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Current approaches in retrieval and heart preservation
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Fifty years after the first successful heart transplantation, despite multiple advances in the treatment of 
advanced acute and chronic heart failure, there is still no equivalent to heart transplantation as a long-term 
treatment for end-stage heart failure. Transplantation is, however, limited by the scarcity and quality of 
heart allografts. Donors are nowadays significantly older, particularly in European countries, and traumatic 
head injury as the cause of death has been replaced by intracerebral hemorrhage or hypoxic brain damage 
in the majority of cases. In addition, many donors have undergone extensive resuscitation efforts. Recipient 
characteristics have progressively changed too within the last couple of decades; recipients are older, often 
with comorbidities and nearly half of them are bridged to transplant with a wide variety of mechanical 
circulatory support devices. These developments have resulted in heart transplant surgery becoming 
significantly more challenging with longer more complex surgery and increased ischemia times for organs 
that were previously considered to be borderline or non-transplantable in many cases. To address this, 
several options have been explored within the last years and as a result, novel strategies have been developed 
and tested in order to optimize graft preservation and potentially increase the donor pool. The two notable 
developments are the ability to procure hearts from donors after circulatory death and the advent of  
ex-vivo perfusion of hearts. This technology has made the transplantation of extended criteria organs, 
including those from circulatory determined death (DCD) donors possible, and allow for out of body time 
of more than 12 hours in heart transplantation. In this review, we set out the basis of the current practices in 
organ procurement, and the opportunities for the future as demands for organ transplantation continue to 
increase.
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Keynote Lecture Series

Introduction

“I will give you a new heart and put a new spirit in you; I 
will remove from you your heart of stone and give you a heart of 
flesh.” by Ezekiel 36:26.

In the last two decades, we have witnessed remarkable 
advances in the treatment of advanced, acute and chronic 
heart failure. Many new conservative/medical as well as 
surgical strategies have been implemented successfully and 
led to better quality of life as well as significant increases in 
the life span of these patients.

Ever-improving outcomes of long-term mechanical 
circulatory support devices provide a glimmer of hope for 
a real, epidemiologically relevant solution; however, heart 
transplantation still continues to be the gold standard and 
the most desired procedure in the treatment of end-stage 
heart failure today.

While many things have changed, the basic determinants 
of success in heart transplantation have not. They are in 
essence, the quality of the graft itself, the procurement, 
preservation and storage of the graft, including the ischemic 
time and the complexity of the operation and status of the 
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recipient.
While we cannot influence the fact that our donors get 

older, have more co-morbidities and that organ quality 
declines as a result, nor the increase in complexity, age 
and inherent risk of our recipients, we can influence 
procurement and preservation, thus accessing previously 
non-accessible donor groups and counteracting the effects 
of certain parameters rendering the graft susceptible to 
injury and primary graft dysfunction (1).

In 1979, after successfully transplanting 19 hearts 
procured at distant hospitals with a mean ischemic time 
of 154 compared to 20 hearts procured locally with a 
mean ischemic time of 52 minutes without differences in 
mortality (32% vs. 40% local), Stanford University Hospital 
concluded distant heart procurement could provide an 
expanded donor pool for potential cardiac recipients (2).

Approaches recently developed in order to enlarge 
the donor pool, include preservation and assessment 
of “extended criteria” donor allografts with ex-vivo 
normothermic perfusion machines and heart transplantation 
from donation after circulatory determined death (DCD) 
donors.

New technologies such as the OCS (Organ Care System, 
TransMedics) have clearly changed the scenario. The OCS 
is the first commercially available device that preserves the 
heart in a beating, perfused, normothermic and oxygenated 
state and allows the surgeons to assess transplantability 
of “extended criteria” donor hearts. Utilization of this 
technology has allowed for successful transplantation of 
hearts with significant left ventricular hypertrophy, reduced 
left ventricular ejection fraction (LVEF), palpable coronary 
artery disease or predicted long cold ischemic times after 
ex-situ assessment (3).

Another strategy that has increased the donor pool is 
the use of DCD hearts (4). These are hearts procured 
from patients with severe brain injury who do not meet 
the criteria of brain death and an infaust prognosis. Again, 
transplantation of these organs has been made possible by 
“selective resuscitation” of grafts after the cessation of heart 
beat utilizing perfusion technology; the first case of these 
being performed by the group at St. Vincent’s Hospital, 
Sydney utilizing the OCS technology. Currently, only four 
hospitals worldwide utilize these types of donors with 
promising outcomes.

Donor heart retrieval and myocardial protection

T h e  c o n c l u s i v e  a s s e s s m e n t  a b o u t  d o n o r  h e a r t 

transplantability is made at the time of retrieval. Part of 
the standard evaluation and donor optimization in the 
UK includes performing a right heart catheterization via a 
Swan Ganz pulmonary artery catheter. Transoesophageal 
echocardiography at this stage can provide significant 
information about biventricular function and the presence 
of any ventricular hypertrophy or valvular abnormality. 
Coronary arteries are carefully inspected manually, 
especially in absence of a coronary angiogram, which is 
standard in most US donor organizations, but not available 
in the UK and many other countries.

The donor operation is usually performed as part of a 
multi-organ retrieval procedure. After the preparation of all 
organs is completed, the retrieval commences. At this point, 
the superior caval vein is ligated. The inferior caval vein is 
opened and the left atrium is vented, in order to prevent left 
ventricular distension. The ascending aorta is subsequently 
cross clamped and cold cardioplegia is administered via the 
aortic root to achieve hypothermic diastolic arrest. The 
heart is then quickly retrieved and classically packed in one 
or two litres of cardioplegia and placed in an ice box for 
cold storage.

Since the first heart transplant, different preservation 
solutions have been used for cold ischemic storage. 
Eurocollins (EC) was the most popular solution during 
the first year of the heart transplantation era, followed by 
University of Wisconsin (UW) solution. New solutions 
emerged as a popular alternative for heart transplantation; 
however, the comparison of randomized trials of histidine-
tryptophan-ketoglutarate (HTK), Celsior, and UW 
solutions has shown similar risk of delayed graft function 
after heart transplantation.

A review by Latchana et al. provides information on the 
biochemical comparison of common preservation solutions 
and relevant preservation studies (5).

Cold ischemic storage

Since the first successful human heart transplant was 
performed in 1967, cold ischemic storage at 4 ℃ directly 
after procurement of the allograft until implantation in 
the recipient, has been the most widely used technique 
for preserving the retrieved heart. But while heart 
transplantation has become clinical routine on the 
basis of this technique, cold ischemic storage, has 
significant limitations. Prolonged ischemia time has been 
demonstrated to be one of the most important risk factors 
of early graft dysfunction of the implanted heart and 
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therefore primary graft failure, the most frequent cause of 
death within the first month after heart transplantation. 
Every increase in this time means a higher possibility 
of developing early graft failure; however, as shown in 
both the ISHLT registry 2012, heart statics (6) and in 
the paper by Banner et al. (7), there is a significant and 
incremental increase of the risk of primary graft failure 
after 180 minutes of cold ischemic time. This has resulted 
in enormous organizational challenges, expedited surgery 
in which standard hemostasis and other steps have to be 
sacrificed in order to facilitate shorter ischemia times, the 
inability to transport organs across greater distances and 
the necessity to err on the side of caution if the risks of 
an extended ischemia seem significant, thus, effectively 
limiting the available donor pool even further.

Despite all efforts, and 20 years of investigations and 
different solutions, have not resulted in an ischemia time 
beyond a few hours (8).

There are, of course, alternatives in terms of heart 
protection and preservation. One promising method is 
transporting the heart in a beating normothermic perfused 
state. As explained further down, the proceed II trial shows 
the efficacy of transporting and preserving hearts with the 
OCS device. The short-term outcomes are similar when 
compared to cold ischemic storage, but show a significant 
reduction in the cold ischaemia time. This is a promising 
method that could increase the donor pool as well as 
provide a wide assessment of the heart.

Other possible strategies include CO- pretreatment (9)  
and remote preconditioning (10), but these remain 
experimental to this day.

Current situation: donor-recipient combination 
(11,12)

The many positive developments in the treatment of heart 
failure, have led to increasing demand of hearts and patients 
on the waiting list. This fact, added to the shortage of donors, 
creates ever increasing pressures on the waiting lists.

The ISHLT Heart Transplant Registry demonstrates 
that despite the increasing complexity of heart transplant 
recipients, results have improved progressively. Median 
recipient age has risen from under 40 to above 50 in the 
last three decades. Early survival rates tend to be lower in 
Europe and this may be related to the risk profile of the 
available cardiac donors; for example, the median donor age 
was around 25–30 years old and is now near 45 years old, 
approaching 50 in the UK (Figure 1), as well as differing 
allocation strategies. In addition, the main cause of donor 
death has changed. Just a few decades ago, the majority of 
donors were young and the cause of death was traumatic 
head injury (Figure 2). Nowadays, because of improvements 
in road safety, seat belt use and other developments, we 
see older donors with hypoxic brain injury and additional 
comorbidities.

The recipient group has undergone significant changes 
too. Better conservative treatment, better outcomes in 
routine cardiac surgery and the introduction of ventricular 
assist devices into clinical routine have led to significant 
increase in the “diagnostic weight” of our patients. Today, 
approximately half of the patients receiving a heart 
transplant are on mechanical circulatory support and we 
find ourselves fighting with challenging surgeries with 

Figure 1 Median donor age worldwide.
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the donor heart in a box full of ice and the ischemia clock 
ticking; once more, increasing the recipient’s risk.

History of ex-vivo organ preservation (13,14)

One hundred and fifty years ago, the idea to “restart” 
a “dead or dying heart” was utopia. The first isolated 
perfused heart was created by Elias Cyon, an assistant 
of Carl Ludwig in Leipzig at the time, in 1866. They 
resuscitated a frog heart, cannulating the aorta and the 
vena cava and perfusing it with rabbit serum. If they wanted 
the ventricle to generate pressure and eject the fluid, they 
needed to fill it with a certain amount of this serum.

Despite his  great achievement,  Cyon was an 
unfortunate and tragic character. As Kennan wrote: “His 
life remains shrouded in obscurity and can be reconstructed only 
uncertainly, from circumstantial rather than direct evidence. He 
never received recognition commensurate with his talents. He wrote 
in three modern languages. His views, especially with relation to 
philosophy and science, were ahead of his time.”

Three decades later, Langendorff developed the first 
perfusion system for mammalian hearts. He demonstrated 
that perfusing the coronary arteries was enough to achieve 
the resuscitation of a dead heart, and that blood in the 
ventricles had no effect on excitability. In 1967, Neely and 
Morgan published the first “working” heart module in 
which the coronary perfusion was achieved via an ejecting 
ventricle into the aorta. The group of Pittsburgh developed 
in the 1980s a system of autoperfusion preservation. They 
removed canine and bovine heart-lung blocks and then 
preserved them with a system of normothermic coronary 

autoperfusion (15). In 1984, Wicomb and his group in 
South Africa published the first four cases in which they 
used a portable perfusion system. They retrieved hearts in 
the standard way but once excised, they perfused the hearts 
with a hypothermic solution after connecting the aorta to 
the system (16).

Ex vivo normothermic preservation—
TransMedics OCS

There have been multiple attempts to create an ex-vivo 
perfusion platform to optimize organ preservation which 
could counteract the detrimental effect of prolonged cold 
ischemic storage. The TransMedics OCS is currently the 
only commercially available system that allows the donor 
heart to be preserved beating and perfused in normothermia 
until its implantation in the recipient. Because of this 
normothermic maintenance, the cold ischemic time is 
shortened, distant procurement of organs is achieved and 
the possibility of sharing organs across greater distances 
is now theoretically possible. 

The OCS is a portable device with a wireless monitor, 
a perfusion module and a “maintenance” solution, that 
is given via a standard intravenous infusion pump into 
the donor blood circulating in the system (17). When 
utilized, 1,200–1,500 mL of donor blood is collected 
and used prior to cross-clamping to prime the perfusion 
module. The heart is retrieved in the standard way at the 
donor site, achieving cold cardioplegic arrest through the 
aortic root. After retrieving the heart and once in the back 
table the aorta and pulmonary artery are cannulated prior 
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Figure 2 Donor cause of death. Blue: traffic trauma; yellow: non traffic trauma; red: stroke; green: other.
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to ex vivo reperfusion. The heart is placed within the 
system and warm oxygenated donor blood is pumped into 
the aorta allowing the coronary arteries to be perfused. 
Both vena cava are closed and the coronary sinus flow then 
passes through the tricuspid valve and is ejected by the right 
ventricle into the pulmonary artery that is cannulated and 
returns the blood into a reservoir. Mean cold ischaemia 
time pre-OCS (from aortic cross-clamp to the initiation 
of the reperfusion in the system) is in our experience  
23±6 minutes, depending if only heart, or heart and lungs 
are retrieved, due longer time required for pneumoplegia 
delivery.

Grafts are usually perfused depending on the size, degree 
of ventricular hypertrophy and coronary artery disease, 
with an aortic flow of 1 L/min, aortic pressure around  
70 mmHg, and a coronary blood flow around 700 mL/min.  
Arterial and venous lactate samples are regularly taken to 
assess the adequacy of perfusion and ensure a favorable 
myocardial lactate uptake. Synchronization of the pulsable 
perfusion pump to the electrocardiograph (ECG) during 
preservation allows lower aortic root pressure and coronary 
flow with optimized myocardial perfusion during ventricular 
diastole with the aim of reducing the risk of myocardial 
edema during prolonged preservation cases.

Grafts are perfused with warm, oxygenated donor blood 
supplemented with epinephrine infusion and a proprietary 
maintenance solution containing adenosine, glucose and 
several amino acids. Maintenance infusion requirements 
are titrated depending on aortic pressure which indicates 
coronary artery resistance to perfusion. As a standard, any 
significant increase in lactate within the perfusate above a 
threshold of 5 mmol/L prior to graft implantation is usually 
interpreted as a contraindication to implantation. Also, a 
higher lactate level in the venous efficient than the arterial 
side, is an indication of injury, damage or ischemia of the 
graft (18). However, this threshold somewhat depends on 
the donor lactate which could be in some cases much higher 
prior to blood drainage. A down-trending pattern with a 
favorable A-V differential together with low requirement 
of adenosine infusion below 30–40 mL/h are more relevant 
acceptance criteria in our experience (19,20).

The PROCEED II (17) is the f irst multicenter, 
randomized non-inferiority trial that assessed the clinical 
outcomes of the OCS compared with the standard cold 
storage of donor hearts for transplantation. The trial 
showed no differences within the primary end point 
between patient and graft survival rates. Non-inferiority 
was shown with comparable outcomes between OCS and 

standard cold storage.
Mean total preservation time, defined as the time that 

the donor heart was out of the body, from the retrieval 
at the donor to the reperfusion in the recipient , was 
significantly longer in the OCS group than in the standard 
cold storage group. However, mean total cold ischaemia 
time was significantly shorter in the OCS group than in the 
standard cold storage group.

Within the last four years, more than 120 heart 
transplants have been performed at our institution following 
ex vivo normothermic preservation with the OCS in a 
combined setting of high-risk donors and recipients (19). 
Transplantation of hearts from donors outside of the 
standard criteria has been found to be safe and feasible even 
in a high-risk recipient setting with at least forty percent of 
them on mechanical circulatory support. We understand as 
outside of the standard criteria; left ventricular dysfunction 
(LVEF <45%), prolonged donor cardiac arrest, of unknown 
duration in some cases, with a median time of 30 minutes, 
left ventricular hypertrophy defined as interventricular septal 
thickness of 15–19 mm in diastole. We have also transplanted 
10 grafts with coronary artery disease, in absence of donor 
coronary angiography, which was either palpable and 
deemed not significant during inspection, or not palpable but 
suspected during ex-situ preservation, and later confirmed 
post-transplant. Coronary artery disease can be suspected 
with persistent high aortic pressures, not responsive to 
increased adenosine infusion and/or an increase or elevation 
of lactate.

As the ISHLT registry continues to identify LVAD 
bridging as a risk factor for increased mortality after 
transplantation, ex-vivo normothermic preservation may 
play an important role in logistics and surgical strategy. It 
allows meticulous preparation of the recipients with LVADs 
and removes the element of time pressure from the equation. 

Donation after circulatory death

International registries show a trend towards heart 
transplantation donors increasing in age and presenting 
with more co-morbidities, thus the transplanted organs 
of today would have been previously classified as marginal. 
This shift in acceptance criteria, necessary to counteract the 
changes in the donor pool is limited by current assessment, 
procurement and preservation technique. Thus, the pool of 
“good” quality hearts available for transplantation shrinks.

Our alternative group of donors would be the DCD 
pool; indeed, these are often younger and come with less 
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co-morbidities. But while transplantation of organs from 
donors after circulatory death has been a clinical reality 
in other areas, heart transplantation has not been possible 
until recently (21). DCD heart transplantation may sound 
like science fiction, but it is not a new concept. In 1967, 
prior to the introduction of brain death legislation, a heart 
procured after circulatory death allowed Christiaan Barnard 
to perform the first heart transplant in Cape Town (South 
Africa). In this first transplant, the donor and the recipient 
were in adjacent operating theatres in order to harmonize 
recipient and donor surgery to keep the ischemic time to an 
absolute minimum (22). 

Survival rates after these first heart transplants, 
however, were very low and patients died of postoperative 
complications, allograft rejection and opportunistic 
infections (23). Since then, while surgical technique 
has remained largely unchanged, the introduction of 
cyclosporine into immunosuppressive therapy, serial 
biopsies to assess the rejection grade, cold preservation 
of the allograft, prophylaxis of infections, additional 
medication such as statins, and cold ischemic shortage have 
turned heart transplant into a clinical success story.

Donation after brain death (DBD) donation radically 
changed the process of retrieval with the introduction of 
brain death legislation. Donation after circulatory death 
came to a halt, allowing for procurement after a controlled 
cardioplegic arrest, preserving the heart with a standard cold 
storage method and avoiding the need of transferring the 
donors to the recipients’ hospital. In addition, cold storage 
permitted the distant procurement of organs which was 
inconceivable before.

In 1995, the Maastricht categories regarding DCD were 
formulated (Table 1). Today, DCD donors are category III, 
meaning a controlled withdrawal of life support in a patient 
that has suffered irreversible and extensive brain injury but 

does not meet brain death criteria. There should be consent 
between the family of the patient and the intensive care unit 
(ICU) physicians.

The successful introduction of normothermic, portable, 
ex situ perfusion gave rise to the idea to utilize this 
concept in a clinical DCD heart procurement setting. 
After simulation in animal experiments, it was put into 
clinical practice by the team at St. Vincent’s Hospital, 
Sydney, initially reporting a case series of three patients (24).  
Afterwards, both Papworth and Harefield in the UK 
added their names to the list of pioneers performing these 
transplants. Currently, more than 50 DCD hearts have 
been transplanted within four hospitals worldwide (Sydney, 
Australia; Papworth, UK; Harefield, UK; Manchester, UK) 
with outcomes easily comparable to those from donors after 
brain death.

As the main concern of DCD hearts is in the possible 
myocardial injury due to the warm ischemic time from 
withdrawal of life sustaining therapies until the heart is 
either perfused in situ or until cardioplegia is delivered 
and its effect on function, a functional assessment between 
death and cessation of heart beat and acceptance is vital.

In order to achieve this, two concepts of reperfusing a 
DCD heart prior to transplantation are utilized; one technique 
entails in-situ normothermic regional perfusion (NRP) of the 
donor following circulatory death, who is placed in central 
extracorporeal life support (3). For that purpose, cannulae 
are inserted into the ascending aorta and right atrium 
with cerebral exclusion by clamping neck vessels, before 
restoring perfusion. Once the heart is ejecting, the donor 
is weaned from NRP support and graft function is assessed 
with transoesophageal echocardiogram and cardiac output 
monitoring with a Swan Ganz catheter commencing retrieval, 
the graft is transported on the OCS in order to avoid the 
additional result of prolonged cold ischemic storage. This 

Table 1 Maastricht categories of DCD

Category Description Type of DCD Locations of practiced

I Dead on arrival Uncontrolled ED in a transplant centre

II Unsuccessful resuscitation Uncontrolled ED in a transplant centre

III Anticipated cardiac arrest Controlled ICU and ED

IV Cardiac arrest in a brain-dead donor Controlled ICU and ED

V Unexpected arrest in ICU patient Uncontrolled ICU in a transplant centre

DCD, donation after circulatory death; ED, emergency department; ICU, intensive care unit.
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technique has been developed by Papworth Hospital and is 
applied to a few of their zonal referral donor centers. It has 
also generated significant ethical discussions in the transplant 
community mainly regarding re-establishing circulation in a 
donor following circulatory death, and regarding the remote 
possibility of brain reperfusion via the vertebral arteries in case 
of the left subclavian artery not being clamped properly.

The other, most widely used technique for DCD 
heart retrieval is the direct procurement of the graft after 
circulatory death and subsequent ex-situ reperfusion with 
OCS, originally described by the Sydney group. This 
obviates the extra costs, logistical problems and ethical 
discussions pertaining to the in situ NRP of donor hearts. 
Direct retrieval is the standard approach used at our 
institution and Manchester. There are minor variations 
across the four centers using this technique mainly 
regarding donor blood drainage technique (25).

To this day, more than 50 heart transplant procedures 
have been performed worldwide with very positive 
outcomes. However, some centers remain reluctant to 
use these types of donor. Future challenges will include 
expanding the acceptance criteria of donor age and warm 
ischemic times, as well as monitoring the long-term 
outcomes of DCD heart transplantation.

Future

The future is, as always, uncertain. What is clear however, 
is that in 20 years, only minor changes have occurred in 
heart retrieval and preservation techniques and that these 
could counteract the changes in recipients and the donor 
pool only partially. Devices for normothermic ex-vivo 
perfusion like the OCS and the “normalization” of using 
hearts from DCD donors have changed this situation 
dramatically and clearly contributed to an increase of the 
donor pool as well as improved preservation of organs.

Further research is required in this field as a shortage 
of organs remains a reality and investment will be needed 
in the development of new preservation strategies. In an 
effort to increase heart preservation duration, this could 
include the usage of hibernation trigger factors which could 
be administered to donors before organ harvest. Another 
idea includes sub-zero non-freezing preservation (26) using 
a variable magnetic field which has been tested in a porcine 
model, which has resulted in a significant suppression of 
anaerobic metabolism and myocardial protection.

Lastly cryopreservation may enable long term storage 
of grafts. Organ perfusion and preservation is developing 

and it is likely that we will see further developments of the 
technology. It is, however, high cost medicine and in an age 
of rationalization of resources, it will have to pass the test of 
cost effectiveness in order to be widely accepted and used.

Nevertheless, with all these developments, heart 
transplantation seems here to remain and may have an 
exciting future.

Conclusions

Heart transplantation continues to be the gold standard 
treatment of end-stage heart failure. Donors, as well as 
recipients, will continue to change in terms of age and 
comorbidities. The great advance in mechanical circulatory 
support devices has not yet resulted in a true alternative 
to heart transplant. As a result, it is filling the waiting list 
with complex patients that will need challenging surgeries 
during heart transplantation. Thus, the conundrum has not 
changed. We need more organs and we need to improve 
preservation. It is well known that prolonged graft 
ischemic time is a significant risk factor for primary 
graft dysfunction and therefore for early graft failure, the 
most frequent cause of death in the first 30 days after heart 
transplantation. Normothermic ex-vivo preservation with 
the OCS, significantly reduces the cold ischaemia time and 
allows distant procurement and biochemical and functional 
assessment of the donor heart. DCD heart transplantation 
demonstrates positive outcomes. Both strategies are 
necessary in an era where organ shortage and increasing 
waiting lists are a reality. The results are quite exciting 
in how this new technology is making a change in heart 
transplantation. Further applications of all these advances 
will be crucial for ex-vivo perfusion, marginal donors’ 
resuscitation and regeneration of myocardial tissue.
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