 
renal replacement therapy (RRT) are not available.10

DanGer Shock (the Danish-German Cardiogenic 
Shock trial) compared the safety and efficacy of use of a 
microaxial flow pump (mAFP) in addition to standard care 
with standard care alone in the treatment of patients with 
STEMI-related CS (STEMI-CS). The trial documented a 
lower risk of all-cause death at 180 days in the mAFP 
group.11 However, complication rates were higher in the 
mAFP group. Besides bleeding events and limb ischemia, 
the incidence of RRT was higher in the treatment group.

In this prespecified analysis, we sought to provide a 
detailed evaluation of incidence, outcomes, and possible 
underlying factors for AKI and the use of RRT in patients 
with STEMI-CS enrolled in DanGer Shock.

METHODS
Data Availability
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Study Design
DanGer Shock was an international, multicenter, randomized, 
open-label trial conducted in Denmark, Germany, and the 

Clinical Perspective

What Is New?
•	 Microaxial flow pump (mAFP) use increases rates 

of acute kidney injury (AKI) and short-term renal 
replacement therapy in patients with ST-segment–
elevation myocardial infarction–related cardiogenic 
shock, even when accounting for the competing 
risk of death.

•	 Irrespective of AKI or renal replacement therapy, 
mAFP consistently led to lower mortality rates at 
180 days.

•	 Relevant predictors of AKI in both groups were 
shock severity (including low left ventricular ejec-
tion fraction), high admission serum creatinine level, 
and bleeding events. Predictors specific to mAFP 
were suction events, higher pump speed, and lon-
ger duration of support.

What Are the Clinical Implications?
•	 Risk of AKI and renal replacement therapy require-

ment is higher in patients with ST-segment–eleva-
tion myocardial infarction–related cardiogenic 
shock treated with mAFP, but this association pro-
vides little basis for clinicians to refrain from its use, 
as the mAFP-associated mortality benefit remains 
consistent independent of the occurrence of AKI or 
renal replacement therapy.

•	 Addressing mechanisms of AKI, such as bleeding, 
suction events, and excessive mAFP unloading, 
may further improve the treatment effects of mAFP.

Nonstandard Abbreviations and Acronyms

AKI	 acute kidney injury
CKD-EPI	� Chronic Kidney Disease 

Epidemiology Collaboration
CS	 cardiogenic shock
DanGer Shock	� Danish–German Cardiogenic 

Shock trial
ECLS	 extracorporeal life support
ECMO	� extracorporeal membrane 

oxygenation
eGFR	 estimated glomerular filtration rate
mAFP	 microaxial flow pump
OR	 odds ratio
RIFLE	� Risk, Injury, Failure, Loss, and End-

stage kidney disease
RR	 risk ratio
RRT	 renal replacement therapy
SCAI	� Society for Cardiovascular 

Angiography & Interventions
STEMI	� ST-segment–elevation myocardial 

infarction
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United Kingdom. Detailed information about the trial design, 
inclusion and exclusion criteria, and statistical analysis plan 
are provided in the main study report and adjacent previous 
publications.11,12 The trial protocol was approved by the ethics 
committee at each participating site and the participants gave 
informed consent.

Patients ≥18 years of age with STEMI were included 
between 2013 and 2023 if they had CS, defined by hypo-
tension (systolic blood pressure <100 mm Hg or need for 
vasopressor support), arterial lactate of ≥2.5 mmol/L, and left 
ventricular ejection fraction <45%. Key exclusion criteria were 
comatose out-of-hospital cardiac arrest, severe peripheral arte-
rial obstructive disease, mechanical aortic valve prosthesis, 
septic shock, or right ventricular failure. Participants were ran-
domized 1:1 to undergo either unloading with a mAFP (Impella 
CP; Abiomed, Johnson & Johnson Med Tech) plus standard of 
care or standard of care alone. Patients could be randomized 
before revascularization, while in the catheterization laboratory, 
or up to 12 hours after revascularization, depending on when 
shock criteria were met.

Primary Outcomes
For this prespecified, secondary analysis of DanGer Shock, 
the incidence of AKI according to RIFLE criteria (Risk, Injury, 
Failure, Loss, and End-stage kidney disease)13 and rates of 
RRT use throughout hospitalization were the main outcomes 
of interest. Both items were part of the study intake forms 
and adjudicated by clinical coordinators of the study at each 
respective site. AKI according to RIFLE criteria is defined as 
a ≥2-fold increase in serum creatinine or loss of glomerular 
filtration rate by ≥50% or a urine output of <0.5 mL·kg·h over 
12 hours.13 As part of the electronic case report forms, dura-
tion of RRT was recorded as <30 days, 31 to 90 days, or 
>90 days according to the original RIFLE classification13 and 
the initiation of RRT was recorded with date and time after 
admission. For the purpose of this analysis, AKI status was 
assessed as no AKI, AKI without RRT, or AKI with RRT. AKI 
was recorded by the study sites and an independent contract 
research organization (www.KCRI.org) performed monitoring 
on all patients to ensure accuracy of recorded AKI class and 
use of RRT.

It was recommended in the study protocol (Supplemental 
Methods) to initiate RRT in case of oliguria (total diuresis of 
<50 mL in 6 hours) with volume overload (pulmonary edema), 
renal insufficiency with serum creatinine >300 to 400 mmol/L, 
treatment-resistant metabolic acidosis (arterial pH <7.30), or 
severe hyperkalemia (serum potassium >6.5 mmol/L). The 
final decision to initiate RRT was at the discretion of the treat-
ing shock team.

In addition, to characterize the relevance of AKI and RRT 
for the primary and secondary end points of the DanGer trial, 
we performed separate analyses treating 180-day mortality 
and escalation of treatment to additional mechanical circulatory 
support (short- or long-term), heart transplantation, or death of 
any cause as outcomes, and the occurrence of AKI and initia-
tion of RRT as predictors, respectively.

Primary Exposures
The primary exposure of interest was the study interven-
tion (mAFP use), which was handled in the form of an 

intention-to-treat analysis. Other exposures assessed in multi-
variable models or by stratification were the key demographic, 
laboratory, and clinical baseline characteristics from the original 
report of the DanGer trial, as well as admission creatinine as an 
established predictor of AKI in critically ill patients and particu-
larly in CS.7,14,15 Candidate postadmission predictors, based on 
previous literature and clinical experience suspected of being 
associated with AKI or RRT, included bleeding events (defined 
by Bleeding Academic Research Consortium criteria type 3–5), 
escalation to extracorporeal membrane oxygenation (ECMO), 
total bilirubin and fluid balance at 24 hours postadmission, and 
highest plasma free hemoglobin during the first 72 hours after 
admission. In addition, candidate predictors specifically in the 
mAFP group included suction events, P level at different avail-
able time points, and duration of support.

Statistical Analyses
All primary statistical analyses in this work were reported sepa-
rately for both primary outcomes, AKI and RRT. AKI information 
was dichotomized as no AKI or any AKI during hospitalization, 
irrespective of the use of RRT and duration of RRT. Analyses 
relating to AKI as the outcome include between 2-group com-
parisons and corresponding logistic regression models. In addi-
tion, RRT information was assessed with timing information 
and treated as a time-to-event outcome.

In tables of patient characteristics with versus without 
AKI and with versus without RRT during their hospitalization, 
respectively, all continuous variables are reported as medians 
with interquartile ranges and compared between 2 groups with 
Wilcoxon rank sum tests. Categorical variables are expressed 
as counts and percentages and were compared with either χ2 
tests or Fisher exact tests depending on the sample size. For 
figures and tables in which serial measurements are displayed, 
data are represented as estimated geometric means with 95% 
CIs calculated from linear mixed models.

To assess the association of AKI and RRT with the primary 
end point of the trial (180-day mortality) and secondary end 
point (escalation, left ventricular assist device, or death), we 
generated univariable logistic regression models with these 
end points as outcomes and AKI or RRT status as predictors, 
all stratified by treatment group.

The association of mAFP with 180-day mortality among 
patients with and without AKI or RRT was assessed using 
logistic regression models with mAFP and AKI or mAFP and 
RRT as predictors with an interaction term and 180-day mor-
tality as the outcome. For the aforementioned models, logistic 
regression was chosen over Cox regression because follow-up 
for these outcomes was complete in all study participants, and 
from a clinical standpoint, we regarded the information whether 
these outcomes occurred as more important than when during 
the first 180 days.

In the figures depicting creatinine trajectories, creatinine 
values were log-transformed before analysis to approximate 
normal distribution. The results were then visualized as group-
specific geometric means with CIs after back-transformation.

We then assessed whether the risk of AKI and RRT initia-
tion in the mAFP group was increased, and whether this effect 
was consistent across prespecified subgroups. Here, we used 
univariable regression models with mAFP as the only predic-
tor or bivariable regression models with mAFP and respective 
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subgroups as predictors including interaction terms. For the 
outcome AKI, logistic regression models were used, whereas 
for the outcome RRT, Fine-Gray subdistribution hazard models 
were used. Fine-Gray models were chosen over Cox regression 
models because of the high early mortality rates in both study 
arms to account for the competing risk of death.

To assess the associations of candidate exposures and 
admission and postadmission predictors with these outcomes, 
univariable logistic regression and Fine-Gray models were 
used for AKI and RRT, respectively. Resulting associations are 
reported as odds ratios (ORs) or subdistribution hazard ratios 
with the corresponding 95% CIs, respectively. Skewed vari-
ables were log-transformed before regression to approximate 
normal distribution and resulting ORs or subdistribution hazard 
ratios are reported by 10% increase.

Estimated glomerular filtration rate (eGFR) was calculated 
according to the CKD-EPI formula (Chronic Kidney Disease 
Epidemiology Collaboration) in its most recent update from 
2021.16 Logistic regression models were used to evaluate 
the relationship between eGFR at randomization and the risk 
of AKI, considering potential interactions with allocation. For 
illustration, we then plotted the risk of AKI across the range 
of eGFR, first stratified by treatment group and then includ-
ing the treatment group as a predictor to show the treatment 
effect (mAFP versus standard) on the risk of AKI as a func-
tion of baseline eGFR with 95% CIs. Restricted cubic splines 
were initially used to assess potential nonlinear associa-
tions between eGFR and the risk of AKI in both study arms. 
However, a simpler model without splines adequately captured 
the relationship.

An exploratory analysis was performed only within the 
mAFP group to assess whether higher mAFP performance 
levels were associated with hemolysis and subsequent kidney 
injury. For this, linear regression models were generated with 
total bilirubin at 24 hours and serum creatinine at 48 hours as 
outcome variables and mAFP performance levels as predictors, 
stratified by higher levels (7 to 9) or lower levels of support (1 
to 6). These associations were tested in univariate and multi-
variate regression models, the latter adjusted for the potential 
confounders age as well as left ventricular ejection fraction and 
admission lactate level as surrogates of CS severity.

Society for Cardiovascular Angiography & Interventions 
(SCAI) shock stage was assessed after completion of the 
study but before unblinding according to the Cardiogenic 
Shock Working Group approach.17 The vasoactive–inotropic 
score was calculated as previously described18 and square root 
transformed for regression modeling. A 2-sided α level of 0.05 
was considered statistically significant. All statistical analyses 
and plots were conducted using R software, version 4.4.1 (R 
Foundation for Statistical Computing). Dr Møller had full access 
to all the data in the study and takes responsibility for its integ-
rity and the data analysis.

RESULTS
Baseline Characteristics of Patients With and 
Without Renal End Points
Of all study participants, 189 (53%) had AKI, including 
110 (61%) in the mAFP group and 79 (45%) in the con-

trol group (P<0.01), and 122 (34%) required RRT (mAFP, 
75 [42%] versus control, 47 [27%]; P<0.01; Figure 1). 

At admission, compared with patients with CS who 
did not develop AKI, those who later developed AKI pre-
sented with higher heart rate, higher creatinine levels, 
and more advanced SCAI shock stages (Table 1). Most 
of these differences were consistent among study par-
ticipants in both study arms (Table 1).

The differences in baseline characteristics between 
patients who later received RRT and those who did not 
undergo RRT were similar, but study participants who 
later received RRT were also younger and more likely 
to be male (Table S1). Again, most of these differences 
were also consistent when the groups were stratified by 
study intervention (Table S1).

Association of AKI With Mortality
The occurrence of either AKI or AKI with RRT during 
the study period of 180 days was associated with higher 
180-day mortality in both study arms (Table 2).

There was no significant interaction between the 
effect of allocation to the mAFP on all-cause mortality 
and the occurrence of AKI or the requirement for RRT 
with respect to 180-day mortality. In patients without 
AKI, the OR for 180-day mortality when allocated to 
the mAFP compared with standard care was 0.49 (95% 
CI, 0.26–0.93); in patients with AKI, the OR was 0.55 
(95% CI, 0.29–0.98; Pinteraction=0.84). In patients who did 
not receive RRT, the OR was 0.56 (95% CI, 0.33–0.95), 
compared with an OR of 0.44 (95% CI, 0.20–0.97) in 
those who received RRT (Pinteraction=0.61).

Long-Term Kidney Outcomes
Serum creatinine level before discharge among survivors 
was higher in the mAFP group (median, 127 µmol/L [1.33 
mg/dL; interquartile range, 91–244] in the mAFP group 
versus 100 µmol/L [1.13 mg/dL; interquartile range, 
76.5–148] in the standard care group; P<0.001). Time 
from symptom onset to randomization did not correlate 
with baseline creatinine levels (r=0.072, P=0.20; data not 
shown). At 180 days, none of the survivors (n=73 in the 
standard group, n=97 in the mAFP group) required RRT.

Incidence of AKI and RRT Based on Treatment 
Allocation
The majority of RRTs were initiated within the first 24 
hours from admission (48 patients [64%] in the mAFP 
group, 31 patients [66%] in the control group). The prob-
ability of AKI and RRT was higher in the mAFP group 
(Figure 1). mAFP use was also associated with higher se-
rum creatinine levels during the first 72 hours compared 
with controls in the full study population, in the subgroup 
of 180-day survivors only, and in the subgroup of those 

https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.124.072370
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who did not receive RRT during the first 72 hours after 
admission (Figure 2). Use of diuretic stress tests and 
previous use of angiotensin-converting enzyme inhibitors 
are shown in Tables S3 and S4. The vasoactive–inotropic 
score was higher in the standard of care group during 
first hours in the intensive care unit (Table S2).

When accounting for the competing risk of death, 
mAFP use was associated with higher rates of RRT 
(Fine-Gray subdistribution hazard ratio, 1.67 [1.18–2.35]; 
Figure 3). mAFP use was consistently associated with a 
higher risk of AKI and RRT in all subgroups without sig-
nals of significant interaction (Figure 3; Figure S1).

Predictors of AKI in Patients of Both Study 
Arms
Low baseline eGFR was a predictor for AKI in the stan-
dard of care group (Table 3) and for RRT in the mAFP 
group (Table S5). mAFP-associated excess risk of AKI 
decreased with lower admission eGFR (Figure 4). Sen-
sitivity analyses using restricted cubic splines suggested 
linear association between baseline eGFR and AKI risk 
in both treatment arms.

Baseline left ventricular ejection fraction was inversely 
associated with the risk of AKI (Table 3). Patients pre-
senting with more severe SCAI stages (D/E versus C) 
and higher lactate levels also tended to have higher AKI 
risk (Table 3).

Postadmission predictors of AKI/RRT in both groups 
were Bleeding Academic Research Consortium 3 
through 5 bleeding, a positive fluid balance at 24 hours 

after admission to the intensive care unit, and escala-
tion to ECMO (Table 3; Table S5). In the mAFP group, 
we also identified device-related suction events, higher 
mAFP performance levels, and longer duration of mAFP 
support. In addition, among patients in whom bilirubin 
or plasma free hemoglobin levels were recorded (218 
of 355 for bilirubin, 101 of 355 for plasma free hemo-
globin), bilirubin levels at day 1 and highest plasma free 
hemoglobin at day 1 to 3 were also associated with AKI 
or RRT (Table 3; Table S5).

Higher mAFP performance levels in the mAFP arm 
were associated with both higher levels of bilirubin at 
24 hours and creatinine levels at 24 hours in crude and 
adjusted linear regression analyses (Figure 5).

DISCUSSION
This analysis provides several insights into the specific 
risk of AKI and RRT associated with the use of mAFP 
in patients with STEMI-CS. Shock severity, bleeding, 
baseline eGFR, and allocation to mAFP were associat-
ed with an increased risk of AKI. in addition, specifically 
in the mAFP group, suction events, high mAFP perfor-
mance levels, and longer duration of support were also 
associated with an increased risk of AKI. Whereas AKI 
occurrence was generally associated with higher mortal-
ity, allocation to mAFP was associated with comparable 
relative survival benefit regardless of whether patients 
experienced AKI or RRT.

AKI is a frequent complication in CS, often leading 
to the requirement of RRT, and is a well-established 

Figure 1. Risk of acute kidney injury and renal replacement therapy in both study arms.
A, Unadjusted cumulative risk of acute kidney injury (AKI) according to RIFLE criteria (Risk, Injury, Failure, Loss, and End-stage kidney disease). B, 
Unadjusted cumulative incidence of renal replacement therapy until 30 days after randomization (Gray test adjusting for competing risk of death). 
mAFP indicates microaxial flow pump.
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predictor of mortality in patients with STEMI-CS.5,7,8 
The prevalence of AKI in the current study, even in 
the control arm, was higher than that reported in other 
contemporary acute myocardial infarction–related CS 

trials, which may be due to differences in study design, 
among other factors.19–21 Most CS trials did not record 
or report the incidence of AKI, but the IABP-SHOCK-
II (Intraaortic Balloon Pump in Cardiogenic Shock II), 

Table 1.  Baseline Characteristics of Patients Developing AKI in Both Study Arms

Characteristics

All Standard mAFP

No AKI 
(n=166) AKI (n=189) P value

No AKI 
(n=97) AKI (n=79) P value

No AKI 
(n=69) AKI (n=110) P value

Age, y 69 (61–76) 69 (58–75) 0.28 69 (61–75) 71 (60–76) 0.97 69 (60–77) 67 (57–75) 0.18

Male sex 126 (76) 155 (82) 0.16 75 (77) 64 (81) 0.55 51 (74) 91 (83) 0.16

Hypertension 91 (55) 92 (49) 0.25 53 (55) 41 (52) 0.72 38 (55) 51 (46) 0.26

Diabetes 39 (23) 41 (22) 0.69 27 (28) 20 (25) 0.71 12 (17) 21 (19) 0.78

History of myocardial 
infarction

28 (17) 29 (15) 0.70 16 (16) 12 (15) 0.81 12 (17) 17 (15) 0.73

History of heart failure 9 (5.4) 19 (10) 0.14 6 (6.2) 8 (10) 0.50 3 (4.3) 11 (10) 0.28

History of chronic kidney 
disease

17 (10) 18 (9.5) 0.82 11 (11) 7 (8.9) 0.59 6 (8.7) 11 (10) 0.77

Endotracheal intubation 
before arrival at 
catheterization laboratory

28 (17) 35 (19) 0.68 17 (18) 11 (14) 0.52 11 (16) 24 (22) 0.33

Systolic blood pressure at 
randomization

82 (73–91) 81 (72–92) 0.97 84 (74–90) 80 (70–92) 0.40 80 (70–91) 85 (74–91) 0.47

Resuscitation before 
randomization

34 (20) 38 (20) 0.93 22 (23) 11 (14) 0.14 12 (17) 27 (25) 0.26

Mean arterial blood pressure 
at randomization

65 (55–71) 63 (55–72) 0.55 66 (55–72) 62 (52–73) 0.24 63 (55–71) 64 (56–72) 0.73

Heart rate at randomization 92 (72–108) 95 (80–112) 0.039 96 (72–110) 96 (80–113) 0.28 87 (71–105) 95 (79–110) 0.042

LVEF at randomization, % 29 (20–35) 20 (15–30) <0.001 25 (15–35) 20 (15–30) <0.001 30 (20–35) 20 (15–30) <0.001

Lactate concentration at 
randomization

4.2 (3.1–5.9) 5.0 (3.5–8.0) 0.007 4.4 (3.1–6.3) 5.0 (3.4–8.1) 0.13 3.90  
(3.20–5.50)

4.95  
(3.60–7.28)

0.019

pH at randomization 7.30  
(7.19–7.40)

7.27  
(7.16–7.35)

0.010 7.30  
(7.18–7.39)

7.29  
(7.19–7.35)

0.21 7.30  
(7.21–7.40)

7.25  
(7.15–7.36)

0.017

Hemoglobin admission 8.70  
(7.50–9.50)

9.00  
(7.70–9.60)

0.11 8.70  
(7.37–9.23)

9.10  
(8.10–9.62)

0.039 8.60  
(7.70–9.70)

9.00  
(7.55–9.55)

0.94

Creatinine at admission, 
µmol/L

101 (83–126) 113 (92–152) <0.001 101 (83–126) 125 (99–157) <0.001 103 (80–126) 110 (88–143) 0.052

eGFR, mL·min·1.73 m2 66 (50–85) 59 (40–76) 0.002 66 (50–84) 52 (37–69) <0.001 65 (50–89) 63 (43–82) 0.21

C-reactive protein at 
admission, mg/L

5 (2–27) 5 (3–20) 0.62 4 (2–26) 8 (4–24) 0.35 5 (2–27) 5 (2–13) 0.93

SCAI stage at admission   0.006   0.091   0.021

 � SCAI C 105 (63) 92 (49)  59 (61) 38 (48)  46 (67) 54 (49)  

 � SCAI D or E 61 (37) 97 (51)  38 (39) 41 (52)  23 (33) 56 (51)  

Anterior myocardial infarction 116 (70) 139 (74) 0.44 72 (74) 57 (72) 0.76 44 (64) 82 (75) 0.12

Multivessel 116 (70) 140 (74) 0.38 66 (68) 63 (80) 0.081 50 (72) 77 (70) 0.72

Time of randomization   0.50   0.87   0.53

Randomization performed 
before revascularization

93 (56) 108 (57)  55 (57) 47 (59)  38 (55) 61 (55)  

Randomization performed in 
the catheterization laboratory 
but after revascularization

49 (30) 47 (25)  28 (29) 20 (25)  21 (30) 27 (25)  

Randomization performed 
≤12 h after departure from the 
catheterization laboratory

24 (14) 34 (18)  14 (14) 12 (15)  10 (14) 22 (20)  

Values are median (interquartile range) or n (%). AKI indicates acute kidney injury; eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection fraction; 
mAFP, microaxial flow pump; and SCAI, Society for Cardiovascular Angiography & Interventions.
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CULPRIT-SHOCK (Culprit Lesion Only PCI versus 
Multivessel PCI in Cardiogenic Shock), and ECLS-
SHOCK (Extracorporeal Life Support in Cardiogenic 
Shock) shock trials have reported the rates of RRT.19–22 
The rates of RRT were significantly lower in IABP-
SHOCK-II (20.6% in the intra-aortic balloon pump arm, 
15.7% in the control arm; risk ratio [RR], 1.31), CUL-
PRIT-SHOCK (overall 14.0%), and ECLS-SHOCK 
(8.1% in the extracorporeal life support [ECLS] arm, 
13.9% in the control arm; RR, 0.58) compared with 
both study arms in DanGer Shock (41.9% in the mAFP 
arm, 26.7% in the control arm; RR, 1.57).11,19–21 The 
differences in RRT initiation rates in the control arms 
of these trials reflect the differences of the underlying 
trial populations, as reviewed previously.23 Neverthe-
less, the magnitude of the RRs within each respective 
trial hints toward intrinsic pathophysiologic mecha-
nisms specific for the mAFP, which could lead to the 
reported higher rates of RRT in DanGer Shock. This 
risk difference associated with mAFP use in CS is in 
line with previous observational studies. For example, 
Schrage et al24 report an RR of 1.50 for RRT use in 
patients treated with ECLS and mAFP compared with 
those treated with ECLS alone.

AKI- and RRT-Related Survival in Patients With 
STEMI-CS in DanGer Shock
In line with other observational and nonobservational tri-
als, AKI and RRT were associated with higher mortality 
at 180 days in the DanGer Shock population.5,7,8 The cur-
rent analysis shows that mAFP use increased the risk of 
AKI and RRT in selected patients with STEMI-CS, even 
when accounting for competing risks. However, despite 
this increased risk, mAFP use increased survival in pa-
tients with and without AKI or RRT as indicated by the 
subgroup analysis. The results of the mediation analysis 
should be interpreted with caution as this analysis was 
not prespecified and may be subject to potential survivor 
bias. In addition, none of the survivors in the study re-
quired dialysis at the end of follow-up at 180 days. These 
data suggest that rather than avoiding the use of mAFP 
for fear of AKI, a better approach for clinicians and re-
searchers may be to focus on strategies to minimize the 

risks and complications associated with mAFP use. The 
current analysis of predictors of AKI, particularly in the 
mAFP group, may help identify such strategies.

Predictors of AKI and RRT
Even though the trial design of DanGer Shock does not 
allow for causal inference regarding the pathophysi-
ologic mechanisms leading to higher rates of RRT and 
AKI in patients with CS treated with mAFP, we identified 
several factors at admission as well as throughout hos-
pitalization that were tightly associated with these renal 
end points.

Previous studies hint toward low admission eGFR as 
a predictor of AKI risk in CS.9,15 This was also the case 
in our study, but to a lesser extent in the mAFP group as 
compared with the standard group. The AKI risk attrib-
utable to mAFP seemed to decrease with lower admis-
sion eGFR, even though patients with low eGFR were 
at higher a priori risk of AKI and RRT. The underlying 
reasons remain uncertain.

Sex differences represent a mostly unmet challenge 
in CS research, and DanGer Shock is no exception, given 
the high proportion of male participants and the uncer-
tainty of benefit from the primary study intervention in 
women.11,25 With respect to renal outcomes in this trial, 
sex was no clear predictor of AKI risk, in line with previ-
ous observational studies reporting similar rates of RRT 
use in male and female patients with CS.25

Beyond baseline factors, we identified several postad-
mission predictors of AKI and RRT in patients with and 
without mAFP. Of these, in both arms, bleeding events, 
low left ventricular ejection fraction, escalation to veno-
arterial ECMO, and positive fluid balance at 24 hours 
were highly relevant predictors of AKI. In the mAFP arm, 
hemolysis, suction events, higher pump speed, and lon-
ger duration of support were also associated with higher 
AKI risk.

Bleeding Events
In the context of the aforementioned other large random-
ized controlled trials, bleeding events should in general 
be expected as more common in ECLS-treated patients 
compared with mAFP-treated patients. Still, in ECLS-

Table 2.  Primary Outcomes Based on Occurrence of AKI and RRT

Characteristics

Standard mAFP

Without 
AKI 
(n=97)

With AKI 
(n=79) P value

Without 
RRT 
(n=129)

With 
RRT 
(n=47) P value

Without 
AKI 
(n=69)

With AKI 
(n=110) P value

Without 
RRT 
(n=104)

With 
RRT 
(n=75) P value

Death from all causes at 
180 d

49 (51) 54 (68) 0.017 68 (53) 35 (74) 0.010 23 (33) 59 (54) 0.008 40 (38) 42 (56) 0.020

Secondary end point: 
escalation, LVAD, or death

51 (53) 62 (78) <0.001 72 (56) 41 (87) <0.001 27 (39) 67 (61) 0.005 44 (42) 50 (67) 0.001

Values are n (%). AKI indicates acute kidney injury; LVAD, left ventricular assist device; mAFP, microaxial flow pump; and RRT, renal replacement therapy.
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Figure 2. Creatinine trajectories throughout the first 72 hours after admission.
Estimates of linear mixed models showing the geometric mean of serum creatinine levels at randomization and 24, 48, and 72 hours after 
randomization, along with the respective 95% CIs. A, Full cohort. B, Subgroups of patients who survived until the end of the study follow-up (180 
days). C, Subgroups of patients who did not undergo renal replacement therapy (RRT) at the time of serum creatinine measurements. mAFP 
indicates microaxial flow pump.
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SHOCK, rates of AKI were lower in the ECLS arm.20 
Thus, despite being associated with higher AKI risk, 
bleeding events alone are unlikely to solely explain the 
mAFP-specific excess risk of AKI and RRT observed in 
DanGer Shock. This, and the strong association between 
device-related measures and AKI risk, indicate other, 
more mAFP-specific risk factors.

Low Output and Severe CS
In this secondary analysis, we identified that in both 
groups, several measures indicative of low cardiac out-
put were associated with higher risk of AKI and RRT. 
As such, admission left ventricular ejection fraction was 
inversely related to AKI risk. We also found that higher 
admission heart rate tended to be associated with AKI 
risk. Even though higher heart rate in general could 
indicate volume demand, specifically in CS it is more 
likely to represent a signal of reduced stroke volume 
and compensatory tachycardia to maintain cardiac out-
put, and thus again a measure of disease severity. In-
creased heart rate may also be a surrogate of minor 
bleeding events or a systemic inflammatory response. 
The fact that we identified positive fluid balance 24 
hours after admission as being associated with a higher 
AKI risk again may also point against heart rate as a 
surrogate for volume demand. Yet positive fluid balance 

may be evident in different clinical scenarios, such as 
no diuretic treatment or a lack of response to a diuretic 
stress test, which makes this measure difficult to inter-
pret without further information. In addition, escalation 
to ECMO could simply be interpreted as another sur-
rogate for more severe CS cases with low output, and 
was associated with a higher risk of RRT in the entire 
study population.

Hemolysis
Hemolysis can cause direct renal damage through the 
release of free hemoglobin and development of pigment 
nephropathy.26,27 The DanGer Shock protocol mandated 
48 hours of mAFP support at the highest possible P level 
while avoiding suction. This may have led to overly ag-
gressive unloading in some individuals and concurrently 
may have increased the risk of hemolysis. This assump-
tion is supported by the current association between 
high performance levels and higher levels of bilirubin at 
24 hours. Hemolysis may also be the major driver of the 
strong association between suction events and AKI risk 
that was evident in the current study. This high risk of AKI 
in patients with suction events calls for strict surveillance 
for early indicators of imminent suction events, such as 
changes in motor current signal, and should prompt im-
mediate imaging study to evaluate device placement, 

Figure 3. Risk of acute kidney injury in microaxial flow pump vs standard of care groups, stratified by prespecified subgroups.
Odds ratios from logistic regression models with treatment group and respective subgroups as predictors with an interaction term and acute 
kidney injury as the outcome. LVEF indicates left ventricular ejection fraction; mAFP, microaxial flow pump; MAP, Mean arterial pressure; SCAI, 
Society for Cardiovascular Angiography & Interventions; and STEMI, ST-segment–elevation myocardial infarction.
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right ventricular function, volume status, and (until re-
solved) lowering of the P level on the device.

In addition, redesigning an mAFP to minimize suc-
tion forces and improve hemocompatibility could poten-
tially reduce hemolysis. Direct reduction of plasma free 
hemoglobin (eg, by haptoglobin infusion) may be another 
promising, albeit purely experimental, approach.28 Imple-
mentation of these strategies could potentially improve 
renal outcomes and overall prognosis in patients with 
STEMI-CS requiring mAFP support.

If prolonged support is required, an axillary approach 
has been proposed for more stable device placement. 
Yet, recent data from observational studies of higher-
volume mAFPs, such as the Impella 5.0 or 5.5, suggest 
that the RRT rate may be similar to that of the Impella 
CP at 41.3% in acute myocardial infarction–related 
CS.29 Therefore, it remains unclear whether an axillary 
approach could lower incidence of hemolysis and AKI, 
and this question cannot be answered by the current trial, 

the results of which should be interpreted only for the 
device tested (Impella CP).

Limitations
DanGer Shock was a pragmatic trial, and the data cap-
tured were based on data collected for the main trial; 
therefore, the granularity of information on renal char-
acteristics could have been higher, and the data col-
lected were based on knowledge at the time of study 
initiation >10 years ago. For example, hemolysis likely 
played an important role in the development of AKI in 
mAFP-supported patients, but some markers of hemo-
lysis, such as fibrinogen, were not assessed, and the 
measurements of plasma free hemoglobin, haptoglobin, 
or bilirubin were not mandated by the study protocol 
and were recorded only if measured. Thus, the asso-
ciation between these markers and AKI could be influ-
enced by selection bias.

Table 3.  Univariable Predictors of AKI in Both Study Groups

Characteristics

Standard (AKI; n=110/179) mAFP (AKI; n=79/179)

No. OR (95% CI) P value No. OR (95% CI) P value

Age 176 1.00 (0.97–1.03) 0.98 179 0.98 (0.96–1.01) 0.19

Sex 176 1.25 (0.60–2.65) 0.55 179 1.69 (0.81–3.52) 0.16

LVEF at randomization, % 176 0.95 (0.92–0.98) <0.001 179 0.94 (0.91–0.97) <0.001

Heart rate at randomization 168 1.01 (1.00–1.02) 0.16 173 1.01 (1.00–1.03) 0.051

Bleeding 176   179   

 � No bleeding  Ref   Ref  

 � BARC 3–5  9.55 (3.46–33.8) <0.001  3.52 (1.64–8.28) 0.002

SCAI class 176   179   

 � SCAI C  Ref   Ref  

 � SCAI D or E  1.68 (0.92–3.07) 0.092  2.07 (1.12–3.92) 0.022

Creatinine at admission, by 10% increase 166 1.18 (1.08–1.30) <0.001 171 1.07 (1.00–1.15) 0.085

eGFR at admission 166 0.98 (0.96–0.99) <0.001 171 0.99 (0.98–1.00) 0.18

Highest plasma free hemoglobin at day 1–3 by 10% increase 38 1.04 (0.98–1.10) 0.18 65 1.04 (1.01–1.08) 0.013

Fluid balance at 24 h 120   136   

 � Neutral fluid balance (±0.5 L)  Ref   Ref  

 � Negative fluid balance  1.71 (0.55–5.45) 0.36  0.83 (0.22–3.19) 0.79

 � Positive fluid balance <2.5 L  3.40 (1.28–9.55) 0.016  2.83 (1.07–7.78) 0.038

 � Positive fluid balance >2.5 L  3.95 (1.31–12.8) 0.018  3.08 (1.18–8.43) 0.024

Lactate at admission, by 10% increase 176 1.04 (0.99–1.11) 0.13 179 1.07 (1.01–1.14) 0.026

Bilirubin at 24 hours, by 10% increase 99 1.04 (0.99–1.11) 0.15 119 1.05 (1.01–1.10) 0.046

Escalation to venoarterial ECMO 176 3.57 (1.62–8.39) 0.002 179 2.18 (0.81–6.93) 0.15

Suction    179 8.54 (3.80–22.0) <0.001

P level at 6 hours    141   

 � Low–medium (1–6)     Ref  

 � High (7–9)     2.86 (1.39–6.03) 0.005

Values for creatinine, plasma free hemoglobin, lactate, and bilirubin were log-transformed before regression analysis. AKI indicates acute kidney injury; BARC, Bleed-
ing Academic Research Consortium; ECMO, extracorporeal membrane oxygenation; eGFR, estimated glomerular filtration rate; LVEF, left ventricular ejection fraction; 
mAFP, microaxial flow pump; OR, odds ratio; and SCAI, Society for Cardiovascular Angiography & Interventions. 
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Figure 4. Acute kidney injury risk across baseline estimated glomerular filtration rate for microaxial flow pump vs standard 
group.
A, Risk of acute kidney injury (AKI) according to admission estimated glomerular filtration rate (eGFR) in both treatment arms. The reference 
is median eGFR in standard of care group. B, Risk of AKI in microaxial flow pump (mAFP)–treated patients compared with standard across 
the range of admission eGFR estimated using a logistic regression model with mAFP and eGFR as predictors with an interaction term. The 
distribution of eGFR is depicted with density plots below each panel.
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Furthermore, only the history of previous chronic 
kidney disease was available, not whether these 
patients required dialysis before the study. How-
ever, the overall number of patients with a history of 
chronic kidney disease was low (10%), and no survi-
vors required dialysis at 6 months, suggesting that the 
proportion of patients requiring dialysis at baseline 
was low and would be expected to be evenly distrib-
uted between treatment groups given the randomized 
design.

Serum creatinine was not assessed at 180 days, but 
only the latest available serum creatinine before dis-
charge, which limits possible inference on the long-term 
renal outcomes. Contrast volume used during the ini-
tial procedure in the catheterization laboratory was not 
assessed in the study, but there were no differences in 
the extent of revascularization between groups. Hemo-
dynamic data obtained from pulmonary artery catheters 
were not available for this study.

The initiation of RRT remained subject to the bedside 
clinician’s decision, who was not blinded to treatment 
allocation as blinding was not possible in this trial. Bear-
ing this in mind, RRT use in this study should reflect real-
life clinical practice. Another advantage of this analysis 
is that AKI (independent of RRT) was also assessed as 
part of the electronic case report forms, and this outcome 
is less likely to be affected by treatment bias than RRT.

Whereas the randomized controlled trial setting may 
allow for causal inference with respect to mAFP-asso-
ciated AKI and risk of RRT, the analyses of predictors 
of AKI and RRT may be subject to residual confounding 
and require further testing in clinical trials with the appro-
priate study design.

Conclusions
In patients with STEMI-CS, shock severity, allocation to 
mAFP, and device-related complications were associated 

Figure 5. Association between microaxial flow pump performance levels, markers of hemolysis, and renal function.
Estimated marginal means from linear regression models with total bilirubin (A and B) and serum creatinine (C and D) as outcome variables. P 
values correspond to the respective coefficients of microaxial flow pump performance level as a dichotomous predictor. A and C, Unadjusted 
models. B, Adjusted for age, left ventricular ejection fraction, lactate, and alanine aminotransferase at arrival. D, Adjusted for age, left ventricular 
ejection fraction, lactate, and estimated glomerular filtration rate at arrival.
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with an increased risk of AKI. AKI was generally asso-
ciated with higher mortality rates, but the allocation to 
mAFP consistently led to lower mortality rates at 180 
days irrespective of the occurrence of AKI with or without 
RRT initiation. Addressing mechanisms of AKI, such as 
bleeding, suction events, and excessive mAFP unloading, 
may further improve the treatment effects of mAFP.
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