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Background. Cardiac operation has been associated
with increased risk of postoperative cognitive decline, as
well as dementia risk in the general population. Few
studies, however, have examined the impact of coronary
revascularization or valve replacement or repair opera-
tion on longitudinal cerebral perfusion changes or their
association with cognitive function.

Methods. We examined longitudinal changes in
cerebral perfusion among 54 individuals with cardiac
disease; 27 undergoing cardiac operation and 27 matched
control patients. Arterial spin labeling magnetic reso-
nance perfusion imaging was used to quantify cerebral
blood flow within the anterior communicating artery,
middle cerebral artery (MCA), and posterior communi-
cating artery vascular territories before operation and
postoperatively at 6 weeks and 1 year. Cognitive perfor-
mance was examined during the same intervals by using
a battery of tests that tapped memory, executive, infor-
mation processing and upper extremity motor functions.
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Repeated measures, mixed models were used to examine
for perfusion changes and the association between
perfusion changes and cognition.
Results. Significant postoperative increases in perfusion

wereobservedat 6weekswithin theMCAvascular territory
after cardiac operation (p[ 0.035 for interaction). Perfusion
changes were most notable in distal territories of the MCA
and posterior communicating artery at 6 weeks, with no
additional changes at 1 year. Postoperative increases in
MCA perfusion at 6 weeks were associated with improved
psychomotor speed (b [ 0.35, p [ 0.016), whereas no
important differences were found between the groups in
vascular territory perfusion and cognition at 1 year.
Conclusions. Cardiac operation is associated with

important short-term increases in MCA perfusion with
associated improvements in psychomotor speed.

(Ann Thorac Surg 2018;-:-–-)
� 2018 by The Society of Thoracic Surgeons
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Cof the primary treatment methods for individuals
with severe coronary disease in the United States [2] and
one of the primary sources of disability and mortality in
the United States [3]. Although an extensive literature
base has examined the relative merits of CABG, the
impact of CABG or valve operation on changes in
cognitive and cerebral function remains a source of con-
troversy [4]. Postoperative cognitive decline has been
observed in more than 20% of individuals undergoing
cardiac operation [5–7], and the extent to which these
cognitive changes may be attributable to individual
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differences [8, 9] or surgical techniques [10] remains
unclear.

Despite the wide range of studies that examined
cognitive changes after cardiac operation [5–7,11], few
studies have characterized changes in cerebral perfusion
after CABG [12, 13] or valve replacement or repair, and no
studies have done so using a matched control group with
coronary artery disease (CAD). Because individual dif-
ferences in underlying CAD explain a substantial amount
of postoperative cognitive change [11, 14], matched con-
trol studies that used individuals with CAD and CAD risk
factors are important in delineating the relating influence
of cardiac operation versus underlying CAD on cognitive
changes [15]. We therefore examined for longitudinal
changes in regional cerebral perfusion and cognition in a
sample of patients undergoing CABG or valve replace-
ment or repair compared with CAD-matched control
participants.
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Patients and Methods

The Duke University Medical Center Institutional Review
Board approved the study protocol. All enrolled partici-
pants provided informed consent before participation.
Details of our recruitment and inclusion criteria have
been previously reported [16]. Participants were pro-
spectively identified and included individuals aged 60
years or older scheduled to undergo CABG or valve
replacement or repair operation with cardiopulmonary
bypass. A nonsurgical control group comprised of
individuals with CAD was used as a comparator.
Individuals in the control group were identified/
recruited from a cardiology clinic and were considered
to have CAD if they had experienced a prior myocardial
infarction or had evidence of CAD by cardiac catheteri-
zation. Participants with a history of cortical stroke were
excluded. Because of logistical constraints, we were
unable to subselect specific control participants on an
individual basis for the purposes of matching. Therefore,
to provide the most representative sample, we enrolled
both control participants and surgical patients who met
our detailed inclusion and exclusion criteria. Enrolled
participants were assessed at three time points: baseline
(for the surgical patients, just before operation) and
6 weeks and 1 year after baseline. Details about neuro-
cognitive and neuroimaging assessment, measurement,
and processing are reported in Supplemental Table 1.

Data Analysis
Changes in perfusion measured by arterial spin labeling
were analyzed by using a three-way, repeated measures,
mixed models, in which data were incorporated from all
participants across all time points with the use of Proc
Mixed (SAS Institute, Cary, NC). To minimize the num-
ber of statistical tests while optimally using the available
sample size, we adopted a gatekeeper approach in
which we first tested for changes within each vascular
territory (anterior communicating artery [ACA], middle
cerebral artery [MCA], and posterior communicating ar-
tery [PCA]) [17]. If the test for changes in the territory was
FLA 5.5.0 DTD � ATS31903_proof �
important, uncorrected follow-up testing was conducted
in a secondary, explanatory step, to determine which
territories may have contributed to the observed effect.
Analyses of perfusion changes are presented in units of
millimeter per 100 g per minute throughout the results.
Baseline total gray matter atrophy, sex, and territory
hemisphere (left versus right) served as adjustment var-
iables in all analyses, with time and surgical group (sur-
gical versus control) as the predictors of interest. For
analyses of cognitive change, reliable change indices were
grouped by cognitive domain, providing a mean change
in z score that served as the outcome. Because of our
small sample size, cognitive subtests were grouped a
priori based on prior clinical guidelines [18]. Domains
included verbal memory, visual memory, executive
function, and psychomotor speed. See Supplemental
document for specific neuropsychological tests used for
each cognitive domain. Analyses of perfusion and
changes in cognitive function were conducted by using
age, education, sex, and surgical group as covariates with
changes in perfusion as the predictor of interest. Model
assumptions about linearity and independence were
assessed and found to be acceptable.
Results

Demographic and background characteristics are
presented in Table 1. Fifty-one individuals provided
baseline and 6-week assessments. Ten individuals drop-
ped out between 6 weeks and 1 year. Participants who
did not complete 1-year follow-up assessments did not
differ from other participants in any background,
demographic, or neuroimaging variables (all p values
� 0.461). As shown in Table 1, participants in the control
group were more likely to be men and white Q. Among
participants who had valve replacement, 10 underwent
aortic valve repair or replacement (9 replacements,
1 repair) and 8 underwent mitral valve repair or
replacement (4 replacements, 4 repairs).

Changes in Perfusion Measured by Arterial Spin
Labeling
Examination of changes in perfusion was conducted by
territory (ACA, MCA, and PCA). Results indicated that
there was a main effect of time for total ACA perfusion
(p < 0.001), but there was no evidence that changes varied
as a function of group (p ¼ 0.457 for interaction).
Examination of changes in MCA perfusion revealed a

time-by-group interaction (p ¼ 0.035), such that perfusion
was lower among surgical participants than among con-
trol participants before operation, but subsequently
improved and were not different after operation at
6-week or 1-year follow-up (Fig 1). As shown in
Supplemental Table 2, changes were most evident in the
middle and distal MCA subregions, suggesting that
more distal perfusion zones within the MCA showed the
greatest changes (Fig 2). Follow-up analyses within the
surgical cohort only demonstrated a significant increase
in MCA perfusion from baseline to after treatment (52.5
mL � $ 100 g�1 � min�1 Qversus 58.5 mL � $ 100 g�1 � min�1,
16 October 2018 � 1:08 pm � ce

Original text:
Inserted Text
Per journal style, “Caucasian” is used only when referring to people from the Caucasus region. Please confirm it is appropriate to have replaced “Caucasian” with “white.”


Original text:
Inserted Text
Per AMA style, compound units may not contain more than on solidus; use centered dots and negative superscripts. Please check carefully throughout.




Table 1. Background and Demographic Characteristics of the
Sample

Variable
Surgical Patients

(n ¼ 27)
Control Participants

(n ¼ 27)

Age, years 67.4 � 7.4 67.7 � 7.6
Sex, malea 13 (48) 24 (89)
Whitea 23 (85) 27 (100)
Years of education 15.5 � 3.2 15.9 � 2.4
History of CVD 4 (15) 6 (22)
History of diabetes 8 (30) 7 (26)
History of

hypertension
22 (81) 20 (74)

Left ventricular
ejection fractionQ10

55.7 � 8.7 .

NYHA class
0 9 (33) .

1 2 (7) .

2 11 (41) .

3 5 (19) .

No. of coronary grafts
0 18 (67) .

1 1 (4) .

2 4 (15) .

3 2 (7) .

4 2 (7) .

Surgical procedure
VR 18 (67) .

CABG 6 (22) .

CABG þ VR 3 (11) .

Mean pump CPB time,
minutes

158.1 � 61.6 .

Mean cross-clamp time,
minutes

84.3 � 45.9 .

a Statistically different between the surgical and control groups at
baseline, p < 0.05.

Variables are mean � SD or n (%).

CABG ¼ coronary arteryQ11 bypass grafting; CPB ¼ cardiopulmonary
bypass; CVD ¼ cardiovascular disease; NYHA ¼New York Heart
Association; VR ¼ value replacement or repair.

b Statistically differentQ12 between the surgical and control groups at base-
line, p < 0.10.

c Statistically different between the surgical and control groups at base-
line, p < 0.01.
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Fig 1. Changes in perfusion by vascular territory. Significant time by
surgical interactions were observed within the middle cerebral artery
(MCA) (p ¼ 0.011) and posterior communicating artery (PCA) (p ¼
0.039) territories, with weaker, nonsignificant changes in the anterior
communicating artery (ACA) territories (p ¼ 0.164). (ASL ¼ arterial
spin labeling.)
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p ¼ 0.011), such that baseline MCA perfusion differences
between groups (56.6 mL � $ 100 g�1 � min�1 versus 49.7
mL � $ 100 g�1 � min�1, p ¼ 0.013) were attenuated after
operation (59.4 mL � $ 100 g�1 � min�1 versus 55.7 mL
� $ 100 g�1 � min�1, p ¼ 0.161).

Examination of changes in PCA perfusion revealed a
time-by-group interaction trend (p ¼ 0.087), such that
perfusion was lower among surgical participants before
operation than among control participants, but subse-
quently improved and were not different at 6 weeks and 1
year. As shown in Supplemental Table 2, changes were
most evident in the most distal PCA perfusion zone.
Similar to the pattern observed in the MCA, PCA perfu-
sion increased from baseline after operation in the
FLA 5.5.0 DTD � ATS31903_proof �
surgical group (44.9 mL � $ 100 g�1 �min�1 versus 52.9 mL
� $ 100 g�1 � min�1, p < 0.001), tended to be lower among
surgical patients relative to control participants at base-
line (47.9 mL � $ 100 g�1 �min�1 versus 43.0 mL � $ 100 g�1

� min�1, p ¼ 0.072), and this difference was attenuated
after operation (51.7 mL � $ 100 g�1 � min�1 versus 50.2
mL � $ 100 g�1 � min�1, p ¼ 0.500). Finally, examination of
ACA perfusion changes revealed that ACA perfusion
levels increased from 55.4 mL � $ 100 g�1 � min�1 (SE 14.3)
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Fig 2. Changes in individuals sub-
regions within the middle cerebral
artery (MCA) and posterior commu-
nicating artery (PCA) territories. As
shown, changes were most evident in
subregions 9 (p < 0.001), 5 (p ¼
0.007), 6 (p ¼ 0.011), and 4 (p ¼
0.090). (ASL ¼ arterial spin
labeling.)
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to 57.5 mL � $ 100 g�1 �min�1 (SE 12.4) after operation and
then tended to drop at the follow-up assessment (51.2 �
10.1 mL � $ 100 g�1 � min�1), without significant differ-
ences between the surgical and control groups (p ¼ 0.457).

Perfusion and Cognition
In exploratory analyses of changes in perfusion and
changes in cognitive performance, we examined changes
in total MCA and PCA perfusion as predictors of cogni-
tive change. Results revealed that increased MCA
perfusion was associated with improved psychomotor
speed (b ¼ 0.35, p ¼ 0.016) (Fig 3) but was not associated
with verbal memory (b ¼ 0.10, p ¼ 0.514), visual memory
(b ¼ 0.16, p ¼ 0.281), or executive function (b ¼ 0.00,
p ¼ 0.968). Similarly, increased PCA perfusion trended
with improved psychomotor speed (b ¼ 0.27, p ¼ 0.076)
but was not associated with verbal memory (b ¼ 0.13,
p ¼ 0.402), visual memory (b ¼ 0.07, p ¼ 0.658), or exec-
utive function (b ¼ �0.06, p ¼ 0.686). Finally, increases in
ACA perfusion trended to be associated with verbal
memory improvements (b ¼ 0.26, p ¼ 0.085) but were
FLA 5.5.0 DTD � ATS31903_proof �
not associated with visual memory (b ¼ 0.12, p ¼ 0.444),
executive function (b ¼ 0.00, p ¼ 0.967), or psychomotor
speed (b ¼ 0.06, p ¼ 0.693).
Comment

Results from the present study suggest that cardiac
operation is associated with improved perfusion across
several brain regions postoperatively at 6 weeks, with
associated improvements in tests of psychomotor speed.
These results extend previous studies by demonstrating
changes in cerebral perfusion in cardiac surgical patients
compared with a CAD-matched control group [12, 19, 20],
suggesting that the observed associations were not
entirely due to underlying cardiovascular disease. In
addition, the present study uses longitudinal neuro-
imaging up to 1 year after the operation, suggesting that
the observed pattern of findings were not transient.
Reduced cerebral perfusion has been associated with a

greater risk of cognitive impairment and dementia. In a
sample from the Rotterdam Study of 4,759 individuals
16 October 2018 � 1:08 pm � ce
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Fig 3. Changes in middle cerebral artery (MCA) perfusion and
psychomotor speed.
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without dementia at baseline, Wolters and colleagues [21]
found that lower cerebral perfusion was associated
with greater risk of dementia, independent of stroke. In
addition, results were similar when analyses were limited
to individuals who had dementia because of Alzheimer’s
disease specifically, suggesting that the observed associ-
ation was not due to vascular dementia only, although
the association between hypoperfusion and dementia
was greater among individuals with more severe white
matter hyperintensities. Finally, lower baseline perfusion
was associated with accelerated cognitive decline, and
this association remained robust after eliminating
individuals with incident dementia, suggesting that lower
perfusion was predictive of insidious declines among
preclinical patients.

Several previous studies have examined changes in
cerebral perfusion after cardiac operation, although most
have focused on CABG [12, 19]. Individuals undergoing
CABG have been shown to have lower perfusion
compared with age-matched control participants when
assessed preoperatively [20]. In a sample of 82 consecu-
tively enrolled CABG patients, Moraca and colleagues
[20] found that 75% of patients undergoing CABG
exhibited impairments in perfusion compared with pub-
lished age-matched control participants and that greater
age additionally predicted greater perfusion abnormal-
ities. Efimova and colleagues [12] examined changes in
perfusion and cognition in 22 CABG patients evaluated
10 to 14 days after operation and again after 6 months,
finding that early reductions in perfusion were associated
with altered psychomotor speed. In addition, in an
examination of 813 patients undergoing off-pump CABG,
Xu and colleagues [13] found that poorer perfusion was
independently predictive of neurologic complications,
including cerebral infarction, encephalopathy, delirium,
and postoperative cognitive dysfunction. Although rela-
tively fewer studies have examined regional changes in
perfusion and alterations in cognitive function, Hshieh
and colleagues [22] examined this association in 146 older
FLA 5.5.0 DTD � ATS31903_proof �
adults undergoing elective operation, demonstrating as-
sociations between perfusion in the posterior cingulate
and precuneus with performance on tests of memory,
visual attention, and general cognition. Of note, although
our small sample size precludes formal analyses of
CABG versus valve operation, our findings are particu-
larly important in that they demonstrate improved
perfusion and neurocognition in a sample with numerous
individuals undergoing valve replacement or repair, who
are at greater risk of adverse cerebral events because of
cardioembolic or air entry into the cerebral circulation
[23, 24].
Although numerous studies have demonstrated an

association between lower levels of resting perfusion and
poorer cognition, particularly on speed-dependent
indices [25], few have examined changes in regional
perfusion and cognitive change. Our finding that
improved MCA perfusion was associated with increased
processing speed is consistent with prior studies
demonstrating that exercise-induced MCA perfusion is
associated with improved processing speed [26, 27]. In
addition, poorer perfusion in brain regions supported by
MCA subsidiary vasculature has been associated with
lower processing speed among individuals with mild
Alzheimer’s disease [28] and carotid disease [29], sug-
gesting that MCA-perfused structures (eg, posterior
cingulate) may be particularly important for information
processing efficiency.
Lower cerebral perfusion may affect brain outcomes

through several mechanistic pathways. Numerous
studies have suggested that hypoxia induces transcrip-
tion factors that lead to increased expression of proin-
flammatory cytokines [30, 31] and subsequent microglial
activation [32]. Lower perfusion has also been associated
with reduced b-amyloid clearance in animal models, as
well as correlated with amyloid burden in human sam-
ples [33]. Hypoperfusion has also been implicated in the
pathogenesis of small-vessel, microvascular disease [34]
as well as endothelial dysfunction [35] and increased
blood-brain barrier permeability [36–38]. Although few
studies have examined the impact of cardiothoracic
intervention on cerebral perfusion, existing studies
suggest that improvements to cardiac output may result
in distal improvements in cerebral perfusion [39]. It is
also possible that increased levels of circulating cate-
cholamines could cause hyperdynamic circulatory
changes [40].
The present study must be viewed with several limi-

tations in mind. First, although this is the largest sample,
to our knowledge, to have examined changes in regional
perfusion after CABG versus matched control partici-
pants, our sample size was nevertheless small. Second,
our follow-up was limited to 1 year, and we are therefore
unable to provide any additional inference to the impact
of perfusion changes on long-term cognitive outcomes.
However, we also note that few other studies have used
longitudinal follow-up and none, to our knowledge,
beyond 6 months [12]. Third, we were unable to fully
account for potential differences in medication burden or
duration for cardiovascular disease or alterations in
16 October 2018 � 1:08 pm � ce
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left ventricular ejection fraction, because these data were
not systematically collected for all participants. In addi-
tion, we found no association between baseline left ven-
tricular ejection fraction and either MCA (p ¼ 0.220) or
PCA (p ¼ 0.469) perfusion levels, and perfusion changes
within the surgical group in these brain regions were not
associated with left ventricular ejection fraction levels
at baseline (p ¼ 0.595). Fourth, although we obtained
cognitive performance data across multiple domains, we
were limited in that we only assessed selected cognitive
domains. Future studies may benefit from a more exten-
sive cognitive test battery to further elucidate potential
associations between changes in perfusion and cognitive
performance. Finally, it should be noted that the present
analyses relied heavily on comparisons of individuals
undergoing valve replacement with CAD patients.

In conclusion, our data suggest that cardiac operation
may improve cerebral perfusion within several brain
regions and that improved perfusion is associated with
modest benefits in cognitive performance. Our data
extend previous findings demonstrating that coronary
intervention may help improve cerebral perfusion out-
comes, which has been associated with better cognitive
outcomes [21, 36]. Future studies should attempt to
examine individual differences in perfusion response
after cardiac operation, as well as intraoperative charac-
teristics predictive of perfusion change.
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