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Abstract
Monitoring of transcranial electrical motor evoked potentials (tcMEP) during carotid endarterectomy (CEA) has been 
shown to effectively detect intraoperative cerebral ischemia. The unique purpose of this study was to evaluate changes of 
MEP amplitude (AMP), area under the curve (AUC) and signal morphology (MOR) as additional MEP warning criteria for 
clamping-associated ischemia during CEA. Therefore, the primary outcome was the number of MEP alerts (AMP, AUC 
and MOR) in the patients without postoperative motor deficit (false positives). We retrospectively reviewed data from 571 
patients who received CEA under general anesthesia. Monitoring of somatosensory evoked potentials (SSEP) and tcMEP 
was performed in all cases (all-or-none MEP warning criteria). The percentages of false positives (primary parameter) of 
AMP, AUC and MOR were evaluated according to the postoperative motor outcome. In the cohort of 562 patients, we found 
significant SSEP/MEP changes in 56 patients (9.96%). In 44 cases (7.83%) a shunt was inserted. Nine patients (1.57%) were 
excluded due to MEP recording failure. False positives were registered for AMP, AUC and MOR changes in 121 (24.01%), 
148 (29.36%) and 165 (32.74%) patients, respectively. In combination of AMP/AUC and AMP/AUC/MOR false positives 
were found in 9.52% and 9.33% of the patients. This study is the first to evaluate the correctness of the MEP warning criteria 
AMP, AUC and MOR with regard to false positive monitoring results in the context of CEA. All additional MEP warning 
criteria investigated produced an unacceptably high number of false positives and therefore may not be useful in carotid 
surgery for adequate detection of clamping-associated ischemia.

Keywords  Intraoperative neurophysiologic monitoring · Carotid endarterectomy · Motor evoked potentials · Warning 
criteria

1  Introduction

Recently published studies have indicated transcranial elec-
trical motor evoked potentials (tcMEP) to be a useful tool 
to detect focal ischemia within the corticospinal tract during 
carotid endarterectomy [1–4]. Therefore, tcMEP monitoring 
has been described to compliment the more traditional and 
established monitoring of somatosensory evoked potentials 
(SSEP). This combination seems to give important infor-
mation about both global hemispheric ischemia and focal 
ischemia of the CST. The evaluation of the MEP monitor-
ing suggests the modality to be highly feasible in the intra-
operative setting during CEA. The rate of technical failure 
of tcMEP monitoring was found to be less than 2% and is 
therefore comparable to that of SSEP recording [1, 4].

However, the criteria for therapeutic intervention in cases 
of cerebral ischemia during carotid artery cross-clamping 
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differ between the EP modalities in the literature. A reduc-
tion of the SSEP amplitude below 50% is a generally rec-
ognized marker for therapy requiring cerebral hypoperfu-
sion. The complete loss of MEP signals has been described 
exclusively as warning criteria in all publications concerning 
MEP monitoring during CEA [1–5].

Additional MEP warning criteria have been investigated 
in the literature describing intracranial or spinal procedures, 
including reduction of amplitude (AMP) < 50% [6], morpho-
logic changes (MOR) [7], increments of stimulation thresh-
old level or drop of area under the curve (AUC) [8]. Segura 
et al. [8] investigated a multiparametric alarm criterion 
combining criteria targeting an earlier detection of potential 
neuronal damage in spinal deformity surgery. Unfortunately, 
none of the investigations could produce clear evidence that 
the additional MEP warning criteria alone or in combination 
are superior to the criterion of tcMEP loss. According to a 
recently published overview on criteria for MEP monitoring 
[9], only a decrement of MEP amplitude (< 50%) suggests a 
tendency to be more beneficial in preventing false negatives 
and postoperative motor deficits during cerebral vascular or 
tumor surgery.

However, in all of the analyses in the literature, thera-
peutic interventions during ICA cross-clamping were exclu-
sively related to a loss of MEP recordings. Thus, this study is 
unique in investigating the correctness of the additional MEP 
warning criteria AMP, AUC and MOR and the combination 
thereof, with false positives as the primary outcome during 
carotid endarterectomy. Second, additional MEP warning 
criteria were evaluated in order to assess their potential to 
reduce false negative monitoring results of the established 
warning criteria.

2 � Methods

The analysis of patients was approved by the Institutional 
Review Board by the ethical committee of Saxony, Germany 
(EK-BR-8/12-1).

2.1 � Patients and procedural protocols

We retrospectively reviewed the monocentric medical 
records of 571 patients who underwent elective CEA at the 
Klinikum St. Georg gGmbH, Leipzig, Germany between 
2011 and 2016. CEA was performed by a limited number 
of experienced anesthesiologists and vascular surgeons. 
Either synthetic patch graft and bypass or eversion CEA 
techniques were used. The neurologic status and evidence 
of cerebral infarction on computerized tomography or mag-
netic resonance imaging were preoperatively reviewed in 
patients with a history of stroke or transient ischemic attack. 
The diagnostic imaging was utilized within the admission of 

these patients or during earlier hospital stay. Patients with 
ICA stenosis were ranked as symptomatic or asymptomatic 
according to commonly used criteria [10, 11]. Patients with 
acute preoperative stroke requiring emergency intervention 
were not included in the study since patients entering our 
hospital with acute stroke requiring emergency surgery do 
not follow the standardized anesthesia and neurophysiologi-
cal protocol. They also do not commonly receive neurophys-
iological monitoring.

An additional neuroanesthesiologist who was trained and 
certificated in the assessment of intraoperative neurophysi-
ological monitoring performed the neurophysiological test-
ing including the MEP recording. The clinical outcome of 
motor function was evaluated by the same anesthesiologist 
for all patients postoperatively. The motor function was first 
reviewed in the operation room after tracheal extubation in 
the presence of the vascular surgeons and additionally after 
transfer to the postoperative unit and before removal to the 
ward. In the case of a motor deficit, the patients were also 
evaluated every following day until the recovery of the defi-
cit or until the patient’s discharge from the hospital. Fur-
thermore, all patients showing intraoperative EP changes 
(established criteria) or postoperative motor deficits were 
formally examined by a neurologist. A transient motor defi-
cit was defined in the case of recovery of the postoperative 
motor deficit before hospital discharge.

2.2 � Anesthesia regime

According to the institutional protocol, we used the same 
anesthetic technique in all patients. Total intravenous 
anesthesia (TIVA) was achieved by administering a con-
tinuous infusion of propofol (4–7 mg/kg/h) and remifenta-
nil (0.2–0.5 μg/kg/min). Etomidate (0.2 mg/kg) or propofol 
(2 mg/kg) and remifentanil (0.2–0.5 μg/kg/min) were used 
for induction of anesthesia, as was rocuronium (0.6 mg/
kg). During the period of ICA cross-clamping of the tar-
get, arterial systolic blood pressure was set at 10% above 
preoperative values. If necessary, arterial hypotension was 
treated, and vasopressors (norepinephrine or Akrinor®: 1 
amp. a 2 ml, Cafedrin-1HCl 200 mg and Theoadrenalin-HCl 
10 mg) were used. Bradycardia was treated with atropine. In 
all cases throughout the procedure normothermia and nor-
mocapnia were maintained.

2.3 � Intraoperative neurophysiologic monitoring

According to the standard practice during CEA in patients 
under general anesthesia, bilateral mSSEPs, tSSEPs, and 
tcMEPs of the upper extremities were recorded in all cases. 
The complex ISIS IOM system with Neuroexplorer software 
was used (inomed Medizintechnik GmbH, Im Hausgrün 29, 
79312 Emmendingen, Germany). In addition, computerized 
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Electroencephalogram (EEG) was elicited using the bispec-
tral index (BIS; BIS-Modul for Philips M1034A with BISx, 
frontal montage, Aspect Medical Systems Inc., Framingham, 
MA, USA) for evaluating depth of anesthesia (target value: 
35–45). EEG was not analyzed for cerebral ischemia.

Cortical SSEPs were recorded bilateral from the scalp 
using corkscrew electrodes (SDN 530751, inomed Mediz-
intechnik GmbH, Im Hausgrün 29, 79312 Emmendingen, 
Germany) at C3′/C4′-Fz and Cz′-Fz according to the 10/20 
system after electrical stimulation of the median and tibial 
nerve (needle electrodes/SDN 530630, inomed Medizin-
technik GmbH, Im Hausgrün 29, 79312 Emmendingen, 
Germany).

Electrical stimulation of the precentral motor cortex for 
MEP measurement was transcranially delivered between 
C3 − C4 + 1 cm and C4 − C3 + 1 cm (corkscrew electrodes/
SDN 530751, inomed Medizintechnik GmbH, Im Haus-
grün 29, 79312 Emmendingen, Germany; intensity range 
40–85 mA/constant voltage: 300 mV/impulse duration: 
0.5 ms/train: 5/inter stimulus interval: 2 ms/stimulation 
repetition rate: 2 Hz/monophasic). Suprathreshold stimu-
lation was performed in all patients. Motor evoked poten-
tial responses were recorded as standard from the abduc-
tor digiti minimi muscle (needle electrodes/SDN 530620, 
inomed Medizintechnik GmbH, Im Hausgrün 29, 79312 
Emmendingen, Germany; bipolar/intramuscular/band pass: 
5–2500 Hz).

The last measurements of the mSSEP and tcMEP ampli-
tudes recorded before ICA cross clamping were set as the 
baseline. Any initial technical failure of MEP recording was 
registered, and such patients were excluded from further 
analyses.

2.4 � Warning criteria and shunt application

The institutional protocol for neurophysiological warn-
ing criteria for therapeutic intervention (elevation of mean 
arterial blood pressure (MAP) and/or arterio-arterial shunt 
placement) dur-ing the period of ICA cross-clamping were: 
(1) decrement of mSSEP, (2) tSSEP amplitudes of more than 
50% or (3) the complete loss of tcMEP signals (all-or-none 
interpretation). Persistence or progression of these defined 
changes was addressed by increasing the arterial blood 
pressure up to 20% to 30% of preoperative values achieved 
within 2 min. In the case of failure of responses recovery 
shunt insertion was suggested.

2.5 � Data analysis

tcMEP amplitude, area under the curve, and number of 
phases (morphology) data were recorded from three meas-
urements before and during ICA cross-clamping. tcMEP sig-
nals (AMP, AUC and MOR) were analyzed postoperatively 

using MATLAB (Version 2009b, The MathWorks, Inc., 
Natick, United States). For each measurement, the maximal 
peak-to-peak amplitude was determined. The area under the 
curve was calculated by rectification and numerical integra-
tion. The morphology of the signal was determined by cal-
culating the number of zero-crossings. The numerical results 
were saved for further statistical analysis.

In the case of the additional MEP warning criteria [AMP 
or AUC reduction < 50% and MOR changes from polypha-
sic to biphasic (polyphasic > 3 zero-crossings)], all patients 
without therapeutic intervention were investigated for the 
percentage of false positives for the immediate postoperative 
motor outcome (primary parameter). Thus, a false positive 
result was defined as follows: no postoperative motor deficit 
without any significant intraoperative changes of the estab-
lished modalities of SEP or MEP (signal loss) but occur-
rence of changes of the additional warning criteria (AMP or 
AUC reduction < 50% or MOR changes from polyphasic to 
biphasic). False positives were registered for each additional 
criteria alone and in combination (AMP/AUC and AMP/
AUC/MOR). In addition, periods of time between alteration 
of one of the additional MEP warning criteria until the final 
loss of MEP were evaluated. Secondarily, the proportion of 
false negatives was calculated. Therefore, a false negative 
result was defined as postoperative motor deficit without 
significant intraoperative changes in one of the additional 
MEP criteria. False negatives of the established combined 
SEP/MEP, monitoring were analyzed separately. Addition-
ally, in case of one of the additional MEP warning criteria 
showed significant changes prior a MEP loss, the period of 
time between both events was analyzed.

3 � Results

A cohort of 571 patients was reviewed (mean age: 70.46 y/o; 
female: 185 (32.40%)/male: 386 (67.60%), ASA 2.85). Four 
hundred and one patients (70.22%) were ranked determined 
to have a symptomatic ICA stenosis, and 302 (52.88%) 
patients had a history of ipsilateral stroke. Neurophysi-
ological results were registered in all patients according to 
a standardized institutional protocol.

Initial MEP recording failed technically in 9 patients 
(1.57%). Four patients had a history of stroke, whereas 
MEP recording failed for technical or anesthesia reasons in 5 
patients. According to the study protocol, these patients were 
excluded from further calculations. Intraoperative ischemia 
was detected by loss of MEP or 50% reduction of the cor-
tical SSEP in 56 (9.96%) of the remaining 562 patients. 
All patients who showed significant neurophysiological 
changes received intervention. A shunt was inserted in 44 
cases (7.83%), whereas in the remaining 12 cases (2.13%), 
elevation of the MAP was the only necessary intervention. 
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However, an immediate postoperative deficit was recog-
nized in the same cohort in 15 patients (2.66%). Thirteen 
patients showed significant intraoperative EP changes, and 
2 patients did not (0.35% false negatives). Therefore, for the 
504 patients without significant EP changes, no intervention 
and no postoperative motor deficit were registered as the 
referential cohort to investigate the primary parameter: false 
positives according to changes of additional MEP criteria 
(AMP, AUC and MOR). The results of the analysis of false 
positives and false negatives based on the additional MEP 
criteria are shown in Table 1.

The spectrum of postoperative motor deficits is illus-
trated in Table 2.

In the patients receiving intervention because of an 
intraoperative MEP loss, transient ischemia occurred in 
four cases. In one of these patients additional MEP warn-
ing criteria were clearly affected before the final MEP loss 
(AMP: 5:10 min; AUC: 12:45 min).

Otherwise, in five patients without postoperative motor 
deficit significant changes in at least one of the additional 
MEP criteria occurred 1–7 min before the MEP loss.

Table 1   Percentage results of false positives (primary outcome parameter) and false negatives using the additional MEP warning criteria: reduc-
tion of amplitude (AMP)/area under the curve (AUC) and changes in morphology (MOR), both alone and in combination

a Cohort without significant changes of SEP/MEP & no intervention & no postoperative motor deficit
b Cohorts without significant changes of add. MEP criteria (AMP/AUC/MOR) and no intervention but postoperative motor deficit (Calculations 
of cohorts of false negatives include: patients without EP changes and no intervention minus values of false positives

Cohort, n AMP, n/% AUC, n/% MOR, n/% AMP & AUC, n/% AMP & AUC & MOR, n/%

False positives 504a 121/24.01% 148/29.36% 165/32.74% 48/9.52% 47/9.33%
False negatives 385b 2/0.52%

358b 2/0.56%
341b 2/0.59%

Table 2   Variety and type of postoperative contralateral motor deficit and additional non-motor deficits according to intraoperative significant 
changes in evoked potential monitoring

MAP↑: elevation of mean arterial blood pressure
Amplitudes, area under the curve or morphology
Permanent neurologic deficit most likely in order to an embolic event
a Postoperative embolic event
b Patient was transferred to the ICU intubate and sedated until the next day and showed
c Patient showed no significant EP changes intraoperative, not even significant changes of MEP

Patients’ # with 
postop. motor 
deficit

Motor deficit Additional deficit Type of motor deficit Significant change of SSEP or 
loss of MEP

Intervention

2 Monoparesis leg – Transient MEP Shunt
18 Monoparesis hand – Transient mSSEP/tSSEP/MEP MAP↑
40 Hemiparesis Aphasia Transient mSSEP/tSSEP/MEP Shunt
56 Monoparesis hand – Transient No intraoperativec EP change –
73 Hemiparesis Dysphasia, aphasia Transient mSSEP/MEP Shunt
98 Hemiplegia Aphasia Permanenta MEP Shunt
105 Monoparesis arm – Transient mSSEP Shunt
117 Monoparesis hand – Transient mSSEP/MEP MAP↑
144 Arm-accentuate hemiparesis – Transient No intraoperativec EP change –
153 Monoparesis leg – Transient tSSEP Shunt
216 Monoparesis arm – Transient mSSEP/tSSEP/MEP Shunt
220 Monoparesis arm/hand – Transient mSSEP/MEP Shunt
241 Arm-accentuate hemiplegia Aphasia Permanentb mSSEP/tSSEP Shunt
267 Hemiparesis Dysarthria transient mSSEP/tSSEP/MEP Shunt
474 Hemiparesis – TRANSIENT mSSEP/tSSEP/MEP Shunt
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Other than this, in 12 patients receiving intervention fol-
lowing SSEP alerts without MEP loss we found significant 
changes of at least one of the additional MEP criteria.

4 � Discussion

The question regarding the most efficient MEP warning cri-
terion to interpret MEP changes correctly during spinal or 
cerebral surgery has been a subject of debate for more than 
a decade [9]. In contrast to D-wave activity, muscle MEP 
signals are unstable and may show large trial-to-trial vari-
ability, especially when a suprathreshold stimulation tech-
nique is used [12, 13]. One of the major reasons for the insta-
bility of muscle MEPs is the high sensitivity to anesthetic 
agents [14, 15]. Thus, the disappearance of muscle MEP 
responses has been used as a strong marker for postopera-
tive motor deficit regardless of the neurosurgical procedure 
[13]. Studies of established research groups suggest the use 
of MEP-loss-criterion in spinal surgery to be the most reli-
able predictor for postoperative motor outcome [12, 15]. 
In contrast, some authors have demonstrated that changes 
in tcMEP morphology (from poly- to biphasic waveform) 
may correlate with postoperative motor dysfunction after 
intramedullary surgery [7]. The historical debate over the 
superior MEP warning criterion in spinal monitoring shows 
some similar aspects to the monitoring of cerebral ischemia. 
Unfortunately, comparison of both spinal and cerebral MEP 
monitoring is limited because of profound pathophysiologi-
cal and methodical differences.

However, following the discussion in the literature, addi-
tional criteria of MEP signal interpretation, such as an ampli-
tude reduction > 50%, morphologic changes or increase of 
stimulation intensity threshold may help to reduce the rate of 
false negative results. Especially in supratentorial neurosur-
gery, a potentially earlier recognition of a reduction of MEP 
amplitude lower than 50% of baseline values tends to be 
superior to the more robust criterion of MEP loss [16–19].

However, during carotid endarterectomy, a loss of MEP 
responses following cerebral ischemia has been described in 
the literature as the only criterion to initiate shunt applica-
tion in the period of ICA cross-clamping [1, 2, 5]. Accord-
ing to MEP monitoring during carotid surgery, additional 
warning criteria have not been previously investigated. 
Thus, our study was designed to evaluate the validity of the 
warning criteria of a reduction of amplitude and area under 
the curve as well as changes in signal morphology during 
CEA in order to predict a correct postoperative motor out-
come. We have therefore chosen a retrospective analysis 
of false positives as a primary parameter. Since an intra-
operative therapeutic intervention was related to a defined 
SEP changes or MEP loss, the evaluation of false positive 
results of the additional warning criteria appeared to be a 

clear statistical parameter with regard to a valid evaluation 
of outcome prediction. To avoid distorting interventions, 
the patient cohort without any significant SEP changes or 
complete MEP loss was investigated. Since we found false 
positive results when considering AMP, AUC or MOR alone 
in 24% to 32.7%, the analyzed population of 504 patients 
seemed large enough, even considering the retrospective 
character of the study. Interestingly, this large proportion of 
false positives can obviously be reduced by combining AMP 
and AUC to 9.52%, but does not reach acceptable low val-
ues. The additional inclusion of MOR was also not beneficial 
to produce a further reduction of the false positive fraction 
(9.33%). In addition, this study could show evidence that the 
additional MEP warning criteria provide earlier alert in case 
of a MEP loss in order to potentially prevent postoperative 
motor deficit. Our data suggest that these alerts are rare and 
may be unproportional to the potency to produce false posi-
tive MEP results.

When using the criterion of 50% (even to 80%) ampli-
tude decrement in spinal scenarios, similarly to our findings, 
MEP monitoring was shown to produce a large proportion 
of false positives and unacceptable positive predictive val-
ues [13, 14, 20]. The wide variation of MEP amplitudes 
as well as of latencies was observed even in neurologically 
intact patients [21]. As mentioned above, the 50% ampli-
tude reduction criterion was demonstrated to reduce false 
negative results, especially in supratentorial neurosurgery 
[18, 19]. Therefore, there is a tendency to use the amplitude 
decrement as a major criterion in brain tumor surgery and 
cerebral aneurysm surgery. Differentiated analysis of devel-
opments of the area under the curve seems to be similar to 
changes in peak-to-peak MEP amplitudes, but it is obviously 
uncommon in routine practice and has only been described 
for spinal monitoring procedures [8].

However, with regard to carotid surgery, there is no evi-
dence to date showing that more than a 50% reduction in 
MEP amplitude or area under the curve is superior to the 
assessment of a signal loss or could potentially decrease the 
number of false negatives. Thus, in our cohort, there were no 
patients identified who showed postoperative motor deficit 
or an intraoperative reduction in amplitude or area under 
the curve greater than 50% without complete MEP loss or 
significant SSEP changes. We investigated AUC in addition 
to the more common parameter AMP to pay attention to the 
complexity of the MEP wave form [22].

The two patients with false negatives in our population 
developed postoperative motor deficits without any previ-
ous MEP or SEP changes. Unfortunately, the analysis of 
false negative results of the additional MEP criteria may be 
incorrect. However, the results of our investigation do not 
suggest that additional MEP warning criteria have the ability 
to reduce false negative MEP monitoring. Since the number 
of false negatives was low, likely because the cohort was too 
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small, the interpretation of this parameter is limited within 
our study. Although these results are informative in nature, 
they show a close relation to similar findings in the literature 
[3]. Regardless of our results, the use of the C3 − C4 + 1 cm 
montage for MEP stimulation may potentially increase the 
risk of false negatives.

Due to therapeutic intervention, we are unable to inves-
tigate whether or not earlier recognition of critical cerebral 
perfusion by looking at changes in amplitudes or AUC prior 
to the final MEP loss may have avoided postoperative tran-
sient motor deficit. In addition, the size of the patient cohort 
may have been too small to review these kinds of results 
retrospectively. Therefore, we chose false negatives as a sec-
ondary parameter and did not study sensitivity or specificity.

The evaluation of significant changes of MEP amplitude, 
area under the curve or signal morphology as potential warn-
ing criteria for the detection of clamping ischemia during 
CEA was shown to produce an unacceptably high number 
of false positives in a cohort of 504 patients. Certainly, a 
combination of AMP, AUC and MOR halved the proportion 
of false positives. Unfortunately, the reduction did not reach 
values below 9%. The use of the investigated additional MEP 
warning criteria may therefore not be beneficial during CEA 
even considering the retrospective nature of the study.

However, the results also confirm the low rate of false 
negatives of the established SEP and MEP warning criteria 
for the evaluation of cerebral perfusion during CEA.
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