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   Neurologic injury is a well-described complication of car-
diac surgery, manifesting a number of unwanted outcomes 
ranging from subtle neurobehavioral symptoms to stroke. 
Embolization is considered the principal mechanism creat-
ing the spectrum of injuries (1,2). Diagnosis of a stroke is 
often made by the patient’s cardiothoracic surgical team 
whereas neurobehavioral deficits often require a battery 
of neurocognitive scales often relegated to research stud-
ies due to their sophistication and time-consuming nature. 
In an effort to link processes of care with markers of brain 
injury, researchers have investigated the role of biochemi-
cal markers of brain injury that would increase the sensitiv-
ity and timeliness of diagnosing new injuries. 

 One widely used biochemical marker is S100β (a sensitive 
yet not specific assay), which is found in glial and Schwann 
cells, and is elevated among individuals who have developed 
an ischemic stroke or head injury (3–5). In the setting of car-
diac surgery, previous work has associated S100β with both 
processes of care (cardiopulmonary bypass duration (6), use 
of unprocessed shed blood from the mediastinum (7), and use 
of a partial occlusion clamp (8)) and intermediate outcomes of 
neurologic injury (microemboli detected in the cerebral arter-
ies (9)). The role of S100β in neurologic injury is likely second-
ary to local inflammatory-mediated events and disruption of 
the blood-brain barrier (4,5). Additionally, previous reports 
have highlighted the role of cardiopulmonary bypass (CPB) 
microemboli as important sources of cerebral microemboli 
(10). However, the association between CPB microemboli 
and S100β has not been elucidated. If CPB microemboli con-
tribute to S100β levels, CPB microemboli may be a useful tar-
get for reducing neurologic injury (as measured by increases 
in S100β) in this setting. We used a continuous neurologic and 
systemic monitoring system to prospectively study the asso-
ciation between microemboli detected in the CPB circuit and 
a marker of neurologic injury. 

      Abstract:   An increasing number of reports surrounding neuro-
logic injury in the setting of cardiac surgery has focused on uti-
lizing biomarkers as intermediate outcomes. Previous research 
has associated cerebral microemboli and neurobehavioral defi-
cits with biomarkers. A leading source of cerebral microemboli 
is the cardiopulmonary bypass (CPB) circuit. This present study 
seeks to identify a relationship between microemboli leav-
ing the CPB circuit and a biomarker of neurologic injury. We 
enrolled 71 patients undergoing coronary artery bypass grafting 
at a single institution from October 14, 2004 through December 
5, 2007. Microemboli were monitored using Power-M-Mode 
Doppler in the inflow and outflow of the CPB circuit. Blood was 
sampled before and within 48 hours after surgery. Neurologic 

injury was measured using S100β (microg/L). Significant differ-
ences in post-operative S100β relative to microemboli leaving 
the circuit were tested with analysis of variance and Kruskal-
Wallis. Most patients had increased serum levels of S100β 
(mean .25 microg/L, median .15 microg/L) following surgery. 
Terciles of microemboli measured in the outflow (indexed to 
the duration of time spent on CPB) were associated with ele-
vated levels of S100β (  p  = .03). Microemboli leaving the CPB 
circuit were associated with increases in postoperative S100β 
levels. Efforts aimed at reducing microembolic load leav-
ing the CPB circuit should be adopted to reduce brain injury.       
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  MATERIALS AND METHODS 

  Study Model 
 A monitoring system was designed capable of providing 

real time associations between discrete clinical events/tech-
niques and the detection of microemboli in the CPB circuit. 
Blood flow velocity and microemboli were recorded every 
8 milliseconds in the inflow and outflow of the CPB circuit, 
using Doppler ultrasound (TCD 100M Digital Transcranial 
Power M-Mode Doppler, Spencer Technologies, Seattle, 
WA) ( Figure 1  ) (11). 

 The Power M-Mode Doppler utilizes a well-known and 
established method for detecting emboli. In short, the dis-
play is customized to the definition of a micro-embolus, 
whereby it shows an image of blood flow across time and 
depth so that one may observe the embolus transiting along 
a blood vessel. The single gate spectrogram is constructed 
concurrently with the power M-mode image. An embolus 
is detected when it travels at a speed different than the sur-
rounding blood flow. An embolic track shows up strongly 
in the Power M-Mode image because the embolus reflects 
ultrasound more strongly than the surrounding blood. 

   Data Collection 
 Our protocol received approval from the Institutional 

Review Board, and written informed consent was received 
prior to enrolling patients into the study. We enrolled 71 
patients undergoing isolated coronary artery bypass graft-
ing (CABG) at a single institution (Maine Medical Center, 
Portland, ME) from October 14, 2004 through December 5, 
2007. Serum-level neurologic injury was measured before 
and within 48 hours after surgery using S100β (μg/L). This 
data was supplemented with the Northern New England 
Cardiovascular Disease Study Group’s cardiac surgery reg-
istry. The Northern New England Cardiovascular Disease 
Study Group ( http://www.nnecdsg.org/ ) is a regional collab-
orative composed of eight medical centers in northern New 
England. These centers collaborate with the goal of improv-
ing care of patients with cardiovascular disease. Our defini-
tions for variables have previously been reported (12). 

   Method of Conducting Cardiopulmonary Bypass 
 Venous drainage consisted of either gravity or augmented 

siphon from a 35 cm height differential from the right atrium to 
the inlet of a rigid polycarbonate venous reservoir. A multiple 
stage single venous cannula was used (Edwards Lifesciences 
LLC, Irvine, CA). Arterial blood was returned to the ascending 
aorta with either a 7- or an 8-millimeter diameter soft-flow arte-
rial perfusion cannula (Terumo Cardiovascular, Tustin CA). 
Myocardial protection was accomplished with either intermit-
tent cold or continuous warm blood cardioplegia delivered 
antegrade (via the aortic root), retrograde (via the coronary 
sinus), or both. Anticoagulation was accomplished by admin-
istering 400 IU heparin/kilogram of body weight as a loading 
dose. Activated clotting times were measured and additional 
heparin was delivered as needed to maintain the activated 
clotting times above 480 seconds. Mean arterial blood pres-
sure during CPB was maintained between 55 mmHg and 
75 mmHg. The perfusion flow rate was maintained between 
2.2–2.6 L/min/M 2  to maintain a mixed venous oxygen satura-
tion of greater than 60%. Phenylephrine hydro  chloride was 
used to increase and nitroglycerin or isoflurane to decrease 
the arterial blood pressure during CPB. A continuous online 
blood gas monitor (CDI 500, Terumo Cardiovascular Inc., 
Tustin, CA) was used to maintain Alpha-Stat blood gas strat-
egy and for surveillance of oxygenation. The CPB system 
consisted of a hollow fiber membrane oxygenator (Primox, 
The Sorin Group, Arvada, CO), an open venous reservoir, 
a 27 micron arterial line filter, and SMARxT coated tubing 
(The Sorin Group). A Cell Saver ™  device (Haemonetics 
Corp., Braintree, MA ) was used to collect and process blood 
shed from the surgical field. 

   S100β Analysis 
 Serum levels of S100β were determined utilizing two-

site immunoassays (Sangtec ®  100 IRMA, Liaison ®  Sangtec 
100, Sangtec 100 ELISA) from DiaSorin AB (Bromma, 
Sweden). Microemboli may induce increases in release 
of S100β through blood-brain barrier injuries (13,14). 
Alternatively, increases in S100β after CABG surgery may 
occur without concomitant insults to the blood-brain bar-
rier through flow into cerebral spinal fluid and the cerebral 
and systemic circulation. 

   Statistical Analysis 
 All analyses were performed using the Stata 10.0 pro-

gram (Stata Corp., College Station, TX) (15). Significant 
differences in post-operative S100β relative to microemboli 
leaving the circuit were tested with analysis of variance and 
Kruskal-Wallis. Previous reports have documented a rela-
tionship between emboli and duration of cardiopulmonary 
bypass (16). As such, we chose to index the count of emboli 
by hour of cardiopulmonary bypass. Microemboli leaving 
the CPB circuit were indexed to the duration of cardio-
pulmonary bypass using the following formula: number of 
arterial outflow emboli/hour of cardiopulmonary bypass .  

  Figure 1.     Detection of microemboli in cardiopulmonary bypass circuit—
location of Doppler sensors in the inflow and outflow of the cardiopulmo-
nary bypass circuit .    
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    RESULTS 

  Table 1              displays pre-, intra-, and post-operative charac-
teristics for the 71 individuals enrolled in the study. Forty-
one percent of patients had diabetes, and nearly a quarter 
had vascular disease. Half of patients had mild aortic dis-
ease. The absolute number of stroke or transient ischemic 
attack, renal failure, and mortality was low, as would be 
expected given enrollment of 71 patients. 

 Microemboli leaving the CPB circuit were detected among 
67 patients. The distribution of microemboli varied across 
patients (mean 707, median 341) ( Figure 2  ). Most patients 
had elevated serum levels of S100β (mean .25 microg/L, 
median .15 microg/L) following surgery. Terciles of micro-
emboli measured in the outflow (indexed to the duration 
of time spent on CPB) were associated with increasing lev-
els of S100β ( p  = .03) ( Figure 3  ). 

   DISCUSSION 

 Neurologic injury remains a significant morbidity after 
CABG surgery. These injuries are predominantly second-
ary to distal obstruction or endothelial disruption from 
microemboli. Cerebral microemboli may originate from 
a variety of sources, including the surgical field and CPB 
circuit. Previous research has identified biomarkers of 

neurologic injury, and found these to be associated with 
cerebral microemboli, as well as neurobehavioral inju-
ries. In this research, we identified an association between 
a biomarker of brain injury (i.e., S100β) and microemboli 
detected in the CPB circuit. 

 Some limitations to our study are worth discussing. First, 
one might worry about issues of a Type I error related to 
our relatively small sample size. However , studies inves-
tigating the role of S100β in measuring neurologic injury 
in the setting of cardiac surgery have enrolled a compara-
ble number of patients (6–9). Second, we were not able to 
ascertain the count of outflow microemboli on four indi-
viduals. Nonetheless, post-operative S100β levels among 
these individuals did not appear to bias our results, with 
average (median) value of .29 (.29). These values approxi-
mated the distribution of post-operative values among the 

 Table 1.   Pre-, intra-, and post-operative characteristics . 

Variable Value

Preoperative
Age (years, median) 66
Female (%) 20
Diabetes (%) 41
Vascular disease (%) 24
Body mass index (kg/m2, median) 30
≥3 Distal anastomoses 90
Aortic disease*
None (%) 45
Mild (%) 50
Moderate (%) 5
Severe (%) 0
Not Studied (%) 6
Renal failure or creatinine ≥ 2 mg/dL (%) 1
Priority %
Elective 15
Urgent 85

Intraoperative
Pump time (min, median) 109
Clamp time (min, median) 64

Postoperative
Neurologic injury
TIA (%) 1
Stroke (%) 1
TIA or stroke (%) 3
In-hospital mortality (%) 3
Renal failure (%) 0
Atrial fibrillation (%) 23

  *  By epiaortic echocardiography.  
TIA, transient ischemic attack.

  Figure 2.     Distribution of microemboli leaving the cardiopulmonary bypass 
circuit—overall distribution of outflow microemboli (emboli leaving the car-
diopulmonary bypass circuit) during the cardiopulmonary bypass period.    

  Figure 3.     Post-operative values of S100β by terciles of microemboli—
relationship between terciles of microemboli measured in the CPB cir-
cuit (indexed by onpump time) and levels of S100β (postoperative 
values,  p  = .03).    
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larger cohort (mean .38 (median .27)). Third, the diagnos-
tic prop  erties of S100β have been called into question (17). 
However, S100β is the most commonly used biomarker for 
detecting neurologic injury. Fourth, the timing of the collec-
tion of blood may not have been opportune for ascertaining 
neurologic injury. Nonetheless, the focus of this report was 
to associate microemboli leaving the CBP circuit with a bio-
marker of neurologic injury. Serum was collected within 48 
hours after surgery in accordance with other reports (18). 

  S100β in Cardiac Surgery 
 Previous research has revealed noncerebral sources of 

S100β, including the infusion of pericardial suction blood, 
and the activation of the systemic inflammatory response 
(7,19,20). Nonetheless, previous reports have documented 
the role of S100β in cardiac surgery. In 2005, Ascione et al. 
found higher levels of S100β 1 hour after surgery among pro-
cedures performed with CPB relative to its off-pump alter-
native. In addition, S100β levels were 2.1 times higher among 
patients having retinal microvascular damage (21). S100β has 
also been found to be associated with increasing duration 
of CPB (6), as well as during aspects of CPB, including aor-
tic cannulation (14). Additionally, reports have documented 
elevations in S100β among patients suffering strokes, as well 
as patients experiencing memory deficits (7,21,22). 

   Microemboli and Neurologic Injury 
 The association between microemboli and neurobehav-

ioral injuries has been well studied, with one of the most 
widely cited from Pugsley and colleagues (23). This ran-
domized trial found reductions in neurobehavioral injuries 
( p  < .05) attributed to the use of arterial line filters (8.6% 
with deficits among patients having ≤200 microemboli, ver-
sus 43% among patients with >1000 microemboli,  p  < .05). 
Additional reports have documented associations between 
emboli and neurobehavioral deficits, especially among 
emboli originating from the surgical field (24). The Wake 
Forest Group reported a reduction in neurological deficits 
with reduced aortic manipulation. This same research group 
found small capillary arterial dilatations during autopsy in 
the brains of patients dying secondary to cardiac surgery, 
presumably attributed to the return of cardiotomy suction 
blood (25). While controversy exists regarding the role of 
processing shed blood in reducing brain injury, in the pres-
ent study, a Cell Saver ™  device was used to process such 
blood prior to returning it to the patient as a mechanism of 
preventing such neurologic injury (26,27). 

 Previous reports have elucidated the role of CPB in con-
tributing to neurologic injury. Likosky and colleagues pre-
viously undertook a study of 11,825 consecutive patients 
undergoing CABG from 1996–2001 to determine the rela-
tionship between intra- and post-operative factors and risk 
of stroke. In this study (28), prolonged duration of CPB 
(relative to less than 90 minutes) increased a patient’s risk 

of stroke after adjusting for patient and disease charac-
teristics: 90–113 minutes (odds ratio = 1.59,  p  = .022), 114 
minutes+ (odds ratio = 2.36,  p  < .001). Other significant 
intra- and post-operative factors included atrial fibrillation 
and prolonged inotropic support. In a subsequent study, 
Likosky investigated the mechanism by which cardiopul-
monary bypass duration influenced the risk of stroke, i.e., 
whether embolic or hypoperfusion in nature. In this inves-
tigation, cardiopulmonary bypass duration beyond 2 hours 
(relative to a duration of less than 1 hour) increased the 
odds of embolic strokes (odds ratio = 2.1,  p  = .002) as well 
as hypoperfusion strokes (odds ratio = 7.2,  p  = .01) (29). 

 In a randomized trial, Motallebzadeh et al. detected a sig-
nificant difference in mean cerebral microemboli among pro-
cedures performed with CPB relative to off-pump surgery 
(9). Cerebral microemboli associated with the use of CPB 
likely contributed in some measure to the 60% increase in 
S100β levels. Grocott and colleagues also found a significant 
association between cerebral microemboli and S100β levels, 
particularly during aortic management (14). These studies 
underscore the association between biomarkers of neuro-
logic injuries and cerebral  microemboli. While compelling, 
these studies did not report other sources of cerebral micro-
emboli, i.e., those originating from the CPB circuit. 

   Non-Surgical Sources of Microemboli 
 The duration of CPB may be a proxy for complexity of 

surgery as well as the manner in which bypass is conducted. 
Previous research on the topic of microemboli in the set-
ting of cardiac surgery has likely been confounded by non-
cerebral sources of microemboli. For instance, Stump and 
colleagues, in their seminal paper on this topic, were unable 
to identify nearly 45% of the emboli detected during the 
cardiac surgical procedures (30). In an effort to elucidate 
some perfusion sources of microemboli, Taylor and col-
leagues monitored processes of delivering perfusion care 
with microemboli (10). Taylor and colleagues found per-
fusionist interventions, such as drug injection and blood 
sampling, were the predominant source of cerebral micro-
emboli. Rodriguez et al. monitored 90 patients undergoing 
CABG surgery with transcranial Doppler ultrasonogra-
phy (31). These investigators found increased microem-
boli with the following interventions: low reservoir volume, 
blood sampling, bolus medication injection, and repeti-
tive purging. These findings further those made by Taylor 
and colleagues, and support the notion that other sources 
of microemboli exist outside of aortic management strat-
egies. These microemboli may originate from processes 
specifically related to surgical technique and those related 
specifically to CPB management strategies (1,32). Blood 
aspirated from the surgical field may be lipid rich, and as 
such, teams may process this blood using a Cell Saver ™  (26). 
A Cell Saver ™  collects and processes shed blood. Studies by 
Taylor et al. and Rodriguez et al., in combination with those 
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by Grocott et al. and Motallebzadeh et al., suggest the 
importance of the CPB circuit as a source of S100β levels . 

 In previous work we showed outflow embolic counts 
could be significantly reduced by modifying the CPB cir-
cuit and perfusion techniques (33). In the present study, we 
identified an association between microemboli detected in 
the cardiopulmonary bypass circuit, and neurologic injury 
measured as S100β levels. Our results, in the context of cur-
rent literature, suggest that reductions in neurologic injury 
may result through the redesign of the CPB circuit to pre-
vent microemboli leaving the CPB circuit. 
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