
Thorax, 1977, 32, 525-533

Cerebral protection during open-heart surgery1
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Aberg, T., and Kihlgren, Margareta (1977). Thorax, 32, 525-533. Cerebral protection during
open-heart surgery. To reduce the incidence of cerebral damage after open-heart surgery
measures were undertaken based on physiological principles and consideration of the possible
injury caused by microemboli. Intellectual function was measured by psychometric tests before
and after operation. The results were compared with those of an earlier series. There was a
striking reduction in the incidence of neurological complications. There was also a considerable
reduction in the degree of impairment of intellectual function previously shown to develop after
open-heart surgery. However, there are still signs that cardiopulmonary bypass brings about
subclinical cerebral injuries. The measures taken and their rationale are discussed.
Psychometric testing is a useful method for evaluating the quality of cardiopulmonary bypass as
it allows a quantitative assessment of postoperative cerebral function.

Of all the complications of open-heart surgery,
derangement of cerebral function may nullify the
benefit resulting from the operation. In the past,
reports have been published describing large series
of patients with a very high incidence of cerebral
complications (Tufo et al., 1970; Lee et al., 1971;
Branthwaite, 1972). It seems clear that many of
these injuries are preventable and that the goal
must be to eliminate all cerebral damage during
cardiopulmonary bypass (Patrick et al., 1958).
Between 1972 and 1974 the incidence of cere-

bral complications at the Thoracic Clinic in
Uppsala after open-heart surgery was 14-5%
(Aberg and Kihlgren, 1974). These patients (in
this presentation called ECC group I) were in-
vestigated by psychometric methods. It was found
that in patients who had no neurological symptoms
or signs, intellectual impairment could be detected
after the operation. This impairment was inter-
preted as indicative of cerebral damage. Thus what
was clinically observed was but the tip of an
iceberg. By analysing the psychometric results two
major factors were identified among the cases with
poor test results. The first factor was the perfusion
time, and the second was the presence and degree
of valvar calcification in those patients undergoing
valve replacement. These findings suggest that
microembolism was an important mechanism
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underlying the intellectual impairment. The
emboli seem to have two possible sources-the
pump oxygenator and debris from the operating
site.
With these findings as a background, we took

several measures to try to eliminate the causes of
the brain damage. This paper presents the results
of these measures.

Patients

Between August 1974 and June 1976, 418 patients
underwent open-heart surgery. Of these, 124 (ECC
group II) were submitted to three selected psycho-
metric tests a few days before, about one week
after, and two months after the operation
(Table 1).
The patients participating in the test programme

were selected at random, with a few exceptions.

Table 1 Number of patients in different diagnostic
groups

ECC group I ECC group *1

Diagnosis No. % No. %

Congenital heart disease 15 15 9 8
Coronary heart disease 19 19 35 28
Mitral valve disease 22 22 28 23
Aortic valve disease 35 35 45 36
Aortic and mitral disease 7 7 7 6

Total 99 100 124 100
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Patients with a history of previous cerebral dam-
age, especially hemiplegia, were not included as it
had been shown that these patients are prone to
show signs of intellectual damage after cardio-
pulmonary bypass (Aberg and Kihlgren, 1974).
Only adults (>20 years) were included. A sub-
stantial proportion of the patients was excluded
because they were undergoing emergency opera-

tions or had an insufficient knowledge of the
Swedish language. Among the elegible patients,
the workload of the tester (MK) decided which
patients to include.
The timing of the first postoperative test varied

according to the following criteria: the patient
should be out of the intensive care unit, up and
about, on oral nutrition, and having no stronger
analgesic'than aspirin. The mean interval between
the operation and the first postoperative test was

6 5 (range 3-10) days.

Methods

For details of the investigation procedure see

Aberg and Kihlgren (1974). Three psychometric
tests were used: (1) test of verbal comprehension
(Synonyms, Syn.) which had previously been shown
to be fairly insensitive to the injuries occurring
during bypass, and this was used as a holding test;
(2) a test of visuospatial ability (Figure rotation
test, F. rot.) which had been shown to be very

sensitive to such injuries; and (3) a test of per-

ceptual speed (Figure identification test, F. iden.)
which had also proved to be sensitive. The com-

bined series of tests was measured as the sum of
the subtests (SS3).

TECHNIQUE OF CARDIOPULMONARY BYPASS

Several radical changes were introduced during
this period. They were all logical consequences of
the suggestion that microemboli are responsible for
much of the damage and are listed below:

Inclusion of a micropore filter in the arterial
line or within the oxygenator

Inclusion of a micropore filter in the suction
return line

Change from disc oxygenator to bubble
oxygenator

Use of clear fluid prime
Prolonged drainage of left ventricle before

termination of bypass
Decrease in length of perfusion time.
During the period of study of patients in ECC

group II the following guide-lines were adopted in
managing the period of cardiopulmonary bypass.
The pump flow was maintained at 2-2-2 4 1 m-2
unless the perfusion pressure fell below 70 mmHg,
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in which case flow was increased until perfusion
pressure returned to around 70 mmHg. The ven-
tilation of the oxygenator was adjusted to give a
normal Po2 and Pco2. Improvements in surgical
technique reduced the length of perfusion (Table
4). The requirement for donor blood was also
reduced during this period (Table 4) and the
priming of the heart-lung machine was carried out
with clear fluids. Predominantly bubble oxygena-
tors (Harvey or Galen) were used during the
period of this study. These oxygenators include
100 ,U micropore filters in their internal design. In
43 patients a 40 ,u filter was included in the arterial
line. A 40 IL filter was included in the suction
return line. Pericardial and pleural blood was
returned to the heart-lung circuit during per-
fusion, resulting in some of the reduction in blood
requirements shown in Table 4. In both the
original study of ECC group I and in this study
(ECC group II) moderate hypothermia to 300C
was practised. For the original study (ECC group
I) rewarming was carried out to 36°C but in the
present study the patients were rewarmed to
38°C. During this longer rewarming period drain-
age of the left ventricle was continued with the
heart beating in order ito mobilise any intracardial
debris or air and drain it into the heart-lung
machine via the 40 ,u filter in the suction return
line.

Results

Compared with ECC group I a striking improve-
ment occurred. Clinically detectable cerebral com-
plications decreased from 14 5% to 5% during the
first half of the period, and to 3% during the
second half (Table 2). The number of patients
who died with or from cerebral complications was
3 out of 114 (3%) in ECC group I and 1 out of
210 during the second half of the 1974-76 period.
Of the clinically recognised cerebral complica-

tions (Table 3), one was due to a large cerebral
embolus from the left atrial appendage in a
patient with atrial fibrillation who had a mitral
valve replacement. One patient developed a
Guillain-Barre syndrome two days after the opera-

Table 2 Percentage incidence of cerebral
complications

ECC II

EEC I 1st year 2nd year

Cerebral complications 14-5 5 3
Dead with or from

cerebral complications 3 0-5
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Cerebral protection during open-heart surgery

Table 3 Diagnoses in cases with clinical cerebral
complications

Aortic stenosis; confusion
Aortic stenosis; dizziness; no vestibular function
Aortic regurgitation; Guillain-Barr6 syndrome
Mitral stenosis; carotid embolus; died
Angina p ctoris; delayed return of consciousness

tion. Thus in only three patients were the causes
of the cerebral complications possibly related to
the perfusion and operation.
The psychometric test data also showed con-

siderably better results (Fig. 1). In all three sub-
tests there was an improvement compared with
ECC group I. This was small in the verbal test but
statistically highly significant in the test of visuo-
spatial ability and the test of perceptual speed one
week after the operation. The improvement still
persisted two months after operafton, although
not to the same degree.
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However, when the results were compared with
those of 46 patients who were operated on for
non-cardiac thoracic surgical disease (mostly lung
resections) (Aberg and Kihlgren, 1974), it is clear
that although they were much improved, ECC
group II still showed signs of cerebral damage.
This was evident in all subtests both at one week
and at two months.
A number of statistical analyses which were per-

formed on ECC group I were repeated on group
II. As a rule the findings were similar although the
test scores were now on a higher level, indicating
less cerebral damage. Thus the same variation in
test scores that was found among different
d:agnoses in ECC group I still prevailed in group
II. The congenital cases (mostly atrial septal
defect) suffered the least impairment, followed by
coronary artery bypass cases, single valve replace-
ments, and multiple valve replacements in order
of increasing impairment of intellectual function
(Fig. 2).

F. IDEN. S53
I

Fig. 1 Test results in ECC group I (X), ECC group II (0), and comparison group (a). On the ordinate
means of individual differences in test scores between preoperative test and first postoperative test (I) and
two-month test (II): Syn. =synonym test; F. rot=figure rotation test; F. iden. =figure identification test; and
SS3=sum of the three subtests. A significant improvement has occurred in the test scores in ECC group II

compared with the earlier ECC group 1. The test scores, however, do not reach the levels of a comparison
group operated upon without extracorporeal circulation.

I ii I 11 I II I II
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ECC GROUPI ECC GROUP If
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Fig. 2 Test results in different diagnostic groups in figure identification test. The
general level in test scores has increased; several diagnoses show a marked
improvement, whereas others show much less or no improvement.

The correlation with perfusion time found in
ECC group I was found in group II, although
weaker. Figure 3 shows the test results in the
coronary bypass cases. In the short perfusions the
results are indistinguishable from those of the
comparison group. There is a significant difference
in the results of the figure identification and
synonym tests between those patients perfused

for less than 140 minutes and those perfused for
more than 140 minutes in both groups I and II
postoperatively. However, there was no longer a
correlation between test scores and perfusion time
in the valve replacement cases. This is probably
due to a restriction of range, as most valve re-
placements now take about 90 (mean 89-+25)
minutes on bypass.

n=6

Con. n=9

Con. n=35
Ao.Mi n= 7
AS#Al n:10
MS n=12

AS n=20
MS-Ml n=10

Al n- 15
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Fig. 3 Test results in coronary bypass patients divided into perfusion time: 0 <90 min perfusion (n=10);
X90-140 min perfusion (n=15); * >140 min perfusion (n=6).

The correlation between test scores and pre-

sence and degree of valvar calcification in the
removed valves found in ECC group I was not
found in group II.

POSTOPERATIVE COURSE

During this period we also followed some other
parameters (Table 4). Although the mean age of
the patients has increased, there is a gratifying
decrease in the length of time spent in the inten-
sive care unit. The need for blood has also
decreased. The patients are more alert, are

routinely extubated on the morning after opera-

tion, require less special supervision, and are not
as prone to get other complications (eg, pul-
monary) as previously.

Table 4 Some clinical parameters (mean)

ECC I ECC II

Age (years) 50 55
Perfusion time (min) 128 94
Blood given (units) 24 15
Intensive care unit time (days) 6-5 3-8

Discussion

The importance of cerebral protection during

cardiopulmonary bypass is now widely recognised.
After an initial period when heart surgeons were
mainly interested in patient survival, the incidence
of neurological or psychiatric complications
started to attract interest. During the mid-sixties
considerable attention was devoted to psychiatric
complications (Hazan, 1966; Kornfeld et al., 1965).
During the last few years several investigations
have been published dealing with the presence
or absence of cerebral complications. Mean
arterial pressure during perfusion (Javid et al.,
1969), the patient's age, duration of perfusion, and
a history of previous neurological damage
(Branthwaite, 1972) have all been related to the
occurrence of postoperative neurological dys-
function.
The need for more refined methods to evaluate

cerebral function after cardiopulmonary bypass
has been recognised by several workers. Lee et al.
(1971) reported findings in 71 patients undergoing
open-heart surgery. Included in the protocol were

neurological, psychiatric, psychometric, and other
clinical parameters. Among the clinical para-
meters tested, the following showed a statistically
significant correlation with brain damage: dura-
tion of perfusion, hypotension, volume of blood

SCORES

P values:

O-X
0X-.
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transfused, and insertion of a valve prosthesis.
Frank et al. (1972) used a broad psychometric test
battery on 49 patients. They found that patients
who were very anxious before the operation
showed significantly more improvement in the
intelligence test afterwards. There was also sug-
gestive, although not statistically significant,
evidence that a longer time on cardiopulmonary
bypass was associated with an increased inability
to learn a test.
A visual motor test was used by Carlson et al.

(1973) to judge the postoperative progress of
patients after perfusions using membrane and
bubble oxygenators. Although their results were
not statistically significant, fewer patients in the
membrane group showed impairment of post-
operative function than those in the bubble
oxygenator group.

In 1974, the findings in the present ECC group
I were published (Aberg and Kihlgren, 1974). It
was concluded that cardiopulmonary bypass as
practised at that time brought about impairment
in intellectual function, that this intellectual im-
pairment probably reflected cerebral injury, and
that most of the injuries were reversible but that
permanenit injuries do occur. A further detailed
analysis showed that along with some minor
factors there were two major factors associated
with intellectual impairment, namely, time on
perfusion and the presence and degree of valvar
calcification. These findings suggested micro-
embolism as a major mechanism underlying the
intellectual impairment and that these emboli had
two sources, the pump oxygenator and debris
from the operaton site.
Cardiopulmonary bypass is a multifactorial

method of treatment. What is evident as a com-
plication after the operation may be the result of
several interacting factors. It seems important to
try to divide cardiopulmonary bypass into its
various components and to scrutinise these with
special regard to the consequences of effects of
microemboli. Furthermore, general physiological
principles must be taken into consideration with
respect to brain protection during cardio-
pulmonary bypass. The results of the present study
in conjunction with the previous study allow us to
consider some of the factors which may be
involved.

FLOW
It is generally agreed that an adequate flow is
essential during cardiopulmonary bypass in order
to maintain organ viability. Inadequate flow has
not been incriminated as a cause of cerebral
damage because of the general acceptance of the

policy of maintaining a pump flow of 2-2-2 4 1 m-2
of body surface area. It is probable that the flow
may be safelly reduced during hypothermia, al-
though precise data on this question are lacking.

BLOOD GASES
The role of the gas exchange device is to maintain
the normal level of the blood gases. There seems
to be a general opinion that both Po2 and Pco2
should be kept at physiological levels. The im-
portance of not having the Po2 too high is evident
from the fact that a high oxygen/blood flow ratio
in a bubble device has been reported to give a
higher microembolus coun;t and possibly to in-
crease the oxygen toxicity (Kessler and Paterson,
1970).

PERFUSION PRESSURE
There is no general agreement about a safe level
of arterial blood pressure during bypass. However,
several studies have clearly shown that in patients
with low arterial pressures there has been an
increased incidence of cerebral complications
(Javid et al., 1969; Branthwaite, 1973), especially
when the period of hypotension has been pro-
longed (Stockard et al., 1973). Theoretical con-
siderations lead to the supposition that an
adequate arterial pressure is needed to overcome
subclinical artcriosclerotic obstructions to cerebral
flow. Increased age was found to be associated
with an increased incidence of neurological com-
plications in the patients studied by Branthwaite
(1972). These patients may be assumed to have a
greater degree of arteriosclerosis in their cerebral
vessels. Previous cerebral damage, at least some-
times indicative of cerebrovascular disease, also
carried a higher incidence of neurological com-
plications (Branthwaite, 1972) and impairment in
intellectual function (Aberg and Kihlgren, 1974).
Raised preoperative systolic and diastolic arterial
blood pressure was related to postoperative intel-
lectual impairment (Aberg and Kihlgren, 1974). In
our patients there is no correlation between the test
results and the lowest arterial blood pressure dur-
ing cardiopulmonary bypass, probably because of
the policy already followed in the period of ECC
group I of not allowing the arterial blood pressure
to fall below 70 mmHg for any length of time.
Many centres regard cardiopulmonary bypass as

a state of controlled shock and accept low arterial
pressures with apparently good results. This
question cannot be said to have been definitely
settled. Most of the published data, however,
point to the necessity of maintaining an adequatc
blood pressure, especially in old, hypertensive
patients with known arteriosclerosis.
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Cerebral protection during open-heart surgery

DURATION OF PERFUSION

The time factor is important in considering the
physiological requirements. A normal patient will
tolerate short periods of inadequate flow, pressure,
and oxygenation. An extremely quick surgeon will
be able to take short cuts across the physiological
requirements that a slow surgeon may not permit
himself. This element of time is probably one of
the reasons for the discrepancies in policy, for
instance, towards blood pressure, in different
centres. As a general rule it must be stated that
cardiopulmonary bypass is a hazardous procedure
with many inherent risks and that its duration
should be kept as short as possible.

USE OF STORED BLOOD

Donated blood always contains microemboli
(Moseley and Doty, 1970; Wright, 1976). These
are mostly platelet and leucocyte aggregates but
fibrin is also present. Recent studies on the influ-
ence of donated blood upon the lung in massive
blood transfusions have shown that the lungs have
a good, though limited ability to act as a filter for
these emboli (Goldiner et al., 1972). Donated blood
in the prime or added during bypass is not filtered
in the lungs but enters the systemic arterial
system directly. There is good evidence (Hill et al.,
1969; Patterson et al., 1974) that particulate
emboli harm the brain.

In addition, current cross-match techniques
only take account of the donor and the recipient
and do not consider any incompatibilities occur-
ring between donors. It is not inconceivable that
blood added to the heart-lung machine during the
procedure may react with any other donated
blood and set up microemboli. This situation
would be more common in cases of massive blood
transfusion or a large blood prime.

After consideration of these points we now

prime the extracorporeal circuit with clear fluid
in order to use as little blood as possible and, if
blood has to be given, to filter it through a micro.
pore filter.

THE OXYGENATOR
The oxygenator is known to be an important
source of emboli. Silicone particles (Valentin and
Vilhelmsen, 1976), cotton fibres and plastic chips
(Reed et al., 1974), platelet and other blood-
formed particles (Solis et al., 1975), and gaseous

microbubbles (Gallagher and Pearson, 1973; Loop
et al., 1976) have all been shown to be delivered
to the perfused patient. Improvements in the
design of bubble oxygenators leading to decreased
oxygen/blood ratios have already diminished
gaseous emboli in bubble oxygenators (Simmons

et al., 1972). Investigations on the amount of par-
ticulate and gaseous emboli originating from
several different types of oxygenators have given
conflicting and confusing results (Kessler and
Patterson, 1970; Simmons et al., 1972; Solis et al.,
1975), partly because of difficult or unreliable
methods. The membrane oxygenator is claimed to
produce less particulate emboli than the bubble
oxygenator (Solis et al., 1975).
Our investigations (Aberg and Kihlgren, 1977)

have shown that a disc oxygenator primed with
blood and saline results in greater intellectual im-
pairment than either of two different bubble
oxygenators used with a clear fluid prime. Our
present practice is to use bubble oxygenators
primed with a clear fluid.

FILTRATION OF ARTERIAL BLOOD
Because oxygenators produce particulate emboli
it is logical to try to eliminate the emboli by filtra-
tion. The inclusion of an arterial blood filter of a
pore-size in the region of 40 ,u has become popular
(Osborn et al., 1970; Skagseth et al., 1974; Guidoin
et al., 1976). A filter has also been incorporated
within several oxygenators. Carlson et al. (1973)
showed in a small series that psychometric scores
were improved when a filter was introduced into
the arterial line. In our original study of patients
in ECC group I (Aberg and Kihlgren, 1974), we
demonstrated a reduction in the impairment of
intellectual function when an arterial filter was
used. This difference was only weakly significant
(P=0-05).
Our present policy is to rely on the 100 it filter

incorporated in the oxygenator and not to add an
additional filter in the arterial line (Heimbecker
et al., 1976). The use of filters is not the best way
to circumvent the problem of microemboli from
the heart-lung machine, and future developments
must be directed to preventing the occurrence of
emboli. Only by eliminating the source of micro-
emboli can a high quality of cardiopulmonary
bypass be provided.

SUCTION RETURN TO HEART-LUNG MACHINE
Several authors have identified the suction return
as the source of most particulate emboli (Solis et
al., 1975; Clark et al., 1976). These emboli include
fibrin, fat, calcium, arteriosclerotic debris, and
tissue as well as foreign material introduced by the
operative equipment (talc, thread, dust, cloth par-
ticles, and even hair). Even if these emboli could
be eliminated at the source by improved methods,
a completely clean operative field will probably
never be achieved. Effective filtration of the suc-
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tion return blood is therefore essential at present
and will probably remain so in the future.
The volume of suction return and thus the

number of microemboli can be reduced by
ischaemic cardiac arrest.

EMBOLI FROM OPERATIVE SITE
In ECC group I the presence and degree of valvar
calcification proved to have a very marked influ-
ence on intellectual function. This correlation was
no longer found in ECC group II. It must be con-
cluded that the measures taken have been effective.
Elimination of calcific emboli and of arterio-
sclerotic debris may be achieved by a high level of
awareness and care by the use of proper operative
equipment, especially suckers. It is essential to
incorporate a mechanism for removing all the
debris that has moved outside the visible field and
indeed for all particles below the resolution power
of the eye.

In our opinion, prolonged drainage of the left
ventricle with the heart beating will considerably
help in removing debris and air that might have
lodged in the heart. The debris will be trapped in
the suction return filters.

AIR EMBOLI FROM THE HEART

Gallagher and Pearson (1973) have shown that it
is common to detect air emboli in the carotid
artery when the ventricle begins to eject, but fur-
ther studies to assess the relative importance of
air embolism in the development of postoperative
cerebral complications are needed. It may be
safely stated that a small amount of air did not
seem to have a deleterious effect on brain function.
Using our psychometric tests the patients who had
operations for congenital heart disease were in-
distinguishable from the comparison group. It may
be equally safely stated that large volumes of air
going to the brain may result in death or coma
with long-term sequelae (Vanetti et al., 1975). Air
embolism from the opened heart cannot, however,
be the only major cause of cerebral complications.
If this did constitute the major cause, it should
happen equally in all diagnostic groups where the
heart is opened. This is not the case. There is
furthermore a correlation between intellectual im-
pairment and perfusion time. Our studies have not
been able to pinpoint air emboli as a major source
of intellectual impairment. One of the possible
conclusions is that our air removal at the end of
bypass has been effective, and it may be that our
practice of prolonged drainage of the left ventricle
with a beating heart significantly reduces the
volume of cerebral air embolism.
The theory of micro-embolism as a major cause

of cerebral damage is mainly a mechanical theory
which postulates blocked arterioles. There are
findings which suggest a much more intricate and
dynamic mechanism. Radegran (1971) showed that
vasoconstriction rather than intravascular obstruc-
tion was the cause of a raised pulmonary arterial
pressure when platelet aggregation was induced.
He suggested that microscopic demonstration of
microemboli did not justify a conclusion that these
emboli were the direct cause of simultaneously ob-
served macrocirculatory changes. He postulated a
biochemical substance with a smooth muscle con-
tracting action, possibly delivered by the platelets
themselves. Williams et al., (1975), in a study on
the fine structure of nervous tissues subjected to
microembolism, concluded that the changes were
due primarily to products of thrombosis and not
to impaired nutrition consequent upon blockage
of small vessels by microaggregates.
Our investigations show that it is possible to

reach a low level of clinical cerebral complications
and that measures based on physiological principles
and directed at eliminating microemboli will yield
good results. There is still, however, a definite
incidence of debilitating cerebral complications
and of subclinical degrees of brain damage. These
must be abolished and, as Branthwaite (1975) puts
it, 'there can be no room for complacency until
this ideal has been achieved'.
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