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Abstract

Background: Organ donation after brain death is the standard practice in many countries. Rates are low globally.
This study explores the potential national number of candidates for uncontrolled donations after cardiac death
(uDCD) amongst out-of-hospital cardiac arrest (OHCA) patients and the influence of extracorporeal cardiopulmonary
resuscitation (ECPR) on the candidacy of these potential organ donors using Singapore as a case study.

Methods: Using Singapore data from the Pan-Asian Resuscitation Qutcomes Study, we identified all non-traumatic
OHCA cases from 2010 to 2016. Four established criteria for identifying uDCD candidates (Madrid, San Carlos
Madrid, Maastricht and Paris) were retrospectively applied onto the population. Within these four groups, a
condensed ECPR eligibility criteria was employed and thereafter, an estimated ECPR survival rate was applied,
extrapolating for possible neurologically intact survivors had ECPR been administered.

Results: 12,546 OHCA cases (64.8% male, mean age 65.2 years old) qualified for analysis. The estimated number of
OHCA patients who were eligible for uDCD ranged from 4.3 to 19.6%. The final projected percentage of potential
uDCD donors readjusted for ECPR survivors was 4.2% (Paris criteria worst-case scenario, n =532) to 19.4% of all
OHCA cases (Maastricht criteria best-case scenario, n = 2428), for an estimated 14.3 to 65.4 uDCD donors per million
population per year (pmp/year).

Conclusions: In Singapore case study, we demonstrated the potential numbers of candidates for uDCD among
resuscitated OHCA cases. This sizeable pool of potential donors demonstrates the potential for an uDCD program
to expand the organ donor pool. A small proportion of these patients might however survive had they been
administered ECPR. Further research into the factors influencing local organ and patient outcomes following uDCD
and ECPR is indicated.
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Background

Since the first successful kidney transplant at the Peter
Bent Brigham Hospital in 1952, organ transplantation
has significantly enhanced the survival and quality of life
of countless end-stage organ failure patients [1, 2]. Many
countries including Singapore, a first world city-state
with a population of 5.7 million [3] have relied on living
donors and donation after brain death (DBD), which fol-
lows the 1968 Harvard Ad Hoc Committee’s definition
of death as the irreversible cessation of brain function
[4]. However, the demand for organs has persistently
outstripped supply, fueled by aging populations, chan-
ging behavioral determinants of health, and surges in the
prevalence of metabolic diseases associated with organ
failure such as diabetes mellitus [1, 5-9]. This shortage
is especially evident in developed countries such as
Singapore, which has one of the highest incidences of
treated end-stage renal disease in the world — 333 pa-
tients per million population (pmp) [10], but low organ
donation rates (deceased organ donation rate of 6.6
DBD donors pmp in 2017) [2, 11, 12].

In response, several countries such as France, Spain
and the Netherlands have turned to donation after circu-
latory death (DCD) to meet the demands for organ
transplantation [13-16]. Although case studies from
these countries have demonstrated poorer outcomes for
liver transplants from DCD compared to DBD donors,
there are comparable outcomes between DCD and DBD
for kidney and lung transplants [1, 4, 17, 18]. DCD pres-
ently results in approximately 2.1 organs transplanted
per donor, translating to 10.8 quality-adjusted life-years
(QALYs) gained [19-21]. This presently constitutes half
of all deceased organ donors in the United Kingdom [2]
and is estimated to supply 61% of all donated organs in
the United States [5, 17, 22]. DCDs can be categorized
according to the modified Maastricht criteria into either
controlled DCD (cDCD) where organ donation follows
planned withdrawal of life support or uncontrolled DCD
(uDCD) where donation follows unplanned circulatory
death after unsuccessful cardiopulmonary resuscitation
attempts [23].

Improvements in pre-hospital emergency care and by-
stander interventions have resulted in increasing propor-
tions of out-of-hospital cardiac arrest (OHCA) cases
with short no-flow or low-flow times (Pre-hospital/
Emergency Department Return of Spontaneous Circula-
tion (ED ROSC) rates at 18.3% in 2001-04 vs 23.8% in
2015-16) [24-26]. In the hospital setting, the progres-
sive adoption of extracorporeal cardiopulmonary resusci-
tation (ECPR) characterized by the use of extracorporeal
membrane oxygenation (ECMO) during CPR not only
serves to optimize the outcomes of OHCA patients but
may also become a bridging intervention towards uDCD
for OHCAs who do not survive [27]. These
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advancements allow for prolonged organ viability despite
cardiac death and position uDCD as a potential source
of transplant organs [2, 22, 28]. This study aims to ex-
plore the potential national numbers for uDCD amongst
OHCA cases using Singapore as a case study and ascer-
tain the influence of ECPR on potential OHCA survi-
vors. We hypothesize that there is an unrealized pool of
uDCD donors amongst OHCA cases and that although
several OHCA cases may survive neurologically intact
with the administration of ECPR, these numbers are
low.

Methods

Study setting and population

Singapore is a rapidly aging Asian city with a life expect-
ancy of 83.1years and a population of 5.7 million in
2019 [3]. The incidence of OHCA has been rising every
year, with crude incidence of 26.5 pmp in 2011 to 44.6
per 1000 pmp in 2016. While an increasing proportion
of these survived (19.9% survived to admission, 6.5% sur-
vived to discharge in 2016) [26], a large majority did not
survive to admission. All of Singapore’s 18 hospitals (8
public, 10 private) provide deceased donors for solid
organ transplantation. Kidney and liver transplantations
are performed at two public academic medical centers
(AMCs):  Singhealth Duke-National University of
Singapore (SDNUS) and the National University Health
System (NUHS), while other forms of organ transplanta-
tions are centralized at either of the two AMCs (heart
and lung transplantations at SDNUS, and pancreas
transplantations at NUHS) [29]. Out-of-hospital cardiac
arrest was defined as: absence of pulse, unresponsiveness
and apnea, regardless of etiology and method of arrival
[30, 31]. We excluded patients who attained ROSC in
ED as they would have been admitted to intensive care
units (ICUs) for post-resuscitative care.

Study design

This was a retrospective, nationwide, multi-center co-
hort study of consecutive OHCA cases presenting to all
public restructured hospitals in Singapore from 2010 to
2016. As uDCD is a relatively novel practice with few ac-
tive programs worldwide, there are no accepted criteria
for selecting candidates for uDCD, with many compo-
nents being established based on empirical grounds [17].
However, several standardized protocols have been pro-
posed [17, 32, 33]. All major articles on uDCD were
reviewed, and four established protocols were selected
and applied onto the study population — the Madrid
[13], San Carlos Madrid [14], Maastricht [15], and Paris
criteria [16]. Although each protocol differed in terms of
individual criteria: age, comorbidities, and time cutoffs
from collapse to CPR initiation (Table 1), all emphasized
the spirit of exhausting all practicable resuscitation
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Table 1 Constituent Factors and Projected Donor Numbers per uDCD Criteria
uDCD Criteria
Madrid'3 San Carlos, Maastricht'® Paris'®
Madrid'*
Best-  Worst- Best-case Worst-case
case case
Factors Age (years) 18-60 7-55 <65 18-55
Witnessed OHCA Yes Yes Yes
Cardiac Arrest to CPR <15 <10 <45 <30
Initiation (min)
Comorbidities for 1. Unknown cause of 1. Unknown cause of - 1. 1. Hypertension 1. Hypertension
Exclusion death death Infection 2. Diabetes 2. Diabetes
2. Risk factors for 2. Risk factors for HIV 3. Cancer 3. Cancer
HIv 3. Trauma to chest or 4. Renal 4. Renal
3. Trauma to chest or abdomen disease disease
abdomen 5. Trauma to 5. Trauma to
abdomen abdomen
6. Infection
Projected Patient Eligible for ubCD 1202 (9.6) 660 (5.3) 2460 1987 648 (5.2) 544 (4.3)
Numbers (% of total) (19.6) (15.8)
Eligible for ECPR 208 (17.3) 152 (23.0) 266 266 102 (15.7) 102 (18.8)
(% of ubDCD) (108)  (134)
ECPR Survivors* 25 32 32 12 12
Potential uDCD Donors 1177 (94) 642 (5.1) 2428 1955 636 (5.1) 532 (4.2)
(% of total)' (194)  (156)
Potential uDCD Donors 31.7 17.3 65.4 52.7 17.1 143

(ppm/year)®

T HIV=Human Immunodeficiency Virus

* Refers to the estimated number of OHCA patients eligible for uDCD and ECPR that survive neurologically intact if ECPR was administered. This is obtained by
multiplying the projected number of ECPR cases by 12.3% and rounding down to the nearest whole number (12.3% estimate derived from Sakamoto et al.*)

* Refers to the final estimate of national uDCD donors. This is obtained by deducting ECPR survivors from the number eligible for uDCD

§ Assuming a resident population of 5.3 million across all 7 years of data (actual 2010 population 5.1 million; 2016 population 5.6 million). Current DBD donor rate

is approximately 6.6 ppm/year

efforts as per international standards and evidence-based
termination-of-resuscitation rules [17]. This yielded four
different hypothetical populations of potential uDCD do-
nors. Both the Maastricht and Paris criteria included an
option to accept cases with signs of infection (best-case
scenario) or exclude them from being uDCD donors
(worst-case scenario). As the registry used did not col-
lect specific data on signs of infection, we computed two
extreme scenarios: assuming all OHCA of unknown
causes were due to infection (worst-case scenario), and
assuming none of them were due to infection (best case
scenario). This would provide a range of estimates
within which the population parameter would lie. The
potential use of ECPR to preserve end-organ perfusion
may serve to act as both a life-saving intervention, as
well as an eventual bridge to uDCD in the event of un-
successful resuscitation. As such, a condensed ECPR eli-
gibility criteria (age between 18 and 75 years, no severe
comorbidities, cardiac etiology, time to CPR initiation <
5 min, shockable rhythm, no ROSC within 20 min) as
well as an estimated ECPR neurologically intact survival
rate of 12.3% derived by Sakamoto et al. [34] was applied
to these four populations. This allowed us to extrapolate
for possible OHCA survivors (and therefore not suitable

to be uDCD donors), had ECPR been administered in
the field.

Data source and collection

The Pan-Asian Resuscitation Outcomes Study Clinical
Research Network (PAROS CRN) is an international
prospective registry of OHCAs in the Asia-Pacific region
[30, 35]. Established in 2010, it objectively reported con-
secutive OHCA events through standardized data defini-
tions and collection methods across multiple cities to
improve understanding of OHCA epidemiology in Asia
[35]. Registry protocols have previously been described
in literature [31]. The Centralised Institutional Review
Board (2013/604/C) and Domain Specific Review Board
(2013/00929) granted approval for this study with a wai-
ver of patient informed consent. In this study, analysis
was carried out on de-identified PAROS data collected
prospectively in Singapore from Apr 1, 2010 to Dec 31,
2016.

Definitions for OHCA characteristics follow Utstein
recommendations and include time sensitive OHCA
data elements [36]. Patient demographics (age, gender,
ethnicity), injury characteristics (cause of arrest, wit-
nessed arrest, first arrest rhythm), pre-hospital
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management (bystander CPR, bystander automated ex-
ternal defibrillator [AED] use, pre-hospital defibrillation),
and patient outcomes (pre-hospital/ED ROSC) were also
prospectively recorded.

Availability of data and materials

Data and analyses are not publicly available as they were
used under license for the current study. Data is how-
ever available from the authors upon reasonable request.

Statistical analysis

Data was reported as the mean (standard deviation [SD])
or median (interquartile range [IQR]) for continuous
variables, and frequency (%) for categorical variables.
Two-sample z-test was used to compare categorical vari-
ables by uDCD protocols. All statistical analyses were
carried out via SPSS version 23 (IBM Corp).

Results

Out of 12,546 patients with OHCA, 8530 (68.0%) pa-
tients did not survive to ED ROSC. Mean age was 65.2
years old (SD 18.5) and 64.8% were male. Sixty percent
of cases were witnessed arrests (n=7502), and asystole
was the most common first arrest rhythm (48.7%, n =
6107), followed by Pulseless Electrical Activity (PEA),
Ventricular Fibrillation (VF), and Ventricular Tachycar-
dia (VT). 43.7% had bystander CPR (n =5477), with a
median time to CPR initiation of 15 min (IQR = 12.08),
and 25.5% of cases had pre-hospital defibrillation (n =
3202) (Table 2). Compared to the population of OHCA
cases, suitable uDCD donors were more likely to be
male, non-Chinese OHCA patients, with VF as the first
arrest rhythm as opposed to asystole (p <.05). Bystander
AED and CPR, and pre-hospital defibrillation were cor-
related with suitability for uDCD (Table 2).

Application of all four uDCD selection criteria resulted
in six separate populations of OHCA patients (a best-
case and worst-case scenario were obtained for both
Maastricht and Paris criteria). The estimated number of
OHCA patients who were eligible for uDCD ranged
from 4.3 to 19.6% (n=544-2460) (Fig. 1). Factoring in
the possibility of successful ECPR with neurologically in-
tact survival, a condensed ECPR eligibility criteria was
then applied to each of the six sub-populations of poten-
tial uDCD donors to obtain the estimated number of
OHCA cases which would have had ECPR administered
in the emergency setting (n=102-266). An ECPR
neurologically intact survival rate of 12.3% [34] was then
used to gauge the number of cases with successful ECPR
(i.e. no longer suitable for uDCD as the donors have sur-
vived neurologically intact). The final projected percent-
age of potential uDCD donors readjusted for ECPR
survivors is 4.2% (Paris criteria worst-case scenario, 1 =
532) to 19.4% of all OHCA cases (Maastricht criteria
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best-case scenario, n = 2428), translating to an estimated
14.3 to 65.4 uDCD donors per million population per
year (pmp/year) (Table 1).

Discussion
This secondary analysis of a nationwide prospective
registry found that the number of OHCA patients who
were candidates for uDCD ranged from 4.3 to 19.6%
(n=12,546). This is substantially higher than other stud-
ies which gave a range from 1.5 to 7.5% [5, 28], largely
due to the more generous Maastricht criteria. We postu-
late that this is also due to rapidly improving pre-
hospital emergency care and OHCA survival in
Singapore. It is likely that these numbers will continue
to increase as a result of increasing local OHCA inci-
dence and advancements in OHCA resuscitation inter-
ventions. After adjusting for ECPR neurologically intact
survivors, the revised range was 4.2 to 19.4%, translating
to an estimated 14.3 to 65.4 uDCD donors pmp/year.
Male and Chinese OHCA patients made up the major-
ity of OHCA cases (64.8, 67.7%) and also represented
the majority of potential uDCD donors (79.7-90.8%,
49.8-53.9%). However, male and non-Chinese OHCA
patients (specifically Malays and Indians) were signifi-
cantly more likely to be potential uDCD donor candi-
dates (p <.05). This is postulated to be because these
subsets of OHCA patients were more likely to be youn-
ger and therefore more likely to meet the age criteria for
uDCD [5, 13, 16]. The older average age of onset of
OHCAs in Chinese patients also predisposes them to an
increased prevalence of comorbidities that come with
age, and likely resulted in their exclusion from uDCD
candidacy [37]. As expected, bystander AED and CPR as
well as pre-hospital defibrillation were correlated with
suitability for uDCD (p <.05) as these pre-hospital inter-
ventions are associated with a reduced time to CPR initi-
ation [24-26, 38] — one of our uDCD selection criteria.
Historically, Singapore has low organ donation rates
with a deceased organ donation rate of 6.6 DBD donors
pmp in 2017, low in comparison to other countries with
opt-out policies such as Croatia (36.3 donors pmp) [2,
11, 12]. This is despite Singapore passing two separate
legislations for organ transplantation to increase organ
donation — the Medical (Therapy, Education and Re-
search) Act (MTERA) in 1972 [7] and the Human Organ
Transplant Act (HOTA) in 1988 [39]. MTERA is an opt-
in policy which allows residents to donate organs or any
other body parts for transplantation, education, or re-
search upon death (of which only 1.3% have signed up)
[29], while HOTA is a presumed consent policy for
organ donation under which all mentally capable Singa-
poreans and permanent residents from age 21 years are
organ donors (kidneys, heart, liver and corneas) unless
they have opted out [2, 11, 29, 39, 40]. As a result, up to
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Table 2 Patient Demographics and OHCA Characteristics
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Total Madrid San Carlos, Maastricht Criteria Paris Criteria p-value‘rJr
Criteria  Madrid Criteria Best-case Worst-case Best-case Worst-case
n=12,546 n=1202 n=660 n=2460 n=1987 n=648 n=544
Patient Demographics
Mean age in years (SD) 652 (185) 485 (9.0) 435 (9.8) 496 (128) 50.1(11.8) 424(92) 433 (86) -
Male (%) 8125 (64.8) 975 526 (79.7) 1940 1653 (83.2) 563 (86.9) 494 (90.8) <.05
@®1.1) (789
Ethnicity (%)
Chinese 8492 (67.7) 627 333 (50.5) 1327 1050 (52.9) 323 (49.8) 279 (51.3) <.05
(522) (539
Malay 1961 (15.6) 276 150 (22.7) 540 (22.0) 430 (21.6) 112 (173) 86 (15.8) <.05
(23.0) (excl. Paris)
Indian 1358 (10.8) 181 99 (15.0) 370 (15.0) 320 (16.1) 116 (179) 98 (18.0) <.05
(15.0)
Others 735 (5.9) 118 9.8) 78 (11.8) 223 (9.1) 187 (94) 97 (150) 81 (14.9) -
Presence of comorbidities precluding 8335 (664) - - - - - - -
organ donation' (%)
OHCA Characteristics (%)
Witnessed Arrest 7502 (59.8) - - - - - - -
First Arrest Rhythm'
Asystole 6107 (48.7) 429 238 (36.0) 995 (404) 736 (37.0) 265 (409) 211 (38.8) <.05
(35.7)
PEA 3519 (28.0) 307 156 (23.6) 700 (28.5) 542 (27.3) 140 (21.6) 104 (19.1) >.05
(25.5)
VF 1908 (15.2) 371 201 (30.5) 589 (23.9) 563 (283) 194 (299) 186(342) <.05
(30.9)
VT 58 (0.5) 6 (0.5) 2(03) 11 (04) 10 (0.5) 2 (0.3) 2 (04) >.05
Bystander CPR 5477 (43.7) 690 442 (67.0) 1112 899 (45.2) 334 (51.5) 292 (53.7) <.05 (excl.
(57.4) (45.2) Maastricht)
Median time to CPR initiation, min (IQR) 15.00 12.00 11.00 (10.00) 14.00 14.00 1447 1440 (9.19) -
(12.08) (8.08) (10.23) (10.00) (9.45)
Bystander AED 399 (3.2) 74 (62) 52(79) 112 (46) 97 (49) 41 (6.3) 39 (7.2) <.05
Pre-hospital Defibrillation 3202 (25.5) 577 321 (48.6) 947 (38.5) 892 (44.9) 311 (48.0) 299 (55.0) <.05
(48.0)

* Examples include trauma, Acquired Immunodeficiency Syndrome (AIDS), signs of infection, and unknown causes of death
* PEA = pulseless electrical activity; VF = ventricular fibrillation; VT = ventricular tachycardia

T Two-sample z-test was used for all statistical analyses

half of patients on the transplant waitlist eventually die
or become too sick to undergo transplantation [40-42]
and those who survive wait an average of 9 years before
a suitable donor is found [42]. Suggested reasons for
poor organ donation rates include low referral rates of
potential donors by ICUs, early withdrawals of life sup-
port by family, reductions in traumatic brain injuries
(TBIs) due in part to improvements in traffic and work
safety measures and most importantly, cardiac arrest
prior to the declaration of brain death [29, 41, 43].

Our results indicate that the implementation of uDCD
protocols may substantially increase the number of po-
tential organ donors from 6.6 DBD donors pmp cur-
rently, to 20.9-72 DBD/DCD donors pmp, countering
the decreasing incidences of TBI and brain death. The

potential to convert the inevitable death of one OHCA
patient into QALYs for many others is tremendous, with
an estimated 10.8 QALYs gained [21] from an average of
2.1 organs transplanted per DCD donor [19, 20]. The
rising incidence of OHCAs also make uDCDs increas-
ingly pertinent, and many sudden cardiac death patients
are relatively young and healthy with no contraindica-
tions to organ donation [44]. Regardless of neuroprog-
nostication, ECPR should be considered for OHCA
patients as much as feasibly possible, as this may serve
as an eventual bridge to uDCD in the event of unsuc-
cessful resuscitation.

In countries such as Spain, DCDs now constitute 24%
of all deceased donors [45], allowing them to reach an
enviable target of 40 donors pmp [41]. However,
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Fig. 1 Flowcharts of Potential Donors, Singapore, 2010-2016, n = 12,546 OHCA cases. From left to right: Madrid [13], San Carlos Madrid [14],
Maastricht best-case, Maastricht worst-case [15], Paris best-case, Paris worst-case [16]

attempts to improve organ donation rates must not
compromise reasonable OHCA resuscitation efforts.
Analysis of OHCA cases in Spain pre and post uDCD
implementation have demonstrated no significant differ-
ence in ROSC rates, allaying concerns of any comprom-
ise in the care and treatment of potential organ donors
[28, 46]. Further studies are indicated to optimize uDCD
programs for local implementation to ensure the selec-
tion of only OHCA cases with zero prognosis for uDCD
candidature. Public awareness and perception of such
programs must also be considered and addressed pru-
dently. This will minimize unfamiliarity or ill-informed
opposition that may unnecessarily prolong the duration
from cardiac death to transplantation, with consideration
given to abstinence from coercion and pressure as well
as provision of time and space to grieve. Other measures
to improve organ donation rates such as revisions to
transplant workflows to increase ICU referral rates of
potential donors should also be considered.

Limitations

Our study findings should be interpreted with the fol-
lowing limitations in mind. Firstly, as this is a multi-
centre study spanning many years, data integrity and val-
idity may be suboptimal. This was mitigated through
pre-study standardisations of data definitions and data
collection protocols, as well as the large sample size of
the study. Secondly, as the registry did not collect spe-
cific data on signs of infection in OHCA patients, a
proxy had to be utilised, where we assumed that all
OHCASs of unknown cause were due to infection (worst-

case scenario for the Maastricht and Paris criteria).
Lastly, as this is a theoretical study, several models and
calculations had to be extrapolated, limiting the extent
that study results can be translated into actual practice.
It also does not take into account several considerable
real-life challenges and limitations. This includes the
myriad of advanced resources required for ECPR and
uDCD which ranges from equipment such as veno-
arterial ECMO [46], to specialised manpower such as
cardiothoracic surgeons, intensivists and perfusionists
[41]. Ethical and legal considerations would also need to
be deliberated and addressed appropriately [17, 41].
Additional analyses on the factors influencing the effi-
cacy of uDCD and ECPR should be carried out.

Conclusions

We demonstrated the potential numbers of candidates
for uDCD among resuscitated OHCA cases using
Singapore as a case study. This sizeable pool of potential
donors demonstrates the potential for an uDCD pro-
gram to expand the organ donor pool. A small propor-
tion of these patients might survive neurologically intact
had ECPR been administrated, and not be suitable for
uDCD. Such attempts to improve organ donation rates
must not compromise reasonable OHCA resuscitation
efforts. Further research into the factors influencing
organ and patient outcomes following uDCD and ECPR
is indicated.
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