1170

Anesthesiology

79:1170-1176, 1993

© 1993 American Sociéty of Anesthesiologists, Inc.
J. B. Lippincott Company, Philadelphia

Use of the Electrospinogram for Predicting Harmful
Spinal Cord Ischemia during Repair of Thoracic or

Thoracoabdominal Aortic Aneurysms
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Jorg Tarnow, M.D.§

Background: To reduce the incidence of misleading assess-
ments, and to derive criteria for critical spinal cord ischemia
during thoracic or thoracoabdominal aortic aneurysm repair,
the authors epidurally stimulated and recorded somatosensory
evoked potentials (ESEP) below and above, respectively, the
spinal segment at risk (electrospinogram).

Methods: Epidural somatosensory evoked potentials were
analyzed in 100 consecutive patients undergoing resection of
aortic aneurysms using two bipolar catheters (stimulation at
the L2 level and recording at the T3 level) for the following
criteria: 1) the time until ESEP disappeared completely after
cross clamping, 2) the duration of complete ESEP loss during
and after cross clamping, and 3) the time until ESEP recovered
after declamping. Postoperatively, neurologic deficits were
evaluated by a neurologist who was unaware of the ESEP re-
cordings.

Results: Three types of patients could be identified. First,
thirty-one patients neither showed ESEP loss nor neurologic
deficits. Second, ESEP loss occurring later than 15 min after
cross clamping was associated with a neurologic deficit in 2
of 29 patients (6.9%). And, third, 12 of 40 patients (30%) pre-
sented a neurologic deficit when ESEP loss occurred within
15 min after cross clamping. Further indicators of an im-
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pending risk were a total ESEP loss greater than 40 min (sen-
sitivity 100%, specificity 68%, positive predictive value [PPV]
35%, and negative predictive value [NPV] 100%), and a recovery
of ESEP later than 20 min after declamping (sensitivity 93%,
specificity 86%, PPV 52%, and NPV 99%).

Conclusions: Epidural somatosensory evoked potentials ap-
peared to be a reasonable intraoperative predictor of post-
operative neurologic outcome, and informs surgeons and
anesthesiologists about the impending danger at an early state
of the operation. (Key words: Complications: neurologic de-
ficit; spinal cord injury. Monitoring: epidural somatosensory
evoked potentials; spinal cord function. Surgery: thoracic.)

PARAPLEGIA and paraparesis are widely feared, but
somewhat unpredictable complications associated with
the repair of thoracic or thoracoabdominal aortic
aneurysms. Based on the extent of the repair, the in-
cidence of such neurologic deficits ranges from 3 to
40%." A monitoring technique that improves the time-
liness and degree of neuroresuscitative measures may
be clinically useful in view of the failure of prophy-
lactic surgical interventions,?~* and the adjunctive use
of drugs like naloxone® and papaverine” alone, to elim-
inate neurologic sequelae.

Somatosensory evoked potential (SEP) monitoring
elicited by posterior tibial nerve stimulation has been
reported to yield a large number of false positive re-
sponses, i.e., absent responses but no neurologic def-
icit.>? Loss of the physiologic function indicated by
SEP loss does not necessarily imply inadequate spinal
blood flow, because this technique cannot distinguish
between peripheral (n. tibialis) and central (spinal
cord or cerebral) ischemia.

We, therefore, used the electrospinogram, a technique
developed by Tamaki et al.'® to monitor spinal cord
function during spine surgery, in patients undergoing
resection of a thoracic or thoracoabdominal aneurysm.
This technique involves recording of real-time epidural
somatosensory evoked potentials (ESEP) from the T3-
T4 level of the spinal cord after epidural stimulation of
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the lumbar spinal cord (L2-L3). We aimed at deriving
criteria for ischemic spinal cord injuries during repair
of thoracic and thoracoabdominal aortic aneurysms by
monitoring spinal cord function before, during, and after
cross clamping of the thoracic aorta.

Materials and Methods

After obtaining approval from our institutional board,
and informed consent from each patient, we studied
100 consecutive patients. During the last 5[fr1/2] yr
(March, 1987, to November, 1992), 30 women and
70 men, aged 28-82 yr (mean age 63.5 & 12 yr) were
scheduled for repair of thoracic or thoracoabdominal
aortic aneurysm (type I-1V, according to Crawford’s
classification'"). Preoperative patient demographics
and the distribution of the types of aneurysm are listed
in table 1. Two staff anesthesiologists (K. D. S. and B.
M.) and one staff surgeon (W. S.) participated in this
study as part of their regular duty.

Spinal Cord Function Monitoring, Anesthetic and

Surgical Management

Two 18-G polyethylene bipolar epidural catheters?
(NeuroStim; Vygon Medical, Aachen, Germany) were
used for stimulating and recording ESEP. Under local
anesthesia and sterile conditions, both catheters were
inserted percutaneously and advanced 5 cm into the
epidural space via 16-G Tuohy needles. The stimulat-
ing catheter was placed at the L2-L3 spinal level (via

puncture at the L4-L5 intervertebral level) and the re-
cording catheter at the T3-T4 spinal level (via punc-
ture at the T5~T6 intervertebral level). Postoperatively,
the thoracic epidural catheter was used to administer
morphine for pain relief.

The correct positioning of the catheters was tested
in the awake, but premedicated, patient (1-2 mg flu-
nitrazepam orally 90 min before arrival), and preop-
eratively, with the patient in the right decubitus po-
sition after induction of anesthesia (reference record-
ings). If inadequate or no responses were recorded,
both catheters were used as stimulation catheters, and
recordings were done from a scalp electrode to detect
the malpositioned catheter. The malpositioned cacheter
was reinserted.

Stimulation variables were adjusted to an amplitude
that produced comfortable (painless) muscle reactions
or paresthesia in the premedicated patients. The signal
generation and averaging (sample size: 64 sweeps) of
the ESEP was done using the Medelec ER 94a evoked
potential system (Vickers Healthcare, Surrey, Great
Britain). Stimulation was delivered in squarewave
pulses 0.2 ms wide at a rate of 30-50 pulses s™*, with
an intensity of 15-20 mA. The recording time was 20
ms, and bandpass filters were used at 30-3,000 Hz.
Recordings were taken immediately before cross
clamping, every 3—-5 min during cross clamping, and
after cross-clamping release until the end of the case.
Each recording was displayed on a screen after aver-
aging for use during the operation, and plotted im-
mediately for later data analysis.

Table 1. Characteristics and Outcome in 100 Patients Undergoing Resection of Thoracic Aortic Aneurysms

No ESEP Loss ESEP Loss
n 31 69
Age (mean + SD) 63 = 15 64 +£10
Gender (%) female 27 32
Type of aneurysm*
Type | 28 38 (ND = 12%)
Type Il 31 38 (ND = 31%)
Type lll 28 24 (ND = 18%)
Type IV 13 0
Aortic cross-clamping time (min) (mean + SD, 95% confidence interval) 62 + 30 (51-73) 59 + 27 (563-65)
ESEP findings (mean + SD, 95% confidence interval)
Disappearance time (min) 0 18 = 9(15.9-20.1)
Duration of ESEP loss (min) 0 64 + 50 (52.2-75.8)
Recovery time (min) 0 26 + 40 (16.6-35.4)
ND (number of patients) 0 14

ND = Neurologic deficit.
* Classification of aneurysms according to reference 11.

Anesthesiology, V 79, No 6, Dec 1993

20z ludy 01 uo 3sanb Aq ypd°90000-0002 1 £66 1-Z¥S0000/LEGIZE/OLL L/9/6./4pd-Bl0IE/ABOjOISBYISOUE/WOD JIBYDIBA|IS ZESE//:dRY WO} papeojumog



1172

STUHMEIER ET AL.

Anesthesia was induced with 2—-4 mg/kg intravenous
thiopental and 0.2-0.4 mg fentanyl, and neuromus-
cular block was produced with 0.1 mg/kg vecuronium.
Anesthesia was maintained with isoflurane, 0.3-0.5
mg/h fentanyl infusion, and nitrous oxide in oxygen
depending on surgical requirements. Eucapnia was
produced as assessed by capnography and blood gas
analyses.

To keep mean arterial blood pressure within narrow
limits during aortic cross clamping, sodium nitroprus-
side or nifedipine was infused when blood pressure
increased above 110 mmHg. If mean arterial blood
pressure decreased to less than 90 mmHg, dopamine
or dobutamine was administered.

The operative technique consisted of cross clamping
of the thoracic aorta and graft inclusion® in 83 cases
without adjuncts. In 17 patients, a temporary axillo-
femoral shunt was inserted at the discretion of the sur-
geon, but primarily for cardiac reasons (7.e., history of
congestive heart failure or aortic valvular regurgita-
tion).

Neurologic deficits included paraplegia and parapa-
resis. The latter term was defined as weakness with
preservation of motion against gravity and resistance.
Neurologic examinations were performed in all pa-
tients preoperatively and before hospital discharge by
a neurologist who was unaware of the ESEP recordings.

Data Collection and Analysis

Sensitivity, specificity, and negative (NPV) and pos-
itive predictive values (PPV) of the following criteria
were calculated and analyzed statistically using Mc-
Nemar’s test: 1) the time until ESEP disappeared com-
pletely after aortic cross clamping (disappearance of
ESEP), 2) the duration of complete ESEP loss during
and after aortic cross clamping (duration of ESEP loss),
and 3) the time until ESEP recovered after cross-clamp-
ing release (recovery of ESEP).

The ESEP data were collected, stored, and analyzed
on an Intel 80386-based microcomputer using the Sta-
tistical Package for Social Science (SPSS/PC+, SPSS-
Software, Munich, Germany). Quantitative data were
presented as mean + SD with 95% confidence interval.
Comparisons of quantitative data (age, gender, cross-
clamping time, and type of aneurysm) were made using
the Mann-Whitney U test. The chi-square analysis with
continuity correction (or Fisher’s exact test) was ap-
plied for categorical data. Possible relations between
dynamic time criteria (disappearance of ESEP, duration
of ESEP loss, and recovery of ESEP) were analyzed by
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linear regression using the least-squares method. P <
0.05 was considered statistically significant.

Results

Epidural somatosensory evoked potential monitoring
was possible in all 100 patients with thoracic and thor-
acoabdominal aortic aneurysms divided according to
Crawford’s classification (table 1)."!

Disappearance of ESEP

Thirty-one patients did not lose ESEP during aortic
cross clamping, and had no neurologic deficit post-
operatively (no false negative). Cross-clamping time
and type of aneurysm did not differ between these pa-
tients and those 69 patients in whom ESEP loss occurred
(tables 1 and 2).

In 29 patients, ESEP disappeared more than 15 min
after cross clamping (26 = 8 min, with a 95% confi-
dence interval of 23.1-28.9 min), and, in two of these
patients (6.9%), 2 neurologic deficit was present post-
operatively. Forty patients lost ESEP within 15 min
(12.6 = 2.9 min after aortic cross clamping, 95% con-
fidence interval 11.7-13.5 min; fig. 1a), and, in this
group, 12 patients (30%) presented neurologic deficits
postoperatively. Thus, early intraoperative loss of ESEP
marked patients at high risk to develop neurologic def-
icits postoperatively (sensitivity 86%, specificity 67%,
NPV 97%, and PPV 30%; table 2, fig. 1a), but patients
without ESEP loss during aortic cross clamping were
not at risk.

Duration of ESEP Loss

Loss of ESEP of less than 40 min duration (28 patients;
fig. 1b) was not related to neurologic deficits (no false
positive), irrespective of the onset of ESEP loss (17 =
9 min, 95% confidence interval 14.3~19.7 min in pa-
tients without neurologic deficit vs. 13 & 6 min, 95%
confidence interval 10.7~15.3 min in patients with
neurologic deficits, P = NS) and the cross-clamping
time (72 £ 26 min, 95% confidence interval 64.1—
79.9 min in patients without neurologic deficit vs. 72
* 30 min, 95% confidence interval 60.7-83.3 min in
patients with neurologic deficit; P = NS). Only patients
with a total loss of ESEP for greater than 40 min (14
of 41 patients) developed neurologic deficits (no false
negative, sensitivity 100%, specificity 68%, NPV 100%,
and PPV 35%; table 2, fig. 1b). There was no significant
correlation (r = —0.287) between duration of ESEP
loss (>40 min) and disappearance of ESEP (<15 min).
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Table 2. Sensitivity, Specificity, and Predictive Values of ESEP Findings to Predict Neurologic Deficits

{ 1t [} \Y
Global ESEP Disappearance of ESEP <15 Duration of ESEP Recovery of ESEP >20
Criterion Loss min after Cross-clamping Loss >40 min min after Declamping

TP 14 12 14 13
TN 31 58 59 74
FP 55 28 27 12
FN 0 2 0 1
Predictive values (%)

Sensitivity 100 86 100 93

Specificity 36 678 68° 8gbe

PPV 20 30 35 520

NPV 100 97 100 99

TP = true positive; TN = true negative; FP = false positive; FN = false negative; PPV = positive predictive value; NPV = negative predictive value.
Sensitivity = TP/(TP + FN); specificity = TN/(TN + FP); PPV = TP/(TP + FP); NPV = TN/(TN + FN).

ecriterion |, ®criterion |1, or “criterion lIl, P < 0.01 (McNemar's test).

Recovery of ESEP

When ESEP recovered early (within 20 min after aor-
tic cross-clamping release), the incidence of a neuro-
logic deficit was low (1 of 44 patients; fig. 1c). With
this exception, neurologic deficits developed only in
patients (13 of 25 patients) in whom ESEP recovered
late (58 = 51 min after cross clamping; sensitivity 93%,
specificity 86%, PPV 52%, and NPV 99%; table 2, fig.
1¢). This time criterion had a significantly higher spec-
ificity (P < 0.005) and positive predictive value than
all other time criteria (P < 0.01). In addition, there
was no significant correlation (r = 0.753) between re-
covery of ESEP (>20 min) after aortic cross clamping
and duration of ESEP loss (>40 min).

Eight of the 17 patients in whom a temporary axil-
lofemoral shunt was inserted presented an ESEP loss.
In three of these eight patients, a neurologic deficit
developed.

Additionally, the incidence of neurologic deficits,
which did not differ between the types of aneurysm, is
given in table 1.

Discussion

Efforts to detect and prevent neurologic deficits re-
sulting from ischemic damage of the spinal cord during
repair of lesions of the descending aorta continue.
Based on the extent of the repair, the incidence of neu-
rologic deficits ranges from 3 to 40%.! Immediate in-
traoperative detection of patients at risk, therefore, may
be important to alert both surgeons and anesthesiolo-
gists, so that timely resuscitative steps can be taken
(see below).
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Although SEPs have been used in the operating room
for years, there is still no consensus on the utility of
such monitoring in real-time detection of neurologic
deficits during repair of thoracic and thoracoabdominal
aortic aneurysms. Previous studies have indicated that
somatosensory evoked potentials elicited by peripheral
nerve stimulation and recordings from a scalp electrode
is the method of choice during resections of thoracic
or thoracoabdominal aortic aneurysms,®'3'4 because
the “wake-up test”’ cannot be used in patients with
thoracotomy.'® Initially, this method was reported to
be highly sensitive and reliable in small groups of pa-
tients.’>!¥ In contrast, subsequent studies reported
conflicting results.®*'¢ For example, Crawford et al.,®
using the same technique, reported 13% false negative
and 67% false positive SEP findings in 99 patients.

Because anesthetics, per se, may disturb SEP conduc-
tion,'” and latency is altered by temperature
changes,'®!? hematocrit,?® and limb perfusion,?' the
SEP alterations during aortic cross clamping may,
therefore, reflect both, confounding systemic influ-
ences and ischemia of either spinal or peripheral
nerves.

Drenger et al’ compared findings from peripheral
nerve stimulation with those from spinal evoked po-
tentials, both recorded at the scalp, in a small group
of patients with thoracic and thoracoabdominal aortic
aneurysms (n = 18). Although peripheral evoked po-
tentials disappeared within 5-30 min after aortic cross
clamping in all ten patients without shunt, all seven
survivors did well postoperatively. In contrast, both
spinal evoked potentials and peripheral evoked SEP, in
eight patients with shunt, predicted neurologic out-
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Fig. 1. Relations between intraoperative epidural somatosen-
sory evoked potential (ESEP) findings and postoperative neu-
rologic outcome of 69 consecutive patients with intraoperative
ESEP loss during thoracic or thoracoabdominal aortic aneu-
rysm repair. Three criteria were separated: (a) disappearance
of ESEP (within 15 min) after aortic cross clamping (AXC);
(b) duration of total ESEP loss; and (¢) recovery time after
aortic declamping (AXR; P values refer to chi-square test com-
paring the proportion of patients with neurologic deficits ac-
cording to the time criteria shown in 4-C).

come accurately (no false negative findings) . Therefore,
only cases in which distal shunt perfusion was estab-
lished during cross clamping appeared to permit the
use of peripheral evoked potentials for real-time de-
tection of ischemic spinal cord injuries. However, it
should be considered that: 1) this conclusion is based
on findings from a small number of patients, and 2)
inadequate distal shunt perfusion may mimic spinal
ischemia when the limb and the peripheral nerve are
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malperfused, as has been demonstrated by Crawford et
al® in 99 patients. Thus, it appears preferable to use
spinal (epidural) electrodes instead of peripheral nerve
stimulation during aortic cross clamping.

Somatosensory evoked potentials recording from the
scalp is also subject to confounding influences. Because
volatile anesthetics, per se,'” and complications such
as brain edema®? (hyperperfusion, in case of aortic cross
clamping proximal to the left carotid or subclavian ar-
tery) and cerebral air embolism® (after cross-clamping
release) are known to alter SEP findings, the latter may
mimic spinal cord dysfunction without being related
to the region of primary interest.

To minimize such misinterpretations of SEP findings,
stimulation and recording electrodes were placed in
the epidural space sufficiently away from the spinal
segment at risk, but in very close proximity to the spinal
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' T \} Al 13:20 h
1 M ‘\ nd V¥ ,ml""’\\;
z \J \\/\ v | 1s:00n axc
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I |
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1 - after AXC
6 FL\WWJU“"V’MWMW J 16300 A
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Fig. 2. Spinal cord monitoring using epidural somatosensory
evoked potentials (ESEP; stimulation at the L2-L3 and record-
ing at the T3-T4 spinal level) in a 41-yr-old male patient with
a penetrating thoracoabdominal aneurysm (Crawford type II).
Recording 1: Control recordings. Recording 2: At the time of
aortic cross clamping (AXC). Recording 3: Ten minutes after
AXC. Recording 4: Loss of ESEP 25 min after AXC. Recording
5: Nine minutes after four spinal cord arteries were reattached.
Recording 6: At cross-clamping release (AXR). The patient who
underwent aortic repair after completion of the study pre-
sented no neurologic deficit postoperatively.
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cord.'®?% Because amplitude is extremely variable in
normal patients,'® and temperature decreases are often
recorded during aortic surgery, we prefer, as do oth-
ers,?® to use the complete loss of the signal to indicate
spinal cord ischemia. Using this technique, we found
that thoracic aortic cross clamping in 100 patients with
large aneurysms (type I-IV'") is not, per se, related to
the intraoperative loss of conductive spinal cord func-
tion (ESEP loss in 69/100 patients).

In addition, Laschinger et al.'> showed that loss of
SEP after aortic cross-clamping may indicate spinal cord
malperfusion. However, cross clamping of the aorta
(up to 60 min in dogs*®) does not necessarily mean
irreversible ischemic damage, although it demonstrates
loss of physiologic function. Accordingly, in our study,
no instance of spinal cord damage was observed in pa-
tients without complete ESEP loss, and in only 14 out
of 69 patients with an ESEP loss was a neurologic deficit
present postoperatively. Because ESEP loss alone may
be too global a measure to describe patients at risk,
dynamic time criteria, such as onset and duration of
ESEP loss during aortic cross clamping, and ESEP re-
covery after aortic cross-clamping release were con-
sidered.

All three time criteria were significantly more specific
(P < 0.01) than the global ESEP loss. Diagnostically,
absence of recovery within 20 min after aortic cross-
clamping release showed the highest specificity (86%)
and a high sensitivity (93%), combined with a reason-
able positive predictive value (52%), for indicating
patients at risk. Unfortunately, however, the time that
must elapse during this process makes it possible for
irreversible processes to take place that may make any
attempted intervention less effective.

Recent pharmacologic manipulations (7.e., naloxone®
and papaverine’) and currently used surgical adjuncts
(shunt and bypass)? have failed to eliminate neurologic
deficits in patients undergoing thoracic or thoracoab-
dominal aortic repair. The fact that, in 17 of our pa-
tients, a temporary axillofemoral shunt was inserted
may have biased the results in some unknown way, but
it seems unlikely to have significantly altered the es-
sential results. Future therapeutic strategies may in-
clude spinal artery reattachment guided by the results
of epidural somatosensory evoked potential monitor-
ing, as presented in figure 2.

We, therefore, conclude that, by recording the real-
time epidural somatosensory evoked potentials during
aortic cross clamping, this technique may provide in-
vestigators and clinicians with a reliable assessment of
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spinal cord function that may become useful during
development and application of resuscitative therapies.
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