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Abstract

Background: The objective of the present study was to characterize practical utilization trends 

and outcomes for intra-aortic balloon pump (IABP) and percutaneous left ventricular assist device 

(pVAD) in cardiogenic shock at a national level.

Methods: An analysis of all adult patients admitted non-electively for cardiogenic shock from 

January 2008 through December 2017 was performed using the National Inpatient Sample (NIS). 

Trends of inpatient IABP and pVAD use were analyzed using survey weighted estimates and the 

modified Cochran-Armitage test for significance. Multivariable regression models and inverse 

probability of treatment weights (IPTW) were used to perform risk-adjusted analyses of pVAD 

mortality a composite of adverse events (AE), and resource utilization, with IABP as reference.

Results: Of an estimated 774,310 patients admitted with cardiogenic shock, 143,051received a 

device: IABP= 127,792 (16.5%) or pVAD=15,259 (2.0%). The usage of IABP decreased (23.8 to 

12.7%, p-for-trend<0.001), while pVAD implantation increased significantly during the study 

period (0.2 to 4.5%, p-for-trend<0.001). IPTW demonstrated significantly higher odds of mortality 

with pVAD (OR 1.9, 95% CI 1.7–2.2), but not AE (OR 1.1 95% CI 0.96–1.27) compared to IABP. 
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After risk-adjustment, pVAD use was associated with an additional $15,202 (P<0.001) for 

survivors and $29,643 for non-survivors (P<0.001).

Conclusions: Over the study period, the rate of pVAD utilization for cardiogenic shock has 

significantly increased. Compared to IABP, pVAD use was associated with increased mortality, 

costs and several adverse events. Multi-institutional clinical trials with rigorous inclusion criteria 

are warranted to evaluate the clinical utility of pVADs in the modern era.

Graphical Abstract

Despite advances in surgical and medical management, patients with cardiogenic shock 

suffer high rates of mortality and multi-organ failure.1–3 While the etiologies of cardiogenic 

shock are diverse, the ultimate pathophysiologic dysfunction relates to inadequate oxygen 

delivery and apoptosis or frank necrosis of end organs.4 Pharmacologic management of this 

condition via vasoactive agents paradoxically compromises microcirculation and increases 

myocardial oxygen demand. Elevated intramural cardiac pressures and inadequate coronary 

perfusion concomitantly worsen cardiac function and peripheral perfusion. Intra-aortic 

balloon pump (IABP) counterpulsation has demonstrated hemodynamic improvements by 

reducing myocardial workload and increasing coronary perfusion.5,6 Despite its widespread 

use for decades, an eventual randomized control trial (RCT) IABP:SHOCK II trial found no 

mortality benefit of IABP for patients with cardiogenic shock secondary to acute myocardial 

infarction at 12 months.2,7,8

Technologic advances in catheter design and miniaturization have led to the development of 

mechanical circulatory support (MCS) devices that may be placed percutaneously. Such next 

generation percutaneous ventricular assist devices (pVAD) offer observable unloading of the 

left ventricle and forward aortic flow thereby enhancing coronary perfusion and peripheral 

hemodynamics.9,10 Few randomized trials have failed to demonstrate a survival benefit 

despite improvement in physiologic parameters, while several observational studies have 

reported conflicting outcomes.11–14 Khera et al, evaluated the early use of pVAD using a 

propensity matched national cohort and found its application to be associated with increased 

complications and similar mortality compared to IABP.15 Given the absence of definitive 

data on the efficacy of pVAD, guidelines for appropriate patient selection and its use in 
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cardiogenic shock are lacking.16–18 Therefore, the present study aimed to evaluate national 

trends in utilization and risk-adjusted short-term outcomes for patients in cardiogenic shock 

receiving either an IABP or pVAD in US hospitals. We hypothesized that pVAD use would 

be associated with higher mortality, morbidity, and resource utilization.

Patients and Methods

Data Source

We performed a retrospective cross-sectional study of cardiogenic shock patients using the 

National Inpatient Sample (NIS), the largest, all-payer, nationally representative inpatient 

database maintained by the Agency for Healthcare Research and Quality.19 NIS data is 

generated from state inpatient database discharge abstracts, extracting diagnosis and 

procedure codes as well as data on hospital bed size, metropolitan versus rural location, 

teaching status, and region (Supplemental Table 1). Starting in 2012, NIS methodology 

changed from 100% of discharges to sampling 20% of discharges from participating 

institutions. Sampling probabilities for each stratum are used to obtain survey estimates 

representative of nearly 97% of the US population.20

Patient Cohort and Variables

We included all adult patient (≥18 years) patients from January 2008 through December 

2017 who were admitted non-electively with a diagnosis of cardiogenic shock. Patients were 

stratified into three treatment groups: pVAD, IABP, or no circulatory support device 

(Supplemental Table 1). Patients who received both IABP and pVAD, concurrent major 

cardiac surgery, and extracorporeal membrane oxygenation were excluded from the analysis. 

Patient comorbidities and procedures were defined using International Classification of 

Disease (ICD) 9 and 10 administrative diagnostic codes. Frailty was characterized using a 

previously validated cluster of frailty-associated diagnoses.21 Patient transfer status defined 

as those who were transferred from a different acute care hospital or another type of health 

care facility using the NIS variable (TRAN_IN).

Outcomes of Interest

The primary outcomes of interest was in-hospital mortality. A composite measure of known 

adverse events (AE) associated with IABP and pVAD arterial cannulation, defined as 

occurrence of extremity arterial dissection, arterial pseudoaneurysm, limb ischemia, 

extremity compartment syndrome, fasciotomy, extremity amputation, intracerebral 

hemorrhage, stroke, retroperitoneal bleed, or septicemia, was included to further compare 

clinical outcomes (Supplemental Table 1).

Statistical Analysis

Pearson chi-squared tests and adjusted Wald two-tailed t-test were utilized to compare 

patient and hospital characteristics amongst patients who received IABP versus pVAD 

accounting for survey weights and NIS design. Unadjusted mortality and AE events are 

reported in Supplemental Table 2. Annual trends of inpatient IABP and pVAD use, all-cause 

mortality and AE were analyzed by using survey weighted estimates and the modified 

Cochran-Armitage test for significance.22,23 Institutional volume of IABP and pVAD were 
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calculated using unique annual hospital identifiers available in the NIS and plotted for two 

separate periods, 2008–2011 and 2012–2016, reflecting change from hospital level to patient 

level analyses in the NIS starting in 2012.

Multivariable regression models were generated to assess predictors of mortality, AE, costs, 

and LOS based on a review of the literature and known causal factors. The best fit model 

was selected based on Akaike information criterion (AIC) and Bayesian information 

criterion. Receiver-operating curve characteristics were also examined for the multivariable 

models used to assess primary and secondary study outcomes. Models examining mortality, 

AE, costs, and LOS included the following covariates: Age (treated as curvilinear function 

using multinomial-fractional polynomials), sex (male gender as reference), history of 

coronary artery disease, chronic pulmonary parenchymal disease, peripheral vascular 

disease, diabetes, liver dysfunction, blood or solid organ malignancy, end stage renal 

disease, electrolyte abnormalities, patient income quartile, primary insurance payer type, 

hospital type, hospital bed capacity, patient reported race, hospital region, transfer status, 

frailty status, concomitant percutaneous coronary intervention (PCI) during index 

hospitalization, in addition to categories of cardiogenic shock. The potential etiologies of 

cardiogenic shock considered included: acute myocardial infarction, cardiomyopathy, 

valvular disease, cardiac arrest, complications of myocardial infarction, and arrhythmias.

We used inverse probability of treatment weights (IPTW) to address potential treatment 

selection bias. Using a model including the above-listed covariates in addition to the NIS 

level discharge patient weight, we performed a multi-level mixed-effects logistic regression 

to predict device selection. Propensity scores were generated based off this model and used 

to generate inverse probability treatment weights. The inverse probability treatment weight 

was used to modify the NIS provided DISCWT and generate a new weight for survey-

weighted analyses (ATE-IPTW). Subsequently, logistic regression analysis of mortality and 

AE was performed using the ATE-IPTW assigned weight.24,25 Multivariable models 

including surgical patients and excluding patients in the era prior to 2012 were also 

performed with the models described above and reported to demonstrate the association of 

pVAD with cardiogenic shock outcomes, regardless of surgical patients and procedural era.

The NIS provides total hospitalization charges, which were converted to costs using the NIS 

cost-to-charge ratio files. Cost adjustment is performed using the Medicare Expenditure 

Personal Heath Care Index, with 2017 as the reference year.26 Non-parametric trend analysis 

were performed for unadjusted costs and LOS. Using log-transformed linear regression and 

exponentiation, we obtained incremental costs associated with pVAD compared to IABP. 

Incremental LOS associated with pVAD was also evaluated using linear regression. This 

study was deemed exempt by the institutional review board at the University of California, 

Los Angeles and Stata 15.1 (Statacorp, College Station, TX) software was used to perform 

all statistical analyses.

Results

Over the study period, the annual number of cardiogenic shock related admissions 

significantly increased from 61,805 to 121,265, with a reduction in overall mortality from 
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36.7% to 34.6% (p-for-trend<0.001) (Figure 1). Of an estimated 774,310 patients admitted 

with cardiogenic shock who met inclusion criteria, 143,051 received a device: IABP= 

127,792 (16.5%), pVAD= 15,259 (2.0%) (Figure 2). Compared to the IABP cohort, pVAD 

patients were younger, more commonly male, and had a higher prevalence of diabetes, liver 

disease, and heart failure, among others (Table 1). PVAD implantation was more commonly 

performed at metropolitan-teaching hospitals. Furthermore, patients with cardiogenic shock 

at rural and non-teaching facilities were more likely to receive IABP rather than pVAD 

(Table 1). The proportion of acute myocardial infarction patients was greater in the IABP 

cohort compared to pVAD (Table 1).

Usage of IABP decreased (23.8 to 12.7%, p-for-trend<0.001), while pVAD implantation (0.2 

to 3.5%, p-for-trend<0.001) and those treated without a device (76.1 to 83.8%, p-for-trend 

<0.001) increased significantly during the study period (Figure 3). The number of hospitals 

using pVAD also increased significantly, while IABP application showed a steady trend in 

both eras of NIS sampling methodology (Figure 4). Furthermore, we observed a wide 

variation in the proportion of cardiogenic shock patients treated with pVAD by hospital 

(Figure 5). Over the study period, the mortality for IABP and pVAD did not exhibit a 

significant change (IABP p-for-trend=0.87, pVAD p-for-trend=0.28) (Figure 6).

Unadjusted all-cause mortality (44.9 vs 32.0%, P<0.001) and rate of adverse events (AE) 

(11.1 vs 6.8%, P<0.001) were significantly higher for patients who received pVAD 

compared to IABP (Supplemental Table 2). After adjusting for patient and hospital 

characteristics using multivariable single-level regression, pVAD was associated with nearly 

two-fold increase in mortality (OR 1.85, 95% CI 1.69–2.02, P<0.001) and 16% higher odds 

of AE (OR 1.16, 95% CI 1.05–1.29, P<0.001) with IABP as reference (Table 2). Sensitivity 

analysis including patients that underwent coronary artery or valve operations demonstrated 

and restricting the analysis to the 2012–2017 era demonstrated concordant results (Table 2). 

After application of inverse probability weights, multivariable analysis confirmed 

significantly higher odds of mortality (OR 1.93, 95% CI 1.67–2.23, P<0.001), but not AE 

(1.10 95% CI 0.96–1.27, P<0.001) for pVAD compared to IABP (Table 2).

Over the study period, for both survivors and non-survivors of cardiogenic shock, costs and 

LOS remained comparable (Figure 7). Compared to IABP, pVAD use was associated with 

higher unadjusted costs ($84,433 vs $54, 509, P<0.001) and longer average length of stay 

(11.0vs 10.3 days, P=0.03). After risk-adjustment for baseline comorbidities and hospital 

characteristics, pVAD use was associated with an additional $15,202 (P<0.001) for survivors 

and $29,643 for non-survivors (P<0.001). Risk-adjusted LOS was similar for both support 

modalities.

Comment

Mechanical circulatory devices are increasingly used to support the failing heart in both 

acute and chronic circumstances. Despite the use of inotropes and IABP for its treatment, 

cardiogenic shock continues to incur a high mortality. Traditional ventricular assist devices 

are used to treat patients with end stage heart disease and remain limited in use owing to 

their form factor and surgical implantation risks. The bulky, extracorporeal pumps of the 
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past decade have now been replaced with counterparts that can be implanted within the chest 

cavity or inserted percutaneously for single ventricular dysfunction. Introduction of pVAD 

devices has altered the landscape of short-term support for cardiogenic shock with studies 

demonstrating improvements in hemodynamics.9,27 In this nationwide study of IABP and 

pVAD use in patients hospitalized with cardiogenic shock, we found a dramatic increase 

(from 0.2 to 3.5%) in pVAD and significant decline in IABP use. While the overall mortality 

for cardiogenic shock remained steady, use of pVAD was associated with increased 

mortality, costs, and a trend towards increased complications. Several of our findings 

warrant further discussion

Our observation of increased pVAD use is consistent with previously reported national 

trends. Several studies have reported increases in pVAD utilization ranging from 300–

1151% from 2007–2012 for various indications.28,29 The hasty growth in pVAD use was 

preceded by a single randomized clinical trial comparing IABP and Impella in cardiogenic 

shock.11 This study of 12 pVAD and 13 IABP patients demonstrated marginal improvements 

in cardiac index and decreased vasopressor use with Impella but no difference in mortality.11 

Since this initial publication, additional trials, such as PROTECT II in high-risk PCI 

patients, have found similar incidence of 30-day major adverse events between Impella 2.5 

and IABP, with trends for improved outcomes in the pVAD cohort at 90 days.30 Several 

institutional retrospective registry studies have also demonstrated decreased need for blood 

transfusions with IABP compared to pVAD, however significant evidence for mortality 

benefit is lacking16,31,32. In the present study, patients receiving pVADs were on average 

younger, appeared healthier, with lower myocardial infarction rates compared to the IABP 

cohort. However, these patients endured worse outcomes, an observation that could only be 

verified in randomized prospective trials.

The rapid adoption of pVAD technology is not unexpected given the ease of implant 

compared to prior generations of percutaneous support devices, which required trans-septal 

puncture. Nonetheless, wide variations in pVAD use warrants further investigation. If pVAD 

utilization was driven primarily by patient factors, a more consistent pattern would be 

expected. However, our present analysis shows no such relationship between institutional 

volume of cardiogenic shock admissions requiring mechanical circulatory support and 

pVAD utilization. These findings underscore the inconsistencies in real-world pVAD 

utilization, which are particularly concerning given the evidence for improved survival with 

increased institutional pVAD volume for myocardial infarction and cardiogenic shock.33 

With increased adoption of this technology, investigation of minimal volume standards is 

warranted and may improve deployment of pVAD in hospitals with infrastructure and 

nursing expertise to safely monitor such patients.

The present study has several important limitations, inherent to its retrospective nature. First, 

hemodynamic and vasopressor information is not available, thus limiting our ability to 

assess the severity of cardiogenic shock. By using the largest national inpatient database, we 

were able to generate a large cohort of patients admitted with cardiogenic shock requiring 

mechanical device support. However, we are unable to monitor long-term outcomes. Type of 

pVAD device and duration of IABP and pVAD support cannot be discerned within our 

database. Furthermore, adverse events are attributed to device use, but it is important to 
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recognize that these events cannot clearly be distinguished from comorbidities due to 

limitations of ICD coding. Duration of device utilization was also not feasible until the 

ICD10 era, and thus we cannot adjust for this important factor in our analysis. Nonetheless, 

the present study provides contemporary data on practical utilization patterns and outcomes.

In summary, in this large, nationally representative cohort, we found pVAD use in 

cardiogenic shock to be associated with increased mortality, costs and several adverse events 

including septicemia, bleeding, and vascular complications. While such differences may be 

attributed to factors unaccounted for in the database, we used inverse probability weighted 

analysis, a robust method to account for differences in patient characteristics, to explicitly 

adjust for several comorbidities between the IABP and pVAD groups. Our findings highlight 

the ambiguity surrounding the benefits of pVAD devices in patients with cardiogenic shock. 

Multi-institutional randomized clinical trials with rigorous inclusion criteria are warranted to 

scrutinize the clinical utility of pVADs in real-world practice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations:

pVAD Peripheral Ventricular Assist Device

IABP Intra-aortic balloon pump

NIS National Inpatient Sample

AE Adverse Event

IPTW Inverse probability treatment weighting
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Figure 1. 
Trend of Cardiogenic Shock Hospitalizations and Overall Mortality. Blue line represents 

mortality rate for all-cause cardiogenic shock admissions. Error bars represent standard 

error. Orange line represents survey-weighted cardiogenic shock admissions. P-for-trend 

<0.001.
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Figure 2. 
Study consort Diagram with survey-weighted estimates.
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Figure 3. 
Trends of IABP and pVAD Trend. Blue line represents rate of IABP utilization for all 

cardiogenic shock admissions. Orange line represents rate of pVAD utilization for all 

cardiogenic shock admissions. Gray-bars represent proportion of cardiogenic shock 

admissions not receiving either IABP or pVAD (No device- ND).
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Figure 4. 
Institutions performing pVAD (A) or IABP (B) for Cardiogenic Shock. Blue bars represent 

number of hospitals performing IABP. Orange bars representing number of hospitals 

performing pVAD. *Starting in 2012, NIS methodology changed from hospital level to 

patient level sampling.
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Figure 5. 
Proportion of pVAD utilization compared to total IABP and pVAD institutional volume. 

Blue line represents pVAD proportion of all cardiogenic shock admissions requiring either 

pVAD or IABP, orange bars represent annual institutional IABP and pVAD volume
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Figure 6. 
Mortality of Cardiogenic Shock with or without mechanical circulatory support device. ND- 

No device used in management of cardiogenic shock. Error bars represent Standard Error. 

IABP Mortality p-for-trend=0.08, pVAD Mortality p-for-trend=0.22, ND p-for-trend <0.001. 

IABP AE p-for-trend 0.96 for pVAD AE p-for-trend<0.001.

Sanaiha et al. Page 15

Ann Thorac Surg. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Costs and LOS for Survivor and Non-Survivors of IABP, pVAD, and No-Device 

Cardiogenic Shock Patients. ND- No device used in management of cardiogenic shock. 

Error bars represent Standard Error. P-for-trend <0.001 only for ND Survivors and Non-

Survivors. No significant trend for IABP or PVAD
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Table 1.

Comparison of Patient Demographics and Hospital Characteristics for patients admitted with cardiogenic 

shock.

IABP PVAD P-Value ND

N=127,792 (%) N=15,259 (%) N=631,259 (%)

Age (median, IQR years) 65 (56–75) 65 (56–73) <0.001 69 (59–80)

Female 32.8 28.7 <0.001 41.7

Coronary Artery Disease 69.5 62.7 <0.001 41.1

Chronic Pulmonary Parenchymal Disease 18.1 15.0 0.001 25.2

Hypertension 50.6 53.2 0.024 51.1

Peripheral Vascular Disease 7.3 8.6 <0.001 9.8

Frailty 10.2 11.1 <0.001 19.7

Diabetes 27.9 26.4 <0.001 26.2

Chronic Liver Dysfunction 15.2 22.1 <0.001 17.0

Substance Abuse 5.1 4.9 <0.001 6.6

End Stage Renal Disease 17.1 21.5 <0.001 29.2

Coagulopathy 12.7 17.9 <0.001 14.2

Electrolyte 46.6 53.2 <0.001 55.9

Cancer 1.8 1.4 <0.001 3.7

Transfer 23.3 30.1 <0.001 20.7

Percutaneous Coronary Intervention 66.3 63.3 <0.001 13.4

Acute Myocardial Infarction 57.2 38.8 <0.001 16.7

Myocardial Infarction Complication 1.8 1.2 <0.001 0.4

Valvular Disease 10.5 8.8 0.0043 10.0

Myocarditis 0.3 1.0 <0.001 0.2

Cardiomyopathy 60.4 71.6 <0.001 66.4

Arrhythmia 64.3 61.8 <0.001 58.4

Pericardial disease 3.0 3.3 0.0102 3.4

Cardiac Arrest 22.5 20.1 <0.001 17.5

Race <0.001

 White 72.9 71.9 69.3

 Black 9.9 12.0 15.5

 Hispanic 8.5 8.2 8.2

 Asian 3.5 2.4 3.1

 Other/Unknown 5.17 5.46 3.9

Insurance Type <0.001

 Medicare 52.9 52.2 65.8

 Medicaid 9.5 10.4 10.2

 Private 28.0 28.6 17.4

 Self-Pay 6.3 5.3 3.9
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IABP PVAD P-Value ND

N=127,792 (%) N=15,259 (%) N=631,259 (%)

 Other/Unknown 3.26 3.51 2.7

Income Quartile <0.001

 0–25th percentile 27.0 30.9 30.7

 26–50th percentile 26.3 27.0 26.2

 51–75th percentile 24.6 23.6 23.5

 76–100th percentile 22.1 18.6 19.7

Region <0.001

 Northeast 18.2 15.3 18.1

 Midwest 24.1 18.1 20.5

 South 36.9 44.2 38.9

 West 20.8 22.4 22.5

Bedsize <0.001

 Small 8.5 8.3 10.8

 Med 22.7 24.2 24.3

 Large 68.8 67.6 64.9

Teaching Status <0.001

 Rural 4.7 2.6 5.8

 Metro/Non-teach 32.1 21.1 29.2

 Metro/Teach 63.2 76.3 65.0

IABP- intra-aortic balloon pump, IQR- Interquartile Range, Metro-Metropolitan, ND- no device utilized, pVAD- percutaneous ventricular assist 
device.
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Table 2.

Risk-Adjusted Analysis of Primary and Secondary Outcomes using single- and inverse probability treatment 

weight two-level analyses.

AOR Mortality 95% CI AOR AE 95% CI

Model 1: 1.85 1.69–2.02 1.16 1.05–1.29

Model 2: 1.85 1.72–2.04 1.15 1.01–1.32

Model 3: 1.24 1.13–1.37 1.13 0.98–1.30

Model 4: 1.93 1.68–2.23 1.11 0.96–1.27

Model 1: Single level, logistic regression

Model 2: Single level, logistic regression including CT Surgery

Model 3: Single level, logistic regression, restricted to 2012–2017 era

Model 4: Inverse Probability Treatment Weighting derived from multi-level mixed effects model

AOR- Adjusted odds ratio, AE- Composite Adverse Event Variable, CI- Confidence Interval, IPTW- Inverse
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