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Abstract

Management of the potential organ donor in critical care units is the most immediate and practical solution to the current crisis in
organ donation. Brain death physiology significantly impacts upon the management process. Cardiovascular support is the cornerstone of
donor management because it ensures donor somatic survival for procurement and maintains all of the donor organs in the best possible
conditions. General applications of cardiovascular management for critically ill patients are applicable to donor management and include
invasive monitoring and adjustment of vasoactive medications. Adjudicating the delicate balance between the adequacy of fluid
resuscitate for organ perfusions versus minimizing the extravascular lung water from overzealous fluid resuscitation is challenging and
requires vigilance with invasive monitoring. The use of hormonal resuscitation remains controversial with studies showing mixed results.
Donor management is analogous to managing six to eight critically ill patients simultaneously; this period can impact the quality of the
organ, the quality of life of the recipient and should be undertaken with the same level of intensity that is applied to any other critically
ill patient.
© 2007 Elsevier Inc. All rights reserved.
1. Introduction

The most immediate and practical solution to the current
organ donor crisis is the maximum use and the optimal
management of the existing donor pool in critical care
units. Throughout the country, there is enormous variability
in the conversion rates of potential to actual donors and the
medical management of the potential organ donor. Similar
to approaches used in industry, standardization of processes
and mitigation of variability within medicine produces
more consistent outcomes. A standardized approach to
successful organ donor management begins with surveil-
lance to identify patients with severe neurologic injury
likely to progress to brain death, a standardized methodol-
ogy for brain death declaration, and a uniform request for
consent and optimal medical management of the potential
organ donor. Medical management requires a continued
level of intensity; however, there is a focus shift away from
cerebral protective strategies to optimizing donor organs
for transplantation. In effect, this is the provision of
simultaneous critical care to the organs of the recipients on
the waiting list. Optimal medical management during this
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period is critical; it facilitates donor somatic survival so
that procurement may be undertaken and maintains the
organs to be procured in the best possible condition. With
the increasingly recognized inflammatory response asso-
ciated with brain death and the proposed immunologic
continuum between donors and recipients, minimizing
hemodynamic instability and ischemia reperfusion injury
can improve the functionality of the graft and the quality of
life in the recipient.
2. Brain death physiology

Before the declaration of brain death, the thrust of
medical therapy should be toward the patient with the
severe neurologic injury, seeking to minimize increased
intracranial pressure and promote the survivorship of that
individual. The rostral-caudal progression of ischemia that
results in herniation and brain death frequently produces a
stereotypic hemodynamic pattern. Ischemia at the medullary
area produces an autonomic surge as a final effort to
maintain cerebral perfusion pressures. This is followed by
herniation and spinal cord ischemia resulting in a
denervated and vasodilated state characterized by hemody-
namic instability. The interval between the preceding
herniation event or physiologic brain death and the actual
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declaration of brain death is frequently unknown and may
be substantial. It is reasonable to aggressively treat the
hypotension after the autonomic surge while awaiting the
formal declaration of brain death. Similarly, aggressive
support should be continued until the family has been
notified of brain death and provided the opportunity to
donate. In cases where consent is obtained, continued
aggressive management is warranted. Insofar as cardiopul-
monary management is the cornerstone of donor manage-
ment, this review will focus upon strategies targeting
cardiopulmonary function beginning with the post–auto-
nomic surge hypotensive period.
3. Cardiovascular effects of brain death

The hemodynamic instability that characterizes the
potential organ donor is reflective of a series of events
that conspire to produce cardiac dysfunction and vasodila-
tation. It has become increasingly recognized that severe
neurologic injury may precipitate significant cardiac
dysfunction in the survivors of severe brain injury. Insofar
as the magnitude of the injury is greater in nonsurvivors
than survivors, it is likely that antecedent cardiac dysfunc-
tion associated with brain injury will contribute to the
cardiac dysfunction in the brain-dead organ donor. It has
long been recognized that neurogenic cardiac injury
manifests after severe brain injury. Cerebral T-wave
inversion on the electrocardiogram (ECG) and elevated
troponin levels have been described, suggesting myocardial
necrosis. Similarly, abnormalities in left ventricular systolic
function have been described after subarachnoid hemor-
rhage (SAH). Recent studies suggest that the severity of the
initial event will predict the degree of myocardial necrosis.
There appears to be a biphasic response related to the initial
event: a neural phase that occurs within hours and a
humeral phase, related to the release of inflammatory
cytokines, that may evolve over days. This is best reported
with SAH, where diastolic dysfunction is reported to occur
in approximately 70% of patients and systolic dysfunction
in 10% to 28% of patients. There is an associated unique
distribution of apical sparing, with the cardiac contractile
abnormalities being reversible in most cases [1]. In the SAH
population, it appears that the magnitude of the cardiac
damage, as evidence by troponin release, is correlative with
the degree of the Hunt-Hess severity score. Approximately
80% of patients with a Hunt-Hess score of 5 will show
evidence of troponin release, with the highest mean
troponin release occurring in the first 2 days of the event.
Mechanistically, the catecholamine release hypothesis, with
its impact upon sympathetic innervation, has been proposed
to account for these abnormalities because perfusion
imaging demonstrates normal coronary blood flow. It has
been reported that this global cardiac denervation is related
to the lowest ejection fraction and the most impaired
regional wall motion score. In patients with SAH not
manifesting cardiac denervation, the ejection fraction was
preserved [2,3]. Although not studied in other populations
with severe brain injury, it is likely that a similar manifesta-
tion of cardiac dysfunction would be associated with severe
head trauma and non-SAH brain injury. In those patients
who eventuate in brain death, these cardiac manifestations
will become apparent during the evaluation and manage-
ment of the potential organ donor. It is important to
recognize that the reported literature suggests that this
neurocardiogenic injury may be reversible.

Similar to the antecedent neurogenic cardiac injury from
severe brain injury, there is evolving evidence to suggest
that traumatic brain injury precipitates endocrine failure.
Pathophysiologically, this is thought to be related to
diminished input from the cortical structures that will
secondarily affect the hypothalamic pituitary axis release of
hormones (catecholamines, somatomedin); neuroendocrine
effects altering the hypothalamic pituitary axis; and multi-
ple systemic processes, including inflammation, infection,
hypoxemia, and hypotension. In addition, there may be
direct injury to the hypothalamus and pituitary secondary
to compression with edema, fracture, hemorrhage, or
abnormalities in the vascular supply secondary to the
traumatic injury [4,5]. Although not well reported, there
is evolving literature that suggests significant endocrine
failure after traumatic brain injury. Several studies have
found evidence of anterior pituitary dysfunction in
approximately 30% of survivors of traumatic brain injury
and abnormal function in at least 1 anterior pituitary axis
present in 53% of survivors. Other reviews have reported
the incidence of hormonal reduction to reflect adrenal
dysfunction in 15%, thyroid dysfunction in 5% to 15%,
growth hormone dysfunction in 18%, vasopressin defi-
ciencies in 3% to 7%, and gonadal abnormalities in 25% to
80% of survivors. Reported associations include basilar
skull fracture, hypothalamic edema, prolonged unrespon-
siveness, hypernatremia, and associated hypotension [4-6].
Similar to the preceding discussion of cardiac dysfunction
related to severe brain injury before brain death, it would
appear that there are significant endocrine abnormalities
associated with severe neurologic injury. This assumes
greater importance given the evolving literature, suggesting
benefit with hormonal resuscitation for organ donors with
cardiac dysfunction.

In conjunction with the previously described pre–brain
death events, the rostral-caudal progression of cerebral
spinal ischemia or coning produces significant cardiovas-
cular abnormalities. Ischemia at the medulla oblongata
produces autonomic storm, which is a profound sympa-
thetic stimulation. This is the patient's final effort to
maintain cerebral perfusion pressures. Dramatic elevations
in levels of catecholamines occur during this period,
producing ECG, hemodynamic, histopathologic, and bio-
chemical changes in cardiac function. With continuing
ischemia at the spinal cord level and subsequent hernia-
tion, there is sympathetic deactivation characterized by
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bradycardia with low cardiac output and low blood
pressure. Brain death and herniation with the accompanying
hemodynamic abnormalities are thought to produce a
significant ischemia reperfusion injury with an intense
inflammatory response that is associated with diffuse
endothelial injury. The magnitude of the brain death event
on cardiac function is evident in a recent study that
compared brain-dead organ donor cardiac function in
patients whose autonomic storm was treated with donors
in whom treatment was not undertaken. Previously, only
animal models showed attenuation of the cardiac dysfunc-
tion with the treatment of the autonomic surge. Using a
diagnosis of autonomic storm that included an increase in
systolic arterial pressure to more than 200 mm Hg
associated with tachycardia of more than 140 beats per
minute, an autonomic surge was observed in approximately
63% of patients. The duration of the autonomic surge was
approximately 1.2 hours (with a range of 30 minutes–
6 hours). Associated hypotension uniformly followed the
autonomic storm, but hypotension was never present when
the autonomic storm was absent. The autonomic surge
occurred less frequently with head injury. The treatment
group received esmolol, Urapidil, or nicardipine. Left
ventricular ejection fraction was significantly higher in the
donor patients treated for autonomic storm, who were found
to be independently associated with a left ventricular
ejection fraction of more than 50%. Treatment of the
autonomic storm or the lack of autonomic storm was
associated with an increased probability of successful
cardiac transplantation. The authors concluded that the
treatment of the autonomic surge may attenuate brain
death–induced myocardial dysfunction and increase the
number of available cardiac grafts [7]. This study is
presented to underscore the magnitude of the cardiac injury
associated with catecholamine surge and the extent to which
it can compromise cardiac function after brain death,
mitigating against cardiac procurement. Recommendations
regarding the treatment of patients with incipient herniation
remain problematic as the catecholamine surge is that brain
injured patient's compensatory mechanism to maintain
cerebral perfusion pressure gradients. Aborting that com-
pensatory mechanism in a patient who has not been
pronounced brain dead raises significant concern. Corro-
borating evidence of significant cardiac dysfunction related
to the brain death event is evident in the limited literature
that has evaluated cardiac allograft vasculopathy. The
catecholamine surge associated with brain death is reported
to precipitate coronary vasoconstriction, subendocardial
ischemia, focal myocardial necrosis, and endothelial injury.
In donors succumbing to an explosive mode of death, there
is a higher incidence of intimal thickening of the coronary
arteries, sudden death, myocardial infarction, and need for
revascularization. In cases of domino transplantation, there
is a reduced incidence of coronary artery disease in
recipients of domino hearts compared with recipients of
cadaver hearts [8-11].
Hypothalamic and pituitary destruction consequent to
brain death are thought to precipitate the endocrinopathy of
brain death. This is characterized by significant diminutions
in the production of anterior and posterior pituitary
hormones. Resulting deficiencies in thyroid and adrenal
hormones are thought to jeopardize energy stores and
impair myocardial contractility in the brain-dead organ
donor. The absence of thyroid hormone is thought to impair
mitochondrial function and energy substrate use and
mediate the transition from aerobic to anaerobic metabo-
lism. Diminished cardiac contractility is thought to be
partially reflective of low thyroid hormone levels. Sig-
nificant animal evidence and limited human data suggest
that hormonal cocktails consisting of thyroid hormone,
corticosteroids, and vasopressin may effectively improve
cardiac contractility. These hormonal therapies will be
discussed in subsequent sections. In addition to this, Szabo
[12] has suggested that there are significant abnormalities in
preload and afterload conditions and that impaired cardiac
perfusion pressure gradients are the main determinants of
impaired myocardial contractility. His experimental models
have suggested that reduced myocardial contractility after
brain death may be seen as a physiologic response to
decreased preload and afterload conditions and impaired
coronary perfusion pressures.
4. Cardiovascular and hemodynamic management

Independent of which of the preceding mechanisms are
predominantly operative, it is clear that there are multiple
reasons for hemodynamic instability and cardiac dysfunc-
tion in the potential organ donor. Hemodynamic and
cardiovascular management form the cornerstone of
potential organ donor management. Optimal cardiovascular
management ensures that the potential organ donor will
somatically survive for procurement and maintains the
other organs in the best condition for procurement. The
management approach requires a continued level of
intensity recognizing that the management of the potential
organ donor is the medical management of 7 other
recipients. Similar to the care of any other critically ill
patient, this requires a collaborative multidisciplinary
approach that uses the specific skill sets of intensivists,
pulmonary consultants, cardiac consultants, nurses, and
respiratory therapists in conjunction with the organ
procurement organization (OPO) coordinator. Standardizing
the organ donor management process with recommenda-
tions for general management, laboratory and diagnostic
studies, respiratory therapy treatments, intravenous fluids,
and medications from referral to declaration, including
management and recovery, resulted in a 10.3% increase
per 100 donors and a 3.3% increase in total organs per
100 donors transplanted [13]. Recently, the University of
Southern California (Los Angeles, CA) donor management
team hypothesized that brain death–related complications
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would have no significant impact on the number of organs
donated, provided an aggressive organ donor management
protocol was in place. The following were identified as
complications: vasopressor requirement (97.1%), coagulo-
pathy (55.1%), thrombocytopenia (53.3%), diabetes insipi-
dus (46.4%), cardiac ischemia (30.4%), lactic acidosis
(24.6%), renal failure (20.3%), and acute respiratory
distress syndrome (13%). With an aggressive management
approach, there was no significant effect of complications
on the mean number of organs procured, with the
exception of an increase for the organs procured in the
presence of diabetes insipidus [14]. Benefits of an
aggressive donor management protocol were reported by
the same group that compared a policy of aggressive donor
management with conventional treatment. Aggressive
donor management consisted of early identification of
potential organ donors, a dedicated team that provided
medical management and aggressive fluid resuscitation
along with hormonal replacement using solumedrol and
thyroxine. The aggressive donor management policy
resulted in multiple benefits: a decrease in the number of
family declines for transplantation, a dramatic diminution
in the number of donors lost from cardiovascular collapse
(42%–5%), improvement in conversion rates from 26.6%
to 41.2%, and an increase in number of organs recovered
[15]. This strongly suggests that a standardized multi-
disciplinary approach, similar to that for any other critically
ill patient, will have multiple beneficial effects upon the
organ donor management process. This takes on added
importance given the nonuse of hearts and lungs after
consent has been obtained. A Canadian multicenter study
revealed a rate of use of 39% for heart and 28% for lung
donors. Organ function was the most frequently cited
reason for nonuse, followed by donor characteristics and
logistic issues. In 31% of the hearts and 18% of the lungs,
suggestions for alternative management that may have
potentially resulted in organ use were made but were not
successfully implemented [16].

Fig. 1 represents an algorithm approach to the hemody-
namic management of the potential organ donor. Stability
assessments consisting of a mean arterial blood pressure,
vasoactive drug requirements, urinary output, and echocar-
diographic assessment should be undertaken in all potential
organ donors. Donors achieving the thresholds in Fig. 1
should be considered to be stable and monitored to the time
of procurement. Although echocardiography should be
performed in all potential donors, the timing of the
echocardiography is crucial. Echocardiography performed
immediately after diagnosis of brain death is likely to be
abnormal, especially if acid-base, electrolyte, and hemody-
namic stability are not achieved. The impact of left
ventricular dysfunction on cardiac donor transplant rates is
substantial. In a recent study assessing the reasons for
nontransplantation, 44% of potential heart donors were not
used. Echocardiographic abnormalities were the reason for
exclusion in 28% of potential heart donors, and multivariable
analysis revealed that a diminished ejection fraction was the
most significant predictor for nonuse, with an odds ratio of
1.48 per 5% decrease in ejection. The authors concluded that
efforts to improve cardiac yield should focus upon the
prevention or reversal of left ventricular dysfunction [17].
Given the previously defined echocardiographic abnormal-
ities associated with neurocardiac injury and those related to
the physiology of brain death, echocardiographic abnormal-
ities are very common in the potential organ donor. In a
recent study that evaluated clinical, echocardiographic, and
pathologic features of myocardial dysfunction in brain death,
systolic dysfunction was reported in 42% of potential organ
donors. This dysfunction was not predicted by clinical, ECG,
or head computed tomographic characteristics. More impor-
tantly, there was a very poor correlation between the area of
echocardiographic abnormality and the histopathology of
hearts that were not procured [18]. It is highly likely that a
substantial degree of myocardial dysfunction after brain
death is reversible, and no heart should be excluded after 1
initial echocardiogram. In a retrospective review of all
donors with ejection fractions of less than 50% or regional
wall motion abnormalities on the initial echocardiogram,
significant improvement was seen in 12 of 13 patients, with a
mean ejection increase from 41% to 56%. Medical manage-
ment during this period consisted of guidelines that
mandated invasive hemodynamic monitoring, inotropic
support with dopamine, a central venous pressure (CVP)
goal of 5 to 8 mm Hg, and corticosteroid supplementation. In
this retrospective review, it should be noted that none of the
donors received thyroid hormone. The responders were
transplanted, with a 92% survival at 16 months. The authors
recommended that before the first echocardiogram, volume
status, acidosis, hypoxia, hypercardia, electrolyte, abnorm-
alities, and anemia should be corrected [19].

In patients failing to achieve the stability threshold
defined in Fig. 1, invasive monitoring to assess the
adequacy of intravascular volume, cardiac function, and
peripheral resistance, is necessary. Traditionally, this has
been interpreted to mean placing a pulmonary artery
catheter from which the preceding hemodynamic variables
can be derived. The success in the studies that have
reported use of the pulmonary artery catheter for donor
management is most likely related to the added level of
vigilance and commitment to management rather than the
actual pulmonary artery catheter itself because there are
very limited data in the world's literature to uniformly
support the use of a pulmonary artery catheter. Contem-
porary assessments of intravascular volume pressure and
flow using continuous echocardiography, cardiac output
devices, or other means, are likely to yield the same
improved results. Hemodynamic instability is common in
most potential organ donors. Fig. 2 represents an overview
of the causes of hemodynamic instability in the poten-
tial organ donor. In many instances, the potential organ
donor represents the triad of hemodynamic instability
characterized by hypovolemia, cardiac dysfunction, and



Fig. 1. Approach to hemodynamic management. Reprinted with permission from the Massachusetts Medical Society [20]. Copyright © 2004 Massachusetts
Medical Society. All rights reserved. DA indicates dopamine; DOB, dobutamine; EPI, epinephrine; NE, norepinephrine.
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Fig. 2. Causes of hemodynamic instability.
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vasodilatation. The hypovolemia is usually related to fluid
restriction, diuretics, and mannitol treatment for increased
intracranial pressure. Posterior pituitary dysfunction man-
ifesting as diabetes insipidus and hyperglycemic-induced
osmotic diuresis further contribute to decreased intravas-
cular volume. The hypothermic patient may also undergo a
cold diuresis, and the preceding may be superimposed
upon inadequate volume resuscitation during the initial
injury. Loss of the central nervous system sympathetic
outflow results in vasodilatation, and the loss of vasomotor
tone precipitates pooling of volume in the venous
capacitance reservoir. Similarly, rewarming of the patient
may precipitate vasodilatation and contribute to low
effective intravascular volume.

Frequently, there are antagonistic and competing inter-
ests between the above-the-diaphragm organs and the
below-the-diaphragm organs. Kidney function is enhanced
by the maintenance of adequate urine output and a
diminution in the creatinine level related to expanded
intravascular volume. Alternatively, lung function is
enhanced by diminished intravascular volume. This facil-
itates gas exchange and improves the cosmetic appearance
on the chest x-ray, especially when large tidal volumes are
used. This combination may facilitate achieving the goals
of the ideal lung for procurement. Adjudicating these
competing organ interests oftentimes requires invasive
monitoring to achieve optimal fluid balance and ensure
adequate perfusion to the kidneys while mitigating against
the accrual of extravascular lung water that would
jeopardize pulmonary procurement. One strategy to achieve
this balance requires the initial assessment of lung
suitability. In cases where the lungs are clearly not suitable
(massive aspiration or a gun shot to the chest), a more
liberal fluid strategy would be appropriate, provided the
ability to maintain systemic oxygenation is preserved.
Other instances require invasive monitoring to accurately
define intravascular volume. Similar to any other intensive
care unit patient, judicious fluid resuscitation is appropriate
because progressive pulmonary dysfunction associated with
a significant positive fluid in balance is thought to
represent one of the greatest reasons for lung nonsuitability
[21]. All fluids should be warmed to avoid hypothermia.
Ringer's lactate is preferred over normal saline to minimize
the risks of hypernatremia, which has been showed to
jeopardize liver graft function postoperatively [22]. In this
study, a serum sodium level of less than 155 mmol/L was
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associated with a 12.7% incidence of graft dysfunction
at 90 days. A serum sodium level in the donor of more
than 155 mmol/L was associated with a 33% graft
dysfunction at 90 days. Donors who initially had a serum
sodium level of more than 155 mmol/L but were
subsequently treated and had a final sodium level of less
than 155 mmol/L had an incidence of graft dysfunction
similar to those with a sodium level that was maintained at
less than 155 mmol/L. Limited evidence suggests that
hetastarch promotes renal tubular toxicity and probably
should be avoided [23]. Packed red blood cells should be
used to achieve a hematocrit level of approximately 30% in
an effort to optimize organ oxygen delivery. The manage-
ment of diabetes insipidus will be discussed subsequently.
Hypotonic solutions should be used after the initial
volume expansion to correct persistent hypernatremia. It
is crucial to ensure that hyperglycemia does not result from
large amounts of dextrose-containing solutions that may
additionally precipitate osmotic diuresis and associated
electrolyte abnormalities in addition to those observed with
diabetes insipidus.

Cardiac dysfunction and vasodilatation are almost uni-
formly coincident processes in the potential organ donor.
Cardiac dysfunction may arise from preexisting disease,
initial injury associated with myocardial contusion, pericar-
dial tamponade, ischemia, or the previously described
neurogenic cardiac injury with residua of the brain death
event. Similarly, acidosis, hypothermia, hypocalcemia,
hypoxia, hypophosphatemia, and the endocrinopathy asso-
ciated with brain death may all be contributory. Vasodilata-
tion results from the loss of vasomotor control and
autoregulation associated with brain death. Other contribut-
ing processes may be spinal shock, catecholamine depletion,
the relative adrenal insufficiency of trauma or critical illness,
the endocrinopathy of brain death, and acquired sepsis. Most
organ donors require vasoactive support either with a single
agent or in combination. Unfortunately, there are no
randomized controlled trials to allow for a strong recom-
mendation regarding the choice of vasopressors. Similarly,
previous recommendations regarding the adverse effects of
catecholamines were derived from many retrospective series
where there was a lack of attention to the adequacy of
intravascular volume. Consequently, the reported medical
literature contains series that highlight the adverse outcomes
of vasopressors. Adverse effects of catecholamines are
thought to arise from the biochemical and histopathologic
functional effects characterized by high-energy substrate
depletion, intramyocardial norepinphrine depletion, and
down-regulation of the myocardial β-adenoreceptors. Poor
functional outcomes have been observed with high-dose
dopamine and higher inotropic support with norepinphrine
[24-29]. The rationale for the beneficial effects of catecho-
lamines relates to the well-described decrease in circulating
catecholamines post–autonomic surge, resulting in a loss of
vascular tone and the reduction of inotropy. Avoidance of
catecholamines fosters a reliance on fluids to maintain blood
pressure, which will only provide limited periods of
hemodynamic stability, may further jeopardize right ven-
tricular function, and potentially increases extravascular lung
water, jeopardizing lung procurement. Endogenous catecho-
lamines are postulated to counteract the decrease in
catecholamine levels after the autonomic surge and facilitate
perfusion pressure gradients and add inotropic support to the
myocardium. Other studies have not found adverse bio-
chemical, histopathologic, or functional outcomes with
catecholamine use [30-34]. Recently, improved 4-year
survival for renal grafts was reported with donor catecho-
lamine use. This was attributed to an immunomodulatory
effect of dopamine at conventional doses. However, there
was significant organ variance, and a negative effect was
seen on cardiac 4-year survival [35].

Traditionally, dopamine has been the inotrope of choice
in doses titrated to ensure cardiac output and vasoconstric-
tion to ensure perfusion pressure gradients to the
myocardium and the renal circulation. Given posterior
pituitary destruction with the resultant vasopressin defi-
ciency, vasopressin has been recommended for hemody-
namic support and for the treatment of diabetes insipidus
[36]. As illustrated in Fig. 1, therapy should be as specific
as possible to achieve the thresholds for procurement.
Adequacy of intravascular volume should be ensured, and
inotropic support should be used for donors with a
predominantly low cardiac output and vasoconstrictors
used in donors with a predominant decrease in vascular
resistance. When a donor fails to achieve the defined
thresholds, hormonal replacement therapy should be
considered in an effort to achieve stabilization. This is a
controversial issue, and recommendations span the spec-
trum of using hormonal resuscitation in all donors
immediately after brain death to selectively reserving
hormonal resuscitation for unstable donors who have failed
to respond to conventional hemodynamic stabilization.
Given this controversy, it is prudent to thoroughly examine
the pathophysiology of the endocrinopathy of brain death
in the existing studies.
5. Endocrine therapy

The hypothalamus lies at the base of the brain between the
third ventricle and the optic chiasm and derives its blood
supply from the superior hypophyseal artery. The median
eminence of the hypothalamus forms an intricate vascular
connection with the anterior portion of the pituitary gland
within the pituitary stalk. The pituitary gland, located outside
the dura in the sella turcica, is formed from 2 distinct
embryologic tissues. The adenohypophysis, or anterior
pituitary, is derived from Rathke's pouch within the
embryologic oral cavity. The neurohypophysis, or posterior
pituitary, is derived from neural ectoderm in the embryologic
forebrain. During early brain development, these tissues
combine to form the complete pituitary gland. However,
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these 2 portions remain distinctly different in their blood
supply, innervation, and specific hormone production.

The anterior pituitary does not have a direct arterial
supply and instead derives it blood supply from the
hypothalamus. As blood drains from the capillary plexus
supplying the median eminence of the hypothalamus, it
empties into a portal venous system that follows the
pituitary stalk and enters a second capillary plexus bathing
the anterior pituitary. Eventually, this second vascular
capillary network drains to the petrosal sinuses and enters
the systemic circulation through the internal jugular vein.
This series of capillary networks permits a direct, low-
pressure vascular connection between the hypothalamus
and the anterior portion of the pituitary gland, allowing for
exquisitely sensitive stimulation and control through this
portal vascular capillary network. The median eminence of
the hypothalamus contains multiple neuronal terminals,
which release regulatory hormones directly into the vascular
bed. These hypothalamic hormones are small peptides that
lack binding proteins and are easily degraded in the
systemic circulation. However, given the direct vascular
connection and close anatomical proximity, high concentra-
tions of hypothalamic hormones are easily achieved without
significant degradation. In addition, the anterior pituitary is
exquisitely sensitive to pulsatile stimulation from the
hypothalamic hormones, facilitated by seclusion of this
vascular network from interference of the systemic circula-
tion. The hypothalamus stimulates anterior pituitary pro-
duction and release of various hormones, including
adrenocorticotropic hormone, growth hormone, luteinizing
hormone, follicle-stimulating hormone, thyroid-stimulating
hormone, melanocyte-stimulating hormone, and various
endorphins. The hypothalamus also provides inhibitory
control over the anterior pituitary's production and release
of somatostatin and prolactin.

Conversely, the blood supply for the posterior pituitary
gland is derived from the inferior hypophyseal artery.
Whereas the portal pituitary vascular network connects the
hypothalamus–anterior pituitary glands, the hypothalamic–
posterior pituitary connections are primarily neuronal in
nature. These neurons originate in the supraoptic and
paraventricular nuclei of the hypothalamus and terminate
in the posterior pituitary. The 2 primary hormones produced
through this system are vasopressin and oxytocin, which are
then released into the peripheral circulation via inferior
hypophyseal veins.

The combination of regulatory mediators and hormones
produced via the hypothalamic-pituitary axis encompass
virtually every aspect the human endocrine system. The
unique blood supply of the anterior pituitary from the
hypothalamus allows close regulation without significant
interference from systemic mediators and factors. When a
catastrophic injury affects the brain, causing elevated
intracranial pressures and subsequent herniation, this
vascular network is disrupted, both in terms of the arterial
supply through the superior and inferior hypophyseal arteries
and through venous drainage. With complete loss of the
hypothalamic-pituitary axis, sustained survival without
exogenous hormonal supplementation would be unlikely.
However, the effect of acute brain injury on systemic
hormonal production and regulation, and the impact upon
hemodynamic instability in the potential organ donor,
remains controversial.

The impact of severe brain injury and catastrophic
neurologic illness upon the neuroendocrine axis has
recently been described. There is evolving evidence for
at least temporary dysfunction of the endocrine system
during severe critical illnesses, with a significant portion of
those patients developing long-term endocrine abnormal-
ities [37]. Powner et al [4] have recently reported the
presence of neuroendocrine abnormalities related to
hypothalamic-pituitary axis dysfunction in up to 40% of
subjects after acute brain injuries. Ceballos [38] has
previously shown evidence of pituitary hemorrhage or
necrosis present at the time of autopsy in more than 80%
of subjects after traumatic brain injury. Neuroendocrine
dysfunction may develop subacutely after traumatic brain
injury and may complicate the rehabilitation process if
unrecognized. In addition, the extent of neuroendocrine
dysfunction is difficult to predict across the broad range of
severity in brain injuries. However, at the extreme end of
this spectrum, when the traumatic event leads to diffuse
brain injury, hemorrhage, and subsequent herniation,
dysfunction of the hypothalamic-pituitary axis should be
expected. Animal models have demonstrated significant
dysfunction in the neuroendocrine axis after experimental
brain death induction [39-41]. In these experimental
models, brain death has typically been induced through
the sudden expansion of a balloon inserted into the skull,
producing massive elevation in intracranial pressures [39].
After an initial rise in catecholamine levels, marked by
extreme hypertension and tachycardia consistent with
autonomic storm, these animal models have demonstrated
decline in both anterior and posterior pituitary hormones
[40]. Early animal studies have also suggested improve-
ment in hemodynamic status of the brain-dead animal and
improvement in ultimate graft function with hormonal
supplementation [42,43].

Studies designed to assess for the presence of this
neuroendocrine dysfunction in human organ donors and
evaluate the role of exogenous hormonal supplementation
have been less convincing, producing both supportive and
conflictive results. Some studies have demonstrated
improvement in the hemodynamic status of brain-dead
donors with exogenous hormonal supplementation, with
less need for vasoactive support and improved aerobic
metabolism [44,45]. Others have not shown a consistent
decline in pituitary hormones after brain death or
improvement with hormonal supplementation. In these
studies, aggressive volume replacement was sufficient for
hemodynamic support, with similar outcomes between
groups [46,47]. The disparity between these various studies
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likely reflects the heterogeneous patient population that is
represented collectively as potential organ donors. In
addition, inconsistencies in the timing of brain death
declaration throughout different institutions and centers
may lead to further variation.

The role for exogenous hormonal supplementation in
brain-dead organ donors continues to be largely spec-
ulative. Several studies have demonstrated normal anterior
pituitary function after brain death [48,49]. More impor-
tantly, these studies have not demonstrated a correlation
between hemodynamic instability and endogenous hormo-
nal levels [46-48].

Much of the debate regarding hormonal supplementation
has focused on abnormalities of thyroid hormone stimulation
and production. Multiple studies have demonstrated dimin-
ished levels of thyroxine, free thyroxine, thyroid-stimulating
hormone, and triiodothyronine after brain death. When
measured, many of these studies have also demonstrated a
reciprocal rise in reverse triiodothyronine more consistent
with euthyroid sick syndrome rather than loss of central
regulatory function. In studies where exogenous supple-
mentation of thyroid hormone demonstrated improved
cardiac function and hemodynamic stability, this may reflect
more the positive inotropic properties of thyroid hormone
in the setting of euthyroid sick syndrome rather than
replacement therapy.

Similarly, the role of endogenous steroid supple-
mentation in organ donor management remains poorly
supported with randomized trials. Dimopoulou et al
[50] have demonstrated impaired adrenal cortisol secre-
tion after dynamic stimulation in brain-dead potential
donors, suggesting a role for exogenous supplementation.
However, controlled trials have not consistently demon-
strated an abrupt decline in cortisol levels after clinical
brain death.

Finally, there is convincing evidence in animal models
regarding the presence of posterior pituitary dysfunction,
with marked depletion of vasopressin, leading to diabetes
insipidus [51]. This is frequently encountered clinically with
excessive, poorly concentrated urine output in the setting of
volume depletion after brain death. Supplementation with
arginine vasopressin in this setting quickly restores urine
osmolarity and minimizes the excessive losses due to lack of
endogenous production.

In the management of brain-dead potential organ
donors, an initial emphasis should be placed on aggressive
supportive care, including adequate volume replacement
and pressor support as needed to maintain a reasonable
mean arterial pressure. Invasive monitoring, including
accurate assessment of CVP through central catheter
insertion, is critical in this process. In addition, correction
of electrolyte abnormalities, many of which develop as a
result of diuretic therapy such as mannitol in the treatment
of elevated intracranial pressures, should be initiated.
Normalization of temperature and correction of acid-base
abnormalities should also be included in the initial
management strategy. In the setting of low CVPs with
excessive urine output, arginine vasopressin should be
initiated for posterior pituitary hormonal supplementation
for diabetes insipidus.

When adequate volume has been replaced and hemody-
namic instability persists, pressor support to maintain
adequate mean arterial pressure should be initiated, and
consideration of additional invasive monitoring with a
pulmonary artery catheter is recommended to adequately
assess left cardiac filling pressures, cardiac function, and
systemic vascular resistance. Once filling pressures are
maximized, if continued instability persists, supplementation
of exogenous anterior hormones is a reasonable considera-
tion. Protocols implementing management using these
principles have demonstrated improved yield of organs
procured [44]. This strategy is summarized in Table 1, from
the United Network of Organ Sharing recommendations for
organ donor management.

Aggressive donor management and incorporation of
hormonal resuscitation to benefit potential organ donor
management is best exemplified in the series reported from
Papworth, England. In a large series of potential multiorgan
donors reported more than 12 years ago, the authors
defined 35% of the potential organ donors to have
unacceptable hemodynamic characteristics; 40% had a
mean arterial pressure of less than 55 mm Hg despite
inotropic support, 19% had a CVP of more than 15 mm
Hg, and 25% had a pulmonary capillary wedge pressure
of more than 15 mm Hg. The authors subjected this
unacceptable group to optimal donor management consist-
ing of invasive monitoring, bolus steroids, insulin and
glucose solutions, vasopressin, and thyroid hormone. This
optimization approach resulted in 44 of 52 unacceptable
donors yielding transplantable organs; 93% of those
initially deemed unacceptable were capable of functional
resuscitation. This study suggests that there is an enormous
opportunity to optimally medically manage potential organ
donors and transform unacceptable donors into acceptable
donors [52].
6. Pulmonary management

Management of the potential lung donor becomes
increasingly important when it is recognized that lungs
are procured from only 16% of multiorgan donors. There
are multiple factors that jeopardize pulmonary function and
influence the low procurement rate. These include pulmon-
ary damage during the causative event, which includes
aspiration, pulmonary contusion, shock with ischemia
reperfusion injury, as well as pulmonary insults during the
period of mechanical ventilation, including atelectasis,
acquisition of nosocomial pneumonia, barotrauma or
volutrauma, and the effects of oxygen toxicity. Recently,
it has been recognized that there are multiple elements in
the brain death process that significantly compromise
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pulmonary function and impair pulmonary physiology. This
as been attributed to the effects of the sympathetic surge and
the induction of inflammatory process [53]. Brain death,
and the accompanying catecholamine surge, is responsible
for the production of neurogenic pulmonary edema.
Etiologically, neurogenic pulmonary edema is thought to
arise from either a blast injury with associated hydrostatic
injury and/or sympathetic alterations of capillary perme-
ability. During the sympathetic surge, which is dominated
by α-adrenergic stimulation and resultant systemic vaso-
constriction, there is an abrupt increase in systemic vascular
resistance. This precipitates left ventricular dysfunction and
a rise in left atrial pressure, which is translated into a
hydrostatic gradient precipitating pulmonary edema. Similar
vasoconstritive forces occur in the venous capacitance
reservoir, which facilitates augmentation of venous return to
the right heart. The combination of impaired left ventricular
function with an increase in left atrial pressure along with
an increase in venous return secondary to venoconstriction
results in a significant increase in the total lung blood
volume. Animal models have reported that up to approxi-
mately 72% of the effective circulating volume may be
stored in the pulmonary vasculature during the brain death
event [54]. The significant increase in capillary hydrostatic
pressure precipitates stress to the capillary alveolar
membrane and hydrostatic flux into the alveolar space. In
addition to the hydrostatic flux previously discussed, there
is a speculation that sympathetic stimulation may directly
affect pulmonary capillary permeability, further precipitat-
ing a rise in fluid and protein elements across the capillary
endothelium. It is likely that both mechanisms are operative
and contribute to the extravascular lung water and
opacification frequently seen on the chest x-ray of potential
lung donors.

In conjunction with the sympathetic surge, there is a
parallel inflammatory response associated with brain death.
Elevated levels of tumor necrosis factor-α and interleukin
(IL)–1 are reported to activate endothelial cells to express
adhesion molecules and promote the production of IL-8,
which is a potent neutrophilic attraction activator and
chemoattractant cytokine. Subsequent neutrophil infiltration
and migration into the interstitium and alveolar spaces
precipitates injury to the lung in the potential organ donor.
In a study of potential organ donors with nontraumatic
brain death, there was a significant increase in the
neutrophil concentration (31.85% vs 3%) and bronchio-
loalveolar lavage levels of IL-8 (1282 vs 85 pg/mL). The
extent of neutrophilic infiltration correlated with the IL-8
level [55]. A subsequent study by the same group
correlated the extent of IL-8 expression and neutrophilic
infiltration with recipient graft function and survivorship.
The IL-8 signal in the donor correlated with the percentage
of neurtrophils in the bronchioloalveolar lavage donor
fluid, the degree of graft impairment and oxygenation, the
development of severe early graft dysfunction, and early
recipient mortality [56].
Alvonitis et al [53] have proposed that there are
connections between the adrenergic and inflammatory
mechanisms of lung injury in the potential organ donor.
It is likely that both mechanisms are operative and
synergistically produce functional abnormalities in the
donor lung physiology. It appears that the initial brain
injury may precipitate the release of inflammatory
mediators, which are followed by the associated catecho-
lamine storm that is responsible for the sympathetic
alteration of capillary permeability and hemodynamic
changes precipitating injury to the endothelium, further
producing an inflammatory response. Similar to the
cardiovascular system, it would appear that there are
multiple antecedent events that conspire to jeopardize
pulmonary function and complicate the management of the
potential lung donor.

Assessment of the potential lung donor is similarly
difficult. The criteria for ideal lungs (which include a PaO2/
fraction of inspired oxygen [FIO2] ratio of more than
300 mm Hg; positive end-expiratory pressure of 5 cm Hg;
a clear chest x-ray; age less than 55 years; tobacco use of
less than 20 pack-years, and absence of trauma, aspiration,
secretions, or malignancy) have been characterized as
arbitrary and capricious. It is highly likely that many
acceptable lungs are not procured because of rigid
adherence to ideal lung criteria. Autopsy series of organ
donors from whom no lungs were procured revealed that in
the 47% of lungs that were deemed suitable, 40% had
significant pulmonary disease, and in the 53% that were
deemed nonsuitable, 14% had only minor pulmonary
abnormalities [34]. Similarly, in single-lung donor series,
the pathologic assessment of the nontransplanted lung
revealed significant abnormalities [57]. In a recently
reported series of potential donors from whom lungs
were not procured, 83% were found to have absent or mild
pulmonary edema, 74% had intact alveolar fluid clearance,
and 62% had normal or mildly abnormal histology.
The study concluded that 41% of rejected lungs were
potentially suitable for transplantation [58]. Fisher et al
[59] concluded that current selection criteria are poor
discriminators of pulmonary injury and infection and lead
to the exclusion of potentially usable donor lungs. He
reported that there were negligible differences in lungs that
were accepted compared with those that were excluded by
clinical criteria related to bronchioloalveolar lavage con-
centrations of neutrophils and inflammatory mediators .
The potential impact of aggressive pulmonary organ donor
management upon the procurement of lungs was first
reported by Gabbay et al [60]. In this study, aggressive
donor management consisting of manipulations in me-
chanical ventilation and positive end-expiratory pressure,
chest physiotherapy, attention to fluid balance, bronchial
toilette, antibiotics, and bronchoscopy showed that a
significant number of lungs that were initially deemed
unsuitable could be successfully managed to allow for
procurement. Approximately 29% of potential organ
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donors had a PaO2/FIO2 ratio of less than 300 mm Hg; 31%
of these were clearly unsuitable. Those remaining were sub-
jected to aggressive pulmonary organ donor management.
Approximately 50% were able to subsequently achieve a
PaO2/FIO2 ratio of more than 300 mm Hg and were
successfully procured and transplanted, with outcomes
identical to the ideal lung [60]. Other studies have reported
similar outcomes with ideal and marginal lungs over the
past 15 years [60-63].

Recently, it has been reported that the implementation of
a standardized protocol for the management of the potential
lung donors resulted in a dramatic improvement in the
procurement rate of lungs. Using the San Antonio Lung
Transplant (SALT) protocol, the mean rate of lung
procurement was significantly higher during the protocol
period, 25% vs 11.5%, with an estimated risk ratio of 2.2 in
favor of the protocol period. During this time, more patients
received transplants (121 vs 53), and of the 98 actual lung
donors during the SALT protocol period, 54% had initially
been considered poor donors. These donors provided 53%
of the 121 lung transplants performed during this period.
The SALT protocol focused upon education and active
donor evaluation and management. Donor education
initiatives consisted of transplant pulmonologists meeting
with the organ procurement staff for training sessions on
donor selection and management. There was an emphasis
upon approaching every organ donor as a potential lung
donor and requesting and obtaining consent for lung
donation on every organ donor. In addition, education
was provided about donor management strategies. The
active donor evaluation and management consisted of
management by a transplant pulmonologist and the OPO
staff. Specific elements of the strategy included performing
ventilator recruitment maneuvers, restricting fluid adminis-
tration, administrating diuretics, and implementing techni-
ques for the prevention of aspiration. Alveolar recruitment
was undertaken when the initial blood gas analysis
demonstrated a PaO2/FIO2 ratio of less than 300 mm Hg,
the presence of pulmonary infiltrates/pulmonary edema,
and/or atelectasis. Recruitment strategies consisted of
pressure control ventilation with an inspiratory pressure
of 25 mm H2O and a positive end-inspiratory pressure of
15 mm H2O for 2 hours. The ventilatory mode was
subsequently returned to a conventional volume control
ventilation with a tidal volume of 10 mL/kg and positive
end-inspiratory pressure of 5 mm Hg. Successful recruit-
ment was defined by an improvement in PaO2/FIO2 ratio to
at least 300 mm Hg and significant improvement in the
chest radiograph. Fluid balance was assessed clinically with
a focus upon the minimal use of crystalloids and
administration of diuretics to maintain a neutral or negative
fluid balance. Aspiration risk was diminished by elevating
the head of the bed to 30° and inflating the balloon to the
endotracheal tube to 25 mm H2O. Bronchoscopy was
performed in all patients with bilateral bronchioloalveolar
lavage to evaluate areas of pulmonary infiltrates, contusion,
or aspiration on the chest radiograph. These management
processes were continued until lung procurement.
7. Summary of recommendations

The axioms of donor care are based upon the
principles of aggressive critical care management that
would be applied to any unstable patient. Frequently, the
antecedent illness, combined with the cerebral protective
management aimed at minimizing intracranial pressures
during the initial stabilization, leads to significant
abnormalities in fluid, glucose, and electrolyte balances.
The approach to any potential organ donor begins with
assessment of the current volume status of the patient,
combined with careful assessment of electrolytes, glucose,
acid-base abnormalities, core body temperature, and
underlying comorbidities. As such, the initial management
begins with correction of these issues with appropriate
volume replacement, electrolyte supplementation, and
strict glucose control. A prerequisite to accomplishing
these goals involves the appropriate placement of
monitoring devices including, at a minimum, both an
arterial and a central venous catheter.

A reasonable initial approach involves intravascular
volume replacement with a goal CVP of 6 to 8 mm Hg to
achieve adequate filling pressures. Typically, hypernatremia
is present, and careful attention to free water replacement
as volume resuscitation is accomplished is required.
Hyperglycemia is frequently encountered, and initiation
of an insulin drip is generally required to achieve
normoglycemia. If significant acidosis is present because
presence of lactic acid, correction with intravenous
bicarbonate should be considered, with a goal pH of
more than 7.3. In addition, if significant anemia or
coagulopathy is present, transfusion with appropriate
blood products, using standard transfusion thresholds,
should be considered to improve oxygen delivery. Finally,
given the potential for thermal dysregulation associated
with traumatic brain injury, careful attention to the
temperature of infused volumes should be maintained,
and fluid warmers should be used to prevent significant
hypothermia during this resuscitation.

After these initial parameters are accomplished, and if
the patient has stabilized (with adequate urine output
[1 mL · kg−1 · h−1], minimal pressor requirements, and a
mean arterial pressure of more than 60 mmHg), it reasonable
to continue with the current management parameters while
awaiting the final assessments regarding the specifics of
which organs will be appropriate for procurement and
suitable recipients are finalized. However, when these
stability thresholds have not been achieved, further evalua-
tion with more invasive monitoring should be considered. In
this scenario, the placement of a pulmonary artery catheter or
other monitoring modality provides vital information regard-
ing further assessment of filling pressures, cardiac function,
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and systemic vascular tone. Based on the additional
information provided through this monitoring, further
volume replacement with a goal CVP of 6 to 8 mm Hg
and a pulmonary capillary wedge pressure of 8 to 12 mm Hg
should be targeted. In addition, based on the underlying
cardiac parameters, inotropic support should be initiated and
titrated to achieve a cardiac index of more than 2.4 L/min.
Finally, further titration of the pressor requirements can be
adjusted to maintain a systemic vascular resistance in the 800
to 1200 range while maintaining an adequate mean arterial
pressure of more than 60 mm Hg.

As discussed, diabetes insipidus is common in the setting
of severe traumatic brain injury resulting in disruption of
posterior pituitary function. Excessive urine output should
prompt consideration of this process during the resuscitation
process. This must be differentiated from the effects of
medications such as mannitol or other diuretic therapeutic
agents that may be administered as part of the cerebral
protective management. Once the patient has been ade-
quately resuscitated as described, matching urine output with
intravenous fluid replacement is a reasonable approach.
In the setting of high urine output, typically more than
200 mL/h, administration of arginine vasopressin, intrave-
nously, intramuscularly, intranasally, or subcutaneously,
should be initiated.

In the setting of continued instability after these goals
have been accomplished, it is reasonable to consider the
addition of exogenous hormonal supplementation given the
potential of underlying hypothalamic-pituitary dysfunction
and subsequent endocrinopathy. As discussed previously,
although the data available on the absolute presence of
endocrinopathy associated with brain death are somewhat
conflicting, administration of a combination regimen con-
sisting of glucocorticoids, thyroid hormone, vasopressin, and
insulin as part of management protocols of potential brain-
dead donors is common.

This process of stabilization must be performed in concert
with repeated communication with the local OPO. While this
resuscitation is occurring, a detailed evaluation as to the
appropriateness of each individual organ system for donation
will ensue. Each situation will present a unique combination
of underlying comorbid or preexisting conditions that may
impact the appropriateness or suitability of different organ
systems for donation. Given the relative competing interests
of different organ systems on issues such as volume status
during resuscitation, it is crucial that decisions regarding
which organs are being targeted for procurement are
continually reassessed throughout this process. In general,
a potential lung donor will be managed with a more
restrictive fluid replacement strategy to prevent accumula-
tion of excess volume within the lung parenchyma. If,
however, there are contraindications to lung donation, either
due to preexisting lung disease or as a result of an acute event
compromising suitability, a more liberal fluid management
strategy may be adopted. Continual monitoring and frequent
reevaluations as to the current hemodynamic and volume
status of the patient while the final preparations of the
specific organs and recipients are completed will maximize
organ retrieval and minimize loss of appropriate donors to
somatic death during this crucial period.
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