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Pediatric VAD Patient and Device Selection 






BACKGROUND
There are limited data available to guide decision making related to pediatric VAD patient and device selection, and significant variation between centers related to timing of VAD placement for specific patient populations. This document is intended as a tool to assist in the creation of center-specific processes to promote consistent decision making regarding timing of VAD implantation and device selection. 









ACTION REVISED DATE: 06/24/2024

OBJECTIVES
To provide a standardized approach to patient and device selection in a pediatric VAD program. While multiple factors may contribute to differences in medical decision making between pediatric VAD centers, this document aims to 1) promote a consistent and well-established decision making process within each center related to timing of VAD implantation and device selection 2) summarize available data regarding patient risk stratification, 3) and provide some insight into themes in medical decision making related to patient and device selection among Action member sites. 


PROTOCOL
1. Patient and Device Selection – Decision making process
a. The right time to implant a VAD in a pediatric patient is when the potential benefits of VAD support outweigh the potential risks. This seemingly simple rule is complicated in practice, with the risks associated with VAD placement influenced by both patient specific factors (age, size, anatomy, level of illness, etc), device specific factors, and center specific factors (center experience with a particular device, anticoagulation protocol, surgical technique, etc.).  The “right time” for implantation will differ between patients and, even for the same theoretical patient, may differ between centers. 
b. The complexity described above and the lack of robust data related to optimal timing of VAD implantation for specific pediatric patient populations precludes the creation of set implantation criteria in pediatric patients [1].
c. In the absence of universal criteria, the potential for inconsistent medical decision-making related to pediatric patient or device selection presents challenges both regarding optimizing patient outcomes and providing equitable care to all patients
d. The development of center-specific standardized approaches to patient and device selection will allow pediatric VAD centers to provide more consistent care to pediatric patients with advanced heart failure. Recommended elements of a decision making process include: 
i. A consistent team tasked with decision making related to VAD patient and device selection. This team would likely include heart failure/VAD cardiologist, CT surgeon, intensivist, and VAD coordinator. 
ii. An established trigger to formulate a VAD plan (i.e. determine the threshold for VAD placement and the preferred device and cannulation strategy) for a specific patient. Potential triggers could be referral for heart transplant evaluation, admission to CICU with advanced heart failure, etc. 
iii. A mechanism to effectively disseminate a patient’s VAD plan to the wider care team 


2. Patient risk stratification: 
a. Any effort to identify risk factors for mortality in pediatric VAD patients is complicated by small patient numbers and the collinearity between multiple variables. VAD outcomes for infants < 5 kg have generally been inferior to larger patients, for instance[2]. Small infants are generally sicker at implant, more likely to have congenital heart disease, and more likely to be supported with paracorporeal devices than older children, however. Separating the relative risks imparted by the patients’ age, size, level of illness, anatomy, and device type is not possible based upon the currently available data. Table 1 presents data from survival analyses that have attempted to identify independent risk factors for mortality in pediatric VAD patients, acknowledging that the interdependence of age, device type, and illness severity in the available data precludes truly understanding the contribution that these various factors make to overall risk.  

	Table 1. Factors Independently Associated with Mortality during VAD support

	Risk Factors for General Pediatric VAD Population           

	Risk Factor
	Hazard/Odds Ratio
	

	Percutaneous Device
	HR 13.5 early hazard[3], HR 2.7 mortality[4]
	

	Mechanical Ventilation at Implant
	HR 4.3 constant hazard [3], HR 1.96 early hazard [5]
	

	Paracorporeal Continuous Flow
Paracorporeal Continuous vs PP
	HR 4.1 early hazard[3]
HR 1.86 early hazard [5]
	

	BiVAD
	HR 3.6 early hazard [3], HR 6.2 constant hazard [5]
	

	Low Volume Center (<15)
	HR 3.3 early hazard [3]
	

	Pedimacs Profile 1
	HR 2.6 early hazard [3], HR 1.6 mortality [4]
	

	Elevated Bilirubin
BUN (mg/dL, 10-unit increase)
Ascites
Meld-XI score
	HR 1.1 constant mortality hazard [3]
HR 1.1 early hazard [5]
HR 3.2 constant hazard [5]
HR 1.1 per unit rise [4]
	

	Congenital heart disease
ECMO during hospitalization
eGFR
	HR 2.9 mortality [6], HR 2.3 mortality [4], HR 3.1 early hazard [5]
HR 2.3 constant hazard [5]
HR 0.9 mortality[6]
	

	Risk Factors for Patients Supported with Paracorporeal Pulsatile Devices

	Younger Age (natural log of age)
	HR 0.7 early hazard [3], HR 0.59 mortality[7]
	

	Dialysis
	HR 23.2 early hazard [3], HR 2.6 early hazard [5]
	

	Low Volume Center (<15)
	HR 4.4 early hazard [3]
	

	Weight < 10 kg + CHD
	OR 4.8 mortality[8] 
	

	Weight < 10 kg + Bilirubin > 1.2
	OR 5.3 mortality[8] 
	

	BiVAD
Congenital heart disease
	HR 4.6 mortality [7], HR 2.1 early hazard [5]
HR 2.4 early hazard [5]
	

	Risk Factors for Patients Supported with Paracorporeal Continuous Flow Devices

	Blood Type O
	HR 4.0 early hazard [3]
	

	Prior Valve Operation
	HR 8.5 early hazard [3]
	

	Severe RV dysfunction
BiVAD
Congenital heart disease
BUN (mg/dL, 10-unit increase)
	HR 2.8 early hazard [3]
HR 2.0 early hazard [5]
HR 2.7 early hazard [5]
HR 1.2 early hazard [5]
	

	Risk Factors for Patients Supported with Intracorporeal Continuous Flow Devices

	ECMO at Implant
ECMO during hospitalization
BiVAD
	HR 5.3 constant hazard [3]
HR 3.9 constant hazard [5]
HR 5.7 constant hazard [5]
	



b. In order to help with risk assessment, ACTION has worked to develop prognostic tools to predict risk of mortality for pediatric VAD patients 
i. One tool available on the ACTION website - https://www.actionlearningnetwork.org/calculator/ - utilizes 11 variables (diagnosis, height, weight, device strategy, device type, dialysis, creatinine, ECMO, need for TPN, need for mechanical ventilation, need for chemical paralysis) to estimate a patient’s risk of mortality with VAD support, with an AUC of 95.4% based upon data from 1314 patients in the ACTION registry [9] 
ii. A second simpler tool designed for bedside use utilizes 5 variables (diagnosis, weight, ECMO, mechanical ventilation, and VAD type) and showed modest ability to predict VAD mortality risk when validated in an external cohort of patients from the Pedimacs registry, with better predictive ability than Intermacs profile (ROC 0.78 vs ROC 0.42). (Reaney M, Boucek K, Lorts A et al., External validation of a risk score assessment for pediatric ventricular assist device mortality -  Abstract presented at ISHLT meeting, Prague, 2024)
c. Given the limitations and complexity in the data presented above, it has not been possible to develop evidence based guidelines regarding optimal timing of VAD implant for specific pediatric patients. In such an environment, “consensus practice” can also be informative. Compiled results of 2 surveys of pediatric VAD providers regarding the impact various risk factors would have on clinical decision making at their center are presented in Table 2. Decision making among ACTION centers regarding illness threshold for VAD implant and device selection for specific patient populations is presented in Table 3. 

Table 2. 

	Would Make Much More Reluctant to Implant a VAD
	Would Make Slightly More Reluctant to Implant a VAD
	Would Not Influence Timing of VAD Implantation

	Weight < 5 kg (63%)*
	Weight 5-15 kg
(55%)*
	Mild developmental delays/behavioral concerns (100%)**

	Active malignancy/chemo (77%) *
Active malignancy/uncertain prognosis (64% unlikely to implant)2
Active malignancy/poor prognosis (89% unlikely to implant)**
	Single Ventricle Heart Disease – Stage II Palliation
(68%)*
	Systemic RV physiology (59%)*

	Blood stream infxn/abx (95%)*
	Fontan with severe ventricular dysfnxn, low TPG, no PLE (50%)*
	Pt/Family illiteracy (55%)*

	Hemorrhagic stroke <1 mo (55%)*
	Multiple prior thrombi, no documented hypercoagulable state (50%)*
	Ishemic stroke >1 mo (54%)*

	Single Ventricle Heart Disease – Stage I Palliation (50%)*
	Hypercoagulable state (59%)*
	>1 year post chemo/low recurrence (41%)*
Wide variation: 27% more reluctant; 32% more likely
Hx of cancer in remission 2-3 yrs (100% likely to implant)**
Hx of cancer in remission <1 year (71% likely to implant)**


	Ischemic stroke <1 mo (50%)*
	History of poor compliance (57%)*
	

	Fontan with high TPG, PLE (41%)*
	Dev delay with behavioral problems (77%)*/mod-severe behavioral concerns (54% unlikely to implant)**
	

	
	Viral resp infxn (76%)*
	

	
	Fever/Inflam markers (45%)*
	BMI <15 (70% likely to implant)**

	
	Duchenne MD (45%)*
	BMI >35 (74% likely to implant)**

	
	Non-Duchenne MD (55%)*
	

	
	Hemorrhagic stroke >1 mo (41%)*
	


*A plurality of respondents in survey of ACTION centers (n=22, % of respondents indicated in parentheses) indicated that this risk factor would make their center much less likely to implant a VAD (red column), slightly less likely to implant a VAD (yellow column), or have no impact on their decision to implant a VAD (green column) in a patient. In the surveys, the alternative to proceeding with VAD implant was continuing to attempt to optimize medical management. 
**Joong et al. (2020), multi-center survey of VAD team members (n=65 respondents).  


Table 3: Percentage of respondents likely to recommend VAD implant and type of device preferred for each scenario (ACTION Center Survey, n=22) [11]
	3.5 kg Infant
	DCM
	Device Selection
	Single Ventricle, Stage I
	Device Selection

	Milrinone, HFNC, GFR>90
	5%
	50% PC; 50% PP
	5%
	100% PC

	Milrinone, HFNC, GFR 35
	25%
	43% PC; 57% PP
	5%
	100% PC

	Milrinone, vent, GFR>90
	68%
	47% PC; 53% PP
	23%
	75% PC; 25% PP

	Milrinone, vent, GFR 35
	68%
	44% PC; 56% PP
	36%
	73% PC; 27% PP

	8 kg Toddler
	DCM
	Device Selection
	Single Ventricle, Stage II
	Device

	Milrinone, HFNC, GFR>90
	18%
	83%PP; 17% PC
	9%
	67% PC; 33% PP

	Milrinone, HFNC GFR 35
	59%
	86% PP; 14% PC
	18%
	38% PC; 62% PP

	Milrinone, vent, GFR>90
	86%
	79% PP; 21% PC
	36%
	50% PC; 50% PP

	Milrinone, vent, GFR 35
	95%
	76% PP; 23% PC
	59%
	64% PC; 36% PP

	45 kg Teenager
	DCM
	Device Selection
	Single Ventricle, Stage III
	Device

	Milrinone, HFNC, GFR>90
	41%
	100% IC
	23%
	100% IC

	Milrinone, HFNC GFR 40
	100%
	100% IC
	59%
	100% IC

	Milrinone, vent, GFR>90
	100%
	100% IC
	90%
	100% IC

	Milrinone, vent, GFR 40
	100%
	100% IC
	77%
	100% IC


DCM= Dilated Cardiomyopathy, HFNC= High flow nasal cannula, GFR= estimated glomerular filtration rate, PP= Paracorporeal Pulsatile Flow; PC= Paracorporeal Continuous Flow; IC= Intracorporeal Continuous Flow


3. Device selection: 
a. Four broad classes of ventricular assist devices are available for pediatric patients:  intracorporeal continuous flow (IC), paracorporeal continuous flow (PC), paracorporeal pulsatile flow (PP), and percutaneous devices). In general, the device selected for each patient will depend on their underlying diagnosis, anticipated duration of support and size. Below is an overview of potential devices that may be considered for the pediatric population, with special consideration given to patients in cardiogenic shock (Intermacs 1), and single ventricle patients. 
i. It is important to note that device selection even amongst the same patient diagnosis and patient size will also vary depending on center specific practices (ie surgical preference, center expertise, etc). 
b. Acutely decompensating patients (Intermacs 1)
i. Multiple registry analyses have demonstrated that pediatric patients in cardiogenic shock (Intermacs Profile 1) prior to VAD implant have inferior survival outcomes [3, 12-14] . In contrast to adult data demonstrating that Intermacs Profile 2 patients also have decreased survival compared to less ill patients, the pediatric data have suggested that Profile 1 patients comprise a uniquely high-risk group. 
a. In light of these data, efforts to proceed with VAD implanation before a patient has deteriorated to Intermacs 1 status will likely improve outcomes. 
b. There are adult data suggesting that utilizing a “bridge to a bridge” approach, i.e. using short term support including VA-ECMO, intra-aortic balloon pump (IABP), or percutaneous VADs such as Impella to stabilize a patient in cardiogenic shock and improve end-organ function prior to proceeding to durable VAD may be associated with improved LVAD outcomes in Intermacs 1 patients [15, 16]. Whether this approach could improve outcomes for pediatric patients in cardiogenic shock is unclear. 
c. Long term support in patient with two ventricle physiology 
i. Intracorporeal devices can only be implanted in children with sufficient space within the thorax to accommodate the device and thus are typically implanted in children with a BSA ³ 0.8 m2. 
ii. IC devices have been associated with higher survival to transplant and lower morbidity than paracorporeal devices [3]. Contemporary pediatric outcomes with IC support are excellent  [17, 18], and an IC device is generally the preferred option for long term support for children of adequate size. 
iii. Smaller children typically receive paracorporeal (continuous or pulsatile flow) devices. Paracorporeal continuous flow devices have been associated with higher risk of mortality compared to paracorporeal pulsatile flow devices [5], though as discussed above, this must be interpreted in the context of multiple interdependent risk factors. 
iv. Biventricular Support
a. Depending on the patient’s size, biventricular support can be accomplished with implantation of both right and left ventricular support. This is most commonly done with bilateral PC or PP devices in smaller children, or an IC LVAD and PC RVAD in larger patients, though numerous strategies, including the use of percutaneous devices, are possible. Biventricular support has been associated with inferior survival in children [5], but there is some evidence that this increased mortality risk may be attributable to the higher level of illness in patients receiving BiVAD support [19]. There remains significant practice variation among centers in identifying which LVAD patients will require RVAD support [20]. 
b. The Syncardia TAH may be considered as a means of biventricular support in patients with a T10 to sternum measurement > 10 cm or in those whom accommodate the device as determined by an advanced imaging fit study
c. Potential clinical scenarios for which a TAH may be considered: biventricular failure, LV thrombus, aortic valve insufficiency, or graft rejection.



Table 4: Commonly used VADs in Children
	Device
	Device Type
	Flow (lpm)
	BSA limit (m2)
	Notes

	Short-Term

	Rotaflow
	PC
	0-10
	NA
	

	Pedimag
	PC
	0-1.5
	NA
	

	Centrimag
	PC
	0-10
	NA
	

	Impella
	Perc
	2.5-5.5
	³0.9[21]
	Available devices include CP, 5.5, RP
Device fit determined by ventricular and peripheral vessel dimensions 

	Durable

	Berlin EXCOR
	PP
	Variable
	³0.2
	Mutiple pump sizes available

	Pedimag
	PC
	0-1.5
	NA
	

	Centrimag
	PC
	0-10
	NA
	

	HeartMate 3
	IC
	Up to 10
	³ 0.8[17] 
	

	Syncardia TAH
	IP
	Up to 10
	³ 1.2[23] 
	50 cc and 70 cc available
T10 to sternum and/or fit study used to determine candidacy


PC= paracorporeal continuous; PP= paracorporeal pulsatile; IC= Intracorporeal continuous; Perc= Percutaneous

d. VAD support in patients with single ventricle physiology
i. While VAD implantation in single ventricle patients is increasing, experience is still limited and mortality is high particularly among stage 1 [24] and stage 2 (Rabinowitz EJ et al., JHLT Open, 2024) SV VAD recipients. There is no uniform accepted approach to this complex patient population and device strategy should be tailored to the patient’s anatomy and physiology, and center-specific practices
ii. Type of SV failure is important to delineate, as patients with end-stage systolic failure with an elevated EDP can potentially benefit from SV VAD support. Evidence for benefit from SV VAD support is lacking for patients with plastic bronchitis, protein-losing enteropathy, or preserved ventricular function with isolated “right-sided” failure (e.g. elevated Glenn/Fontan pressures with normal EDP)
iii. The following are general approaches to VAD selection in SV patients based on experience in ACTION centers and reported literature (Figure 1)












Figure 1: Device Selection: Single Ventricle with Systolic Failure
 [6] [25-31],

*stage 1 image and stage 2 image Griselli et al; stage 3 image Adachi, Burki, Fraser
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Disclaimer: The ACTION network is focused on quality improvement efforts such as harmonizing best practice protocols, disseminating them among institutions, and helping centers to improve care practices at the local level. This protocol was developed as a consensus tool for pediatric VAD programs. The information in the protocols are based on center practices, individual opinions, experiences, and, where available, published literature. Centers may choose to adapt this protocol to include in their center-specific protocols with reference to ACTION with the understanding that these are meant as guidelines and not standard of care.  (Revised: 12/18/2020)

Stage 1


Common approaches: PediMag/CentriMag or Rotaflow with Berlin cannulas, Berlin EXCOR (some start with continuous-flow first then convert to Berlin)


Stage 2


Stage 3


BSA <0.8-1


BSA >0.8-1


PediMag/CentriMag or Rotaflow with Berlin cannulas, Berlin EXCOR (some start with continuous-flow first then convert to Berlin)


HM3 or devices above


Less common configurations: TAH configuration 


Source of pulmonary blood flow? (e.g. Sano takedown and aortopulmonary shunt placement, PGE infusion, PDA stent)


 Ventricular vs atrial cannulation


 High CI typically required (~4-6 l/min/m2)


Dichotomous venous return - only IVC venous return is decompressed from VAD, pressure differential between SVC and IVC, potential for significant cyanosis and increased venovenous (VV) collateral development over time


BSA <0.8-1


PediMag/CentriMag, Rotaflow, Berlin EXCOR


BSA >0.8-1


HM3, or devices above


Clinical pearls/considerations:


Consider coiling AP collaterals


High CI typically required (~4-6 l/min/m2)


High CI typically required (~4-6 l/min/m2)


SynCardia (particularly if preserved systolic function)


Aortic cannulation considerations: chimney graft vs neo-aorta/pulmonary artery cannulation


Clinical pearls/considerations:


Consider VV collateral coiling (OR vs Cath lab depending on location)


Take down to Stage 1/BTS? Keep as BDG? Fontan completion?


Clinical pearls/considerations:


Ventricular vs atrial cannulation


Fenestration creation vs fenestration closure (some centers create fenestration to allow for greater unloading of systemic venous system, balance with potential increased cyanosis and theoretical risk of thromboembolism) 


Ventricular vs atrial cannulation



e: info@actionlearningnetwork.org
actionlearningnetwork.org
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