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Abstract

Background—Pediatric mechanical circulatory support (MCS) has evolved considerably over 

the past decade. Though marked improvements in waitlist survival have been realized, costs have 

not been reassessed. This project aimed to assess contemporary MCS costs in children bridged to 

heart transplant (HT).

Methods—All pediatric HT recipients (2002–2016) were identified from a unique, linked PHIS/

SRTR dataset. Costs were calculated from hospital charges, inflated to 2016 Dollars and adjusted 

for patient-specific characteristics using generalized linear mixed-effects models. Costs and length 

of stay (LOS) were compared across support strategies at the time of HT (no MCS, VAD, or 

ECMO) with select subgroup analyses.

Results—A total of 2873 pediatric HT recipients were included; no MCS: 2268 (78.9%), VAD: 

470 (16.4%), and ECMO: 135 (4.7%). Both VAD and ECMO were associated with greater total 

hospitalization costs compared to no MCS ($755,345 and $808,771 vs. $457,086; p<0.001). Total 

costs and LOS were similar between VAD and ECMO groups; however, costs and LOS were 

greatest for VAD-supported patients in the pre-HT period and greatest for ECMO-supported 

patients post-HT. Post-HT costs and LOS were similar between patients who did not require MCS 
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and those supported with a VAD ($324,887 and 18 days vs. $329,198 and 18 days respectively, 

p=NS). Outpatients with VAD support at HT demonstrated significantly lower total costs 

compared to those who were inpatient with continuous flow devices ($552,222 vs. $663,071, 

p=0.003).

Conclusions—MCS as a bridge to HT in children is associated with greater total costs. While 

costs are similar between VAD and ECMO groups, the majority of costs associated with VAD 

support is incurred pre-HT while ECMO costs are incurred primarily post-HT. Discharging 

patients on VAD support awaiting HT may represent a strategy to reduce costs in this population.
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Introduction

Mechanical circulatory support (MCS) strategies to bridge children to heart transplant (HT) 

have evolved considerably over the past decade. Ventricular assist device (VAD) use in 

children has increased,1 and this shift has contributed to improvements in waitlist survival 

and post-HT outcomes. 2–4 However, VAD support is known to be very resource intensive. 
5–8 Mahle and colleagues reported an average hospitalization cost of $758,199 (in 2007 US 

dollars) for children bridged to HT with a VAD between 2002 and 2007. 8 Interval 

improvements in candidate and device selection, patient management, detection of device 

complications, and an increased emphasis on outpatient management may have shifted these 

costs. In fact, since the prior report from Mahle et al. there has been a marked increase in the 

use of continuous flow VADs in pediatric patients and a greater emphasis on rehabilitation 

following VAD placement. 1, 9 In addition to this, improvements in waitlist mortality, in part 

due to the success of MCS, without a concurrent increase in the number of pediatric donors 
10 has likely resulted in increased waitlist times. This may lead to longer durations of MCS 

prior to HT, further impacting costs.

The aim of this study was to utilize a novel linkage between the Scientific Registry of 

Transplant Recipients (SRTR) and the Pediatric Health Information System (PHIS) 

databases to report contemporary cost and length of stay (LOS) data for children bridged to 

HT with either VAD or extracorporeal membrane oxygenation (ECMO), compared to 

patients who did not require MCS.

Methods

This study utilized data from the SRTR and the PHIS databases. The SRTR data system 

includes data on all donors, wait-listed candidates, and transplant recipients in the U.S., 

submitted by the members of the Organ Procurement and Transplantation Network (OPTN). 

The Resources and Services Administration, U.S. Department of Health and Human 

Services provides oversight to the activities of the OPTN and SRTR contractors. The SRTR 

database includes data from every organ transplant and waitlist addition within the U.S. 

since October 1987. The PHIS database is an administrative database that collects clinical 

and daily resource utilization data for hospital encounters from 49 tertiary care children’s 
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hospitals. Hospital encounters captured by the PHIS database include inpatient 

hospitalizations, observation, ambulatory surgery, and emergency department visits. The 

SRTR and PHIS databases were linked at the patient level using indirect identifiers (hospital, 

date of birth, sex, and date of transplant). A total of 3188 unique transplants were identified 

as being present in both databases and amenable to linkage. Of these, 3057 (95.9%) were 

uniquely linked and 2896 (90.8%) had complete cost data. 11

All pediatric (<21 years) HT recipients with available hospital charge information in the 

linked database were included (2002 – 2016). Hospital charges were converted to costs using 

year-specific and hospital-specific cost-to-charge ratios. All costs were adjusted for inflation 

to 2016 U.S. dollars using the medical component of the Consumer Price Index. Costs were 

assessed for the entire transplant hospitalization and then separately for the pre- and post-HT 

periods. Costs were adjusted for clinical characteristics and severity of illness at the time of 

HT using generalized linear mixed effects models with a random hospital intercept. 

Variables included in the cost adjustment model were selected a priori to account for severity 

of illness and patient demographics thought to impact hospitalization costs. Variables 

included in the adjustment model were patient age, underlying cardiac diagnosis, race, blood 

type, hospital, ECMO support at HT, VAD support at HT, ventilator support at HT, inotropic 

support at HT, ICU length of stay post-HT, ECMO support post-HT, the need for dialysis 

post-HT, and transplant year. Since costs are not normally distributed, we modeled the 

natural log of actual costs. Adjusted model results were then transformed back to the 

original cost scale for interpretation.

HT recipients were divided into three groups based on MCS requirement (from SRTR data) 

at the time of HT: no MCS, VAD, or ECMO. Baseline demographics were compared across 

MCS groups using the chi square test or Kruskal-Wallis test, as appropriate. Unadjusted and 

adjusted total, pre-, and post-HT hospitalization costs were compared across MCS groups 

using the Kruskal-Wallis test or Wilcoxon rank sum test, as appropriate. Given the 

significant variation in cost based on underlying cardiac diagnosis,11 and the potential for 

differing MCS strategies in patients with cardiomyopathy and congenital heart disease 

(CHD), the analysis was repeated after stratifying by diagnosis. For patients with CHD, pre-

HT cardiac surgery during the transplant hospitalization was documented using ICD 

procedure codes available in PHIS (Appendix A). To account for the impact of varying 

hospital LOS, average daily pre-HT costs were calculated and compared based on pre-HT 

MCS strategy. Costs were also assessed across MCS groups based on area of spending 

including pharmacy, laboratory, imaging, supply, clinical, and other (primarily room and 

nursing charges) costs. For those on VAD support, costs were also analyzed on the basis of 

pulsatile vs. continuous flow device type and left ventricular or biventricular support. 

Additionally, given potential variations in post-HT mortality based on pre-HT MCS, the 

analysis was repeated after stratifying by survival to hospital discharge. All statistical 

analyses were performed in SAS version 9.4 (SAS Institute; Cary, NC) or STATA version 13 

(StataCorp LLC; College Station, TX) with p<0.05 considered statistically significant. This 

project was approved by the Vanderbilt University Institutional Review Board, SRTR, and 

PHIS.
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Results

A total of 2896 pediatric HT recipients were identified in the linked database. Of these, 23 

patients were excluded due to use of both ECMO and VAD support at the time of HT with 

an unclear temporal relationship between the modes of support. Demographics for the 2873 

patients included in the analysis are shown in Table 1. A total of 2268 (78.9%) received HT 

with no MCS, 470 (16.4%) from VAD support, and 135 (4.7%) from ECMO support. The 

median time on ECMO prior to transplant was 8 days (IQR 4 – 14 days) with 50 days 

representing the longest duration of pre-HT ECMO support. Patients supported with ECMO 

at the time of HT were more likely to be younger, require ventilator support at HT, require 

post-HT iNO, and require dialysis after HT compared to both other groups. Patients 

supported with ECMO at HT also demonstrated an increased incidence of stroke compared 

to unsupported patients and were more likely to have prolonged mechanical ventilation post-

HT and longer ICU LOS as compared to the no MCS and VAD groups. Patients supported 

with a VAD at HT were more likely to have a diagnosis of cardiomyopathy, a positive 

crossmatch, and less likely to require inotropic support at HT compared to other groups.

LOS varied significantly across MCS groups (Table 1). Total LOS was significantly shorter 

for the no MCS group compared to patients supported with either VAD or ECMO at the time 

of HT (median: 44 days vs. 78 and 68 days respectively, p<0.001 for both). However, there 

was no significant difference in total LOS between VAD and ECMO groups (p=0.129). VAD 

supported patients demonstrated the longest pre-HT LOS compared to the no MCS and 

ECMO groups (median: 50 days vs. 18 and 20 days respectively, p<0.001 for both). 

Conversely, patients supported with ECMO had the longest post-HT LOS (median: 37 days 

vs. 18 days, p<0.001 for both).

Costs based on MCS strategy are shown in Table 2. Median total adjusted costs were not 

significantly different between patients on VAD support at HT and those on ECMO support 

(p=0.292). However, both were significantly higher compared to the no MCS group 

(p<0.001 for both). From admission to HT, costs were highest for patients supported with a 

VAD, with median adjusted pre-HT costs of $420,636. This was significantly higher 

compared to the no MCS and ECMO groups with pre-HT costs of $124,019 and $252,497 

respectively (p<0.001 for both). Costs incurred from the time of HT to discharge were 

greatest for patients supported with ECMO at the time of HT, with median adjusted post-HT 

costs of $540,540 (p<0.001 compared to both other groups). These results remained 

unchanged when ICU length of stay was excluded from the cost-adjustment model. Post-HT 

costs increased with more prolonged duration of pre-HT ECMO support, but this did not 

reach statistical significance (<1 week: $517,142, 1–2 weeks: $552,958, >2 weeks: 

$668,562; p=0.293). Post-HT costs were not significantly different between those supported 

with VAD at HT and those who did not require MCS ($329,198 vs. $324,887, p=0.588).

Costs based on MCS strategy stratified by underlying diagnosis are shown in Table 3. All 

costs were significantly higher for patients with a diagnosis of CHD compared to those with 

cardiomyopathy. Of patients with a diagnosis of CHD, 345 (25.3%) had pre-HT cardiac 

surgery during the transplant hospitalization. Total costs for CHD patients remained 

significantly higher than those with cardiomyopathy when excluding those who underwent 
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prior cardiac surgery ($507,653 vs. $484,744, p<0.001). For both groups, either VAD or 

ECMO support at HT significantly increased total hospitalization costs compared to patients 

who were not on MCS at HT, but there was no significant difference in total hospital costs 

between patients supported with VAD or ECMO, regardless of diagnosis. Pre-HT costs were 

significantly higher for patients requiring VAD support at HT for both cardiomyopathy and 

CHD patients when compared to other forms of support. When stratifying the analysis based 

on diagnosis, VAD-supported patients demonstrated higher post-HT costs compared to 

patients who did not require MCS; however, post-HT costs for VAD patients remained 

significantly less compared to patients on ECMO at the time of HT.

Average daily pre-HT costs are shown in Table 4. Both ECMO and VAD supported patients 

have increased daily pre-HT costs compared to unsupported patients and this remained 

consistent across diagnoses. There was no significant difference in daily pre-HT costs 

between patients supported with a VAD and those requiring ECMO support.

The breakdown of total, pre-HT, and post-HT costs based on area of spending are shown in 

Figures 1a, 1b, and 1c. Compared to patients not on MCS at HT, patients requiring VAD 

support have increased total and pre-HT costs across all areas of spending including 

pharmacy, laboratory, imaging, supply, clinical, and other costs. Post-HT costs for VAD 

supported patients were similar to patients who were not on MCS at HT for laboratory, 

imaging, supply, and clinical costs, but VAD supported patients demonstrated higher post-

HT pharmacy ($27,944 vs. $24,271, p<0.001) and other costs ($75,978 vs. $69,514, 

p=0.002) compared to patients not requiring MCS. Patients requiring ECMO support have 

lower pre-HT pharmacy, imaging, supply, clinical, and other costs compared to VAD 

patients, but demonstrate increased post-HT costs across all spending areas.

Costs stratified by VAD type (pulsatile vs. continuous flow and left ventricular support vs. 

biventricular support) are shown in Table 5. Pulsatile devices were present in 291 (61.9%) 

and continuous flow devices were used in 128 (27.2%) patients. Data was insufficient to 

classify VAD type in 51 (10.9%) patients. Berlin EXCOR (Berlin Heart; Berlin, Germany) 

was the most common pulsatile device used (N=241) and HeartWare HVAD (HeartWare; 

Framingham, MA) was the most common continuous flow device (N=83). Use of pulsatile 

VADs was associated with higher total and pre-HT costs compared to continuous flow 

devices ($802,081 and $471,315 vs. $645,452 and $333,745 respectively, p<0.001 for both). 

Post-HT costs were not significantly different between groups (pulsatile: $328,443 vs. 

continuous flow: $308,025, p=0.181). Median adjusted costs associated with the use of the 

Berlin EXCOR device were $839,027, $511,959, and $333,680 for the total, pre-HT, and 

post-HT hospitalization, respectively. Median adjusted costs associated with the use of the 

HeartWare HVAD device were $600,233, $297,372, and $293,497 for the total, pre-HT, and 

post-HT hospitalization, respectively. Median total cost associated with VAD equipment was 

$110,857 for pulsatile and $92,744 for continuous flow devices. There was no significant 

difference in total or pre-HT costs between patients receiving only left ventricular support 

and those who received biventricular support. However, post-HT costs were greater for 

patients receiving biventricular support ($378,736 vs. $317,481, p=0.047). Median total cost 

associated with VAD equipment was $83,844 for patients with left ventricular support and 

$158,600 for patients receiving biventricular support.
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A total of 70 (14.9%) VAD patients were outpatient prior to HT. Total LOS was not 

significantly different between outpatients with no MCS and those supported with 

continuous flow devices (median: 15 days vs. 14 days respectively, p=0.890). Patients 

supported with continuous flow VAD’s who were outpatient at the time of HT demonstrated 

significantly lower total costs compared to those who were inpatient ($552,222 vs. 

$663,071, p=0.003).

A total of 2716 (94.5%) patients survived to hospital discharge. Of the 157 patients who died 

prior to discharge, 109 (69.4%) did not require MCS at HT, 13 (8.3%) were supported with a 

VAD, and 35 (22.3%) were supported with ECMO. Patients supported with ECMO at HT 

were significantly more likely to have in-hospital mortality following HT (p<0.001). Total, 

pre-, and post-HT costs were significantly higher for patients who died compared to those 

who survived to hospital discharge, regardless of pre-HT MCS. When the analysis was 

limited to patients who survived to hospital discharge, the findings were unchanged from the 

primary analysis. In this subgroup analysis, post-HT costs for patients supported with a VAD 

were no different compared to patients not on MCS at HT ($325,414 vs. $317,559, p=0.359) 

and both were significantly less than patients supported with ECMO at HT ($517,142, 

p<0.001 compared to VAD and no MCS groups).

Discussion

We report contemporary cost data for children bridged to HT with VAD or ECMO from the 

largest U.S. cohort to date. VAD and ECMO both significantly increase total hospitalization 

costs in children undergoing HT compared to patients not on MCS. Though total costs and 

LOS were not significantly different between patients on VAD or ECMO at HT, the 

differences in the distribution of costs and LOS across the pre- vs. post-HT periods were 

significant. The costs associated with VAD support are incurred primarily in the pre-HT 

period, while patients supported with ECMO demonstrate increased post-HT costs. Patients 

supported with ECMO at HT demonstrated significantly shorter pre-HT LOS, suggesting 

that this was a select group of patients that was fortunate enough to receive a donor organ in 

a timely fashion. While VAD supported patients demonstrate significantly higher pre-HT 

costs, we believe this is most likely attributable the successful use of VADs to enable a 

longer duration of support, as the average daily cost pre-HT was similar between VAD and 

ECMO groups. Following HT, VAD supported patients had similar post-HT costs and LOS 

compared to patients who did not require MCS at HT. This is consistent with prior reports 

demonstrating that VAD support effectively mitigates the severity of illness in children 

bridged to HT.12

It is not surprising that patients requiring VAD support demonstrated increased pre-HT costs 

compared to the other groups as VAD support is known to be expensive. 5–8 In fact, our 

analysis demonstrates that patients who are bridged to HT with a VAD have increased pre-

HT costs across all areas of spending including increased pharmacy, laboratory, imaging, 

supply, clinical, and other costs. So while device acquisition costs represent a large 

expenditure, the increased cost associated with VAD support is not solely attributable to the 

cost of the devices alone. The finding that average daily pre-HT costs were not significantly 
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different between the VAD and ECMO groups, suggests that duration of inpatient support 

may be driving the pre-HT cost difference observed.

When the entire cohort was analyzed, patients supported with a VAD demonstrated similar 

post-HT costs compared to unsupported patients. However, when stratified by diagnosis, the 

VAD group had significantly higher post-HT costs. This finding likely reflects the overall 

increased costs in the CHD population in conjunction with decreased VAD utilization in this 

group, thereby increasing the costs of the unsupported group relative to the VAD population 

when the entire cohort was analyzed. It also highlights the need to consider separating 

patients with cardiomyopathy from those with CHD for analysis, as has been noted in prior 

studies. 13, 14 Importantly, despite a small increase in post-HT costs incurred by patients 

requiring VAD support compared to unsupported patients, post-HT costs for VAD patients 

remained significantly lower than those on ECMO at the time of HT.

Our analysis provides benchmark VAD costs based on device type. The Berlin EXCOR was 

the most common pulsatile device and costs were greater compared to continuous flow 

devices. While device acquisition costs may differ between the Berlin EXCOR compared to 

continuous flow devices, there are multiple reasons why overall costs may be greater. 

Pulsatile VADs are more likely to be used in younger patients, a group that has been 

demonstrated to have higher overall costs. 11 Pulsatile devices are also associated with more 

device complications,15–18 which may necessitate pump exchanges and lead to additional 

interventions. Lastly, continuous flow devices are more amenable to discharging patients 

from the hospital. Given that a large proportion of VAD costs are incurred during the pre-HT 

period, patient discharge while awaiting HT represents a cost-saving strategy. Adults are 

now routinely discharged following VAD placement 19 and there is increasing experience 

with this in the pediatric population. 20–22 In fact, 70 patients in our analysis on VAD 

support were outpatient prior to transplantation. Importantly, this group demonstrated 

significantly lower total costs compared to patients supported with continuous flow devices 

that were inpatient at the time of HT. This suggests that as the practice of discharging 

pediatric patients supported with a VAD expands, the costs associated with pediatric VAD 

support may decrease.

Prior reports on the costs associated with MCS as a bridge to HT in children are limited. 

Morales, et al. reported total hospitalization costs of $174,743 in 187 pediatric patients who 

underwent VAD placement in 2006. 23 However, only 26% of their cohort was bridged to 

HT and therefore the results cannot be directly compared with the findings of our analysis. A 

separate analysis by Mahle et al., reported a mean hospitalization cost of $758,199 (in 2007 

U.S. dollars) for 94 children bridged to HT with a VAD between 2002 and 2007. 8 While 

this result is comparable to our findings, it describes an earlier cohort, where use of 

continuous flow devices was less common. 1 This report also describes mean costs, a likely 

biased estimate given that costs are not normally distributed. 24, 25 For this reason, we 

reported median costs associated with the use of MCS in the present analysis. With respect 

to ECMO support to HT, multiple prior reports have documented a relatively high cost, 26, 27 

with one group showing that it does not meet the conventionally applied criteria for cost-

effectiveness as a bridge to HT in children. 27
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Our analysis has several limitations. A significant percentage of patients with CHD 

underwent cardiac surgery prior to HT, resulting in overestimation of costs that are not 

directly attributable to MCS. There is an inherent selection bias in our cohort. The decision 

regarding MCS is based on multiple factors and patients who received ECMO support may 

not have been suitable candidates for VAD placement. As evidence of this, in our analysis a 

higher portion of patients with hypertrophic cardiomyopathy, restrictive cardiomyopathy, 

and single ventricle anatomy received support with ECMO as opposed to a VAD. There are 

also likely differences across groups based on severity of illness. While our analysis 

attempted to account for this, there are likely factors not captured within the linked dataset 

that could not be adjusted for. The linked PHIS and SRTR database only includes 

transplanted patients and therefore excludes patients who were listed but not transplanted. 

The impact on our analysis of excluding patients requiring MCS who did not undergo 

transplantation is unknown, but represents an additional selection bias. Children bridged to 

transplant with a VAD have been shown to have higher costs relative to children with VADs 

who die on the waitlist and those who undergo successful device explant. 8 Therefore, 

exclusion of these patients likely biases our analysis toward higher costs and LOS estimates 

for VAD patients. In addition to this, patients supported with ECMO are less likely to 

survive to HT 28 and therefore our cohort of patients on ECMO at HT is a select group with 

short waitlist times, potentially underestimating costs of ECMO support by excluding 

patients who had longer waitlist durations but did not survive until HT. Patients supported 

with ECMO at HT also have a much higher incidence of post-HT mortality, potentially 

impacting our analysis. However, the results of our analysis did not change when patients 

who died prior to hospital discharge were excluded, suggesting that our findings are not 

attributable to differences in post-HT mortality between MCS groups. Also, the PHIS 

database does not include physician professional fees, thereby underestimating a small 

proportion of costs. As expected with any large dataset, missing and erroneous data can be 

problematic. While merger of these databases helps to improve data granularity, it is often 

not possible to reconcile discrepancies that may occur between datasets.

Conclusion

Our analysis provides contemporary cost and LOS data for the use of MCS as a bridge to 

HT in children from the largest U.S. sample to date. MCS as a bridge to HT in children is 

associated with greater costs during the entire HT hospitalization relative to children without 

MCS. VADs enable a longer duration of support which results in increased pre-HT costs, but 

effectively minimizes post-HT resource utilization. Discharging patients on VAD support 

awaiting HT represents a strategy to reduce costs in this population.
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Appendix A. ICD codes defining prior cardiac surgery

ICD-10 Procedure Codes

021K0JP 02HK0JZ 02RW0KZ 02UW0KZ

021V0ZQ 02HL02Z 02SP0ZZ 02VP0CZ

021W0JQ 02HL0JZ 02SW0ZZ 02VQ0CZ

021W0KP 02LR0ZT 02U50JZ 02VR0CT

027R0DT 02PA0JZ 02UF0JZ 02VR0CZ

02B50ZZ 02PA0MZ 02UG0JZ 02WAXRZ

02BH0ZZ 02PA0QZ 02UJ0JZ 02WY07Z

02BL0ZX 02PA0RZ 02UL0JZ 03LH0ZZ
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ICD-10 Procedure Codes

02BN0ZZ 02PY0JZ 02UM07Z 03QH0ZZ

02BS0ZZ 02Q50ZZ 02UN0JZ 05L00ZZ

02BT0ZZ 02QF0ZZ 02UP07Z 06U007Z

02BW0ZZ 02QM0ZZ 02UQ07Z 0JH606Z

02CK0ZZ 02QP0ZZ 02UQ0KZ 0JH60XZ

02CL0ZZ 02QQ0ZZ 02UR0JZ 0W3C0ZZ

02H60JZ 02QR0ZZ 02UR0KZ 0WCD0ZZ

02H70MZ 02QW0ZZ 02UV07Z 0WPD0YZ

02HA0QZ 02RP0KZ 02UV0KZ 3E080GC

02HA0RZ 02RQ08Z 02UW07Z

ICD-9 Procedure Codes

35.10 35.39 35.99 37.49 38.45

35.11 35.51 36.03 37.52 38.64

35.12 35.53 36.11 37.53 38.65

35.13 35.61 36.15 37.54 38.7

35.14 35.62 36.19 37.55 38.85

35.21 35.63 36.2 37.60 39.0

35.22 35.71 36.31 37.63 39.21

35.23 35.72 36.91 37.64 39.23

35.24 35.73 36.99 37.65 39.29

35.25 35.81 37.10 37.66 39.54

35.26 35.82 37.11 37.74 39.61

35.27 35.83 37.12 37.91 39.62

35.28 35.84 37.24 37.99 39.64

35.31 35.91 37.31 38.04

35.33 35.92 37.33 38.05

35.34 35.94 37.36 38.34

35.35 35.95 37.41 38.35
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Figure 1. 
Cost based on area of spending for a) Total, b) Pre-transplant, and c) Post-transplant 

hospitalization. * Other costs consist primarily of room and nursing charges.
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