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The mechanisms for the deterioration of the brain- 
dead organ donor are not clearly defined. We mea- 
sured myocardial blood flow and function during the 4 
hours after the induction of brain death in dogs. Brain 
death was induced by elevating and maintaining intrac- 
ranial pressure above systolic arterial pressure and 
effectively stopping central nervous system blood 
flow. Multiorgan blood flow and systemic arteriov- 
enous shunting were measured using radioactive mi- 
crospheres. The mean arterial pressure was found to 
decrease markedly with the induction of brain death. 
The initial changes in mean arterial pressure were 
attributed to a decrease of systemic vascular resis- 
tance, with the more terminal changes due to a de- 
crease in cardiac index. There was a marked decrease 

T HE ADVANCES in the field of solid organ 
transplantation over the past decade have 

emphasized the need for a better understanding 
of the physiology and pathophysiology of the 
clinical brain-dead state, one lacking all corti- 
cal, brain stem, and hypothalamic function. 
Clearly, improved donor management could 
potentially expand the organ pool and favorably 
impact immediate organ function. 

The mechanisms for the progression from 
clinical brain death to somatic death are un- 
known. It is known that this progression occurs 
within in a finite period of time which is usually 
measured within hours and that this progression 
occurs despite maximal clinical therapy, includ- 
ing mechanical ventilation, inotropes, and pres- 
sor agents. The majority of our understanding 
has been provided by retrospective or uncon- 
trolled clinical studies; however, several recent 
laboratory studies have been reported and have 
focused attention on the myocardium as the 
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of left ventricular dP/dt with the induction of brain 
death and a gradual decrease of stroke volume despite 
no change in pulmonary capillary wedge pressure. The 
microsphere calculated blood flows to the left ventri- 
cle and septum of the myocardium were significantly 
lower at the I- and 4-hour time points relative to 
control. However, the coronary sinus oxygen extrac- 
tion ratio was not statistically different from control at 
4 hours. Systemic arteriovenous shunts increased af- 
ter the induction of brain death but remained below 
10%. We conclude that despite brain death-induced 
hypotension, there is little evidence to suggest that 
marked myocardial hypoxic ischemic changes initiated 
the deterioration in this model. 
Copyright o 1992 by W.B. Saunders Company 

primary factor. Novitzky et al1 have reported 
the electrocardiographic changes that occur 
after the induction of brain death in a primate 
model and have characterized several specific 
stages of deterioration. Furthermore, Novitzky 
et aP3 documented the histologic changes occur- 
ring in the myocardial fibers after brain death 
and were able to prevent these changes with 
sympathectomy and pharmacologic agents. 
Wicomb et ah4 using hearts excised from a 
brain-dead pig model on a working heart prepa- 
ration, reported a decrement of myocardial 
performance. Additionally, Sasaki et aI5 re- 
ported a decrement of myocardial contractility 
after the induction of brain death in a canine 
model using the left ventricular pressure- 
volume loop relationship. 

Although the available experimental data 
suggest that there is a decrement of myocardial 
performance after the induction of brain death, 
the literature is difficult to integrate on several 
accounts. There has been variability in both the 
species and the techniques for producing brain 
death. The animal models have varied in both 
the magnitude and duration of the Cushing 
reflex intrinsic to the induction of brain death 
and in the assessment of the completeness of 
brain death. Additionally, the traditional thera- 
pies of fluid, pressors, and inotropes have often 
been used to maintain presumed normal arte- 
rial pressures and organ perfusion. However, it 
has not been proven that these strategies and 
the principles of normal regulatory physiology 
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are appropriate in this setting; it is conceivable 
that the current strategies are detrimental. 

The purpose of this study was threefold: to 
determine the hemodynamic changes in a se- 
vere, well-controlled model of the potential 
organ donor in the presence of only fluid sup- 
port, to determine the changes in regional blood 
flow distribution after the induction of brain 
death, and to determine whether myocardial 
hypoxic ischemia contributed to the observed 
decrement of myocardial performance. 

MATERIALS AND METHODS 

Generai 
The standard preparation has been previously reported6 

and will be only briefly summarized. Seventeen fasted adult 
male mongrel dogs weighing from 15 to 25 kg were anesthe- 
tized with 17.5 mg/kg of intravenous thiamylal sodium 
(Surital; Parke-Davis, Morris Plains, NJ) and supplemented 
as needed until the induction of brain death. The animals 
were intubated and ventilated (Harvard 607, South Natick, 
MA) with room air. Plasma pH was determined throughout 
the experiment (IL 113 pHiBlood Gas Analyzer, Lexington, 
MA) and normalized with supplemental intravenous so- 
dium bicarbonate (1.5%) and ventilator changes. A heating 
pad and lamps were used to minimize cooling. Two 18- 
gauge needles were placed through the atlanto-occipital 
membrane into the cisterna magna for pressure monitoring 
and saline infusion. The femoral artery was cannulated for 
continuous measurement of pulsatile and mean arterial 
pressure (MAP) and as a reference site for the microsphere 
withdrawal. A flow-directed, balloon-tipped catheter (Swan- 
Ganz; Oximetrix, Mountain View, CA) was advanced from 
the femoral vein into the pulmonary artery for measurement 
of pulmonary capillary wedge pressure (PCWP), central 
venous pressure, and cardiac output. Normal saline (1.5 L) 
was administered through the Swan-Ganz catheter during 
instrumentation. A nylon suture snare was placed around 
the inferior vena cava (IVC) just caudal to the pericardium. 
A high-fidelity pressure transducer (Koningsberg, Pasa- 
dena, CA) was placed into the left ventricle through the 
apex for continuous measurement of left ventricular pres- 
sure and its first derivative dP/dt (N = 7). Catheters were 
placed into the ascending aorta for the microsphere refer- 
ence withdrawal and into the left atria1 appendage for the 
microsphere infusion. After the appropriate hemodynamic 
control values were recorded and the control microsphere 
infusion performed. brain death was induced as described 
below. Microsphere infusions were repeated at 1 and 4 
hours post-brain death. Cardiac index (CI) was determined 
by dividing the cardiac output by the body surface area. 
Systemicvascular resistance (SVR; dynes sec/cm5/mZ) was 
determined by dividing the difference of the MAP and the 
central venous pressure by the CI and multiplying by a 
factor of 80. Tissue blood flow (N = 10) was calculated 
using the radioactive microsphere technique previously 
described7.x and briefy outlined here. Approximately 2 X 

1V lS-l.~m radiolabeled microspheres (randomly chosen 

tin-113, cerium-141, or scandium-46) (New England Nu- 
clear, Boston, MA) were infused into the left atria1 append- 
age. At autopsy, 33 systemic tissues were harvested from 
consistent anatomic locations. These tissues were sectioned, 
weighed, desiccated, and counted in the gamma counter 
(Packard 5330 Gamma Scintillation Spectrometer, Down- 
ers Grove, IL). The experiment was terminated after the 
final microsphere infusion, and the animals were given 120 

mg/kg of intravenous pentobarbital (Uthol: Butler Co. 
Columbus, OH) to ensure adequate euthanasia. 

Brain Death 
Approximately 7 mL of freshly drawn. nonheparinized 

blood was slowly infused into the cisterna magna and 
allowed to clot for several minutes. The snare on the IVC 
was then tightened to reduce venous return and decrease 
arterial pressure. When the systolic arterial pressure de- 
creased to approximately 50 mm Hg. the intracranial 
pressure was elevated above it and maintained at least 20 
mm Hg above it throughout the duration of the experiment. 
Intracranial pressure was elevated above the systolic arte- 
rial pressure within 5 seconds. An isoelectric electroenceph- 
alogram resulted at this point and brain death was declared. 
The initial rise in intracranial pressure precipitated a 
marked. but transient, elevation of the arterial pressure 
from the Cushing reflex. The reflex increase in arterial 
pressure was limited by the reduced venous return from the 
snare on the IVC. and a second fall in the arterial pressure 
to 50 mm Hg resulted within 1 minute. The snare on the 
IVC was removed at this point, thus augmenting venous 
return and producing a rise in arterial pressure. An initial 
steady-state condition resulted approximately S minutes 
after the declaration of brain death. The absence of the 
central nervous system (CNS) function and hlood Row have 
been reported.h 

Systemic Arteriovenous Shunts 
The percentage of the cardiac output passing through 

systemic arteriovenous shunts was determined in a subset of 
the animals in which the microsphere analysis was per- 
formed (N = 5). At the time of autopsy both lungs were 
harvested. They were carbonized by baking at 325°C for 24 
hours and were then counted in the gamma counter.” The 
calculated blood flow to the lung was expressed as a 
percentage of cardiac output. All microspheres reaching the 
pulmonary circulation were presumed to pass through 
systemic arteriovenous shunts. A small error from bronchial 
artery blood flow was unavoidable with this technique and 
would tend to give falsely high calculated shunt values. 

Coronary Sinus Oxygen Extraction 
In a subset of seven dogs, a catheter was placed into the 

coronary sinus through the right atrial appendage and 
advanced circumferentially around the heart to the juxtapo- 
sition of the left atria and the coronary sinus. Blood was 
sampled simultaneously from the aorta and the coronary 
sinus at selected time points. The oxygen content in the 
samples was determined with a fuel cell oxygen analyzer 
(LEXOZCON: Lexington Instruments, Hospex, Chestnut 
Hill. MA). The percent coronary sinus oxygen extraction 
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was determined by dividing the difference between the 
coronary sinus oxygen content and the aortic oxygen content 
by the aortic oxygen content. 

Statistical Analyses 

The hemodynamic and physiologic variables, the percent- 
age of arteriovenous shunts, the calculated microsphere 
flow values, and the coronary sinus oxygen extraction values 
were analyzed with an ANOVA test. Scheffe’s confidence 
intervals were used to determine the statistically signifi- 
cance differences; a level of P < .l was accepted as statisti- 
cally significant. The microsphere data analysis was facili- 
tated using the Michigan Interactive Data Analysis System 
software of The University of Michigan Statistical Research 
Laboratory on an IBM 3090 (New York, NY) computer. All 
other statistical analyses were performed on a Macintosh 11 
(Apple Computer Inc, Cupertino, CA) using the Statview 
512 (Brain Power Inc, Calabasas, CA) software. 

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. 8%23,1985), 
and was approved by The University of Michigan Unit for 
Laboratory Animal Medicine’s Vertebrate Animal Use 
Committee (approval no. 1677A). 

RESULTS 

The baseline hemodynamics and patterns of 
change were similar in all 17 dogs. These data 
are presented as a single group with subgroups 
for microsphere flow (N = lo), coronary sinus 
oxygen extraction (N = 7), dP/dt (N = 7), and 
arteriovenous shunt measurements (N = 5) 
identified as appropriate for the reduced sam- 
ple sizes. The major time points analyzed corre- 
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sponded to the three measurements of micro- 
sphere blood flow: the control prior to brain 
death, 1 hour post-brain death, and 4 hours 
post-brain death. 

The mean operative duration measured from 
the induction of anesthesia to the induction of 
brain death was 135 + 10 minutes (mean & 1 
SEM) and the mean anesthetic dose was 32 2 2 
mg/kg. The mean volume of normal saline 
administered was 80 + 2 mL/kg. The hemody- 
namic and physiologic variables at the time of 
microsphere infusion are presented in Table 1. 
The small SEM for control MAP, CI, heart rate 
(HR), and PCWP suggest that the fluid balance 
on completion of the instrumentation was simi- 
lar across all animals. Despite the use of heat 
pad and lamps, there was a slight decrease of 
temperature after the induction of brain death. 
Plasma glucose fell after brain death and contin- 
ued to decrease throughout the duration of the 
experiment; these changes reached statistical 
significance with a greater than 50% reduction 
in blood glucose at 4 hours relative to control. 

The initial elevation of intracranial pressure 
resulted in a variety of transient arrythmias that 
resolved within 5 minutes after the induction of 
brain death. These included sinus tachycardia, 
supraventricular tachycardias, sinus bradycar- 
dia, and nodal arrythmias. No specific pattern 
was detected. After this brief period, a normal 
sinus rhythm was detected throughout the re- 
maining duration of the experiment without 

Table 1. Hemodynamic and Physiologic Parameters 

Parameter Control 1 Hour Post-BD 4 Hours Post-BD 

MAP (mm Hg) 117 +4 67 r 4’ 59 ? 4* 

Cl (l/min/m2) 4.67 + 0.32 4.87 f 0.38 2.70 + 0.20*,t 
SVR (dynes/s/cm5/m2) 2,055 + 131 1,088 2 79’ 1,698 2 8l*,t 

HR (beats/min) 150 k 8 131 + 2s 126 + 3* 
sv (1) 0.034 + 0.003 0.037 -t 0.003 0.021 + o.o02*,t 

PCWP (mm Hg) 8.4 2 0.6 9.0 f 0.7 7.9 +- 0.6 
Dp/dt (mm Hgls) 2,161 2 136 1,457 2 115’ 992 + 88*,t 

Temperature (“Cl 38.2 t 0.2 37.2 + 0.2* 37.5 -c 0.4*,t 

PH WI 7.36 k 0.02 7.34 2 0.02 7.37 + 0.01 t 
Glucose (mg/dL) 125? 6 98 ‘- 6* 60 I 5*,t 

Note. The hemodynamic and physiologic parameters are reported as the mean values 2 1 SEM for the control, l- and 4-hour time 
points.The values were analyzed with an ANOVA test and Scheffe’s confidence intervals were used to determine statistical significance 

of the differences. A level of P 5 .I was accepted as statistically significant. 
Abbreviations: SD, brain death; MAP, mean arterial pressure; Cl, cardiac index; SVR, systemic vascular resistance; HR, heart rate; SV, 

stroke volume; PCWP, pulmonary capillary wedge pressure: Dpidt, first derivative of left ventricular pressure. 
“Statistical difference between the control value. 
tstatistical difference between the l-hour value. 
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Fig 1. The changes in MAP (mm Hgl. Cl (L/min/mZ). and 
SVR (dynes . sec/cms/m2) are graphed against the hours of 
brain death. The induction of brain death corresponds to the 
zero time point. The error bars correspond to -C 1 SEM. 

further evidence of ectopy or electrocardio- 
graphic ischemic changes. 

The pattern of changes in MAP, CI, and SVR 
are presented in Fig 1. After the induction of 
brain death, there was a marked decrease in 
MAP. This decrease was predominantly due to 
a decrease of the SVR at the l-hour point and 
to a combined decrease of the CI and SVR at 
the 4-hour point. The CI was not different from 
the control value at 1 hour, but it continued to 
fall, reaching significance at 4 hours. This de- 
crease in CI was seen despite no change in the 
PCWP and a decreasing MAP. The SVR was 
markedly decreased during the first hour, but 
gradually increased thereafter; it never fully 
returned to the control value. 

The components of the CI can be further 
examined. The HR and stroke volume (SV) 
versus time are presented in Fig 2. On the 
induction of brain death, there was a marked 
decrease of HR with little subsequent change. 
The calculated SV actually increased immedi- 
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Fig 2. The changes in HR (beats/min) and SV (LJ are 
graphed against the hours of brain death. The induction of 
brain death corresponds to the zero time point. The error bars 
correspond to f 1 SEM. 

ately after brain death, but fell off after the 
l-hour point as would be predicted from the CI. 
The dP/dt is plotted against time in Fig 3. There 
was a marked decrease of dP/dt after the 
induction of brain death, with progressive dete- 
rioration thereafter. The progressive decrease 
in SV after 1.5 hours parallels dP/dt. 

The microsphere calculated blood flow values 
for the three time points are contained in Table 
2. All the left ventricular and septal flows were 
found to be statistically lower at the I- and 
4-hour points relative to control. No difference 
in flow was found between the I- and 4-four 
hour points, however. A similar pattern of flow 
changes was seen for the thyroid and adrenal 
glands. No statistical changes in flow were noted 
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Fig 3. DP/dt (mm Hg/s) is graphed against the hours of 
brain death. The induction of brain death corresponds to the 
zero time point. The error bars correspond to t 1 SEM. 
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Tissue 

Table 2. Calculated Microsphere Flows (mL/min/lOO g) 

Control 1 HourPost-BD 

HUBER ET AL 

4HoursPost-BD 

Heart 
LV epicardium 

LV mid wall 
LV endocardium 

Septum 

RV 
R atrium 

Lung 
R upper lobe 

R lower lobe 
Liver 

R lobe distal 
R lobe parenchymal 

L lobe distal 

L lobe parenchymal 
Kidney 

R outer cortex 
R inner cortex 

R medulla 
L outer cortex 

L inner cortex 

L medulla 
Pancreas 

Spleen 
Stomach 

Serosa 

Mucosa 
Small intestine 

Serosa 
Mucosa 

Colon 

Serosa 
Mucosa 

R adrenal 
L adrenal 

R thyroid 

L thyroid 
Skeletal muscle 
Skin 

124.5 -t 20.6 77.0 + 5.2* 

140.6 f 19.0 83.2 1?- 7.7* 

158.8 i 21.5 91.2 + 6.7* 
131.9 k 16.0 76.4 + 6.7” 

83.9 + 9.3 62.7 I+_ 6.5 

36.0 I+_ 6.2 44.1 + 9.3 

2.6 zk 1.6 
8.0 2 3.2 

25.9 k 6.4 
35.0 + 7.3 

29.2 2 7.2 
38.3 -c 10.6 

602.3 t- 43.8 

249.3 f 59.2 

50.3 + 27.9 
583.6 r 46.7 

240.1 k 62.0 
34.6 f 11.8 

40.6 5 7.6 
102.5 2 20.1 

30.4 + 24.6 

92.5 + 25.0 

22.9 + 4.0 
184.1 k 25.4 

61.5 + 26.8 
133.7 2 32.4 

326.6 + 45.5 
348.5 + 42.0 
159.2 r 30.1 

229.7 2 23.6 
3.1 " 0.3 
4.7 & 0.9 

2.1 2 0.4 

28.3 2 10.1 

50.9 ? 21.5 

15.4 + 3.2 
26.4 + 5.9 

20.3 + 3.9 
29.3 k 7.7 

422.6 2 19.0* 

210.5 f 42.6 

35.6 + 15.2 

389.8 t 19.6* 

206.7 -c 46.3 

23.9 2 6.8 
61.1 -c 11.9 

61.4 2 10.0 

5.4 c 1.5 

34.9 -c 6.5" 

16.8 2 2.8 

82.4 i: 7.6* 

48.3 2 19.7 

164.5 r 41.0 
126.2 c 13.8* 

129.0 -+ 13.6' 
29.3 -+ 3.9* 

43.5 r 5.61* 
5.2 c 0.8' 

4.9 2 0.9 

14.9 -+ 1.7* 

43.3 2 4.3" 

47.9 t 5.1' 

51.7 t 6.3* 
46.8 2 4.5* 

40.6 c 5.2" 
15.6 I+_ 2.lt 

20.9 + 11.4 

38.3 k 14.5 

6.7 c 2.3* 

9.6 + 2.5' 
6.1 k 1.4' 

9.6 + 2.9* 

308.1 k 28.1*,t 

114.9 2 24.4 

26.8 + 14.9 

289.6 t 20.9' 

103.4 -t 21.9 

17.8 + 7.9 

25.9 2 4.4t 

25.5 2 6.8* 

5.3 + 2.4 

28.4 + 3.3* 

10.5 k 3.3* 

73.4 + 5.0* 

18.6 f 4.5 

98.3 + 18.3 
96.9 r 9.3* 

105.8 + 11.6* 
15.6 2 2.2* 

23.2 2 3.4* 
3.0 + 0.4t 

3.0 + 0.6 
7.2 -t 1.5*,t 

Note. The calculated microsphere flow values are reported in mL/min/lOOg tissue for the control, I- and 4-hour time points. The 

values are reported as the mean c 1 SEM. The tissues are reported by their anatomic location. The values were analyzed with an 

ANOVA test and Scheffe’s confidence intervals were used to determine statistical significance of the differences. P 5 .l was accepted 
as statistically significant. 

Abbreviations: LV. left ventricular; RV, right ventricle; R, right; L, left. 

*Statistical difference between the control value. 

tstatistical difference between the l-hour value. 

for the pulmonary tissues despite a tendency to 
increase in the calculated mean values. The 
liver tissues harvested all showed the same 
pattern of flow changes; the mean flow values 
decreased after brain death, but the only statis- 
tical decrease was found between the control 
and 4-hour time point. The calculated flows for 
the right and left kidney outer cortices were 

found to decrease after brain death, reaching 
statistical significance for the l- and 4-hour time 
points relative to control. No statistical differ- 
ence in the flow was found for the other 
harvested, anatomic sections of the kidney de- 
spite a decreasing trend. Skeletal muscle and 
the tongue were the only tissues to show a 
statistical rise in the calculated flow at the 
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l-hour time point relative to control; both 
tissues had a decrease in flow between the l- 
and 4-hour points, which reached statistical 
significance. A graphic representation of the 
changes in flow expressed as a percentage of the 
control value is contained in Fig 4 for selected 
heart, liver, kidney, tongue, and skeletal muscle 
sections. 

The coronary sinus oxygen extraction shown 
in Fig 5 was 71.5% & 4.5% at the control mea- 
surement and increased slightly to 76.9% 2 
2.6% at the 4-hour time point. The control 
value was not found to be statistically different 
from any of the values after brain death. 

The calculated arteriovenous shunts based on 
the whole lung counts are expressed as a percent- 
age of the cardiac output that passed through 
channels larger than 1.5 km. The shunts in- 
creased markedly from 1.2% * 0.2% at control 
to 8.0% 2 1.2% at 1 hour and 9.3% -+ 2.1% at 4 
hours. A statistically significant increase was 
found between the control value and the l- and 
4-hour values. 

DISCUSSION 

The present study indicates that the induc- 
tion of brain death in this severe model of the 
potential organ donor leads to a decrement of 
myocardial performance in the absence of a 
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0 1 2 3 4 

Hours of Brain Death 
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5 

Myocardial ischemiaihypoxia or changes in 
contractility could be responsible for the decre- 
ment of performance. The latter hypothesis was 
suggested by a decrease of left ventricular 
dP/dt. While the dP/dt is generally accepted to 
approximate the global contractile state, it is 
load dependent. Assessment of the contractile 
state requires a more rigorous methodology, 
such as the load-independent left ventricular 
pressure-volume loop analysis.“’ Indeed, Sasaki 
et al’ reported a decrement of contractility 
using this technique in a different brain-dead 
dog model. However, the interpretation of Sasaki 
et al’s study is limited on two accounts: a 
decrease of contractility was not seen in the 
majority of the animals in the study and the 
animals were maintained on inotropic therapy. 

Fig 4. The percentage change of microsphere calculated 
control blood flow is graphed for the labeled tissues at the 
time points of the microsphere injections. The zero time point 
in this graph corresponds to the control microsphere injection 
prior to brain death. The reported organ flows correspond to 
specific tissues in Table 1: heart (left ventricular endocardial), 
liver (right lobe parenchymal). and kidney (right outer cortex). 

100 1 
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Fig 5. The percentage of coronary sinus oxygen extracted 
is graphed against the hours of brain death. The zero time 
point corresponds to the induction of brain death. The values 
were analyzed with an ANOVA test, and Scheffe’s confidence 
intervals were used to determine the statistical significance of 
the differences. A level of P s .l was accepted as statistically 
significant. No statistical difference was found between the 
control and the other values. 

sustained Cushing response. The evidence for 
this decrement was provided by a decrease of 
CI, SV, and dP/dt after the induction of brain 
death. These changes were seen in the presence 
of a constant HR, constant PCWP or preload, 
and a decreasing MAP or afterload. This ob- 
served decrement of myocardial performance is 
consistent with other reports in the literature 
from Novitzky et al,] Wicomb et al,j and Sasaki 
et a1,5 but leaves undefined the cause of this 
deterioration. 

In the current studv. the significant decrease 
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of blood flow to the myocardial left ventricle 
and septum concomitant with the decrement of 
myocardial performance suggested that the my- 
ocardium might have been ischemic and that 
myocardial blood flow could have been limiting 
performance. Therefore, the coronary sinus 
oxygen extraction ratio was measured to test 
whether hypoxic ischemia was limiting perfor- 
mance. The myocardium normally extracts ap- 
proximately 75% of the oxygen delivered; is- 
chemic myocardium would be expected to extract 
a greater percentage of oxygen. Although the 
oxygen extraction tended to increase, it did not 
significantly increase or reach the predicted 
ischemic range values, failing to support the 
hypothesis and thus suggesting that in this 
brain-dead preparation the myocardium is not 
ischemic despite an MAP as low as 60 mm Hg. 
The myocardium may be deteriorating despite a 
normal coronary sinus oxygen extraction ratio if 
oxygen uptake or metabolism is reduced in 
parallel with blood flow. Coronary sinus or 
myocardial tissue pH measurements or lactate 
levels would be helpful in this setting. Indeed, 
Novitzky et al*’ reported elevated tissue lactate 
after the induction of brain death; however, 
these findings were not correlated with oxygen 
delivery, extraction, or metabolism. 

The microsphere studies were performed to 
provide a baseline of multiorgan blood flow and 
to investigate the potential of organ ischemia as 
a contributor to the deterioration of both the 
myocardium and the general preparation. It is 
notable that the microsphere-calculated flow 
values at 1 hour were statistically unchanged or 
decreased for all tissues with the exception of 
the skeletal muscle and tongue, while the calcu- 
lated flow values to all organs decreased over 
the time interval from 1 to 4 hours. This initial 
increase in skeletal muscle and tongue flow 
suggested that the percentage decrease in resis- 
tance across these beds after brain death was 
greater than the percentage decrease in perfu- 
sion pressure. Although the actual magnitudes 
of these flow changes in mL/min/ 100 g of tissue 
were small, the total increase in flow to all the 
skeletal muscle was potentially a significant 
fraction of cardiac output in light of its large 
percentage of body mass. The increased distribu- 
tion of cardiac output to these tissues after the 
initiation of brain death was likely inappropri- 

ate in light of their presumed decrement in 
metabolic needs in the absence of all neural 
inputs. Additionally, the tongue is the major 
thermoregulatory effector in the dog and thus 
could contribute significant thermal losses. The 
observed decrease in blood flow to both the 
kidney and the liver sections was notable for 
their relevance to transplantation, but the con- 
tribution to the decrement of the preparation 
was uncertain. The actual calculated flow values 
to the renal sections were not suggestive of 
ischemia; however, the effect on renal clearance 
was not determined. Similarly, the decrease in 
flow to the liver was relatively small, but it must 
be emphasized that the microsphere technique 
only measures hepatic arterial flow and not 
portal flow. 

The maldistribution of cardiac output through 
systemic arteriovenous shunts was hypothesized 
as an additional potential mechanism for the 
deterioration of the preparation. This was sug- 
gested from pilot studies by a decrease in SVR 
and an increase of mixed venous oxygen satura- 
tion after the induction of brain death. Indeed, 
Cronenwett et all2 reported a 32% femoral 
artery regional shunt after hind limb sympathec- 
tomy. In our preparation, the percentage of 
cardiac output passing through systemic shunts 
was found to increase almost eightfold after the 
initiation of brain death. However, the absolute 
magnitude of the shunt remained less than 10% 
of cardiac output. Inherent in these calculations 
is error from the bronchial arterial flow; how- 
ever, this contribution was presumed to be 
small9 and would overestimate the true shunt 
value. It is uncertain what contribution arteriov- 
enous shunting of this small magnitude would 
make to the somatic deterioration of the prepa- 
ration. 

The explanation for the observed decrement 
of myocardial performance is unclear since it 
cannot be easily explained by either volume, 
myocardial hypoxic ischemia, or arteriovenous 
shunts. Novitzky et al’ reported a complex 
series of electrocardiographic changes after the 
induction of brain death. However, these 
changes were not seen in our study, thus making 
it difficult to invoke as a mechanism. Recently, 
acute hormonal insufficiency has been proposed 
as a potential mechanism for the deterioration. 
Novitzky et al’ reported decreases in the circu- 
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lating stress hormones in a primate brain-dead 
model and emphasized the central role of thy- 
roid hormone. They reported an improvement 
of performance after triiodothyronine supple- 
mentation in a working heart preparation using 
hearts excised from a brain-dead pig model.13 
Furthermore, Novitzky et al” reported the con- 
version from anaerobic to aerobic metabolism 
in the myocardium after triiodothyronine supple- 
mentation in the primate model. Despite the 
appeal, the potential role of an acute hypothy- 
roid state has been controversial and it has not 
been documented in all clinical and experimen- 
tal reports. *4-20 Clearly, future studies are re- 
quired to more fully document the changes in 
myocardial contractility and to clarify the role of 
thyroid hormone. 

changes that may contribute to the deteriora- 
tion of the brain-dead dog in the absence of the 
Cushing reflex. 

The preparation used in the present study 
afforded a severe, consistent, and reproducible 
model of the potential organ donor. The direct 
clinical applicability of the model, however, is 
limited on several accounts. The clinical declara- 
tion of brain death and the Cushing reflex can 
occur over minutes or take days to evolve. In 
this model, the induction of brain death took 
approximately 10 minutes, while the Cushing 
reflex was intentionally overridden and limited 
to 1 to 2 minutes. Clearly, a sustained Cushing 
reflex can play a significant role in exacerbating 
the deterioration of myocardial performance.2J 
The current study excludes this confounding 
influence. The use of anesthesia and the ab- 
sence of associated trauma are further simplifi- 
cations made to allow for a more controlled 
study. A final difference from the clinical setting 
is the extent of reduction in CNS blood flow. 
Our method for inducing brain death effectively 
stopped all CNS blood flow and, therefore, 
cortex, brain stem, and spinal cord function.h 
However, the declaration of clinical brain death 
does not require the absence of spinal cord 
function, although it has been reported in 25% 
of cases by Ivan.” Despite these recognized 
limitations, the model affords the ability to 
investigate the myocardial and hemodynamic 

The present study illustrates several features 
intrinsic to the model and the potential organ 
donor. Brain death resulted in an essentially 
fixed HR presumably secondary to the loss of 
autonomic control. Previously published re- 
ports from our laboratory6 documented the 
absence of all baroreceptor response to pressor 
and depressor challenges in this model. This 
finding has been supported clinically by the 
inability to respond to vagolytic agents.21 This 
loss of chronotropic control limits the ability of 
the preparation to increase cardiac output. 
Additionally, the induction of brain death re- 
sulted in a marked decrease in SVR. Several 
explanations can be proposed to explain the 
decrease of SVR, including the redistribution of 
cardiac output through previously underper- 
fused beds and potential circulating vasodila- 
tors; however, the most likely factor is a loss of 
neural control. The gradual increase of SVR in 
our study was surprising in the absence of CNS 
function.” It suggests either a local control 
mechanism or circulating vasoconstrictors with- 
out CNS control. The absence of systemic acido- 
sis supports the continued integrity of local 
control factors even at reduced MAP. 

The induction of brain death leads to a 
decrement of myocardial performance. Indirect 
evidence suggests that this decrement is second- 
ary to a decrease in myocardial contractility. 
The microsphere blood flow studies initially 
suggested that the decrement of performance 
may have been secondary to myocardial is- 
chemia. However, this was not supported by a 
significant increase in the coronary sinus oxygen 
extraction ratio. Therefore, myocardial is- 
chemic hypoxia cannot be the cause of the 
decrement in myocardial performance in this 
brain-dead dog preparation. Hormonal or meta- 
bolic factors other than blood flow or oxygen 
delivery must initiate the progressive detcriora- 
tion of the heart in the brain-dead state. 
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