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Cardiac surgical procedures assisted by cardiopulmonary
bypass (CPB) impair cognitive functions. Several studies,
however, showed that cognitive functions were unaffected
in patients undergoing either primary coronary artery
bypass grafting (CABG) or more complex surgery assisted
by CPB. Therefore, we conducted a straightforward study
to compare patient groups who differed significantly in
terms of risk factors such as prolonged CPB times. Conse-
cutive patients (n = 54) were included, undergoing either
non-primary CABG, e.g. valve and/or CABG, (n = 30) or
primary CABG (n = 24), assisted by CPB. Cognitive func-
tion was determined pre-operatively on the day of hospi-
tal admission, and post-operatively after one and six
months using the Cognitive Drug Research computerized
assessment battery. Data from the fourteen individual
task variables were summarized in four composite scores:
Power of Attention (PoA), Continuity of Attention (CoA),
Quality of Episodic Memory (QoEM), and Speed of
Memory (SoM). In the non-primary CABG patients, both

CoA and QoEM improved after 1 month (p = 0.001 and
p = 0.016, respectively), whereas, after 6 months, CoA
(p = 0.002), QoEM (p = 0.002) and SoM (p < 0.001) were
improved. In primary CABG patients, CoA improved at
one month after surgery (p = 0.002) and, after six months,
not only CoA (p = 0.003), but also QoEM and SoM
were improved (p = 0.001 and p = 0.030, respectively).
The test performance was similar in non-primary and pri-
mary CABG patients after surgery. Our present study
shows a post-operative improvement of cognitive compos-
ite scores after cardiac surgery assisted by CPB in both
non-primary CABG and in primary CABG patients.
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Introduction

At present, cognitive decline is generally considered
to be a common complication in patients who
undergo cardiac surgery. During the last 20 years, sig-
nificant improvements have been made in anaesthe-
sia, surgery and biocompatibility of the extracorporeal
circuits, resulting in reduced activation of blood,
decreased blood loss, diminished inflammation and
a faster post-operative recovery of patients.1–4 Based
on these improvements, one might expect a reduction
in the incidence and severity of cognitive dysfunction
after bypass surgery.

Although the majority of recent studies still
reported decreased cognitive function,5–7 recently
five independent studies reported either unchanged
or even improved test scores after cardiac surgery.8–12

Three of the five studies included a control group to
minimize the risk of false interpretation of study
outcome. In the two studies without a control
group, cognitive function of elective patients under-
going primary coronary bypass grafting (CABG) and
of patients undergoing more complex surgery, i.e.
aortic arch repair, was studied.

In the present prospective study, we determined the
cognitive function of non-primary CABG patients, e.g.
patients undergoing open cardiac surgery such as valve
replacement, which we compared to a control group of
patients undergoing primary CABG. These patients
have a high EuroSCORE and, therefore, are considered
to be at an increased risk of cognitive decline.

Patients and methods

Patients
Consecutive patients (n = 54) attending a university
hospital in the Netherlands for elective cardiac sur-
gery were included after giving informed consent.
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Patients were undergoing either non-primary CABG,
e.g. patients undergoing open cardiac surgery such
as valve replacement (n = 30), or primary CABG
(n = 24). The project was approved by the hospital
ethical committee. Patients were included if Dutch-
speaking, and had neither severe motor nor visual
impairment precluding cognitive testing.

Anaesthesia and CPB
Anaesthesia and CPB were performed according
to the routine protocol. Briefly, anaesthesia was
induced and maintained by use of the following
medication: etomidate, lorazepam, midazolam, pro-
pofol, isoflurane, clonidine hydrochloride, fentanyl,
sufentanil, morphine, pancuronium bromide or
rocuronium bromide. All extracorporeal bypass cir-
cuits contained a flat-sheet membrane oxygenator
(Cobe Duo, Cobe Laboratories, Inc., Arvada, CO), a
venous hard-shell reservoir with an integrated cardi-
otomy reservoir, an arterial line filter, polyvinyl
chloride tubing (Cobe Laboratories) and a roller
pump as an arterial blood pump (Terumo/Sarns,
Ann Arbor, MI). CPB was performed with a non-
pulsatile flow rate of 2.4 L.m−2.min−1, maintaining a
mean arterial pressure of 50–80 mmHg. Myocardial
protection was achieved using cold (4–8°C) crystal-
loid cardioplegia solution (St. Thomas’).

Cognitive assessments
Cognitive function was assessed on the day of hospi-
tal admission and at 1 month and 6 months after sur-
gery, using a battery of tests from the Cognitive Drug
Research (CDR) computerized assessment system,13

measuring attention, working memory and episodic
memory. The CDR System was chosen as it has been
used extensively in clinical trials and in previous
studies of cardiac patients.14 The CDR system meets
the criteria outlined in “The Statement of Consensus
on Assessment of Neurobehavioral Outcomes after
Cardiac Surgery”,15 most notably the availability of
the tests in Dutch, alternate versions of each task to
reduce learning effects, and automated presentation
of stimuli to reduce administrator bias. Patients were
examined in a controlled environment free from dis-
tractions and were supervised by a trained assessor.
Tasks were presented on a laptop computer, with
participants responding via ‘YES’ and ‘NO’ buttons
on a two-button response box. No prior computer
experience was required; a demonstration of the
tasks was given before the pre-operative assessment
for familiarisation and a practice choice reaction
time test was performed before each assessment to
re-orientate participants to the use of the button
box. On each occasion, patients received alternate
forms of the same tasks to prevent learning of task

stimuli. The battery of tests took approximately
30 minutes to complete. The tasks, in order of pre-
sentation and measures, are shown in Table 1A. To
reduce the total number of individual task variables
for analysis, 4 composite scores were calculated
(Table 1B) to characterise the cognitive data, using
formulae derived from a previous factor analysis of
data from the CDR system16: Power of Attention, the
intensity of concentration at that particular moment,
where faster responses indicate more processes
being brought to bear upon the task; Continuity of
Attention, the ability to sustain concentration for a
period of time without error; Quality of Episodic
Memory, the ability to store, hold and retrieve infor-
mation of an episodic nature; Speed of Memory, the
time it takes to correctly recall information from
an episode or manipulate information in working
memory. As only one working memory task was
administered, the accuracymeasure from the Numeric
Working Memory (NWMSI) task was analysed sepa-
rately and not included in a composite score.

Statistical analysis
Change in cognition was assessed using a paired
t-test. Differences between the groups were assessed
using an independent t-test. For cognitive function,
the CDR composite scores and the NWMSI indivi-
dual task score were analyzed and, where significant
differences were found, the contributing task vari-
ables were also studied. Differences were considered
to be significant at p < 0.05 (two-sided).

Results

Table 2A summarizes the patient characteristics
and peri-operative data. There were no differences
between non-primary and primary CABG patients
with regard to age, gender, body weight, body surface
area and pre-operative blood cell counts. Euro-
SCOREs of non-primary CABG patients were signifi-
cantly increased compared to primary CABG patients
(p < 0.001). In addition, surgical procedures lasted
longer in these patients. No major complications did
occur. Table 2B gives an overview of the non-primary
CABG procedures.

Cognitive test scores of non-primary
and primary CABG patients
At baseline, none of the individual task variables
(Table 3) or composite scores differed between non-
primary and primary CABG patients. In non-primary
CABG patients, post-surgery improvements were
seen on Continuity of Attention at one month which
were maintained at six months; Quality of Episodic
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Memory showed improvement at one month which
increased at six months; Speed of Memory showed a
trend at one month that reached significance six
months after surgery (Table 3). Although not formally
analyzed, examination of the individual subtest vari-
ables showed no deterioration at one or six months.

In primary CABG patients, the results followed a
similar pattern, with improvements to Continuity of
Attention seen at one month and maintained at six
months, and improvements to Quality of Episodic
Memory and Speed of Memory reaching significance
at six months post-surgery. Similarly, examination of
the subtest data showed either no change or improve-
ment from pre-operative levels, with one exception:
Numeric Working Memory Sensitivity Index was
lower at one month, but recovered at six months.

To compare cognitive test scores of non-primary
and primary CABG patients, we compared absolute
change scores one and six months after surgery
between the patient groups. Comparison of the
change scores from baseline between the two patient
groups revealed no differences in individual or com-
posite scores, except for one individual test score one
month after surgery (Digit Vigilance Task Accuracy;
p = 0.046), in favour of the primary CABG patients.

Discussion

The present study demonstrates that, regardless of
the type of surgery, the ability of patients to sustain
concentration for a period of time is improved at one

Table 1B Composite scores; derived from the Cognitive Drug Research tasks and outcome measures

1. Power of Attention (PoA) Reaction time scores of the Simple Reaction Time, the Digit Vigilance Task and the
Choice Reaction Time

2. Continuity of Attention (CoA) Accuracy scores of the Choice Reaction Time and the Digit Vigilance tasks, minus the
number of false alarms

3. Quality of Episodic Memory (QoEM) Accuracy scores of Word Recall, Word Recognition and Picture Recognition
4. Speed of Memory (SoM) Reaction time scores of the Numeric Working Memory, Word Recognition and Picture

Recognition

Table 1A Description of the Cognitive Drug Research tasks and outcome measures

Task Description Measure

Practice Choice
Reaction Time

Either the word ‘NO’ or the word ‘YES’ is presented on the screen and the patient is
instructed to press the corresponding button as quickly as possible. There are 10
trials for which each stimulus word is chosen randomly with equal probability and
there is a varying inter-stimulus interval.

No data are recorded
from this task

Immediate Word
Recall

A list of 15 words is presented on the screen at the rate of 1 every 2 seconds for the
patient to remember. The patient is then given 1 minute to recall as many of the
words as possible.

Number of words
correctly recalled

Picture Presentation A series of 20 pictures is presented on the screen at the rate of 1 every 3 seconds for the
patient to remember.

No data are recorded
from this task

Simple Reaction
Time

The patient is instructed to press the ‘YES’ response button as quickly as possible every
time the word ‘YES’ is presented on the screen. Fifty stimuli are presented with a
varying inter-stimulus interval.

Mean reaction time

Digit Vigilance Task A target digit is randomly selected and constantly displayed to the right of the screen. A
series of digits is then presented in the centre of the screen at the rate of 150 per
minute and the patient is required to press the ‘YES’ button as quickly as possible
every time the digit in the series matched the target digit. There are 45 targets. The
task lasts for about 3 minutes.

Mean reaction time;
Targets detected
(%) Number of false
alarms

Choice Reaction
Time

As Practice Choice Reaction Time, with 50 stimuli. Mean reaction time
Accuracy (%)

Numeric Working
Memory

A series of five digits is presented for the patient to hold in memory. This is followed by
a series of 30 probe digits for each of which the patient has to decide whether or not it
was in the original series and press the ‘YES’ or ‘NO’ response button as appropriate.

Mean reaction time
Accuracy (SI)

Delayed Word Recall The patient is again given 1 minute to recall as many of the words as possible. Number of words
correctly recalled

Word Recognition The original words plus 15 distractor words are presented one at a time in a randomised
order. For each word the volunteer is required to indicate whether or not the
volunteer recognises it as being from the original list of words by pressing the ‘YES’
or ‘NO’ button as appropriate, as quickly as possible.

Mean reaction time
Accuracy (SI)

Picture Recognition The original pictures plus 20 distractor pictures are presented one at a time in a
randomised order. For each picture the patient has to indicate whether or not the
patient recognises it as being from the original series by pressing the ‘YES’ or ‘NO’

button as appropriate.

Mean reaction time
Accuracy (SI)

Reaction times are measured in milliseconds; SI = Sensitivity Index, a measure of accuracy combining the ability to recognise target
stimuli with the ability to correctly reject distractors.17
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month after surgery and these improvements are
maintained at six months. Furthermore, both groups
showed improvements in the ability to recall and
recognize information stored in episodic memory,
as well as the speed of retrieval.

There is extensive literature with regard to the
effects of cardiac surgery on cognitive function. We
performed a literature search in PubMed (November
2007) on the search terms {cardiopulmonary or CPB}
and {neurocognitive or cognitive}, which resulted in
425 publications. Excluding publications involving
(1) pediatric surgery, (2) reviews, (3) non-English
manuscripts and (4) studies involving fifty or less
patients, the remaining 99 studies, >95%, concluded
that cardiac surgery is accompanied by post-
operative cognitive decline. The extent of reported
decline, however, varied considerably between
investigators. A straightforward comparison between
data from various studies, however, is complicated
because various types of cognitive function tests are
used, and there are considerable differences with

regard to data analysis, the time interval between
testing, inclusion or absence of a control group, etc.

Recently, two studies from different investigators
reported no significant post-operative cognitive
decline, whereas two other studies even reported
significant improvement,8–11 and one smaller recent
study demonstrated no deterioration of post-operative
cognitive functions in patients undergoing complex
cardiac surgery using selective cerebral perfusion.12

In conclusion, in view of the more recent studies, our
opinion on the negative post-operative effects of
cardiac surgery on cognitive function may have to be
revisited or even revised.

Because it is an established, as well as accepted,
dogma within cardiothoracic surgery that surgery
results in post-operative cognitive decline, we
hypothesize that, at least in some studies, data analy-
sis may be biased by a methodological tunnel vision.
An example is a study by Van Dijk, et al. who
performed cognitive tests in 281 patients undergoing
randomized off-pump or on-pump CABG surgery.18

They reported cognitive decline in 21% patients after
off-pump surgery and in 29% after on-pump CABG
surgery. In 2005, the same investigators re-analyzed
these data, which were then compared to the cogni-
tive test performance of 112 healthy subjects.19 By
applying the earlier used definitions of cognitive
decline, as used in their initial study, 28% of the
healthy subjects “suffered from cognitive decline”.
Therefore, they concluded that “the incidence of cog-
nitive dysfunction after CABG previously had been
greatly overestimated.”

Several hypotheses exist to explain the etiology of
cognitive dysfunction. The pathogenicity of CPB is
believed to trigger an inflammatory whole-body reac-
tion, including activation of the complement cascade,
leukocyte activation and thrombocyte dysfunction.
Also, air, particulate emboli or debris and blood suc-
tion into the cardiotomy reservoir may be detrimental.
Furthermore, adverse side-effects of general anaesthe-
sia and surgery should be taken into consideration.20–22

Table 2B Overview of non-primary CABG procedures

First time surgery Number of patients

AVR 8
AVR and CABG 7
MVrec 2
Bentall procedure 2
MVrec and TVrec 1
MVrec and AVR 1
MVR 1
AVR and PVR 1
Adult congenital heart surgery 1

Reoperation
AVR 1
AVR and CABG 1
MVR 1
MVrec and TVrec and CABG 1
PVR 1
CABG 1

Total other cardiac surgical procedures 30

AVR, aortic valve replacement; CABG, Coronary Artery Bypass
Grafting; MVrec, mitral valve reconstruction; TVrec, Tricuspid
valve reconstruction; MVR, mitral valve replacement; PVR, pul-
monary valve replacement.

Table 2A Patient characteristics and peri-operative data

Patient and perioperative data Non-primary CABG (n = 30) Primary CABG (n = 24) P

Age (years) 61 (15) 59 (9) 0.457
Male/female (count)1 24/6 20/4 0.759
Weight (kg) 82 (14) 85 (13) 0.496
Body Surface Area (m2) 1.97 (0.18) 2.01 (0.18) 0.351
EuroSCORE (count) 5.0 (1.8) 1.7 (1.9) <0.001
Haemoglobin (mmol/l) 8.9 (0.85) 9.0 (0.8) 0.615
White blood cell count (×109/l) 7.3 (1.9) 7.7 (2.7) 0.559
Platelet count (×109/l) 253 (126) 247 (64) 0.820
CPB times (minutes) 132 (42) 93 (34) <0.001
Aortic clamp times (minutes) 96 (34) 57 (24) <0.001

Data are presented as means (standard deviations) or numbers,1 CABG; Coronary Artery Bypass Grafting, CPB; Cardiopulmonary
bypass.
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During the last decade, however, the biocompatibility
of extracorporeal circuits increased substantially.1–4 As
a consequence, processes like contact activation and
coagulation, formerly strongly activated by contact
between the blood and the foreign body surface of the
extracorporeal circuit, have been strongly diminished,
thus, making it less likely that changes in cognitive
function are affected by the extracorporeal circuit.

For instance, recently, we showed that, in patients
undergoing CABG, no coagulation activation was
detectable.3 The other potential source of blood activa-
tion during bypass is retransfusion of autologous
wound blood. Rubens, et al. showed that reinfusion
of wound blood did not affect post-operative cognitive
function.23 Thus, wound blood as a potential cause of
cognitive dysfunction also is doubtful.

Table 3 Cognitive test scores, non-primary CABG versus primary CABG procedures assisted by CPB

Non-primary CABG (n = 30) Primary CABG (n = 24) Non-primary CABG
versus primary CABG

Pre-operative Post-operative Pre-operative Post-operative (Post-operative-
pre-operative)

1 month 6 months 1 month 6 months 1 month 6 months

P P

Individual task variables
Immediate Word

RecallA
3.82 (1.62) 4.25 (1.81) 4.30 (1.78)* 3.46 (1.53) 4.38 (1.40)† 4.38 (1.53)† 0.240 0.180

Simple Reaction
TimeRT

322 (87) 331 (80) 323 (73) 306 (59) 314 (72) 310 (68) 0.958 0.790

Digit Vigilance Task
Reaction TimeRT

443 (43) 448 (50) 445 (39) 451 (46) 456 (52) 463 (58) 0.984 0.290

Digit Vigilance Task
AccuracyA

93 (8) 94 (6) 96 (6)* 89 (13) 95 (5)* 95 (4)* 0.046* 0.090

Digit Vigilance Task
False AlarmsFA

2.1 (1.6) 1.07 (1.14)† 1.57 (1.10) 2.38 (2.26) 1.96 (2.10) 1.63 (1.74) 0.183 0.656

Choice Reaction
TimeRT

530 (95) 534 (107) 534 (113) 505 (54) 507 (75) 506 (56) 0.910 0.819

Choice Reaction
Time AccuracyA

96 (3) 97 (3) 97 (2) 96 (2) 97 (3) 97 (3) 0.936 0.668

Numeric Working
Memory Reaction
TimeRT

1267 (680) 1176 (399) 1052 (380)* 1149 (366) 1155 (319) 1112 (332) 0.382 0.106

Numeric Working
Memory
Sensitivity
IndexA

0.81 (0.18) 0.76 (0.18) 0.86 (0.12) 0.82 (0.15) 0.71 (0.25)† 0.80 (0.19) 0.288 0.190

Delayed Word
RecallA

2.62 (1.28) 2.73 (1.82) 2.90 (1.73) 2.69 (1.73) 2.96 (1.44) 3.08 (1.63) 0.710 0.769

Word Recognition
Reaction TimeRT

1366 (465) 1377 (463) 1247 (508) 1459 (618) 1270 (370) 1179 (297)† 0.092 0.132

Word Recognition
Sensitivity
IndexA

0.57 (0.27) 0.62 (0.16) 0.67 (0.16) 0.60 (0.17) 0.56 (0.20) 0.63 (0.19) 0.194 0.294

Picture Recognition
Reaction TimeRT

1606 (442) 1583 (528) 1502 (495) 1488 (668) 1421 (568) 1350 (564) 0.716 0.803

Picture Recognition
Sensitivity
IndexA

0.59 (0.16) 0.67 (0.16)* 0.71 (0.16)† 0.58 (0.17) 0.58 (0.19) 0.66 (0.17)* 0.183 0.580

Composite scores
Power of

AttentionRT
1295 (210) 1313 (213) 1301 (206) 1262 (124) 1277 (171) 1279 (143) 0.931 0.639

Continuity of
AttentionA

88 (5) 90 (4)† 90 (4)† 85 (7) 89 (4)† 90 (4)† 0.119 0.149

Quality of Episodic
MemoryA

140 (49) 160 (54)* 170 (49)† 147 (34) 150 (44) 168 (46)† 0.132 0.411

Speed of MemoryRT 4239 (1362) 4135 (1206) 3801 (1283)† 4096 (1244) 3845 (1079) 3642 (1024)* 0.550 0.940

Data are presented as means (standard deviations). 1- and 6-months post-operative cognitive function test scores compared with pre-operative
scores. Statistics; paired and independent t-test, *significant at the 0.05 level (2-tailed).
† significant at the 0.01 level (2-tailed). Improved scores are shaded.
RT Reaction Time; higher score represents poorer performance.
FA False alarms; higher score represents poorer performance.
A Accuracy; higher score represents better performance.
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The observed improvements in cognitive function
may be a result of the improvements in cardiac func-
tion, although it could be suggested that they are due
to practice effects as it was not practical to perform
repeated training sessions before baseline. However,
learning effects on the CDR system are avoided by
using validated parallel forms of each task, so there
is no improvement possible due to remembering spe-
cific word or picture stimuli, and the presentation
order in the attention and working memory tasks is
randomized. In addition, patients were given a dem-
onstration of the tasks at the pre-operative baseline
session for familiarization, and a practice Choice
Reaction Time test to re-orientate them to the use of
the response box before each session. Given the time
period between follow-up assessments, it is unlikely
that the improvements are attributable to practice
effects and more likely reflect true changes in cogni-
tion after surgery. Nevertheless, the results clearly
demonstrate that there are no detrimental effects of

uncomplicated cardiac surgery assisted by CPB on
cognitive function, irrespective of the type of cardiac
surgery.
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