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ORIGINAL ARTICLE

Ultrastructure changes associated with
brain death in the human donor heart

Abstract Electromicroscopic ex-
aminations were carried out on

30 myocardial biopsies taken from
22 human donor hearts immediately
after excision (prestorage) or imme-
diately before transplantation (post-
storage). All electron micrographs
were independently examined by
two morphologists. Eleven struc-
tures were examined in each micro-
graph, and each structure was scored
according to the degree of injury. A
good interobserver correlation was
obtained in 84 % of the structures
scored. In the prestorage left ven-
tricular biopsies (n = 11), approxi-
mately 20 %25 % showed moder-
ate to severe ultrastructural injury.
The ultrastructural injury observed
in the poststorage left ventricular
biopsies (n = 15) was no different
from that in the prestorage group,
particularly injury to the sarcomere
and mitochondria. A similar degree
and pattern of injury was seen in the
right ventricle (n = 4). There was no

evidence that an ischemic storage
period of less than 6 h increased the
degree of injury seen. However,
there was a higher incidence of
moderate to severe injury in those
hearts excised from donors initially
dependent on high inotropic sup-
port.

Key words Cardiac donors -
Ultrastructural changes heart, brain
death, Triiodothyronine

Introduction

Previous experimental studies investigating the effect of
brain death in baboons have demonstrated that approx-
imately 60 % of these animals develop severe myocar-
dial cell damage directly related to the extreme sympa-
thetic nervous system activity (catecholamine storm)
that occurs during the agonal period [8, 13, 16]. On light
microscopy, this myocardial cell damage predominately
consists of various forms of myocardial necrosis (con-
traction bands, myocytolysis, and coagulative necrosis),

focal interstitial hemorrhage, and mononuclear cell in-
filtration around necrotic myocytes, giving the appear-
ance of an acute rejection episode. Similar myocardial
histological findings were reported following induction
of brain death in dogs [19] and rats [18]. A significant el-
evation in plasma cathecholamines was found in both
studies. Similar histopathological changes have been de-
scribed in donor hearts that failed at the time of ortho-
topic transplantation or soon after [12]. These observa-
tions suggest that myocardial cell injury is a common se-
quel to the hemodynamic changes that take place during
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Fig.1 Ultrastructure of a heart procured from a live rabbit. Notice
the normal sarcomere sequence and the mitochondrial shape and
distribution between sarcomeres. The mitochondrial long axis is
parallel to the sarcomeres. The sarcolemma is smooth. Few mito-
chondria are observed at the nucleus level, and a few secondary
lysosomes are present. The score for each observed structure is 1
(uranyl acetate and lead citrate x 11,000)

Fig.2 Ultrastructure of a rabbit heart excised 1 h following induc-
tion of brain death. There is a hypercontractile sarcomere state
and disruption of a sarcomere at the level of the left lower nucleus.
The mitochondria are redistributed, concentrated mainly between
the two nuclei and towards the sarcolemma. The mitochondrial
long axis is now perpendicular to the sarcomeres. There are incre-
ments in lysosomes and lipofuscin droplets. The scores for each
structure observed are: nucleus 1, mitochondria 2-3, and sarcom-
ere 4

the onset and development of brain death. Also, severe
myocardial damage sustained during the agonal period
(catecholamine storm) may be a major factor in patients
in whom donor heart failure occurs during the early
post-transplant period. At later stages, inhibition of aer-
obic metabolism in the donor may play a significant, ad-
ditive role in the global injury of donor organs [10, 14].

Further studies in the baboon have demonstrated
similar histopathological changes occurring in the con-
duction tissue in approximately 40 % of hearts [15].
This may be an important factor in the development of
arrhythmias in patients after heart transplantation and
may account for unexplained sudden death in some pa-
tients. Contraction band necrosis of the smooth muscle
of the coronary arteries was also seen in approximately
70 % of these baboon hearts [15].

We have now investigated the ultrastructural changes
in the donor heart that may be associated with the de-
velopment of brain death in potential human organ do-
nors. Biopsies were taken immediately after harvesting
the heart and at the end of the cold ischemic storage pe-
riod. This is in contrast to previously reported studies

that have concentrated attention on the post-ischemic
storage and reperfusion periods [1, 6, 7] and that have
documented the deleterious functional and morphologi-
cal effects of prolonged hypothermic storage in dogs or
rats and of reperfusion in humans [1]. None of these
studies, however, focused primarily on the effects of
brain death on the donor heart immediately after exci-
sion following cardioplegic arrest.

No ultrastructure of a normal human heart is avail-
able to date. In ongoing experiments in rabbits, examin-
ations of normal hearts procured from live animals
(Fig.1) and hearts excised after induction of brain death
(Fig.2) have shown morphological changes similar to
those observed in biopsies procured from human brain-
dead organ donors, thus validating the method used in
this particular study.

Materials and methods

There were 22 brain-dead organ donors included in this study,
15 men and 7 women. The average age of the cardiac donors was
25 years (range 1142 years). The causes of brain death were: mo-
tor vehicle accident (n = 13), gunshot wound to the head (n =7),
and spontaneous intracerebral hemorrhage (n = 2).

Donor management

Donor management varied from center to center but basically in-
cluded positive pressure ventilation, crystalloid fluid replacement,
inotropic support for a systolic blood pressure below 90 mmHg,
and blood replacement when indicated by low hemoglobin or con-
tinuous blood loss.

All organ donors were receiving dopamine as inotropic support
at the time of organ procurement, but in none did this exceed
12 pg/kg per minute at the time of heart excision. Fifteen initially
hemodynamically unstable donors, in whom the initial dopamine
inotropic support was 34.02 (SE + 1.48), range 2040 pug/kg per
minute, received treatment with intravenous triiodothyronine
(T,) before excision of the heart.
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Table 1 Timing of myocardial biopsy

Ventricles Prestorage Poststorage
immediate immediate
postexcisional pretransplant

Left 11 15

Right 1 3

Total 12 18

Table 2 Ultrastructural examination of each biopsy

Structure Features
1. Nucleus: Integrity
Chromatic distribution
2. Sarcomere: Integrity
Hypercontractile state
Z/1 Bands
Stretching
3. Mitochondria: Integrity
Swelling
Cristae
Matrix
Membrane
Distribution
4. Sarcolemma: Integrity
Digitation
5. Lysosomes: Integrity
Activity
Distribution
6. Capillaries: Integrity
7. Sarcoplasmic reticulum: Dilatation
Disintegration
8. Liposomes: Presence/absence
9. Intercalated discs: Integrity
10. Intracellular densities: Presence/absence
11. Edema: Intracellular
Extracellular

In all cases, cardioplegic arrest was obtained by the infusion of
500-1000 ml cardioplegic solution (modified Cardiosol) into the
aortic root, with immersion of the heart in cold saline. After exci-
sion, the heart was stored in cold saline during transfer to the recip-
ient center. The average ischemic time of the donor heart after ex-
cision was 168 min (range 54-345 min).

Myocardial biopsy

Myocardial biopsies were procured from the base of one of
the papillary muscles in the left ventricle (LV) and/or the right
ventricular (RV) septum (Table 1). In some donors, a biopsy
was taken immediately aiter cardioplegic arrest and excision
of the heart before storage (prestorage). In others, the biopsy
was taken at the end of the cold ischemic storage period
before insertion of the heart into the recipient (poststorage).
Biopsies also were taken at both of these time intervals (Ta-
ble 1).

Each biopsy was obtained using a sharp #11 surgical blade and
was preserved in 2.5 % glutaraldehyde, postfixed with 2 % osmium
tetroxide, and stained with uranyl acetate. All of the specimens
were processed at one center where the electron micrographs
were taken.

Each micrograph was then examined by two independent mor-
phologists to estimate the degree of injury to the various structures.
A total of 25 morphological features were examined within 11
structures observed in each micrograph (Table 2). Each structure
was scored from 0 to 4, depending on the presence of the structure
and the degree of injury. A score of 0 denoted absence of the struc-
ture in the micrograph; 1 represented normal morphology, 2 mild
injury, 3 moderate injury, and 4 severe injury to the structure. The
scores given by each independent observer were compared.

Immediate post-transplant donor heart management and function

Following transplantation, all hearts resumed satisfactory function
with minimal to moderate inotropic support in the form of isoprot-
erenol with or without neosynephrine for periods of 1-4 days.
There was no major functional failure in any case. None of the
hearts required intra-aortic balloon pump support.

Results

Correlation between the two observers

Although there was some diversity between the results
scored by the two independent investigators, there was
close correlation in most respects. In 42 % of the 330
structures scored in the 30 biopsies reviewed, the two in-
dependent observers were in complete agreement on
the degree of injury; in another 42 %, their scores dif-
fered by only one point. In 16 % of the structures, there
was a difference of more than one score point. There-
fore, we may say that a good correlation was obtained
in 84 % of the structures scored (P < 0.001). Observa-
tions were particularly in accord with regard to the nu-
cleus, sarcomere, mitochondria, sarcolemma, and
lysosomes; they were closely comparable with regard to
the capillaries, intercalated discs, and the degree of ede-
ma.

Morphology

It was not possible to score a feature in approximately
10 % of the micrographs due to its absence in the micro-
graph (Table 3).

Pre-storage left ventricular biopsies

Left ventricular biopsies (# = 11) were taken at the pre-
storage stage. The percentages of features with mild,
moderate, or severe injury in these biopsies are shown
in Table 3. The majority of features showed normal mor-
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Table 3 Degree of injury in prestorage and poststorage left ventricular myocardial biopsies

Score Degree Percentage of structures

.Of, n =11 patients n =15 patients

injury

Observer 1 Observer 2 Observer 1 Observer 2

0 (Feature 5% 1% 10 % 7%

absent)
1 None 47 % 42.5% 48 % 34% o
2 Mild 19% } 66% 43% } 855% 18% } 66 % 40% } 74 %
3 Moderate 22% 12.5% } 16 % } 17% }
4 Severe 7% } 29% 15% | 133% g | % 20, ] 19%
Total® 100 % 100 % 100 % 100 %

*The total numbers of features studied in the prestorage and poststorage groups were 286 and 375, respectively

phology or only mild injury, with approximately 20 %~
25 % showing moderate or severe injury.

The following major features were noted:

1. Nuclear structures were normal in all biopsies but
one.

2. Sarcomere injury (Figs. 3, 5, 8) was moderate or se-
vere and was present in approximately 80 % of the biop-
sies (9/11). A hypercontractile state was the dominant
feature. There were various degrees of hypercontraction
injury involving one or more sarcomeres, resulting in
contraction bands and separation-disruption of myo-
fibrils. Severe injury was seen in the Z/I band in all but
one biopsy. The sarcomere injury ranged from mild (2/
11; some hypercontraction) to moderate (5/11; contrac-
tion bands) to severe (4/11; disruption).

3. Mitochondrial injury (Figs. 4, 5, 8) was moderate or
severe and was present in 73 % (8/11) of the biopsies.
The distribution of mitochondria was abnormal in all
but one biopsy. Injury ranged from mild (3/11; loss of
matrix and slight swelling) to moderate (5/11; disori-
ented and swollen cristae) to severe (3/11; disruption of
membranes and cristae, and accumulation of electron-
dense deposits in both inner and outer membranes,
sometimes extending into the matrix). This electron-
dense material was similar to that observed following is-
chemia (coronary occlusion).

4. Sarcolemma injury (Figs.3, 6, 7) consisted of
marked protrusions filled with the injured mitochondria
and disruption of continuity. The sarcolemma showed
various degrees of scalloping and disruption.

5. Secondary lysosomes (Figs. 4, 5) were generally in-
creased in number and contained electron densities. The
cytosol contained abundant dense lysosomes in which
injured mitochondria could be seen.

6. Intracellular edema (Fig.5) appeared in areas of
disrupted sarcomere and in the sarcolemmal scalloping
(Figs. 6, 7); these spaces were occupied by injured mito-
chondria.

Poststorage left ventricular biopsies

The largest number of left ventricular biopsies (n = 15)
was taken at the poststorage stage (Table 3).

Sarcomere injury was present in 80 % of the biopsies
(12/15); the hypercontractile feature was mild in 5 of 15
biopsies, moderate in 5 of 11, and severe in 5 of 15.

Mitochondrial injury was present in 73 % (11/15) of
the biopsies. There was mild injury in 4 of 15 biopsies,
moderate injury in 7 of 15, and severe injury in 4 of 15.

Sarcolemmal injury, secondary lysosomes, and intrac-
ellular edema were evenly distributed, as in the prestor-
age biopsies.

Comparison of poststorage left and right ventricular
biopsies

In three patients, biopsies were taken from both the LV
and RV poststorage (Table 4). There appeared to be lit-
tle difference in the degree of injury between the LV

and RV.

Comparison of pre- and poststorage left ventricular
biopsies

In four patients, biopsies were taken from the LV both
pre- and poststorage (Table 5). The mean ischemic time
in the four patients was 141 min. There was no clear evi-
dence that the cold cardioplegic ischemic storage period
greatly influenced the degree of injury seen.

Correlation of myocardial injury with ischemic time

When all 15 poststorage LV biopsies were examined,
there was no correlation between the severity of myo-
cardial injury and the ischemic time of the donor
heart.
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Table 4 Comparison of injury

between poststorage left and ISJc\c/)resdolf{V Patient 1 Patient 2 Patient 3

right ventricular biopsies in an Observer  Observer Observer  Observer Observer  Observer

three patients 1 2 1 2 1 2
Same 17 18 18 17 19 17
Difference of
only 1 score 8 4 4 8 5 7

. Difference of
2 Total injury score of 25 ultra- 2 or 3 scores 0 3 3 0 1 1
structural features in 11 struc- .
) . . Total injury

tures in the myocardium [maxi- score?

mum possible score (severe in- 7y, By 54/47 54/48 39/37 35/43 40/37 40/41

jury) = 100]

Table 5 Comparison of injury between prestorage and poststorage left ventricular biopsies in four patients

Scores of Patient 1 Patient 2 Patient 3 Patient 4

LVand RV Observer1  Observer2 Observer1 Observer2 Observer 1 Observer2 Observer 1  Observer 2

Same 16 21 20 21 14 14 16 16

Difference of

only 1 score 8 5 4 4 4 9 6 10

Difference of 2

or 3 scores 2 0 2 1 4 3 4 0

Total injury

score?

LV/RV 45/47 47/48 58/54 56/59 60/48 48/45 47/43 46/49

2 Total injury score of 25 ultrastructural features in 11 structures in the myocardium [maximum possible score (severe injury) = 100]

Correlation of myocardial injury with cause of brain
death

When all LV myocardial biopsies procured from the

22 donors were reviewed, both observers noted a
slightly greater (though not statistically significant) de-

Fig.3 Ultrastructure of a human donor heart. Note the hypercon-

tractile state and stretching disruption of the sarcomeres. There is -

an abundant accumulation of mitochondria at the nucleus pole be-
tween both sarcomeres. There is also scalloping of the sarcolemma.
The nuclear structures are well preserved. The scores for each
structure observed are: nuclear structure 1, mitochondria 2, and
sarcomere 34

Fig.4 Ultrastructure of a human donor heart. The sarcomeres are
well preserved. There is normal mitochondrial distribution but
loss of mitochondrial-sarcomere long axis alignment. There are
various degrees of mitochondrial injury, loss of matrix, and swell-
ing. In some, there is mitochondrial membrane disruption. There
are secondary lysosomes (electron-dense bodies) containing mito-
chondrial remains. The scores for each structure observed are: sar-
comere 1 and mitochondria 14

Fig.5 Ultrastructure of a human donor heart exhibiting severe sar-
comere disruption, accumulation of mitochondria in various stages
of injury, the presence of secondary lysosomes, and marked intrac-
ellular edema. The scores for each structure observed are: sarcom-
ere 4, mitochondria 4, intracellular edema 4, and lysosomes 3

Fig.6 Ultrastructure of a human donor heart showing a marked
hypercontractile state, stretching of sarcomeres, and mitochondrial

gree of myocardial injury in donors who had died from
motor vehicle accidents than in those who had died
from gunshot wounds (Table 6). As only two donors
died from a spontaneous intracranial hemorrhage, the
number in this group is too small to draw any conclu-
sions.

accumulation at the nucleus pole level between hypercontractile
sarcomeres. There is marked sarcolemma scalloping containing mi-
tochondria. There is some mild to moderate interstitial edema. The
intercalate disk is normal. The scores for each structure observed
are: sarcomere 3, mitochondria 1, sarcolemma scalloping 3, nu-
cleus 1, intercalated disc 1, and interstitial edema 2

Fig.7 Ultrastructure of a human donor heart. The sarcomeres are
in the hypercontractile state, associated with sarcolemma scallop-
ing containing abundant mitochondria and lipofuscin droplets.
The mitochondria throughout the entire area exhibit various de-
grees of injury. The intercalated discs are well preserved; the sar-
comere is partially detached. The scores for each structure ob-
served are: sarcomere 3, mitochondria 2, sarcolemma scalloping 3,
interstitial edema 3, intercalated disc 1

Fig.8 Ultrastructure of a human donor heart. The sarcomeres are
stretched and disrupted. Various stages of mitochondrial injury
are present, ranging from normal configuration to marked matrix
and cristae loss, to membrane disintegration. Intramitochondrial
densities are noted. The scores for each structure observed are: sar-
comere 4 and mitochondria 24



30

Table 6 Degree of injury of 22 left ventricular biopsies in relation to cause of brain death in 22 organ donors

Score  Degree of Motor vehicle Gunshot wound Spontaneous
injury® accident (n=17) intracranial
(n=13) hemorrhage
(n=2)

Observer Observer Observer Observer Observer Observer

1 2 1 2 1 2
0 (Feature absent) 8% 4% 7% 2% 23% 17 %
1 None 50% o 43 % JL o 57% } o 49 % } o 30% } o 14 % } o
2 Mild 19% } 9% g9, [ BL%  Sg9, | 7T 3ge, [ 8% Qp9, | 2% 4y, | 6%
3 Moderate 15% } o 13% } o 13% } o 10 % } o 29 % } o 25% } o
4 Severe 8% | B% 29, | 1% 3% 6% 1o | 1% 6% | 3% 2% | 271%

 The frequencies of various degrees of myocardial injury between motor vehicle accident and gunshot wound donors are not significantly

different (Ridit analysis)

Discussion

Moderate or severe ultrastructural myocardial injury
was found to be present in a patchy distribution in
20 %-25 % of the hearts we studied from donors who
had undergone brain death, regardless of the cause. Ob-
viously, the extent of this injury may vary, depending on
the size of the tissue sample studied. There appeared to
be no difference in the pattern or severity of injury to
the left ventricle as compared to the right ventricle.
With good cardioplegia arrest, a cold ischemic period
of less than 6 h did not appear to add any further mor-
phological injury to the heart.

The ultrastructural injuries observed, presumably
caused at the time of brain death, have been docu-
mented as early as 30 min after inducing brain death in
baboons and rabbits. Although aspects of the post-brain
death course and management, such as periods of severe
hypoxia, hypertension/hypotension, electrolyte/meta-
bolic imbalance, or infusion of high doses of inotropic
agents, may contribute to further injury, experimental
evidence indicates that the development of brain death
itself is sufficient to cause such injury [8, 13, 16].

Myocardial injury resulting from brain death is be-
lieved to be related to intense sympathetic nervous sys-
tem activity (precipitated by an acute increase in intra-
cranial pressure), resulting in the prolonged release of
myocardial endogenous catecholamines [8, 16]. Prior to-
tal cardiac sympathectomy or autotransplantation
greatly modifies the hemodynamic sequelae of brain
death and appears to completely protect the myocar-
dium from significant light microscopic damage [9].
The preliminary administration of a beta adrenergic
blocking agent, such as propranolol, or of a calcium an-
tagonist, such as verapamil hydrochloride, completely
prevents the myocardial structural sequelae of brain
death seen by light microscopy [11]. In the clinical situa-
tion, it is clearly not possible to administer such agents
before the insult, which leads to brain death. However,

the beneficial effects of beta blockers have been con-
firmed in patients with head injuries. In a randomized
double blind study atenolol prevented systemic arterial
hypertension and reduced creatine kinase MB (CKMB)
by 80 %; this was lower than in the placebo group. There
was also a significant reduction in supraventricular
arrhythmias, thus confirming previous experimental
work [3]. However, if a donor is found to be hyperten-
sive and tachycardiac, which occasionally occurs, we be-
lieve a calcium antagonist or a beta-blocker may be indi-
cated to prevent further myocardial damage.

Despite the appearance of moderate or severe injury
in approximately one-fifth to one-quarter (20 %-25 %)
of the structural features examined in the myocardial bi-
opsies, all hearts functioned satisfactorily after trans-
plantation and none required intra-aortic balloon
pump support. No donor heart failed from any cause
within the first 30-day period.

Injury was most apparent in the mitochondria and sar-
comere, which are the two most important organelles re-
sponsible for energy production and utilization. These in-
juries could, therefore, contribute to myocardial pump
failure to the donor heart atan early stage post-transplan-
tation, although this was not seen in the present study.

While the damaged heart remains within the brain-
dead donor, it may be able to support the circulation for
several hours or days. Once the heart has been trans-
planted into the recipient, however, it must function
against a normal systemic vascular resistance, and there
may be several additive, deleterious factors, such as is-
chemic and reperfusion injuries and abnormal metabolic
milieu. Early “nonspecific* heart failure has been re-
ported in a small number of patients by many centers [12].

This could, however, be related to a number of other
factors, such as (1) the rapidity and severity of the initial
brain insult, (2) the period of time between brain death
and organ harvesting, (3) the hemodynamic stability of
the donor, and (4) other management procedures, such
as the amount of inotropic agent given.
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During acute illnesses, a profound derangement of
the thyroid plasma profile has been observed; there is a
low free T5 (FT;) level, elevated reverse T; (rTs), and
unchanged thyrotropin (TSH) levels. This has been ob-
served in brain-dead organ donors, cardiopulmonary
bypass, myocardial infarction, and shock states [22]. Tri-
iodothyronine replacement facilitated the rapid recov-
ery of the myocardial dysfunction observed in these
conditions [5, 10].

The role of T, therapy has been documented in re-
storing aerobic metabolism in brain-dead animals, nor-
malizing depleted high-energy phosphates, and revers-
ing myocardial tissue lactic acidosis. In unstable human
brain-dead organ donors, the administration of T; has
resulted in a rapid reduction of the inotropic require-
ments [10, 20]. In this study, the severe morphological

injury to the mitochondria was well documented. It is
quite possible that the functional impact of brain death
on this organelle went far beyond the morphological in-
jury observed. The rapid, extra nuclear T; effects [4]
may have a direct impact on the functional recovery of
mildly injured mitochondria, restoring aerobic path-
ways and the production of high-energy phosphate, a
substrate essential for the myosin ATPase as well as for
the activation of calmodulin [2] and calcium ATPases,
especially at the sarcoplasmic reticulum [17, 21].

A much larger study than that presented here would
be required to clarify (1) the relative importance of the
various factors that may contribute to morphological in-
jury, (2) the exact relevance of the various ultrastruc-
tural abnormalities, and (3) their relationship to post-
transplant cardiac function.
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