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Pulsate Perfusion of Allografts

Matteo Tozzi, Gabriele Piffaretti, Marco Franchin, 
and Patrizio Castelli

‘If one could substitute for the heart a kind of 
injection of arterial blood, either natural or  artificial 
made, one would succeed easily in maintaining 
alive indefinitely any part of the body’

Julien Jean Cesar Le Gallois,  
French physiologist (1770–1814)

13.1  Introduction

Since the introduction of organ transplantation 
surgery more than 50 years ago, static cold stor-
age (SCS) has been considered as the gold stan-
dard of organ preservation. However, the 
discussion on optimal composition of preserva-
tion solution and duration and methods of preser-
vation (normothermic vs hypothermic, static vs 
pulsate) is still open.

Studies on continuous organ perfusion 
appeared in the late nineteenth century. In the 
1930s, Carrel et al. refined those studies with the 
idea that continuous flow could help in eliminat-
ing toxic metabolic products providing nutrients 
[1]. Thirty years later, Starzl’s group employed 
extracorporeal femoro-femoral canine perfusion 
for sub-normothermic preservation with satisfac-
tory results. Belzer et al. combined the principle 
of continuous flow with hypothermia, with the 

aim of reducing cellular metabolic demand [2, 3]. 
Despite initial encouraging results both on kidney 
and liver grafts, continuous organ perfusion was 
abandoned in favour of SCS, mainly for logistic 
reasons after the commercialization of new and 
more effective preservation solutions [4]. Finally, 
in the 1990s, the increased utilization of less than 
optimal kidneys from expanded criteria donors 
(ECD) and non-heart-beating donors (NHBD 
according to Maastricht classification) gave new 
interest to this technique [5].

Nowadays, dynamic perfusion (DP) machine 
is largely adopted for the following advantages:

• Providing nutrition to cellular supply
• Washing out toxins
• Triggering a series of protective mechanisms 

by innate immune responses and adaptive 
immune responses

• Evaluating organ function with haemody-
namic data

13.2  The Machine Perfusion

13.2.1  Dynamic Perfusion 
Characteristics and Settings

During DP, recirculating perfusate is continu-
ously pumped (roller or centrifugal pump) 
through the organ vasculature by a machine per-
fusion (MP). There are two modalities of preser-
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vation: in situ (in vivo regional perfusion) and 
ex situ. During in  vivo regional perfusion, a 
pump sends the perfusate to the graft through 
the artery, while the vein cannulation guarantees 
the elimination of the perfusate. In the ex situ 
modality, after procurement, the graft is placed 
in an organ chamber and connected to a circuit. 
In case of liver DP, a separate circulation is 
sometimes predisposed for the portal vein and 
hepatic artery through different pumps with dif-
ferent pressure/flow settings.

A heat exchanger regulates temperature from 
hypothermia (4–10  °C) to sub-normothermia 
(20–25 °C) and normothermia (35–37 °C).

According to the literature, hypothermic DP 
should be set by pressure and not by flow velocity, 
preferring low pressure in avoiding injuries to the 
graft [6, 7]. Perfusion can be both continuous 
(CP) and pulsate (PP), and the perfusate can be 
nonoxygenated or oxygenated. Generally, hypo-
thermic DP employs acellular perfusates that dif-
fer from those used for SCS.

It is noticeable that comparative studies on 
PP and CP did not demonstrate significant out-
come benefit in terms of graft survival [8]. 
Additionally, no difference was seen in terms of 
renal graft function after transplant [9]. 
However, continuous flow has been correlated 
with increased vascular impedance [10] and 
impaired platelet function [11]. The kidneys are 
generally treated with PP (25–30 mmHg) [12–
15]. Livers are generally treated with continu-
ous low-pressure flow (3–5 mmHg) through the 
portal vein. The role of hepatic artery perfusion 
to maintain the peribiliary vascular plexus is 
still debated [6, 16].

The rationale of oxygen supply under hypo-
thermia with acellular perfusate is debated. 
Firstly, we must underline how oxygen solubil-
ity is moderated at atmospheric pressure condi-
tions also at low temperature. Additionally, 
increased electric charges due to colloidal 
agents decrease gas solubility. Consequently, 
the only possibility is to increase partial pres-
sure of oxygen in the perfusate with the aid of a 
pressurized oxygenator up to 700  mmHg. 
Experimental models of liver and kidney 
 transplant showed significant improvement in 
the outcome. Nevertheless, we have only a little 

evidence on possible complications, due to 
hyperoxygenation as substrate for reactive oxy-
gen species (ROS) [5].

With sub-normothermic DP, both cellular and 
acellular perfusates are adopted. The kidneys are 
generally treated with pulsate flow (40 mmHg). 
Livers are generally treated with continuous low- 
pressure flow (4–8  mmHg) through the portal 
vein. With normothermic DP, an oxygenated per-
fusate is always necessary, and an oxygen carrier 
is mandatory (usually red blood cells) [17, 18]. 
Near-physiological pressure is used. The kidneys 
are generally treated with pulsate flow (70–
90 mmHg). Livers are generally treated with con-
tinuous flow (60–105 mmHg). We have to notice 
that in case of machine malfunction, hypothermic 
and sub-normothermic grafts can be rapidly and 
safely stored with static cold technique. On the 
contrary, grafts treated with normothermic perfu-
sion will be vulnerable to warm ischemia.

13.2.2  Organ Preservation Solution

Anoxia associated with hypothermia triggers a 
biological cascade driving apoptosis and toxic 
metabolite production. Goals for preservation 
solution are:

• Limit ischemia damage during cold 
preservation.

• Limit reperfusion damage.
• Maintain electrolyte balance.
• Supply metabolites.

The first experimental application of DP, dur-
ing the 1960s, showed that one of the most rele-
vant complications associated with continuous 
flow was interstitial oedema and cell swelling. 
This phenomenon was mainly associated with 
high capillary resistance. This problem was 
solved with the development of a new generation 
of perfusate solution with higher oncotic proper-
ties by the addition of hydroxyethyl starch (HES).

The most commonly used cold preservative 
solutions are:

• ViaSpan (University of Wisconsin solution): 
High-potassium low-sodium solution, HES, 
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adenosine and raffinose. Main disadvantages 
are high viscosity, tendency for crystallization 
and risk of hypercalcaemic cardiac arrest.

• Celsior: Low-potassium high-sodium solu-
tion, which employs mannitol and lactobion-
ate to decrease cellular oedema.

• Custodiol – histidine-tryptophan-ketoglutarate 
(HTK): Low-potassium low-viscosity crystal-
loid not requiring filtering.

• Perfadex: Low-potassium solution lightly 
buffered dextran-containing, pulmonary- 
specific preservation solution.

Actually, Belzer solution is the most commonly 
used in clinical routine DP. Its main characteristic is 
the presence of a ribose and a zwitterionic organic 
buffering agent [2-hydroxy- ethylpiperazine-N′-2-
ethanesulfonic acid (HEPES)].

13.3  Dynamic Perfusion Impact 
on Graft Physiology

13.3.1  Hypothermia,  
Sub- normothermia,  
Adenosine Triphosphate 
Depletion and Oxygen Free 
Radical Production

The rationale of hypothermic preservation is to 
reduce adenosine triphosphate (ATP) depletion to 
control the cascade of ischaemic injury. Many 
physiological processes are driven by ATP and 
mainly electrolyte balance. In fact, sodium/potas-
sium membrane pump is dependent on ATP, and 
its depletion is responsible for the loss of electro-
lyte cellular gradient and membrane integrity. 
With such a result, cellular oedema and increment 
of intracellular calcium concentration are seen 
and, subsequently, phospholipase activation lead-
ing to inflammation and apoptosis. During normal 
oxidative metabolism, ATP breakdown is con-
verted to urea by xanthine dehydrogenase. During 
ischemia, xanthine dehydrogenase is converted to 
xanthine oxidase. After reperfusion, in the pres-
ence of oxygen, xanthine oxidase transforms the 
accumulated ATP breakdown into xanthine, 
and  superoxide anion is responsible for lipid 
 peroxidation and cell membrane lesion. ATP 

metabolism is slowed from 1.5 to 2 times for 
every 10 °C drop in temperature [19].

The rationale of sub-normothermic DP is to 
maintain the graft at a low temperature, reducing 
metabolism and oxygen requirements, without 
the risk of cold-induced injuries.

13.3.2  Dynamic Perfusion, Apoptosis 
and Inflammation

Isolated graft tissues produce large quantity of 
oxygen free radicals that, in association with 
anoxia, results in mitochondrial damage [20]. 
Additionally, ROS are involved in many signal-
ling pathway activations, triggering the expres-
sion of pro-inflammatory mediators such as 
interleukins 1 and 6 (IL1, IL6) and tumour necro-
sis factor alpha (TNFα), providing for intracellu-
lar calcium overload and apoptosis. Inflammation 
leads to cell proliferation, extracellular matrix 
(ECM) remodelling and degradation [21]. 
Vascular cell adhesion molecule-1 (VCAM-1) 
and e-selectin produce an increment of immuno-
genicity and subsequent organ damage after graft 
reperfusion [5]. Tozzi et al. outlined how PP sig-
nificantly reduces tissue antigen expression of 
soluble intracellular adhesion molecule-1 
(sICAM-1) and pro- inflammatory cytokine (TNF-
α, IL-2 and IL-1β) compared to SCS controls, 
resulting in the reduction of leucocyte stimulation 
(particular neutrophils) and a decrease in post-
reperfusion activated inflammation-mediated 
acute-phase proteins that are responsible for isch-
emia/reperfusion injury (IRI). Many authors have 
stressed the correlation between IRI, cell apopto-
sis, delayed graft function (DGF) and chronic 
renal failure [22, 23]. Apoptosis is a reversible 
programmed cell death [24]. It is noteworthy that 
apoptosis is responsible for the loss of renal tubu-
lar epithelial cells, chronic tubular atrophy and the 
loss of podocytes [17, 25–27]. One of the crucial 
phases of apoptosis is represented by cell mem-
brane degeneration [28]. Many authors focus 
their  attention on ezrin- radixin- moesin (ERM) 
proteins and plasma membrane-actin cytoskele-
ton linkers, particularly expressed in epithelial 
cells [18, 29]. Ezrin- radixin- moesin proteins are 
considered anti- apoptotic proteins activated by a 
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phosphoinositide 3-kinase signalling pathway 
(PI3K/AKT/mTOR) [30]. Zhang et  al. demon-
strated that DP enhances the expression of ERM 
through PI3K/AKT/mTOR pathway with an anti-
apoptotic effect. Another crucial element involved 
in apoptosis is represented by caspase, a protein 
family that plays a significant role in apoptosis 
signalling. Among them, Caspase 3 is a key exe-
cution molecule that functions in many ways in 
the apoptotic signal transduction. A significant 
reduction in activated Caspase 3 was documented 
in graft cells treated with DP over SCS [31].

In addition to cell apoptosis, ECM damage 
affects graft functional recovery. Matrix metallo-
proteinases (MMPs) are a family of calcium-
dependent zinc-containing gelatinase responsible 
for ECM remodelling. Overexpression of MMP-2 
and MMP-9 is commonly observed after large 
endothelial damage such as tumour invasion, 
inflammation or IRI [32]. Metalloproteinases 
show temporal variability. In particular, MMP-2 
and MMP-9 reach a peak of concentration 6  h 
after graft reperfusion, subsequently gradually 
decrease and finally present another peak 24  h 
later [33]. Metalloproteinase activation occurs 
due to ROS and nitric oxide by s-nitrosylation 
and oxidation [34]. Fu et  al. described a lower 
statistical expression of MMP-9 in PP over SCS 
[35]. The washout of toxins produced by PP is 
quite probably responsible for those events.

In contrast to SCS, PP maintains continuous 
flow with more physiologic haemodynamic forces 
and promotes microcirculatory perfusion. In fact, 
fat emboli, lipoprotein aggregation, vasoconstric-
tion and cortical hypoperfusion are responsible for 
tissue hypoxia and oedema. Furthermore, pulsate 
perfusion has shown itself to be responsible for 
microvasculature perfusion improvement and 
reduction in blood component aggregation [36]. 
Furthermore, haemodynamic shear stress regulates 
gene expression of endothelial cells [37, 38], while 
flow cessation increases pro-thrombotic and inflam-
matory characteristics of endothelium [39]. In par-
ticular, flow stop is associated with the decrease in 
Kruppel-like factor 2 (KLF-2) expression and with 
an increase of adhesion molecules. The KLF-2 is a 
transcription factor that acts as part of the vasopro-
tective phenotype against thrombosis [40–43].

13.4  Kidney

13.4.1  General Issues and Results 
of Conventional Grafts

Although the acute rejection rate is not signifi-
cantly different between grafts treated with PP or 
SCS, molecular evidence is clear in terms of 
DGF and primary nonfunction (PNF) risk reduc-
tion [4]. Accordingly, Wight et al., in a systemic 
review of 20 studies, suggested a 20% overall 
reduction of DGF with PP [44]. The limitation of 
the paper was the inclusion of small and under-
powered studies. Nevertheless, results were con-
firmed by Moers et  al. in a randomized trial 
including 336 paired kidneys confirming an over-
all reduced incidence of DGF in PP grafts [45]. 
Schold et  al., in a large register retrospective 
analysis of 907 paired kidneys treated with con-
cluding for PP superiority. Surprisingly, authors 
demonstrated that prolonged time of pulsate cold 
ischemia was associated with better results in 
terms of DGF risk reduction [46]. Interestingly, 
Chueh et al. emphasized the benefit of prolonged 
time of pulsate cold ischemia (>24 h). In fact, due 
to their remote geographical location, they had 
the possibility to compare DGF rate and serum 
creatinine recovery curve of the kidney with an 
average time of ischemia above 21–23 h. Grafts 
that received pulsatile perfusion had less delayed 
graft function (3.6% vs 23.4%, p  =  0.02) and 
faster graft recovery (p < 0.001) [47].

13.4.2  Expanded Criteria Donors, 
Non-heart-Beating Donors 
and the Role 
of Haemodynamic Data

The utility of PP over SCS is even more evident 
if we focus our attention on ECD and 
NHBD.  Aged ECD grafts are known to have 
decreased functional capacities and are more 
susceptible to ischemia-related damage [48]. 
Grafts from NHBD are subjected to a signifi-
cant period of warm ischaemic injury (from 10 
to 45 min) between cardiac arrest and perfusion 
with cold solution [19]. Over 50% of the 
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 kidneys from NHBD suffer from an extended 
period of DGF, requiring continued dialysis 
until recovery [49].

The retrospective analysis of 6057 kidney 
transplants from the Organ Procurement and 
Transplantation Network (OPTN) showed better 
results in terms of DGF reduction and was found 
when the donor age was higher than 60  years 
[50]. Treckmann et al., in an international ran-
domized controlled trial, enrolled 91 consecu-
tive ECD kidneys, obtaining meaningful results 
in terms of DGF and PNF risk. In addition, 
1-year graft survival resulted significantly 
higher in the machine-perfused kidney com-
pared with the cold-stored kidney [12]. 
Conversely, the analysis of 170 kidney trans-
plants from donors older than 65  years from 
Eurotransplant Senior Program found statistical 
differences in terms of PNF in PP population 
over SCS (3.5% vs 12.9%, p  =  0.02). On the 
contrary, the overall frequency of DGF was sim-
ilar in the two groups [4].

Preliminary results of PP applied to graft 
from NHBD were not equally satisfactory. In 
fact, a UK multicentre randomized controlled 
trial conducted in 2010 of 91 kidney transplants 
from NHBD did not show statistically  significant 

differences in GFR rate (53.3% vs 57.8%, 
p  =  0.8) and 1-year graft survival (93.3% vs 
97.8%, p  =  0.3) between the cohorts of graft 
treated with SCS and PP.  Notably, this study 
showed a significant difference in terms of acute 
rejections (22% vs 7%, p  = 0.06) [13]. On the 
contrary, a large review of the National Scientific 
Registry of Transplant Recipient (SRTR) data-
base of 4923 kidney transplants demonstrated 
how grafts from NHBD stored with SCS tech-
nique had a higher risk of DGF.  Data analysis 
suggested PP was beneficial on DGF over SCS 
in both ECD and NHBD [51]. In our opinion, the 
encouraging results obtained with perfusion 
machine are not only explained by the intrinsic 
benefit of pumped perfusion, especially in this 
population. In fact, in addition to therapeutic 
use, pulsatile perfusion machine allows us to 
obtain fundamental pre-transplantation haemo-
dynamical information: perfusion flow, pressure 
and intraparenchymal renovascular resistances 
(Fig. 13.1). These data were correlated by differ-
ent authors on post-transplant outcome. In fact, 
it is well demonstrated how elevated vascular 
resistance is more likely to show reduced sur-
vival 1  year after transplant together with 
increased risk of DGF or PNF.

Fig. 13.1 Example of pulsate perfusion machine: (1) 
kidney graft connected to the circuit, (2) the perfusate 
excrete through the ureter is filtered by a membrane, (3) 
the perfusate is collected and (4) sent to the pulsate pump. 

(5) A cooler is responsible for perfusate temperature 
control. (6) The perfusate is sent to a bubble evacuator and 
subsequently to the graft. (7) A flow detector gives 
haemodynamic indices
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13.5  Other Organs

Dynamic perfusion was first developed for kid-
ney and liver grafts. From the beginning, it was 
clear that the kidneys present characteristics that 
make this treatment safer and with better results. 
For that reason, PP treatment on the liver, heart, 
lung and pancreas had been relegated for a long 
time to a research and preclinical area. The 
“rediscovery” of DP occurred as consequence of 
the increased demand for organs and the result-
ing need to extend the criteria for graft procure-
ment. As seen before, the marginal graft is more 
affected by hypothermic preservation injury, and 
consequently new strategies have been required.

13.5.1  Liver

Because of its unique anatomy and physiology, 
the liver is a challenge for DP. In particular, the 
competition between hepatic artery and portal 
vein inflow and the sensitivity of hepatic endo-
thelial cells to high pressures are the main prob-
lems affecting DP [52, 53]. Organs from the 
elderly, steatosic or NHBD have elevated risk of 
moderate to severe preservation injury and related 
biliary complications [54]. Possible complica-
tions are represented by PNF and the need for re-
transplantation in 3–7% [55], early allograft 
dysfunction, cholestasis and infections [56]. The 
study of DP on animal models started in 1967 at 
the first attempt to obtain PP of the hepatic artery 
alone using hypothermic crystalloid solution in 
hyperbaric oxygen condition with unsatisfactory 
results [57]. Starzl group proposed the perfusion 
of both the hepatic artery and the portal vein in a 
canine model with a solution of blood and preser-
vation solution with excellent results [58]. Soon 
after, the same procedure was successfully 
applied to seven patients [59]. Unexpectedly, this 
technique was never accepted, and static cold 
storage was largely adopted.

Only at the beginning of the 1980s, Kamada 
et  al. started novel investigation on dynamic 
hypothermic perfusion [60]. Further investiga-
tion on animal models gave promising results 

[61]. Guarrera et al. were the first to describe a 
prospective cohort pilot study in humans. Results 
confirmed safety and feasibility of liver DP. They 
did not document any difference in terms of PNF, 
a small reduction of early allograft dysfunction 
(p  =  0.08) and a significant benefit in terms of 
hospitalization (p = 0.004). Further studies com-
paring DP and SCS are in progress. Many trials 
are in progress, evaluating both portal vein and 
combined hepatic artery and portal vein perfu-
sion. Preliminary evidence suggests perfusate 
oxygenation is necessary to prevent IRI; other-
wise, ideal partial oxygen pressure is still 
unknown [19]. Guarrera et al. reported perfusate 
oxygen tension >120 mmHg in an open system 
without active oxygenation [56]. More data from 
larger trials on both cold and normothermic con-
tinuous preservation are expected.

13.5.2  Lung

Steen et al. described first ex vivo lung continu-
ous hypothermic perfusion in clinical use. The 
most relevant problem researchers found during 
preclinical phase was pulmonary oedema conse-
quent to endothelial circuit-induced injury and 
increased vascular resistance. This experience 
enabled the first pulmonary transplant to be per-
formed with graft from NHBD.  The available 
data does not demonstrate superiority of DP over 
SCS with conventional grafts [51]; otherwise, 
Ingermansson and Cypel’s experiences proved 
the advantage of DP for reconditioning of high 
risk for transplant grafts (pulmonary oedema 
and/or PaO2: FiO2 < 300) [62, 63]. A portable 
Organ Care System (OCS) (TransMedics, 
Andover, MA, US) was commercialized and spe-
cifically designed for the reconditioning of mar-
ginal lungs. This device is able to perfuse the 
graft and allows ventilation for continuous alve-
oli recruitment at the same time. The machine 
also allows for bronchoscopy during ventilation 
[64] to be performed. More recently, another 
ex vivo MP especially designed for marginal lung 
reconditioning was commercialized by XVIVO 
Perfusion System (Gothenburg, Sweden).
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13.5.3  Heart

The clinical use of DP for the heart has been a 
particular focus for most researchers. In fact, this 
technique could represent a fabulous opportunity 
to extend the type and numbers of heart donors. 
Additionally, this technique could be used to 
identify dysfunctional grafts prior to implantation, 
reducing the risk of death for recipients. 
Biomarkers of myocardial injury (pH, lactate, 
troponins) can be measured during perfusion. 
Additionally, magnetic resonance and 
coronarography have been proposed for 
assessment of left ventricular function, anatomy 
and viability [52, 65]. A multicentre randomized 
trial on a new device specifically designed for 
heart graft perfusion was commercialized by 
TransMedics’ OCS which started in the USA and 
Europe (PROCEEDII) and demonstrated better 
outcomes after transplantation in terms of 
recipient survival and PNF [66].

13.6  Assessment of Graft Viability 
and Limits

Dynamic perfusion offers the attractive feature of 
providing useful data to assess organ viability 
before transplant. It may not always be necessary 
to understand whether the graft was procured 
under ideal circumstances or from conventional 
donors. On the contrary, vascular resistance and 
flow rate can provide useful information on graft 
quality in case of marginal donors or when par-
ticular events occurred during graft harvesting.

The prediction of outcome of the preserved 
liver is not currently possible, and transplant 
viability is sought from donor history, organ 
appearance and microscopical scoring. During 
DP, the liver does not produce bile. Some 
authors suggested that perfusate transaminase 
and lactate dehydrogenase may correlate with 
transplant outcome, but data are controversial 
[56, 61]. For the preserved kidneys, we have a 
different situation, and ‘pour perfusion parame-
ters’ have been widely advocated as negative 
prognostic factors for DGF or PNF.  In the 

 literature, the definition of ‘poor perfusion 
parameters’ is not univocal. For example, 
according to Mozes et al., it is defined as resis-
tance inferior to 0.40 mmHg/mL/min and supe-
rior to 0.60 mmHg/mL/min [67]. Guarrera et al. 
defined poor perfusion parameter as flow infe-
rior to 80 mL/min/100 g with resistance above 
0.40 mmHg/mL/100 g. De Vries et al. stressed 
the importance of very high resistance 
(>3 mmHg/mL/min/100 g) as a sensitive nega-
tive prognostic factor [68, 69]. Accordingly, 
poor perfusion parameters detected in grafts 
from ECD and NHBD could be responsible for 
a higher incidence of graft refusals. The retro-
spective analysis of 6057 kidney transplants 
from the Organ Procurement and Transplantation 
Network (OPTN) partially downgraded the rel-
evance of haemodynamical data emphasizing 
the risk of possible underutilization of grafts 
[50]. Although the literature stressed the role of 
haemodynamic data as an independent risk fac-
tor in multivariate analysis for DGF, the evi-
dence to suggest its predictive capacity as a 
stand-alone parameter is scarce [70]. Jochmans 
et al. demonstrated low sensitivity and positive 
predictive value (respectively, 17% and 40%) 
and acceptable specificity and negative predic-
tive value (93% and 81%) [14]. In a recent pro-
spective study, Gomez et al. compared vascular 
resistance detected with perfusion machine with 
post- transplant kidney resistance calculated on 
Doppler ultrasound without finding any statisti-
cal correlation. Additionally, authors did not 
find any statistical association between renal 
resistances and DGF (p  =  0.58) [70]. Those 
unsatisfactory results can perhaps be explained 
by the multifactorial nature of DGF or PNF such 
as obesity, high blood pressure, diabetes melli-
tus or dyslipidaemia [70, 71]. It is noteworthy 
that Guarrera et al. assumed that poor perfusion 
parameters in grafts from donors without other 
risk factors for DGF should not be taken into 
count for graft discard [72]. Today, authors sug-
gest organ refusal should be a multidisciplinary 
choice [50, 69]. Haemodynamic data from per-
fusion machine could be a complementary tool 
to kidney biopsy scores [71].
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