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The physiologic and pathophysiologic changes of the 
potential organ donor in the brain-dead state are 
poorly understood. We have developed a canine model 
of complete brain death by infusing saline into the 
subdural space and elevating intracranial pressure 
above systolic arterial pressure. A snare on the inferior 
vena cava decreased venous return and limited the 
Cushing response to 1 to 2 minutes. The electroenceph- 
alogram became isoelectric as soon as intracranial 
pressure was elevated and maintained above systolic 
arterial pressure. The brain-dead state was confirmed 
by several means. No return of electroencephalogram 
activity was seen throughout the study. Neurologic 
examination failed to document any cranial nerve or 

I MPROVED clinical management of the 
brain-dead organ donor could impact trans- 

plantation twofold. First, the donor pool could 
potentially be expanded. It has been reported 
that 20% of all potential donors are unsuitable’ 
or progress to somatic death prior to harvest.2 
This exacerbates the current shortage of organs; 
it has been projected that between 10,000 and 
15,000 donors are needed to satisfy the current 
demand3X4; however, there are only approxi- 
mately 2,600 donors per year.4 Second, the 
immediate graft function could potentially be 
improved; clinical studies have related graft 
failure to donor hypotension.‘.’ 

Our limited knowledge of the brain dead 
donor and the recommended clinical supports 
have recently been reviewed.‘.” A few basic 
laboratory studies have recently reported the 
hemodynamic changes during the evolution to 
brain death”“-” and the changes in the hor- 
monal profiles after the induction of brain 
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spinal cord reflexes after the induction of brain death. 
Pharmacologic challenges failed to document any 
baroreceptor function or autonomic cardiovascular 
control in this state. Blood flow to the central nervous 
system using the microsphere technique was deter- 
mined at 1 hour post-brain death. The mean calculated 
flows were not statistically different than zero. The 
model provides a simple, controlled, consistent, and 
relatively noninvasive model of complete brain death. 
It should facilitate the investigation of the mechanisms 
leading to somatic death in the brain-dead state and 
ultimately lead to improved clinical supports. 
Copyright o 1991 by W-B. Saunders Company 

death.’ Acute hormonal insufficiency has been 
proposed as a mechanistic factor in the degrada- 
tion of the preparation in both the experi- 
mental’h~17 and clinical settingsI but this has not 
been supported in all experimental settings’932” 
or in all clinical settings.21-24 Species and model 
variability, the extent of the central nervous 
system (CNS) insult, and the duration of the 
Cushing response may account for some of the 
apparently conflicting reports. We have devel- 
oped a simplified canine model of complete 
CNS death to provide a more controlled labora- 
tory setting in which to investigate the mecha- 
nisms leading to somatic death in the brain- 
dead state. 

METHODS AND MATERIALS 

General 

Fifteen fasted adult male mongrel dogs weighing from 15 
to 25 kg were anesthetized with 17.5 mg/kg IV of thiamylal 
sodium (Surital; Parke-Davis, Morris Plains, NJ) and supple- 
mented as needed until the induction of brain death. The 
animals were intubated and ventilated (Harvard 607, South 
Natick, MA) with room air; expired CO, was continuously 
monitored (Beckman LB-2, Oxnard, CA) and maintained 
between 4% and 5%. Plasma pH was determined intermit- 
tently throughout the experiment (IL 113 pHiBlood Gas 
Analyzer) and normalized with supplemental intravenous 
sodium bicarbonate (1.5%) and ventilator changes as appro- 
priate. An esophageal temperature probe was placed, and 
body temperature was maintained throughout the protocol 
at approximately 38°C with the aid of external supports: 
heating pad, blankets, and heat lamps. The urinary bladder 
was catheterized. Needle electrocardiogram (ECG) leads 
were placed subcutaneously for continuous recording of 
limb lead II. The atlanto-occipital membrane was surgically 
exposed, and two 18-gauge needles were placed through the 
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membrane into the cisterna magna; one of these catheters 
was used for pressurized normal saline infusion and the 
second for continuous intracranial pressure (ICP) monitor- 
ing. Electroencephalogram (EEG) screw electrodes were 
placed into the skull over the fronto/parietal cortex for 
continuous recording. The femoral artery was cannulated 
for continuous measurement of pulsatile and mean arterial 
pressure (MAP), and it was used as a reference site for the 
microsphere withdrawal. A Swan-Ganz (SG) catheter (Oxi- 
metrix, Mountain View, CA) was advanced from the femo- 
ral vein for measurement of pulmonary capillary wedge 
pressure (PCWP), central venous pressure (CVP), and 
cardiac output (CO) via the thermodilution method. Nor- 
mal saline (1.5 L) was administered through the SG cathe- 
ter prior to the induction of brain death. An anterolateral 
thoracotomy was performed through the fifth intercostal 
space; a 2-O nylon suture snare was placed around the 
inferior vena cava (IVC) just caudal to the pericardium. A 
catheter was placed into the internal mammary artery and 
advanced into the ascending aorta for the microsphere 

reference withdrawal. A catheter was placed into the left 
atria1 appendage for the microsphere infusion. Plasma 
glucose was determined throughout the experiment (YSI 
Glucose Analyzer, Yellow Springs, OH). Cardiac index (CI) 
was determined by dividing the CO by the body surface 
area. Systemic vascular resistance (SVR, dynes se&m’/ 
m’) was determined by dividing the difference of the MAP 
and the CVP by the CI and multiplying by a factor of 80. 
After the appropriate hemodynamic control values were 
recorded, brain death was induced. 

An oscillograph tracing of the induction of brain death is 
shown in Fig 1. Approximately 7 mL of freshly drawn, 
nonheparinized blood was slowly infused into the cisterna 
magna through one of the 18-gauge needles and allowed to 
clot for several minutes. Care was exercised during this 
infusion to prevent the ICP from rising above diastolic 
arterial pressure and precipitating a Cushing response. The 

ARTERIAL BLOOD PRESSURE (mm Ha) 

125 

250 

125 

INTRACRANIAL PRESSURE (mm Hg) 

ELECTROENCEPHALOGRAM (kV) 

-125 

Fig 1. The induction of brain death is shown on an actual orcillograph tracing. Pulsatile arterial pressure and ICP were recorded 
on a 0 to 250 mm Hg scale. EEG was recorded in microvolts on a - 125 to 125 scale. The induction was initiated by the withdrawal of 
the snare on the WC. This decreased venous return and precipitated a fall in arterial pressure (A). The ICP was raised above systolic 
arterial pressure by the infusion of saline into the subdural space when it fell below 50 mm Hg. The ICP was maintained 20 mm Hg 
above the systolic arterial pressure throughout the duration of the study. This rise in ICP caused an almost instantaneous isoelectric 
EEG and a Cushing response marked by hypertension and bradycardia. The bradycardia cannot be resolved on the oscillograph 
above because of the slow paper speed. The Cushing response was attenuated by the decrease of venous return caused by the 
persistent IVC snare and a subsequent fall in arterial pressure resulted (B). The WC snare was removed when the systolic arterial 
pressure fell to approximately 50 mm Hg the second time. Venous return was augmented and a second hypertensive episode 
resulted. The mean arterial pressure stabilized between 85 and 75 mm Hg within 5 to 10 minutes after the isoelectric EEG. The l-hour 
tracing shows the persistently elevated ICP and the isoelectric EEG. No return of electrical activity was seen on the EEG throughout 
the duration of the study. 
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snare on the IVC was then tightened to reduce venous 
return. When the systolic arterial pressure reached approxi- 
mately 50 mm Hg, the ICP was elevated above it and 
maintained at least 20 mm Hg above it throughout the 
duration of the experiment. ICP was elevated above the 
systolic arterial pressure within 5 seconds. An isoelectric 
EEG resulted at this point and brain death was declared. 
The initial rise in ICP precipitated a marked, but transient, 
elevation of the arterial pressure from the Cushing reflex. 
This reflex tends to maintain cerebral perfusion during the 
elevation of ICP; however, the increase in arterial pressure 
was limited by the reduced venous return from the snare on 
the IVC. Within 1 minute, a second fall in the arterial 
pressure resulted. The snare on the IVC was subsequently 
removed when the systolic arterial pressure again reached 
50 mm Hg. Venous return was augmented and a second 
brief rise in the arterial pressure was noted. An initial 
steady-state condition resulted approximately 5 minutes 
after the declaration of brain death. 

Confirmation of Brain Death 

The EEG was continuously recorded throughout the 
experiment. The cranial nerve and spinal cord reflexes per 
the scoring system of D’Alecy et al” were tested just prior to 
induction of brain death and 1 hour post-brain death. The 
responsiveness of the baroreceptor reflexes were tested 
usingvasodilator (nitroglycerin 0.003 mgkg; Nitrostat, Parke- 
Davis) and vasoconstrictor (phenylephrine 2.2 &kg; Neo- 
Synephrine; Winthrop Laboratories, New York, NY) chal- 
lenges. These were performed prior to brain death and 1 
hour after brain death in four animals. The change in MAP 
and heart rate (HR) were observed. Additionally, a gangli- 
onic blocking agent (pentolinium 0.54 mg/kg; Ansolysen; 
Wyeth, Philadelphia, PA) was administered after the l-hour 
vasoconstrictor and vasodilator challenges, and MAP and 
HR were recorded. 

Microsphere Technique 
Tissue blood flow was calculated using the radioactive 

microsphere technique previously described’“,” and briefly 
outlined here. Approximately 2 x lo6 15-urn radiolabeled 
microspheres (randomly chosen tin-113, cerium-141, or 
scandium-46; New England Nuclear, Boston, MA) were 
infused into the left atrial appendage at 1 hour post-brain 
death. Two simultaneous arterial reference samples were 
withdrawn at 2 mL/min from the femoral artery and the 
ascending aorta. Withdrawal was initiated prior to the 
microsphere infusion and continued for 2 minutes after the 
completion. At the conclusion of the experiment, the 
animals were euthanized with 120 mg/kg of pentobarbital 
(Uthol; Butler Co, Columbus, OH). An autopsy was per- 
formed, and the whole cerebral cortex, cerebellum, brain 
stem, and spinal cord were harvested. These tissues were 
sectioned, weighed, desiccated, and counted in the gamma 
counter (Packard 5330 Gamma Scintillation Spectrometer, 
Dowmers Grove, IL). The reference blood samples were 
hemolyzed with concentrated potassium hydroxide, desic- 
cated, and counted in the gamma counter. CNS blood flows 
were calculated with the reference withdrawal technique. 

Experimental Approval 
The experimental procedure conformed to the guidelines 

established by the American Physiological Society and the 
National Institutes of Health (Guide for the Care and Use 
of Laboratory Animals, NIH Publication no. 85-23, 1985), 
and was approved by The University of Michigan Unit for 
Laboratory Animal Medicine’s Vertebrate Animal Use 
Committee (approval #1677A). 

Statistical Analyses 

Paired t-tests were used to compare the hemodynamic 
and physiologic variables prior to brain death and 1 hour 
post-brain death; a level of P < .05 was accepted as 
statistically significant. A one-sample t-test was used to 
analyze the calculated microsphere flows and P s .05 was 
accepted as statistically significant. The microsphere data 
analysis was facilitated using the Michigan Interactive Data 
Analysis System software of The University of Michigan 
Statistical Research Laboratory (Ann Arbor, Ml) on an 
IBM 3090 computer (New York, NY). All other statistical 
analyses were performed on a Macintosh II using the 
Statview 512 software. 

RESULTS 

Brain death was induced in 15 animals and 
confirmed by EEG recording, neurologic exam, 
pharmacologic baroreceptor challenges, and 
blood flow determinations. 

The total preparation from the initial admin- 
istration of anesthesia to the declaration of 
brain death averaged 153 -C 13 minutes (val- 
ues & 1 SEM). This required an average total 
dosage of thiamylal sodium of 37 k 3 mg/kg. 
The hemodynamic and operative variables im- 
mediately prior to (t = -5 minutes) and 1 hour 
post-brain death are reported in Table 1. A 
statistically significant decrease in MAP, SVR, 
temperature, and glucose was seen after brain 

Table 1. Hemodynamic and Physiologic Variables 

Variable Pre-Brain Death 1 h Post-Brain Death 

MAP (mm Hg) 

HR Ibpm) 
Cl (L/min/m*) 
SVR (dynes cm5/m2) 

PCWP (mm Hg) 
Temp (“C) 

ph (‘J) 
Glucose (mg/dL) 

11525 
147 + g 

4.52 2 0.36 
2,107 2 136 

7.1 + 0.7 

38.4 * 0.2 
7.38 + 0.02 
122+7 

61 +4* 

131+3 
4.32 + 0.27 

1,104 + 89” 
6.9 -t 0.7 

37.3 2 0.2x 
7.35 f 0.02 

85 + 5* 

Note: The hemodynamic and physiologic variables are re- 

ported (mean t 1 SEM) for the time points immediately prior to 
brain death (t = -5 minutes) and 1 hour after brain death. The 
values were compared with a paired t-test. Statistical signifi- 
cance was defined as a probability value of I .05. 

*Statistically significant. 
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death. There were no significant changes in HR, 
PCWP, pH, or Cl. 

The EEG remained isoelectric throughout 
the duration of the study. The cranial nerve and 
spinal cord reflexes were intact prior to the 
onset of brain death but were absent thereafter. 
No response to toe pinch, tendon stretch, pupil- 
lary light stimuli, etc, was observed in any 
animal after brain death was induced. 

The pressor challenge prior to brain death 
increased MAP by 14 + 3 mm Hg and de- 
creased HR 12 2 2 beats per minute (bpm); 
post-brain death MAP increased 25 4 6 mm 
Hg, but no change in HR was detected. The 
ability to respond to a pressor challenge with a 
decrease in HR was lost in the brain-dead state 
despite a greater increase in MAP. Depressor 
challenges prior to brain death decreased MAP 
22 2 3 mm Hg and increased HR 12 2 3 bpm; 
post-brain death MAP decreased 23 ? 6 mm Hg 
and no rise in HR was detected. Similarly, the 
brain-dead state lost the ability to respond to 
the depressor challenge with an increase in the 
heart rate. In the brain-dead preparation, gan- 
glionic blockade caused no detectable change in 
HR or MAP. Ganglionic blockade in two sham- 
operated non-brain-dead dogs produced a mean 
35-mm Hg decrease in MAP and a mean 42- 
bpm increase in HR. 

Calculated blood flow values obtained with 
the microsphere technique at the 1 hour point 
after the induction of brain death are presented 
in Table 2. All the brain and spinal cord tissues 
were counted to obtain these values. The mean 
calculated flow for 20 tissues in 15 dogs was 
found to be -0.05 mL/min/lOO g. This was not 
statistically different from zero with a one- 

15 

sample t-test. The negative flow value reflects 
correction to the background counts. Eighteen 
of 20 individual samples were not statistically 
different from zero. The highest (0.45 mL/min/ 
100 g) and lowest (-0.31 mL/min/lOO g) calcu- 
lated blood flow values should be considered 
zero because they are within the error of the 
microsphere technique. 

DISCUSSION 

There have been a variety of experimental 
models used to approximate the clinical setting 
and investigate the brain-dead state. Novitzky 
et al’ and Lin et al’* have reported studies in 
baboons and dogs, respectively, in which brain 
death was precipitated by the inflation of a 
balloon in the intracranial cavity. Wicomb et al’? 
and Finkelstein et all9 have reported pig and 
dog studies, respectively, in which the state was 
produced by serial ligation of the vascular sup- 
ply to the brain. Blaine et a12’ used a pig model 
in which the total cranial contents were evacu- 
ated, and Cowley et a13’ reported studies in 
which dogs were decapitated. Each of these 
models represents a substantially greater surgi- 
cal manipulation and associated trauma than 
the model described. With the simplicity of our 
preparation, a more consistent model of com- 
plete brain death is provided for the assessment 
of metabolic, endocrine, and hemodynamic 
changes associated with this process. 

The variety of species, mechanism of produc- 
ing brain death, and documentation of the 
extent of CNS involvement have limited the 
conclusions and comparisons among the individ- 
ual experimental studies. The duration of the 
induced Cushing responses has varied in pub- 

Table 2. CNS Blood Flow 

Brain 

R frontal -0.31 -r 0.17 L frontal -0.18 -c 0.09 
R occipital -0.26 t 0.16 L occipital -0.23 k 0.01 

R temporal -0.23 +- 0.14 L temporal -0.21 -t 0.10 
R anterior parietal -0.08 -’ 0.15 L anterior parietal -0.20 it 0.16 
R post parietal -0.12 2 0.11 L post parietal 0.02 5 0.21 

R thalamus -0.19 ? 0.16 L Thalamus -0.04 + 0.13 
Cerebellum -0.06 + 0.08 Brain stem -0.00 2 0.09 

Spinal cord 
Cervical cephalad 0.23 + 0.13 Cervical caudad 0.07 -t 0.07 

Thoracic cephalad 0.10 2 0.11 Thoracic caudad 0.09 + 0.03 
Lumbar 0.10 t 0.05 Sacral 0.45 -+ 0.17 

Note: The microsphere calculated blood flows (mean lr 1 SEM) at 1 hour post-brain death are expressed in mUmin/lOO 9 of tissue. All 

of the brain and spinal cord tissues were harvested, and the values are reported by their anatomic location. 
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lished studies from 20 to 135 minutes,1,‘3 with 
some reports indicating myocardial ischemic 
changes on ECG and histologic examina- 
tion. 1~12,14~‘5 These responses could potentially 
contribute in a variable manner to the deteriora- 
tion of the preparation. The induction of brain 
death in our model was intentionally brief and 
the Cushing response was limited to approxi- 
mately 1 to 2 minutes. A stable blood pressure 
in the brain-dead state was produced within 5 to 
10 minutes of the elevation of the ICP. 

The clinical diagnosis of brain death requires 
the absence of the cranial nerve reflexes without 
exogenous CNS depression and an appropriate 
period of observation. Simple adherence to 
these clinical criteria for brain death is not 
useful in the laboratory and makes comparison 
of results from different studies unwarranted. 
The presence or absence of the medullary 
cardiovascular center has a profound impact on 
the hemodynamic stability of either the clinical 
donor or the experimental preparation. Mecha- 
nistic studies of the deterioration in the brain- 
dead state need to consistently report the func- 
tional integrity of this center to allow any 
generalizations of the data. Our model unequiv- 
ocally eliminates the function of this center. 

Although the present model is consistent and 
reproducible, it does not replicate all clinical 
settings; paradoxically, several of the experimen- 
tal advantages account for the limitations of 
immediate clinical relevance. The Cushing re- 
sponse may be a mechanistic component of the 
deterioration of the individual progressing to- 
ward the brain-dead state. The basic model as 
presented limited this component and presum- 
ably eliminated its longer-term effects. How- 
ever, subsequent studies can build on these 
baseline observations and examine, as a con- 
trolled experimental variable, the duration and 
extent of the Cushing response in this setting. 
Furthermore, the preparation lacks spinal cord 
blood flow and spinal cord function as assessed 
by neurologic exam. While this oversimplifies 
many clinical situations, spinal cord reflexes 
have been reported absent in up to 25% of 
brain-dead patients by Ivan.31 The contribution 
of the spinal cord to the maintenance of homeo- 
stasis and cardiovascular stability in the brain- 
dead state, while potentially important, is cur- 

rently undefined and requires a controlled model 
for full quantification. A final simplification is 
that while the animal is subjected to an opera- 
tive procedure, there are minimal additional 
traumatic injuries. We feel that these simplifica- 
tions do impose immediate limitations of clini- 
cal relevance, but the simplicity and reproduc- 
ibility of the model allow for future controlled 
studies of these clinical complications. 

Application of the present model should 
elucidate the optimal clinical management of 
the potential organ donor. The optimal volume 
support regimen has not been determined. Cur- 
rently, volume support is a balance between the 
need to maintain adequate renal perfusion and 
urine output against the development of intersti- 
tial and end-organ edema. Similarly, the role of 
pressors and the optimal agent in this setting 
have not been determined. The standard pres- 
sor agents likely have different effects in the 
absence of an intact CNS. This is particularly 
relevant to the distribution of cardiac output 
and tissue perfusion. Additionally, the alter- 
ation of the plasma hormonal profiles has not 
been consistently described and the efficacy of 
hormonal supplementation has not been re- 
solved. 

Several other aspects of the model merit 
discussion. Thiamylal sodium was selected as a 
general anesthetic agent because it is an ul- 
trashort-acting barbiturate. No additional anes- 
thetic agent was required after the animals 
became brain dead, and we presumed that the 
agent was cleared and exerted minimal effects 
on this state. Once blood flow to the CNS was 
stopped, the thiamylal sodium would presum- 
ably no longer exert its effects. In our prelimi- 
nary studies, we were unable to overcome the 
reflex hypertension by simply raising the ICP, as 
reported previously by Lanier et a1.32 The snare 
was placed around the inferior vena cava to 
allow us to overcome the Cushing response. 
Vasodilators were tried and afforded a similar 
ability to overcome the Cushing response, but 
their effects persisted long after the induction of 
brain death and unpredictably destabilized the 
preparation. The blood that was infused into 
the subdural space prior to the initiation of 
brain death facilitated the maintenance of ICP 
above MAP with a minimal requirement for 
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saline infusion. We presume that the blood 
blocks the arachanoid granules and prevents 
the outflow from CSF. Minimal myocardial 
irritability was seen during the induction of 
brain death, and normal sinus rhythm persisted 
through the 4-hour observation period. These 
findings contrast with other investigators who 
have documented extensive ECG changes gen- 
erally in association with a prolonged Cushing 
response.‘.“-” 

This is the first time that the absence of blood 
flow to the CNS has been definitively docu- 
mented with the microsphere technique in a 
model of the potential organ donor. Ljunggren 
et al,” using rats, and Neely and Youmans and 
Lanier et al,” using dogs, have investigated 
neurologic outcome following compression is- 
chemia or “bloodless” cerebral ischemia. They 
elevated ICP above arterial pressure by subdu- 
ral infusion for various durations then normal- 
ized ICP to permit cerebral reperfusion. Cere- 
bral blood flow was documented in one animal 
by Neely and Youmans using an injection of 
radioactive24 Na and performing brain biopsies; 
no activity in the brain was seen at 15 minutes 
postelevation of ICP above arterial pressure. 
Lanier et a132 injected indium-labeled red blood 
cells in two animals and showed that the cere- 
bral blood volume was 12% to 14% of control 
values after the elevation of the ICP above 
arterial pressure. Kramer and Tuynman35 used a 

similar model in dogs and cats to investigate the 
state of cerebral deanimation or “coma 
depasse”; ICP was raised above arterial pres- 
sure for various intervals and the subsequent 
hemodynamic changes reported. They per- 
formed angiograms on two animals when the 
ICP exceeded arterial pressure and reported 
the absence of cerebral blood flow. Our docu- 
mentation of CNS blood flow with microspheres 
included all of the brain and spinal cord and 
illustrated the absence of blood flow to these 
tissues in all animals. 

This model of total brain death in the dog is 
simple and relatively noninvasive. Brain death 
was documented by the absence of an EEG, 
neurologic examination, the absence of barore- 
ceptor function, and the absence of blood flow 
to the CNS. The clinical limitations of the 
model have been recognized, but the control, 
simplicity, and reproducibility of the prepara- 
tion should facilitate the investigation of the 
mechanistic questions leading to somatic death 
in the brain-dead state and lead ultimately to a 
rational approach to optimizing clinical support 
of the organ donor. 
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