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Donation after circulatory death (DCD) represents a promising opportunity to over-
come the relative shortage of donors for heart transplantation. However, the neces-
sary period of warm ischemia is a concern. This study aims to determine the critical 
warm ischemia time based on in vivo biochemical changes. Sixteen DCD non-cardiac 
donors, without cardiovascular disease, underwent serial endomyocardial biopsies 
immediately before withdrawal of life-sustaining therapy (WLST), at circulatory arrest 
(CA) and every 2 min thereafter. Samples were processed into representative pools to 
assess calcium homeostasis, mitochondrial function and cellular viability. Compared 
to baseline, no significant deterioration was observed in any studied parameter at the 
time of CA (median: 9 min; IQR: 7–13 min; range: 4–19 min). Ten min after CA, phos-
phorylation of cAMP-dependent protein kinase-A on Thr197 and SERCA2 decreased 
markedly; and parallelly, mitochondrial complex II and IV activities decreased, and 
caspase 3/7 activity raised significantly. These results did not differ when donors with 
higher WLST to CA times (≥9 min) were analyzed separately. In human cardiomyo-
cytes, the period from WLST to CA and the first 10 min after CA were not associated 
with a significant compromise in cellular function or viability. These findings may help 
to incorporate DCD into heart transplant programs.
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1  |  INTRODUC TION

Heart transplantation remains the gold standard for treating end-
stage heart failure; it results in survival at least one year after 
transplantation in nearly 90% of cases.1 However, there is a rela-
tive shortage of donation after brain death (DBD) compared to the 
growing number of potential cardiac recipients. Indeed, the need for 
a fully functional organ is the major limitation to expanding the heart 
pool by including suboptimal donors.2

In this context, the possibility of expanding heart transplantation 
via donation after circulatory death (DCD) is promising.3 In the last 
ten years, controlled DCD has increased the pool of abdominal or-
gans and lungs, but this is not the case for hearts. Including DCD do-
nors could increase the number of heart transplants by 15%–30%.4-6 
However, unlike conventional DBD, DCD organs undergo a period 
of warm ischemia during the withdrawal of life-sustaining therapy 
(WLST) and between circulatory arrest (CA) and heart procure-
ment. This raises concern about graft functionality and quality.7–9 
Seeing positive results from pioneering work in Australia and United 
Kingdom, several groups have published case series based on differ-
ent protocols, which may include direct procurement using extra-
corporeal perfusion systems (DPP) or in-situ normothermic regional 
perfusion (NRP).10–14 In this context, it is of paramount importance 
to identify the time point when myocardial function decreases and 
the risk of graft dysfunction increases.15 Determining this time 
point could greatly assist heart transplant teams by expanding the 
possibility of heart procurement from DCD. However, the time 
point associated with irreversible myocardial cell injury is currently 
unknown.3,14,15

Therefore, the present study aims to determine the critical warm 
ischemia time (WIT) based on in-vivo close monitoring of biochem-
ical changes in cardiac myocytes during the process of DCD of ab-
dominal organs and lungs. We focused on changes closely related 
to contractility and functional viability, including those implicated 
in the regulation of calcium homeostasis, mitochondrial energetics, 
and apoptotic cell death.16–18

2  |  MATERIAL S AND METHODS

2.1  |  Population and study design

This is a prospective single-center study. The study protocol was 
approved by the local Clinical Research Ethics Committee (Exp 
2016-2-13-HCUVA). All consecutive DCD donors in type III asystole 
were screened during a 24-month period from June 2017 to June 
2019. Participants who met all the following inclusion criteria were 
included: age 18 to 75 years, no structural heart disease (assessed by 
echocardiography at the time of donation), and signed informed con-
sent was provided by the legal representatives according to donor 
regulations.

The DCD procedure followed the institutional protocol and na-
tional legislation in Spain (Organic Law 3/2018, December 5, on the 

Protection of Personal Data and Guarantee of Digital Rights, BOE 
No. 294). CA is defined as circulatory cessation with mechanical 
asystole (loss of femoral pulse). A 5-min observational “stand-off” 
period is legally required before death may be certified. In all DCD 
donors, endomyocardial biopsies (EMB) were performed immedi-
ately before WLST, at the time of CA, and every 2 min thereafter 
for the next 30 min. The collection of EMB did not interfere with the 
DCD process.

2.2  |  Collection of myocardial samples

EMB samples were collected in the operating room by skilled person-
nel familiar with the procedure. A long sheath 7-Fr 43 cm guide cath-
eter was inserted through the internal jugular vein and positioned at 
the apex of the right ventricle before mechanical ventilation support 
was removed. To ensure proper positioning of the catheter, pressure 
curves and direct visualization via echocardiography were used to 
guide the entire procedure. A 50-cm biopsy forceps clamp (Cardinal 
Health, Inc.) was used to obtain EMB samples, preferentially from 
the right ventricular septum. The samples were immediately placed 
in cryotubes and immersed in liquid nitrogen in a portable con-
tainer for subsequent biobanking (Biobank Network of the Region 
of Murcia, BIOBANC-MUR, registered on the Registro Nacional de 
Biobancos under registration number B.0000859. BIOBANC-MUR 
is supported by the Instituto de Salud Carlos III, PT20/00109).

2.3  |  Preparation of tissue samples

The samples were prepared in a cold room at 4ºC. Frozen samples 
of human heart tissue were pooled at intervals of 5 min to ensure 
a sufficient volume of myocardium for the planned experiments. 
The samples were homogenized in liquid nitrogen using a pestle and 
mortar in a lysis buffer (20 mM Tris-HCl pH 8.0, 150 mM NaCl, 2 mM 
EDTA, 2 mM EGTA, 10% [v/v] glycerol, 0.1% [w/v] SDS, 1% [v/v] NP-
40, and 1% [w/v] sodium deoxycholate), supplemented with pro-
tease inhibitors and phosphatase inhibitors. The homogenate was 
incubated on ice for 20 min and centrifuged at 16 100g for 20 min at 
4°C. The supernatant was subjected to a colorimetric bicinchoninic 
acid (BCA) protein assay to quantify the protein concentration.

2.4  |  Analysis of calcium homeostasis, 
mitochondrial function, and cellular death

2.4.1  |  Calcium homeostasis

SDS-Polyacrylamide gel electrophoresis (PAGE) and western blots 
were used to evaluate the phosphorylation of cAMP-dependent pro-
tein kinase A (PKA) and phospholamban (PLN), two proteins related 
to intracellular calcium transients. The human heart lysates (20 μg) 
were separated via SDS-PAGE, transferred to a PVDF membrane, 
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and probed overnight with primary antibodies for GADPH (Merck, 
8795,1:5000), Phospho-Thr197/PKA (Cell-Signaling Technology, 
4781, 1:1000), PKA (Cell-Signaling Technology, 4782,1:1000), and 
phospho-Ser16/PLN (Badrilla, A010-12AP, 1:3000). Bands were 
visualized using enhanced chemiluminescent ECL (Amersham 
ECLTM Primer Western Blotting Detection Reagent (GE Healthcare) 
(RPN2232) in a ChemiDoc XRS+system using Image Lab software 
from Bio-Rad Laboratories.

2.4.2  |  Mitochondrial function

Electron transport chain activity, including the activity of suc-
cinate dehydrogenase (complex II; cat. no. ab109908) and of cy-
tochrome c oxidase (complex IV; cat. no. ab109909) were analyzed 
using commercial kits (Abcam) according to the manufacturer's 
instructions. The samples were prepared according to the instruc-
tions and placed in an anti-Complex II or IV monoclonal antibody-
coated 96-well plate. Absorbance was measured at OD600 nm in 
kinetic mode for 60  min at 1-min intervals. The slope obtained 
for each sample was used to evaluate enzymatic activity, which is 
presented as a comparison to baseline conditions (before circula-
tory arrest).

2.4.3  |  Cellular death assay

Caspase 3/7 activation was measured using luminescent assays 
(Caspase-Glo® 3/7, Promega). First, 100 µg of each human cardiac 
lysate were placed into 96-well plates, and 100 μl of Caspase-Glo® 
3/7 reagent was added to each well. The samples were then mixed 
for 30 s. After 30 min of incubation at room temperature, the lumi-
nescence of each sample was measured using the Synergy-HT multi-
detection plate reader (BioTek). Caspase activity was measured 
using luminescence raw values to obtain a relative-to-control value. 
Final caspase activity was calculated by averaging three replicates 
from two independent experiments.

2.5  |  Statistical analysis

The variables are described using mean  ±  standard error or fre-
quency (%), as appropriate.

The evolution of each biomarker over time is represented in 
spaghetti plots (each line shows one patient). Means with standard 
errors are shown as points with error bars for each time period. A lin-
ear mixed model was fitted for each variable (Table S1), considering 
time as categorical covariate (fixed effects) as well as the intercept, 
which varies from patient to patient (random effects). Same model 
was used for the sensitivity analysis, where time from WLST to CA 

TA B L E  1  Clinical characteristics of study DCD cohort

Variable n = 16

Female 4 (25.0)

Age, years 63.3 ± 11.7

Body mass index 27.0 ± 4.2

Body surface 1.9 ± 0.2

Cause of WLST

Intracranial hemorrhage 10 (61.4)

Ischemic stroke 2 (12.5)

Traumatic brain injury 1 (6.2)

Hypoxic brain injury 3 (18.6)

Length of LST, days 9.0 (4.3–11.5)

Mechanical ventilation, n (%) 16 (100)

Catecholamines, n (%) 8 (50)

WLST to CA, min 9.0 (7.0–13.0)

SBP<60 mmHg to CA, min 5.5 (3.8–7.0)

Myocardial samples per patient, n 30.5 
(24.8–35.0)

Note: Data are expressed as n = number (%), median (25th-75th 
percentiles), and mean ± standard deviation.
Abbreviations: CA, circulatory arrest; LST, life-support therapies; min, 
minutes; WLST, withdrawal of life-sustaining therapy .

F I G U R E  1  Temporal changes to protein kinase and phospholamban state. (A) PKA phosphorylation levels relative to total PKA expressed 
myocardium. (B) PLN phosphorylation levels relative to total PLN expressed myocardium. Data are shown as mean ± SE. ***p  <  .001, 
compared to baseline for that patient. CA, circulatory arrest; DC, death certification; PKA, protein kinase A; PLN, phospholamban; Ser, 
Serine; Thr, threonine; WLST, withdrawal of life-sustaining therapy
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(above or below the median time, 9 min) was included as covariate. 
The estimates are highlighted (***) from the first significant one in 
each plot. Data analyses and graphics were performed using the sta-
tistical software R, version 4.0.

3  |  RESULTS

3.1  |  Characteristics of the DCD population

From a total of 56 DCD donors who were handled during the study 
period, 26  subjects did not meet the inclusion criteria. Of the 30 
DCD donors who met the inclusion criteria, 14  subjects were ex-
cluded for other reasons: either family refusal (n = 2) or logistical or 
technical problems (n = 12). The final sample population comprised 
16 DCD donors. The characteristics of the DCD donor cohort are 
shown in Table 1. For most DCD donors, the cause of WLST was in-
tracranial hemorrhage. The median time from WLST to CA was 9 min 
(25th-75th percentile: 7–13  min; range: 4–19  min). Hypoperfusion 
(systolic blood pressure <60 mmHg) occurred at a median of 5.5 min 
before CA.

3.2  |  Cardiac contractility

The viability of cardiac contractility was evaluated based on PKA 
activation (Figure 1). The phosphorylation of PKA at CA (0–5 min) 
and within the first 10 min after CA (5–10  min) was similar to 
the baseline (before WLST). The phosphorylation of PKA on its 
activating residue Thr197 (panel A) significantly decreased 10 
min after CA (p < .001). The phosphorylation of PLN at Ser16 site 
(panel B), a regulated protein of SERCA 2a, was similar. Western 
blots probed with a specific antibody demonstrated that PLN 
phosphorylation at Ser16 (p-Ser16PLN) in cardiac tissue de-
creased markedly 10 min after CA compared to the control assay 
(supplemental material). Similarly, total monomeric PLN (total 
PLNm) in the cardiac tissue increased starting 10  min after CA 
(Supplemental Figure S1).

3.3  |  Mitochondrial function

The activities of complex II and complex IV in the mitochondrial 
electron transport chain were evaluated to measure mitochondrial 
dysfunction. As shown in Figure 2, mitochondrial complex II and IV 
activities remained unchanged at the time of CA compared to base-
line. CA resulted in a time-dependent decrease in complex II activity; 
this decrease became significant 10 min after CA (panel A). Similar 
results were obtained for complex IV activity (panel B).

3.4  |  Apoptotic cell death

Activation of the apoptotic death program was assessed based on 
caspase 3/7 activity. As shown in Figure 3, the activity of both cas-
pases remained unchanged at the time of CA (compared to WLST) 
and increased significantly 11 to 15 min after CA.

3.5  |  Sensitivity analysis based on differences in 
WLST to CA time

We performed a sensitivity analysis by analyzing the samples from 
donors whose times from WLST to CA were above and below the 
median time (9  min) separately (Supplementary Table S1). In this 
analysis, we found no differences between subjects with shorter 
(4–8 min) and longer (9–19 min) times in terms of contractility, mito-
chondrial function, or apoptotic cell death (Figure 4).

4  |  DISCUSSION

The results of this study suggest that myocardial contractility and 
cellular viability are significantly compromised 10 min after CA. The 
WLST period before CA did not affect the processes examined here. 
These findings are consistent for calcium homeostasis, mitochon-
drial integrity, and apoptotic cellular death. Therefore, the present 
findings suggest that, in human cardiomyocytes, the period from 

F I G U R E  2  Temporal changes in mitochondrial complexes II and IV. (A) Complex II activity. (B) Complex IV activity. Data are shown as 
mean ± SE. ***p  <  .001, compared to baseline. CA, circulatory arrest; DC, death certification; WLST, withdrawal of life-sustaining therapy
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WLST to CA and the first 10 min after CA are not associated with 
a significant compromise in cellular function or viability. Beyond 
this window of time, the risk of graft dysfunction might increase 
significantly.

Hearts from DBD are not exposed to warm ischemia because 
of the controlled organ-retrieval process. The main concern associ-
ated with the use of hearts from controlled DCD, or even subopti-
mal donors who undergo uncontrolled circulatory death followed by 
cardiac resuscitation, is exposure to warm ischemia and the subse-
quent risk of graft failure. During controlled DCD, heart grafts un-
dergo two necessary insults. The first occurs after WLST due to the 
progression to severe hypoxia and hypoperfusion, and the second 
occurs after CA and includes the mandatory 5-min stand-off period 
to confirm permanent cessation of circulation and to certify death. 
Therefore, the length of time after CA when graft procurement may 

still be considered safe is key to the success of heart transplanta-
tions from DCD donors.

The present study has demonstrated that, from a biochemical 
perspective, the period of warm ischemia associated with the WLST 
before CA occurs is not directly associated with detrimental changes 
in myocardial functionality. In a porcine model, Iyer et al. described 
hemodynamic changes accompanied by a rapid fall in systemic pH, 
increases in blood lactate and troponin T, and right atrial and ven-
tricular distension. Those findings suggest that the period of warm 
ischemia due to WLST may result in irreversible myocardial injury.19 
Our study is the first to evaluate this question in a human model of 
DCD donation. Despite progressive hemodynamic, respiratory, and 
metabolic deterioration, our study suggests that the period from 
WLST to CA is not associated with a significant negative impact on 
cardiomyocyte functionality or viability. These findings indirectly 

F I G U R E  3  Temporal changes in 
caspase 3 and 7 activity as a marker 
of apoptotic death. Data are shown as 
mean ± SE. ***p  <  .001, compared with 
baseline. CA, circulatory arrest; DC, death 
certification; WLST, withdrawal of life-
sustaining therapy

F I G U R E  4  Sensitivity analysis using WLST to CA times below (circle) and above (triangle) the median value (9 min) for all studied 
parameters
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agree with the reversibility of cardiac function in patients who are 
resuscitated after a limited period of cardiac arrest. Indeed, sev-
eral retrospective series have showed excellent results for cardiac 
transplantation following a period of cardiac arrest in the organ 
donor (mean: 15 min).20,21 In our population, the median time from 
WLST to CA was 9 min (range: 4–19 min); this aligns with previous 
reports by Chew et al.22 (10 ± 4 min) and Messer et al.23 (median: 
7 min) and is shorter than other small series (range: 8–22 min).10,12,24 
However, we recognize that times in our cohort were remarkably 
uniform and shorter than those reported in unselected DCD popu-
lations. Indeed, series from UK and Netherlands, including general 
DCD donors, reported median times from WLST to CA of 36 min and 
20 min respectively, ranging from few minutes to hours.25,26 Due to 
the variability of these times, we performed a sensitivity analysis by 
analyzing samples from donors with larger and shorter WLST to CA 
times separately; the results were similar to those obtained when all 
subjects were considered together. Therefore, these results suggest 
that warm ischemia begins at CA, and that the idea that functional 
ischemia begins when systolic blood pressure falls below 50 mmHg 
may be fabricated. However, these findings may not apply to DCD 
donors with longer times from WLST to CA (>20 min).

In our study, the main driver for cardiomyocyte loss of function 
and viability was the period after CA. In a previous study conducted 
in Australia in which a series of 23 DCD transplants were performed 
using a DPP approach, 35% of cases required immediate ECMO sup-
port due to primary graft failure.22 In that study, only a longer time 
from CA to cardioplegia was significantly associated with a higher 
need for ECMO support (15  ±  3  min vs. 12  ±  2  min, p  =  0.002). 
Therefore, the warm ischemic injury after CA seems to be the major 
determinant of the risk of graft failure following transplantation.

Several strategies have been proposed to recover heart function 
and to minimize this risk of graft failure.14 After CA, an observation 
period of 5  min without circulation is required in most countries 
to confirm death. Immediately after death is certified, one of two 
technical approaches is used to procure the doner heart. The DPP 
approach involves direct organ procurement, administration of car-
dioplegia, and ex-situ heart perfusion. The thoraco-abdominal NRP 
strategy (TA-NRP) involves cannulation to ensure extracorporeal-
driven circulation and in-situ reanimation of the heart.23 The 
Papworth group compares these strategies and finds a median in-
terval of 22 min (range: 21–25) from CA to blood perfusion for DPP 
and a median interval of 14 min (11–15 min) for TA-NRP (p < .001).23 
However, the baseline characteristics of the two groups had im-
portant differences, such that no conclusion of the impact of dif-
ferent times on clinical outcome could be made.23 The successful 
use of TA-NRP has also been reported in isolated cases in Belgium 
and Spain, including two cases at our center.12,13 In these protocols, 
the time from CA to blood reperfusion is around ten minutes (5 min 
stand-off period and 5 min for canulation and reperfusion), which 
is shorter than the time from CA to extra-corporeal perfusion. Our 
study aligns with previous findings from 14 centers and more than 
150 transplants suggesting that the time after CA is the key compo-
nent in warm ischemia.3 Our findings imply that, ideally, the sum of 

the 5-min stand-off period and the time to restore circulation should 
not exceed a total of 10 min. The use of the TA-NRP technique, as 
well as future improvements to this technique, may help reduce this 
time from CA to restored circulation. However, not all jurisdictions 
permit the use of TA-NRP; in such cases, DPP is the only alternative. 
In these contexts, pharmacological post-conditioning with modified 
flush solutions may increase ischemia tolerance.27

This study has some limitations, particularly due to the use of 
indirect biochemical measures of contractility and cellular viability. 
The evidence suggests that PLN/SERCA2a regulatome plays a fun-
damental role in the effective control of cardiac contractility.17,28 
Hence, efficient PLN phosphorylation is an important requirement 
for the proper management of calcium cycling and myocardial con-
tractility.29 Mitochondrial organelles play a central role in cardio-
myocyte survival and death pathways.30-32 Apoptotic cell death is 
the primary form of myocardial damage after CA. In response to the 
ischemic insult, pro-apoptotic proteins are released from the inter-
membrane space of mitochondria into the cytosol; this process cul-
minates in the activation of caspases and the degradation of cellular 
components.33 This process requires permeabilization of the mito-
chondrial outer membrane, an event that is considered the “point of 
no return” during cell death.32 Therefore, complexes II and IV have 
emerged as important factors in the induction of cell death.34,35 
After permeabilization of the mitochondrial outer membrane, the 
cell is doomed to die. The study of systemic abnormalities, metabolic 
and/or inflammatory, could contribute complementary information 
to the myocardial findings presented here. Unfortunately, the study 
design did not include the collection of blood samples.

Another potential limitation of this study is that uncontrolled 
characteristics of donor and donation procedures, such as age or 
pharmacological interventions, might influence the observed time 
course. Indeed, the studied population comprised DCD non-cardiac 
donors who were older than conventional cardiac DCD donors. 
However, it was not possible to study samples from cardiac DCD 
donors, and the expected impact of older age, if any, would be ear-
lier myocardial dysfunction than that expected in younger donors. 
This study also did not evaluate the recovery effect of reperfusion 
or the impact of hypothermic reperfusion or other protective mea-
sures. Therefore, our study may suggest time points when the risk of 
primary graft dysfunction becomes significantly higher, but it cannot 
identify specific time points when reversibility is probable or when 
return is no longer possible. Moreover, although we did not find any 
differences between subjects with longer and shorter periods be-
tween WLST and CA, we cannot exclude the possibility that a longer 
period from WLST to CA could impact these results. However, the 
consistent findings across all studied parameters support the tem-
poral trends identified here.

Defining this critical time interval may enable the use of DCD 
as a source of heart grafts. This could improve the logistics of DCD 
donation and increase the heart donor pool. In addition, these find-
ings might be extended to non-controlled DCD donation. Our re-
sults suggest that cardiac resuscitation within the first 10 min after 
CA may ensure the viability of the organ. This is also relevant for 
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expanding the pool of suboptimal resuscitated donors in the context 
of DBD donation.

In conclusion, following WLST, myocardial contractility and 
cellular viability seem to be preserved for the first 10 min after 
CA. Beyond this warm ischemia time point, graft function may be 
significantly compromised. These findings may help transplant 
teams and facilitate the expansion of cardiac transplantation from 
DCD donors.
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