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

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

Results: 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).
Functional imaging performed before surgery demonstrated increased activity in the
prefrontal regions with increasing task complexity. After surgery, there was a
significant reduction in task-associated prefrontal activation in the on-pump, but not
in the off-pump, group (P < .05). There was a negative correlation between the
perioperative signal changes in the prefrontal region and the total number of
microemboli (r = —0.63; P < .01).

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

eurologic injury is one of the most important complications of otherwise
successful coronary artery bypass grafting (CABG).! Although overt injury
such as stroke affects only a small percentage of patients, cognitive im-
pairment is detectable in approximately half of patients early after surgery, in
approximately a quarter at 6 months, and in 40% at 5 years.>* Of more concern, its
occurrence early after surgery correlates both with later decline in cognitive function
and with an impaired quality of life.>* Microembolism is probably the most
important pathophysiological mechanism, although intraoperative cerebral hypoper-
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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

fusion and the systemic inflammatory response syndrome
have also been implicated.'->

In a preliminary study of 16 patients undergoing on-
pump, off-pump, and open cardiac surgery, we reported
postoperative changes in functional magnetic resonance im-
aging (fMRI) activity in a localized region of the prefrontal
cortex during performance of a simple memory task.® Fur-
thermore, our data suggested that these changes might be
related to the number of intraoperative microemboli.® On
the basis of our preliminary study and the fact that global
prefrontal activity is impaired in certain pathologic states
such as frontotemporal dementia,” we hypothesized that
similar global changes might be detected in a larger cohort
of patients undergoing cardiac surgery and that the changes
might be related to microembolic load.

Materials and Methods

Patients

Ethical approval for the study was obtained from the Central
Oxford Research Ethics Committee (OxREC C01.258), and all
patients gave informed consent. Twenty-five patients undergoing
CABG were recruited for the study. Twelve patients had on-pump
CABG (ONCABG), and 13 had off-pump surgery (OPCABG). Of
the 25 patients described here, 12 had been previously included in
a preliminary analysis of postoperative superior and middle frontal
gyral activity—an area known to be involved in verbal mem-
ory—as a region of interest by using a simple cognitive task
(1-back task).® The purpose of that study was to explore the ability
to assess postoperative cerebral injury in a heterogeneous group of
patients undergoing different cardiac surgical procedures using
fMRI techniques as a pilot to this study. All patients in this study
underwent structural and functional MRI of the brain (during
performance of a full n-back task with increasing complexity
level) before surgery and 4 to 6 weeks after surgery. Functional
MRI activation patterns were assessed by using more sophisticated
assessments of memory to allow for task-specific activations to be
studied during performance of a full n-back task with an increasing
complexity level (0-back to 3-back) in patients undergoing
ONCABG and OPCABG. In addition, the patients had intraoper-
ative continuous bilateral transcranial Doppler monitoring.

Cardiopulmonary Bypass

After full anticoagulation with heparin given at a dose of 300
[U/kg to maintain an activated clotting time of 400 to 600 seconds,
cardiopulmonary bypass (CPB) was instituted by using ascending
aortic cannulation and a 2-stage right atrial venous cannulation. A
roller pump (Jostra HL 20, Hirlingen, Germany) and hollow-fiber

membrane oxygenator (Affinity NT; Medtronic Inc, Minneapolis,
Minn) were used. The extracorporeal circuit was primed with 1000
mL of Hartmann solution and 2500 IU of heparin. CPB was
maintained with nonpulsatile flow with a flow rate of 2.4 L - m >
- min~! at normothermia; the temperature was allowed to drift to
34°C. Acid-base balance was managed with alpha-stat control.
Myocardial protection was achieved with intermittent antegrade
cold crystalloid cardioplegia. Cardiotomy suction was used. On
completion of all distal anastomoses, the aortic crossclamp was
removed, and each proximal anastomosis was performed with
individual application of a partial aortic side clamp onto palpably
normal aorta; epiaortic ultrasonography was not routinely used.
Arterial line filtration was used in the last 5 patients in the ON-
CABG group after a change in our practice, in which filters
became routinely used during CPB.

Off-pump CABG

For OPCABG, complete anticoagulation with heparin was
achieved as in the CPB group. Regional myocardial immobiliza-
tion was achieved with a suction stabilizer (Octopus [Medtronic
Inc, Minneapolis, Minn] or Guidant [Guidant Corporation, Santa
Clara, Calif]). The target coronary vessels were snared proximally
with a silicone rubber sling. An intracoronary shunt (Guidant
Axius) was used only when there was hemodynamic compromise
during construction of the anastomosis (usually the distal right
coronary artery). Visualization was enhanced by using a surgical
blower-mister device (Medtronic Clearview; Medtronic Inc).
Where possible, patients had composite arterial grafts, with com-
plete avoidance of aortic manipulation.

Transcranial Doppler

Continuous intraoperative monitoring was performed by using a
multifrequency Doppler system (Embodop, DWL Electronische
Systeme GmbH, Singen, Germany), by using a protocol that we
have previously described.® Briefly, dual-frequency (2.0- and 2.5-
MHz) probes were used to simultaneously insonate transtemporal
windows over both middle cerebral arteries by using a specifically
designed head brace. The middle cerebral artery insonation depth
was set between 45 and 55 mm, with a sample volume of 13 mm.
An additional 2.0-MHz insonation reference gate was set 15 mm
superficial to the middle cerebral artery insonation gate. This
reference gate serves for the online rejection of artifacts, because
these are identified when high-intensity transient signals are de-
tected in both gates (middle cerebral artery and reference gates)
simultaneously or with a time delay of less than 4 milliseconds.’
This multifrequency system also differentiates between solid and
gaseous microemboli, because solid microemboli reflect more
ultrasound at higher than at lower frequencies, whereas the oppo-
site occurs in the case of gaseous microemboli.'® The differenti-
ation occurs online during monitoring, and the data are recorded on
a computer hard drive, thus allowing off-line analysis to be
performed.

MRI Image Acquisition

A 3.0-T (Varian Inova, Lake Forest, Calif) scanner with a quadra-
ture birdcage radiofrequency head coil was used. An echo-planar
imaging sequence (24 slices; repetition time, 3 seconds; echo time,
30 milliseconds; field of view, 192 X 256 mm; matrix, 64 X 64)
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was used to acquire fMRI data during performance of a verbal
memory paradigm. Structural T1-weighted (3D Turbo FLASH
sequence; repetition time, 15 seconds; echo time, 6.9 milliseconds)
images were obtained.

Verbal Memory Paradigm and Stimulus Presentation
A verbal memory paradigm of increasing task complexity was
used: a n-back task including 0-, 1-, 2-, and 3-back in pseudoran-
domized block arrangements.'' Briefly, in the O-back (control)
task, a target letter is presented at the start of the task, and in the
remainder of the tasks, the patient attempts to identify letters seen
1, 2, or 3 letters back in the series.!!

Functional MRI Image Analysis

Image analysis to reveal significant brain activity based on changes
in blood oxygenation level dependent (BOLD) signal was per-
formed on each patient’s data by using FEAT (FMRIB Easy
Analysis Tool; http://www.fmrib.ox.ac.uk/fsl/).'> Analyses were
performed by an observer blinded to the nature of surgical inter-
vention (Y.A.-O.). These were cross-examined by a second inde-
pendent observer (S.C.). Before statistical analysis, the following
processing was applied: motion correction using MCFLIRT,'*-'*
spatial smoothing using a gaussian kernel of full width at half
maximum 5 mm and nonlinear high-pass temporal filtering with a
high-pass filter cutoff of 100 seconds. The fMRI signal was then
modeled by using general linear modeling. Individual contrasts
measured fMRI activation during 1-, 2-, and 3-back tasks relative
to the 0-back (control) task. Group contrasts were generated with
a mixed-effects model, which included contributions from individ-
ual measurement variance and variance between individuals within
the groups. Region-of-interest analyses were performed to assess
changes in activity with increasing task complexity. This measured
mean signal intensity change within the region of interest before
and after surgery.

Statistical Analysis and Presentation of Data

Patient characteristics are presented as mean * SD. Normally
distributed data were compared by using the Student ¢ test, and
categorical variables were compared by using the y* test. The
number of microemboli is presented as the median and interquar-
tile range, and the nonparametric Mann-Whitney U test was used
to compare the difference in microembolization between the ON-
CABG and OPCABG groups. The differences in performance
were compared by using analysis of variance. Activations in the
prefrontal cortex were compared between the 2 groups at each
complexity level by using repeated-measures analysis of variance.
All statistical analyses were performed by using SPSS for Win-
dows, version 11.5 (SPSS Inc, Chicago, IlI).

Results

Patient characteristics are summarized in Table 1, and both
groups were similar in terms of age, sex, left ventricular
function, risk scores, and number of grafts. No patient
showed clinical evidence of stroke, and no changes consis-
tent with ischemia were seen in comparisons of preoperative
and postoperative T1-weighted MRI scans. The median

TABLE 1. Perioperative characteristics

Variable OPCABG ONCABG P value
n 13 12 —
Age, y (mean + SD) 60 = 8 59 = 10 a7
No. female 2 1 .59
Impaired LV function, n (%) 4 (31%) 4 (33%) .89
Parsonnet score (mean = SD) 47 =49 45=*47 27
No. grafts (mean += SD) 25+07 29=+08 .25

OPCABG, Off-pump coronary artery bypass grafting; ONCABG, on-pump
coronary artery bypass grafting; LV, left ventricular.

follow-up in the OPCABG and ONCABG groups was 37
and 44 days, respectively.

Microembolism

The median (interquartile range) number of detected micro-
emboli was 35 (21-63) in the OPCABG group and 254
(116-397) in the ONCABG group (P < .005). Solid micro-
emboli accounted for 15% and 25% of the total number of
microemboli in the OPCABG and ONCABG groups,
respectively.

Verbal Memory Data

Performance on the verbal memory task is illustrated in
Figure 1. There were no differences between preoperative
and postoperative task scores between the patient groups.
The median (interquartile range) overall score in the
ONCABG group was 77% (56%-94%) before surgery and
78% (64%-88%) after surgery (P = .95). In the off-pump
group, the respective scores were 82% (70%-100%) before
surgery and 82% (66%-95%) after surgery (P = .44),
respectively.

Functional Imaging

Before surgery, the verbal memory task was associated
with significant activation in several brain regions, in-
cluding the prefrontal, posterior parietal, and anterior
cingulate area, as has been reported previously.'> There
was a monotonic increase in activation in these regions
with increasing task complexity (Figure 2). On the basis
of our a priori hypothesis, we tested for differences in
perioperative changes in activity in the prefrontal activa-
tion region of interest between the 2 groups. We found a
significant reduction in activation after surgery in the
ONCABG patients compared with the OPCABG group
(P < .05; Figures 3 and 4).

Microembolism and Postoperative Cerebral Activity

To understand why fMRI differences were observed be-
tween the OPCABG and ONCABG groups, we tested for
the relationship between activation changes and intraop-
erative embolic load. Perioperative changes in prefrontal
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cerebral activity showed a significant negative correla-
tion with the total number of microemboli recorded dur-
ing surgery (r = —0.63; corrected P < .01) for the
3-back task (when the highest task-related activation
occurs).

Discussion

To our knowledge, MRI has not been used previously to
specifically explore the effect of ONCABG and OPCABG
on postoperative cerebral function. This study confirms and
extends the findings of our previous study, in which we
reported a nonspecific overall reduction in postoperative
cerebral activity and a potential correlation between the
postoperative activation pattern and intraoperative micro-
embolization.® There were 2 key findings from this work.
First, although there was no apparent difference in postop-
erative verbal memory scores between the 2 groups, there
was a relative reduction in fMRI signal intensity in
ONCABG patients in the prefrontal region, thus suggesting
greater neuronal dysfunction. The second main finding was
that this reduction in fMRI signal intensity change corre-
lated with the number of microemboli detected during
surgery.

Relevance of Signal Intensity Change

The normal pattern of response in this brain region is a
monotonic increase in fMRI activation with increasing
memory load.'""'® Relative reductions in prefrontal activa-
tion with memory tasks occur in early frontotemporal de-
mentia or Alzheimer disease.”!” In our study, both groups
showed a normal pattern of activity before surgery, but
although this was maintained in the OPCABG group at 1
month after surgery, it was lost in the ONCABG group.
Whether this is due to reduced neuronal activity and infor-
mation processing in the prefrontal cortex or an altered

balance of excitatory and inhibitory inputs is not clear from
our study.'

Because this study was limited to a single postoperative
time point of 4 to 6 weeks after surgery, we do not know
how long depression of prefrontal activity in ONCABG
patients persists. This warrants further investigation, be-
cause 5-year follow-up studies of on-pump cardiac surgery
patients demonstrated a significant decline in neurocogni-
tive function that correlated with the severity of the initial
perioperative insult.?

Lack of Correlation Between Verbal Memory Score
and Signal Intensity Change

Despite a difference in fMRI signal intensity change, there
was no significant postoperative change in verbal memory
scores in either group. A possible explanation is that the
patient numbers were too few to detect meaningful differ-
ences in cognitive behavioral scores given the interindi-
vidual variances expected with these measures. Indeed, we
have argued that, because of their sensitivity to both internal
and external influences in the postoperative period, the
noise-to-signal ratio may be too high to detect subtle but
real changes in cognitive function.'® In their detailed re-
view, Wilkinson and Halligan?® emphasized the limitations
of behavioral scores and suggested that fMRI may be sub-
stantially more sensitive to functional differences.

Another possibility, however, is that alternative brain
areas may functionally compensate for prefrontal impair-
ment, thus allowing preservation of clinical test perfor-
mance. There is an increasing appreciation in other contexts
for the role of neural plasticity, whereby an alternative
region of the brain can increase activity to compensate for
decreased activity in a damaged area.?'** This is seen, for
example, in motor recovery after stroke, where activity in
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Figure 2. Preoperative fMRI activation in 25 patients during per-
formance of verbal memory task. The images show areas with an
increase in activity with increasing task complexity. Activations
are seen in the prefrontal and posterior parietal regions hilater-
ally and in the anterior cingulate area. fMRI, functional magnetic
resonance imaging.

motor areas in the unaffected hemisphere may adaptively
compensate for damaged regions.?'

Role of Microembolization

Our results suggest that the difference in fMRI signal in-
tensity change between ONCABG and OPCABG patients
may be due to the greater degree of cerebral microembolism
in the former. Cerebral microemboli are strongly implicated
in the pathogenesis of cognitive decline after CPB,>*** and
large numbers of lipid microemboli have been documented
in the brains of patients dying after cardiac surgery, thus
demonstrating the potential pathologic importance of intra-
operative microembolism.?® An important source of partic-
ulate microemboli is the ascending aorta, especially after
manipulation,® whereas lipid microemboli may result from
the use of cardiotomy suction and denaturation of pro-
teins.?” It has therefore been proposed that avoidance of
cardiotomy suction can result in a significant reduction in
lipid microemboli.

Recently, using new transcranial Doppler ultrasonogra-
phy techniques, we reported quantitative and qualitative
differences in microembolization in patients undergoing
on-pump compared with off-pump surgery.® We also re-
ported preliminary evidence of a correlation between intra-
operative microemboli and postoperative cerebral activation
patterns during performance of a related cognitive task in
patients undergoing CABG and open cardiac surgery.® In

(a) OPCABG

POSTOP

() ONCABG

POSTOP

Figure 3. Mean group activation images in the 2 groups. These
show no postoperative difference in the activation pattern in
patients undergoing off-pump surgery but show a significant
reduction in activation in the prefrontal regions after surgery in
the on-pump group (arrows). Preop, Before surgery; postop, after
surgery.

this study, the perioperative changes in prefrontal activation
were inversely correlated with the number of intraoperative
microemboli, thus indicating that increasing numbers of
microemboli resulted in increasing changes in functional
activity; this may represent functional impairment.

Clinical Implications of Our Findings

OPCABG is already established as a safe and effective
procedure, and its major benefits are likely to be seen in
higher-risk patients.”® Our findings are particularly impor-
tant because we chose to study a relatively young and
low-risk population of patients who are traditionally con-
sidered to be at the least risk of cognitive dysfunction. It
could therefore be anticipated that an older population, who
are at greater risk of cerebral injury, might demonstrate
more profound changes.

This study offers new insights into cerebral dysfunction
after cardiac surgery. Functional MRI may be more sensi-
tive than neuropsychological testing. By providing addi-
tional information on localization of change, it may offer
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Figure 4. Percentage signal change in the prefrontal region be-
fore and after surgery.

additional insight into the pathophysiology of change and
potential therapeutic approaches.

Limitations

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

Although changes in fMRI have been demonstrated in
various pathologic conditions, it is not clear whether these
changes are related to reduced neuronal activity and infor-
mation processing or are an altered balance of excitatory
and inhibitory inputs. When the changes are localized, as in
our study, we believe they represent altered neuronal-he-
modynamic coupling and therefore are a reflection of cere-
bral functional impairment.

At the start of this study, it was not our routine practice
to use arterial line filtration. Although we now do (and

filters were used in the last 5 patients in the ONCABG
group), evidence supporting their use is still not compelling.
Microemboli are abundant during CPB despite the use of
40-um arterial filtration,” and leucocyte-depleting arterial
line filters do not improve neurocognitive outcome.*® Our
own data (unpublished observations) demonstrate no signif-
icant reductions in the number of microemboli detected
during CPB with the use of 40-um arterial line filtration.

Our postoperative study was conducted at approximately
1 month. Longer-term follow-up is necessary to provide
additional information testing for either resolution or pro-
gression of these changes.

Conclusions

On-pump surgery results in significant changes in postop-
erative brain function which correlate with intraoperative
microembolic load. Functional MRI may prove to be more
sensitive than neuropsychological testing in assessing peri-
operative cerebral injury and may offer additional insights
both into its pathophysiology and into potential therapeutic
approaches.
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