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Hearts donated following circulatory death (DCD) may
represent an additional source of organs for transplan-
tation; however, the impact of donor extubation on the
DCD heart has not been well characterized. We sought
to describe the physiologic changes that occur follow-
ing withdrawal of life-sustaining therapy (WLST) in a
porcine model of DCD. Physiologic changes were
monitored continuously for 20min following WLST.
Ventricular pressure, volume, and function were
recorded using a conductance catheter placed into
the right (N¼ 8) and left (N¼ 8) ventricles, and using
magnetic resonance imaging (MRI, N¼ 3). Hypoxic
pulmonary vasoconstriction occurred followingWLST,
and was associated with distension of the right
ventricle (RV) and reduced cardiac output. A 120-fold
increase in epinephrine was subsequently observed

that produced a transient hyperdynamic phase; how-
ever, progressive RV distension developed during this
time. Circulatory arrest occurred 7.6#0.3min following
WLST, at which time MRI demonstrated an 18#7%
increase in RV volume and a 12#9% decrease in left
ventricular volume compared to baseline.We conclude
that hypoxic pulmonary vasoconstriction and a
profound catecholamine surge occur following WLST
that result in distension of the RV. These changes
have important implications on the resuscitation,
preservation, and evaluation of DCD hearts prior to
transplantation.

Abbreviations: CaO2, arterial oxygen content; CO,
cardiac output; DCD, donation after circulatory death;
LV, left ventricle; MRI, magnetic resonance imaging;
PaCO2, arterial partial pressure of carbon dioxide; PaO2,
arterial partial pressure of oxygen; RV, right ventricle;
UHPLC, ultra-high-performance liquid chromatogra-
phy; WLST, withdrawal of life-sustaining therapy
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Introduction

Cardiac transplantation remains the ‘‘gold standard’’
treatment for eligible patients with advanced heart failure.
Following the introduction of brain-death criteria in 1968 (1),
cardiac transplantation has been performed almost exclu-
sively with organs from brain-dead donors. A critical
shortage of suitable organs fromsuch donors has prompted
a renewed interest in donation after circulatory death (DCD)
to expand the donor pool. Clinical transplantation of DCD
hearts has not been undertaken routinely because of
concerns regarding the severity of injury sustained during
the hypoxemic cardiac arrest and warm ischemic standoff
period that ethically define death (2). However, translational
experiments have demonstrated that successful transplan-
tation of DCD hearts can be accomplished if ischemic
postconditioning agents (i.e. erythropoietin, glyceryl trini-
trate, sodium–hydrogen exchange inhibitors) are delivered
at the time of procurement and organs are preserved using
ex vivo perfusion (3–6). Clinical application of this approach
has now resulted in the successful transplantation of
human adult hearts donated after circulatory death (7).
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Despite these recent successes, data describing the
physiologic changes that occur following withdrawal of
life-sustaining therapy (WLST) are limited, and a thorough
understanding regarding the physiology of dying is lacking.
This is exemplified by the variable definitions of donor
circulatory arrest (electrical asystole, absent pulse, absent
pulse pressure on an arterial pressure tracing, absence of
cardiac output, etc.), standoff period durations that must be
observed before death can be declared (2–20min), and
definitions of the functional warm ischemic time that are
employed in the donation community (2,8–11). An im-
proved understanding regarding the natural history of the
dying process following donor extubation is necessary to
inform the development of standardized medical practices
for DCD (12).

A more detailed description of the physiologic response to
donor extubation is especially pertinent in the context of
DCD heart transplantation. Following WLST, the donor
heart is forced to function in an increasingly hypoxic
environmentwhile attempting tomaintain systemic oxygen
delivery. Previous studies have suggested that this process
is associated with a catecholamine-mediated period of
hyperdynamic circulation and ventricular distention that

may exacerbate the severity of injury suffered by DCD
hearts (13–16); however, a systematic description of the
physiologic response to WLST in the donor heart has not
been previously reported. A greater understanding of this
process may inform the creation of resuscitation protocols
tailored specifically to the DCD heart and evaluation
strategies that identify organs suitable for transplantation.
Therefore, the objective of this study is to characterize the
physiologic changes that occur in the donor heart following
WLST in a large-animal model of DCD.

Materials and Methods

All animals receivedhumanecare incompliancewiththeNational Institute of

Health’s Guide for the Care of Laboratory Animals. Institutional Animal Care

Committees approved the experimental protocol. Physiologic changes

following WLST were studied in 19 female domestic pigs (Figure 1).

Donor animal preparation

Pigs (40 kg) were sedated with an intramuscular injection of tiletamine

(2.4mg/kg), zolazepam (2.4mg/kg), and xylazine (0.9mg/kg). Orotracheal

intubation was established and general anesthesia was maintained with 2–

3% isoflurane. A median sternotomy was performed and 1000 units/kg of

Figure 1: Experimental donation after circulatory death protocol describing the interventions performed during the 20-min
period following cessation of mechanical ventilation. (A) RV hearts (N¼8): Aortic pressure, cardiac output, and right ventricular

pressure, volume, and functionwere recorded continuously. Arterial blood sampleswere obtained at regular intervals. (B) LV hearts (N¼8):
Aortic pressure, cardiac output, and left ventricular pressure, volume, and functionwere recorded continuously. Arterial blood sampleswere
obtained at regular intervals. (C)MRI hearts (N¼3): Left and right ventricular chamber volumesweremeasured at baseline prior to cessation

of mechanical ventilation, and following declaration of circulatory arrest. LV, left ventricle; MRI, magnetic resonance imaging; RV, right
ventricle; WLST, withdrawal of life-sustaining therapy (cessation of mechanical ventilation).
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heparin was delivered intravenously. 7F and 6F catheters were placed into

the internal jugular vein and common carotid artery for blood sampling and

continuous monitoring of central venous and aortic pressures (IntelliVue

MP60, Philips Healthcare, Andover, MA).

Conductance catheter assessment

A 5F conductance catheter (Ventri-Cath 507, Millar Inc., Houston, TX) was

placed retrogradely across the pulmonic valve into the right ventricle (RV) (RV

hearts, N¼ 8), or across the aortic valve into the left ventricle (LV) (LV hearts,

N¼ 8), for continuous recording of ventricular pressure, volume, and function

data (Figure1).Catheter pressure calibrationwasperformedusing ahand-held

manometer, and volume calibration was carried out following measurement

of blood conductivity. The maximum (dP/dt maximum) and minimum (dP/dt

minimum) rate of pressure change within the ventricle were used to assess

systolic and diastolic function, respectively. Cardiac output was calculated

using the stroke volume and heart rate measured with the conductance

catheter. All parameters were recorded continuously and analyzed using

LabChart 7 Pro Version 7.2.5 (ADInstruments Inc., Colorado Springs, CO).

Cine cardiac magnetic resonance imaging

RV and LV chamber volumes (MRI hearts, N¼ 3) were evaluated using cine

cardiac magnetic resonance imaging (MRI) with a 3-Tesla Siemens MR

scanner (Sonata, Magnetom, Siemens, Erlangen, Germany) as previously

described (17). Measurements were obtained at baseline prior to cessation

ofmechanical ventilation and upon declaration of circulatory arrest (Figure 1).

A four-element phased array coil was used, with two coils placed on the

anterior chest wall and two placed on the posterior chest wall. Images were

analyzed using MASS version 4.2 software (MEDIS Medical Imaging

Systems, Leiden, Netherlands). The contour of the ventricular wall

endocardium at end-diastole was manually traced in all images containing

the RV and LV, and the sum of the marked areas was used to calculate the

end-diastolic volume.

Donation after circulatory death

Following acquisition of baseline conductance catheter and MRI assess-

ments, the fraction of inspired oxygen was reduced to 25%, mechanical

ventilation was discontinued, and the donor animal was extubated. A 10-mL

blood sample was withdrawn from the ascending aorta at 0, 0.5, 1.0, 1.5,

2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0, and 20.0min following

cessation of mechanical ventilation (Figure 1). A 1-mL aliquot was analyzed

on an ABL 800 Flex blood gas machine (Radiometer Medical ApS, Brønshøj,

Denmark) to obtain pH, arterial partial pressure of oxygen (PaO2), arterial

partial pressure of carbon dioxide (PaCO2), hemoglobin concentration, %

hemoglobin saturation, and lactate concentration. The remainder of the

bloodwas centrifuged (48C) at 1500g for 15min and stored at –808C for later

analysis. Circulatory arrest was declared when pulsatility on the arterial

pressure tracing was no longer evident. Animals were observed for a total of

20min following cessation of mechanical ventilation (Figure 1).

Enzyme-linked immunosorbent assays

The concentrations of epinephrine and norepinephrine (Abnova, Walnut,

CA), tumor necrosis factor-a and interleukin-6 (R&D Systems, Minneapolis,

MN), troponin-I (Life Diagnostics, West Chester, PA), and triiodothyronine

(NeoBiolab, Woburn, MA) in plasma samples obtained following cessation

of mechanical ventilation were measured using commercially available

enzyme-linked immunosorbent assay kits.

Adenosine release

The concentration of adenosine in plasma samples obtained following

cessation of mechanical ventilation (N¼ 4) was measured using liquid

chromatography–tandem mass spectrometry. Plasma (500mL) was diluted

with phosphate-buffered saline (500mL) and 100 ng/mL of 2-chloroadeno-

sine (as an internal standard). Samples were subjected to solid phase

extraction using Waters Oasis MCX 1-cc cartridges (Waters Limited,

Mississauga, Ontario), dried, and reconstituted in 100mL water containing

0.05% trifluoroacetic acid and 0.5% acetic acid. Quantification was

performed on the Shimadzu Nexera ultra-high-performance liquid chromato-

graph (UHPLC) and LCMS-8040 triple quadrupole mass spectrometer

(Shimadzu USA Manufacturing Inc., Canby, OR). Chromatographic separa-

tion was performed using the Waters Acuity BEH C18 UHPLC column in

isocratic conditions at 85% acetonitrile in water (0.05% trifluoroacetic acid,

0.5% acetic acid) with retention times of 1.9min (adenosine) and 2.7min (2-

chloroadenosine). Mass detection was achieved with dual ion source

atmospheric pressure chemical ionization/electrospray ionization using the

multiple reaction monitoring for transitions 268.2>136.2 and 302.1>170.1

for adenosine and 2-chloroadenosine, respectively.

Calculations

Systemic oxygen delivery was calculated as follows:

O2 delivery ðmLO2=minÞ ¼ CaO2 ðmLO2=100mLÞ !COð100mL=minÞ;

where CaO2 represents the oxygen content in the arterial blood and CO

represents the cardiac output. The CaO2 was calculated as follows:

CaO2ðmLO2=100mLÞ ¼ ½1:34ðmLO2 =gram hemoglobinÞ
!hemoglobin concentrationðgrams=100mLÞ
!hemoglobin oxygen saturationð%Þ(
þ½0:0031ðmLO2=mmHg=100mLÞ !PaO2ðmmHgÞ(;

where PaO2 represents the partial pressure of oxygen in the aortic root.

Systemic vascular resistance was calculated as follows:

Systemic vascular resistanceðmmHg !min=LÞ
¼ ½mean arter ial pressureðmmHgÞ
*r ight ventr icular diastol ic pressureðmmHgÞ(=cardiac outputðL=minÞ:

Statistical analysis

Normally distributed continuous variables were reported as mean#
standard error of the mean and were compared using the two-tailed, paired

t-test. A p-value <0.05 was considered statistically significant. Analyses

were performed using GraphPad Prism V6.0c (GraphPad Software Inc.,

La Jolla, CA).

Results

We identified five physiologic phases based on our observa-
tions of the hemodynamic changes that occurred following
WLST: (1) pulmonary vasoconstriction (0–1.5min), (2)
hyperdynamic (1.5–4.0min), (3) agonal (4.0–7.0min), (4)
circulatory arrest (7.0–8.0min), and (5) standoff
(8.0–20.0min) phases. A summary of the study results
is presented in Table 1.

Pulmonary vasoconstriction phase (0–1.5min)
The PaO2, cardiac output, and systemic oxygen delivery
declined precipitously in the first 1.5min following
cessation of mechanical ventilation (Figures 2 and 3). A
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progressive decline in LV function and systemic vascular
resistance was associated with a decline in aortic systolic
and LV systolic pressures (Figures 2, 4, and 5). In
contrast, RV function remained unchanged during the
pulmonary vasoconstriction phase, and the RV systolic
and diastolic pressure and the RV diastolic volume
increased (Figures 4–6). During this time period, the
PaCO2 increased from 40#1mm Hg to 58#1mm Hg
(p< 0.01), the arterial lactate concentration increased
from 1.8#0.1 to 2.5#0.3mmol/L (p¼0.03), the pH

declined from 7.45#0.01 to 7.34#0.01 (p< 0.01), and a
3.0#0.7-fold increase in the concentration of adenosine
was observed (Figure 3).

Hyperdynamic phase (1.5–4min)
The hyperdynamic phase was characterized by a 120-fold
increase in the concentration of endogenous epinephrine
and a 400-fold increase in the concentration of norepineph-
rine (Figure 7). This catecholamine surge was associated

Figure 2: Physiologic response to cessationofmechanical ventilation. (A) Aortic systolic pressure, systemic vascular resistance, heart
rate, and (B) cardiac output and systemic oxygen delivery. Values are presented as mean# standard error of the mean.

Table 1: Hemodynamics, arterial blood gas parameters, hormones, and biomarkers following donor extubation

Time following donor extubation (min)

Mean (SEM) 0 1.5 4 8 20

pH 7.45 (0.01) 7.34 (0.01) 7.27 (0.01) 7.18 (0.02) 7.13 (0.02)
PO2 (mm Hg) 107 (6) 23 (1) 13 (1) 12 (1) 13 (1)

PCO2 (mm Hg) 40.0 (1.2) 57.6 (1.3) 68.2 (2.1) 81.3 (4.2) 91.4 (5.0)
Lactate (mmol/L) 1.8 (0.1) 2.5 (0.3) 2.7 (0.2) 4.1 (0.3) 4.9 (0.4)
Troponin-I (ng/mL) 0.21 (0.13) 0.18 (0.11) 0.20 (0.12) 0.20 (0.11) 0.22 (0.13)

Norepinephrine (ng/mL) 1 (0) 2 (2) 204 (90) 377 (63) 591 (137)
Tumor necrosis factor-a (pg/mL) 153 (61) 145 (57) 116 (47) 116 (42) 104 (41)

Triiodothyronine (ng/mL) 334 (38) 390 (24) 367 (40) 361 (24) 365 (45)
Cardiac output (mL/min) 1702 (141) 1352 (131) 891 (131) 214 (39) 54 (15)
Systemic oxygen delivery (mL O2/min) 212 (4) 41 (4) 10 (1) 3 (0) 1 (0)

SVR (mm Hg!min/L) 34 (3) 22 (2) 28 (4) 23 (4) 0 (0)
Heart rate (beats/min) 81 (3) 79 (3) 82 (5) 67 (5) 29 (6)

RV systolic pressure (mm Hg) 27 (2) 28 (2) 29 (3) 15 (2) 9 (1)
RV diastolic pressure (mm Hg) 7 (1) 8 (1) 10 (1) 12 (1) 9 (1)
LV systolic pressure (mm Hg) 71 (3) 54 (4) 45 (7) 17 (6) 6 (1)

LV diastolic pressure (mm Hg) 5 (1) 5 (1) 4 (1) 5 (1) 5 (1)
RV dP/dt maximum (mm Hg/s) 224 (16) 230 (14) 193 (26) 36 (11) 8 (0)
RV dP/dt minimum (mm Hg/s) *157 (14) *165 (10) *139 (25) *31 (7) *9 (1)

LV dP/dt maximum (mm Hg/s) 780 (55) 627 (42) 654 (128) 157 (90) 8 (0)
LV dP/dt minimum (mm Hg/s) *758 (42) *389 (46) *449 (102) *128 (67) -8 (0)

% Change RV diastolic volume 0 (0) 14 (3) 22 (3) 18 (4) 6 (4)
% Change LV diastolic volume 0 (0) 3 (1) *8 (4) *10 (2) *21 (2)

LV, left ventricle; RV, right ventricle; SEM, standard error of the mean; SVR, systemic vascular resistance.

White et al
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with a transient increase in heart rate (Figure 2), biven-
tricular function (Figure 5), cardiac output (Figure 2), and
systemic vascular resistance (Figure 2), which were
associated with an increase in aortic systolic pressure
(Figure 2). Despite the increase in RV contractility, the
diastolic pressure and volume in the RV continued to
increase over the duration of the hyperdynamic phase
(Figure 4 and 6).

The increase in ventricular function and cardiac output
observed during the hyperdynamic phase augmented the
systemic oxygen delivery to a negligible degree (Figure 2),
and the arterial lactate concentration increased significantly
during this time (2.0#0.2 vs. 2.7#0.2mmol/L, p¼ 0.018,
Figure 3). The hemodynamic changes observed during this
phase produced a logarithmic relationship between aortic
systolic pressure and systemic oxygen delivery following
WLST (Figure 8). Consequently, aortic systolic pressure

wasmaintained even after a precipitous decline in systemic
oxygen delivery and the transition to anaerobic metabolism
had occurred. In contrast, the relationship between arterial
oxygen saturation and systemic oxygen delivery was linear
(Figure 8).

Agonal phase (4–7min)
Despite persistently elevated catecholamine levels, biven-
tricular function (Figure 5) and cardiac output (Figure 2)
declined rapidly during the agonal phase. During this time
the RV continued to experience marked distention com-
pared to the LV. The RV diastolic volume remained 22# 0%
above baseline levels, while the LV diastolic volume
remained 10# 0% below baseline levels (Figure 6). Simi-
larly, the RV diastolic pressure was 2.5 times greater than
that observed in the LV during the agonal phase (Figure 4). A
progressive acidosis resulting from a rising lactate (2.7#0.2

Figure 3: Physiologic response to cessation of mechanical ventilation. (A) pH, partial pressure of oxygen (PaO2) and carbon dioxide
(PaCO2), (B) lactate and adenosine levels present in arterial blood samples. Values are presented as mean# standard error of the mean.

Figure 4: Physiologic response to cessation of mechanical ventilation. (A) Systolic and (B) diastolic pressures in the left and right
ventricle. Values are presented as mean# standard error of the mean.
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vs. 4.1#0.3mmol/L, p< 0.01) and PaCO2 (68#2 vs.
81#4mm Hg, p<0.01) was also observed (Figure 3).

Circulatory arrest phase (7–8min)
A pulse pressure on the arterial pressure tracing was no
longer evident 7.6#0.3min following WLST, and the time
to circulatory arrest was comparable between RV and LV
hearts (RV hearts: 7.8#0.4 vs. LV hearts: 7.4#0.6,
p¼ 0.66). At this point the central venous pressure was
greater than or equal to the mean arterial pressure in all
animals, confirming that cessation of antegrade circulation
had occurred. No hearts had developed ventricular tachy-
cardia or fibrillation at the time circulatory arrest was
declared. During this phase the RV diastolic volume was
18#0% above baseline levels and the LV diastolic volume
remained 10#0% below baseline levels (Figure 6). This
difference in ventricular volume was confirmed using MRI,
which demonstrated an RV volume 18#7% above baseline
values and an LV volume 12#9% below baseline values
(Figure 9).

Standoff phase (8–20min)
The arterial lactate and PaCO2 continued to rise during the
standoff period, reaching values of 4.9#0.4mmol/L and
91#5mm Hg, respectively, and resulting in a pH of
7.13#0.02 at 20min following WLST (Figure 3). The right
ventricle remained distended over the duration of the
standoff period. Over the 20-min period following WLST,
the net area under the RV volume curve was 3.5-fold
greater than that of the LV (Figure 6). Similarly, the area
under the RV pressure curve was 1.9-fold greater than that
observed in the LV (Figure 4).

Ventricular fibrillation developed in three hearts at 15#1min
following WLST, one heart developed ventricular standstill
despite persistent atrial activity 13.5min following WLST,
and the remaining hearts exhibited organized ventricular
electrical activity over the duration of the 20-min observa-
tion period. No mechanical autoresuscitation events were
observed during the standoff phase.

In the time following donor extubation, the concentrations
of troponin-I, tumor necrosis factor-a, interleukin-6, and
triiodothyronine did not change over the duration of the
20-min observation period (Table 1 and Figure 7B).

Discussion

The number of organs transplanted from DCD donors is
increasing in many countries (10). A greater understanding
regarding the physiologic processes that occur following
WLST is important to establish accepted medical practices
for DCD and optimize the resuscitation and evaluation
of these organs prior to transplantation. Rhee et al (18)
have previously characterized the withdrawal phase in
the context of abdominal transplantation; however, data

Figure 5: Physiologic response to cessation of mechanical
ventilation. (A) Systolic (dP/dt maximum) and (B) diastolic (dP/dt
minimum) function in the left and right ventricle. Values are
presented as mean# standard error of the mean.

Figure 6: Physiologic response to cessation of mechanical
ventilation. Percent change in right and left ventricular diastolic

volume. Values are presented as mean# standard error of the
mean.

White et al
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regarding the impact of WLST on the donor heart are
lacking. This is of particular relevance given the recent
evidence suggesting that hearts donated after circulatory
arrest can be resuscitated and successfully transplanted
(3,4,7). We have now characterized the physiologic

changes that occur following extubation in the DCD donor
and have identified aspects that have relevance not only
in the context of heart transplantation, but also in the
development of standardized medical practices for DCD.

An increase in pulmonary vascular resistancewas observed
following WLST (RV systolic pressure increased while
cardiac output and LV diastolic pressure decreased).
Precapillary pulmonary arterioles that supply blood to
hypoxic regions of lung parenchyma have been shown to
vasoconstrict to optimize ventilation–perfusion matching, a
response that is augmented in the setting of concomitant
hypercapnic acidosis (19,20). Sincewe observed significant
hypoxemia and hypercapnic acidosis following cessation
of mechanical ventilation, it is not surprising that these
changes were associated with an increase in pulmonary
vascular resistance. Other authors have also observed an
increase in pulmonary artery pressure following cessation
of mechanical ventilation in canine and porcine models of
DCD (14,15).

The increase in pulmonary vascular resistance observed
during the pulmonary vasoconstriction phase was associ-
ated with increased RV diastolic volume and pressure.
These results suggest that the elevated RV afterload
resulted in a decline in RV stroke volume, leading to the
development of RV distension. The decrease in pulmonary
blood flow resulting from these changes may account for
the decline in cardiac output and systemic blood pressure
observed initially following donor extubation. Obeid et al (21)
also demonstrated that once the arterial PO2 decreased
below 100mm Hg, the central venous pressure increased
and the pulmonary artery pressure was maintained, while
the left atrial pressure, pulmonary artery blood flow, and
systemic blood pressure decreased. Their results combined

Figure 7: Physiologic response to cessation of mechanical ventilation. (A) Epinephrine, norepinephrine, (B) tumor necrosis factor-a,
and interleukin-6 concentrations in arterial blood samples. TNF, tumor necrosis factor. Values are presented asmean# standard error of the

mean.

Figure 8: Physiologic response to cessation of mechanical
ventilation. Relationship between systemic oxygen delivery and

(A) arterial oxygen saturation and (B) systolic blood pressure
(N¼20).

Physiologic Response to Donor Extubation
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with our observations suggest that hypoxic pulmonary
vasoconstriction may contribute to the RV distension and
decline in cardiac output we observed following WLST.

The hyperdynamic phase was initiated by a profound
catecholamine surge that resulted in a transient increase in
heart rate, biventricular function, cardiac output, and
systemic vascular resistance, and produced an increase
in RV, LV, and aortic systolic pressure. In our study,
activation of the sympathetic nervous system and cate-
cholamine release appeared to be associated with the
decrease in systemic aortic pressure (baroreceptor re-
sponse) and the worsening hypoxemia and hypercarbia
(chemoreceptor response) that developed during the
previous phase. Other authors employing a similar large-
animal model have noted a transient hyperdynamic phase
following donor extubation; however, in these reports
similar changes were observed without a preceding
decrease in systemic blood pressure (15,21,22). This
suggests that activation of the peripheral chemoreceptors
in response to progressive hypoxemia and/or hypercarbia
may be an importantmediator of the catecholamine release
that occurs following WLST.

Despite a positive inotropic, lusitropic, and chronotropic
response during the hyperdynamic phase, RV diastolic
volume and pressure continued to increase. This may
reflect an increase in venous return to the RV. The majority
of the total blood volume is contained within the venous
capacitance system (23). A high density of a-adrenergic
receptors distributed throughout the media of this system
makes it highly sensitive to stimulation by the sympathetic
nervous system, which would cause a decrease in venous
capacitance and an increase in RV preload (23–25).
However, the degree to which an increase in venous
return can augment LV preload and systemic cardiac output
in the DCD context may be limited by the presence of
persistently elevated pulmonary vascular resistance. There-
fore, following donor extubation the RV becomes progres-
sively more distended due to increased venous return
and elevated pulmonary vascular resistance, which are

mediated by activation of the sympathetic nervous
system and hypoxic pulmonary vasoconstriction re-
sponses, respectively.

RV distension following donor extubation may have a
significant impact on posttransplant function. Kato et al (14)
have demonstrated that treatment with an endothelin-1
antagonist decreased the pulmonary artery pressure
observed following donor extubation and improved the
posttransplant function of DCD hearts, while some hearts
from the control group demonstrated predominant RV
failure following transplant and could not be weaned from
cardiopulmonary bypass (14). Other authors have also
observed predominant RV dysfunction in some DCD hearts
following experimental transplantation (3). This is not
surprising since ventricular distension increases wall
stress, decreases coronary perfusion pressure, and nega-
tively impacts the recovery ofmyocardial function following
ischemia (26). These results highlight the importance of
assessing RV function prior to transplantation to minimize
the risk of posttransplant graft failure; however, significant
advancements in currently available ex vivo heart perfusion
technology are required before such functional assess-
ments could be undertaken in the clinical arena. Interest-
ingly, Dhital et al noted significant RV dysfunction in one
human DCD heart upon initiation of ex vivo perfusion;
however, RV function improved during the preservation
interval, and following transplantation extracorporeal mem-
brane oxygenation was required only for LV failure (7). The
other two human DCD hearts described in this case series
exhibited good RV function posttransplant (7). Further
studies are required to determine the clinical significance of
RV distension following donor extubation.

The catecholamine surge associated with the hyperdy-
namic phase may have detrimental effects on the DCD
heart. Myocardial dysfunction resulting from catechol-
amine release in the setting of elevated intracranial
pressure and the progression to brain death is a well-
described phenomenon (27). Experimental exposure to
catecholamines has been shown to cause ATP depletion,

Figure 9: Magnetic resonance imagesdemonstrat-
ing right and left ventricular volumes. (A) Ventricular
volumes prior to cessation of mechanical ventilation
and (B) after declaration of circulatory arrest. RV, right

ventricle; LV, left ventricle.

White et al
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lactate accumulation, and contraction band necrosis within
30min (28,29). Catecholamine exposure following brain
death is also associated with desensitization of the b-
receptor and myocardial dysfunction (30). Interestingly, the
magnitude of catecholamine release in the DCD context
may be greater than that observed following the progres-
sion to brain death (17). Therefore, the warm ischemic
injury, ventricular distension, and profound catecholamine
surge that occur following WLST make assessments of
organ viability prior to transplant particularly important.

Ex vivo perfusion has been used clinically to minimize the
exposure of DCDhearts to cold ischemic injury during organ
preservation and facilitate successful transplantation (7).
Current clinical protocols require the collection of 1.5 L of
donor whole blood for priming of the ex vivo heart perfusion
circuit (7). While an oxygen carrier is required to meet
myocardial metabolic demands during ex vivo perfu-
sion (31), the current approach re-exposes the vulnerable
DCD heart to significantly elevated catecholamine levels
once it is connected to the ex vivo perfusion device.
Previous work has suggested that ex vivo perfusion with a
whole blood–based perfusate improves the preservation of
donor heart function; however, the blood used in these
experiments was not obtained from brain-dead or DCD
donors and would likely not have contained elevated levels
of catecholamines (31). The authors suggest that a washed
donor red blood cell concentrate combined with banked
plasma may provide a whole blood equivalent that could be
used during ex vivo heart perfusion (31). The efficacy of this
approach for the prevention of catecholamine-mediated
injury has not been confirmed experimentally.

The systemic oxygen delivery declined precipitously
following WLST, owing to a significant decline in arterial
oxygen saturation and cardiac output. These changes were
associated with an increase in the concentration of
adenosine, which has been previously associated with
theoxygensupply/demandand [ATP]/[ADP]þ[Pi] ratios (32).
The increase in adenosine observed in the present study
likely represents the hydrolysis of available ATP stores in
the setting of critical hypoxemia and insufficient oxygen
delivery to meet metabolic demands. Interestingly, the
increase in cardiac output during the hyperdynamic phase
did not appreciably increase systemic oxygen delivery
because of the extremely low oxygen content present in
the arterial blood. The increasing lactate concentration
observed during this phase also suggests that the onset of
functional warm ischemia was not delayed by the period of
hyperdynamic circulation and recovery of systemic blood
pressure. However, many transplant programs rely exclu-
sively on hemodynamic criteria to define the onset of the
functional warm ischemic time (American Society of
Transplant Surgeons: mean arterial pressure <60mm Hg,
United Kingdom: systolic blood pressure <50mm Hg) (11).
The logarithmic relationship we observed between aortic
systolic blood pressure and systemic oxygen delivery
suggest that blood pressure can be maintained even after

a critical decline in systemic oxygen delivery and the onset
of organ ischemia have occurred (systemic oxygen delivery
declined to <10mL O2/min by the time the systolic blood
pressure declined to<50mmHg). In contrast,we observed
a linear relationship between arterial oxygen saturation and
systemic oxygen delivery. These data suggest that the
arterial oxygen saturation provides useful information
regarding end-organ oxygen delivery and should be
included in the criteria that indicate the onset of warm
ischemia following WLST.

The changes in systemic oxygen delivery following WLST
have important ethical implications in the context of DCD.
First, all hearts exhibited organized ventricular electrical
activity at the time circulatory arrest was declared;
however, it was clear that no antegrade circulation was
present and no oxygen delivery was occurring. In an
observational study of human patients undergoing WLST,
Dhanani et al (12) have also observed that electrocar-
diographic activity persists after declaration of circulatory
arrest in the majority of patients. Our results support the
opinion that the standoff period should commence when
mechanical asystole (no pulse pressure on an arterial
pressure tracing) has occurred, and that waiting for
electrical asystole lacks a sound physiologic rationale.
Second, we did not observe any autoresuscitation events
following declaration of circulatory arrest. Dhanani et al (12)
observed a transient return of arterial blood pressure
activity in 4 (13%) patients following declaration of
circulatory arrest; however, the pulse pressure amplitude
observed is unlikely to have actually been associated with
cerebral perfusion (33). The observation of arterial blood
pressure activity following declaration of circulatory arrest
has generated extensive ethical debate regarding the
minimum warm ischemic standoff period that must be
observed before organ procurement can proceed. Autor-
esuscitation is defined as the spontaneous resumption of
cardiopulmonary activity after circulatory arrest (34); there-
fore, the detection of arterial blood pressure activity alone
does not signify an autoresuscitation event unless it
produces clinically relevant cerebral oxygen delivery. This
is highly unlikely unless a simultaneous resumption of
respiratory activity occurs, given the extremely low oxygen
content present in arterial blood during the standoff period
(PaO2¼ 11–13mmHg, arterial saturation¼8–9%). There is
an urgent need for research investigating the clinical
relevance of mechanical cardiac activity following declara-
tion of circulatory arrest to clarify these ethical issues.

Study limitations
We have described the physiologic changes that occur
following WLST in a large-animal model of DCD; however,
extrapolation of these findings to clinical practice may be
limited by a number of variables. Our model of DCD utilized
healthy donor animals, yet the majority of donors have
suffered a devastating neurologic injury prior to WLST. The
impact of donor trauma, cardiac arrest, and neurologic injury
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on the physiologic response to extubation is unknown.
Following WLST in our model, the animals experienced
complete apnea and progressed to circulatory arrest in a
short period of time. In contrast, DCD donors in the clinical
context may exhibit persistent respiratory efforts for a
variable period of time before progression to hypoxemic
circulatory arrest. The impact of such respiratory efforts
on the physiologic changes that occur following donor
extubation requires further study. We quantified changes
in various circulating factors following donor extubation;
however, cessation of circulation may have limited our
ability to detect changes in these factors at later time
points. Finally, changes in pulmonary vascular resistance
have been inferred based on changes in right ventricular
systolic pressure, left ventricular diastolic pressure, and
cardiac output; however, pulmonary vascular resistance
was not directly calculated in this study.

Conclusions

Following donor extubation in a large-animal model of
DCD, the heart is forced to function in an increasingly
hypoxemic environment while attempting to maintain
systemic oxygen delivery. Hypoxic pulmonary vasocon-
striction and a profound increase in circulating catechol-
amines cause marked distension of the RV and may
exacerbate myocardial injury in the DCD heart. These
changes should be considered when protocols for donor
heart resuscitation, preservation, and evaluation are being
developed. The severity of ischemic injury sustained by the
DCD heart prior to organ procurement necessitates that
the composition of the cardioplegic solution and the
conditions of its delivery be optimized to limit the severity
of reperfusion injury.
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