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bjective: Cognitive dysfunction is common early after cardiac surgery. We pre-
iously reported that functional magnetic resonance imaging of the brain can detect
ubclinical changes in prefrontal cortical activation after coronary artery bypass
rafting. In this study, we used functional magnetic resonance imaging to contrast
erioperative prefrontal activation in patients undergoing on-pump and off-pump
oronary artery bypass grafting and to relate differences to cerebral microembolic
oad.

ethods: Functional images of the brain were acquired in 25 patients undergoing
ardiac surgery (13 off-pump and 12 on-pump) before surgery and 4 weeks after
urgery during performance of a verbal memory task of increasing complexity
n-back task). Continuous intraoperative transcranial Doppler scanning was per-
ormed to quantify the number of cerebral microemboli. Perioperative changes in
ask-associated prefrontal activation were compared between the 2 groups and were
hen correlated with the number of microemboli recorded during surgery.

esults: The median (interquartile range) number of detected microemboli was 35
21-63) in the off-pump group and 254 (116-397) in the on-pump group (P � .005).
unctional imaging performed before surgery demonstrated increased activity in the
refrontal regions with increasing task complexity. After surgery, there was a
ignificant reduction in task-associated prefrontal activation in the on-pump, but not
n the off-pump, group (P � .05). There was a negative correlation between the
erioperative signal changes in the prefrontal region and the total number of
icroemboli (r � �0.63; P � .01).

onclusions: Patients undergoing on-pump, but not off-pump, surgery have a
ignificant relative reduction in prefrontal activation, which correlates with intra-
perative cerebral microembolic load. We hypothesize that this reduction in acti-
ation is related to subclinical functional impairments and that microembolic load is
n important mechanism of perioperative cerebral insult.

eurologic injury is one of the most important complications of otherwise
successful coronary artery bypass grafting (CABG).1 Although overt injury
such as stroke affects only a small percentage of patients, cognitive im-

airment is detectable in approximately half of patients early after surgery, in
pproximately a quarter at 6 months, and in 40% at 5 years.2,3 Of more concern, its
ccurrence early after surgery correlates both with later decline in cognitive function
nd with an impaired quality of life.3,4 Microembolism is probably the most

mportant pathophysiological mechanism, although intraoperative cerebral hypoper-
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usion and the systemic inflammatory response syndrome
ave also been implicated.1,5

In a preliminary study of 16 patients undergoing on-
ump, off-pump, and open cardiac surgery, we reported
ostoperative changes in functional magnetic resonance im-
ging (fMRI) activity in a localized region of the prefrontal
ortex during performance of a simple memory task.6 Fur-
hermore, our data suggested that these changes might be
elated to the number of intraoperative microemboli.6 On
he basis of our preliminary study and the fact that global
refrontal activity is impaired in certain pathologic states
uch as frontotemporal dementia,7 we hypothesized that
imilar global changes might be detected in a larger cohort
f patients undergoing cardiac surgery and that the changes
ight be related to microembolic load.

aterials and Methods
atients
thical approval for the study was obtained from the Central
xford Research Ethics Committee (OxREC C01.258), and all
atients gave informed consent. Twenty-five patients undergoing
ABG were recruited for the study. Twelve patients had on-pump
ABG (ONCABG), and 13 had off-pump surgery (OPCABG). Of

he 25 patients described here, 12 had been previously included in
preliminary analysis of postoperative superior and middle frontal
yral activity—an area known to be involved in verbal mem-
ry—as a region of interest by using a simple cognitive task
1-back task).6 The purpose of that study was to explore the ability
o assess postoperative cerebral injury in a heterogeneous group of
atients undergoing different cardiac surgical procedures using
MRI techniques as a pilot to this study. All patients in this study
nderwent structural and functional MRI of the brain (during
erformance of a full n-back task with increasing complexity
evel) before surgery and 4 to 6 weeks after surgery. Functional

RI activation patterns were assessed by using more sophisticated
ssessments of memory to allow for task-specific activations to be
tudied during performance of a full n-back task with an increasing
omplexity level (0-back to 3-back) in patients undergoing
NCABG and OPCABG. In addition, the patients had intraoper-

tive continuous bilateral transcranial Doppler monitoring.

ardiopulmonary Bypass
fter full anticoagulation with heparin given at a dose of 300

U/kg to maintain an activated clotting time of 400 to 600 seconds,
ardiopulmonary bypass (CPB) was instituted by using ascending
ortic cannulation and a 2-stage right atrial venous cannulation. A

Abbreviations and Acronyms
CABG � coronary artery bypass grafting
CPB � cardiopulmonary bypass
fMRI � functional magnetic resonance imaging
ONCABG � on-pump coronary artery bypass grafting
OPCABG � off-pump coronary artery bypass grafting
oller pump (Jostra HL 20, Hirlingen, Germany) and hollow-fiber 3
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embrane oxygenator (Affinity NT; Medtronic Inc, Minneapolis,
inn) were used. The extracorporeal circuit was primed with 1000
L of Hartmann solution and 2500 IU of heparin. CPB was
aintained with nonpulsatile flow with a flow rate of 2.4 L · m�2

min�1 at normothermia; the temperature was allowed to drift to
4°C. Acid-base balance was managed with alpha-stat control.
yocardial protection was achieved with intermittent antegrade

old crystalloid cardioplegia. Cardiotomy suction was used. On
ompletion of all distal anastomoses, the aortic crossclamp was
emoved, and each proximal anastomosis was performed with
ndividual application of a partial aortic side clamp onto palpably
ormal aorta; epiaortic ultrasonography was not routinely used.
rterial line filtration was used in the last 5 patients in the ON-
ABG group after a change in our practice, in which filters
ecame routinely used during CPB.

ff-pump CABG
or OPCABG, complete anticoagulation with heparin was
chieved as in the CPB group. Regional myocardial immobiliza-
ion was achieved with a suction stabilizer (Octopus [Medtronic
nc, Minneapolis, Minn] or Guidant [Guidant Corporation, Santa
lara, Calif]). The target coronary vessels were snared proximally
ith a silicone rubber sling. An intracoronary shunt (Guidant
xius) was used only when there was hemodynamic compromise
uring construction of the anastomosis (usually the distal right
oronary artery). Visualization was enhanced by using a surgical
lower-mister device (Medtronic Clearview; Medtronic Inc).
here possible, patients had composite arterial grafts, with com-

lete avoidance of aortic manipulation.

ranscranial Doppler
ontinuous intraoperative monitoring was performed by using a
ultifrequency Doppler system (Embodop, DWL Electronische
ysteme GmbH, Singen, Germany), by using a protocol that we
ave previously described.8 Briefly, dual-frequency (2.0- and 2.5-
Hz) probes were used to simultaneously insonate transtemporal
indows over both middle cerebral arteries by using a specifically
esigned head brace. The middle cerebral artery insonation depth
as set between 45 and 55 mm, with a sample volume of 13 mm.
n additional 2.0-MHz insonation reference gate was set 15 mm

uperficial to the middle cerebral artery insonation gate. This
eference gate serves for the online rejection of artifacts, because
hese are identified when high-intensity transient signals are de-
ected in both gates (middle cerebral artery and reference gates)
imultaneously or with a time delay of less than 4 milliseconds.9

his multifrequency system also differentiates between solid and
aseous microemboli, because solid microemboli reflect more
ltrasound at higher than at lower frequencies, whereas the oppo-
ite occurs in the case of gaseous microemboli.10 The differenti-
tion occurs online during monitoring, and the data are recorded on

computer hard drive, thus allowing off-line analysis to be
erformed.

RI Image Acquisition
3.0-T (Varian Inova, Lake Forest, Calif) scanner with a quadra-

ure birdcage radiofrequency head coil was used. An echo-planar
maging sequence (24 slices; repetition time, 3 seconds; echo time,

0 milliseconds; field of view, 192 � 256 mm; matrix, 64 � 64)
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as used to acquire fMRI data during performance of a verbal
emory paradigm. Structural T1-weighted (3D Turbo FLASH

equence; repetition time, 15 seconds; echo time, 6.9 milliseconds)
mages were obtained.

erbal Memory Paradigm and Stimulus Presentation
verbal memory paradigm of increasing task complexity was

sed: a n-back task including 0-, 1-, 2-, and 3-back in pseudoran-
omized block arrangements.11 Briefly, in the 0-back (control)
ask, a target letter is presented at the start of the task, and in the
emainder of the tasks, the patient attempts to identify letters seen
, 2, or 3 letters back in the series.11

unctional MRI Image Analysis
mage analysis to reveal significant brain activity based on changes
n blood oxygenation level dependent (BOLD) signal was per-
ormed on each patient’s data by using FEAT (FMRIB Easy
nalysis Tool; http://www.fmrib.ox.ac.uk/fsl/).12 Analyses were
erformed by an observer blinded to the nature of surgical inter-
ention (Y.A.-O.). These were cross-examined by a second inde-
endent observer (S.C.). Before statistical analysis, the following
rocessing was applied: motion correction using MCFLIRT,13,14

patial smoothing using a gaussian kernel of full width at half
aximum 5 mm and nonlinear high-pass temporal filtering with a

igh-pass filter cutoff of 100 seconds. The fMRI signal was then
odeled by using general linear modeling. Individual contrasts
easured fMRI activation during 1-, 2-, and 3-back tasks relative

o the 0-back (control) task. Group contrasts were generated with
mixed-effects model, which included contributions from individ-
al measurement variance and variance between individuals within
he groups. Region-of-interest analyses were performed to assess
hanges in activity with increasing task complexity. This measured
ean signal intensity change within the region of interest before

nd after surgery.

tatistical Analysis and Presentation of Data
atient characteristics are presented as mean � SD. Normally
istributed data were compared by using the Student t test, and
ategorical variables were compared by using the �2 test. The
umber of microemboli is presented as the median and interquar-
ile range, and the nonparametric Mann-Whitney U test was used
o compare the difference in microembolization between the ON-
ABG and OPCABG groups. The differences in performance
ere compared by using analysis of variance. Activations in the
refrontal cortex were compared between the 2 groups at each
omplexity level by using repeated-measures analysis of variance.
ll statistical analyses were performed by using SPSS for Win-
ows, version 11.5 (SPSS Inc, Chicago, Ill).

esults
atient characteristics are summarized in Table 1, and both
roups were similar in terms of age, sex, left ventricular
unction, risk scores, and number of grafts. No patient
howed clinical evidence of stroke, and no changes consis-
ent with ischemia were seen in comparisons of preoperative

nd postoperative T1-weighted MRI scans. The median e

The Journal of Thoracic
ollow-up in the OPCABG and ONCABG groups was 37
nd 44 days, respectively.

icroembolism
he median (interquartile range) number of detected micro-
mboli was 35 (21-63) in the OPCABG group and 254
116-397) in the ONCABG group (P � .005). Solid micro-
mboli accounted for 15% and 25% of the total number of
icroemboli in the OPCABG and ONCABG groups,

espectively.

erbal Memory Data
erformance on the verbal memory task is illustrated in
igure 1. There were no differences between preoperative
nd postoperative task scores between the patient groups.
he median (interquartile range) overall score in the
NCABG group was 77% (56%-94%) before surgery and
8% (64%-88%) after surgery (P � .95). In the off-pump
roup, the respective scores were 82% (70%-100%) before
urgery and 82% (66%-95%) after surgery (P � .44),
espectively.

unctional Imaging
efore surgery, the verbal memory task was associated
ith significant activation in several brain regions, in-

luding the prefrontal, posterior parietal, and anterior
ingulate area, as has been reported previously.15 There
as a monotonic increase in activation in these regions
ith increasing task complexity (Figure 2). On the basis
f our a priori hypothesis, we tested for differences in
erioperative changes in activity in the prefrontal activa-
ion region of interest between the 2 groups. We found a
ignificant reduction in activation after surgery in the
NCABG patients compared with the OPCABG group

 P � .05; Figures 3 and 4).

icroembolism and Postoperative Cerebral Activity
o understand why fMRI differences were observed be-

ween the OPCABG and ONCABG groups, we tested for
he relationship between activation changes and intraop-

ABLE 1. Perioperative characteristics
ariable OPCABG ONCABG P value

13 12 —
ge, y (mean � SD) 60 � 8 59 � 10 .77
o. female 2 1 .59

mpaired LV function, n (%) 4 (31%) 4 (33%) .89
arsonnet score (mean � SD) 4.7 � 4.9 4.5 � 4.7 .27
o. grafts (mean � SD) 2.5 � 0.7 2.9 � 0.8 .25

PCABG, Off-pump coronary artery bypass grafting; ONCABG, on-pump
oronary artery bypass grafting; LV, left ventricular.
rative embolic load. Perioperative changes in prefrontal

and Cardiovascular Surgery ● Volume 132, Number 5 1121

http://www.fmrib.ox.ac.uk/fsl/


c
t
i
3
o

D
T
s
o
e
r
c
p
e
F
e
w
O
g
t
l
s

R
T
m
m
t
m
s
a
m
W
m

b
o

t
h
p
c
p
t
p

L
a
D
w
s
p
e
v
h
a
n
r
v
o
s

a
m
m
f
r
d

Cardiopulmonary Support and Physiology Abu-Omar et al

1

CSP
erebral activity showed a significant negative correla-
ion with the total number of microemboli recorded dur-
ng surgery (r � �0.63; corrected P � .01) for the
-back task (when the highest task-related activation
ccurs).

iscussion
o our knowledge, MRI has not been used previously to
pecifically explore the effect of ONCABG and OPCABG
n postoperative cerebral function. This study confirms and
xtends the findings of our previous study, in which we
eported a nonspecific overall reduction in postoperative
erebral activity and a potential correlation between the
ostoperative activation pattern and intraoperative micro-
mbolization.6 There were 2 key findings from this work.
irst, although there was no apparent difference in postop-
rative verbal memory scores between the 2 groups, there
as a relative reduction in fMRI signal intensity in
NCABG patients in the prefrontal region, thus suggesting
reater neuronal dysfunction. The second main finding was
hat this reduction in fMRI signal intensity change corre-
ated with the number of microemboli detected during
urgery.

elevance of Signal Intensity Change
he normal pattern of response in this brain region is a
onotonic increase in fMRI activation with increasing
emory load.11,16 Relative reductions in prefrontal activa-

ion with memory tasks occur in early frontotemporal de-
entia or Alzheimer disease.7,17 In our study, both groups

howed a normal pattern of activity before surgery, but
lthough this was maintained in the OPCABG group at 1
onth after surgery, it was lost in the ONCABG group.
hether this is due to reduced neuronal activity and infor-

ation processing in the prefrontal cortex or an altered e

122 The Journal of Thoracic and Cardiovascular Surgery ● Nov
alance of excitatory and inhibitory inputs is not clear from
ur study.18

Because this study was limited to a single postoperative
ime point of 4 to 6 weeks after surgery, we do not know
ow long depression of prefrontal activity in ONCABG
atients persists. This warrants further investigation, be-
ause 5-year follow-up studies of on-pump cardiac surgery
atients demonstrated a significant decline in neurocogni-
ive function that correlated with the severity of the initial
erioperative insult.3

ack of Correlation Between Verbal Memory Score
nd Signal Intensity Change
espite a difference in fMRI signal intensity change, there
as no significant postoperative change in verbal memory

cores in either group. A possible explanation is that the
atient numbers were too few to detect meaningful differ-
nces in cognitive behavioral scores given the interindi-
idual variances expected with these measures. Indeed, we
ave argued that, because of their sensitivity to both internal
nd external influences in the postoperative period, the
oise-to-signal ratio may be too high to detect subtle but
eal changes in cognitive function.19 In their detailed re-
iew, Wilkinson and Halligan20 emphasized the limitations
f behavioral scores and suggested that fMRI may be sub-
tantially more sensitive to functional differences.

Another possibility, however, is that alternative brain
reas may functionally compensate for prefrontal impair-
ent, thus allowing preservation of clinical test perfor-
ance. There is an increasing appreciation in other contexts

or the role of neural plasticity, whereby an alternative
egion of the brain can increase activity to compensate for
ecreased activity in a damaged area.21,22 This is seen, for

Figure 1. Comparison of preoperative
and postoperative scores in the n-back
tasks before (Preop) and after (Postop)
surgery in the ONCABG and OPCABG
groups.
xample, in motor recovery after stroke, where activity in

ember 2006
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otor areas in the unaffected hemisphere may adaptively
ompensate for damaged regions.21

ole of Microembolization
ur results suggest that the difference in fMRI signal in-

ensity change between ONCABG and OPCABG patients
ay be due to the greater degree of cerebral microembolism

n the former. Cerebral microemboli are strongly implicated
n the pathogenesis of cognitive decline after CPB,23-25 and
arge numbers of lipid microemboli have been documented
n the brains of patients dying after cardiac surgery, thus
emonstrating the potential pathologic importance of intra-
perative microembolism.26 An important source of partic-
late microemboli is the ascending aorta, especially after
anipulation,8 whereas lipid microemboli may result from

he use of cardiotomy suction and denaturation of pro-
eins.27 It has therefore been proposed that avoidance of
ardiotomy suction can result in a significant reduction in
ipid microemboli.

Recently, using new transcranial Doppler ultrasonogra-
hy techniques, we reported quantitative and qualitative
ifferences in microembolization in patients undergoing
n-pump compared with off-pump surgery.8 We also re-
orted preliminary evidence of a correlation between intra-
perative microemboli and postoperative cerebral activation
atterns during performance of a related cognitive task in

igure 2. Preoperative fMRI activation in 25 patients during per-
ormance of verbal memory task. The images show areas with an
ncrease in activity with increasing task complexity. Activations
re seen in the prefrontal and posterior parietal regions bilater-
lly and in the anterior cingulate area. fMRI, functional magnetic
esonance imaging.
atients undergoing CABG and open cardiac surgery.6 In t

The Journal of Thoracic
his study, the perioperative changes in prefrontal activation
ere inversely correlated with the number of intraoperative
icroemboli, thus indicating that increasing numbers of
icroemboli resulted in increasing changes in functional

ctivity; this may represent functional impairment.

linical Implications of Our Findings
PCABG is already established as a safe and effective
rocedure, and its major benefits are likely to be seen in
igher-risk patients.28 Our findings are particularly impor-
ant because we chose to study a relatively young and
ow-risk population of patients who are traditionally con-
idered to be at the least risk of cognitive dysfunction. It
ould therefore be anticipated that an older population, who
re at greater risk of cerebral injury, might demonstrate
ore profound changes.
This study offers new insights into cerebral dysfunction

fter cardiac surgery. Functional MRI may be more sensi-
ive than neuropsychological testing. By providing addi-

igure 3. Mean group activation images in the 2 groups. These
how no postoperative difference in the activation pattern in
atients undergoing off-pump surgery but show a significant
eduction in activation in the prefrontal regions after surgery in
he on-pump group (arrows). Preop, Before surgery; postop, after
urgery.
ional information on localization of change, it may offer

and Cardiovascular Surgery ● Volume 132, Number 5 1123
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dditional insight into the pathophysiology of change and
otential therapeutic approaches.

imitations
t is important to consider the limitations in our study design
nd methodology. Although we did not randomize patients,
his may be of less relevance, because the primary goal was
imply to establish a proof of principle for this new ap-
roach. In any event, the patients were of a similar age and
ad similar ventricular function and risk status. In addition,
he analyses were performed by 2 observers blinded to the
ature of the surgical intervention.

Although changes in fMRI have been demonstrated in
arious pathologic conditions, it is not clear whether these
hanges are related to reduced neuronal activity and infor-
ation processing or are an altered balance of excitatory

nd inhibitory inputs. When the changes are localized, as in
ur study, we believe they represent altered neuronal-he-
odynamic coupling and therefore are a reflection of cere-

ral functional impairment.
At the start of this study, it was not our routine practice

igure 4. Percentage signal change in the prefrontal region be-
ore and after surgery.
o use arterial line filtration. Although we now do (and

124 The Journal of Thoracic and Cardiovascular Surgery ● Nov
lters were used in the last 5 patients in the ONCABG
roup), evidence supporting their use is still not compelling.
icroemboli are abundant during CPB despite the use of

0-�m arterial filtration,29 and leucocyte-depleting arterial
ine filters do not improve neurocognitive outcome.30 Our
wn data (unpublished observations) demonstrate no signif-
cant reductions in the number of microemboli detected
uring CPB with the use of 40-�m arterial line filtration.

Our postoperative study was conducted at approximately
month. Longer-term follow-up is necessary to provide

dditional information testing for either resolution or pro-
ression of these changes.

onclusions
n-pump surgery results in significant changes in postop-

rative brain function which correlate with intraoperative
icroembolic load. Functional MRI may prove to be more

ensitive than neuropsychological testing in assessing peri-
perative cerebral injury and may offer additional insights
oth into its pathophysiology and into potential therapeutic
pproaches.
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