
Trends in Aortic Clamp Use During Coronary Artery Bypass
Surgery: The Effect of Aortic Clamping Strategies on Neurologic
Outcomes

William T. Daniel III, BS, Patrick Kilgo, MS, John D. Puskas, MD, Vinod H. Thourani, MD,
Omar M. Lattouf, MD, PhD, Robert A. Guyton, MD, and Michael E. Halkos, MD, MSc.
Clinical Research Unit, Division of Cardiothoracic Surgery, Emory University School of Medicine

Abstract
Objective—The purpose of this study was to determine the impact of different clamping
strategies during CABG on the incidence of postoperative stroke.

Methods—In this case-control study, all patients at Emory hospitals from 2002–2009 with
postoperative stroke after isolated CABG (N=141) were matched 1:4 to a contemporaneous cohort
of patients without postoperative stroke (N=565). Patients were matched according to the Society
of Thoracic Surgeons (STS) Predicted Risk of Postoperative Stroke (PROPS), which is based on
26 variables. On- (ONCAB) and off-pump (OPCAB) patients were matched separately. Multiple
logistic regression analysis with adjusted odds ratios (OR) was performed to identify operative
variables associated with postoperative stroke.

Results—Among the ONCAB cohort, the single cross-clamp technique was associated with a
decreased risk of stroke compared to the double clamp (cross clamp + partial clamp) technique
(OR=0.385, p=0.044). Within the OPCAB cohort, there was no significant difference in stroke
according to clamp use. Epiaortic ultrasound of the ascending aorta increased from 45.3% in 2002
to 89.4% in 2009. From 2002–2009, clamp use decreased from 97.7% of cases to 72.7%.

Conclusions—During ONCAB, the use of a single cross-clamp compared to the double clamp
technique decreases the risk of postoperative stroke. The use of any aortic clamp has decreased
and epiaortic ultrasound use has increased from 2002–2009, indicating a change in operative
technique and surgeon awareness of the potential complications associated with manipulation of
the aorta.

INTRODUCTION
Coronary artery bypass surgery (CABG) is the most commonly performed operation by
cardiothoracic surgeons. Postoperative stroke is a rare but major cause of morbidity and
mortality in patients undergoing CABG. Several operative techniques have been utilized in
attempts to minimize the detrimental morbidity and mortality associated with postoperative
stroke. Since increased ascending aortic manipulation has been proposed as the primary
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mechanism for postoperative cerebral atheroembolism, the focus has concentrated on
innovative techniques to minimize manipulation of the ascending aorta.

Postoperative stroke occurs in approximately 2% of CABG cases.1,2 Survival among CABG
patients at both one and five years is significantly reduced in patients who have had a
postoperative stroke compared to those who have not.3 Furthermore, postoperative stroke is
also a major source of increased healthcare costs. Compared to those without a postoperative
stroke, an additional $19,000 in hospital costs have been attributed to patients with a
postoperative stroke.4 Moreover, in patients with a postoperative stroke and two or more
complications, greater than $58,000 additional hospital cost has been reported.4

The majority of CABG procedures in the US are performed with cardiopulmonary bypass
support. Two different clamping strategies are utilized for the construction of proximal
aortocoronary anastomoses: single clamping or double clamping. With off-pump coronary
artery bypass (OPCAB), a partial clamp is frequently utilized for construction of proximal
anastomoses. However, a clampless approach is possible with facilitating devices
(Heartstring™, Maquet Cardiovascular LLC, San Jose, CA) or anastomotic connectors.
These devices can be selectively deployed on relatively disease-free portions of the aorta to
minimize the risk of atheroembolism. Therefore, the purpose of this study was to test the
hypothesis that aortic clamping was associated with an increased risk of stroke.
Furthermore, we wanted to determine the impact of different clamping strategies for
performing proximal anastomoses on the incidence of postoperative stroke.

METHODS
Patients

Emory University’s Institutional Society of Thoracic Surgeons (STS) Adult Cardiac
Database was queried for all patients (cases) with postoperative stroke after isolated,
primary CABG. Controls were selected from the entire cohort without postoperative stroke.
All consecutive patients from January 1, 2002 to December 31, 2009 were included in the
database query.

Design
This study was a retrospective, single center, case-control study. A case-control study design
was chosen because operative details about aortic clamping methods are not currently
available in the STS database. Operative reports were reviewed and detailed data collected
about surgical strategy including on-pump or off-pump approach, details about aortic
clamping methods, and the extent of aortic atherosclerosis measured by epiaortic ultrasound.
This data was then merged with the STS database to produce the complete dataset. The
Institutional Review Board at Emory University in compliance with HIPAA regulations and
the Declaration of Helsinki approved the study. The Institutional Review Board waived the
need for individual patient consent.

Exclusions
Patients undergoing concomitant cardiac operations, redosternotomy, or emergency CABG
were excluded from this study.

Matching algorithm
A predicted risk of postoperative stroke score (PROPS), as part of the STS database, is
calculated based on 26 preoperative variables believed to be associated with an increased
risk of postoperative stroke. The PROPS score has been identified as a reliable predictor for
postoperative stroke by Shroyer et al.5 Controls were matched to the cases in a 1:4 ratio
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based on PROPS score as well as whether the patient was placed on cardiopulmonary
bypass (ONCAB) or not (OPCAB). Since the effect of on- vs. off-pump strategy on
postoperative stroke was not the goal of this study, the use of cardiopulmonary bypass was
used as part of the matching algorithm. On-pump controls were matched to on-pump cases
and off-pump controls to off-pump cases. An optimal matching algorithm was used which is
designed to identify the best cutpoint for a continuous variable.6 The optimal matching
algorithm is utilized as a SAS macro that defined a distance measure between cases and
controls based on PROPS. The control chosen for each case is one that is closest to the case
in terms of the distance measure produced by the optimal matching algorithm. This
algorithm sequentially matched each stroke patient with potential non-stroke controls by
calculating the multivariate distance between the patients based on the 26 variables that
comprise the PROPS. The algorithm chooses the set of matches that minimizes the sum of
the multivariate distances across all possible sets of matches.

Surgical Technique
For the entire cohort, the overall effect of any aortic clamping was examined for the entire
cohort. For ONCAB patients, the two most common clamping strategies were the single
cross-clamp and double cross-clamp technique. Other on-pump CABG strategies used by
surgeons included on-pump beating heart CABG. In this cohort, 25 patients underwent on-
pump beating heart CABG, 15 of these had proximals performed with a partial occluding
clamp, and 10 with a Heartstring device. There was only 1 CABG performed under cold
fibrillatory arrest. For all other on-pump cases, either a single clamp or double clamp
technique was used.

For patients undergoing OPCAB, the strategies examined in this study were the use of a
partial-occluding clamp, the use of clampless facilitating devices, and the “no-touch”
technique that involves the use of in situ arterial grafts (no aortocoronary proximal
anastomoses). A “no-touch” aortic technique was used in 45 OPCAB patients.

Epiaortic Ultrasound
At Emory University, all patients currently undergoing cardiac operations routinely have the
aorta evaluated by epiaortic ultrasound. It has become gradually adopted since its
implementation in 2002 for patients in whom a clamp is being considered, making it the
current standard of care within our institution. It is the test of choice for identifying
atherosclerotic lesions within the aorta, and it is superior to transesophageal
echocardiography and palpation alone.7–9 Alternative preoperative imaging with computed
tomography is another option. Before the aorta is manipulated, patients undergo epiaortic
ultrasound examination to grade the amount of atherosclerotic disease within the ascending
aorta according to thickness and presence of mobile atheroma. The aorta is graded 1–5: 1-
normal (<2 mm thickness); 2-minimal disease (2–3 mm); 3-moderate disease (3–5 mm); 4-
severe disease (>5 mm); and 5-indicating the presence of a mobile plaque with any portion
of the ascending aorta.

Outcome
Postoperative stroke was the primary outcome of this study. Stroke was defined as a new,
focal, permanent neurological deficit on clinical exam diagnosed by an attending neurologist
and confirmed with either brain computed tomography or magnetic resonance imaging.
Clinical and radiological exam was used to differentiate stroke from transient ischemic
attack or postoperative delirium.
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Statistical Analysis
A conditional logistic regression analysis was performed to evaluate the effect of clamp
versus no-clamp on postoperative stroke controlling for matching factors (PROPS and
pump) and epiaortic grade. Epiaortic grade was controlled for as both an ordinal (1,2,3,4,5)
and a dichotomous variable (1–2 vs. 3–5) in the regression analysis. The analysis was also
performed without controlling for epiaortic grade, as its use was not ubiquitous until
recently. In addition, the effect of different clamping or non-clamping strategies within on-
and off-pump cases and controls was evaluated using conditional logistic regression. In the
original model that looked at the association of any clamping strategy with postoperative
stroke incidence, potential preoperative confounding variables were controlled for by the
matching algorithm for PROPS (Table 1). The effect of cardiopulmonary bypass, or on-
pump, as a potential confounder was also controlled for in the matching strategy, since cases
were matched separately to controls based on whether or not an on- or off-pump strategy
was utilized. To determine if the year of surgery confounded the analysis, year was also
analyzed separately in modifications of the model.

Within each subset of operative strategy (on- or off-pump), separate models were developed
to determine the association of different clamping strategies on the incidence of
postoperative stroke, controlling for PROPS and epiaortic grade. Within the ONCAB group,
a double clamping strategy was compared to a single cross-clamp strategy. Within the
OPCAB group, a partial-clamping strategy was compared to a Heartstring only strategy and
a partial-clamping strategy was compared to a no-clamp strategy (Heartstring or no-touch
technique).

In addition to logistic regression analysis, descriptive analyses were performed to be able to
assess trends in clamp use as well as trends in risk profiles and epiaortic use. All analyses
were performed using SAS Version 9.2 (Cary, NC). All comparisons were made at the 0.05
alpha level.

RESULTS
Cases and controls were selected from a total cohort of 10,054 consecutive patients
undergoing primary isolated CABG at Emory University Hospitals. From this cohort, 141
cases (1.4%) of postoperative stroke were identified (1.4%). From the remaining patients,
565 controls (patients without postoperative stroke) were selected based on the matching
algorithm. Epiaortic ultrasound data was not performed in 181 (25.6%) patients in the study.

Multiple logistic regression modeling was performed with the effect of cardiopulmonary
bypass (pump), PROPS, and epiaortic grade controlled for in the model for the entire cohort
(on- and off-pump patients). When epiaortic grade was controlled for as an ordinal variable
(grade 1–5) in the logistic regression analysis, the odds ratio for postoperative stroke was
estimated at 1.19 (95% CI 0.53–2.67) for use of any aortic clamp. With epiaortic grade
controlled for as a dichotomous variable (low-grade=grade 1–2, high-grade=grade 3–5), the
odds ratio was 1.46 (95% CI 0.60–3.56). Because this excluded 181 patients in who
epiaortic ultrasound was not performed, the analysis was also performed without controlling
for epiaortic grade to include all patients in the study. The estimated odds ratio for this
analysis was 1.28 (95% CI 0.76–2.17).

Within the ONCAB cohort, the double-clamp technique was associated with a increased risk
of postoperative stroke in comparison to the single cross-clamp technique (OR=2.60,
p=0.044) (Table 2). When history of preoperative stroke was included in the regression
model, the increased risk of stroke with the double-clamp technique was increased
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(OR=3.29, p=0.05). Within the OPCAB cohort, no difference was found between partial
clamping and no clamping (Table 2).

Epiaortic ultrasound grading was performed in 525 patients (74.4%): 450 (85.7%) had
Grade 1–2 aortic disease and 75 (14.3%) had Grade 3–5 disease (Table 3). In patients with
epiaortic Grades 3–5, a clampless technique was used in 59.5%, 83.3%, and 93.3% of cases,
respectively. In patients with Epiaortic Grades 1–2, clampless techniques were used in only
3.8% and 7.8%, respectively. Epiaortic ultrasound use trended upwards from 45.3% of cases
in 2002 to 89.4% in 2009 (Figure 4). Clamp use in general trended downwards from 97.7%
of cases in 2002 to 72.7% of cases in 2009 (Figure 5). In the 15 patients with Grade 5 aortic
disease, a clampless approach was used in 14 patients and there was no postoperative stroke
among any of the Grade 5 patients. Among the postoperative stroke patients that had
epiaortic ultrasound exams (n=114), 70 (22.2%) occurred in patients with Grade 1 aortic
disease, 27 (21.1%) occurred in patients with Grade 2, 9 (21.4%) occurred in patients with
Grade 3, 4 (22.2%) occurred in patients with Grade 4, and none occurred in patients with
Grade 5 aortic disease. Year of surgery was evaluated in all analyses and was not found to
be significantly associated with the risk of postoperative stroke. Furthermore, surgeon
identity was evaluated in the analysis and also found not to be associated with risk of
postoperative stroke. The PROPS score ranged from 2.0–3.1 and did not significantly
change over the course of the study period.

DISCUSSION
Postoperative stroke continues to be a major complication after CABG. Although aortic
manipulation remains the most important risk factor associated with postoperative stroke
other risk factors include: female sex, advanced age, previous stroke, postoperative atrial
fibrillation, carotid stenosis, hypertension, and diabetes.1,2,10–14 Studies have shown that
50–75% of all strokes after CABG are embolic2 and are discovered within 24 hours after
surgery. Through the use of transcranial Doppler ultrasonography, it has been shown that
emboli are produced during aortic cannulation and clamping.15–19 Thus, minimizing aortic
manipulation by eliminating cannulation and clamping may decrease the incidence of
postoperative stroke by decreasing the production of emboli.

In a study by Hannan et al20, 49,830 patients from the New York state registry underwent
risk-adjusted analysis (Cox proportional hazard models and propensity analysis) comparing
outcomes after OPCAB vs. ONCAB. In this study, OPCAB patients had significantly lower
30-day mortality, as well as a lower incidence of postoperative stroke. However, the
mechanisms responsible for the observed reduction in postoperative stroke were not defined.
OPCAB obviates the need for cardiopulmonary bypass; however, two recent meta-analyses
did not show a reduction in postoperative stroke in low risk patients.21–22 This may be
related to the use of a partial clamp on the ascending aorta during construction of proximal
anastomoses. One study did report a lower incidence of postoperative stroke in patients
undergoing OPCAB without aortic manipulation in comparison to patients undergoing
OPCAB with partial clamping and patients undergoing ONCAB.23 Moreover, Hammon and
colleagues reported a reduced incidence of postoperative neuropsychological deficits in
patients undergoing single cross-clamp compared to double-clamp ONCAB or OPCAB
patients with partial clamping.24

Avoiding partial clamping during construction of proximal anastomoses in OPCAB cases
can be achieved by performing proximal anastomoses to in situ arterial grafts or by using
proximal anastomotic connectors or facilitating devices such as the Heartstring proximal
anastomosis system, both of which can be performed without a partial aortic clamp. In a
randomized clinical trial evaluating the PAS-Port proximal anastomotic connector (Cardica,
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Inc, Redwood City, California) versus construction of hand-sewn proximal anastomoses
with partial clamping, all of the reported strokes occurred in patients in which an aortic
clamp was used.25 In previous work at our institution, we randomized 57 OPCAB patients
with mild ascending aortic disease to receive either partial clamping (n=28) or the
Heartstring clampless device (n=29) for proximal graft construction on the ascending aorta.
Continuous TCD monitoring was used intraoperatively to monitor embolic signals in the
middle cerebral arteries, signifying embolic events. The number of embolic signals was
significantly lower in the Heartstring group than in the partial-clamping group (50.8±36.6
vs.90.0±64.0; p=0.007).26 Two delayed clinical strokes were observed in the clamping
group and none observed in the Heartstring group, but the study was not powered to detect
clinically significant events. These preliminary data suggest add to the growing body of
evidence that minimizing aortic manipulation by avoiding an aortic clamp may be a valuable
tool to reduce atheroembolic cerebral events.27–29

In this study, the primary goal was to determine the association of clamping strategies with
the incidence on postoperative stroke. Although controversial, there is no clear consensus on
the association between the use of cardiopulmonary bypass and the incidence of
postoperative stroke. Both cardiopulmonary bypass use (pump strategy) and epiaortic grade
were controlled for in the analysis since both are believed to play a role in the incidence of
postoperative stroke. Because matching was done within treatment type, i.e. OPCAB cases
matched to other OPCAB cases, this reduces the potential bias associated with treatment
type. The main difference is that an on-pump strategy mandates at least some degree of
aortic manipulation whereas a strategy of minimal manipulation is possible with an off-
pump approach, either by having no manipulation or by using clampless facilitating devices.

Overall, aortic clamping strategy did not have a statistically significant effect on the
incidence of postoperative stroke. This did not change when epiaortic grade was controlled
for either as an ordinal or dichotomous variable or was omitted altogether from the analysis.
However, within the subgroup of ONCAB cases, there was a significant association with
postoperative stroke. The double clamp on-pump strategy had a 2.5-fold increase in the risk
of postoperative stroke in comparison to the single cross-clamp technique, even after
controlling for epiaortic grade. Although not statistically significant, there was a trend
toward higher risk of stroke in the patients undergoing OPCAB with the use of partial
clamping strategy compared to the no-clamp strategy.

The interpretation of these results can be explained by several limitations. Although the case
control design made data collection possible by limiting review of operative notes to 706
patients, the sample size may have been inadequate to detect statistically significant
differences between the various clamping strategies. In order to make this a cohort instead of
a case-control study design, operative notes of over 10,000 patients (the sample from which
this case control study was obtained) would have required review. Because the overall
incidence of postoperative stroke in this cohort was relatively low (<2%) detecting
differences in clamping strategies is difficult. In addition, because controls were matched to
patients with a postoperative stroke based on PROPS score, the stroke risk may be limited to
those patients with certain variables that may have put them at higher risk for stroke.
Furthermore, controlling for epiaortic grade may have further limited since this variable was
incomplete and precluded analysis in patients that did not have epiaortic ultrasound
performed. Finally, as the descriptive analyses revealed, surgeon behavior changed over the
time course of the study, which may have introduced bias into the study. This likely was
influenced by data obtained from epiaortic scans, which undoubtedly influenced surgeon
behavior. Despite controlling for stroke risk using PROPS, pump strategy, and epiaortic
grade, it is apparent that surgeons used clamping less frequently toward the end of the study
period compared to the beginning of the study. Furthermore, surgeons were unlikely to use

Daniel et al. Page 6

J Thorac Cardiovasc Surg. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



clamping methods in patients with high-grade aortas, which may have minimized the effect
of aortic clamping on the incidence of stroke since these aortas were rarely clamped. This
change in approach likely reflects selection bias on the perceived risk of postoperative stroke
associated with aortic clamping, especially in patients with advanced aortic disease
determined by epiaortic ultrasound. Although the risk profile of patients did not change
appreciably over the study period, the use of epiaortic ultrasound and clamping did. This
reflects surgeons’ beliefs that clamping high-grade aortas are associated with higher
atheroembolic stroke risk. The lack of increase in stroke according to epiaortic grade can be
interpreted in two ways: 1) that epiaortic grade does not influence stroke or 2) that stroke
incidence did not increase in higher grade aortas because of changes in strategy that
occurred because of the epiaortic data available with this modality of testing. An additional
limitation of this study is that timing, etiology, or type of postoperative stroke was not
defined, because this outcome was attained from the STS database.

Approximately 80% of CABG cases in the US are performed on-pump and this study
supports the use of single cross-clamp compared to the double clamp strategy to decrease
postoperative stroke in patients undergoing primary, isolated, non-emergent CABG. From
this study, it is still unclear as to whether patients undergoing clamping during OPCAB are
at an increased risk of postoperative stroke compared to the clampless strategies. Further
research investigating the impact of clamping strategies during CABG or other cardiac
operations may allow for continued progress to reduce the incidence of postoperative stroke
after cardiac surgery.
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Figure 1.
Trends in Epiaortic Ultrasound Use At Emory University Hospitals for Isolated Coronary
Artery Bypass Surgery
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Figure 2.
Trends in Clamp Use by Year at Emory University Hospitals for Isolated Coronary Artery
Bypass
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Table 1

Preoperative Demographic Data

Variable Postoperative Stroke (N=141) No Postoperative Stroke (N=565) p value

Age (mean ± SD) 65.7 ± 10.6 66.8 ± 10.3 0.65

Male (%) 82 (58.2) 353 (62.5) 0.35

Body Mass Index (mean ± SD) 29.0 ± 6.9 28.7 ± 6.5 0.62

Preoperative Stroke (%) 33 (29.7) 103 (20.6) 0.04

Cerebrovascular Disease (%) 44 (31.2) 161 (28.6) 0.54

Hypertension(%) 127 (90.1) 504 (89.4) 0.81

Diabetes (%) 70 (49.7) 256 (45.4) 0.36

Renal Insufficiency (%) 16 (11.4) 57 (10.1) 0.67

History of Smoking (%) 59 (63.4) 330 (69.8) 0.23

Left Main disease (%) 35 (25.0) 187 (33.3) 0.06

Prior Myocardial Infarction (%) 50 (53.8) 260 (55.0) 0.83

Peripheral Vascular Disease (%) 34 (24.1) 109 (19.4) 0.21

Arrhythmia (%) 18 (12.8) 70 (12.4) 0.90

PROPS score (mean % ± SD) 2.6 ± 2.2 2.6 ± 2.2 0.93
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Table 2

Comparison According to Pump

Analysis** Odds Ratio 95% CI

On-pump double clamp (cross-clamp + partial clamp) vs. single clamp 2.60 1.03–6.67 (p=0.044)

Off-pump partial clamp vs. off-pump Heartstring 1.46 0.49–4.4

Off-pump partial clamp vs. No clamp (Heartstring + no touch) 1.21 0.48–3.03

**
controlled for epiaortic grade
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Table 3

Clamp use according to epiaortic grade

Epiaortic Grade No Clamp (N=79) Clamp (N=446) Total

0 3 (42.9%) 4 (57.1%) 7

1 12 (3.8%) 303 (96.2%) 315

2 10 (7.8%) 118 (92.2%) 128

3 25 (59.5%) 17 (40.5%) 42

4 15 (83.3%) 3 (16.7%) 18

5 14 (93.3%) 1 (6.7%) 15
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