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ARTICLE INFO ABSTRACT
Affic{e history: Coronary artery bypass graft (CABG) surgery is an established treatment for complex coronary artery
Received 7 March 2012 disease. There is a widely held belief that cognitive decline presents post-operatively. A consensus state-
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ment of core neuropsychological tests was published in 1995 with the intention of guiding investigation
into this issue. We conducted a meta-analysis evaluating the evidence for cognitive decline post-CABG

Meta-analysis

surgery. Twenty-eight published studies, accumulating data from up to 2043 patients undergoing CABG

geywords: e o surgery, were included. Results were examined at ‘very early’ (<2 weeks), ‘early’ (3 months) and ‘late’
cg;?l?;;{]ar €ry bypass grait surgery (6-12 months) time periods post-operatively. Two of the four tests suggested an initial very early decrease

in psychomotor speed that was not present at subsequent testing. Rather, the omnibus data indicated
subtle improvement in function relative to pre-operative baseline testing. Our findings suggest improve-
ment in cognitive function in the first year following CABG surgery. This is contrary to the more negative
interpretation of results of some individual publications included in our review, which may reflect poor
outcomes in a few patients and/or methodological issues.
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1. Introduction

The neurological consequences of CABG have been well docu-
mented (Newman et al., 2006; Selnes et al., 2012) but there remains
uncertainty about the severity and timing of post-operative cog-
nitive decline, and its relationship with any underlying damage
to the brain. There is a continuum of decline from mild, tran-
sient cognitive impairment without evidence of brain insult, to the
more devastating occurrence of clinical stroke and perhaps even
onset of dementia at the other extreme. A recently published study
described a total overall stroke incidence of 1.6% in 45,432 patients
presenting for CABG surgery between 1982 and 2010 (Tarakji et al.,
2011). Estimates of the risk of milder impairments are much more
variable, ranging from an early 3% estimate (Roach et al., 1996), to
considerably higher when clinically silent brain lesions are taken
into account (e.g. 45% by magnetic resonance imaging (MRI) diffu-
sion weighted imaging) (Knipp et al., 2004).

The potential for post-operative cognitive decline has resulted
in the greatest uncertainty in this literature. Post-operative cogni-
tive decline has been described in approximately half of patients at
time of discharge from hospital (Knipp et al., 2008; Newman et al.,
2001; Norkiené et al., 2011; Slater et al., 2009), with subsequent
decrease in incidence to around one-fifth to one-third of patients
only a few weeks later (Knipp et al., 2008; Newman et al., 2001;
Van Dijk et al., 2002), and then a late rise in incidence at one to five
years post-operatively (Knipp et al.,2004; Newman et al.,2006; Van
Dijk et al., 2002, 2007). Other studies (McKhann et al., 2005; Selnes
et al., 2003; Van den Goor et al., 2008) have reported improvement
in cognition in the early period post-CABG, with some going so far
as to argue that “there are no detrimental effects of uncomplicated
cardiac surgery assisted by cardio-pulmonary bypass on cognitive
function, irrespective of the type of cardiac surgery.” (Van den Goor
etal., 2008). Notwithstanding this divergence of opinion, an under-
standing of the magnitude, time course and profile of any cognitive
decline following CABG surgery is necessary for risk assessment
and possible implementation of neuroprotective strategies (Selnes
et al,, 2012). The present study aims to add to a few but increasing
number of well-controlled studies (Keizer et al., 2005; Selnes et al.,
2009) and systematic reviews (Alston, 2011; Rudolph et al., 2010)
that seek to address this issue.

The majority of studies have dichotomized cognitive outcome
after surgery, classifying patients as “impaired” or “unimpaired”
on the basis of their baseline cognitive performance. Whilst this
approach has the advantage of delivering a headline rate of cog-
nitive impairment in the population of interest, it has several
limitations, not least of which is a lack of consensus for defining
impairment (Rudolph et al., 2010). One comparison of the different
criteria used in studies of post-operative cognitive function found
that there were at least nine different statistical definitions of cog-
nitive decline (Rasmussen et al., 2001). The authors applied these
different definitions to a control sample of 176 non-hospitalized
elderly control participants and found that the estimates of cog-
nitive decline differed dramatically depending on the criterion
used, ranging from O to 39% of cases. Others have recommended
that the quantification of the decline observed in each patient is
provided as a proportion of the change seen in a control group
over a similar interval, thereby controlling for background levels
of change and for practice effects (Silbert et al., 2004); however,
this approach has not been widely adopted. The variable criteria
for ‘decline’ may explain some of the discrepancy in prevalence
of post-operative cognitive decline and limits our ability to make
inferences across different studies in different centres. Further-
more, the reduction of continuous variables into binary variables
limits the sensitivity to relative severity of impairment across indi-
viduals and domains, and over time. Consequently, analysis of
the raw (mean) scores and standard deviations of these studies is

required for any meaningful conclusions to be made (Selnes et al.,
2012).

A further factor which complicates interpretation of the lit-
erature is the variability in timing of cognitive assessment. The
follow-up period used by different studies ranges from up to one
week after surgery (pre-discharge from hospital), to three or more
years at the other extreme (Newman et al., 2001; Selnes et al., 2009;
Van Dijk et al., 2008). As outlined above, the highest rates of post-
operative cognitive decline (approximately 50% of patients) have
been observed in the early weeks following surgery, followed by
a significant reduction in incidence over the first 6 months (Knipp
et al.,, 2008; Newman et al., 2001; Van Dijk et al., 2002). In addition
to the severity of the observed impairment, its likely duration and
persistence has clear clinical implications, but this has rarely been
systematically addressed in this population using case-controlled
longitudinal studies with similar criteria for determining decline.

There is no reason to predict that all regions of the brain will
be uniformly affected during CABG surgery. For example, the rel-
ative vulnerability of the hippocampus to hypoperfusion (Roman,
2004), such as may be encountered during CABG surgery, and its
association with memory would lead cognitive neuroscientists to
predict that this domain of function will be particularly suscep-
tible to decline. However, other processes, such as the release
of micro-emboli during cardio-pulmonary bypass, may affect the
brain differently, for example, focusing any insult on deep white
matter at arterial borderzones (Moody et al., 1990) and hence
reduce speed of psychomotor processing amongst other domains
of function. In part to reflect this heterogeneity of the possible
neural consequences of CABG surgery, a wide variety of pencil
and paper, and computerized (Van den Goor et al., 2008) cogni-
tive tests have been employed. Comparison across these different
tests is problematic, as they vary in their psychometric properties,
particularly their susceptibility to practice effects and their sensi-
tivity to subtle impairment and longitudinal change, as well as in
their specificity to the brain insults thought to be associated with
CABG (Lewis et al., 2004; Polunina, 2008; Rasmussen et al., 2001).
In an attempt to provide some coherence to the field, Murkin and
colleagues came together in 1995 (Murkin et al., 1995) to draft a
consensus statement on the assessment of cognitive function after
cardiac surgery. This included a small battery of tests with par-
allel forms and established data on test-retest reliability which
they recommended formed the core assessment of cognition in
the CABG-surgery population. Since publication, a large number
of authors have at least partially adopted the recommendations of
the consensus statement enabling us now, approximately fifteen
years later, to examine the profile of cognitive outcome following
CABG surgery.

With the above issues in mind, we performed a meta-analysis
to evaluate trends in neuropsychological results across studies
of patients undergoing CABG surgery. Results were examined
parametrically (from means and standard deviations) rather than
dichotomously (e.g. ‘impaired or not’). We also considered the
effect of post-operative interval, and conducted a regression anal-
ysis to explore potential associations. By combining data from
studies that have used the same neuropsychological tests recom-
mended by the consensus statement, we hope to get a fuller picture
of the severity and duration of any cognitive dysfunction. This may
offer an important insight for wider efforts to understand and quan-
tify post-operative cognitive decline after CABG surgery.

2. Methods
2.1. Search strategy

Published studies assessing neuropsychological performance
after CABG were considered. Studies were identified from



Table 1

Study and patient characteristics for the included studies.

CPB N Age (SD) Male (%) Diabetes (%) HBP (%) Stroke (%) Dropout (1) Follow up Neuropsychological tests
Ahlgren et al. (2003) On 23 65.7 33 91 17 39 0 4-6 wk RAVLT, Trails A, Trails B
Baker et al. (2001) On 14 65.9 8.3 71 30 70 0 4 . .
off 12 61.7 1.7 2 1 56 0 1 wk, 6 mo Trails A, Trails B
Djaiani et al. (2007) On 95 67.5 6 89 38 71 0 6 wks GPB
Dupuis et al. (2006) On 364 - - 60.7 22.6 2.7 0 5-11 mo Digit Symbol
Ernest et al. (2006) On 61 63.7 10.7 81 31 79 3.6 15 . . .
off 46 63.2 9 73 27 79 71 2 mo, 6 mo Digit Symbol, GPB, RAVLT, Trains A, Trails B
Grigore et al. (2002) On 100 62.1 10.6 70 18 63 3 0 6 wks Digit Symbol, Trails B
Heyer et al. (2002) On 35 62.5 113 89 36.1 52.7 6 5d, 6 wk GPB, Trails A, Trails B
Kadoi and Goto (2006) On 88 62.4 10.5 80 22 55.7 0 6 mo GPB, Trails A, Trails B
Khosravi et al. (2005) On 20 65.2 9.3 80 0 1 wk, 4-6 mo Digit Symbol, RAVLT
Knipp et al. (2004) On 20 67.6 8.7 83 35 76 0 6 3 mo Trails A, Trails B
Lee et al. (2003) On 30 66 11.2 73 37 87 3 1 . . .
Off 30 655 91 30 20 70 7 2 wks, 1yr Digit Symbol, GPB, RAVLT, Trains A, Trails B
Lund et al. (2005) On 52 65.2 8.4 72 43 6.6 8 .
Off 49 64.8 7.8 85 42 83 6 3 mo, Tyr Digit Symbol, RAVLT
Miillges et al. (2002) On 52 63 7 84.6 31 68 0 0 9d,3-5yrs Trails A, Trails B
Newman et al. (2001) off 261 61 10.4 71.6 13.2 51.8 4.8 <2ks, 6 wks, 6 mo RAVLT, GPB
Rankin et al. (2003) Both 43 61.1 9.8 77 9 2-3 mo GPB, Trails A, Trails B
Robson et al. (2000) On 102 59 9 88.2 0 3 mo Digit Symbol, GPB, RAVLT, Trails A, Trails B
Rubens et al. (2007) On 125 58.7 9.3 90 32 70 12 1 wk, 3 mo GPB, RAVLT, Trails A, Trails B
Selnes et al. (2009) On 152 63.6 9.4 76 30 64 5 30 . .
off 75 66 105 7 37 68 3 1yr, 72 mo GPB, RAVLT, Trails A, Trails B
Silbert et al. (2004) On 50 66.3 82 30 30 0 0 6d Digit Symbol, GPB, Trails A, Trails B
Silbert et al. (2008) On 281 68.4 7.8 75.5 24 81 3 mo, 12 mo Digit Symbol, GPB, Trails A, Trails B
Stroobant et al. (2008) Both 53 59 7.5 88.9 28.8 539 0-11 6d, 6 mo, 3-5 yrs GPB, RAVLT, Trails B
Stygall et al. (2003) On 107 60.5 8.1 86.9 8 3-5d GPB, RAVLT, Trails A, Trails B
Sugiyama et al. (2002) On 65 63 9 83 32 35 0 10-14d Digit symbol
Szalma et al. (2006) On 47 56.2 5.5 78 0 1 6 wks Digit Symbol
Van Dijk et al. (2002) On 139 60.8 8.8 71 17 44 3 0-20 .. .
off 142 61.7 92 66 9 40 4 14 3 mo, 12 mo Digit Symbol, GPB, RAVLT, Trails B
Vedin et al. (2006) On 37 65 9.1 84 19 46 0 0-37 .. . .
off 33 65 9.1 78 18 50 1 wk, 1 mo, 6 mo Digit Symbol, Trails A, Trails B
Wang et al. (2002) On 45 59.3 9.4 97.8 20 53.3 0 0 1wk Digit Symbol, GPB
Zamvar et al. (2002) On 30 61.6 10 90 0 0-15 .. . .
Off 30 63.5 9.1 83 1 wk, 10 wk Digit Symbol, GPB, RAVLT, Trails A, Trails B
Zimpfer et al. (2004) On 104 64.1 9.8 89.1 40.2 82.5 0 16 1 wk, 36 mo Trails A

CPB - Cardiopulmonary bypass; HBP - High Blood Pressure; GPB - Grooved Pegboard Test.
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systematic literature searches of databases including Cochrane
(reviews and registry of controlled trials), Medline and PsycINFO.
Searches were limited to the past 10 years in order to provide a pic-
ture of outcome following current practice. This also allowed time
for the recommendations of the consensus statement, which was
published in 1995, to impact on the wider literature.

The search strategy included the terms ‘coronary revascu-
larisation’, ‘coronary artery bypass’, ‘neurocognitive’, ‘cognitive’,
‘neuropsych* and ‘brain function’. All studies were then reviewed
to determine if they had included neuropsychological outcomes as
an endpoint. A search of other reviews of CABG was also conducted,
checking the reference lists of these articles for further relevant
studies.

2.2. Inclusion and exclusion criteria

Trials and observational studies evaluating cognitive function
before and after CABG surgery in the years 2000-2010 were
included. Neuropsychological testing as a study endpoint was a
prerequisite. Studies were selected for inclusion if they included
patients with first time CABG as their only surgical intervention.
Both on and off pump CABG were included; whilst some earlier
studies have suggested worse outcome when cardio-pulmonary
bypass is used (“on-pump”) (Stroobant et al., 2005), others have
shown that there is no significant difference in outcome (Selnes
et al., 2009); this variable was nonetheless explored in subanal-
yses. Studies were excluded where there was no assessment of
neuropsychological function, the assessment did not include any
measures included in the consensus statement, or means and stan-
dard deviations were not reported in the paper. Studies were
excluded if they did not report preoperative performance.

2.3. Overview of consensus statement neuropsychological tests

Grooved Pegboard: this assesses fine motor speed as the individ-
ual simply has to place pegs in holes as quickly as possible. Digit
Symbol Test: requires the individual to draw the correct symbols
to match numbers as quickly as possible according to a ‘key’ that is
left in front of them - assesses psychomotor speed. Trails A/B Test: is
also atest of psychomotor speed that additionally requires a greater
degree of planning and working memory (executive functions). It
requires the individual to draw lines to connect letters and numbers
in a pre-specified sequence. RAVLT - Rey Auditory Verbal Learning
Test: assesses short-term memory for supraspan word lists.

2.4. Statistical analysis

The outcomes were analyzed as continuous variables based on
the mean and standard deviation. The weighted mean difference
was calculated for each outcome. The meta-analysis was performed
using Review Manager (RevMan) Version 5 for Windows. (Copen-
hagen: The Nordic Cochrane Centre, The Cochrane Collaboration,
2008). Further analysis was carried out using PASW18 (SPSS).
Heterogeneity across trials was quantified using the I? statistic.
Random effects (Der-Simonian and Laird) model was chosen for
all analyses, as a large number of comparisons showed significant
heterogeneity. Statistical significance was defined as two-sided
p<0.05.

3. Results

Initial search yielded 435 papers, of which 220 were selected for
preliminary review as potentially meeting the criteria. From these,
28 met the inclusion criteria and were included in the final analysis
(see Table 1 for overview). The main reasons for study exclusion
were lack of consensus statement neuropsychological tests (23.6%),

Table 2

Summary of RAVLT meta-analysis results.

Late

Early

Very early

Baseline

CPB

Study

95% CI

ES

SD

95% Cl Mean

ES

SD

Mean

95% CI

ES

SD

Mean

SD

Mean

[0.12,1.31]

0.71

23
31

11.60
9.10
9.00

44.20

9.80 23

36.40
37.85
37.20
39.20
36.10

On

Ahlgren et al. (2003)
Ernest et al. (2006)

~0.12,0.79]
~0.15, 0.62]
—0.02, 1.06]

~0.24,0.81]

3
23
52

9

0.3

32
47

12.06
10.00
12.00
14.80
10.70
7.90

[-049,042]  40.59

-0.04
0.07

37.48
37.90

10.30 46
9.63 61

On

0.

40.25

[~0.31, 0.46]

44

Off

On

0.

26
27

42.70

[~0.19, 0.85]
[~0.07,0.97]

29 0.33

29

16.10 29 44.40 15.20
13.60

13.10 29
790 60

Lee et al. (2003)

0.2

43,70

0.45

42.20

Off

On

52

37.40
41.80

[0.28, 1.04]

52 0.66

8.70
9.00
8.40
7.54

41.20
37.90
54.00
41.89

35.70
33.60

50.50

Lund et al. (2005)

54

[0.10, 0.85]
[0.13,0.68]

0.48
0.40

0.1

54

8.90 60
8.90
9.10
8.80

Off

On

102
113

102

1
1

Robson et al. (2000)
Rubens et al. (2007)
Selnes et al. (2009)

[~0.14,0.37]

1

[~0.44,0.06]

7.31 118 -0.19

39.33

25
52

40.93

On

[0.33,0.81]

0.57
0.39
0.46

124

55

10.60
10.30
9.70

44.60

39.10

On

[0.04, 0.74]

42.30
49.60

38.50 9.20 72

45.10

off

[0.06, 0.87]

[~0.53,0.22]
[~0.36,0.18]

-0.16
-0.09

9.60 54

43.60
41.73

9.60 54
9.53
8.58
8.97

Both
On

Stroobant et al. (2008)
Stygall et al. (2003)

[0.28,0.77]

0.52

[~0.13,0.35]

1

107
120
128
30
30

9.89

44.23

107

11.14

07

1

42.68
36.00
36.00
35.20
36.00

0.10

10.92
9.75
8.00
9.20

37.00
38.00

36.53

139
142

8.99 30

On

Van Dijk et al. (2002)

0.21

Off

On

[~0.68, 0.34]
[~0.79, 0.24]
[~0.23,0.10]

-0.17
-0.28

4.10 30
29

34.00
33.42

Zamvar et al. (2002)

38.00

10.00

8.38 30

Off

[0.29, 0.53]

041"

=712

844; N4

N1=

[0.13,0.36]

024"

N1=925; N3=834

-0.07

N1=404; N2=396

Total

CPB - cardio pulmonary bypass status; ES - effect size estimate (standardized mean difference).

Significant p <0.001.
™" Significant p <0.0001.
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Table 3
Summary of Digit Symbol meta-analysis results.
Study CPB  Baseline Very early Early Late
Mean SD n Mean SD n ES 95% Cl Mean SD n ES 95% Cl Mean SD n ES 95% Cl
Dupuis et al. (2006) On 39.00 1190 364 41.60 11.80 546 0.22 [0.09, 0.35]
Ernest et al. (2006) On 4593 1282 46 48.71 1410 31 0.21 [-0.25,0.66] 49.94 1246 32 0.31 [-0.14, 0.77]
Off 49.03 12.28 61 51.58 1343 44 0.20 [-0.19,0.59] 52.30 1396 32 0.25 [-0.18, 0.68]
Grigore et al. (2002) On 39.55 12.87 100 43.06 13.90 100 0.26 [-0.02, 0.54]
Khosravi et al. (2005) On 38.09 9.50 20 4139 1150 20 0.31 [-0.32,0.93] 40.49 11.90 20 0.22 [-0.40, 0.84]
Lee et al. (2003) On 52,50 17.00 29 3550 1950 29 -0.92 [-1.46, -0.37] 53.80 2210 30 0.06 [-0.45, 0.58]
Off 45.30 17.00 29 4290 1200 29 -0.16 [-0.68, 0.35] 43.70 1450 30 -0.10 [-0.61,0.41]
Lund et al. (2005) On 36.40 9.60 60 38.80 9.70 52 0.25 [-0.13,0.62] 39.10 10.10 52 0.27 [-0.10, 0.65]
off  36.60 8.90 60 38.90 1040 54 0.24 [-0.13,0.61] 38.50 1020 52 0.20 [-0.17,0.57]
Newman et al. (2001) On 38.78 13.71 261 3344 1360 252 -0.39 [-0.57,-0.22] 45.28 1424 222 047 [0.28, 0.65] 46.46 14.02 210 0.55 [0.37,0.74]
Robson et al. (2000) On 42.60 9.00 102 44.10 10.50 102 0.15 [-0.12, 0.43]
Silbert et al. (2004) On 33.80 13.80 50 27.70 1250 50 -0.46 [-0.86,-0.06] 38.20 10.70 280 0.40 [0.23,0.57] 38.50 1120 280 042 [0.25, 0.59]
Sugiyama et al. (2002) On 39.00 11.00 65 39.00 13.00 65 0.00 [-0.34,0.34]
Szalma et al. (2006) On 2756 11.94 46 29.57 11.10 47 0.17 [-0.23, 0.58]
Van Dijk et al. (2002) On 39.00 796 139 42.00 7.10 120 0.39 [0.15, 0.64] 41.00 8.28 122 0.25 [0.00, 0.49]
Off  41.00 890 142 45.00 9.00 128 045 [0.20, 0.69] 42.00 9.40 122 0.11 [-0.13,0.35]
Vedin et al. (2006) On 36.00 10.64 37 41.00 4.37 34 0.60 [0.12,1.08] 39.00 7.07 32 0.32 [-0.15, 0.80]
Off 40.00 10.05 33 42.00 6.95 31 0.23 [-0.26,0.72] 42.00 4.10 32 0.26 [-0.23, 0.74]
Wang et al. (2002) On 30.00 10.00 45 27.60 11.10 45 -0.23 [-0.64,0.19]
Zamvar et al. (2002) On 4280 18.19 30 3546 9.60 29 -0.50 [-1.01,0.02] 38.74 8.10 30 -0.28 [-0.79,0.22]
Off 4247 10.23 30 4097 8.10 30 -0.16 [-0.67,0.35] 45.30 6.70 30 0.32 [-0.19, 0.83]
Total N=514,504 -0.30" [-0.5,0.09] N=1472,1350 029"  [0.20,0.39] N=1561, 1592 029"  [0.20,0.38]

CPB - cardio pulmonary bypass status; ES - effect size estimate (standardized mean difference).

" Significant p <0.05.
" Significant p<0.001.
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Table 4

Summary of Grooved Pegboard meta-analysis results.

Late

Early

Very early

Baseline

CPB

Study

SD ES 95% CI

Mean

95% CI

SD

Mean

95% CI

ES

SD n Mean SD

Mean

[—0.13,0.44]
[-0.21,0.57]
[~0.16,0.75]
[-0.51,0.47]

0.16
0.18

95

20.38

87.43
87.53
87.38
98.97

95
61
46
35
29
29
41

On 90.81 21.79
20.11

Djaiani et al. (2007)
Ernest et al. (2006)

[0.12,0.89]
[~0.18,0.73]

0.51
0.28

47

16.23
24.50

81.84
88.23

44
31

21.30
24.61

91.30
99.76

On

32

0.30

49.65

Off

On

29 —-0.02

29.15

[-1.03, —0.07]
[-0.67,0.36]
[~0.33,0.70]

-0.55
-0.15
0.18

50.22 34
29
29

12043

24.48
46.90

98.42
96.80

Heyer et al. (2002)
Lee et al. (2003)

[~0.39, 0.67]
[~0.31,0.74]

26 0.14
27 0.22

26.00

91.50
91.50

67.10

105.80
92.30

On

26.00

29.10

97.80 30.70

106.05

Off

[~0.05,0.87]

0.41
0.03
0.26

34

24.55

89.55

Both 49.09

On

Rankin et al. (2003)

[-0.24,0.31]
[0.01, 0.52]

102

18.10
113

16.38

79.70
76.71

17.10 102
14.84

80.30

Robson et al. (2000)
Rubens et al. (2007)
Selnes et al. (2009)

[~0.80, —0.29]

88.89 1461 118 -0.54

125

80.84
107.50

On

027  [0.03,0.50]

122
54

29.90

95.60
94.20

53.70 152

30.90
32.50
36.80

On
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[-0.19, 0.53]

0.17

32.10

99.60 67
50

Off

On

[0.15, 0.48]

0.32

277

30.60

91.60

[~0.95, —0.15]

—0.55
-0.47

28.70 50
4890 54

97.30 114.40

182.50

Silbert et al. (2004)

[~0.26, 0.54]
[~0.14, 0.35]

43 014
0.11
[0.14,0.62]

34.90

177.40

[~0.86, —0.09]

203.10

54

19.50 139

19.11

Both
On

Stroobant et al. (2008)
Van Dijk et al. (2002)

122

17.55
17.55

102.00

99.00

~0.13,0.36]

0.38

130

~0.82,0.01]
~1.17,-0.13]

~0.39,0.62]
[0.00, 0.26]

0.12
0.3

120
128
45

14.04
18.72

39.20

102.00

104.00

2

100.00

142

106.00

Off

On

140.50

45
30
30

32.60
38.05
48.52

125.80

Wang et al. (2002)

30
30

22.90

111.90
95.73

[~0.37,0.65]

29 0.14
0.13

37.20
32.50

85.87
94.60

91.20
99.93

On

Zamvar et al. (2002)

0.12

14.10

[-0.38,0.63]

30

Off

-0.27

[0.14,0.36]

0.25"

719, 603

N=

0.13"

1168, 1078

N=

[~0.50, —0.04]

382,373

N=

Total

CPB - cardio pulmonary bypass status; ES - effect size estimate (standardized mean difference).

" Significant p<0.05.

™ Significant p<0.001.

no report of means and standard deviations (27.9%), patient groups
that did not meet inclusion criteria (e.g. mix of first time and re-
do operations, or concomitant valve surgery: 6.4%). The details of
the studies included in the meta-analysis, including demographics
and study design are presented in Table 1; funnel plots showed no
publication bias. The results of the meta-analysis are summarized
in Tables 2-6.

At the earliest post-operative time point (<2 weeks post-
surgery: ‘very early’) data were available from 1003 participants
in total, across all studies and sub-groups. A statistically sig-
nificant slowing in the Digit Symbol (Z=-2.82; p=0.005) and
Grooved Pegboard tests (Z=-2.33, p=0.02) was observed. How-
ever the other measures showed no significant difference from
baseline (RAVLT: Z=—0.76, p=0.45; Trails A: Z=1.37,p=0.17/Trails
B: Z=0.01, p=1.00). Thus, at this earliest time point post-surgery
(often pre-discharge from hospital), two measures indicated that
speed of psychomotor performance was reduced but higher forms
of cognitive function (memory, executive function) remained sta-
ble.

Three months post-operative (‘Early’) follow-up data were
available from a total of 1933 participants. At this time a signifi-
cant improvement is seen all measures (RAVLT: Z=4.22 p<0.001;
Trails A: Z=4.91, p<0.001/Trails B: Z=3.15, p=0.002; Digit Symbol
test: Z=5.98, p<0.001); Grooved Pegboard test: Z=1.99, p=0.05).
This shows that by three months post-CABG, psychomotor speed
had normalized and that in fact all measures showed improvement
relative to baseline.

At the late (6-12 months: ‘Late’) time point, data were available
from 2043 participants and once again significant improvements
were seen in the majority of measures (RAVLT: Z=6.69, p<0.001;
Trails A: Z=4.80, p<0.001; Digit Symbol test: Z=6.30, p<0.001;
Grooved Pegboard test: Z=4.53, p<0.001). Trails B was not signifi-
cantly different to baseline (Z=1.81, p=0.07). However, when data
from one study with very long completion times both pre and post
operatively were excluded (Kadoi and Goto, 2006), this comparison
became significant (Z=4.74, p<0.001), and the heterogeneity was
reduced to non-significant levels (I> 82% vs. 44%).

In summary, across all four measures there was a trend towards
improvement in cognitive function following CABG surgery, not
decline. This is demonstrated in Fig. 1.

3.1. Cardio-pulmonary bypass

A number of the studies reported the comparison of on- and off-
pump CABG. The effect of bypass on cognition was not the focus
of the present meta-analysis and our selection criteria were not
designed to compare these different interventions in a systematic
way. However, our findings are broadly consistent with those of
another recent meta-analysis (Marasco et al., 2008) in demonstrat-
ing only very limited differences between on and off pump groups.
On-pump CABG patients were slower on the Digit Symbol sub-
test at the earliest time point (<2 weeks; X2=7.1, df=2, p=0.03).
Conversely, the on-pump group performed better at late follow up
(6-12 months; X2 =3.74, df=1, p=0.05).

3.2. Meta-regression

Random-effects inverse variance weighted regression was car-
ried out to investigate the impact of age, gender balance, incidence
of hypertension, diabetes and drop-out rate on post-operative
outcome at each time point. Study data were collapsed across
sub-group and outcome measure at each time point, yielding one
index of effect size per study for each time point. The predic-
tors were entered separately and together. The only significant
predictor was drop-out rate at time 1 (‘very early’ assessment),



Table 5
Summary of Trails A meta-analysis results.
Study CPB Baseline Very early Early Late
Mean SD n Mean SD n ES 95% Cl Mean SD n ES 95% Cl Mean SD n ES 95% Cl
Ahlgren et al. (2003) On 4730 17.80 23 49.50 2370 23 -0.10 [-0.68,0.48]
Baker et al. (2001) On 41.71 13.30 14 40.71 1940 14 0.06 [-0.68, 0.80] 40.90 1141 10 0.06 [-0.75, 0.87]
Off 38.83 13,55 12 31.75 8.96 12 0.60 [-0.23, 1.42] 30.75 6.50 8 0.68 [-0.24, 1.61]
Ernest et al. (2006) On 41.13 14.82 46 39.00 17.58 41 0.13 [-0.29,0.55] 41.69 1542 32 —-0.04 [-0.49,041]
Off 4264 1496 61 39.39 1149 44 0.24 [-0.15,0.63] 37.45 1133 47 0.38 [0.00, 0.77]
Heyer et al. (2002) On 3939 17.28 35 4466 2415 34 -0.25 [-0.72,0.23] 40.60 1552 29 -0.07 [-0.56,0.42]
Lee et al. (2003) On 4370  32.60 26 4280 33.10 26 0.03 [-0.52,0.57] 43.40 3440 26 0.01 [-0.53, 0.55]
Off 4740  22.20 27 4160 16.50 27 0.29 [-0.24, 0.83] 45.70 15.20 27 0.09 [-0.45, 0.62]
Kadoi and Goto (2006)  On 46.90 5.10 88 45.90 5.90 88 0.18 [-0.12,0.48]
Knipp et al. (2004) On 4640 12.70 35 44,90 15.10 29 0.11 [-0.39, 0.60]
Miillges et al. (2002) On 22.50 7.30 52 1890 7.10 52 0.50 [0.11, 0.89]
Rankin et al. (2003) Both 40.75 19.83 41 38.85 19.69 34 0.10 [-0.36, 0.55]
Robson et al. (2000) On 3330 1140 102 33.10 1090 102 0.02 [-0.26, 0.29]
Rubens et al. (2007) On 3478 1335 125 3570 1063 118 -0.08 [-0.33,0.18] 31.98 1042 113 023 [-0.02, 0.49]
Selnes et al. (2009) On 47.10 2420 151 40.80 16.80 123 030 [0.06, 0.54]
Off 48.00 23.00 69 43.40 1750 55 0.22 [-0.14, 0.58]
Silbert et al. (2004) On 52.00 23.00 50 60.90 38.70 50 -0.28 [-0.67,0.12] 49.60 20.00 282 0.24 [0.08, 0.41] 48.60 20.00 282 0.29 [0.12, 0.45]
Stygall et al. (2003) On 4034 1332 107 3683 11.19 107 0.28 [0.01, 0.55] 33.98 9.96 107 054 [0.27,0.81] 38.78 1414 107 0.11 [-0.16, 0.38]
Vedin et al. (2006) On 37.00 16.72 37 32.00 7.28 34 0.38 [-0.09,0.85] 34.00 7.07 32 0.23 [-0.25,0.70]
Off 3400 11.48 33 29.00 5.56 31 0.54 [0.04, 1.04] 32.00 8.21 30 0.20 [-0.30, 0.69]
Zamvar et al. (2002) On 4037 14.22 30 2682 1550 29 0.90 [0.36, 1.44] 38.74 13.00 30 0.12 [-0.39,0.62]
Off 43.57 15.41 30 3737 17.80 30 0.37 [-0.14,0.88] 40.57 8.60 30 0.24 [-0.27,0.75]
Zimpfer et al. (2004) On 34.70 9.10 104 36.80 9.20 104 -023 [-0.50,0.04]
Total N=612,603 0.14 [-0.06, 0.34] N=987,929 0.23**  [0.14,0.32] N=953, 867 0.23**  [0.13,0.32]

CPB - cardio pulmonary bypass status; ES - effect size estimate (standardized mean difference).
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Table 6

Summary of Trails B meta-analysis results.

Study CPB  Baseline Very early Early Late
Mean SD n Mean SD n ES 95% Cl Mean SD n ES 95% Cl Mean SD n ES 95% ClI
Ahlgren et al. (2003) On 129.20 56.70 23 125.80 60.10 23 0.06 [-0.52, 0.64]
Baker et al. (2001) On 115.50 4498 14 12364 66.76 14 -0.14 [-0.88,0.60] 107.30 70.58 10 0.14 [-0.67,0.95]
Off 86.17 2479 12 85.25 24.68 12 0.04 [-0.76, 0.84] 84.75 2404 8 0.06 [-0.84, 0.95]
Ernest et al. (2006) On 111.64 45.01 46 100.97 33.22 31 0.26 [-0.20, 0.72] 102.77 38.00 32 0.21 [-0.24, 0.66]
Off 144.22 56.87 61 97.26 41.78 44 0.91 [0.50, 1.32] 100.24 4542 47 0.84 [0.44,1.23]
Grigore et al. (2002) On 184.98 226.30 100 160.42 159.72 100 0.12 [-0.15, 0.40]
Heyer et al. (2002) On 88.19 4150 35 10343 49.14 34 -0.33 [-0.81,0.14] 85.90 36.10 29 0.06 [-0.43, 0.55]
Kadoi and Goto (2006) On 167.90 29.70 88 198.80 35.80 88 -0.94 [-1.25,-0.62]
Knipp et al. (2004) On 114.60 36.80 35 104.90 33.80 29 0.27 [-0.22,0.76]
Lee et al. (2003) On 114.90 8760 29 117.20 10450 29 -0.02 [-0.54,0.49] 104.40 92.10 26 0.12 [-0.41, 0.65]
Off 126.00 86.70 29 11560 52.30 29 0.14 [-0.37,0.66] 117.30 63.40 27 0.11 [-0.41, 0.64]
Miillges et al. (2002) On 52.40 22,00 52 46.80 19.30 52 0.27 [-0.12, 0.65]
Newman et al. (2001)  On 142.24 73.56 261 158.77 81.81 252 -0.21 [-0.39,-0.04] 109.93 62.64 222 047 [0.29, 0.65] 106.77 6427 210 0.51 [0.32,0.69]
Rankin et al. (2003) Both 111.25 60.39 41 104.85 67.04 34 0.10 [-0.36, 0.55]
Robson et al. (2000) On 90.40 46.40 102 89.80 48.70 102 0.01 [-0.26, 0.29]
Rubens et al. (2007) On 82.60 4557 125 93.87 31.28 118 -029 [-0.54,-0.03] 76.95 24.66 113 0.15 [-0.10,0.41]
Selnes et al. (2009) On 105.20 59.00 147 95.40 4820 122 0.8 [-0.06, 0.42]
Off 96.90 34.70 68 97.20 4840 55 -0.01 [-0.36,0.35]
Silbert et al. (2004) On 125.40 7450 50 15850 138.60 50 -0.30 [-0.69,0.10] 113.20 59.30 281 0.21 [0.04, 0.37] 110.70 58.70 281 0.25 [0.09, 0.42]
Stroobant et al. (2008) Both  123.70 7750 50 12740 58.00 49 -0.05 [-0.45,0.34] 108.00 5550 40 0.23 [-0.19, 0.64]
Stygall et al. (2003) On 87.67 36.59 107 76.31 31.80 107 033 [0.06, 0.60]
Van Dijk et al. (2002) On 94.00 39.78 139 79.00 33.93 120 040 [0.16, 0.65] 76.00 3276 122 049 [0.24, 0.74]
Off 83.00 40.56 142 75.00 33.93 128 0.21 [-0.03, 0.45] 77.00 3588 130 0.16 [-0.08,0.39]
Vedin et al. (2006) On 104.00 54.74 37 81.00 14.57 37 0.57 [0.10, 1.03] 83.00 1131 37 0.53 [0.06, 0.99]
Off 82.00 28.72 33 88.00 16.70 33 -0.25 [-0.74,0.23] 84.00 9.58 33 -0.09 [-0.58,0.39]
Zamvar et al. (2002) On 94.93 3499 30 61.52 34.40 29 0.95 [0.41, 1.49] 122.17 31.00 30 -0.81 [-1.34,-0.29]
Off 98.30 36.09 30 80.34 53.10 30 0.39 [-0.12,0.90] 98.56 19.90 30 -0.01 [-0.51,0.50]
Total N=717,698 0.00 [-0.19,0.19] N=1628, 1493 020"  [0.08,0.33] N=1437,1268 0.18 [-0.01,0.38]

CPB - cardio pulmonary bypass status; ES - effect size estimate (standardized mean difference).

" Significant p<0.05.
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Table 7
Summary of meta-regression analyses.

Time point Predictor N Nps Mean ES B 95% CI B SE R? Z p

Very early
Age 12 743 -0.067 0.112 [-0.051, 0.073] 0.011 0.032 0.012 0.35 0.73
Gender (% m) 12 743 -0.072 -0.417 [-0.063, 0.009] -0.027 0.018 0.174 -1.45 0.15
Hypertension 9 556 -0.135 0.19 [-0.007,0.012] 0.003 0.005 0.036 0.55 0.61
Drop-out 13 1004 -0.114 -0.513 [-0.118, —0.001] —0.06 0.03 0.263 -1.99 0.046"
Diabetes 9 556 -0.137 -0.323 [—-0.054, 0.02] -0.017 0.019 0.104 -0.89 0.37

Early
Age 17 1672 0.211 0.335 [-0.008, 0.032] 0.012 0.01 0.112 1.19 0.23
Gender (% m) 17 1672 0.211 -0.534 [-0.019, 0] —0.009 0.005 0.285 -1.89 0.06
Hypertension 12 1316 0.219 0.078 [-0.005, 0.007] 0.001 0.003 0.006 0.24 0.81
Drop-out 18 1933 0.24 0.239 [-0.003, 0.008] 0.003 0.003 0.057 0.97 0.33
Diabetes 11 1196 0.208 -0.19 [-0.015, 0.008] —0.003 0.006 0.036 —-0.55 0.58

Late
Age 12 1418 0.196 0314 [-0.023, 0.069] 0.023 0.024 0.098 0.986 0.32
Gender (% m) 13 1782 0.2 -0.175 [-0.018,0.01] —0.004 0.007 0.031 -0.569 0.57
Hypertension 10 1291 0.205 0.09 [-0.01, 0.013] 0.001 0.006 0.008 0.232 0.82
Drop-out 14 2043 0.235 0.227 [-0.003, 0.007] 0.002 0.003 0.051 0.746 0.46
Diabetes 10 1535 0.191 0.116 [-0.02, 0.028] 0.004 0.012 0.013 0.336 0.74

N=number of studies in the meta-regression; Nps - number of patients; mean ES - mean effect size (standardized mean difference).

" Significant p<0.05.

where a higher drop-out rate was associated with worse outcome
(B=-.513,p=.0457) (Table 7).

4. Discussion

This meta-analysis shows evidence for very early post-operative
decline in two of the four main consensus statement tests, specif-
ically in two measures that are sensitive to speeded psychomotor
function. These deficits were reversed by three months with sig-
nificant improvement relative to baseline in all four measures.
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Late (6-12 months)
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Early (3-6 months)
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€— decline improvement =——3

Fig.1. ForestPlotacross all time points and studies, showing effect size and 95% Con-
fidence Interval for each comparison (separate lines for each measure and subgroup)
at each follow up time. Size of markers indicates study weighting.

Improvement was sustained at the latest assessment time, up to
one year post-CABG surgery. It is important to bear in mind that
these findings are based on group level statistics, and may thus
obscure individual patients’ trajectories of postoperative cognitive
change. Nevertheless, a tendency towards preservation of pre-
operative function (even improvement), rather cognitive decline,
is seen in the first year following CABG surgery, supporting ear-
lier case-series (McKhann et al., 2005; Selnes et al., 2003; Van den
Goor et al., 2008) which show that post-operative cognitive decline
in the first year after CABG surgery is not inevitable.

There are a number of issues which must be considered when
interpreting these data. Firstly, repeated neuropsychological test-
ing would be expected to result in improvement due to practice
effects (Selnes et al., 2009). However, this confound is mitigated by
the use of parallel test versions (Van den Goor et al., 2008), so that,
for example, different word lists are used pre and post operatively.
Importantly, parallel forms are a key feature of the consensus state-
ment tests, the use of which was a main inclusion criterion of this
meta-analysis. If this recommendation was diligently implemented
in the studies reported, it would serve to substantially reduce this
confound. Practice effects are strongest over short test-retest inter-
vals, making it difficult to reconcile this interpretation with the
temporal pattern of short term decline in two of the measures
followed by the improvement months later which we observed.
Test performance would also be expected to improve with addi-
tional repetitions of the same test, but our effect size estimates
at the late time point were similar irrespective of whether it was
the first, second or third post-operative assessment the patients
had received (F=0.93; p=0.39). Finally, the ability to benefit from
practice is likely to be positively related to the level of baseline
cognitive functioning (Wilson et al., 2002), suggesting that not all
of the patients would have benefitted from practice effects equally.
Thus, although we acknowledge that this is a potential confound
in repeated neuropsychological assessment, we do not feel it can
adequately explain the pattern of results observed. A further possi-
bility is that patient drop-out from longitudinal assessment leads to
a bias in outcome data, with only the most well patients willing and
able to participate. This could artificially elevate scores on tests of
cognitive function. However, the converse could also be true, in that
the least well patients may commit to longitudinal studies as they
are motivated by concern that something is wrong. Whilst not a
definitive answer to this potential confound, our meta-regression
indicates that higher ‘very early’ drop-out rate is associated with
less favourable outcome at this time point, which is not consistent
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with selective drop out spuriously elevating scores. Nevertheless,
future studies should provide further detail of the neuropsychologi-
cal profile of those patients who drop-out of follow-up compared to
those who remain in longitudinal studies. In summary, we consider
that improvement in performance during the first post-operative
year is unlikely to be solely due to practice effects, nor to be overly
influenced by patient drop-out rates.

There is a great deal of variability in cognitive function in these
patients prior to CABG surgery. This consists not only of between-
subjects variability at a single time point, but also of fluctuation
and decline within individuals across time. As many as 46% of
patients show significant impairments in cognitive function pre-
operatively, compared to 29% of controls (Rosengart et al., 2005).
These deficits have been associated with comorbidities such as dia-
betes and hypertension, and also with stroke which may affect up
to 6% of patients before surgery (Glance et al., 2007; Tarakji et al.,
2011). In our current analysis, the rate was between 2.7% and 7.1%,
consistent with these earlier reports. We were unable to include
pre-operative stroke rate in our meta-regression, but neither dia-
betes nor hypertension were significant predictors of cognitive
outcome. Vascular disease in general is associated with both subtle
cognitive decline and increased risk of dementia (Desmond, 2004;
Knopman et al., 2001; Popovic et al,, 2011; Selnes et al., 2009).
Indeed, in CABG surgery patients, asymptomatic carotid artery
stenosis independently accounts for 50% of the variance in post-
operative cognitive decline (Norkiené et al., 2011). Thus, cognition
is not stable in an ageing population with underlying cardiovas-
cular disease, and test performance can be expected to decline
over the course of a year (McKhann et al., 2005; Okonkwo et al.,
2010; Wilson et al., 2002) even without surgery. Studies of CABG-
surgery patients that have utilized appropriate control groups, such
as non-surgical patients with cardiovascular disease, support this
conclusion (McKhann et al., 2005; Selnes et al., 2003; Van Dijk
et al., 2008). Taken together, this suggests that cognitive outcome
should be considered against the rate of change in an age matched
control group with similar cardiovascular risk factors (Abildstrom
et al., 2000; McKhann et al., 2005; Mutch et al., 2011; Selnes et al.,
2012), rather than simply relative to baseline. Such an approach
would also enable the elimination of artefacts related to practice
effects.

In addition to the global increase in cognitive scores reported
in this meta-analysis, an early transient decline was found in two
measures of speeded psychomotor function (Grooved Pegboard
and Digit Symbol). Although ‘Trials A’ also requires psychomotor
speed (Sanchez-Cubillo et al., 2009) we did not find a decline in
this test. However, this test requires a greater working memory
and motor planning contribution than the other two tests, perhaps
making it a less specific measure of psychomotor speed. Slow-
ing of psychomotor speed, assessed both behaviourally and using
event related potentials (Fowler and Lindeis, 1992; Havashi et al.,
2005), has been consistently observed in conditions of hypoxia.
This leads us to speculate that brain vulnerability to transient
hypoxia might help to explain certain findings in this population,
such as the association of early post-operative cognitive decline
with intra-operative mean arterial pressure (Gottesman et al.,
2007), cerebral oximetry (Slater et al., 2009), and the short-term
decline in speeded psychomotor function demonstrated herein.
However, simple measures to improve intra-operative brain oxy-
genation have not been found to improve early cognitive outcome
(Slater et al.,, 2009). This may be due to pre-operative expo-
sure of the CABG-surgery patient to chronic-intermittent hypoxia
owing to respiratory disease, smoking or sleep apnoea. Animal
models suggest that chronic-intermittent hypoxia may result in
up-regulation of protective factors (e.g. hypoxia inducible factor)
thereby paradoxically offering protection to the brain (Chavez
and LaManna, 2002). Another possible mechanism for cognitive

decline is systemic inflammation induced by surgery, although
there are few data to support this (Kalman et al., 2006; Newman
et al.,, 2006). It should also be borne in mind that at the ear-
liest post-operative period, patients are receiving medication to
control pain which may also have an impact on cognitive perfor-
mance. In summary, whilst this meta-analysis may challenge the
prevailing assumption that most patients are affected negatively
by surgery, in order to address the issue more definitively, we
may need to update the methods of assessing cognitive function
by considering what is known regarding the pathophysiological
events following and preceding CABG surgery.

The majority of the studies included in this analysis com-
pared groups of patients undergoing CABG surgery with or without
cardio-pulmonary bypass. Cerebral vasculature may be obstructed
by emboli released into the circulation during cardio-pulmonary
bypass-associated manipulation of the aorta (Brown et al., 2009),
resulting in microvascular pathology, particularly in deep white
matter (Moody et al., 1990). Such pathology may increase the risk
of future cognitive decline in the elderly (Jokinen et al., 2011; Prins
etal., 2005). However, a linear relationship between the number of
emboli recorded from the middle cerebral artery intra-operatively
and post operative decline has not been established (Van Dijk and
Kalkman, 2009), and both our data and that from other studies
reveal few consistent differences in outcome between on and off
pump CABG (Alston, 2011; Marasco et al., 2008; Selnes et al., 2012),
despite the lower burden of micro-emboli in the latter. This could
be due to the complex interdependent relationship between emboli
release during surgery, artherosclerosis, ageing (Boivie et al., 2010)
and the severity of vascular disease, all factors which can indepen-
dently impact cognitive function.

There are several potential explanations for the improved cog-
nitive function observed. Most straightforwardly patients simply
feel healthier (less angina) and thus are more motivated following
CABG surgery, enabling them to perform better on neuropsychol-
ogical tests. Cognition and quality of life could well be linked in
patients following CABG surgery (Bute et al., 2006). Whilst the pres-
ence of depression at six months post-operatively (Goyal et al.,
2005) suggests that improved mood may be an unlikely explanation
for cognitive improvement in the present study there is also evi-
dence for return to baseline mental health by one year post-surgery
(Mathisen et al., 2010; Rothenhdusler et al., 2005), suggesting that
emotional status might improve alongside cognitive function, just
at a slower pace. Physiologically, a further potential mechanism
for improvement is better cardiac output following CABG surgery
in the immediate post-operative period. Indeed, impaired cardiac
output has been highlighted in the Framingham cohort as a poten-
tial cause of abnormal ageing of the brain (Jefferson, 2010; Jefferson
etal., 2011) suggesting the opposite, namely that its improvement
might offer some benefit. Nevertheless, an important caveat when
considering the improvements in cognitive function observed over
the course of a year is that these do not preclude later cognitive
decline in subsequent years. There are currently few data and little
consensus regarding the long-term consequences of CABG (Mutch
et al,, 2011; Selnes et al., 2009, 2012; Van Dijk et al., 2007). More
work is needed to evaluate the long-term impact of cardiovascular
disease and CABG surgery on cognitive function.

For a few patients, CABG surgery may provide the catalyst for
cognitive deficit that was not present pre-operatively. In others,
it may be an added burden on a neurocognitive system that is
already showing decline. In these cases it is of utmost impor-
tance to explore potentially modifiable peri-operative risk factors
that may be associated with further brain insult (Selnes et al.,
2012). For example EEG, transcranial Doppler sonography (embo-
lus detection) and cerebral oximetry indicate acute deficits in brain
perfusion and oxygenation during surgery; in fact the simple pres-
ence of such neuromonitoring can reduce the incidence of brain
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injury by half (6.1% vs. 3% in non-monitored compared to neu-
romonitored patients) (Edmonds, 2005). In the majority of patients,
however, CABG surgery may have a transient positive impact on a
trajectory of cognitive change that is already set in motion with
the ageing process and perhaps influenced by underlying vascular
disease. In a few fortunate patients, we cannot discount the possi-
bility that it may boost neurocognitive function more permanently.
Genetic studies have already identified candidate markers of brain
vulnerability to CABG surgery (Newman et al.,, 2006), and we
have mooted the possibility that mechanisms underlying cognitive
change reflect also expression of, for example, hypoxia protective
genes. Thus research into those patients who make a good recovery
might paradoxically explain why other patients develop cognitive
decline. The only way to fully address these hypotheses is through
longitudinal studies that include controls with non-surgical treat-
ment of coronary artery disease, and bring to bear the cognitive
neuroscience techniques which have developed since the consen-
sus statement was initially formulated.

References

Abildstrom, H., Rasmussen, L.S., Rentowl, P., Hanning, C.D., Rasmussen, H., Kris-
tensen, P.A., Moller, ].T., 2000. Cognitive dysfunction 1-2 years after non-cardiac
surgery in the elderly. ISPOCD group. International Study of Post-Operative Cog-
nitive Dysfunction. Acta Anaesthesiologica Scandinavica 44, 1246-1251.

Ahlgren, E., Lundqvist, A., Nordlund, A., Aren, C., Rutberg, H., 2003. Neurocogni-
tive impairment and driving performance after coronary artery bypass surgery.
European Journal of Cardio-Thoracic Surgery 23, 334-340.

Alston, R.P., 2011. Brain damage and cardiopulmonary bypass: is there really any
association? Perfusion 26, 20-26.

Baker, R.A., Andrew, M.J., Ross, LK., 2001. The Octopus II™ Stabilizing System: bio-
chemical and neuropsychological outcomes in coronary artery bypass surgery.
The Heart Surgery Forum Supplement 4, 519-523.

Boivie, P., Hedberg, M., Engstrom, K.G., 2010. Size distribution of embolic mate-
rial produced at aortic cross-clamp manipulation. Scandinavian Cardiovascular
Journal 44, 367-372.

Brown, W.R., Moody, M.D., Thore, C.R., Anstrom, J.A., Challa, V.R., 2009. Microvascular
changes in the white matter in dementia. Journal of Neurological Science 283,
28-31.

Bute, P.B., Blumenthal, J.A., Grocott, H.P., Laskowitz, D.T., Jones, R.H., Mark, D.B.,
Newman, M.F,, 2006. Association of neurocognitive function and quality of life 1
year after coronary artery bypass graft (CABG) surgery. Psychosomatic Medicine
Journal of Behavioral Medicine 68, 369-375.

Chavez, J.C., LaManna, J.C., 2002. Activation of hypoxia-inducible fator-1 in the rat
cerebral cortex after transient global ischemia: potential role of insulin-like
growth factor-1. Journal of Neuroscience 22, 31-89.

Desmond, D.W., 2004. Neuropsychology of vascular cognitive impairment: is there
a specific cognitive deficit? Journal of Neurological Science 226, 3-7.

Djaiani, G., Fedorko, L., Borger, M.A., Green, R., Carroll, ]., Marcon, M., Karski, J., 2007.
Continuous-flow cell saver reduces cognitive decline in elderly patients after
coronary bypass surgery. Circulation 116, 1888-1895.

Dupuis, G., Kennedy, E., Lindquist, R., Barton, F.B., Terrin, M.L., Hoogwerf, BJ., Cza-
jkowski, S.M., Herd, J.A., for the Post CABG Biobehavioural Study Investigators,
2006. Coronary artery bypass graft surgery and cognitive performance. Ameri-
can Journal of Critical Care 15, 471-478.

Edmonds, H.L., 2005. Protective effect of neuromonitoring during cardiac surgery.
Annals of the New York Academy of Sciences 1053, 12-19.

Ernest, C.S., Worcester, M.U.C., Tatoulis, ]., Elliott, P.C., Murphy, B.M., Higgins, R.O.,
Le Grande, M.R., Goble, A.J., 2006. Neurocognitive outcomes in off-pump versus
on-pump bypass surgery: a randomized controlled trial. The Annals of Thoracic
Surgery 81, 2105-2114.

Fowler, B., Lindeis, A.E., 1992. The effects of hypoxia on auditory reaction time and
P300 latency. Aviation Space Environmental Medicine 63, 976-981.

Glance, L.G., Osler, T.M., Mukamel, D.B., Dick, A.W., 2007. Effect of complications
on mortality after coronary artery bypass grafting surgery: evidence from New
York State. Journal of Thoracic and Cardiovascular Surgery 134, 53-58.

Gottesman, R.F., Hillis, A.E., Grega, M.A., Borowicz, L.M.J.,, Selnes, O.A., Baumgartner,
W.A., McKhann, G.M., 2007. Early postoperative cognitive dysfunction and blood
pressure during coronary artery bypass graft operation. Archives of Neurology
64,111-114.

Goyal, T.M.,, Idler, E.L., Krause, T.J., Contrada, RJ., 2005. Quality of life following
cardiac sugery: impact of the severity and course of depressive symptoms. Psy-
chosomatic Medicine Journal of Behavioral Medicine 67, 759-765.

Grigore, A.M., Grocott, H.P., Mathew, ].P., Phillips-Bute, B., Stanley, T.O., Butler, A.,
Landolfo, K.P., Reves, ].G., Blumenthal, J.A., Newman, M.F., 2002. The rewarming
rate and increased peak temperature alter neurocognitive outcome after cardiac
surgery. Anesthesia & Analgesia 94, 4-10.

Havashi, R., Matsuzawa, Y., Kubo, K., Kobavashi, T., 2005. Effects of simulated high
altitude on event-related potential (P300) and auditory brain-stem responses.
Clinical Neurophysiology 116, 1471-1476.

Heyer, EJ., Lee, K.S., Manspeizer, H.E., Mongero, L., Spanier, T.B., Caliste, X., Esrig,
B., Smith, C., 2002. Heparin-bonded cardiopulmonary bypass circuits reduce
cognitive dysfunction. Journal of Cardiothoracic and Vascular Anesthesia 16,
37-42.

Jefferson, A.L.,, 2010. Cardiac output as a potential risk factor for abnormal brain
aging. Journal of Alzheimer’s Disease 20, 813-821.

Jefferson, A.L., Himali, ].J., Au, R., Seshadri, S., Decarli, C., O’'Donnell, CJ., Wolf, P.A.,
Manning, W.]., Beiser, A.S., Benjamin, E.J., 2011. Relation of left ventricular ejec-
tion fraction to cognitive aging (from the Framingham Heart Study). American
Journal of Cardiology 108, 1346-1351.

Jokinen, H., Gouw, A.A., Madureira, S., Ylikoski, R., Van Staaten, E.C., Van der Flier,
W.M., Barkhof, F., Scheltens, P., Fazekas, F., Schmidt, R., Verdelho, A., Ferro, ].M.,
Pantoni, L., Inzitari, D., Erkinjuntti, T., LADIS Study Group, 2011. Incident lacunes
influences cognitive decline: the LADIS study. Neurology 76, 1872-1878.

Kadoi, Y., Goto, F., 2006. Factors associated with postoperative cognitive dysfunction
in patients undergoing cardiac surgery. Surgery Today 36, 1053-1057.

Kalman, J., Juhasz, A., Bogts, G., Babik, B., Rimandczy, A., Janka, Z., Penke, B., Palotas,
A., 2006. Elevated levels of inflammatory biomarkers in the cerebrospinal fluid
after coronary artery bypass surgery are predictors of cognitive decline. Neuro-
chemistry International 48, 177-180.

Keizer, AAM.A., Hijman, R, Kalkman, CJ., Kahn, R.S., Van Dijk, D., 2005. The incidence
of cognitive decline after (not) undergoing coronary artery bypass grafting:
the impact of a controlled definition. Acta Anaesthesiologica Scandinavica 49,
1232-1235.

Khosravi, A., Skrabal, C.A., Westphal, B., Kundt, G., Greim, B., Kunesch, E., Liebold,
A., Steinhoff, G., 2005. Evaluation of coated oxygenators in cardiopulmonary
bypass systems and their impact on neurocognitive function. Perfusion 20, 249-
254.

Knipp, S.C., Matatko, N., Wilhelm, H., Schlamann, M., Massoudy, P., Forsting, M.,
Diener, H.C,, Jakob, H., 2004. Evaluation of brain injury after coronary artery
bypass grafting. A prospective study using neuropsychological assessment and
diffusion-weighted magnetic resonance imaging. European Journal of Cardio-
Thoracic Surgery 25, 791-800.

Knipp, S.C., Matatko, N., Wilhelm, H., Schlamann, M., Thielmann, M., Losch, C., Diener,
H.C.,Jakob, H.,2008. Cognitive outcomes three years after coronary artery bypass
surgery: relation to diffusion-weighted magnetic resonance imaging. The Annals
of Thoracic Surgery 85, 872-879.

Knopman, D., Boland, L.L., Mosley, T., Howard, G., Liao, D., Szklo, M., McGovern, P.,
Folsom, A.R., 2001. Cardiovascular risk factors and cognitive decline in middle-
aged adults. Neurology 56, 42-48.

Lee, ].D,, Lee, SJ., Tsushima, W.T., Yamauchi, H., Lau, W.T., Popper, J., Stein, A., John-
son, D., Lee, D., Petrovitch, H., Dang, C.R., 2003. Benefits of off-pump bypass on
neurologic and clinical morbidity: a prospective randomized trial. The Annals of
Thoracic Surgery 76, 18-26.

Lewis, M., Maruff, P., Silbert, B., 2004. Statistical and conceptual issues in defining
post-operative cognitive dysfunction. Neuroscience and Biobehavioral Reviews
28, 433-440.

Lund, C., Sundet, K., Tennge, B., Hol, P.K,, Rein, K.A., Fosse, E., Russell, D., 2005. Cere-
bral ischemic injury and cognitive impairment after off-pump and on-pump
coronary artery bypass grafting surgery. The Annals of Thoracic Surgery 80,
2126-2131.

Marasco, S.F., Sharwood, L.N., Abramson, M.]., 2008. No improvement in neurocog-
nitive outcomes after off-pump versus on-pump coronary revascularization: a
meta-analysis. New England Journal of Medicine 33, 961-970.

Mathisen, L., Lingaas, P.S., Andersen, M.H., Hol, P.K,, Fredriksen, P.M., Sundet, K.,
Rokne, B., Wahl, AK,, Fosse, E., 2010. Changes in cardiac and cognitive function
and self-reported outcomes at one year after coronary artery bypass grafting.
Journal of Thoracic and Cardiovascular Surgery 140, 122-128.

McKhann, G.M., Grega, M.A., Borowicz, L.MJ., Bailey, M.M.,, Barry, SJ., Zeger, S.L.,
Baumgartner, W.A,, Selnes, 0.A., 2005. Is there cognitive decline 1 year after
CABG? Comparison with surgical and nonsurgical controls. Neurology 65,
991-999.

Moody, D.M,, Bell, M.A,, Challa, V.R., 1990. Features of the cerebral vascular pattern
that predict vulnerability to perfusion or oxygenation deficiency: an anatomic
study. American Journal of Neuroradiology 11, 431-439.

Miillges, W., Babin-Ebell, J., Reents, W., Toyka, K.V., 2002. Cognitive performance
after coronary artery bypass grafting: a follow-up study. Neurology 59, 741-
743.

Murkin, J.M., Newman, S.P., Stump, D.A., Blumenthal, ].A., 1995. Statement of con-
sensus on assessment of neurobehavioral outcomes after cardiac surgery. The
Annals of Thoracic Surgery 59, 95-1289.

Mutch, W.A,, Fransoo, R.R., Campbell, B.I, Chateau, D.G., Sirski, M., Warrian, RK.,
2011. Dementia and depression with ischaemic heart disease: a population-
based longitudinal study comparing interventional approaches to medical
management. PLoS ONE 6, e17457.

Newman, M.F., Kirchner, ].L., Phillips-Bute, B., Gaver, V., Grocott, H., Jones, R.H., Mark,
D.B., Reves, ].G., Blumenthal, J.A., 2001. Longitudinal assessment of neurocog-
nitive function after coronary-artery bypass surgery. New England Journal of
Medicine 344, 395-402.

Newman, M.F.,, Mathew, ].P., Grocott, H.P., Mackensen, G.B., Monk, T., Welsh-Bohmer,
K.A., Blumenthal, ].A., Laskowitz, D.T., Mark, D.B., 2006. Central nervous system
injury associated with cardiac surgery. Lancet 368, 694-703.

Norkiené, 1., SamalaviCius, R., IvaskeviCius, J., Budrys, V., Paulauskiene, K.,
2011. Asymptomatic carotid artery stenosis and cognitive outcomes after
coronary artery bypass grafting. Scandinavian Cardiovascular Journal 45,
169-173.



F. Cormack et al. / Neuroscience and Biobehavioral Reviews 36 (2012) 2118-2129 2129

Okonkwo, 0.C., Cohen, R.A.,, Gunstad, J., Tremont, G., Alosco, M.L., Poppas, A., 2010.
Longitudinal trajectories of cognitive decline among older adults with cardio-
vascular disease. Cerebrovascular Disease 30, 362-373.

Polunina, A.G., 2008. Selection of neurocognitive tests and outcomes of cardiac
surgery trials. The Annals of Thoracic Surgery 85, 362.

Popovic, .M., Lovrencic-Huzjan, A., Simundic, A.M., Popovic, A., Seric, V., Demarin, V.,
2011. Cognitive performance in asymptomatic patients with advanced carotid
disease. Cognitive and Behavioral Neurology 24, 145-151.

Prins, N.D.,Van Dijk, E.J., Den Heijer, T., Vermeer, S.E., Jolles, ]., Koudstaal, P.J., Hofman,
A., Breteler, M.M., 2005. Cerebral small-vessel disease and decline in infor-
mation processing speed, executive function and memory. Brain 128, 2034-
2041.

Rankin, K.P., Kochamba, G.S., Boone, K.B., Petitti, D.B., Buckwalter, J.G., 2003. Presur-
gical cognitive deficits in patients receiving coronary artery bypass graft surgery.
Journal of the International Neuropsychological Society 9, 913-924.

Rasmussen, LS., Larsen, K., Houx, P., Skovgaard, L.T., Hanning, C.D., Moller, ].T.,
ISPOCD group, 2001. The assessment of postoperative cognitive function. Acta
Anaesthesiologica Scandinavica 45, 275-289.

Roach, G.W., Kanchuger, M., Mangano, C.M., Newman, M., Nussmeier, N., Wol-
man, R, Aggarwal, A, Marschall, K, Graham, S.H., Ley, C, Ozanne, G,
Mangano, D.T., Herskowitz, A., Katseva, V., Sears, R., 1996. Adverse cerebral out-
comes after coronary bypass surgery. New England Journal of Medicine 335,
1857-1864.

Robson, MJ.A., Alston, R.P., Deary, L], Andrews, P.J.D., Souter, M., Yates, S.,
2000. Cognition after coronary artery surgery is not related to postoperative
jugular bulb oxyhemoglobin desaturation. Anesthesia & Analgesia 91, 1317-
1326.

Roman, G.C., 2004. Brain hypoperfusion: a critical factor in vascular dementia. Neu-
rological Research 26, 454-458.

Rosengart, T.K., Sweet, ]J., Finnin, E.B., Wolfe, P., Cashy, ]., Hahn, E., Marymont, ].,
Sanborn, T., 2005. Neurocognitive functioning in patients undergoing coronary
artery bypass graft surgery or percutaneous coronary intervention: evidence of
impairment before intervention compared with normal controls. The Annals of
Thoracic Surgery 80, 1327-1334.

Rothenhdusler, H.B., Grieser, B., Nollert, G., Reichart, B., Schelling, G., Kapfham-
mer, H.P., 2005. Psychiatric and psychosocial outcome of cardiac surgery with
cardiopulmonary bypass: a prospective 12-month follow-up study. General
Hospital Psychiatry 27, 18-28.

Rubens, F.D., Boodhwani, M., Mesana, T., Wozny, D., Wells, G., Nathan, H.J., on behalf
of the C Investigators, 2007. The cardiotomy trial. Circulation 116, 189-197.
Rudolph, J.L., Schreiber, K.A., Culley, D.J., McGlinchey, R.E., Crosby, G., Levitsky, S.,
Marcantonio, E.R., 2010. Measurement of post-operative cognitive dysfunction
after cardiac surgery: a systematic review. Acta Anaesthesiologica Scandinavica

54, 663-677.

Sanchez-Cubillo, 1., Perianez, J.A., Adrover-Roig, D., Rodriguez-Sanchez, J.M., Rios-
Lago, M., Tirapu, J., Barcelo, F., 2009. Construct validity of the Trail Making Test:
role of task-switching, working memory, inhibition/interference control, and
visuomotor abilities. Journal of the International Neuropsychological Society
15, 438-450.

Selnes, O.A., Gottesman, R.F., Grega, M.A., Baumgartner, W.A., Zeger, S.L., McKhann,
G.M., 2012. Cognitive and neurologic outcomes after coronary-artery bypass
surgery. New England Journal of Medicine 366, 250-257.

Selnes, O.A., Grega, M.A,, Bailey, M.M., Pham, L.D., Zeger, S.L., Baumgartner, W.A.,
McKhann, G.M., 2009. Do management strategies for coronary artery dis-
ease influence 6-year cognitive outcomes? The Annals of Thoracic Surgery 88,
445-454,

Selnes, 0.A., Grega, M.A., Borowicz, L.M.]., Royall, R.M., McKhann, G.M., Baumgartner,
W.A., 2003. Cognitive changes with coronary artery disease: a prospective study
of coronary artery bypass graft patients and nonsurgical controls. The Annals of
Thoracic Surgery 75, 1377-1386.

Silbert, B.S., Evered, L.A., Scott, D.A., Cowie, T.F., 2008. The apolipoprotein E epsilon4
allele is not associated with cognitive dysfunction in cardiac surgery. The Annals
of Thoracic Surgery 86, 841-847.

Silbert, B.S., Maruff, P., Evered, L.A., Scott, D.A., Kalpokas, M., Martin, K., Lewis, M.S.,
Myles, P.S., 2004. Detection of cognitive decline after coronary surgery: a com-
parison of computerized and conventional tests. British Journal of Anaesthesia
92, 814-820.

Slater, J.P., Guarino, T., Stack, ]., Vinod, K., Bustami, R.T., Brown, J.M., Rodriguez, A.L.,
Magovern, CJ., Zaubler, T., Freundlich, K., Parr, G.V., 2009. Cerebral oxygen desat-
uration predicts cognitive decline and longer hospital stay after cardiac surgery.
The Annals of Thoracic Surgery 87, 36-44.

Stroobant, N., van Nooten, G., De Bacquer, D., Van Belleghem, Y., Vingerhoets, G.,
2008. Neuropsychological functioning 3-5 years after coronary artery bypass
grafting: does the pump make a difference? European Journal of Cardio-Thoracic
Surgery 34, 396-401.

Stroobant, N., Van Nooten, G., Van Belleghem, Y., Vingerhoets, G., 2005. Relation
between neurocognitive impairment, embolic load, and cerebrovascular reac-
tivity following on- and off-pump coronary artery bypass grafting. Chest 127,
1967-1976.

Stygall, ], Newman, P., Fitzgerald, G., Steed, L., Mulligan, K., Arrowsmith, EJ.,
Humphries, S., Harrison, J., 2003. Cognitive change 5 years after coronary artery
bypass surgery. Health Psychology 22, 579-586.

Sugiyama, N., Kawaguchi, M., Yoshitani, K., Sugiyama, M., Inoue, S., Sakamoto, T.,
Taniguchi, S., Furuya, H., 2002. The incidence and severity of cognitive decline
after major noncardiac surgery: a comparison with that after cardiac surgery
with cardiopulmonary bypass. Journal of Anesthesia 16, 261-264.

Szalma, ., Kiss, A., Kardos, L., Horvath, G., Nyitrai, E., Tordai, Z., Csiba, L., 2006. Pirac-
etam prevents cognitive decline in coronary artery bypass: a randomized trial
versus placebo. The Annals of Thoracic Surgery 82, 1430-1435.

Tarakji, K.G., Sabik, J.F., Bhudia, S.K., Batizy, L.H., Blackstone, E.H., 2011. Temporal
onset, risk factors, and outcomes associated with stroke after coronary artery
bypass grafting. JAMA 305, 381-390.

Van den Goor, ]., Saxby, B., Tijssen, ]., Wesnes, K., De Mol, B., Nieuwland, R., 2008.
Improvement of cognitive test performance in patients undergoing primary
CABG and other CPB-assisted cardiac procedures. Perfusion 23, 267-273.

Van Dijk, D., Jansen, E.W.L.,, Hijman, R., Nierich, A.P., Diephuis, J.C., Moons, K.G.M.,
Lahpor, J.R., Borst, C., Keizer, A M.A., Nathoe, H.M., Grobbee, D.E., De Jaegere,
P.P.T., Kalkman, CJ., Octopus Study Group, 2002. Cognitive outcome after off-
pump and on-pump coronary artery bypass graft surgery. JAMA 287,1405-1412.

Van Dijk, D., Kalkman, C.J., 2009. Why are cerebral microemboli not associated with
cognitive decline? Anesthesia & Analgesia 109, 1006-1008.

Van Dijk, D., Moons, K.G., Nathoe, H.M., Van Aarnhem, E.H., Borst, C., Keizer, A.M.,
Kalkman, CJ., Hijman, R., Octopus Study Group, 2008. Cognitive outcomes five
years after not undergoing coronary artery bypass graft surgery. The Annals of
Thoracic Surgery 85, 60-64.

Van Dijk, D., Spoor, M., Hijman, R., Nathoe, H.M., Borst, C., Jansen, E.W., Grobbee,
D.E,, De Jaegere, P.P., Kalkman, CJ., Octopus Study Group, 2007. Cognitive and
cardiac outcomes 5 years after off-pump vs. on-pump coronary artery bypass
graft surgery. JAMA 297, 701-708.

Vedin, J., Nyman, H., Ericsson, A., Hylander, S., Vaage, J., 2006. Cognitive function
after on or off pump coronary artery bypass grafting. European Journal of Cardio-
Thoracic Surgery 30, 305-310.

Wang, D., Wu, X, Li, ], Xiao, F, Liu, X., Meng, M., 2002. The effect of lidocaine on
early postoperative cognitive dysfunction after coronary artery bypass surgery.
Anesthesia & Analgesia 95, 1134-1141.

Wilson, R.S., Beckett, L.A., Barnes, L.L., Schneider, ].A., Bach, J., Evans, D.A., Bennett,
D.A., 2002. Individual differences in rates of change in cognitive abilities of older
persons. Psychology and Aging 17, 179-193.

Zamvar, V., Williams, D., Hall, J., Payne, N., Cann, C,, Young, K., Karthikeyan, S., Dunne,
J.,2002. Assessment of neurocognitive impairment after off-pump and on-pump
techniques for coronary artery bypass graft surgery: prospective randomised
controlled trial. BM] 325, 1268.

Zimpfer, D., Czeny, M., Vogt, F., Schuch, V., Kramer, L., Wolner, E., Grimm, M., 2004.
Neurocognitive deficit following coronary artery bypass grafting: a prospec-
tive study of surgical patients and nonsurgical controls. The Annals of Thoracic
Surgery 78, 513-518.



	A meta-analysis of cognitive outcome following coronary artery bypass graft surgery
	1 Introduction
	2 Methods
	2.1 Search strategy
	2.2 Inclusion and exclusion criteria
	2.3 Overview of consensus statement neuropsychological tests
	2.4 Statistical analysis

	3 Results
	3.1 Cardio-pulmonary bypass
	3.2 Meta-regression

	4 Discussion
	References


