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8.1           General Principles 

8.1.1     Organizational 
and Preoperative Aspects 

 Organ procurement has been defi ned as “the life-
blood of organ transplantation.” It is the fi rst part 
of the whole transplant procedure and decisively 
contributes to its success or failure, because every 
mistake at this stage can render an organ unsuit-
able for transplantation or lead to serious compli-
cations in the recipient [ 1 ]. 
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 Key Points 

•     Organ procurement is the fi rst stage of 
the transplant procedure, and it deci-
sively contributes to transplantation suc-
cess or failure.  

•   In stable donors, we recommend fi rst 
gaining access to the retroperitoneal 
space with control of the inferior vena 
cava and the abdominal aorta, and soon 
after, we recommend accurate dissec-
tion of the hepatic hilum and the recog-
nition of any vascular abnormalities 
before in situ cooling.  

•   The purpose of organ preservation is to 
slow the unavoidable biological deterio-
ration and damage that occurs between 
harvesting and reperfusion, thus buying 

time to organize staff and facilities, to 
transport organs, and, when necessary, 
to perform histological examinations.  

•   Simple cold storage is the most widely 
used preservation method, which relies 
on the effects of hypothermia supple-
mented by the use of special preserva-
tion solutions.  

•   Machine perfusion provides the unique 
opportunity to evaluate the functional 
performance of the graft prior to trans-
plantation, likely allows a longer and 
safer cold ischemia time, and, in the 
near future, will allow the administra-
tion in the perfusion system of innova-
tive pharmacological agents for ex vivo 
organ damage repair.    
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 Ideally, the retrieval team should be self- 
suffi cient and not require any support from the 
donor hospital other than an operating theater 
and a local staff member. In practice, most 
retrieval teams also require a donor hospital anes-
thetist and a scrub nurse to be present during the 
procedure. Surgical teams from the transplant 
center to which the graft will be transplanted usu-
ally harvest the organs. Teams from cardiotho-
racic transplant centers almost always perform 
cardiothoracic organ retrievals. For the retrieval 
of all other organs, ideally a single abdominal 
organ retrieval team should be available. The 
presence of a single retrieval team, rather than 
individual organ teams, streamlines the process 
and ensures a uniform approach to the abdominal 
retrieval, which is an important factor, particu-
larly when operating in different environments. 
Local teams sometimes retrieve kidneys for other 
transplant centers [ 2 ]. The donor transplant coor-
dinator plays an important role in organizing 
organ procurement, arranging the transport of the 
surgical team to and from the donor hospital, and 
performing much of the administrative tasks [ 1 , 
 3 ]. All retrieval teams should be equipped with a 
bag containing surgical instruments needed for 
the procedure. Perfusion solutions are kept refrig-
erated with ice in proper thermal containers. 
Some instruments are not always available in the 
donor hospital, and therefore, the contents of the 
bag should be checked periodically, in particular 
before leaving from the transplant center. The 
bag should also contain drugs that may be diffi -
cult to obtain in the donor hospital, for example, 
prostacyclin, antifungal agents, and some antibi-
otics for the decontamination of the duodenal 
lumen during pancreas procurement [ 2 ]. Surgical 
instruments vary according to the necessities and 
preferences of each retrieval team. Table  8.1  
shows a representative list of the retrieval team 
equipment.

   Organ procurement should be performed in a 
peaceful and dignifi ed atmosphere. In general, a 
respectful treatment of the organ donor is a con-
dition  sine qua non  for each person involved in 
the organ donation, and the remaining wishes of 
the donor or the relatives must be respected. 
Communication is essential to ensure that a 

smooth retrieval process is achieved. Competition 
or a lack of communication between the mem-
bers of organ retrieval teams may lead to surgical 
injury of the organs or inadequate preservation 
[ 1 ,  3 ]. After arrival in the donor hospital, the pro-
curement surgeon should introduce himself or 
herself and the procurement team. If different 
surgical teams are involved in the procurement, 
they must discuss the details of the technique and 
sequence they want to adopt before starting the 
procedure [ 3 ]. Every organ is important and must 
be removed from the donor without jeopardy to 
any of the individual grafts, especially in the case 
of anatomical or vascular confl ict detected during 
preliminary dissection. In general, the order of 
multiple organ procurement gives priority to the 
heart and lungs; then the liver, pancreas, and 
small bowel; and fi nally to the kidneys, vascular 
grafts, and tissues [ 2 ,  4 ]. 

 The key responsibility and an absolute impera-
tive for the lead surgeon of the retrieval team is the 
correct identifi cation of the donor prior to the 

   Table 8.1    Retrieval team equipment   

 Gigli saw (or sternal saw) 

 Finochietto rib retractor 

 Autostatic abdominal retractors 

 Overholt forceps 

 Monopolar forceps 

 Aortic clamp 

 Sterile aortic and sterile venous cannulae 

 One-way and two-way rapid perfusion system 

 Gastrointestinal anastomosis (GIA) linear stapler 
(for pancreas procurement) 

 Vascular stapler 

 Multi-fi re clip applier (with medium and small clips) 

 Histological biopsy needle 

 Toomey syringe 

 Blunt needle (for bile duct fl ushing) 

 Sterile bags for organ packing 

 Sterile containers (urine collection type) 
for vascular grafts 

 Impermeable plastic aprons 

 Sterile gloves 

 Prostacyclin 

 Amphotericin B (for gastroduodenal decontamination 
in the case of pancreas procurement) 

 Preservation solution (in thermal containers with ice) 
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operation and the check of its blood group compa-
tibility. The lead surgeon must also check that the 
diagnosis of death has been made appropriately 
and documented correctly and that the consent or 
authorization for donation has been obtained and 
documented. Preoperative checks should also 
ensure that all other necessary information about 
the donor is available, as summarized in Table  8.2 . 
Clinical examination of the donor should be per-
formed, including inspection of the entire body for 
any skin lesions, palpation of the breast (in both 
male and female donors!), and digital rectal exam-
ination to identify possible malignancies.

8.1.2        Preventable Errors in Organ 
Procurement 

 Severe adverse events in organ transplantation 
are quite rare. Nevertheless, the scientifi c litera-

ture and the media have reported a small number 
of cases where organ recipients died or had seri-
ous injuries as a result of errors during the trans-
plantation process [ 5 ]. Clinicians and surgeons 
traditionally equate medical errors with human 
shortcomings and often fail to understand the 
importance of redesigning the systems and pro-
cesses of care to anticipate potential failures that 
can lead to errors. Organ transplantation is a par-
ticularly complex procedure of healthcare and 
routinely stresses nearly all of the systems and 
processes of surgical care, offering a unique 
opportunity to proactively identify vulnerabilities 
and potential failures. Initial steps have been 
taken to understand these issues through the 
United Network for Organ Sharing (UNOS) 
Operations and Safety Committee, which has 
collected data about preventable errors in organ 
transplantation and shown that 55 % of reported 
adverse events are due to miscommunication and 
errors in documentation and data entry. Separate 
data about kidney and liver transplantation have 
confi rmed that failures in communication and the 
coordination of care are signifi cant contributors 
to preventable errors. Moreover, errors with 
labeling and packing have been reported by the 
UNOS Operations and Safety Committee as a 
recurrent problem across transplant centers, and 
between 2006 and 2010, they accounted for 38 % 
of the reported errors [ 6 ]. A national commission 
instituted in Italy after three cases in 2007 of 
transplant-related human immunodefi ciency 
virus (HIV) transmission released some 
recommendations to improve transplant safety: 
automatic transcription of test results from 
laboratory instruments to laboratory information 
systems and donors’ medical records, 
centralization of donor laboratory tests, and 
training to develop a proactive quality and safety 
culture in regional donation and transplantation 
networks [ 5 ]. Checklists can play an important 
role in surgery; the World Health Organization 
(WHO) released its surgical safety checklist in 
June 2008 and demonstrated its impact in a 2009 
study of eight international hospitals. The rate of 
death was 1.5 % before the checklist was 
introduced and declined to 0.8 % afterward; 
inpatient complications occurred in 11 % of 

   Table 8.2    Checklist for the lead surgeon and specifi c 
responsibilities of the retrieval team   

 Identify the donor 

 Brainstem death tests performed and documented 
appropriately 

 Consent for organ donation 

 Blood group 

 Virology status, medical history, and other blood tests 

 All of the following conditions should be reported to 
the transplant coordination center and to all centers 
involved in organ transplantation: 

   If the donor is contaminated with microorganisms 

   Systemic sepsis or endocarditis 

   HCV, HBsAg (with some exceptions), and 
HIV-positive donors 

   Malignancies (with some exceptions: low-grade 
prostate cancer, some brain tumors, and 
nonmelanoma cutaneous neoplasm) 

   Coronary heart disease 

   Valvular heart disease 

   Inadequate ventricular function 

   Systemic vascular disorders 

   Hypotensive and hypertensive episodes, necessity to 
give amines 

   Documentation of key retrieval events 

   Completion of appropriate documentation 

   Completion of procedure summary in medical notes 

   Correct labeling of the organs, blood, and tissue 
samples 
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patients at baseline and in 7 % after the 
introduction of the checklist. However, each 
transplant center has its own systems and 
checklists for procedures, because at this point 
there are no international standard guidelines 
specifi c to transplantation [ 7 ].  

8.1.3     High Infectious Risk Donors 

 High infectious risk donors (HRDs) are non-ideal 
donors that are considered suboptimal because 
they are thought to carry an increased risk of 
infectious transmission. The defi nition of HRDs 
was introduced in 1994 when the Centers for 
Disease Control and Prevention (CDC) devel-
oped guidelines to identify persons at risk of 
transmitting infectious disease through 
transplantation. HRDs are defi ned as persons 
meeting one of the following behavioral criteria:

•    Men who had sex with other men (MSM) in 
the preceding 5 years  

•   Persons who report the nonmedical 
intravenous, intramuscular, or subcutaneous 
injection of drugs in the preceding 5 years  

•   Persons with hemophilia or related clotting 
disorders who have received clotting factor 
concentrates  

•   Commercial sex workers (CSWs) who have 
engaged in sex in exchange for money or 
drugs in the preceding 5 years  

•   Persons who have had sex in the preceding 12 
months with any person described above or 
with a person known or suspected to have HIV 
infection  

•   Persons exposed in the preceding 12 months 
to known or suspected HIV-infected blood  

•   Inmates of correctional systems (incarcerated 
donors)    

 All donors are tested for infectious disease; 
thus, the HRD designation is currently used to 
identify those donors at risk of acquiring an 
infection in the weeks or months before death 
and those likely to have false-negative serologic 
tests due to the associated window period. 
Despite controversy surrounding their use, organs 

from HRDs benefi t the transplant community as 
a whole by expanding the supply of available 
organs and decreasing waiting times for patients 
with high waitlist mortality. Special informed 
consent use can mitigate legal risk. 
Communicating infectious risk to patients is 
extremely diffi cult because the true infection risk 
is unknown and varies widely depending on 
individual donor risk factors. Putting the issue in 
terms the patients can understand is also 
challenging. Nucleic acid testing (NAT) mitigates 
infectious risk by decreasing the window period, 
and it is therefore recommended for HRDs to 
reduce the risk of infectious transmission [ 8 ].  

8.1.4     Surgical Technique: Main 
Principles 

 The surgical technique for multiple organ 
procurement will be extensively discussed in the 
following dedicated chapters. Here we only focus 
on some essential general aspects of the 
procedure. Regardless of the technique adopted, 
the fi rst operative step must include a careful 
exploration of the thoracic and abdominal cavities 
to exclude gross pathological conditions that 
contraindicate the procedure. This inspection 
completes the preoperative evaluation of the 
donor and helps minimize the risk of disease 
transmission to the recipient. 

 The guiding principle of all procurement 
techniques is the avoidance of warm ischemia. 
This can be achieved with in situ organ cooling 
by the carefully timed and controlled intravascular 
infusion of cold preservation solutions at the time 
of circulatory arrest [ 4 ]. Therefore, the organ 
procurement procedure is generally divided into 
two parts (called “warm” and “cold” phases), 
depending on which comes before or after in situ 
fl ushing. 

 The surgical techniques for multiple organ 
procurement have undergone progressive changes 
over time. The fi rst techniques used during the 
1970s and early 1980s required the exposure and 
complete dissection of each organ while the heart 
was still beating, during the warm phase. This 
was obviously time consuming, particularly as 
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less experienced surgeons were increasingly 
involved in the procedure and become a deterrent 
to collaboration between abdominal and cardiac 
teams [ 9 ,  10 ]. Starzl and colleagues described the 
“fl exible technique” for organ procurement in 
1984, in which all donor organs to be procured 
were rapidly cooled in situ, simultaneously 
removed in a bloodless fi eld, and further dis-
sected on a back table [ 4 ,  9 ,  11 ]. Several teams 
subsequently introduced the in situ fl ush and cold 
dissection technique, initially recommended for 
instable donors, as a rapid procurement method 
for all multiorgan retrievals [ 9 ]. Thus, surgical 
techniques for abdominal organ procurement can 
be roughly divided in two main categories: the 
warm dissection technique and the rapid retrieval 
technique (“dissection in the cold”). In the warm 
dissection technique, organ dissection takes place 
before the cannulation of the aorta and cold 
perfusion. Conversely, the rapid retrieval 
technique aims fi rst to achieve control of the 
aorta and its cannulation to rapidly start cold 
perfusion. Sometimes, isolated kidney retrieval 
needs to be performed if no other organ is suitable 
for transplantation [ 3 ]. 

 We think that donor surgeons must be familiar 
with both the cold and warm dissection 
techniques, because they have complementary 
roles. We recommend the rapid retrieval 
technique only if the donor becomes unstable, 
because this procedure minimizes warm ischemic 
times during hemodynamic instability and can be 
safely performed in critical situations by non- 
expert surgeons. However, one well-known 
disadvantage of this rapid technique is the 
diffi culty in recognizing any possible accessory 
or replacing blood vessels, which during the cold 
phase turn into non-pulsating, non-bleeding 
structures. Thus, a rapid perfusion is usually 
obtained at the expense of the subsequent cold 
phase and back table surgery, which consequently 
requires more time and increases the risk of 
injury to cooled grafts [ 2 ,  10 ]. In stable donors, 
we recommend instead a combined technique, 
which fi rst involves gaining access to the 
retroperitoneal space and the control of the 
abdominal aorta (to easily convert to the rapid 
technique if the donor suddenly becomes unstable 

during the procedure) and is followed by an 
accurate dissection of the hepatic hilum and the 
recognition of any vascular abnormalities before 
in situ cooling. In our experience, this technique 
is instructive for the surgeon in training and 
minimizes the risk of not recognizing vascular 
abnormalities in exchange for a negligible 
number of graft injuries during the warm phase if 
a well-trained surgeon assists the procedure. 
Moreover, additional time for warm dissection 
does not hamper collaboration between different 
transplantation teams if the donor remains stable. 
There is little evidence that manipulation and 
dissection prior to perfusion can cause vasospasm 
and increase oxygen consumption of the 
abdominal organs (especially the liver), leading 
to poor preservation [ 3 ,  9 ]. In our opinion, this 
effect is insignifi cant and may be overcome by 
the faster cold phase and back table surgery, 
which expose the graft for a shorter time to a 
temperature that is greater than the optimum for 
proper preservation.   

8.2     Organ Preservation 

8.2.1     Ischemia-Reperfusion Injury 
Physiopathology 

 The exact underlying mechanisms of both 
primary nonfunction and delayed graft function 
remain unclear but most likely involve ischemia- 
reperfusion injury, which develops soon after 
transplantation [ 12 ]. Once removed from the 
donor, the organ undergoes a period of ischemia 
and incurs subsequent damage. The longer the 
organ is removed from blood, oxygen, and 
nutrients, the less likely it will be able to return to 
normal function after transplantation. The injury 
process that begun during hypothermia is 
exacerbated by the rewarming as the organ is 
being implanted [ 13 ]. A wide range of 
pathological processes contributes to ischemia 
and reperfusion-associated tissue injury. 

 The ischemic period in particular is associated 
with signifi cant alterations in the control of gene 
expression. For example, ischemia is associated 
with the inhibition of oxygen-sensing 
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prolylhydroxylase (PHD) enzymes, because they 
require oxygen as a cofactor. The hypoxia- 
associated inhibition of PHD enzymes leads to 
the posttranslational activation of hypoxia and 
infl ammatory signaling cascades, which control 
the stability of the transcription factors, hypoxia- 
inducible factor (HIF) and nuclear factor-κB 
(NF-κB), respectively [ 14 ]. Changes in gene 
expression seem to be the earliest indicators of 
ischemia-reperfusion-related injury that are 
measurable in the graft, and quantitative gene 
expression analysis in postreperfusion biopsies 
may be a valuable tool to postoperatively identify 
patients at risk of early clinical allograft 
dysfunction after transplantation [ 12 ]. Several 
studies have suggested a functional role for 
microRNAs in ischemia and reperfusion. 
Pharmacological approaches to inhibit 
microRNAs seem likely to become treatment 
modalities for patients in the near future [ 14 ]. 

 Once the oxygen supply has been exhausted, 
the cells transfer from aerobic to anaerobic 
metabolism, which quickly becomes self-limiting 
due to the production of lactate and protons. 
Membrane ion transport begins to shut down 
without excess adenosine triphosphate (ATP) to 
fuel the pumps, and passive redistribution occurs, 
resulting in cellular swelling as water osmotically 
corrects the imbalance. Taken together, these and 
other changes lead to the activation of cell death 
programs, including apoptosis and necrosis [ 13 ]. 

 Necrotic cells are highly immunostimulatory 
and lead to infl ammatory cell infi ltration and 
cytokine production. Ischemia and reperfusion 
activate a host immune response in a sterile 
environment. This sterile immune response 
involves signaling events through pattern 
recognition molecules such as Toll-like receptors 
(TLRs), which can be activated by endogenous 
molecules in the absence of microbial compounds, 
particularly in the context of cell damage or 
death. Many studies suggest that inhibitors of 
TLR signaling could be effective for the treatment 
of sterile infl ammation induced by ischemia and 
reperfusion. Ischemia and reperfusion also elicit 
a robust adaptive immune response that involves, 
among other cell types, T lymphocytes. In 
contrast, regulatory T cells appear to have a 

protective role in ischemia and reperfusion injury. 
A series of studies have shown that neo-epitopes 
expressed on ischemic tissues are targets for 
natural antibody binding during the reperfusion 
phase with subsequent complement activation, 
neutrophil recruitment, and tissue injury. The 
production of reactive oxygen species (ROS) at 
sites of sterile infl ammation alters cellular 
proteins, lipids, and ribonucleic acids, leading to 
cell dysfunction and death [ 14 ]. 

 Oxidative stress associated with reperfusion 
results in further free radical damage to the 
organs [ 13 ]. Xanthine oxidase may serve as the 
initial source of free radical generation in 
ischemia-reperfusion injury. With the onset of 
ischemia, ATP is degraded to hypoxanthine. 
Simultaneously, xanthine dehydrogenase is 
converted by ischemia to xanthine oxidase. 
Although the concentrations of substrate and 
enzyme are high during ischemia, the absence of 
oxygen prevents purine oxidation until 
reperfusion. During reperfusion, oxygen becomes 
available, suddenly and in excess, and the 
oxidation of hypoxanthine proceeds rapidly, 
generating a burst of superoxide radical 
by-products [ 2 ]. In this way, reperfusion- 
dependent events further aggravate ischemia- 
induced parenchymal injury either by prolonging 
focal ischemia (due to direct free radical damage 
on pericytes) or from the release of 
proinfl ammatory mediators that promote 
leukocyte infi ltration and local activation [ 13 ]. 
Attenuated vascular relaxation after reperfusion 
due to injured pericytes can result in a no-refl ow 
phenomenon characterized by the increased 
impedance of microvascular blood fl ow after 
reperfusion [ 14 ].  

8.2.2     Strategies for Organ 
Preservation 

 The transplant process requires the retrieval of an 
organ from the donor and the preservation of it 
throughout its implantation in the recipient. 
Preservation is logistically essential for organ 
transplantation because it buys time to organize 
staff and facilities, transport organs, and perform 
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necessary laboratory tests. The purpose of organ 
preservation is to slow extracorporeal biological 
deterioration that occurs in organs during the 
time between harvesting and reperfusion, 
providing a viable graft with primary function 
after transplantation [ 11 ,  15 ]. Good organ 
preservation has proven to be a major determinant 
of graft outcome after revascularization [ 12 ]. 

 Clinical organ transplantation has moved 
forward from an experimental procedure in the 
early 1950s to the current treatment of choice for 
patients with end-stage organ disease, and the 
development of organ preservation techniques 
has fl anked and supported the success of this 
procedure. With the shortage of organs available 
for transplant, “marginal donors” have become 
an important source to expand the donor pool. 
For these organs, preservation is of even greater 
importance and remains a subject of ongoing 
research [ 11 ]. 

 There are currently two approaches of 
preservation for most transplantable organs: 
static or dynamic. Both preservation modalities 
are preceded by the donor procurement phase, in 
which access to the required organs is surgically 
achieved by introducing chilled solutions in 
suffi cient volumes into the major vascular 
channels to wash out the blood and achieve 
moderate cooling before fi nal removal from the 
body [ 11 ]. 

 Simple cold storage (SCS) is the easiest and 
most widely used preservation method in organ 
transplantation. SCS relies on the effects of 
hypothermia supplemented by the use of special 
preservation solutions that are aimed at inhibiting 
the unavoidable deterioration. Hypothermia 
represents a compromise between the benefi ts 
and detriments of cooling. The standard 
recommended temperature for SCS is 4 
°C. Below this point, organs can freeze, which 
will result in coagulative necrosis upon 
reperfusion. Temperatures above 4 °C are 
associated with increased metabolic activity, ATP 
depletion, lactic acid buildup, and mitochondrial 
disturbances, resulting in severe parenchymal 
and endothelial injury. Clinical hypothermia 
slows total cellular metabolism, reduces the 
requirements for oxygen, and inhibits the activity 

of hydrolytic enzymes to prevent tissue injury 
[ 11 ,  13 ]. 

 In contrast, machine perfusion constitutes a 
method for dynamic preservation in which the 
organ, after an initial washout of blood, is 
connected to a perfusion device, and a solution is 
pumped through its vasculature [ 16 ]. This 
continuous perfusion permits the delivery of 
oxygen and nutrients to the parenchyma and the 
removal of toxic metabolites. Various 
temperatures have been used from hypothermic 
perfusion at 4 °C to normothermic perfusion at 
37 °C; the latter maintains the organ in a more 
physiological and metabolically active state. 
With normothermic perfusion, organs resume 
their function. Solutions used as perfusate also 
vary from low potassium crystalloid solutions to 
blood-based solutions. The fl ow can be 
continuous or pulsatile, mimicking the 
physiological variation in systolic and diastolic 
pressure [ 17 ]. 

 Although machine perfusion was the original 
preservation technique used for organ 
transplantation, the early perfusion devices 
required signifi cant resources and customized 
vans to transport them between donor and 
recipient hospitals. The introduction of 
conventional preservation solutions for SCS 
overshadowed for years the more complicated 
use of machine perfusion in clinics [ 13 ]. In an era 
of donor shortage and the increased use of 
suboptimal grafts and organ exchange across 
sometimes distant geographical areas, SCS has 
reached its limits. Machine perfusion has 
reemerged, and new portable devices have been 
developed, with the largest clinical experience 
acquired in kidney and lung transplantation [ 17 ]. 
In kidney transplantation, several studies 
including an international randomized controlled 
trial have shown a reduced rate of delayed graft 
function and better graft survival after 
hypothermic machine perfusion versus static 
cold perfusion [ 16 ,  18 ]. One clinical study has 
been published comparing 20 adult liver 
recipients after hypothermic machine perfusion 
with a historically matched group of recipients 
after SCS with a reduction in early allograft 
dysfunction [ 19 ]. The results of an international 
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multicenter trial randomizing standard donor 
lungs for preservation with SCS versus machine 
perfusion are awaited [ 20 ].  

8.2.3     Most Common Cold Static 
Preservation Solutions 

 The most common solutions used for cold static 
preservation are compared in Table  8.3 . When 
cold ischemic times are limited, most studies in 

the liver, kidney, and pancreas transplantation 
found equivalent outcomes for histidine- 
tryptophan- ketoglutarate and Celsior versus 
University of Wisconsin solution [ 21 ].

8.2.3.1       Collins’ Solution 
 Developed in 1969, Collins’ solution was based 
on a combination of high-potassium ion content, 
to mimic intracellular composition, and osmotic 
barrier supported by glucose, to suppress cell 
swelling [ 11 ]. Magnesium was added to act as a 

   Table 8.3    Comparison of the most common cold static preservation solutions   

 Euro-Collins  UW  HTK  Celsior 

  Electrolytes  

 Na +  (mmol/L)  10  25–30  15  100 

 K +  (mmol/L)  115  125–130  10  15 

 Ca 2+  (mmol/L)  –  –  0.015  0.25 

 Mg 2+  (mmol/L)  –  5  4  13 

 Cl -  (mmol/L)  15  –  50  41.5 

  Buffers  

 Phosphate(mmol/L)  57.5  25  –  – 

 Bicarbonate(mmol/L)  10  –  –  – 

 Sulfate (mmol/L)  –  5  –  – 

 Histidine(mmol/L)  –  –  198  30 

  Impermeants  

 Mannitol(g/L)  –  –  30  60 

 Raffi nose(mmol/L)  –  30  – 

 Lactobionate(mmol/L)  –  100  –  80 

 Hydroxyethyl starch (g/L)  –  50  –  – 

 Glucose(mmol/L)  198  –  –  – 

  Energetic substrates  

 Adenosine (mmol/L)  –  5  –  – 

 Alpha-ketoglutarate(mmol/L)  –  –  1  – 

 Tryptophan(mmol/L)  –  –  2  – 

 Glutamate(mmol/L)  –  –  –  20 

  Antioxidants  

 Allopurinol (mmol/L)  –  1  –  – 

 Dexamethasone (mg/L)  –  16  –  – 

 Glutathione(mmol/L)  –  3  –  3 

  Others  

 Insulin (U/L)  –  40  –  – 

 Penicillin G (U/L)  –  200,000  –  – 

  General properties  

 pH  7.0  7.4  7.2  7.3 

 Osmolarity (mOsm/L)  375  320  310  320 

 Viscosity (cP at 4 °C)  N/A  5.7  1.8  1.15 

   HTK  histidine-tryptophan-ketoglutarate,  UW  University of Wisconsin  
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membrane stabilizer, but in the presence of phos-
phate, the magnesium phosphate formed crystal 
precipitates, which was reported when using the 
original solution. To eliminate this problem, a 
modifi ed Collins’ solution was developed in 
Europe (named Euro-Collins) that omitted the 
magnesium and used mannitol in place of glu-
cose [ 13 ]. Collins’ solution and its more recent 
variant Euro-Collins were widely distributed for 
organ preservation until the advent of the 
University of Wisconsin solution in the late 
1980s [ 11 ,  21 ].  

8.2.3.2     University of Wisconsin (UW) or 
Belzer Solution 

 Originally developed by Belzer and Southard 
for pancreas preservation in 1987, the 
University of Wisconsin (UW) solution is cur-
rently the most commonly used static cold 
preservation solution for abdominal organs 
[ 21 ]. It is a potassium-rich, sodium-depleted, 
osmotically active solution that is supple-
mented with a precursor of ATP (adenosine) 
and antioxidant agents (allopurinol, reduced 
glutathione). Osmotically active substances 
(raffi nose and lactobionate) prevent cellular 
swelling but generate high viscosity. The col-
loid hydroxyethyl starch permits more effec-
tive fl ushing [ 11 ,  21 ]. Potential risks include 
hyperkalemic cardiac arrest at reperfusion, 
ischemic-type biliary complications, and 
microcirculatory disturbances as a result of 
particle formation. These disadvantages are 
not clinically relevant in most cases because 
UW solution yields prolonged safe preserva-
tion for abdominal organs [ 21 ].  

8.2.3.3     Histidine-Tryptophan- 
Ketoglutarate (HTK) Solution 

 Originally designed as a cardioplegic solution in 
1980 by Bretschneider, histidine-tryptophan- 
ketoglutarate (HTK) solution represents an 
alternative to UW solution. It is a crystalloid 
solution with an osmolarity slightly higher than 
that of the intracellular space [ 12 ,  21 ]. Its major 
components are a strong buffer (histidine), 
osmotic barrier (mannitol), and low-permeabil-
ity amino acids (tryptophan and alpha-ketoglu-

taric acid), which help to stabilize cell 
membranes and may be substrates for anaerobic 
metabolism. The electrolyte composition is 
characterized by low concentrations of potas-
sium, which therefore allow a safe, direct release 
into the recipient’s blood circulation. The lower 
viscosity of HTK solution provides more effec-
tive fl ushing and the rapid cooling of organs. 
Because HTK is less expensive and lower pres-
ervation costs per donor can be obtained, it has 
become increasingly popular over the last 20 
years, especially in developing countries [ 11 ]. 
HTK solution has been reported to have less 
biliary complications than UV solution, but 
contrary to most clinical trials, US national reg-
istry data in the kidney, pancreas, and liver 
transplantation demonstrate more detrimental 
effects and earlier graft loss after preservation 
with HTK versus UW solution [ 21 ,  22 ].  

8.2.3.4     Celsior Solution 
 Initially formulated specifi cally for heart pres-
ervation in 1995, Celsior solution is now 
widely utilized for abdominal and thoracic 
organ storage [ 21 ]. It adopts many of the prin-
ciples of UW solution (impermeants lactobion-
ate and mannitol) and the strong buffer of HTK 
solution (histidine), but in contrast with UW 
solution, reduced glutathione is the only anti-
oxidant agent included. Celsior solution con-
tains relatively lower potassium levels 
compared with UW solution and Euro-Collins’ 
solution. It has the advantage of being less vis-
cous than UW solution and can rapidly perfuse 
large parenchymal volumes, such as the liver 
and lungs [ 2 ,  11 ].   

8.2.4     Some Special Considerations 
on Perfusion Preservation 
of the Heart Graft 1  

 Perfusion preservation provides oxygen and 
metabolic substances to harvested donor organs, 
thus improving their reperfusion function and 
the survival of the transplanted patient. If we 

1   Written by A.M. Grande. 
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consider the heart graft, the transplant proce-
dure remains consistently feasible for only 4–6 
h. In fact, even beyond 3 h of storage, recipient 
mortality has been demonstrated to increase 
exponentially [ 23 ]. Therefore, current research 
is directed to improve the existing perfusion 
solutions by adding or omitting various compo-
nents. The composition of the preservation solu-
tion is intended to represent some important 
variables that affect graft survival. Preservation 
solutions are frequently classifi ed into two 
broad categories on the basis of electrolyte 
content:

•     Intracellular  type, characterized by high 
potassium and low sodium (Celsior solution, 
Euro-Collins’ solution)  

•    Extracellular  type, low potassium and high 
sodium (UW solution, HTK solution, Belzer- 
Machine Perfusion solution)    

 Intracellular-type storage solutions may 
decrease the ATP requirements of the preserved 
organ by reducing the energy production needed 
to maintain membrane Na + /K +  ATPase activity 
[ 24 ]. However, the mere fact that more than 150 
different organ preservation solutions are used 
in the United States alone explains that the opti-
mal heart preservation solution remains to be 
defi ned [ 25 ]. As a matter of fact, the initial cel-
lular and functional preservation of the myocar-
dial tissue is achieved with hypothermia and 
mechanical arrest. ATP is consumed at a minor 
level, even during mechanical cardiac arrest, 
allowing the breakdown of ATP, which is pro-
duced by anaerobic glycolysis during the isch-
emic time. If the ATP reserve is depleted 
irreversibly, myofi ber contracture may occur 
[ 26 ]. The perfusion solutions should also main-
tain ion homeostasis, and even though Na + /K +  
ATPase activity is signifi cantly reduced by 
hypothermia, ions fl ow down their concentra-
tion gradient; intracellular hydrogen ions are 
exchanged for extracellular sodium ions that, in 
turn, are replaced by calcium ions. This process 
increases the concentration of calcium ions 
inside the sarcolemma, thus damaging cardiac 
myofi bers during reperfusion.   

8.3     New Strategies 

8.3.1     Machine Perfusion and Ex 
Vivo Graft Conditioning 

 Machine perfusion creates a window between 
procurement and transplantation during which 
functional performance and the viability of the 
organ can be evaluated prior to transplantation. 
Different physiological parameters can be 
measured, and various biochemical markers 
released in the perfusate can be analyzed, but the 
exact value of these markers to predict functional 
performance after transplantation is not clear and 
needs to be further investigated [ 17 ]. For the 
kidneys, vascular resistance correlates with 
delayed graft function and 1-year graft failure, 
but the predictive value is low, making this 
information inadequate as a stand-alone viability 
parameter to accept or discard a given kidney. 
More accurate prediction of graft outcome will 
require the integration of perfusion parameters 
and biomarker concentrations into multifactorial 
graft quality scoring systems [ 27 ]. Machine 
perfusion provides a unique opportunity to 
administer innovative pharmacological agents for 
ex vivo repair and the improvement of graft 
quality prior to transplantation. Few papers have 
been published on organ therapy during machine 
perfusion, and they are generally limited to 
preclinical large animal models; however, the 
potential for this approach is great because 
important graft improvements can be 
accomplished through the relatively simple 
addition of a specifi c pharmaceutical agent to the 
preservation solution [ 28 ]. The use of 
mesenchymal stem cells (MSCs) has gained 
attention in the fi eld of organ transplantation 
because of their pro-regenerative, anti- 
infl ammatory, and immunomodulatory 
properties. The administration of MSCs has been 
shown to enhance recovery from ischemia- 
reperfusion- induced acute renal failure in rats. 
The role of autologous MSCs as an induction 
therapy to promote graft acceptance has also 
been studied in a randomized controlled trial 
after living-related kidney transplantation. 
Machine perfusion offers a unique platform to 
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selectively administer these MSCs directly into 
the donor organ, overcoming the issues of 
homing, traffi cking, and safety [ 17 ].  

8.3.2     Donation After Cardiac Death 

 The use of non-heart-beating donors, today better 
known as donation after cardiac death (DCD), 
has been extensively discussed elsewhere in a 
dedicated chapter. Here we only focus on some 
essential aspects. The potential of DCD has been 
recognized since the early days of kidney trans-
plantation and has recently undergone a resur-
gence of interest to expand the donor pool. In 
DCD, the cessation of circulatory and respiratory 
function happens fi rst, leading to warm ischemia 
during the period between circulatory dysfunc-
tion and subsequent cold perfusion by the pro-
curement team. This is in contrast with the 
heart-beating cadaver donor, defi ned by the irre-
versible cessation of all brain functions but with 
full circulatory and respiratory functions until 
cold perfusion, resulting in minimal organ isch-
emia or preservation injury. Thus, in DCD, the 
effects of injury sustained during warm ischemia 
are superimposed on subsequent cold preserva-
tion injury [ 29 ]. DCD can be controlled or uncon-
trolled. In the uncontrolled situation, the donor is 
declared dead on the arrival at the hospital or fails 
to respond to cardiopulmonary resuscitation after 
circulatory arrest. This is an unplanned situation, 
and there is no opportunity to organize the pro-
cess of organ donation in advance; true organ 
ischemia and damage occur before procurement. 
In controlled DCD, the donor experiences circu-
latory arrest after a process of planned with-
drawal of support when further treatment is 
deemed futile. There is usually an opportunity to 
obtain family consent and mobilize the retrieval 
team prior to the withdrawal of support, and for 
this reason, the warm ischemia time is usually 
shorter [ 29 ,  30 ]. The outcomes for organs trans-
planted after cardiac death are similar to those for 
organs transplanted after brain death. However, 
the length of time that organs can be deprived of 
oxygen and still be transplanted successfully var-
ies; it is best to retrieve the liver less than 30 min 

after the withdrawal of life-sustaining measures, 
whereas the kidneys and pancreas can often be 
recovered up to 60 min after this withdrawal [ 31 ]. 
A femoral cannula can be placed after or before 
cardiac arrest; organs are cold fl ushed after the 
declaration of death and retrieved as in the afore-
mentioned rapid technique [ 29 ].      
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