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Abstract 

Donation after circulatory death (DCD) has become 

increasingly important in kidney transplantation. 

Challenges, including early graft loss and delayed graft 

function, remain. Little is known regarding vascular 

properties. The aim was to examine effects of DCD on 

renal artery function in a novel pig extended DCD 

model, extending the time from circulatory arrest to 

retrieval of the organ to more than 4 hours,  making it 

more feasible to recruit more organs from DCD. Renal 

and iliac arteries were obtained from animals 

immediately after euthanasia (fresh) and 4.5hr after 

DCD. Vessels were also analyzed after 10hr at 4℃ in 

physiological salt solution (stored). Preparations were 

mounted for isometric force recording in vitro and 

examined at optimal stretch for active tension. Iliac 

arteries were more sensitive to noradrenaline compared 

to renal artery, possibly reflecting differences in 

sympathetic control of perfusion in renal and hind limb 

vascular beds. Active tension (depolarization, 

noradrenaline activation) was significantly lower in 

DCD renal arteries compared to fresh vessels. Stored 

renal arteries were also weaker, but to a lower extent, 

whereas iliac artery was only marginally weakened in 

uDCD and unaffected by storage. For both vessel 

types, DCD caused a significant attenuation of 
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endothelial-mediated relaxation. Kidneys from uDCD 

donors performed poorly after transplantation, as 

expected, with a somewhat better result if the donor 

was given the standard protocol, including cooling 

after two hours. In conclusion, DCD introduces 

changes both in contractile function and endothelium-

mediated relaxation of renal arteries. Effects were 

more pronounced than in iliac artery, suggesting that 

DCD could be one factor affecting the functional 

circulation of the donor kidney after transplantation. 

Further studies of uDCD subject to reconditioning 

before transplantation is underway to study the 

reversibility of changes to the endothelial function 

after our uDCD protocol. 

 

Keywords: Kidney transplantation; Renal arteries; 

Invitro vessel analysis; Warm ischemia; Pig model; 

Vessel preservation 

 

1. Introduction 

Blood vessels are procured for organ transplantation 

when the recipient vessels are suboptimal or too short 

to perform anastomosis to the donor organ. Vessel 

procurement may also be carried out if specific actions 

are required to enable the transplanted organ to 

function. Other important reasons for vessel 

procurement are emergencies such as arterial 

thrombosis that may occur after transplantation and 

requires an interposition graft, or general hepato-

pancreatico-biliary surgery that may require a vascular 

graft. For example, a portal vein graft may be required 

to successfully complete pancreas resection [1-3]. In 

many institutions, like our own, these grafts can be 

stored in a refrigerator at 4-8 °C for up to 2 weeks 

before being discarded. Despite using these vascular 

grafts for decades in the clinical setting, the 

physiological function of these grafts is not well 

understood. Alternative approaches such as 

cryopreserved vessels or artificial vessels [4,5] have 

also been used but these options are hampered by the 

risk of strictures [6-9] and thromboses [7-10]. 

Therefore, we felt it was important to learn more about 

the effects of circulatory arrest in donors and cold 

storage on the functional aspects of blood vessels to be 

able to use these grafts more optimally. 

  

The present study is part of an ongoing project actively 

exploring novel techniques to improve the success of 

renal transplantation after uncontrolled circulatory 

death (uDCD), applying a large animal (pig) model. 

The model aims at extending the present limits on 

when a viable organ can be acquired after circulatory 

death, potentially increasing the available donor pool. 

We have in this study selected the renal and iliac 

arteries from the domestic pig to focus on changes in 

contractile function of these tissues. In ventilated 

anaesthetized pigs, uncontrolled circulatory death was 

simulated by switching off the respirator. Comparisons 

of vessel contractile function were then performed for 

fresh vessels removed immediately prior to uDCD, 

stored vessels removed prior to uDCD and then 

subjected to 10 h cold storage and uDCD vessels 

removed 4.5 h after circulatory arrest.  If blood vessels 

can be stored for 2 weeks without contact to blood, like 

in the present clinical practice, it seems logical that a 

few hours of ischemia after circulatory death would 

not be detrimental. We report that prolonged warm 

ischemia time during the uDCD procedure results in 

significant loss of vascular contractile function and 

endothelial relaxation. 

 

2. Materials and Methods 

2.1 Animals and operative procedures 

The study was performed using male and female 
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Swedish domestic pigs weighing 40-50 kg (mean 45 

kg, n=56 for physiological studies, n=16 for transplant 

experiments. Tension curves were established from 14 

different animals. The animals were anesthetized with 

an intramuscular injection of atropine 0.5 mg, xylazine 

100 mg, and ketamine 20 mg/kg body weight; and an 

intravenous injection of fentanyl 4 µg/kg and 

midazolam 0.4 mg/kg. Thereafter, a catheter was 

placed in an ear vein and anesthesia was maintained 

with an intravenous infusion of ketamine (10 mg/kg x 

h) and rocuronium bromide (1.5 mg/kg x h). Animals 

were tracheostomized and connected to a respirator 

with volume-controlled and pressure-regulated 

ventilation. In the DCD group, DCD was simulated by 

turning off the respirator mimicking uncontrolled 

DCD. Subsequent cessation of cardiac beating 

occurred within 15 to 20 min. After 2 hours, animals 

were cooled by placing crushed ice in the abdomen. 

Organs were harvested 4,5 hours (260-285 minutes) 

after circulatory arrest. The pharmaceutical compounds 

used for operative procedures were obtained from 

Fresenius Kabi (rocuronium) Austria GmbH, Graz, 

Austria; Hameln Pharma Plus GmbH (midazolam), 

Hameln, Germany; Intervet AB (ketamine), 

Stockholm, Sweden; Unimedic AB (atropine), 

Matfors, Sweden; Braun (fentanyl), Melsungen, 

Germany; and Bayer (xylazine), Solna, Sweden. 

 

Vascular samples were compared from animals 

following 3 sets of physiological conditions 1) Fresh: 

samples obtained at a time point immediately prior to 

induction of uDCD (n=18 animals); 2) Stored: samples 

obtained fresh and then stored in normal Krebs 

solution (composition below) at 4 °C for 10 h (n=16 

animals); 3) DCD: samples obtained 4.5 h after 

cessation of cardiac beating in DCD animals (n=16 

animals). Kidneys from uDCD donors were 

transplanted into allogeneic pigs (n=8), after being 

flushed on back table with 3-500ml of StoreProtect®. 

Four pigs received no cooling during the uDCD 

procedure after two hours, while four pigs received 

standard cooling with ice-slush in the abdomen after 

two hours. Vascular arterial flow was measured 

perioperatively with Cardiomed CM-4000, (Medistim 

a/s, Oslo, Norway), with Medistim® flow probes 3-

5mm, at reperfusion and after 90 minutes in all eight 

transplanted animals. Pigs considered having viable 

kidneys were allowed to wake up, given analgesic 

treatment and were carefully observed following 

recovery from anesthesia until the end of the study.  

  

2.2 Ethical considerations  

The Principles of Laboratory Animal Care [9] were 

followed. In addition, recommendations in the 

European Guidelines for Animal Research and the 

national and local regulations [10-13] were employed. 

The study protocol was approved by the Local Animal 

Ethical Committee for Animal Experiments in Lund 

(Permit Numbers: M174-15 and 5.8.18-13977/2018). 

 

2.3 Vessel preparations 

The samples were obtained from one of the renal 

arteries (the main branch approximately 2.5 cm from 

the aorta) and the iliac artery (a few mm distal to the 

bifurcation). From each animal and for each vessel 

type, 4 ring segment preparations were obtained and 

mounted for isometric force recording in open organ 

baths (DMT model 750TOBS, Danish Myo 

Technology, Aarhus, Denmark) at 37℃ in normal 

Krebs solution of the following composition (mmol/L): 

NaCl 119, KCl 4.6, MgCl2 1.2, NaH2PO4 1.2, CaCl2 

1.5, NaHCO3 22, glucose 11, with pH 7.4 when gassed 

with 95%O2/5%CO2. The segment lengths were 

approximately 2.6 mm for both vessel types. The 
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segments were gently stretched for 40 min at a passive 

force of 80 mN. To confirm the stability and integrity 

of the vessel preparations, they were activated 2 or 3 

times for periods of 3 to 8 min (to allow a force plateau 

to be established) by membrane depolarization using 

High-K+ solution. The High-K+ solution had the same 

composition as normal Krebs except that NaCl was 

omitted and KCl was increased to 127 mmol/L. The 

vessels were relaxed in normal Krebs using 3 solution 

exchanges for 10 min between contractions. 

Preparations were included in subsequent experiments 

when the last two force responses differed by less than 

10%. These experiments examined the circumference-

tension relationship, the noradrenaline sensitivity, and 

the endothelial responses of the vessels. 

 

2.4 Circumference-tension relationship   

In initial experiments on fresh preparations, we 

determined the general characteristics and functionality 

of the vessels as a basis for subsequent analysis of the 

different experimental groups. To determine the 

relation between stretch (i.e. circumference) and 

passive/active tension, the vessels were repeatedly 

activated using High-K+ solution (3 to 8 min enabling 

maximal response at each circumference) and relaxed 

for 10 min in normal Krebs. Starting at slack length 

(where passive tension just became noticeable) the 

vessels were stretched for 1 min prior to each 

contraction. The change in circumference at each 

stretch was set at 1 mm and was reduced to 0.5 mm for 

the last 3 steps when passive tension was less 

compliant. Each vessel was activated 7 to 8 times at 

increasing circumferences until the active tension 

reduced indicating that circumference was above 

optimal for active tension. Passive tension was 

measured immediately before the contraction. At the 

end of the experiment, the vessel dimensions of 

segment length and circumference were determined 

using a slide caliper. The wet weight was determined 

after gently blotting the sample between two sheets of 

filter paper. From these experiments, we were able to 

determine the relationships between vessel 

circumference and tension (passive and active), the 

maximal active tension for High-K+ activation 

(mN/mm), passive tension (mN/mm) at optimal 

stretch, as well as the optimal circumference. Wall 

thickness was calculated from vessel dimensions and 

wet weight using a density of 1.06 mg/mm3. 

 

In separate experiments, we determined the smooth 

muscle content in the vascular wall (i.e. media 

thickness). Vessels were stretched in normal Krebs to 

optimal circumference and fixed for histology using 

4% paraformaldehyde in phosphate buffered saline (Q-

path buffer, VWR), followed by spin tissue processing 

(Microm STP 120, Thermo Scientific). The samples 

were embedded in paraffin, and 5 micrometer thick 

microtome sections were stained with hematoxylin and 

eosin. The thickness of the smooth muscle layer in the 

vascular wall was measured on calibrated microscopic 

photographs. 

 

2.5 Noradrenaline sensitivity and endothelial 

responses 

Renal and iliac arteries from the fresh, the stored, and 

the DCD groups were stretched to near optimal 

circumference as determined from the length-tension 

relationships on fresh vessels. Noradrenaline 

sensitivity was examined after the initial High-K+ 

induced contractions using cumulative increases of the 

agonist concentration in half-logarithmic steps from 

10-7 to 3 x 10-5 mol/L. The maximal stable force at 

each concentration was determined and expressed in 

relation to the initial High-K+ response. 
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After determination of the noradrenaline sensitivity, 

the arteries were relaxed and activated with 3 x 10-6 

mol/L noradrenaline. Once a stable force plateau was 

established (after about 5 min), substance P (1.0 x 10-5 

mol/L) was added to activate endothelial dependent 

relaxation. Finally, papaverine (3 x 10-4 mol/L) was 

given to induce a full relaxation independent of 

endothelium, to record the zero-tension level. We 

confirmed that the noradrenaline induced contraction 

was stable if substance P or papaverine were not 

added. The maximal relaxant response to 10
-5

 mol/L 

substance P was evaluated and expressed in relation to 

the noradrenalin-induced force prior to addition of 

substance P.  The pharmaceutical compounds were 

obtained from Sigma-Aldrich, Stockholm, Sweden. 

 

2.6 Statistics  

All data are given as mean ± SEM (Standard Error of 

the Mean) where the number of observations refers to 

the number of animals. From each vessel of each 

animal, 3-4 segments were analyzed and the average 

result was used representing the data from that animal. 

Statistical comparisons were made using Student’s t-

test or analysis of variance (ANOVA). Post-hoc testing 

after ANOVA was performed using the Holm-Sidak 

method. It was confirmed that the parameters passed 

normality test (Shapiro-Wilk). If not normally 

distributed, then the non-parametric Rank Sum test and 

Dunn’s method was used. Analyses were made 

applying routines implemented in SigmaPlot for 

Windows 14, Systat Software Inc. 

 

3. Results 

3.1 Characteristics of iliac and renal arteries 

In pre-study experiments on 8 renal and 7 iliac arteries 

(from 14 different animals), we determined the optimal 

circumference (stretch) for active tension development. 

Between 1 and 8 ring preparations were analyzed from 

each vessel (i.e. each animal) and the average was used 

as being representative of that vessel in the subsequent 

analysis. Figure 1 shows the circumference-tension 

relationships for the two vessel types. Passive tension 

increased exponentially with stretch from the slack 

length. Both vessel types had a bell-shaped 

dependence of active tension on length, with optimal 

circumferences at about 13 and 18 mm, for renal and 

iliac arteries, respectively and the optimal stretch was 

about 1.75 times the slack length in both vessel types. 

The data from these experiments are summarized in 

Table 1. 

 

 
Renal artery Iliac Artery 

 
Optimal circumference, mm 13.0±0.7, n=7 18.0±0.7, n=9 P = 0.0004 

Maximal active wall tension, mN/mm 32.2±4.9, n=7 26.1±1.9, n=7 P = 0.266 

Passive wall tension, mN/mm 24.4±3.7, n=7 27.2±3.2, n=7 P = 0.578 

Total wall thickness, mm 0.72±0.05, n=7 0.42±0.02, n=7 P = 0.000161 

Media thickness, mm 0.20±0.01, n=5 0.20±0.01, n=7 P = 0.784 

 

Table 1: Characteristics of fresh renal and iliac arteries. The optimal circumference for active tension was determined 

for each vessel in circumference–tension experiments (cf. Figure 1).  
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Maximal active tension and passive tension were 

determined at optimal circumference. Total wall 

thickness was determined from tissue dimensions and 

wet weight in each experiment. Media thickness was 

obtained from histological sections of samples fixed at 

optimal circumference. The maximal active wall 

tension was similar in the two vessels. The wall 

thickness, determined from the preparation wet weight 

was significantly larger in the renal artery. However, 

histological examination of samples fixed at optimal 

stretch showed that the media thickness was similar, 

suggesting that the preparations of renal artery 

contained more adjacent adventitial tissue. If the 

maximal active smooth muscle stress (i.e. active force 

per media area) is calculated using active tension and 

media thickness the iliac vessels had slightly higher 

active stress (renal: 161 mN/mm2; iliac: 130 mN/mm2) 

suggesting differences in the amount of smooth muscle 

cells in the media or in the expression/function of 

contractile components in the cells.  In subsequent 

experiments, examining the reactivity and endothelial 

relaxation of the two vessels types in the three models 

we stretched the preparations to a passive tension of 15 

mN/mm giving approximately 90% of optimal length 

and near maximal active tension (cf. Table 1 and 

Figure 1). 

 

 

 

Figure 1: Circumference-tension relationships. Panel A shows renal and Panel B iliac vessels. The active (squares) and 

passive (circles) tensions are plotted against vessel circumference. N=7. 

 

3.2 Active tension and noradrenaline sensitivity 

We determined the active force development after 

activation with high-K+ and noradrenaline of the two 

vessel types (renal and iliac) in the three different 

model conditions. As seen in panel A of Figure 2 the 

renal arteries were significantly weaker after DCD 

treatment; the responses to both high-K+ and 

noradrenaline were significantly reduced. Also, the 

stored vessels were weakened, but to a lesser extent. 

The iliac arteries (Panel B, Figure 2) were less affected 
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compared to the renal arteries; the DCD groups 

appeared somewhat weaker but no significant 

differences, compared to fresh arteries were observed. 

 

The sensitivity to the physiological contractile agonist, 

noradrenaline, of the two vessel types in the three 

different model conditions is shown in Figure 3. In 

each preparation, we recorded an initial force response 

to direct activation of Ca++ influx using depolarization 

with High-K+ and normalized the agonist induced 

contractions to this value. Figure 3 shows the 

summarized data. The mean values for tension (y) and 

concentration (c) are fitted by a hyperbolic equation 

(y=Max*ch/(ch+EC50h), to determine the maximal 

response (Max), the concentration giving half-maximal 

tension (EC50) and the steepness coefficient (h). As 

seen in the figure, fresh samples of both vessel types 

gave maximal noradrenaline induced force of about 

120% of the high-K+ responses and had h-values 

around 1. However, the renal vessels were markedly 

less sensitive to the agonist with a half-maximal 

tension of about 2 µmol/L (cf Figure 2, EC50 = 5.7 log 

M), compared to the iliac arteries which exhibited half-

maximal response at about 0.2 µmol/L (EC50 =-6.7 

log M). The data and fitted curves almost superimpose 

in each group clearly showing that the two 

interventions, storage and DCD, did not markedly 

affect the sensitivity or maximal response to 

noradrenaline in either vessel. 

 

 

 

 

Figure 2: Active tension in fresh, stored and DCD treated, renal (Panel A) and iliac (Panel B) vessels, activated with 

high-K+ (open bars) and noradrenaline (hatched bars). ANOVA analysis in the high-K+ and noradrenaline groups: # 

p<0.001 and p<0.05 compared to the fresh group and stored groups, respectively, * p<0.05 compared to the fresh 



J Surg Res 2021; 4 (2): 202-217                                                                                       DOI: 10.26502/jsr.10020127 

  

 
 

Journal of Surgery and Research           Vol. 4 No. 2 - June 2021. [ISSN 2640-1002]                                            209 

  

group, *** p<0.001 compared to the fresh group. N=9-14. 

 

3.3 Endothelial dependent relaxation 

After recording the noradrenaline sensitivity (cf. 

Figure 3), the vessels were again activated with 3x 10-

6 mol/L noradrenaline to induce a stable, submaximal, 

contraction. When a plateau force was established, 

substance P (10-5 mol/L activating the endothelial 

nitric oxide release and vascular relaxation) was added. 

After recording the relaxant responses, 3 x 10-4 mol/L 

papaverine was introduced to fully relax the vessels 

and enable determination of the baseline tension. 

Figure 4 shows the relaxant responses to substance P in 

the different vessels and conditions. In both vessel 

types, the DCD groups had significantly impaired 

relaxation. Storage did not affect the iliac arteries, but 

partly reduced the relaxant responses of renal arteries.

 

 

 

 

Figure 3: Sensitivity to noradrenaline. Panel A shows renal and Panel B iliac vessels. Tension values are normalized to 

the initial high-K+ responses. Data are fitted by a hyperbolic equation (see Results). Open circles, full line show data 

from fresh samples, filled triangles, dotted line data from stored, and filled squares, dashed line data from DCD 

animals. N= 8-11. 
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Figure 4: Substance P induced relaxation in renal and iliac arteries. Open bars show fresh samples, hatched bars stored 

vessels, and filled bars vessels from DCD animals. Data are shown as per cent relaxation relative to the initial 

noradrenaline (3 µM) contraction. *shows significant difference (p<0.01) compared to fresh samples; #shows 

significant difference (p<0.001) compared to fresh and stored samples in the same vessel type (ANOVA). N= 5-14. 

 

3.4 Flows and graft survival of pigs receiving an 

uDCD kidney 

Renal arterial flows from eight transplanted pigs can 

be seen in Figure 5. Two of four animals in the group 

receiving kidneys from standard cooled uDCD had 

adequate flows (above 100 ml/min) after 90 minutes 

and were allowed to recover from anesthesia for 

further observation. In the group without cooling, none 

of the four animals showed sufficient arterial flow 

(below100 ml/min) at reperfusion, and were not 

recovered from anesthesia. Pigs from the group that 

had two pigs that recovered from anesthesia and were 

observed after transplantation failed to eat and thrive. 

Accordingly, and in compliance with the ethical 

permit, these animals were sacrificed on day 5. 

Vascular flow was low and creatinine values of 1370 

µmol/L and 1220 µmol/L, respectively, reflected poor 

kidney function. The explanted kidneys (day 5), from 

the group receiving kidneys from standard cooled 

uDCDs, had signs of necrotic areas (dark areas in 

Figure 6, Panel A), while the remaining kidneys (n=6), 

sacrificed ninety minutes after reperfusion, all showed 

signs of poor perfusion, with large parts of the kidney 

being blue/black (Figure 6, Panel B). Kidneys 

exhibiting such poor perfusion in the clinical setting 

would not be accepted for transplantation.
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Figure 5: Mean values (+ SEM) of arterial vascular flow in the renal artery, before nephrectomy (FlowS) of the 

recipient, at reperfusion (FlowRP) and 90 minutes after reperfusion (Flow90m). No filled columns: untreated uDCD 

pigs with cooling after 2 hours (n=4); Striped columns: untreated uDCD pigs without cooling after two hours (n=4). 

Two animals in the former group were sacrificed at day 5 in group (Flow5d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Panel A: Explanted kidney surviving 5 days, having necrotic areas on the surface of the kidney (uDCD with 
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cooling). Panel B: A typical look of severely congested kidney considered not viable, at the day of transplantation, 90 

minutes after reperfusion (without cooling). 

 

4. Discussion 

Using a porcine model of transplantation to study the 

effects of circulatory death and storage on donor 

vascular physiological function, we showed that a long 

warm ischemia time significantly reduced the 

contractile function of renal arteries and impaired the 

endothelial mediated relaxation. These in vitro results 

were supported by in vivo data using the extended 

uDCD protocol. In recipients of kidneys from donor 

animals not subjected to standard cooling and 

undergoing warm ischemia, kidney vascular flow was 

inferior compared to recipients who received a donor 

kidney after standard cooling. Furthermore, the 

substantial ischemic insult inflicted on the uDCD 

model showed, as expected, that without proper 

reconditioning poor outcomes are achieved. 

Consequently, transplantation based on function of a 

donor organ subjected to warm ischemia without 

preconditioning appears futile. Based on these 

findings, we conclude that changes in vascular 

function during graft procurement in the clinic could 

adversely affect kidney perfusion after prolonged 

warm ischemia in DCD., This is one important factor 

that needs attention in reconditioning protocols. 

 

Our experimental results from porcine transplanted 

kidneys, using the extended uDCD protocol (Figures 

5,6), confirm that warm ischemia is deleterious to the 

transplanted organ in the in vivo setting. However, 

clinical reality suggests that uDCD kidneys are able to 

overcome the early problems of physiological insult 

manifesting as delayed graft function (DGF) due to 

acute tubular necrosis (ATN (16). It has been shown 

that recipients transplanted with uDCD kidneys 

recover from the effects of ATN, and regain similar 

long-term function to that which is typical in kidneys 

from braindead donors (DBD) (17-19). It is evident 

that uDCD procured organs require reconditioning if 

they are to withstand ischemia-reperfusion injury and 

remain viable for transplantation in the clinic. We now 

know that pure cold storage is not detrimental to 

function for the first 24 hours. However, like the 

duration of warm ischemia time, the development of 

ATN during cold storage is a function of time. 

Whether changes to the endothelium can explain the 

effects of ATN and whether this is the central 

mechanism for organ failure in uDCD, we are unable 

to say. To reach a better position to answer these 

questions, we will study the reversibility of the 

changes in our uDCD model and compare these effects 

to the cold ischemia setting. We already know that 

donor vascular vessels stored in a refrigerator for up to 

2 weeks can still be used successfully in a clinical 

setting, but to-date long term storage of organs for this 

period has not been successful. 

 

The main focus of our research is to develop 

techniques which improve renal 

preservation/reconditioning during DCD 

transplantation. To this end, we have designed a model 

of uncontrolled DCD that challenges the limits of the 

current clinical practice of retrieving and using organs 

from uDCD. In our model, we allow a 2-hour initial 

no-touch period, followed by an additional 2 hours of 

no touch after ice-slush has been placed in the 

abdominal cavity through a small incision. The donor 

organs are then retrieved and are placed on the back-

table on an ice-bed up to 4.5 hours after cardiac death. 
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The study of improving organ quality after longer 

preservation times is clinically highly relevant since an 

extended time allows for a longer period to obtain 

patient consent. This could ease the logistic problems 

that many transplant centers face today and allow for a 

larger number of suitable donor organs. Typically, 

transplant centers seek donor consent and try to 

achieve donor organ perfusion within 30-60 minutes 

after circulatory death (20-26).  

 

The specific aim of this study was to examine possible 

vascular alterations influencing renal perfusion after 

kidney transplantation. Therefore, we intentionally 

chose to study the renal artery and to compared it with 

a similarly sized muscular artery, the iliac artery. We 

are aware that these arteries most certainly have 

different physiological properties, but the iliac vessels 

serve as a control for systemic and/or general vascular 

alterations after circulatory death. Accordingly, we 

characterized these two vessels in vitro to compare 

their functional properties under defined conditions 

applying optimal stretch for active tension. Our data 

show that the mechanical properties can support 

transmural pressures in the physiological range. If we 

apply the law of Laplace for thin walled cylindrical 

vessels [27] then we can make an estimate of the 

pressure that the vessels can withstand at optimal 

stretch, when wall tension is supported by both the 

passive and active components. Using the data in Table 

1, we estimate that the renal artery would support a 

pressure of about 200 mmHg at optimal stretch, 

whereas for the iliac artery the corresponding pressure 

would be 140 mmHg. Both values are within the 

physiological range. It should be recognized that the 

Laplace’ law is not directly applicable, and that more 

complex structural/mechanical models might give 

slightly different results. However, these data suggest 

that the renal artery has capacity to sustain higher 

pressure loads which may be a functional consequence 

of the role that this artery serves in renal blood flow 

regulation. Interestingly, the renal artery was 

significantly less sensitive to the contractile agonist 

noradrenaline (Figure 3) compared to the iliac vessels, 

which could reflect a difference in efferent sympathetic 

control between renal and systemic arteries. 

  

Important features of the DCD model are that vessels 

can be kept within the body and are exposed to blood 

and changes in temperature during a 4.5-hour ischemic 

period. This procedure mimics the events that occur 

during warm ischemia under clinical conditions of 

terminal circulatory arrest, although the extended time 

of more than 4 hours is way beyond what is normally 

considered possible to restore kidney function after 

reperfusion [28]. In laparoscopic donor nephrectomy, 

ischemia times beyond 45 minutes are considered 

detrimental [29]. In partial nephrectomy, beyond 25 

minutes of warm ischemia is not recommended [30]. 

The few clinical programs that use uncontrolled DCD, 

avoid long warm ischemia times beyond 60 minutes 

[31]. With regard to the storage model, a situation was 

created where vessels are maintained in a cold 

environment but are not exposed to blood. In a clinical 

setting, cold storage does not affect the function of the 

kidney, since most kidney transplantations have been 

performed after static storage for at least ten hours at 

4-6 ℃, without being in contact with blood. 

 

Under all conditions, regardless of whether the tissue 

samples came from a fresh, stored or DCD source, 

both renal and iliac vessels remained viable. These 

experiments show that the vascular contractile function 

in larger arteries remain for at least several hours after 

circulatory death, but exhibit a loss in contractility with 
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the renal arteries most affected. We did not examine 

nerve induced responses, but we did show that the 

adrenoceptor sensitivity was unaffected by DCD and 

storage. The data suggest that the systemic changes in 

catecholamine levels or alterations in adrenergic tone 

during circulatory death do not lead to changes in 

vascular reactivity to sympathetic agonists. The 

contractile response to direct membrane activation 

with depolarization and to noradrenaline was 

significantly impaired in the renal artery after DCD 

and storage. This suggests that the longer ischemic 

period (warm or cold) adversely affected the cellular 

integrity, the contractile system itself or the cellular 

activation pathways. Interestingly, iliac arteries were 

less affected compared with renal arteries, although 

they are of similar size and exhibit similar contractile 

properties. Physiologically, these observed changes in 

renal artery contractile function could affect the 

vascular tone in the kidney and potentially the auto-

regulatory mechanisms after DCD. Whether these 

changes also are responsible for the poor outcome after 

transplantation in uDCD kidneys remain to be further 

studied. We also need to find out whether the changes 

observed are reversible in the established uDCD 

model. 

 

In contrast to the smooth muscle adrenergic sensitivity, 

the endothelial mediated relaxation was markedly 

attenuated by DCD in both vessel types. The change 

was also observed after storage in the renal artery. The 

results show that endothelial dysfunction is an 

important consequence of the DCD procedure. 

Maximal papaverine-induced relaxation was not 

affected, which localizes the alteration to the 

endothelial signaling. It has been shown that 

endothelium is sensitive to several vascular challenges 

[32-34]. Several factors including temperature [35-36], 

low blood flow [37], intravascular coagulation [38], 

pH changes, and metabolites [39] can be causative. 

Although cold storage for an extended time has been 

shown to affect endothelial function [40], it was less 

detrimental than the effects observed with DCD. This 

shows that lack of blood flow is not the sole factor for 

endothelial dysfunction. Rather, the warm ischemia 

time and accompanying changes in the stagnating 

blood compartment all contribute to the net adverse 

effect on the endothelium. It is most relevant that 

major changes in endothelial responses of the iliac 

vessel following storage did not occur. This result 

highlights the difference between the endothelial 

susceptibility of the two vessels. In most clinical 

centers the iliac vessels are stored for potential use as 

vascular grafts. Our data show that the endothelial 

function is preserved in these vessels, but also indicate 

that other vessels, such as renal arteries, can be 

affected by cold preservation. This emphasizes the 

necessity to further examine alterations and potential 

reversibility of changes in the vasculature after 

preservation and extended uDCD. 

 

In summary, a porcine model of uncontrolled DCD 

reveals poor kidney perfusion after transplantation 

following warm ischemia with or without cooling 

during the DCD period. Both cold preservation and 

uDCD affected contractile function and endothelial 

relaxation of renal arteries. These findings suggest 

potential negative effects on blood flow regulation in 

kidneys and on early graft function following clinical 

transplantation. Our next step to try to improve donor 

organ vascular function is to test whether a 

reconditioning protocol using ex-vivo perfusion of the 

kidneys is beneficial in the DCD setting. 
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