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Introduction

Heart transplantation (HT) is the treatment of choice for carefully selected patients with advanced or end-stage heart failure (HF) in the absence of contraindications (1) (Table 1) with an overall median survival of 12.5 years and conditional survival of 14.8 years for those who surviving after the first year (3).


TABLE 1 Heart transplantation: Indications and contraindications.
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According to the Global Observatory on Donation and Transplantation, at the end of 2020 (during the COVID-19 pandemic), 2081 patients underwent HT across all European Union countries. In the same year, subjects on the active waiting list were 6,352, among which 435 (7%) died while waiting for a suitable donor (2). Data from 2019 were comparable: 2,269 patients underwent HT, 6,940 subject were on the waiting list, among which 481 (7%) died (4).

Over the past two decades, we registered an increase of 35% in HTs per million population (PMP) rate in Europe, with an annual percentage change (APC) of 1.4% [95% CI (1.1–1.7), P < 0.0001]. The increase was particularly relevant in Central Europe, where HTs PMP rate raised from 0.65 in 2000 to 2.93 in 2019 {APC 9.9% [95% CI (8.1–11.8), P < 0.0001]} and in Northern Europe, PMP rate from 2.97 in 2000 to 5.18 in 2019 {APC 2.7% [95% CI (1.8–3.7), P < 0.0001]} (5).

Despite the reached HT rates, the demand for HTs is persistently higher than the current offer, mainly due to the aging of the global population, the improved overall survival after a myocardial infarction and the better outcome of patients with HF. Solving the current shortage of donor hearts is a major issue, involving medical, legal, religious, cultural, and ethical considerations. This requires combined efforts to expand currently accepted and new selection strategies but also to improve alternative strategies to transplantation. In this editorial, we provide a practical review of selected contemporary advances and challenges in this field.



Increasing the pool of hearts for transplantation with currently accepted methods

The standard cardiac donor selection criteria are listed in Table 2.


TABLE 2 Traditional cardiac donor selection criteria.
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Despite strenuous political efforts to promote organ donation and implement donors selection strategies, a lot of differences persists across Europe and other Continents. Geography should not represent a determinant of the possibility of a potential candidate to receive HT, but the disparities in HTs rates among European countries suggest many factors needing improvements, including: optimization and coordination of the donation process, education of professionals, patients and the general population, disposal of appropriate financial and legal frameworks. Coordinating the donation process and expanding the criteria for donation are primary elements. Other factors, such as benchmarking, research, and efforts to overcome inequities, might not directly affect the number of HTs, but remain pivotal for ethical reasons and as support for further strategies. Adjustments in the allocation policy have been developed to address these issues, but disparities have not been solved yet. Broader organ sharing was introduced in the national allocation systems for heart, lung, and more recently liver and kidney to reduce geographical differences. However, it is still unclear whether these policy adjustments will eliminate geographical disparities (7).


Age

An effective way to solve the current shortage of donors would be an upward shift of the donor age cut-off limit (from the current 55–65 years). Age-related high prevalence of asymptomatic coronary artery disease and cardiomyopathy severely limit the feasibility of this approach unless a functional screening on the candidate donor heart is performed (8, 9). Although older donors are associated with higher recipient mortality risk, favorable survival has been shown with organs from donors >50 or even >60 years old (10).

For instance, in Italy, about 300 HTs are performed each year with more than 800 patients on the HT list. Over a total of about 1,200/year donor pool, 600 donors are aged <55 years, and 300 of them are eligible for heart donation; since 600 potential donors are aged >55 years, the recruitment of even 25% of the currently dismissed aged donor pool would thereby dramatically decrease the current donor supply shortage (11, 12).



ADONHERS protocol

The ADONHERS protocol has been developed in Italy (first in Emilia-Romagna and Tuscany) with the background of a possible donors age extension (from 55 to 65 years old) after an accurate screening by stress echocardiography to exclude subtle coronary artery disease (13). After excluding global o regional wall motion abnormalities, severe LV hypertrophy, severe valve heart diseases, the brain-dead potential donor, aged >55 years old or <55 years with known multiple cardiovascular risk factors, undergoes dipyridamole stress echocardiography. Inducible ischemia identified by new LV wall motion abnormalities and/or LV abnormal contractile reserve (by Sagawa index) excludes the patient from donation. On the other hand, LV preserved contractile function and normal global and regional function determine marginal donor eligibility (Figure 1) (15). One of the possible limitations of stress echocardiography is the operator dependency. Speckle-tracking echocardiography, offering a quantitative objective analysis of myocardial deformation, may help to overcome this limit, and has showed an excellent feasibility in the analysis of LV myocardial longitudinal deformation both at baseline and peak stress in marginal heart donors. It may be used as a valuable additional mean to better interpret stress echocardiography results in marginal donors (16).


[image: Figure 1]
FIGURE 1
 The dipyridamole stress echo in the Adonhers protocol [adapted from Franchi et al. (14)]. When resting echocardiography was normal a pharmacological stress echo test was performed using dipyridamole (0.84 mg/kg in 6 min). Three criteria of stress echo positivity were accepted a priori, excluding the heart from eligibility for donorship: (1) Regional wall motion abnormalities at rest or during stress. (2) A LV elastance falling during stress. (3) A submaximal stress halted due to non-diagnostic limiting effects before completion of the infusion, since a submaximal test dramatically lessens diagnostic and prognostic power. Accepting a heart was done in conformity with clinical and emergency criteria in use. BP, blood pressure; CAD, coronary artery disease; ECG, electrocardiogram; HR, heart rate; SP/ESV, systolic pressure/end systolic ratio; WMSI, wall motion score index.


Donor comorbidities, such as diabetes mellitus and hypertension, might affect post-transplant outcomes. Such hearts are now used after excluding irreversible structural cardiac abnormality, and risk scores have been developed to help clinicians in these complex decisions and to guide donors' selection procedures (17, 18).



HCV prophylaxis

Drug abuse in the community raised in the last years resulting in an increased number of organ donors died of overdose. Post-transplant survival in recipients of such organs seems favorable (19). Curative therapies for Hepatitis C virus (HCV) infection led to the use of HCV-positive donors for organ transplantation (20). An early prophylaxis strategy is correlated to low levels of viral transmission and avoids the development of HCV infection in the recipient, with a shorter duration of therapy and lower costs. In the first year after HX, outcomes of hearts from HCV-positive donors are similar to HCV-negative donors, although longer-term outcomes pertaining immunological activation, allograft rejection, and cardiac allograft vasculopathy remain uncertain (21).



Long-term mechanical circulatory support

Long-term mechanical circulatory support (MCS) might represent an additional strategy to reduce organ shortage. In fact, a wider use of MCS has been described in patients with end-stage HF who show temporary relative contraindications for HT. Current indications for mid-term and long-term MCS include “bridge to transplantation,” BTT (patients with severe hemodynamic compromise on a HT waiting list), “bridge to recovery,” BTR (recently severe reduction of myocardial function with possible recovery), “bridge to decision,” BTD and “bridge to candidacy,” BTC (while defining the best management for end stage HF patient). The use of the available different devices should be individualized according to patient characteristics.

Mechanical ventricular assist devices were developed for the left ventricle (LVADs), for the right ventricle (RVADs) or as a full heart replacement. MCS can be divided into short-term and long-term devices. One of the major issue concerning LVAD implantation in the high post operatory mortality rate. In the EUROMACS registry, approximately one out of five patients died within 90 days after LVAD implantation and early mortality was primarily driven by multiorgan failure, followed by sepsis (22, 23).

In the same registry, outcomes of patients receiving MCS were reviewed from January 2011 to June 2020. Totally, 4,834 procedures in 4,486 individual patients (72 hospitals) were included, with a median follow-up of 1.1 (interquartile range: 0.3–2.6) years. During this timeframe, the annual number of implants (range: 346–600) did not significantly change (P = 0.41). Two thousands and thirty-six patients died, with an estimated mortality probability of 30.0, 44.5, and 55.5% at 1, 3 and 5 years, respectively. Survival rate was significantly different across different INTERMACS classes, eras, devices, and strategies. Eight hundred and sixty-four patients were successfully given transplants, with a probability of receiving a transplantation of 7.5, 20.2, and 25.2% at 1, 3 and 5 years, respectively. Eleven patients, originally listed as destination therapy (DT), received a transplant while 3 patients were weaned.

Comparative studies on the impact of LVAD implantation on clinical outcome as a BTT are lacking, being difficult to randomize an outpatient, candidate to HT, to a double surgical step (LVAD and HT) vs. a direct HT. However, the available evidence show that LVAD use for BTT guarantees excellent survival and a similar quality of life to that of patients undergoing direct HT. In particular, heart transplanted patients after BTT have a slightly higher mortality rate within 90 days from HT than patients directly sent to HT, but this difference would be probably compensated by the live-years gained using MCS as BTT rather than remaining on the waiting list without advanced therapy (23).




Increasing the pool of hearts for transplantation with new methods

A lot of efforts are currently being invested in the improvement of the current methodologies and in the possibility of exploiting new technologies, to ensure better safety in conservation and transport of the donated organ. Promising data are emerging on the possibility of performing donation after circulatory death (DCD) and another interesting branch of research, which could be fundamental in solving the problem of the shortage of donors, is xenotransplantation.


Ex-vivo heart perfusion

In particular, another way to expand the donor pool would be to remove the geographic constraints of ischemic time. This could be obtained with an ex vivo heart perfusion platform that maintains the donor heart in a warm, beating state for transplantation. Some small registries have demonstrated the safety of this procedure (24). In the largest randomized trial 130 patients were randomized to receive donor hearts preserved by using either the Organ Care System or standard cold storage. No differences were found in 30-day patient and graft survival rates or serious adverse events (25). The ex vivo perfusion platform offers great potential for extended criteria donor hearts, where cold storage would conventionally be associated with poorer outcomes.



Donation after circulatory death

In the last few years, in order to solve the donor shortage, DCD has been studied for HT (26). In DCD, retrieval of hearts for transplantation occurs from patients whose death is declared and confirmed using cardiorespiratory criteria as life support is withdrawn. Particularly, these patients have severe, not reversible, brain damage, that does not meet brain dead criteria. The heart is removed and then, using ex vivo perfusion, resuscitated. The major challenges with HT from DCD are the minimization of ischemic injury of the donor organs, and the after-death assessment of myocardial viability, since, in the DCD, the heart is subjected to an unavoidable period of severe, warm ischemia. Nevertheless, in almost 50 DCD HT performed, post-HT survival and graft function to date seems to be comparable to those observed in contemporary HT performed with donation after brain death (DBD) (27–29).

These outcomes seem to be supported in recent single-center retrospective cohort study. This study analyzed right heart catheterization measurements, inotrope scores, echocardiograms, and clinical outcomes between DCD and DBD heart recipients. Forty-seven DCD and 166 DBD hearts were transplanted. Despite an early significant right heart function impairment in the DCD heart recipient group, the right heart function was similar in the two groups after 3 weeks from HT. Mortality was similar at 30 days (DCD 0 vs. standard 2%; P = 0.29) and 1 year post-HT (DCD 3% vs. standard 8%; P = 0.16) (30).



Xenotransplantation

Xenotransplantation has required, and is still requiring, scientific advances to overcome challenges of evolutionary distance between species, transmission of zoonosis into the human pool, immunological barriers that cause hyperacute rejection, allograft failure due to thrombotic microangiopathy, and, moreover, it raises ethical concerns of distributive justice. On January 7th, 2022, a successful genetically edited porcine to human HT was performed with 60 days patient survival (31). On autopsy, the xenograft showed findings that were not consistent with typical rejection: it was edematous, nearly doubled in weight, and histologic examination revealed scattered myocyte necrosis, interstitial edema, and red-cell extravasation, without evidence of microvascular thrombosis. Studies are currently under way to identify the mechanisms responsible for these changes (32) and clearly, this experience has highlighted the presence of pathophysiological patterns that have yet to be understood. The topic of xenotransplantation, which could allow new, exciting therapeutic perspectives, raises political, ethical and moral concerns, that will have to be addressed in the years to come. Nevertheless, it represents an interesting new frontier which could make a significant contribution in solving the problem of donor shortage, guaranteeing survival hopes for patients with terminal heart disease currently lacking therapeutic alternatives.




Alternative therapeutic strategies to transplantation

Although HT represents the “gold standard” treatment for patients with advanced HF mainly due to its results in terms of prolongation of life expectancy, competitive technologies are currently under examination as valid therapeutic strategies. The efforts are mainly directed toward long term MCS, such as LVAD and fully implantable mechanical assist systems, or new cutting-edge technologies, such as gene therapy and tissue engineering (33).


Left ventricular assist devices

The most used devices for long-term MCS are those supporting the left ventricle. However, they are burdened by socioeconomic limitations and complications. An accurate selection of candidate by multimodal imaging and right heart catheterization is mandatory to avoid post-implantation right ventricular failure. In particular, an echocardiographic evaluation plays a pivotal role in the evaluation of the patient before, during and after LVAD implantation in the attempt to exclude contraindications (Table 3), guide the implant, optimize pump settings according to patients' hemodynamic profile and exclude complications.


TABLE 3 General evaluation in the patient candidate for left ventricular assist devices.
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In patients undergoing LVAD implantation, the main long-term complications include infective complications, bleeding and cerebrovascular complications of both ischemic and hemorrhagic nature. In addition, malfunctioning of the LVAD, worsening of aortic regurgitation, ventricular arrhythmias and pump thrombosis may occur. Right ventricular (RV) failure however has however the main relevance on survival. preoperative RV dysfunction should be exclude due to the incapability of the right RV to support the newly increased systemic flow after the implantation. Clinical, echocardiographic, and hemodynamic predictors have been studied but current algorithms for post-LVAD RV failure risk prediction only modestly perform when applied to external populations (34). Recent promising preoperative laboratory and echocardiographic predictors are emerging, like pulmonary artery pulsatility index (PAPi), N-terminal pro brain natriuretic peptide (NT-proBNP) and free wall RV longitudinal strain (fwRVLS) by speckle tracking echocardiography; the latter, representing intrinsic RV myocardial deformation, was the strongest independent predictor of post-LVAD RV failure (35, 36).

The development of durable right-sided mechanical support would improve treatment of patients with RV failure and fully implantable mechanical assist total heart systems, will undoubtedly provide new options for our patients in the future (37, 38).



Total artificial heart

A total artificial heart (TAH) has so far been successfully implanted in over 1,700 patients as a temporary life-saving technology as a BTT (39).

However, after more than six decades of research on TAHs, a device suitable for DT is not yet available. The high rate of complications, bulky devices, poor durability and biocompatibility and low patient quality of life, are some of the main issues limiting TAH. Promising perspective that could help to overcome these limitations are emerging, thanks to the quick developing of innovations in battery technology, wireless energy transmission, biocompatible materials, and soft robotics.

Innovations in the field of biological therapies are leading to bioartificial heart developing, again as possible candidate to overcome shortage of donor hearts. Many intuitions derived from TAHs can also be applied in projecting a bioartificial heart. However, there are some features that are unique to a bioartificial organ, such as the use of cells as an energy source, the necessity of vascularization and the capability of endogenous repair. Many efforts have been addressed on finding cell sources and a suitable vascularized scaffold and now, with the development of inducible pluripotent stem cell technology, autologous tissue engineering is conceivable. It is an exciting era for biomedical engineering, which carries great potential in addressing damaged organs. That could be done either via repair or replacement and the development in heart bioengineering have been astounding. However, further research still needs to be run to provide a mechanically, electrically, and physiologically well-coordinated organ and, ultimately, to successfully transplant it into patients. A coordinated approach between researchers, clinicians, regulatory bodies and society should be promoted to develop unlimited immunotolerant grafts.



Gene therapy

Another innovative therapeutic option is gene therapy. This treatment alters the genetic content of cells to modify target organ therapeutic protein or RNA expression. It has already been successfully introduced into clinical practice for the treatment of various diseases. The greatest benefit of its use in HT would probably be in the prevention of post-transplantation complications, such as primary graft dysfunction, cardiac allograft vasculopathy, and rejection. Additionally, gene therapy can be used to minimize and, potentially, eliminate the need for post-HT immunosuppression. Over the years, researchers have designed and developed several animal models and delivery techniques, with the aim of achieving strong gene expression in the heart. However, none of these methods has been so far successfully translated into clinical practice (40). The recent advances in ex vivo perfusion for organ preservation may provide potential ways to overcome many of the barriers that are currently preventing this method from entering clinical practice in HT. Optimizing vector selection for gene-carrying and delivery, and the selection of the therapeutic gene to be conferred are also a key point for implementing gene therapy in HT.




Conclusions

The issue of the imbalance between the demand and the offer of hearts for HT remains a therapeutic obstacle in advanced HF, whose incidence is continuously growing. In the last decades, many options were proposed to improve the selection of candidates, the survival of patients on the waiting list and the number of available donors, as well as to guarantee alternatives in non-eligible patients (Figure 2).
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FIGURE 2
 How to overcome the imbalance between demand and availability of hearts for heart transplantation: current methods and new perspectives. ADONHERS, aged donor heart rescue by stress-echo; HCV, Hepatitis C virus; HT, Heart Transplantation; MCS, mechanical circulatory support; TAHs, Total artificial hearts.


Reasonably, optimization and coordination of the donation process and an improved management of the currently available methods, would not allow to completely overcome the gap between heart demand and availability. However, it could compensate the difficulties in the treatment of the most critical patients and improve their overall survival.

HT, and transplants in general, remains a complex topic, not only involving clinicians, but also political, economic, and ethical issues. The quick and continuous technological advances could provide new therapeutic alternatives in the near future; however, it would be essential to overcome the obstacles limiting the availability of hearts for transplantation with the means already at our disposal. Certainly, promoting education and raising awareness of the society, greater political commitment and improving international collaboration have a fundamental role in this direction.



Author contributions

MC and MCP contributed to the conception of the manuscript. MCP and AC performed the data research and analysis. MC, MCP, and AC drafted the manuscript. ML and GM contributed to manuscript revision and editing. All authors read and approved the submitted version.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach A, Böhm M, et al. 2021 ESC Guidelines for the diagnosis and treatment of acute and chronic heart failure. Eur Heart J. (2021) 42:3599–726. doi: 10.1093/eurheartj/ehab368

 2. International figures on organ tissue & hematopoietic stem cell donation & transplantation activities. Documents produced by the council of europe european committee (partial agreement) on organ transplantation (cd-p-to) (2020). Editor: Beatriz Domínguez-Gil.

 3. Khush KK, Cherikh WS, Chambers DC, Harhay MO, Hayes D, Hsich E, et al. The international thoracic organ transplant registry of the international society for heart and lung transplantation: thirty-sixth adult heart transplantation report-−2019 focus theme: donor and recipient size match. J Heart Lung Transplant. (2019) 38:1056–66. doi: 10.1016/j.healun.2019.08.004

 4. International figures on organ tissue & haematopoietic progenitor cell donation and transplantation activities. Documents produced by the council of europe european committee (partial agreement) on organ transplantation (cd-p-to) (2019). Editor: Beatriz Domínguez-Gil.

 5. Manla Y, Al Badarin FJ, Soliman M, Gobolos L, Alsindi F, Bader F, et al. Twenty-year temporal and regional trends in heart transplantation in Europe: results from the Global Observatory on Donation and Transplantation (GODT). EHJ. (2021) 42:ehab724.0968. doi: 10.1093/eurheartj/ehab724.0968

 6. Sellke F, del Nido PJ, Swanson SJ. Sabiston and Spencer Surgery of the Chest. 8th ed. Philadelphia, PA: Saunders Elsevier, 2010Elsevier, 2010.

 7. Vanholder R, Domínguez-Gil B, Busic M, Cortez-Pinto H, Craig JC, Jager KJ, et al. Organ donation and transplantation: a multi-stakeholder call to action. Nat Rev Nephrol. (2021) 17:554–68. doi: 10.1038/s41581-021-00425-3

 8. Zaroff JG, Rosengard BR, Armstrong WF, Babcock WD, D'Alessandro A, Dec GW, et al. Consensus conference report: maximizing use of organs received from cadaver donor-cardiac recommendations. Circulation. (2002) 106:836–41. doi: 10.1161/01.CIR.0000025587.40373.75

 9. The U.S. Organ Procurement and Transplantation Network and the Scientific Registry of Transplant Recipients. OPTN/SRTR- data (2008).

 10. Khush KK, Potena L, Cherikh WS, Chambers DC, Harhay MO, Hayes D, et al. The international thoracic organ transplant registry of the international society for heart and lung transplantation: 37th adult heart transplantation report-2020; focus on deceased donor characteristics. J Heart Lung Transplant. (2020) 39:1003–15. doi: 10.1016/j.healun.2020.07.010

 11. Arpesella G, Gherardi S, Bombardini T, Picano E. Recruitment of aged donor heart with pharmacological stress echo. A case report. Cardiovasc Ultrasound. (2006) 4:3. doi: 10.1186/1476-7120-4-3

 12. Leone O, Gherardi S, Targa L, Pasanisi E, Mikus P, Tanganelli P, et al. Stress echocardiography as a gatekeeper to donation in aged marginal donor hearts: anatomic and pathologic correlations of abnormal stress echocardiography results. J Heart Lung Transplant. (2009) 28:1141–9. doi: 10.1016/j.healun.2009.05.029

 13. Bombardini T, Gherardi S, Arpesella G, Maccherini M, Serra W, Magnani G, et al. Favorable short-term outcome of transplanted hearts selected from marginal donors by pharmacological stress echocardiography. J Am Soc Echocardiogr. (2011) 24:353–62. doi: 10.1016/j.echo.2010.11.014

 14. Franchi D, Davide CD, Giorgio AG, Gherard S, Calamai I, Barletta G, et al. Second-opinion stress tele-echocardiography for the Adonhers (Aged donor heart rescue by stress echo) project. Cardiovasc Ultrasound. (2010) 8:20. doi: 10.1186/1476-7120-8-20

 15. Bombardini T, Gherardi S, Leone O, Sicari R, Picano E. Transplant of stunned donor hearts rescued by pharmacological stress echocardiography: a “proof of concept” report. Cardiovasc Ultrasound. (2013) 11:27. doi: 10.1186/1476-7120-11-27

 16. Cameli M, Bombardini T, Dokollari A, Sassi CG, Losito M, Sparla S, et al. Longitudinal strain stress-echo evaluation of aged marginal donor hearts: feasibility in the adonhers project. Transplant Proc. (2016) 48:399–401. doi: 10.1016/j.transproceed.2015.12.036

 17. Segovia J, Cosío MD, Barceló JM, Bueno MG, Pavía PG, Burgos R, et al. RADIAL: a novel primary graft failure risk score in heart transplantation. J Heart Lung Transplant. (2011) 30:644–51. doi: 10.1016/j.healun.2011.01.721

 18. Smits JM, De Pauw M, de Vries E, Rahmel A, Meiser B, Laufer G, et al. Donor scoring system for heart transplantation and the impact on patient survival. J Heart Lung Transplant. (2012) 31:387–97. doi: 10.1016/j.healun.2011.11.005

 19. Mehra MR, Jarcho JA, Cherikh W, Vaduganathan M, Lehman RR, Smits J, et al. The drug-intoxication epidemic and solid-organ transplantation. N Engl J Med. (2018) 378:1943–5. doi: 10.1056/NEJMc1802706

 20. Aslam S, Grossi P, Schlendorf KH, Holm AM, Woolley AE, Blumberg E, et al. Utilization of hepatitis C virus-infected organ donors in cardiothoracic transplantation: an ISHLT expert consensus statement. J Heart Lung Transplant. (2020) 39:418–32. doi: 10.1016/j.healun.2020.03.004

 21. Woolley AE, Singh SK, Goldberg HJ, Mallidi HR, Givertz MM, Mehra MR, et al. Heart and lung transplants from HCV-infected donors to uninfected recipients. N Engl J Med (2019). 380:1606–1617. doi: 10.1056/NEJMoa1812406

 22. Akin S, Soliman O, de By TMMH, Muslem R, Tijssen JGP, Schoenrath F, et al. Causes and predictors of early mortality in patients treated with left ventricular assist device implantation in the European Registry of Mechanical Circulatory Support (EUROMACS). Intensive Care Med. (2020) 46:1349–60. doi: 10.1007/s00134-020-05939-1

 23. Suarez-Pierre A, Zhou X, Fraser CD III, Grimm JC, Crawford TC, Lui C, et al. Survival and functional status after bridge-to-transplant with a left ventricular assist device. ASAIO J. (2019) 65:661–7 doi: 10.1097/MAT.0000000000000874

 24. Messer S, ArdehaliA, Tsui S. Normothermic donor heart perfusion: current clinical experience and the future. Transpl Int. (2015) 28:634–42. doi: 10.1111/tri.12361

 25. Ardehali, F., Esmailian M., Deng M, Soltesz E, Hsich E, Naka Y, et al. Ex-vivo perfusion of donor hearts for human heart transplantation (PROCEED II): a prospective, open-label, multicentre, randomised non-inferiority trial. Lancet. (2015) 385:2577–84. doi: 10.1016/S0140-6736(15)60261-6

 26. Scheuer SE, Jansz PC, Macdonald PS. Heart transplantation following donation after circulatory death: expanding the donor pool. J Heart Lung Transplant. (2021) 40:882–9. doi: 10.1016/j.healun.2021.03.011

 27. Kittleson MM, Kobashigawa JA. Cardiac transplantation: current outcomes and contemporary controversies. JACC Heart Fail. (2017) 5:857–68. doi: 10.1016/j.jchf.2017.08.021

 28. Dhital KK, Iyer A, Connellan M, Chew HC, Gao L, Doyle A, et al. Adult heart transplantation with distant procurement and ex vivo preservation of donor hearts after circulatory death: a case series. Lancet. (2015) 385:2585–91. doi: 10.1016/S0140-6736(15)60038-1

 29. Messer SJ, Axell RG, Colah S, White PA, Ryan M, Page AA, et al. Functional assessment and transplantation of the donor heart after circulatory death. J Heart Lung Transpl. (2016) 35:1443–52. doi: 10.1016/j.healun.2016.07.004

 30. D'Alessandro D, Wolfe S, Osho A, Drezek K, Prario MN, Rabi S, et al. Hemodynamic and clinical performance of hearts donated after circulatory death. J Am Coll Cardiol. (2022) 80:1314–26. doi: 10.1016/j.jacc.2022.07.024

 31. Mehra MR. Cardiac xenotransplantation: rebirth amidst an uncertain future. J CardFail. (2022) 28:873–74. doi: 10.1016/j.cardfail.2022.01.006

 32. Griffith BP, Goerlich CE, Singh AK, Rothblatt M, Lau CL, Shah A, et al. Genetically modified porcine-to-human cardiac xenotransplantation. N Engl J Med. (2022) 387:35–44. doi: 10.1056/NEJMoa2201422

 33. Morrissey J, Mesquita FCP, Hochman-Mendez C, Taylor DA. Whole heart engineering: advances and challenges. Cells Tissues Organs. (2022) 211:1–11. doi: 10.1159/000511382

 34. Kalogeropoulos AP, Kelkar A, Weinberger JF, Morris AA, Georgiopoulou VV, Markham DW, et al. Validation of clinical scores for right ventricular failure prediction after implantation of continuous-flow left ventricular assist devices. J Heart Lung Transplant. (2015) 34:1595–603. doi: 10.1016/j.healun.2015.05.005

 35. Stricagnoli M, Sciaccaluga C, Mandoli GE, Rizzo L, Sisti N, Aboumarie HS, et al. Clinical, echocardiographic and hemodynamic predictors of right heart failure after LVAD placement. Int J Cardiovasc Imaging. (2022) 38:561–70. doi: 10.1007/s10554-021-02433-7

 36. Cameli M, Lisi M, Righini FM, Focardi M, Lunghetti S, Bernazzali S, et al. Speckle tracking echocardiography as a new technique to evaluate right ventricular function in patients with left ventricular assist device therapy. J Heart Lung Transplant. (2013) 32:424–30. doi: 10.1016/j.healun.2012.12.010

 37. Mehra MR. Heart transplantation at 50. Lancet. (2017) 390:e43–5. doi: 10.1016/S0140-6736(17)33093-3

 38. Resch T, Cardini B, Oberhuber R, Weissenbacher A, Dumfarth J, Krapf C, et al. Transplanting marginal organs in the era of modern machine perfusion and advanced organ monitoring. Front Immunol. (2020) 11:631. doi: 10.3389/fimmu.2020.00631

 39. Copeland JG, Arabia FA, Tsau PH, Nolan PE, McClellan D, Smith RG, Slepian MJ. Total artificial hearts: bridge to transplantation. Cardiol Clin. (2003) 21:101–13. doi: 10.1016/S0733-8651(02)00136-4

 40. Pla MM, Chiang Y, Roan J, Bowles DE. Gene therapy for cardiac transplantation. In: Heart Transplantation - New Insights in Therapeutic Strategies. London: IntechOpen (2022). Available online at: https://www.intechopen.com/chapters/80721



OPS/images/fcvm-09-1001002-t003.jpg
Factors conditioning the LVAD implant Contraindications

Age >75 years
Life style Smoking habit, addiction to alcohol and psychotropic substances
Non-cardiological conditions ~ Multiorgan dysfunction Irreversible multi-organ failure

Neurological/psychiatric conditions Coagulation Degenerative neuro / muscular diseases

Kidney function Recent stroke

Hepatic function Psychiatric/cognitive and / or psycho-social conditions with poor

Respiratory pathology adherence to treatment

Oncological pathologies Coagulopathies

Diabetes mellitus. Uncontrollable bleeding

Obesity Irreversible renal failure

Severe hepatic insufficiency
Severe respiratory failure (FEV1 <50%) Life expectancy <2 years
Poor control of blood glucosevalues
Cardiological conditions Left ventricle Apical infarction
- Recent myocardial infarction

- Left endoventricularthrombosis

Right ventricle Severe right ventricular dysfunction Pulmonary hypertension
- Right ventricular function (multiparametric approach)
and pulmonarypressures
Valvulopathies and valve prostheses Uncorrectable moderate-severe insufficiency Uncorrectable
- Aortic valve moderate-severe insufficiency Active endocarditis

- Mitral stenosis

Tricuspid insufficiency
- Endocarditis

Arthythmias Uncontrolled ventricular tachyarrhythmias
- Atrial tachyarrhythmias with a high response rate
- Ventriculartachycardias
- Previous cardiacsurgery Previous ventriculoplasty

Other cardiovascularconditions
- Atrial and interventricular septal defects

- Restrictive or constricting forms

Anomalies affecting the ascending aorta

(dilation, calcifications, atherosclerotic plaques)
- Peripheral vasculopathy

- Congenital heartdisease

FEV1, forced expiratory volume in the firstsecond.
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Indications
Advanced HF (2)

No other therapeutic option, except for LVAD as BTT
Contraindications

Assolute
Active infection®

Severe peripheral arterial or cerebrovascular disease

Pharmacologic irreversible pulmonary hypertension (LVAD should be
considered to reverse elevated pulmonary vascular resistance with
subsequent re-evaluation to establish candidacy)

Malignancy with poor prognosis (a collaboration with oncology specialists

should occur to stratify each patient as regards their risk of tumor

progression or recurrence which increases with the use of

immunosuppression)

Irreversible liver dysfunction (cirrhosis) or irreversible renal dysfunction
(e.g. creatinine clearance <30 mL/min/1.73 m?). Combined heart-liver or
heart-kidney transplant may be considered

Systemic disease with multiorgan involvement

Other serious comorbidity with poor prognosis

Pre-transplant BMI 35 kg/m? (weight loss is recommended to achieve a
BMI <35 kg/m?)

Current alcohol or drug abuse

Psychological instability that jeopardizes proper follow-up and intensive
therapeutic regime after heart transplantation

Insufficient social supports to achieve compliant care in the outpatient
setting

Relative

Age > 65 years

Obesity (BMI between 30 and 35 kg/m?)

Cachexia

Irreversible chronic renal

ilure (clearance <30 mi/min) (except for
combined transplant)

Reduced individual compliance and/or poor family support

Diabetes with organ damage (except for non-proliferative retinopathy) or
with low glycemic control (HbALc >7.5 mg/dl or 58 mmol/mol)
Smoking habit (suspension required for at least 6 months)

HCV and/or HBV-related chronic hepatopathy

Severe osteoporosis

Chronic pulmonary discase with severe functional and morphological
alterations (GOLD classification)

Severe chronic peripheral vasculopathy based on imaging tests

HIV infection (Useful opinion of the infectious disease specialist)

BMI, body mass index; BT, bridge to transplantation; HE heart failure; LVAD, left
ventricular assist dey
*Active infection is a relative contraindication to transplant although i
infected LVADs it may actually be an indicati Adapted from Crespo-Leiro et al. (2).

ice.
some cases of
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Traditional cardiac donor selection criteria

Age <55 years old
No history of chest trauma or cardiac disease

No prolonged hypotensi

n or hypoxemia

Appropriate hemodynamics

Mean arterial pressure >60 mmHg

Central venous pressure § to 12 mmHg

Inotropic support <10 mg/kg/min (dopamine or dobutamine)
Normal electrocardiogram

Normal echocardiogram

Normal cardiac angiography (if indicated by donor age and history
Negative serology (hepatitis B surface antigen, hepatitis C virus and human

immunodeficiency virus)

Adapted from Sellke et al. (6).
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