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STROKE IS A DEVASTATING COM-
plication after coronary artery
bypass graft (CABG) surgery,
occurring in 1.3% of US Medi-

care beneficiaries each year.1 Because
CABG increasingly is being reserved for
elderly patients with extensive coro-
nary disease and comorbid condi-
tions, prevalence of stroke after CABG
is likely to remain substantial. Many
studies have identified patient factors
associated with post-CABG stroke2-5;
however, information about timing of
perioperative stroke and influence of
different surgical techniques remains
limited.4,6 Some patients develop stroke
intraoperatively, with neurologic defi-
cit apparent immediately after awak-
ening from anesthesia; others develop
it postoperatively, after initially awak-
ening without neurologic deficit. Some
recent studies have observed de-
creased occurrence of stroke when
CABG is performed without cardiopul-
monary bypass.7,8

The purposes of this study were to
examine prevalence and timing of peri-
operative stroke, identify patient and
surgical factors associated with stroke
and its timing, and assess association
of stroke with hospital mortality and
morbidity and long-term survival.
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Context Stroke is a devastating and potentially preventable complication of coro-
nary artery bypass graft (CABG) surgery. Better understanding of the timing and risk
factors for stroke associated with CABG are needed.

Objectives To investigate temporal trends in stroke after CABG and to identify stroke
risk factors and association with longitudinal outcomes.

Design, Setting, and Patients Prospective study conducted from 1982 through
2009 at a single US academic medical center among 45 432 consecutive patients (mean
age, 63 [SD, 10] years) undergoing isolated primary or reoperative CABG surgery. Strokes
occurring following CABG were recorded prospectively and classified as having oc-
curred intraoperatively or postoperatively. Complications and survival after stroke were
assessed in propensity-matched groups.

Intervention CABG performed using 4 different operative strategies (off-pump, on-
pump with beating heart, on-pump with arrested heart, on-pump with hypothermic
circulatory arrest).

Main Outcome Measures Hospital complications; late survival.

Results Among 45 432 patients undergoing CABG surgery, 705 (1.6% [95% con-
fidence interval {CI}, 1.4%-1.7%]) experienced a stroke. The prevalence of stroke peaked
in 1988 at 2.6% (95% CI, 1.9%-3.4%), then declined at 4.69% (95% CI, 4.68%-
4.70%) per year (P=.04), despite increasing patient comorbidity. Overall, 279 strokes
(40%) occurred intraoperatively and 409 (58%) occurred postoperatively (timing in-
determinate in 17 patients). Postoperative stroke peaked at 40 hours, decreasing to
0.055%/d (95% CI, 0.047%-0.065%) by day 6. Risk factors for both intraoperative
and postoperative stroke included older age (odds ratio, 8.5 [95% CI, 3.2-22]) and
variables representing arteriosclerotic burden. Intraoperative stroke rates were lowest
in off-pump CABG (0.14% [95% CI, 0.029%-0.40%]) and on-pump beating-heart
CABG (0% [95% CI, 0%-1.6%]), intermediate with on-pump arrested-heart CABG
(0.50% [95% CI, 0.41%-0.61%]), and highest with on-pump CABG with hypother-
mic circulatory arrest (5.3% [95% CI, 2.0%-11%]). Patients with stroke had worse
adjusted hospital outcomes, longer intensive care and postoperative stays, and worse
downstream survival (mean, 11 [SD, 8.6] years).

Conclusion Among patients undergoing CABG surgery at a single center over the past
30 years, the occurrence of stroke declined despite an increasing patient risk profile, and
more than half of strokes occurred postoperatively rather than intraoperatively.
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METHODS
Study Population and Design
From 1982 to 2010, 45 432 consecu-
tive patients underwent isolated pri-
mary or reoperative CABG surgery at
Cleveland Clinic (TABLE 1 and eFig-
ure 1, available at http://www.jama
.com). Patients who underwent con-
comitant cardiovascular procedures
(valve replacement, repair, aneurys-
mectomy, carotid endarterectomy) were
excluded. Preoperative, operative, and
postoperative variables were retrieved
from the Cardiovascular Information
Registry, a database populated concur-

rently with patient care. It has been ap-
proved for use in research by the Cleve-
land Clinic institutional review board,
with patient consent waived. During the
study time frame, details of in-
hospital postoperative neurologic
events were recorded in standardized
fashion. Medical records and data were
reviewed by one author (K.G.T.) for all
patients recorded as having experi-
enced an adverse neurologic event.

Perioperative Stroke Diagnosis

Perioperative strokes were diagnosed by
physicians involved in the daily care of

patients and confirmed by staff neu-
rologists and imaging (computed to-
mography or magnetic resonance
imaging). Perioperative stroke was de-
fined as any new focal or global neu-
rologic deficit lasting more than 24
hours that could not be explained by
another medical process. This in-
cluded persistent neurologic deficit for
more than 72 hours and reversible is-
chemic neurologic deficit with recov-
ery within 72 hours; it excluded tran-
sient ischemic attack with recovery
within 24 hours. Temporal onset of
stroke was classified as intraoperative

Table 1. Perioperative Stroke and Its Classification According to Characteristics of Patients and Their Operation

Characteristic No.a

All Stroke Intraoperative Strokeb Postoperative Strokeb

Measure
P

Value Measure
P

Value Measure
P

Value

Age, mean (SD), y
With stroke 705 67 (8.7)

�.001c 67 (8.6)
�.001

67 (8.8)
�.001

Without stroke 44 727 63 (10) 63 (10) 63 (10)

Sex, No. (%) [95% CI]
Men 35 724 488 (1.4) [1.2-1.5]

�.001
196 (0.55) [0.47-0.63]

�.001
279 (0.78) [0.69-0.88]

�.001
Women 9708 217 (2.2) [2.0-2.5] 83 (0.86) [0.68-1.06] 130 (1.3) [1.1-1.6]

Clinical and Laboratory Values, Mean (SD)
Body surface area, m2

With stroke 589 1.9 (0.22)
�.001

1.9 (0.23)
�.001

1.9 (0.21)
�.001

Without stroke 38 017 2.0 (0.23) 2.0 (0.23) 2.0 (0.23)

Lipids, mg/dL
Total cholesterol

With stroke 425 220 (57)
.02

222 (58)
.06

219 (57)
.19

Without stroke 30 222 214 (55) 214 (55) 214 (55)

HDL-C
With stroke 305 39 (15)

.08
36 (10)

.003
40 (17)

.80
Without stroke 22 459 39 (12) 39 (12) 39 (12)

LDL-C
With stroke 210 129 (45)

.05
130 (50)

.19
129 (43)

.14
Without stroke 17 307 124 (46) 124 (46) 124 (46)

BUN, mg/dL
With stroke 374 22 (13)

�.001
23 (13)

�.001
22 (13)

�.001
Without stroke 25 906 19 (10) 19 (10) 19 (10)

Creatinine, mg/dL
With stroke 374 1.4 (1.2)

�.001
1.4 (0.98)

�.001
1.4 (1.3)

.004
Without stroke 25 902 1.2 (0.92) 1.2 (0.92) 1.2 (0.92)

Hematocrit, %
With stroke 337 39 (5.4)

�.001
38 (5.5)

.002
39 (5.3)

.007
Without stroke 23 892 40 (5.3) 40 (5.3) 40 (5.3)

Acuteness, No. (%) [95% CI]
NYHA functional class

I 6198 82 (1.3) [1.1-1.6]

�.001d

31 (0.50) [0.34-0.71]

�.001d

50 (0.81) [0.60-1.1]

.01d
II 13 734 164 (1.2) [1.0-1.4] 58 (0.42) [0.32-0.55] 102 (0.74) [0.61-0.90]

III 4616 84 (1.8) [1.5-2.3] 30 (0.65) [0.44-0.93] 50 (1.1) [0.81-1.4]

IV 11 429 226 (2.0) [1.7-2.3] 104 (0.91) [0.74-1.1] 120 (1.1) [0.87-1.3]

Emergency operation
Yes 1328 51 (3.8) [2.9-5.0]

�.001
29 (2.2) [1.5-3.1]

�.001
20 (1.5) [0.92-2.3]

.02
No 44 060 648 (1.5) [1.4-1.6] 247 (0.56) [0.49-0.64] 386 (0.88) [0.79-0.97]
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Table 1. Perioperative Stroke and Its Classification According to Characteristics of Patients and Their Operation (continued)

Characteristic No.a

All Stroke Intraoperative Strokeb Postoperative Strokeb

Measure
P

Value Measure
P

Value Measure
P

Value

Cardiac Comorbidity, No. (%) [95% CI]
Coronary artery diseasee

LMT
Yes 9297 187 (2.0) [1.7-2.3]

�.001
66 (0.71) [0.55-0.90]

.18
116 (1.2) [1.0-1.5]

�.001
No 35 673 511 (1.4) [1.3-1.6] 210 (0.59) [0.51-0.67] 289 (0.81) [0.72-0.91]

LAD
Yes 41 798 639 (1.5) [1.4-1.7]

.30
254 (0.61) [0.54-0.69]

.60
369 (0.88) [0.80-0.98]

.30
No 3254 57 (1.8) [1.3-2.3] 22 (0.68) [0.42-1.02] 34 (1.0) [0.72-1.46]

Left circumflex
Yes 34 122 576 (1.7) [1.6-1.8]

�.001
231 (0.68) [0.59-0.77]

.002
336 (0.98) [0.88-1.1]

�.001
No 10 898 120 (1.1) [0.91-1.3] 45 (0.41) [0.30-0.55] 67 (0.62) [0.48-0.78]

RCA
Yes 37 962 614 (1.6) [1.5-1.7]

.003
243 (0.64) [0.56-0.73]

.05
355 (0.94) [0.84-1.04]

.04
No 7040 80 (1.1) [0.90-1.4] 31 (0.44) [0.30-0.62] 48 (0.68) [0.50-0.90]

LV dysfunction
None 18 711 245 (1.3) [1.2-1.5]

�.001d

91 (0.49) [0.39-0.60]

�.001d

148 (0.79) [0.67-0.93]

.02d
Mild 11 452 155 (1.4) [1.2-1.6] 55 (0.48) [0.36-0.62] 96 (0.84) [0.68-1.0]

Moderate 7055 137 (1.9) [1.6-2.3] 61 (0.87) [0.66-1.1] 71 (1.0) [0.79-1.3]

Severe 4251 86 (2.0) [1.6-2.5] 37 (0.87) [0.61-1.2] 48 (1.1) [0.83-0.15]

Previous MI
Yes 25 647 407 (1.6) [1.4-1.7]

.50
163 (0.64) [0.54-0.74]

.50
234 (0.91) [0.80-1.04]

.80
No 19 785 298 (1.5) [1.3-1.7] 116 (0.59) [0.48-0.70] 175 (0.88) [0.76-1.03]

Preoperative AF
Yes 723 35 (4.8) [3.4-6.7]

�.001
14 (1.9) [1.1-3.2]

�.001
20 (2.8) [1.7-4.2]

�.001
No 39 352 583 (1.5) [1.4-1.6] 235 (0.60) [0.52-0.68] 337 (0.86) [0.77-0.95]

Preoperative ventricular
arrhythmia

Yes 1602 23 (1.4) [0.91-2.2]
�.99

10 (0.62) [0.30-1.1]
.70

12 (0.75) [0.39-1.3]
.60

No 22 407 322 (1.4) [1.3-1.6] 125 (0.56) [0.46-0.66] 193 (0.86) [0.74-0.99]

History of hypertension
Yes 19 348 311 (1.6) [1.4-1.8]

�.001
124 (0.64) [0.53-0.76]

.002
182 (0.94) [0.81-1.1]

.006
No 7795 77 (0.99) [0.78-1.2] 26 (0.33) [0.22-0.49] 47 (0.60) [0.44-0.80]

History of peripheral
and carotid arterial disease

Yes 6656 176 (2.6) [2.3-3.1]
�.001

89 (1.3) [1.1-1.6]
�.001

82 (1.2) [0.98-1.53]
.002

No 38 776 529 (1.4) [1.3-1.5] 190 (0.49) [0.42-0.56] 327 (0.84) [0.75-0.94]

Previous cardiac operation
Yes 8622 167 (1.9) [1.7-2.3]

.001
82 (0.95) [0.76-1.18]

�.001
79 (0.92) [0.73-1.1]

.90
No 36 809 538 (1.5) [1.3-1.6] 197 (0.54) [0.46-0.62] 330 (0.90) [0.80-1.0]

Noncardiac Comorbidity, No. (%) [95% CI]
Previous stroke

Yes 2792 90 (3.2) [2.6-3.9]
�.001

42 (1.5) [1.1-2.0]
�.001

47 (1.7) [1.2-2.2]
�.001

No 42 640 615 (1.4) [1.3-1.6] 237 (0.56) [0.49-0.63] 362 (0.85) [0.76-0.94]

History of smoking
Yes 25 642 394 (1.5) [1.4-1.7]

.80
172 (0.67) [0.57-0.78]

.07
213 (0.83) [0.72-0.95]

.07
No 19 161 301 (1.6) [1.4-1.8] 103 (0.54) [0.44-0.65] 190 (0.99) [0.86-1.1]

History of treated diabetes
Yes 10 599 222 (2.1) [1.8-2.4]

�.001
83 (0.78) [0.62-0.97]

.008
135 (1.3) [1.1-1.5]

�.001
No 32 654 450 (1.4) [1.3-1.5] 180 (0.55) [0.47-0.64] 261 (0.80) [0.71-0.90]

History of IDDM
Yes 3338 70 (2.1) [1.6-2.6]

.002
23 (0.69) [0.44-1.0]

.40
47 (1.4) [1.0-1.9]

�.001
No 36 930 523 (1.4) [1.3-1.5] 210 (0.57) [0.49-0.65] 303 (0.82) [0.73-0.92]

History of renal disease
Yes 1408 45 (3.2) [2.3-4.3]

�.001
18 (1.3) [0.76-2.01]

�.001
27 (1.9) [1.3-2.8]

�.001
No 25 735 343 (1.3) [1.2-1.5] 132 (0.51) [0.43-0.61] 202 (0.79) [0.68-0.90]
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if the neurologic deficit was present
when the patient awoke from anesthe-
sia and as postoperative if the deficit de-
veloped after the patient emerged from
anesthesia. Some patients underwent 2
operations on the same day; in that case,
timing of stroke was determined with
respect to the second operation unless
a stroke was already manifest after the
first.

CABG and Support Techniques

Four different operative strategies were
used to perform CABG: cardiopulmo-
nary bypass (on-pump) with arrested
heart; on-pump with beating heart; on-
pump with hypothermic circulatory ar-
rest; and off-pump (eFigure 2). For
most of this series, on-pump arrested-
heart surgery was the standard strat-
egy. From 1999 to 2004, off-pump
CABG was performed routinely by
some surgeons. However, throughout

the series a surgical revascularization
strategy was used to lower risk of ath-
eroembolism in patients with ascend-
ing aortic arteriosclerosis; this in-
cluded on-pump beating-heart CABG,
on-pump CABG with hypothermic cir-
culatory arrest, and off-pump CABG.
Additional details about these tech-
niques are included in eAppendix 1.

End Points

End points included hospital mortal-
ity and morbidity, resource utilization
reflected in intensive care unit and post-
operative length of stay after revascu-
larization, and long-term mortality.

Hospital morbidities (perioperative
myocardial infarction, respiratory fail-
ure, sepsis, and renal failure) were re-
corded prospectively, according to defi-
nitions of the Society of Thoracic
Surgeons National Adult Cardiac Da-
tabase.9 It was often not possible to dif-

ferentiate complications as definitely
preceding the perioperative stroke or
following it; therefore, these postop-
erative morbidities were considered ir-
respective of their timing.

In addition, new-onset postoperative
atrial fibrillation was considered a time-
varying covariable for postoperative
stroke. Among patients experiencing a
postoperative stroke, documentation of
its timing (which was prospectively re-
corded from continuous postoperative
rhythm monitoring throughout the
postoperative hospital course) was re-
viewed by one author (K.G.T.) to iden-
tify its occurrence prior to postopera-
tive stroke.

For long-term mortality, vital sta-
tus was obtained by query of the So-
cial Security Death Master File.10,11

Common closing date for survival
analysis was February 26, 2010 (6
months prior to its query to account for

Table 1. Perioperative Stroke and Its Classification According to Characteristics of Patients and Their Operation (continued)

Characteristic No.a

All Stroke Intraoperative Strokeb Postoperative Strokeb

Measure
P

Value Measure
P

Value Measure
P

Value

Operative Factors, No. (%) [95% CI]
ITA grafts

0 8827 230 (2.6) [2.3-3.0] 106 (1.2) [0.98-1.5] 118 (1.3) [1.1-1.6]

1 30 065 425 (1.4) [1.3-1.6] �.001d 157 (0.52) [0.44-0.61] �.001d 259 (0.86) [0.76-0.97] �.001d

2 6540 50 (0.76) [0.57-1.0] 16 (0.24) [0.14-0.40] 32 (0.49) [0.34-0.69]

Operative strategyf

Off-pump
Yes 2163 17 (0.79) [0.5-1.3]

.02
3 (0.14) [0.029-0.41]

.02
13 (0.60) [0.32-1.0]

.30
No 19 318 266 (1.4) [1.2-1.6] 101 (0.52) [0.43-0.63] 158 (0.82) [0.70-0.96]

On-pump with arrested heart
Yes 18 970 253 (1.3) [1.2-1.5]

.60
95 (0.50) [0.41-0.61]

.33
152 (0.80) [0.68-0.94]

.80
No 2511 30 (1.2) [0.80-1.7] 9 (0.36) [0.16-0.68] 19 (0.76) [0.46-1.2]

On-pump with beating heart
Yes 234 4 (1.7) [0.50-4.3]

.60
0 (0) [0-0.16]

.28
3 (1.3) [0.27-3.7]

.40
No 21 247 279 (1.3) [1.2-1.5] 98 (0.46) [0.37-0.56] 168 (0.79) [0.68-0.92]

On-pump with HCA
Yes 114 9 (7.9) [3.7-14]

�.001
6 (5.3) [2.0-11]

�.001
3 (2.6) [0.55-7.5] .03

No 21 367 247 (1.3) [1.1-1.4] 98 (0.46) [0.37-0.56] 168 (0.79) [0.67-0.91]

Postoperative atrial fibrillation
Yes NA NA NA NA NA 81 (0.92) [0.73-1.2]

.70
No NA NA NA NA NA 322 (0.89) [0.79-0.98]

Abbreviations: AF, atrial fibrillation; BUN, blood urea nitrogen; HCA, hypothermic circulatory arrest; HDL-C, high-density lipoprotein cholesterol; IDDM, insulin-dependent diabetes melli-
tus; ITA, internal thoracic artery; LAD, left anterior descending; LDL-C, low-density lipoprotein cholesterol; LMT, left main trunk; LV, left ventricular; MI, myocardial infarction; NA, not
applicable; NYHA, New York Heart Association; PAD, peripheral arterial disease; RCA, right coronary artery.

SI conversion factors: To convert total cholesterol, HDL-C, and LDL-C values to mmol/L, multiply by 0.0259; BUN values to mmol/L, multiply by 0.357; and creatinine values to µmol/L,
multiply by 88.4.

aPatients with data available. This reflects temporal changes in the database, particularly those reflecting national reporting requirements.
b In 17 patients, timing was indeterminate.
cP value refers to differences in occurrence of stroke for categorical variables and to differences in mean values for continuous variables.
dCochran-Mantel-Haenszel statistic for trend.
eStenosis �50%.
fOff-pump and on-pump indicate without and with no cardiopulmonary bypass, respectively.
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delays in posting). The interval from
stroke—or date of operation in pa-
tients without a stroke—to death or
follow-up was calculated for each
patient. Nonparametric survival esti-
mates were obtained by the Kaplan-
Meier method and hazard functions
(instantaneous risk of death) from mul-
tiphase parametric modeling.12 Briefly,
the latter method was devised to ac-
count for nonproportional hazards of-
ten present after an intervention. It con-
sists of additive hazard phases, each
with a highly flexible shaping func-
tion characteristic of early peaking, con-
stant, and late-peaking hazard phases,
as characterizes human populations.
Each data-driven phase is modulated by
risk factors. Because of the method’s
mathematical properties (orthogonal-
ity), the same set of risk factors can be
considered simultaneously in each haz-
ard phase. Shaping parameters for each
of these phases are provided in eAp-
pendix 2. (For additional details, see
h t t p : / / m y . c l e v e l a n d c l i n i c . o r g
/professionals/software/hazard/default
.aspx.)

Data Analysis

Analysis of perioperative stroke was
performed separately for intraopera-
tive and postoperative stroke. In theory,
the multiphase temporal decomposi-
tion model used for postoperative stroke
could have been used to assess all
strokes simultaneously. However, in-
traoperative stroke represents interval-
censored data occurring at an un-
known time between anesthesia
induction and awakening. Because
awakening time was not reliably re-
corded, separate analyses were per-
formed for intraoperative stroke (non–
time-related logistic regression analysis)
and postoperative stroke (time-
related multiphase parametric model-
ing). This separate-analyses strategy is
a type of time-segmented analysis.13

All analyses were performed using
SAS version 9.1 (SAS Inc, Cary, North
Carolina). P� .05 (2-sided) is used
throughout as indicating statistical sig-
nificance (with at least 50% reliability
by bagging in multivariable analyses).

Risk Factors for Intraoperative
Stroke. Multivariable logistic regres-
sion was used to identify factors (eAp-
pendix 3) associated with intraopera-
tive stroke. Bagging was used for
variable selection.14 Briefly, for this
machine-learning technique, 250 data
sets of size 45 432 were formed by ran-
dom sampling of the original data set
with replacement (bootstrap samples);
on average, about two-thirds of pa-
tients are present in each sample, and
the remaining are duplicates. Auto-
mated forward stepwise regression with
backward elimination was performed
for each bootstrap data set, with an
entry criterion of P� .15 (2-sided) and
retention criterion of P� .05. These
results were stored. Frequency of oc-
currence of variables across all models
constituted the aggregation step. In ad-
dition, some variables were clustered
(such as linearizing transformation of
scale of continuous variables formu-
lated in preparatory data analysis) and
counted as a single concept. Variables
or clusters of variables that entered
more than 50% of the 250 models (me-
dian rule) were chosen for the final
model.

Targeted interaction analyses, includ-
ing age and type of surgical support
technique, were performed to identify
possible modulation of main effects as-
sociated with intraoperative stroke.

Some data were not routinely
assessed, recorded, or abstracted for
blocks of years. Thus, we analyzed the
data initially in blocks of years. Missing-
value indicator variables were then cre-
ated to manage these variables as inter-
action terms in the final comprehensive
analyses. Otherwise, missing values
were so sparse that simple-means impu-
tation was used.

Risk Factors for Postoperative
Stroke. Patients experiencing an intra-
operative stroke were excluded from
this analysis. For the remaining pa-
tients, the interval from end of sur-
gery to documented occurrence of post-
operative stroke was calculated from
medical record review. If a patient did
not experience a postoperative stroke,
this interval was censored at time of

hospital discharge or hospital death.
Nonparametric estimates of freedom
from postoperative stroke were ob-
tained by the Kaplan-Meier method and
instantaneous risk by multiphase para-
metric hazard modeling.12 This method
yielded information about the time-
varying instantaneous risk of stroke;
identified 2 phases of postoperative
stroke risk, an early peaking phase and
a constant-hazard phase; and permit-
ted identification of different risk fac-
tors for these 2 phases (so-called non-
proportional hazards). Bagging (as
described earlier) was used to identify
factors (eAppendix 3) associated with
postoperative stroke simultaneously for
each hazard phase.

Both hospital death and hospital dis-
charge are competing risks for post-
operative stroke. Among the 45 136
patients who did not have an intraop-
erative stroke, 713 died in hospital
without a stroke (1.6%); 285 deaths
(40%) occurred within 5 days, the point
at which 95% of postoperative strokes
had occurred. Although large in num-
ber, we considered this to be a suffi-
ciently small proportion of the total
sample to ignore.

Propensity Matching. To assess as-
sociation of stroke with hospital out-
comes and time-related survival, pro-
pensity matching was used to assemble
groups of patients having similar char-
acteristics with and without periopera-
tive stroke. Initially, a parsimonious
model was developed using multivari-
able logistic regression and bagging, as
previously described (eAppendix 3).
Then, clinically relevant variables not
found to be significantly associated with
perioperative stroke were added to the
parsimonious model to form a variable-
rich propensity model (54 variables,
C=0.73) (eAppendix 3). Using this
semisaturated model, a propensity score
(probability of stroke) was calculated
for each patient. Greedy matching was
used to identify patients from the no-
stroke group to form a 1:4 propensity-
matched control group, well matched
according to standardized differences
(eFigure 3).15 All patients with stroke
were matched. The matched pairs
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spanned the spectrum of CABG (eFig-
ure 4).

Hospital outcomes were compared
using the �2 test for categorical vari-
ables, Cochran-Mantel-Haenszel test for
trend for ordinal variables, and Wil-
coxon rank-sum test for length-of-
stay (skewed) variables. Comparisons
were between all patients experienc-
ing and not experiencing a periopera-
tive stroke (unadjusted comparison)
and between propensity-matched pa-
tients experiencing and not experienc-
ing stroke (adjusted comparison). Un-

adjusted and propensity-matched
survival was similarly compared using
the log-rank test.

Presentation. Continuous variables
are summarized by mean (SD) and cat-
egorical variables by frequency, per-
centage, and, for outcomes, 95% asym-
metric binomial confidence intervals
(CIs). For consistency, CIs used
throughout are 95%, equivalent to ±2
SEs. All P values are 2-sided.

RESULTS
Prevalence and Timing

Among 45 432 patients, 705 (1.6%
[95% CI, 1.4%-1.7%]) experienced a
stroke. Occurrence of stroke peaked in
1988 at 2.6% (95% CI, 1.9%-3.4%),
then slowly declined at 4.69% (95% CI,
4.68%-4.70%) per year (P = .04)
(FIGURE 1), despite increasing patient
risk profile, such as higher prevalence
of preoperative stroke (eFigure 5), hy-
pertension, and diabetes (eFigure 6), as
reflected in Society of Thoracic Sur-
geons risk scores ranging from 1.4 in
2000 to 1.8 in 2008. Of patients expe-
riencing stroke, intraoperative stroke
occurred in 279 (40%) and postopera-
tive stroke in 409 (58%); timing was in-
determinate in 17 (2.4%).

Instantaneous risk of postoperative
stroke peaked 40 hours after surgery,
and by day 6 it had decreased to a con-
stant hazard of 0.055%/d (95% CI,
0.047%–0.065%) (FIGURE 2). The

hazard function comprised 2 phases:
an early peaking hazard phase and a
constant-hazard phase.

Risk Factors

Risk factors common to both intra-
operative and postoperative stroke
were older age, smaller body surface
area, previous stroke, preoperative
atrial fibrillation, and on-pump
CABG with hypothermic circulatory
arrest (TABLE 2 and TABLE 3, eTable
1). Overall risk of intraoperative stroke
was 0.35% (95% CI, 0.27%-0.44% [59/
16 852]) for patients younger than 60
years, 0.70% (95% CI, 0.59%-0.84%
[121/17 167]) for those between 60 and
70 years, and 0.87% (95% CI, 0.71%-
1.1% [99/11 396]) for those 70 years
and older (FIGURE 3). Overall risk of
postoperative stroke was 0.49% (95%
CI, 0.39%-0.61% [83/16 793]) for those
younger than 60 years, 0.93% (95% CI,
0.79%-1.1% [158/17 046]) for those be-
tween 60 and 70 years, and 1.5% (95%
CI, 1.3%-1.7% [168/11 297]) for those
70 years and older (eFigure 7). As num-
ber of arteriosclerotic comorbid con-
ditions increased, stroke risk in-
creased (eFigure 8).

Intraoperative Stroke. Specific
additional risk factors for intraopera-
tive stroke were peripheral and
carotid arterial disease, previous car-
diac operation, worse preoperative
clinical condition, left ventricular
dysfunction, circumflex stenosis
greater than 70%, and on-pump
arrested-heart CABG (as well as
on-pump CABG with hypothermic
circulatory arrest [Table 2, eTable 1]).
Different surgical techniques were as-
sociated with different risks of intra-
operative stroke. Unadjusted rates of
stroke were highest among patients who
had on-pump CABG with hypother-
mic circulatory arrest (5.3% [95% CI,
2.0%-11%]) and lowest among those
who had off-pump CABG (0.14% [95%
CI, 0.029%-0.40%]) and on-pump beat-
ing-heart CABG (0% [95% CI, 0%-
1.6%]). Risk of intraoperative stroke
was intermediate for those undergo-
ing on-pump arrested-heart CABG
(0.50% [95% CI, 0.41%-0.61%]).

Figure 1. Prevalence of Perioperative Stroke
After Coronary Artery Bypass Graft Surgery
by Year of Operation, 1982-2009
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Data markers indicate yearly frequency; error bars, 95%
confidence intervals (CIs). Stroke occurred in 125 of
7616 patients (1.6% [95% CI, 1.4%-2.0%]) from
1982 to1985, 192 of 10 673 (1.8% [95% CI, 1.6%-
2.1%]) from 1985 to 1990, 156 of 9277 (1.7% [95%
CI, 1.4%-2.0%]) from 1990 to 1995, 131 of 8792
(1.5% [95% CI, 1.3%-1.8%]) from 1995 to 2000,
70 of 5679 (1.2% [95% CI, 1.0%-1.6%]) from 2000
to 2005, and 31 of 3395 (0.91% [95% CI, 0.62%-
1.3%]) from 2005 to 2010.

Figure 2. Risk of Postoperative Stroke (n=409 Patients)
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Stroke occurred in 409 of 45 136 patients at risk (excluding 279 with intraoperative stroke and 17 with inde-
terminate stroke timing). A, Kaplan-Meier estimates of time-related stroke. Error bars indicate 95% confi-
dence intervals. B, Instantaneous risk of postoperative stroke. Components (phases) of risk of postoperative
stroke shown, comprising an early peaking phase ending at about day 6 and a constant underlying phase in-
dependent of time after operation. The overall hazard function is the sum of these 2 components; the tinted
area indicates the 95% confidence band of the overall hazard function.
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Although demographics of patients
differed among these surgical tech-
nique groups, particularly with respect
to older age in the groups undergoing
on-pump CABG with hypothermic cir-
culatory arrest and on-pump beating-
heart CABG (eTable 2), these differ-
ences in intraoperative stroke risk
according to surgical technique re-
mained statistically significant in mul-
tivariable analysis (Table 2, eTable 1).
In targeted analysis, intraoperative
stroke risk increased with advancing age
when either on-pump arrested-heart
CABG or on-pump CABG with hypo-
thermic circulatory arrest was used (on-
pump arrested-heart: 0.32%, 0.60%, and
0.58% for patients aged �60, 60-70, and
�70 years, respectively; on-pump with
circulatory arrest: 0%, 3.0%, and 8.2%
for patients aged �60, 60-70, and �70
years, respectively) but not when either
off-pump CABG or on-pump beating-
heart CABG was used (off-pump:
0.15%, 0.32%, and 0% for patients aged
�60, 60-70, and �70 years, respec-
tively; on-pump beating-heart: 0% at all
ages) (eTable 3, eTable 4, eFigure 9).

Postoperative Stroke. An addi-
tional factor specific to the early haz-
ard phase for postoperative stroke that
appeared to lower the risk of such
strokes was new-onset postoperative
atrial fibrillation. That is, occurrence of
new-onset postoperative atrial fibrilla-
tion was not associated with increased
risk of postoperative spoke. Addi-
tional risk factors specific to the
constant-hazard phase of postopera-
tive stroke included left main steno-
sis, treated diabetes, less use of inter-
nal thoracic artery grafts, and earlier
date of operation (Table 3, eTable 1).

Association With Outcomes

Patients who experienced a stroke had
substantially worse hospital out-
comes, even after propensity adjust-
ment for preoperative factors: 19% mor-
tality (95% CI, 16%-22% [136/705]) vs
3.7% (95% CI, 3.1%-4.5% [105/
2820]), P� .001; 44% prolonged ven-
tilation (95% CI, 32%-57% [31/70]) vs
15% (95% CI, 12%-20% [53/343]),
P� .001; and 13% renal failure (95% CI,

Table 2. Factors Associated With Intraoperative Stroke

Factora Estimate (SE)
P

Value

OR (95% CI)

Multivariable Univariable
Demographic

Age, olderb 2.13 (0.49) �.001 8.5 (3.2-22) 17.5 (7.6-40)
Body surface area, smallerc −2.05 (0.59) �.001 0.13 (0.040-0.41) 0.39 (0.013-0.11)

Acuteness
NYHA functional class, higherd 0.0080 (0.0030) .008 1.008 (1.002-1.014) 2.7 (1.96-3.8)
Emergency operation 1.14 (0.21) �.001 3.1 (2.1-4.8) 1.93 (1.26-2.9)

Cardiovascular morbidity
Previous stroke 0.73 (0.18) �.001 2.1 (1.48-3.0) 3.3 (1.91-5.6)
Peripheral and carotid arterial

disease
0.68 (0.13) �.001 2.0 (1.51-2.6) 1.80 (1.39-2.3)

History of hypertension 0.60 (0.22) .01 1.81 (1.17-2.8) 1.73 (1.29-2.3)
Circumflex disease �70% 0.39 (0.15) .01 1.47 (1.09-2.0) 1.44 (1.01-2.0)
Moderate or severe LV

dysfunction
0.40 (0.13) .003 1.49 (1.15-1.94) 2.8 (2.1-3.6)

Previous cardiac operation 0.30 (0.15) .04 1.35 (1.02-1.79) 1.24 (0.87-1.77)
Preoperative atrial fibrillation 0.88 (0.28) .002 2.4 (1.38-4.2) 1.79 (1.38-2.3)

Noncardiac morbidity
Smoking 0.44 (0.18) .02 1.55 (1.08-2.2) 3.9 (2.7-5.9)

Operative strategye

Off-pump (reference) NA NA NA NA
On-pump with beating heartf NA NA NA NA
On-pump with arrested heart 1.51 (0.59) .01 4.9 (1.43-14.4) 4.0 (1.3-13)g

On-pump with HCA 3.30 (0.73) �.001 27 (6.5-112) 44 (11-179)g

Intercept −16.13 (2.30) NA NA NA
Abbreviations: CI, confidence interval; CPB, cardiopulmonary bypass; HCA, hypothermic circulatory arrest; LV, left ven-

tricular; NA, not applicable; NYHA, New York Heart Association; OR, odds ratio.
aFor continuous variables, the modifier after the comma is the direction of increased risk (eg, the older the patient, the

higher the risk). For dichotomous variables, the name of the factor indicates the increment of risk above that for absence
of the factor.

bLn[age (years)], natural logarithmic transformation; increment relates to change by 1 transformed unit.
cLn[body surface area (m2)], natural logarithmic transformation; increment relates to change by 1 transformed unit.
dExp[NYHA functional class], exponential transformation; increment relates to change by 1 transformed unit.
eOff-pump and on-pump indicate without and with no cardiopulmonary bypass, respectively.
fNo events; cannot be evaluated.
gBivariable odds ratio.

Table 3. Factors Associated With Postoperative Stroke

Factora Estimate (SE)
P

Value

HR (95% CI)

Multivariable HR Univariable
Early peaking hazard phase

Age, olderb 0.72 (0.12) �.001 2.1 (1.62-2.6) 2 (1.66-2.3)
Body surface area, smallerc −2.11 (0.75) .005 0.12 (0.028-0.53) 0.047 (0.014-0.17)
Previous stroke 0.62 (0.24) .01 1.86 (1.16-3.0) 2.4 (1.54-3.9)
Preoperative AF 1.09 (0.30) �.001 3.0 (1.64-5.4) 4.0 (2.3-6.8)
On-pump CABG with HCA 1.6 (0.73) .03 4.7 (1.13-20) 4.4 (1.25-15)
New-onset postoperative AF −0.57 (0.27) .04 0.57 (0.33-0.97) 0.54 (0.28-1.04)
Intercept −6.8 (0.87) �.001 NA NA

Constant-hazard phase
Left main disease �70% stenosis 0.66 (0.23) .003 1.94 (1.25-3.0) 2.06 (1.38-3.1)
History of treated diabetes 0.77 (0.22) �.001 2.2 (1.35-3.5) 1.87 (1.27-2.7)
No. of ITA grafts −0.41 (0.18) .02 0.67 (0.47-0.95) 0.42 (0.26-0.67)
Date of stroke, per y, earlierd 0.52 (0.23) .03 1.68 (1.07-2.6) 2.1 (1.28-3.3)
Intercept −8.4 (0.52) �.001 NA NA

Abbreviations: AF, atrial fibrillation; CABG, coronary artery bypass grafting; CI, confidence interval; HCA, hypothermic cir-
culatory arrest; HR, hazard ratio; ITA, internal thoracic artery; NA, not applicable.

aFor continuous variables, the modifier after the comma is the direction of increased risk (eg, the older the patient, the
higher the risk). For dichotomous variables, the name of the factor indicates the increment of risk above that for absence
of the factor.

bExp[age (years)/50], exponential transformation; increment relates to change by 1 transformed unit.
cLn[body surface area (m2)], natural logarithmic transformation; increment relates to change by 1 transformed unit.
d [15÷interval from 1982 to date of operation], inverse transformation (which changes sign); increment relates to change

by 1 transformed unit.
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11%-16% [92/705]) vs 4.3% (95% CI,
3.6%-5.1% [122/2820]), P � .001
(eTable 5). They also experienced sub-
stantially longer intensive care unit (me-
dian, 120 vs 48 hours; P� .001) and
postoperative (median, 14 vs 7 days;
P� .001) lengths of stay (eTable 5).

Long-term survival was assessed
from 469 644 patient-years of follow-
up, with mean follow-up among sur-
vivors of 11 (SD, 8.6) years and 10%
of patients undergoing follow-up for
more than 24 years. Patients experi-
encing a perioperative stroke had an

unadjusted survival of 70% (95% CI,
69%-72%), 37% (95% CI, 35%-39%),
and 12% (95% CI, 11%-14%) at 1,
10, and 20 years, respectively, com-
pared with 95.3% (95% CI, 95.2%-
95.4%), 68% (95% CI, 67%-68%),
and 35% (95% CI, 34%-35%) among
those not experiencing a periopera-
t ive stroke (log-rank P � .001)
(FIGURE 4). Propensity-matched sur-
vival among patients not experienc-
ing a perioperative stroke was 91.9%
(95% CI, 91.4%-92.4%), 54% (95%
CI, 53%-55%), and 22% (95% CI,
21%-22%) at the same time intervals
(log-rank P� .001) (eFigure 10A). This
was mainly attributable to a higher,
more prolonged early risk of death to
about 3 months (eFigure 10B); pa-
tients with stroke surviving beyond this
point had a risk of death only some-
what higher than those without stroke
(hazard, 7.2%/y [95% CI, 6.6%-8.0%],
9.1%/y [95% CI, 8.5%-9.7%], and
12%/y [95% CI, 11%-14%] at 1, 10 and
20 years, respectively, vs 3.3%/y [95%
CI, 3.1%-3.5%], 7.8%/y [95% CI, 7.6%-
8.0%], and 10%/y [95% CI, 10%-
11%], respectively).

COMMENT
Stroke remains one of the most devas-
tating and disabling complications of
CABG surgery, with great clinical and

economic implications for patients and
the health care system.4,16 These impli-
cations are expected to remain substan-
tial, despite improving surgical and an-
esthetic techniques, because of the
increasing risk profile of patients un-
dergoing CABG. Previous attempts to
identify the subset of patients at in-
creased risk of stroke have focused on
identifying clinical risk factors, whereas
few studies have examined timing of
stroke after CABG.3,16,17 Understand-
ing the risk factors specific to the tim-
ing of postoperative stroke should be
beneficial in identifying the cause of the
stroke and developing preoperative, op-
erative, and postoperative strategies to
predict and prevent stroke.

This study demonstrated that stroke
more commonly occurs postopera-
tively than intraoperatively; identified
common as well as specific risk fac-
tors for strokes occurring intraopera-
tively, early postoperatively, and late
postoperatively; compared not only the
risk of stroke associated with off-
pump CABG vs on-pump arrested-
heart CABG, but with 4 different sur-
gical strategies; noted that new-onset
postoperative atrial fibrillation is not as-
sociated with increased risk of postop-
erative stroke; and observed that stroke
increases early risk of morbidity, mor-
tality, and resource utilization overall
and among propensity-matched pa-
tients but that survivors of stroke have
a late survival similar to that of pa-
tients not experiencing a stroke.

In this study, prevalence of stroke
was 1.6% among patients undergoing
CABG, lower than the 3% reported by
Roach et al.16 However, over the last 3
decades, occurrence of stroke has de-
creased despite increasing patient risk
profile. This is most likely the result of
improving preoperative assessment, in-
traoperative anesthetic and surgical
techniques, and postoperative care.

Contrary to the report by Salazar et
al,18 we found, as have some other in-
vestigators,4,16,17 that most strokes oc-
curred postoperatively rather than in-
traoperatively. Instantaneous risk of
postoperative stroke peaked around
postoperative day 2 and by day 5 had

Figure 4. Unadjusted Survival After
Coronary Artery Bypass Graft (CABG)
Surgery According to Whether Patients
Experienced Perioperative Stroke
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Figure 3. Unadjusted Prevalence of Intraoperative Stroke (n=279)
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decreased to a constant hazard of about
0.055%/d.

Intraoperative strokes may result
from emboli, thrombosis, or hypoper-
fusion. Previous studies have identi-
fied arteriosclerotic emboli from intra-
operative manipulation of the aorta as
the main culprit.19,20 We similarly iden-
tified factors associated with arterio-
sclerotic burden as major risk factors
for intraoperative stroke. Preoperative
and intraoperative imaging (eg, com-
puted tomography, intraoperative trans-
esophageal echocardiography, and epi-
aortic echocardiography) may be used
to assess ascending aortic arterioscle-
rosis.21-23 If it is found, surgical tech-
niques could be used that avoid or mini-
mize aortic manipulation to eliminate
risk of arteriosclerotic embolization.
These include alternative cannulation
sites, such as the axillary artery,24-26 off-
pump CABG, or on-pump beating-
heart CABG with minimal or no aortic
manipulation.

In addition to atherosclerotic embo-
lus, intraoperative hypoperfusion is a
potential cause of stroke during CABG
and highlights the importance of main-
taining adequate blood pressure dur-
ing both cardiopulmonary bypass and
manipulation of the heart during off-
pump CABG.27,28 Hypotension with re-
sulting hypoperfusion may occur dur-
ing retraction of the heart in off-pump
CABG; hypotension also may occur at
any time during on-pump surgery from
vasodilatation.

The timing of postoperative stroke
reflects 2 types of risk: a constant “back-
ground” risk that persists after sur-
gery, reflecting arteriosclerosis in this
population; and an unexplained peak
risk around postoperative day 2. The
inflammatory process and hypercoagu-
lability after surgery might provide
some explanation for this peak. Iden-
tifying the etiology of this postopera-
tive risk factor for stroke may lead to
better strategies to prevent it, whether
through more aggressive use of anti-
thrombotic and antiplatelet agents, pro-
phylactic prevention of atrial fibrilla-
tion, or both. The constant background
risk of stroke is demonstrated in this

study to have decreased over time, and
that risk contributed most to the down-
ward trend of stroke over the last 20
years.

We found off-pump CABG and
on-pump beating-heart CABG to be
associated with the lowest risk of intra-
operative stroke, on-pump arrested-
heart CABG with slightly higher risk,
and on-pump CABG with hypother-
mic systemic circulatory arrest with the
greatest risk. Both off-pump CABG and
on-pump beating-heart CABG can be
performed with minimal aortic manipu-
lation, and therefore they likely lower
the risk of stroke by decreasing the risk
of aortic arteriosclerotic embolization.
Although these findings are nonran-
domized, they suggest that off-pump
and on-pump beating-heart CABG may
reduce stroke risk. This potential ben-
efit must be weighed against the greater
risk of incomplete revascularization,
lower graft patency, and worse 1-year
outcomes reported for patients under-
going off-pump CABG.29-31 A surgical
revascularization strategy should enable
optimal surgical coronary revascular-
ization while keeping the risk of stroke
low. In patients at high risk of intra-
operative stroke, such as the elderly or
those with aortic arteriosclerosis, off-
pump CABG or on-pump beating-
heart CABG with no or minimal aortic
manipulation may be best. However, in
patients at low risk of stroke, such as
those without aortic arteriosclerosis and
minimal arteriosclerotic burden, on-
pump CABG is likely the best option
to provide optimal surgical revascular-
ization and minimal risk of stroke.
Future trials will be needed to investi-
gate these proposed strategies.

Although atrial fibrillation contin-
ues to be a common postoperative prob-
lem with peak incidence on the sec-
ond day,32 suggesting a possible
mechanism for the early peaking haz-
ard phase of postoperative stroke, an
unanticipated finding was that there
was no increased risk of stroke with
new-onset postoperative atrial fibrilla-
tion. In fact, new-onset atrial fibrilla-
tion was associated with a lower risk of
postoperative stroke. To treat new-

onset atrial fibrillation, we initially try
early medical conversion or electro-
conversion and, if atrial fibrillation re-
curs or is persistent, rate control and
anticoagulation. This strategy appears
to be associated with not only prevent-
ing an anticipated increased risk of post-
operative stroke but perhaps with ac-
tually lowering the risk.

Patients experiencing a stroke after
CABG also experienced substantially
more hospital morbidity, mortality, and
resource utilization than those not ex-
periencing a stroke.16 However, late sur-
vival of patients who survived a stroke
was similar.

This study has several strengths and
limitations. Among the strengths are
that we included operations per-
formed over nearly 3 decades; data col-
lection was concurrent, prospective,
and detailed; and trends could be ob-
served according to time of operation
and surgical technique.

The study also has several limita-
tions. First, the classification of the tim-
ing of stroke occurrence is arbitrary and
sometimes challenging in the setting of
anesthesia and postoperative delirium
and other complications. Second, we
were unable to determine whether each
stroke was embolic, thrombotic, or hy-
poperfusive in etiology. Third, pa-
tients may experience competing risk
of death prior to stroke. Fourth, our
comparisons of the association of sur-
gical technique and stroke risk were ob-
servational and may be confounded by
unmeasured covariates. Fifth, these re-
sults represent findings at a single aca-
demic medical center and may not be
generalizable to US practice.

CONCLUSIONS
Among patients undergoing CABG sur-
gery at a single center during the past
30 years, the occurrence of stroke de-
clined despite increasing patient risk
profile, and more than half of strokes
occurred postoperatively rather than in-
traoperatively. Clinical presentation and
surgical technique were specific to in-
traoperative stroke, but age and arte-
riosclerotic burden were associated with
both intraoperative and postoperative
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stroke. Further studies are needed to de-
velop better strategies to minimize the
occurrence of stroke among patients
undergoing CABG.
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