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Abstract Clamping and shunting during carotid endar-
terectomy (CEA) surgery causes changes in cerebral blood
flow. The purpose of this study was to assess and compare,
side by side, the cerebral oxygenation (rSO,) and processed
electroencephalogram (EEG) response bilaterally to carotid
artery clamping and shunting in patients undergoing CEA
under general anesthesia. With institutional approval and
written informed consent, patients undergoing CEA under
general anesthesia and routine carotid artery shunting were
recorded bilaterally, simultaneously and continuously with
an rSO, and processed EEG monitor. The response of the
monitors during carotid artery clamping and shunting were
assessed and compared between monitors and bilaterally
within each monitor. Sixty-nine patients were included in
the study. At clamping the surgical-side and contralateral-
side rSO, dropped significantly below the baseline incision
value (—17.6 and —9.4 % respectively). After shunting, the
contralateral-side rSO, returned to baseline while the sur-
gical-side rSO, remained significantly below baseline
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(—9.0 %) until the shunt was removed following surgery.
At clamping the surgical-side and contralateral-side pro-
cessed EEG also dropped below baseline (—19.9 and
—20.6 % respectively). However, following shunt activa-
tion, the processed EEG returned bilaterally to baseline.
During the course of this research, we found the rSO,
monitor to be clinically more robust (4.4 % failure rate)
than the processed EEG monitor (20.0 % failure rate).
There was no correlation between the rSO, or processed
EEG changes that occurred immediately after clamping
and the degree of surgical side stenosis measured pre-
operatively. Both rSO, and processed EEG respond to
clamping and shunting during CEA. Cerebral oximetry
discriminates between the surgical and contralateral side
during surgery. The rSO, monitor is more reliable in the
real-world clinical setting. Future studies should focus on
developing algorithms based on these monitors that can
predict clamping-induced cerebral ischemia during CEA in
order to decide whether carotid artery shunting is worth the
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associated risks. From the practical point of view, the rSO,
monitor may be the better monitor for this purpose.

Keywords Carotid endarterectomy - Processed EEG -
Cerebral oximetry - NIRS - Cerebral blood flow - Cerebral
ischemia

1 Introduction

For high-grade carotid stenosis, carotid endarterectomy
(CEA) remains the recommended treatment for the pre-
vention of stroke in symptomatic patients [1]. One risk of
CEA is intraoperative cerebral ischemia due to the
decreased cerebral blood flow (CBF) resulting from carotid
artery cross-clamping [2]. A shunt may be placed to
maintain adequate perfusion to the ipsilateral hemisphere
during surgery [3].

A survey of vascular surgeons indicates that as many as
26 % of respondents utilize a shunt only if cerebral
ischemia is suggested [4], based on a trial period of cross-
clamping [5, 6]. Selective shunting is sometimes favored
over routine shunting to avoid risks associated with
shunting, including carotid artery dissection, shunt throm-
bosis or plaque embolization, inadequate shunt flow and
limited exposure of the distal portion of the plaque [7].
However, it has been noted that there is not enough evi-
dence to support or refute the use of routine or selective
shunting to achieve superior outcomes during CEA under
general anesthesia [8]. Improved selection criteria for
shunting may be beneficial. In a patient undergoing an
awake CEA, acute cerebral ischemia is detected by chan-
ges in neurologic or cognitive function [9]. However, it has
been reported that 84.6 % of patients undergo CEA under
general anesthesia [10].

Many intraoperative monitoring techniques have been
utilized for detecting acute cerebral ischemia. These
include stump pressures of the internal carotid artery,
somatosensory-evoked potentials, transcranial Doppler,
real-time electroencephalographic (EEG) monitoring and
jugular venous oxygen saturation [5, 11, 12]. These tech-
niques are complex, may require additional personnel, and/
or are not highly sensitive or specific for diagnosing acute
cerebral ischemia [13].

A class of processed EEG monitors, often referred to as
level-of-consciousness (LOC) or depth-of-anesthesia
monitors, now in widespread use in the operating room,
may offer a simple, reliable and low-cost alternative to the
aforementioned techniques for detecting cerebral ischemia
in anesthetized patients undergoing CEA. Studies have
suggested that an EEG LOC monitor can play a role in
detecting acute cerebral ischemia in these patients [7, 9, 11,
13]. Regional cerebral oximetry (rSO,) by near infrared
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spectroscopy (NIRS), like the processed EEG LOC moni-
tors, also appears to be a promising, reliable, noninvasive
and low-cost method of detecting cerebral ischemia [5, 6,
14, 15]. This monitor has several advantages including ease
of application and usefulness in patients who lack a tem-
poral bone window and cannot be monitored with trans-
cranial Doppler [5].

We measured the response to clamping and shunting of
a common processed EEG and an rSO, monitor, bilaterally
and simultaneously, in patients undergoing CEA under
general anesthesia in order to ferret out any differences
between the two monitors in response to changes in CBF
during this phase of the surgery.

2 Methods
2.1 Study design

This prospective, observational study was approved by our
Institutional Review Board (IRB). Patients between the
ages of 18 and 85 years, American Society of Anesthesi-
ologists (ASA) class I-IV, who underwent CEA with rou-
tine shunting under general anesthesia from June 10, 2011,
to July 22, 2013, were included. Patients excluded from
this study included prisoners, pregnant women, mentally
disabled patients, patients with ASA class V, alcohol or
drug abusers, patients being administered drugs, such as
ketamine, that may alter the integrity of the EEG or rSO,,
or patients not suitable for either processed EEG or rSO,
monitoring as determined by the researcher, surgeon or
attending anesthesiologist.

At our institution, the indications for CEA are symp-
tomatic patients with stenosis >50 % and asymptomatic
patients with stenosis >80 %. All CEAs performed in this
study were primary repairs, utilized routine shunting under
general anesthesia, and were completed with patch repair.

2.2 Experimental procedure

The monitors used in this study included the BIS VISTA
(Covidien, Manfield, MA USA) processed EEG bilateral
LOC monitor and the INVOS 5100c (Covidien) NIRS
bilateral cerebral oximeter. The BIS generates a unitless
index—the BIS index—that ranges from 0 to 100, with 100
indicating full consciousness. The INVOS generates an
index—the rSO, index—ranging from approximately 15 to
95 that primarily represents the venous oxygen saturation
of the tissue underlying the sensor.

Preoperatively, the BIS and INVOS monitors were time-
synchronized to each other and to the operating room (OR)
clock to establish a common time benchmark. Data storage
devices (USB flash drives) were connected to both
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monitors for real-time data collection and post-processing.
The BIS and INVOS electrodes were attached to the patient
in the manner specified by the manufacturer. One bilateral
BIS electrode was used for sensing the EEG signal from
both the surgical side and contralateral side of the brain.
Two unilateral INVOS electrodes (one each on the left and
right side of the forehead) were used for sensing the rSO,
from the surgical-side and contralateral side of the brain.
After confirming that the monitors were functioning
properly, but prior to induction, electronic data collection
began. Data were recorded simultaneously and continu-
ously beginning just prior to induction of anesthesia to the
time the patient was ready for transport from the OR fol-
lowing surgery.

Anesthesia was induced with propofol and maintained
with desflurane, sevoflurane or isoflurane per the attending
anesthesiologist. Opioid use—either fentanyl or remifen-
tanil—was at the discretion of the anesthesiologist and was
generally minimal. The anesthesiologist controlled blood
pressure to within 20 % of the baseline (pre-incision)
value. He/she treated relative hypotension by decreasing
the anesthetic agent, or by treating with phenylephrine or
ephedrine. He/she treated hypertension by the increasing
the anesthetic level.

During the surgery, the researcher manually recorded
the time, systolic and diastolic blood pressure (SAP and
DAP), mean arterial pressure (MAP), heart rate (HR),
respiratory rate (RR), arterial oxygen saturation (SaO,),
inhaled anesthetic concentration, processed EEG index and
rSO, index at the following events:

Induction

Incision

Clamp on

Shunt in/clamp off
Clamp on/shunt out
Clamp off

Surgery complete
Anesthesia discontinued
Patient awake/extubated

Although these parameters were recorded during the
surgeries as a matter of course, they were not accounted for
in the subsequent rSO, and processed EEG data analysis
because of the observational design of this study.

2.3 Statistical analysis

All inferential statistics assumed an alpha equal to 0.05 for
significance. Recorded surgical-side and contralateral-side
processed EEG data (recorded electronically once/second)
and surgical-side and contralateral-side rSO, data (recor-
ded electronically approximately once/five seconds) were

averaged per minute in boxcar fashion and synchronized
in time. We compared the processed EEG index and rSO,
index data separately between the surgical and contralat-
eral sides at each event time point (see Figure Legends for
events) with repeated measures ANOVA analysis methods
and appropriate post hoc testing. In addition, we identified
the minimum processed EEG and rSO, index value
reached immediately following clamping as an indicator
of acute decrease in CBF, and compared these values with
the degree of carotid stenosis measured preoperatively.
We used a multivariate logistical model for this evalua-
tion. Finally, we calculated the five-minute average value
of each parameter five minutes after shunting to establish
an approximate steady state value following shunt acti-
vation. We included all values as events in our statistical
analysis.

3 Results

Sixty-nine patients were included; data were obtained for
65 patients. Cerebral oxygenation data for three patients
were not collected due to monitor malfunction, thus rep-
resenting a 4.4 % monitor failure rate. One consenting
patient was excluded due to an error in the medical records
regarding his age (actual age >85 years old). Of the 65
patients for whom rSO, data were collected, processed
EEG data were collected for only 52 patients due to tech-
nical problems with the BIS monitor and BIS electrode
integrity, thus representing a 20.0 % monitor failure rate.
Thirty females and 35 males completed the study. Thirty-
five left-sided and 30 right-sided surgeries were performed.
Patient demographics are given in Table la. Preoperative
surgical and contralateral-side stenosis data are provided in
Table 1b.

3.1 Typical rSO, and processed EEG response
during CEA surgery

Figure 1 shows a typical cerebral oxygenation and pro-
cessed EEG versus time response from one patient. At
clamping, rSO, decreased until the shunt was activated and
then increased to a relatively steady value during the sur-
gery until the shunt was removed and blood flow was
reestablished in the repaired artery. The surgical side rSO,
decreased more than the contralateral side rSO, and
remained lower in comparison throughout surgery. The
processed EEG index also decreased following cross-
clamping and increased following activation of the shunt.
However, there was no clearly discernible difference
between the contralateral-side and surgical-side processed
EEG response.
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Table 1 (a) Patient demographics and (b) surgical/contralateral-side
carotid artery stenosis assessed preoperatively

(a)

Patient demographics

Number of patients enrolled 69

Number of patients completing study 65

Male 35

Female 30

Age (years) 68.1 £9.4

Height (cm) 170.7 £ 10.2

Weight (kg) 81.1 + 18.4

Left Side CEA 35

Right Side CEA 30

ASA 2 2

ASA 3 48

ASA 4 15

(b)

Side <50 % 50-69 % 70-99 %
stenosis stenosis stenosis

Surgical 0 8 (12.3 %) 57 (87.7 %)

Contralateral 29 (44.6 %) 22 (33.6 %) 14 (21.5 %)

3.2 Opverall rSO, and processed EEG response
during CEA surgery

Table 2 and Fig. 2 present the overall rSO, and processed
EEG versus event response for our patient population
during CEA surgery. Following clamping the surgical-side
rSO, was significantly lower than contralateral-side oxy-
genation until the shunt was removed and blood flow was
restored in the repaired carotid artery. The processed EEG
index decreased bilaterally to a value significantly below
baseline following clamping but returned to a value near
baseline following shunt activation. There was no signifi-
cant difference between the contralateral-side and surgical
side processed EEG indices within the defined events in
this study.

Table 3 shows the significance between incision, con-
sidered our baseline event, and the other events in this
study, within each group (contralateral and surgical group).
Of note, both the rSO, (surgical-side and contralateral-
side) and the processed EEG index decreased significantly
below baseline following clamping of the carotid artery.
The surgical-side cerebral oxygenation remained statisti-
cally lower than baseline through surgery until the shunt
was removed and blood flow reestablished in the repaired
artery. The processed EEG index returned to the value at
incision following shunt activation.
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Fig. 1 a Cerebral oxygenation versus time and b processed EEG
index versus time from one patient in this study. Events: 1 = induc-
tion; 2 = incision; 3 = clamp on; 4 = shunt in/clamp off (shunt
activated); 5 = clamp on/shunt out; 6 = clamp off (blood flow
reestablished in repaired artery); 7 = surgery complete; 8 = anes-
thesia discontinued; 9 = patient awake/extubated

The minimum rSO, and processed EEG value reached
immediately following carotid shunting were not predictive
of the degree of carotid stenosis in the diseased artery, as
determined preoperatively.

4 Discussion

The risk of acute cerebral ischemia during CEA due to
cross clamping of the carotid artery has prompted the
interest in monitoring CBF and predicting an ischemic
occurrence. When the procedure is performed on awake
patients, cerebral ischemia can be effectively assessed with
neurologic testing. However, most patients undergo CEA
under general anesthesia. As a result, researchers have
sought a reliable noninvasive method to detect these
ischemic changes when patients are asleep. Our study
focuses on rSO, and processed EEG monitoring as possible
methods of tracking changes in cerebral perfusion during
CEA. Although these monitors have been studied previ-
ously for this purpose, our study is the first to utilize
bilateral monitoring with both technologies measured
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Table 2 (a) Cerebral (a)

oxygenation and (b) processed

EEG at designated events Cerebral oxygenation (index)

during CEA surgery. Data is -

expressed as mean + SD with Event Contralateral Mean (SD) Surgical Mean (SD) )4

significance between Induction 64.8 +9.9 65.4 + 9.4 0.6172

contralateral-and surgical-side

groups within each event. All Incision 63.8 £ 12.1 632 + 124 0.6293

comparisons are within events. Clamp on 623 £ 12.7 614 +12.8 0.4520

Statistically significant Minimum post clamp 57.8 + 13.3 52.1+ 134 <0.0001

comparisons are bolded .
Shunt in/clamp off 62.2 +12.6 57.6 £ 134 <0.0001
5-minutes post shunt 62.0 £ 12.6 575+ 134 0.0003
Clamp on/shunt out 62.5 £12.0 57.6 £ 13.0 0.0001
Clamp off 62.4 +12.0 56.6 + 13.6 <0.0001
Surgery complete 673 £ 11.6 66.2 + 12.4 0.4113
Anesthesia discontinued 68.8 &+ 12.3 66.3 £ 15.2 0.2559
Patient awake/extubated 725 £ 12.1 70.7 £ 11.9 0.1539
(b)
Processed EEG (Index)
Induction 89.4 £+ 19.1 88.7 £ 19.6 0.6014
Incision 452 £ 10.8 45.7 £ 10.6 0.9465
Clamp on 43.1 £ 11.1 442 £ 10.8 0.8221
Minimum post clamp 359 £ 109 36.6 £ 10.8 0.9305
shunt in/clamp off 454 £ 10.8 46.4 + 11.1 0.8707
S-minutes post shunt 44.8 + 10.6 46.6 £ 10.2 0.5297
Clamp on/shunt out 48.5 £ 124 49.1 £ 12.8 0.6287
Clamp off 49.5 £ 11.5 49.7 £ 11.9 0.8312
Surgery complete 552 £ 134 56.5 £ 16.6 0.7419
Anesthesia discontinued 58.1 + 13.0 59.6 £ 16.5 0.6997
Patient awake/extubated 73.0 £ 14.2 76.8 £+ 13.8 0.2005

simultaneously in a population of patients undergoing CEA
with routine shunting. As a result, we have been able to
more clearly demonstrate the response patterns of both
monitors to clamping and shunting of the carotid artery
and, thus, provide a better comparison of the two monitors.

Cerebral oximetry has shown some promise in tracking
changes in CBF during CEA and predicting carotid artery
clamping induced cerebral ischemia [5, 6, 14, 16] that would
predicate the need for a shunt during surgery. Prediction
algorithms have been based on the level of decrease in rSO,
following carotid artery clamping, as compared to indicators
such as neurologic testing, transcranial Doppler and real-
time EEG analysis. The sensitivity and specificity achieved
with these algorithms have suggested a modest usefulness
for rSO, in determining a need for shunt placement.

There is some controversy concerning whether observed
changes in rSO, represent true changes in cerebral perfu-
sion or if they are more related to changes in perfusion of
superficial tissues. During CEA, the common, internal and

external carotid arteries are clamped prior to insertion of
the shunt. Once the shunt is placed, the common and
internal carotid arteries are unclamped and the shunt is
activated. However, the external carotid artery remains
clamped during the shunted portion of the procedure,
resulting in decreased perfusion of superficial facial tissues.
Our results clearly show that rSO, increases after activation
of the shunt while the external carotid artery remains
deprived of blood flow, which confirms that rSO, responds
to true changes in CBF. However, the fact that surgical-
side rSO, does not return all the way to baseline during the
shunted period could suggest some contamination of the
signal by decreased oxygenation of superficial tissues
perfused by the external carotid artery.

Processed EEG monitoring has also been studied as a
possible method of tracking changes in CBF during CEA.
These monitors are widely available in the OR today and
are familiar to anesthesiologists and surgeons. The poten-
tial utility of these monitors to track and predict CBF
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Fig. 2 a Cerebral oxygenation versus event and b processed EEG
index versus event for our patient population

changes has been suggested in the literature [7, 9, 11, 13,
17]. As with the rSO, studies, these works utilize changes
in the processed EEG index to predict the need for shunt
placement to avoid cerebral ischemia, and the prediction
algorithms are derived using the standard accepted moni-
toring modalities in sensitivity and specificity analyses.
Like the rSO, algorithms, the processed EEG algorithms
have had varying degrees of predictive success.

The majority of studies related to the use of rSO, and
processed EEG monitoring during CEA under general
anesthesia have been performed in patients undergoing
procedures with selective shunting. It is important to point
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out that our study is unique in that it demonstrates the
consistent response to cross-clamping and shunting of the
carotid artery in a population of routinely shunted patients,
the majority of who would not have met the criteria for
shunt insertion in other studies. Our results support the use
of rSO, monitoring to track changes in CBF during CEA
under general anesthesia. Our data show that surgical side
rSO, values consistently decrease in response to cross-
clamping of the carotid arteries and increase with shunt
placement while contralateral-side values remain relatively
constant. Furthermore, unlike processed EEG, the rSO,
response discriminates between the surgical- and contra-
lateral-side of the brain during CEA.

From the technical standpoint, we found the INVOS
rSO, monitoring system to be far more robust than the BIS
processed EEG system as far as clinical performance is
concerned. With the BIS monitor, we encountered
numerous issues with electrode integrity and electrode
adhesion, which introduced noise and interruptions in the
raw EEG signal and its processing. Of course we recognize
that this is, in part, an inherent problem when monitoring
microvolt-level electrical signals in a noisy OR environ-
ment. In contrast, we had virtually no problems with the
INVOS monitoring system. The difficulties we did have
were all related to data storage issues.

Although we did not find a relationship between the
degree of surgical-side stenosis, as assessed preoperatively,
and the minimum rSO, or processed EEG index values
reached at clamping during surgery, this relationship
should nevertheless be pursued in further studies because
of its potential as a preoperative predictor of cerebral
ischemia at carotid artery shunting. Our study was obser-
vational and, thus, the true minimum level of the param-
eters may not have been reached by the time the surgeon
activated the shunt. Admittedly, evaluating this relation-
ship was an afterthought on our part and not an element of
the original study design. An interventional study would
need to be conducted to determine if a correlation exists.

Our study had several limitations. First, we did not
control for blood pressure. However, general practice at
our institution is to maintain blood pressure at or near the
patient’s baseline around the time of cross-clamping. In
addition, as this was a purely observational study and we
did not use either monitoring modality to suggest intra-
operative management changes, we can draw no conclu-
sion from our data regarding the possibility of reducing
neurologic complications with rSO, monitoring.

5 Conclusion

Our data supports the use of rSO, and processed EEG
monitoring as methods of tracking changes in CBF during
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Table 3 Event comparisons versus incision (baseline) within groups. Data are p values for given comparison. Statistically significant com-

parisons are bolded

Cerebral oxygenation and processed EEG

Comparison rSO, contralateral rSO, surgical Processed EEG contralateral Processed EEG surgical
Induction 0.4781 0.0920 <0.0001 <0.0001
Incision

Clamp on 0.2282 0.1405 0.2859 0.3680
Minimum post clamp <0.0001 <0.0001 <0.0001 <0.0001
Shunt in/clamp off 0.1279 <0.0001 0.9110 0.8366
S-minutes post shunt 0.0857 <0.0001 0.8315 0.7244
Clamp on/shunt out 0.2814 <0.0001 0.1834 0.0812
Clamp off 0.2444 <0.0001 0.0630 0.0467
Surgery complete 0.0052 0.0145 <0.0001 <0.0001
Anesthesia discontinued <0.0001 0.0007 <0.0001 <0.0001
Patient awake/extubated <0.0001 <0.0001 <0.0001 <0.0001

CEA under general anesthesia. Both monitors are widely
available, well understood by clinicians and require no addi-
tional personnel. Cerebral oxygenation monitoring discrimi-
nates between the surgical and contralateral sides, while
processed EEG monitoring does not. Further studies are nee-
ded to understand the etiology behind this difference. Addi-
tionally, rSO, had a much lower failure rate in our study.
Further studies should be performed using both rSO, and
processed EEG to determine the utility of these monitoring
modalities in selective shunt placement and other maneuvers
to increase CBF compared to the gold standard of full real-
time EEG monitoring. Once reliable thresholds are estab-
lished, it will need to be determined if the use of these monitors
can prevent shunting-related complications or reduce costs.
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