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Epidemiology
Heart transplantation as a treatment modality for advanced heart failure
 6.7 million US adults living with heart failure
 Just under 700,000 deaths (~20%) annually from heart disease 
  Heart failure attributed to 456,000 deaths (13.9%)
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Donor Pool Expansion
Extended donor criteria (EXPAND criteria)*
 1. Anticipated ischemic time > 4 hours or anticipated time > 2 hours and:
  -Age > 55y or age 45-55y with no cath
  -LVH (13-16mm);
  -LVEF 40-50%
  -Downtime > 20 min
  -DM, CO toxicity, coronary artery disease
 2. Limitation to acceptance: Concerns of elevated risks to recipient 

Donation after circulatory death (DCD) traditionally not deemed suitable for 
use in heart transplantation
 1. Concern for prolonged warm ischemic time
  leading to hypoperfusion, LV distention, end-organ ischemia
 2. Combined with inability to assess allograft function prior to implantation 

 (with standard DBD techniques)

*Schroder JN, et al. JHLT. 2022;41(4S):S73



Overcoming concerns for 
DCD heart transplantation
Prolonged ischemic time

• Limit functional warm ischemic time to 30 minutes
• Large animal experiments suggest ~ 40 min     

ischemia before necrosis*

• Pig hearts at 20 min warm ischemic or 30 min 
with supplemented cardioplegia have complete 
recovery**

• Case report: Human in situ heart successful 
resuscitation with cardiopulmonary bypass

• Functional warm ischemic time 23 minutes***

*Gundry SR, et al. Ann Thorac Surg. 1992 May;53(5):772-4
Danforth WH, et al. Circ Research. 1960 Sept;8(5):965
**Iyer A, et al. American Journal of Transplantation 2014; 14: 1744–1752 
**Ali A, et al. JHLT. 2009 28:290



Overcoming concerns for 
DCD heart transplantation
Allograft assessment - 2 techniques for DCD procurement

1. Thoracoabdominal normothermic regional perfusion (TA-NRP)
       in situ resuscitation and assessment

• Functional assessment under conditions mimicking typical physiologic     
conditions, e.g. RHC, TEE

• Biomarker assessment, e.g. lactic acid, troponin
  

2. Direct heart procurement (typically) and perfusion (DPP) – machine     
perfusion (MP)
 A. Techniques
  Normothermic machine perfusion (NMP)
  Hypothermic machine perfusion (HMP)
 B. Addressing concerns related to:

• Ex situ perfusion time

• Warm and cold ischemic times

• Ex situ assessment



Normothermic Machine 
Perfusion Procedure
Organ Care System (OCS) by Transmedics, Inc.

• The only commercially available and clinically 
approved device

Procedural highlights

• Prior to aortic cross clamp, ~1500 cc of blood 
removed to prime OCS

• Cross clamp applied and cardioplegia administered

• Cardiectomy performed

• SVC/IVC closed

• Aorta and PA cannulated

• LV vented via LA across MV

• Connected to circuit and perfused with blood 

mixed with proprietary solution (steroid, 

antibiotic, dextrose, heparin, insulin, 

electrolytes)



Cold Ischemic Time
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Emerging Frontier in Heart Transplantation: Donation After
Circulatory Death

Quick Takes

Machine perfusion enabled the success of DCD heart transplant by mitigating previous deleterious e! ects of warm

ischemia.

DCD and DBD heart transplant have similar outcomes.

Widespread adoption of DCD heart transplant can expand the donor pool, resulting in increased transplant volume

and decreased waitlist times.

Figure 1

Courtesy of Lee C, Tsai C, Adler E, Pretorius V.

Background

Organ availability is the main factor limiting access to heart transplantation. Therefore, transplant programs use marginal donors

with risk factors including older age, size mismatch, left ventricular hypertrophy, low ejection fraction, and longer donor ischemic

times.1

Deceased donor organ donation proceeds after declaration of brain death (DBD) or circulatory death (DCD). Brain death is

declared when all brain functions have ceased. Scheduled organ evaluation and procurement in DBD donors is a well-

established process, whereby organ function is arrested with cold solution flushing. Circulatory death donors do not meet full

brain death criteria, but have su! ered devastating, irreversible injuries and further care is futile. Following withdrawal of care,

the donor expires, and death is declared on circulatory basis (no blood pressure, pulse, or heartbeat). Following a stando!

period of typically 5 minutes, circulatory death is reconfirmed prior to proceeding with organ procurement.

Ischemic injury is a major risk to all donor organs. DCD hearts experience severe ischemic injury, to the point of loss of pump

and electrical function. Recent improvements in machine perfusion (MP) have allowed resuscitation of DCD hearts and

successful transplant. Estimates suggest that DCD hearts can increase the donor pool by as much as 50%.2-4

Method of DCD Heart Recovery

Two techniques for DCD heart procurement have emerged: direct procurement and ex situ perfusion (DPP) and normothermic

regional in situ perfusion (NRP).

The DPP method relies on ex situ MP. After confirmation of circulatory death, the heart is flushed with cold crystalloid

cardioplegia and procured, followed by back table instrumentation and reperfusion with normothermic blood. TransMedics

Organ Care System (OCS™) (Andover, MA, USA) is the only FDA-approved system for ex situ perfusion of DCD hearts. This

method requires harvesting 1100 mL donor blood for OCS machine priming prior to heart recovery. The aorta and pulmonary

artery are cannulated, and a left ventricular vent prevents distension. The heart is connected to the OCS system via the aorta and

kept in a normothermic, beating condition during resuscitation and transport. Lactate metabolism, visual inspection and

coronary flow are used as surrogates for cardiac function and organ viability. The heart is cooled and arrested with cardioplegia

before implant.

The NRP method relies on an open cardiopulmonary bypass (CPB) circuit. Standard DCD procedure for declaration of death and

stando!  period are followed. Thereafter, the donor right atrium and ascending aorta are cannulated for CPB.  Next, the aortic

arch vessels are clamped to exclude brain circulation from the rest of the body before initiating thoraco-abdominal organ

reperfusion with CPB. Lack of perfusion to the brain is further ensured by venting the innominate artery. Typically, within 45 – 60

minutes, heart function has recovered. CPB is weaned, allowing formal assessment of heart function. The heart is then arrested

with cardioplegia and transported using either cold static storage or normothermic or hypothermic MP storage.

Figure 2: Methods of Donation after Circulat ion Death

With DCD donation, the care is withdrawn, and the donor is allowed to expire. The donor reaches a period of low perfusion (agonal phase), typically

defined as systolic blood pressure <50 mmHg and oxygen saturation <70%. The time from when the agonal phase begins to cold organ flushing (in DPP) or

machine perfusion (NRP) is the functional warm ischemic time (f-WIT). Courtesy of Lee C, Tsai C, Adler E, Pretorius V.

DPP = direct procurement and machine perfusion, NRP = normothermic regional perfusion, f-WIT = functional warm ischemic time, XC = aortic cross

clamp, MP = machine perfusion, CIT = cold ischemic time, WIT = warm ischemic time

Evolution of DCD Heart Transplantat ion

Use of DCD hearts is not a novel concept. The first heart transplant was performed in 1967 by Dr. Christiaan Barnard with a DCD

donor using NRP. However, with the development of brain death criteria and concern for ischemic cardiac injury, the field moved

away from DCD. It was not until 2004 when Denver Children's Hospital performed three successful pediatric DCD heart

transplants.5 Ten years later, a DCD program was established in St. Vincent's Hospital in Sydney, Australia utilizing DPP.6 In 2015,

Papworth Hospital in Cambridge, UK performed DCD heart transplants using NRP.7

In the United States (US), the first adult DCD heart transplant was performed in 2019 as part of a randomized controlled trial

comparing DCD heart transplant using the OCS versus DBD using cold storage.8 In 2020, New York University (NYU) performed

the first adult DCD NRP heart transplant in the US.9

Establishing a DCD heart transplant program has been shown to increase overall organ yield per donor.10 Thoraco-abdominal

NRP has demonstrated improved DCD liver and kidney graft quality and survival.11

Figure 3: US Heart Transplant Volume

The number of annual heart transplants had plateaued for years. The opioid epidemic and wider spread use of hepatitis C virus positive (HCV+) donors

likely accounts for a rise in transplants in 2015-2016. Adoption of DCD heart transplant is anticipated to continue this uptrend. HT = Heart Transplant, DBD

= Donation after Brain Death. *2022 transplant numbers are annualized based on the number of transplants YTD August 31, 2022. Courtesy of Lee C, Tsai C,

Adler E, Pretorius V.

Figure 4: Annual US Heart Transplants

HT = Heart Transplant, DBD = Donation after Brain Death, DCD = Donation after Circulatory Death

*2022 transplant numbers are annualized based on the number of transplants YTD August 31, 2022. Courtesy of Lee C, Tsai C, Adler E, Pretorius V.

Outcomes

International data show a 30-48% increase in donor pool with similar outcomes to DBD heart transplant.3

Messer and colleagues compared 79 DCD to 79 DBD heart transplants. They found comparable 90-day (DCD 92% vs. DBD 96%)

and 1-year survival (DCD 91% vs. DBD 89%). There was no significant di! erence in primary graft dysfunction requiring

extracorporeal membrane oxygenation (ECMO) (DCD 15% vs. DBD 6%, p = 0.12) or intra-aortic balloon pump (IABP) (DCD 32% vs.

DBD 23%, p=0.28). There was also no significant di! erence in intensive care unit (ICU) or hospital lengths of stay. Of the DCD

transplants, 57 hearts were DPP procured and 22 NRP followed by OCS perfusion. Comparing these two methods, survival was

similar, but NRP transplants required less ventilator days, lower need for dialysis, and shorter hospital stay.3

US DCD heart multicenter trial randomized 180 patients — 90 OCS DCD hearts and 90 DBD hearts. Six- and 12-month post-

transplant survival were comparable. Utilization rate for DCD hearts procured was 89%.8

Table 1: Published Outcomes on DCD Heart  Transplant as of 10/2022

 
Papworth UK

St. Vincent's

Australia
London UK1 US2 NYU Vanderbilt3 UCSD4

n 79 49 36 127 8 15 74

DCD Method DPP, NRP + OCS DPP DPP DPP, NRP + CSS NRP + CSS NRP + CSS DPP, NRP + CSS

Acceptance rate   32 (65%) 25 (69%)   100% * 89%

Severe PGD5 15% 10 (31%) 20 (80%)   1 (12.5%) 0 6 (8.1%)

30-day survival 97%   88% 96.8% 100% 100% 98.6%

1-yr survival 91% 96%   92.5%     98.6%

1Mohite, et al.,12 2Madan, et al.,2 3Ho! man, et al.,13 4UCSD data provided by authors. 5Severe primary graft dysfunction (PGD) requiring ECMO. *3

additional hearts placed on NRP but turned down due to iatrogenic aortic dissection. DPP = direct procurement and machine perfusion, NRP =

normothermic regional perfusion, OCS™ = TransMedics Organ Care System, CSS = cold static storage

Ethical Considerations

While DCD organ donation is well established, ethical concerns arise with conduct of DCD heart transplant. Determination of

death by circulatory criteria is defined by irreversible cessation of cardiopulmonary function. The term "irreversible" raises

concerns regarding violating the dead donor rule by restoring circulation to the thoraco-abdominal organs with NRP.14 However,

the donor has already met criteria and been declared deceased prior to any intervention. The mandatory stando!  time confirms

absence of autoresuscitation. And restoring circulation to the thoraco-abdominal organs with NRP does not in a! ect resuscitate

the person or reverse already non-life sustaining damage that occurred prior to withdrawal.15-18 To further address any concerns

regarding potential for resumption of neurologic function with NRP, the head vessels are occluded prior to starting bypass and

vented.19

It is important to note that if the time from withdrawal of life support to death exceeds the acceptable f-WIT for solid organ

donation, donors remain on hospice and the progression to death continues. In this instance, the donor may still be eligible to

donate other tissue for transplant or research.

Conclusion

Widespread adoption of DCD heart transplant had been limited by ischemic injury. However, success of using DPP and NRP

techniques has resulted in exponential growth of DCD heart transplant in recent years. Furthermore, MP provides a platform to

investigate novel therapeutics, such as gene therapy or mitochondrial transplant, potentially one day allowing repair and

reimplant of a failing heart.

Many benefits of DCD heart transplant support its wider spread adoption: expanding the donor pool, decreasing waitlist times,

improving organ quality, increasing total organ yield per donor are among these.
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Reducing cold ischemic time



Cold Ischemic Time
Basic Science/Large Animal Studies

Multiple studies have demonstrated deleterious effects of cold static storage 
(CSS) on endothelial and myocardial function*

CSS associated with accumulation of:
• free radicals accumulation, lactic acidosis,cellular edema
• Leading to increase intracellular Na+
• And then cytosolic Ca++ increases
• Implicated in ischemia-reperfusion injury

Typically limited to 4-6 hours

*Parolari A, et al. Ann Thorac Surg 2002;73:682–90
**Hassanein WH, et al. J Thorac Cardiovasc Surg 1998;116:821-30)  



Cold Ischemic Time
Clinical Correlation

UKT Registry 1986-2005*
• For each additional hour of ischemic time, 25% increased 

risk of mortality in first year, followed by a 5% increased 
mortality risk

Clinical correlate: UK Cardiothoracic Transplant Audit 
database analysis April 1995-March 2004**
• Ischemic time directly correlates with 30d mortality

*Goldsmith KA, et al. Transplantation.2009; 87(2):243.
**Banner NR, et al. Transplantation 2008;86: 542–547 



Cold Ischemic Time
Counter-point

Of note, single center studies 
have not noted a correlation with 
cold ischemic time and mortality*

Paragonix SherpaPak 
GUARDIAN Registry
• Reliable temperature 

regulation may extend limits of 
cold ischemic time for SCS?**

*Morgan JA, et al. 2003 Nov;126(5):1624
*Mitropoulos FA, et al. 2005;28(1):143
**Moayedifer  R, et al. JHLT. 2024.



Ex situ Assessment
Allograft assessment

Heart maintained in the unloaded state

Mean aortic pressure 60-90 mm Hg
Coronary flow 650 – 850 cc/min
Temperature at 34°C (normothermic)

*Ardehali A, et al. Lancet 2015;385:2577



Ex situ Assessment

Ex situ assessment

Biomarker
Lactic acid
• Early global OCS experience (N=49)

• Lactic acid 4.96mmol associated with 30d graft 
failure (sensitivity 0.625, specificity 0.975)*

Physical inspection
 Unloaded heart

Radiographic
• Coronary CTA on OCS**
• Coronary angiography on OCS***

*Hamed A, et al. JHLT. 2009;28(2S):S71
**Tweed D, et al. JHLT 2020;39(4S):244
***Meredith T, et al. Cath Cardiovasc Interven. 2022;100:1252.



OCS Ex-vivo Assessment



Ex situ Assessment
Biomarker

Lactic acid not correlated with outcomes
Retrospective single center review

Cernic S, et al. JHLT. 2022;41:1294.



Ex-vivo Coronary Assessment

Urban M, et al. JHLT Open 2024;6:100142



Clinical Trials - OCS
Establishing safety of OCS device

PROTECT I
• 20 patients reached primary endpoint – 30 

day survival w 5 SAE

Combined with PROCEED I trial
• 14 hearts procured with 13 utilized
• 11/13 reached primary endpoint w 5 SAE
• 1 death and 1 re-transplant

FDA allowed proceeding with:
PROCEED II trial*
• 130 patients randomized (67/63) to OCS vs 

CSS
• Comparable short term (30 day graft and 

patient survival) outcomes
 

*Ardehali A, et al. Lancet 2015;385:2577
**Dhital KK, et al. Lancet. 2015;385:2585.



Clinical Use in Extended 
Donor Criteria
EXPAND trial: 30 days and 6 months (short term)*
• 75/93 hearts utilized (81%)
• Severe PGD 10.7% at 24 hours
• Survival 94.7% (30d); 88% (6m)

EXPAND trial at 2 years (long term)**
• 116/138 hearts utilized (84%)
• patient survival 85.3% vs 87.8% (control)
• graft survival 94.2% vs 95% (control)

*Schroder JN, et al. JHLT. 2019;38(4S):S42
**Schroder JN, et al. JHLT. 2022;41(4S):S73



Clinical Use in DCD
First series of DCD heart transplants performed with 
DPP-OCS and donor-recipient not co-located*
• All three recipients survived to discharge
• ECMO 1; IABP 1

Australian experience with DCD (DPP-OCS)**
• Of note – WIT begins at SBP<90, failure to progress 

25% (69 attended); 62% used (49 recovered); 32 
transplanted

*Dhital KK, et al. Lancet 2015; 385: 2585–91 
**Dhital K, et al. Indian Journal of Thoracic and Cardiovascular 
Surgery (August 2020) 36 (Suppl 2):S224–S232 

DCD: 96%,94%,94%
DBD: 89%, 83%, 82%



Clinical Use in DCD
Randomized control trial for DCD-OCS vs. DBD-
SCS

Non-inferiority at 6 months
• Trend toward improved survival

• 94% vs. 89% (unadjusted overall)

Moderate or severe ISHLT graft dysfunction
• 22% (18/80) vs 10% (8/84)

Severe graft dysfunction: 15% vs 5%
• Of note: 2 re-transplants in the DBD arm only

Schroder JN, et al. NEJM. 2023;388(23):2121.



OCS Use and PGD
UK Transplant Database Oct. 2012-Oct 2015 risk factors for PGD
• OHT N=450, any PGD 36.2% incidence
30-d Mortality: 
• No PGD: 4.5% vs. any PGD 19%
• Severe PGD: 30% vs. Mod PGD: 5%

Subset analysis of OCS (n=66)

But incidence of PGD similar 
• 30.3% vs 37.2%, P = 0.279 
OCS use had significantly longer extracorporeal times
• 309.4 ± 88.4 min vs 100.3 ± 45.8 min; P < 0.001. 
Within OCS, extracorporeal time was significantly longer in the 
PGD group 
• 344.9 ± 95 min vs 294.8 ± 81 min, P = 0.048 
No subgroup analysis, i.e. mortality difference  with PGD in OCS 
group or rate of severe PGD (did PGD fare better with OCS?)
?Limits to MP time?

Cardiac function declines in time-dependent manner on ESHP
 May be mitigated by working mode **

Extended MP times reported – case series
• MP 955 min; ex situ 1023 min ***
• 503 min; 611 min ****
Singh SSA, et al. Transplantation. 2019;103:336.
***Kaliyev R, et al. Art Org. 2019;43(3):319
****Stamp NL, et al. Heart Lung Circ. 2015;24(6):P611
**Hatami S, et al. Ann Thorac Surg. 2019;108:499.



ISHLT PGD Severity Criteria

Kobashigawa, J, et al. JHLT 2014;33:327



Significance of PGD in 
DCD-OCS
Retrospective analysis, single center
• March 2016-Dec 2021
• N=459 isolated OHT 
• DCD 65 (*all OCS)
• DBD 394

PGD rates higher with DCD but shorter MCS duration
 Severe PGD: 18.5% (DCD)vs 7.4% (p=0.004)
Trend toward improved 1-yr survival with PGD-DCD
vs. PGD-DBD: 91.7% (DCD)vs. 68.6%

Ayer A, et al. J Card Fail. 2023;29(1):67.



Nebraska Medicine Experience

Donor Time to 
Asystole

Aystole 
to XC

FWIT CIT MP WIT Lactate 
(A/V)-
start

Lactate 
(A/V)-
end

Op. – 
Re-do

1
(31M)

1’ 8’ 9’ 50’ 289’ 55’ 7.08/8.3
9

4.9/4.4 OHT - y V-A 
ECMO

2
(20F)

4’ 6’ 10’ 48’ 244’ 44’ 7.12/7.0
5

9.17/8.8
0

rOHT/CR
T - y

3
(16F)

10’ 8’ 8’ 45’ 287’ 79’ 7.38/7.2
9

7.84/7.8
9

OHT - y

4
(31M)

0’ 8’ 8’ 41’ 231’ 57’ 8.4/8.02 8.22/8.1
9

OHT - n

5
(36M)

13’ 9’ 22’ 52’ 158’ 56’ 8.89/9.0
6

9.60/9.3
3

OHT - y

6
(29M)

5’ 8’ 13’ 37’ 389’ 75’ 7.28/7.0
1

5.65/5.5
7

OHT - n

7
(37F)

7’ 11’ 18’ 48’ 255’ 63’ 8.37/9.8
3

4.59/4.5
1

OHT - y

8
(40M)

3’ 10’ 13’ 63’ 180’ 55’ 5.54/5.4
3

4.53/4.2
1

OHT - n

9 
(33M)

4’ 9’ 13’ 24’ 204’ 47’ OHT - y

10 
(36M)

5’ 11’ 16’ 46’ 174’ 46’ 8.87/8.8
1

8.02/8.1
0

OHT - n

11
(38M)

10’ 5’ 16’ 46’ 185’ 52’ 6.72/6.7
8

6.52/6.5
4

OHT - y

33 5.6±4.0 8.5±1.9 14.1±4 45.5±9.7 236±68 57±11



Hypothermic Machine 
Perfusion
Porcine hearts transplanted after 24 hours of brain 
death and then: 
• 24 hrs in St. Thomas solution at 4°C (0/3) vs. 
• 24 hrs of hypothermic (8°C) machine perfusion 

(10/10)

Canine DCD model, 4 hours of:
• cold perfusion vs CSS

Steen S, et al. Scand Cardiovasc J. 2016;50(3):193
Choong JW, et al. Transplantation. 2016;100(3):546



Hypothermic Machine 
Perfusion
4 patients, including on previous heart transplant recipient underwent 
heterotopic heart transplantation from brain-dead donors

Wicomb WN, et al. Ann Thorac Surg. 1984;37(3):243.



Hypothermic Oxygenated 
Perfusion
Ex-vivo non-ischemic heart preservation (NIHP)
• Nonrandomized trial of CSS (25) vs. NIHP (6)
• Primary endpoint: Survival free of severe PGD, 
• ECMO in 7d, ACR≤2R at 180d: 100% vs 72%
• Overall mortality: 0 vs. 4

XVIVO perfusion system
• Continuous cold, oxygenated, perfusion with 

cardioplegic solution with nutrients, hormones, red 
blood cells (Hct 15%)

• heart maintained in cold, non-beating static state
• root pressure maintained at 20 mm Hg, coronary 

flow at 150-200 cc/min

Nonrandomized 36 patients to anticipated preservation time 
6-8hrs (n=29) w/ 7 donors of shorter time

Nilsson J, et al. Nat Comm. 2020;11:2976.
McGiffin DC, et al. JHLT. 2024;43(3):485.



Hypothermic Oxygenated 
Perfusion
Porcine DCD heart transplant model
• Comparison of 1. NRP to CSS, 2. NRP to HOPE (XVIVO), 3. DPP to HOPE
• Overall good cardiac function but with HOPE: better contractility (LV end-

systolic elastance), lower dobutamine requirement, lower troponin
 
Next: ?HOPE with DPP

Moeslund N, et al. JHLT. 2023;42:730.



EVHP for 
Reconditioning Therapy
Ischemic post-conditioning attenuates myocardial reperfusion injury

Mitigation of ischemic-reperfusion injury (IRI)
Inhibition of MPT pore
• erythropoietin, cyclosporin
Activation of reperfusion injury salvage kinase (RISK)
• erythropoietin, adenosine, insulin
Activation of survivor activator factor enhancement (SAFE)
• erythropoietin
Inhibit apoptosis
• upregulation of Bcl-2

• adenosine, glyceryl-trinitrate, insulin
• si-RNA
Attenuate ROS generation
• adenosine, insulin, MCI-186**
Na/H exchange inhibition
• carbiporide, zoniporide
• maintaining acidosis
Protein kinase inhibition with necroptosis inhibition
• necrostatin-1***

Modifying cardioplegic solution
• delay pH normalization (maintain early acidosis)
• hypocalcemic (minimize ca gradient driving reverse Na-Ca 

exchange)
• hyperkalemia may increase intracellular Na and then Cl
• lidocaine inhibits Na pump
• adenosine to maintain cell membrane polarization

White C, et al. Ann Thorac Surg. 2017;103:122.
Garcia Dorado D, et al. Cardiovasc Res. 2012;94(2):168.
***Smith CC, et al. Cardiovasc Drugs Ther. 2007;21:227.
**Kotani Y et al. JTCVS. 2007;133:1626.
Wei J, et al. Mol Ther Nucleic Acids 2017;9:428-39. 



EVHP for Therapeutic 
Intervention
Adenovirus vector with anti-inflammatory 
cytokines IL-10 and TGF-ß-1 delivered to 
rabbit hearts on ESHP demonstrated 
attenuated acute rejection and improved 
graft survival after heterotopic heart 
transplantation

Ad vector to deliver CTLA4Ig in rat 
heterotopic heart transplant model 
demonstrated indefinite allograft survival
 However, subsequent skin graft 
provoked rejection and allograft failiure 
suggesting faiure to develop tolerance

Brauner R, et al. JTCVS. 1997;114(6):923.
Yang Z, et al. Transplantation. 1999;67(12):1517.



Mitochondrial 
Transplantation
Case series of autologous mitochondrial 
transplant in pediatric patients
• 5 patients on ECMO post-cardiotomy

• 4 patients separated from ECMO. 2 
deaths

• Followup 24 patient series: 10 MT; 14 
Control

• overall mortality approximately same

• but with decreased successful MCS 
time, CV event rate, and improved 
strain

Emani SM, et al. JTCVS. 2017;154(1):286.
Guariento A, et al. JTCVS 2021;162(3):992



Mitochondrial 
Transplantation
Porcine DCD model with DPP and MP 
followed by mitochondrial transplant vs. 
vehicle-only and a separate sham group (no 
ischemia)
• Improvements in LVDP, FS, myocardial 

oxygen consumption

Guariento A, et al. JHLT. 2020;39(11):1279 
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