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Clinicians often fail to detect intraoperative ischemic 
electrocardiographic (ECG) changes when viewing 
oscilloscopes. Automated ST-segment monitors 
promise to increase the detection of such ECG 
changes. We investigated the capacity of two com- 
mercially available ST-segment monitors to detect 
intraoperative myocardial ischemia in patients at high 
risk for developing intraoperative myocardial isch- 
emia during vascular and other noncardiac proce- 
dures. The ST-segment monitors were compared 
with two reference monitors: (a) printed eight-lead 
ECGs, as interpreted by a cardiologist, and (b) the 
presence of segmental wall motion abnormalities and 
thickening abnormalities detected by transesoph- 
ageal echocardiography (TEE). We also examined the 
capacity of the printed ECG to diagnose myocardial 
ischemia when compared with TEE. We studied 44 
patients who underwent TEE, printed multilead 
ECG, oscilloscope monitoring of leads V, and 11, and 
measurement of ST-segment deviation from the base- 
line using an automated Hewlett Packard ST-segment 
device. The sensitivities for the Hewlett Packard 
system were 40% for TEE-diagnosed myocardial 
ischemia and 75% for ECG-diagnosed ischemia. 

Comparison of the printed ECG with TEE revealed 
that ST-segment changes in the printed ECG, as 
analyzed by a cardiologist, were 25% sensitive and 
62% specific for the detection of TEE-diagnosed myo- 
cardial ischemia. When T-wave inversions were 
added to ST-segment depression as a criterion for 
the diagnosis of myocardial ischemia by the printed 
ECG, the sensitivity of ECG for the detection of 
intraoperative myocardial ischemia, as determined 
by TEE, was 40% and specificity was 58%. Twenty- 
three of the 44 patients were simultaneously moni- 
tored in leads I, 11, and V, with an automated 
Marquette ST-segment monitor. In the 23 patients 
monitored with both Hewlett Packard and Marquette 
systems, the sensitivities (80% vs 100%, respectively) 
and specificities (67% vs 50%, respectively) were 
similar for ECG-diagnosed myocardial ischemia. 
Monitors of intraoperative myocardial ischemia 
often do not agree with each other; however, auto- 
mated ST-segment monitors predict most ischemic 
changes seen on the printed ECG and can be used 
as an alarm to alert the clinician to examine the 
ECG. 

(Anesth Analg 1992;75:76&72) 

ecent work has documented the high incidence 
of perioperative ischemia in patients with pe- 

known coronary artery disease (2). In patients under- 
going coronary artery bypass grafting procedures, 
perioperative myocardial ischemia has been associ- 
ated with an  increased risk of perioperative myocar- 

R, 'pheral vascular disease (1) and in those with 
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dial infarction (3). In patients undergoing noncardiac 
surgery, ST-segment depression detected by Holter 
monitoring after surgery predicts a ninefold increase 
in the risk of ischemic postoperative events (4). 
Because myocardial ischemia is often not detected by 
clinicians when viewing oscilloscopes (5), automated 
vigdance of the ST segments of the electrocardiogram 
(ECG) has been proposed as  a method to alert clini- 
cians to changes in the ECG (6,7). 

Several instruments that continuously monitor de- 
viation of the ST segment at a defined point in the 
cardiac cycle are now available. Although this tech- 
nology has been used to define demographic predic- 
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tors of intraoperative myocardial ischemia (8), ST- 
segment monitors have not been compared directly 
with other established techniques for the detection of 
intraoperative myocardial ischemia. 

The goal of this study was to assess this new 
ST-segment monitoring technology. Accordingly, 
we tested the hypothesis that ST-segment trend anal- 
ysis could detect intraoperative ischemia as well as 
two commonly used techniques: (a) analysis of 
printed multilead ECG by a cardiologist, and (b) the 
detection of abnormalities in wall motion using two- 
dimensional transesophageal echocardiography (TEE). 
We compared two ST-segment trend monitors with 
ECG and TEE detection of intraoperative myocardial 
ischemia to determine sensitivity, specificity, positive 
predictive rate, and negative predictive rate for the two 
ST-segment trend monitors. In determining these rates, 
printed ECG and TEE were considered as standard 
reference monitors. 

The need for determining these four rates when 
assessing new technology has been recently high- 
lighted by Cooper et al. (9) who, in decrying the poor 
quality of early evaluations of magnetic resonance 
imaging, noted that ”sound and scientifically rigor- 
ous evaluation of new technologies is necessary to 
insure quality of care and cost-effective use of re- 
sources.” Rigorous technology assessment is crucial, 
for an unproved technology may not only prove 
costly, but may also delude the clinician into believ- 
ing a sick patient normal or into initiating treatment 
when none is needed. 

Methods 
Patient Selection and Measurement Periods 
After Institutional Review Board approval and pa- 
tient consent, we studied 44 patients whose mean 
(+sD) age was 64 ? 12 yr. Of these 44,35 underwent 
vascular reconstructive surgery (16 aortic, 12 carotid, 
and 7 femoral artery procedures). Nine other patients 
with significant risk factors for coronary artery dis- 
ease undergoing other types of noncardiac surgery 
were also studied. Five were studied during laparot- 
omy, and the remaining four underwent miscella- 
neous procedures. Those included in our study had 
at least two of the following risk factors: (a) age 
>70 yr, (b) history of hypertension, (c) history of 
peripheral vascular disease, (d) history of diabetes, 
(e) chronic renal failure, or ( f )  known coronary artery 
disease. The only exclusion criteria used were the 
presence of left bundle branch block pattern, a ven- 
tricular paced rhythm, or cardiac surgery. Left ven- 
tricular hypertrophy with “strain pattern” on ECG 
was not considered an exclusion. The ECGs were 
printed and ST-segment data recorded at 5 min 
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before and after induction of anesthesia and at 5 min 
after tracheal intubation. Complete measurements 
(ECG, ST segments, and TEE) were carried out for 
15 s before and after incision and 5 min before and 
after vascular occlusion and reperfusion during major 
vascular surgery, whenever any of the monitors 
suggested myocardial ischemia or whenever major 
hemodynamic perturbations (240% change from 
baseline in heart rate or mean arterial blood pressure) 
occurred. 

ST-Segment Trend Monitors 
To each patient we applied the leads of one or both of 
two ST-segment monitors. The Hewlett Packard (HP) 
(Hewlett Packard, Waltham, Mass.) 78534C monitor 
was used in all 44 patients. This monitor measured 
the deviation of the ST segment at a point 120 ms 
after the R wave from a baseline defined at 80 ms 
before the R wave. Paced beats were discarded and 
the median value during a 15-s epoch displayed. 
These recordings were made in the diagnostic mode, 
within the frequency 0.05-100 Hz. The value of 
ST-segment deviation was measured in leads I1 and 
V,; the absolute values of ST-segment variation in 
these two leads were summed and displayed by the 
monitor. 

The ST-segment monitors display a total that rep- 
resents the sum of the absolute values of ST-segment 
change in the monitored leads. Therefore, we pro- 
spectively defined myocardial ischemia as the in- 
crease of 1.0 mm in the sum of the absolute value of 
ST-segment score over the lowest absolute value 
(closest to no deviation) measured during the opera- 
tive procedure. We assumed that most ischemic 
changes would be in one vascular bed and, therefore, 
in one lead at a time. The definition of myocardial 
ischemia as 1 mm or greater change in the summated 
leads is not standard. However, we chose this defi- 
nition in an attempt to improve sensitivity and also 
because this summed presentation is the usual man- 
ner in which the monitor displays data to the clini- 
cian. 

A second monitor, the Marquette (MQ) (Mar- 
quette, Milwaukee, Wis.) 7000 ST-segment trend 
monitor, was applied simultaneously to 23 of the 
patients in the HP group. This monitor became 
available after we began our studies with the HP 
system. The MQ monitor measured the ST segment 
at 80 ms after the J point in leads I, 11, and V,, and 
summed the absolute values of ST-segment deviation 
from the baseline in the three leads. The monitor was 
used in a diagnostic mode, with a frequency response 
of 0.0540 Hz. We prospectively defined myocardial 
ischemia as the increase of 1.0 mm over the lowest 
ST-segment sum during the case. When two ECG 



766 ELLIS ET AL. 
METHODS FOR DETECTING INTRAOPERATIVE ISCHEMIA 

ANESTH ANALG 
1992;75764-72 

monitors (HP and MQ) were applied, the electrodes 
were cut and attached so as to make them adjacent to 
each other for the same lead on different machines. 
We were aware that results obtained from the HP and 
MQ monitors might vary, because the HP monitor 

Table 1. Definitions of Rates Used in Technology 
Assessment 

Reference standard (disease) 

- + Technology in question (test) 

did not use a J-point reference. In addition, the MQ + A B 
C D - system used an additional lead (I). Neither of the 

ST-segment systems tested allowed adjustment of the Sensitivitv = Positive test in disease = A/(A+C). 
Specificity = Negative test in health = D/(B+D). 
Positive predictive value = Disease with a positive test = A/(A+B). 
Negative predictive value = Healthy with a negative test = D/(C+D). 

point-in the -cardiac cycle at which- the isoelectric 
baseline or the ST segment was measured. 

Two- Dimensional Transesophageal Echocardiography 
A TEE probe was placed in each of the 44 patients 
shortly after induction of anesthesia. Short-axis views 
at the midpapillary muscle level were recorded for 
15 s simultaneously with ST-segment trend and ECG 
data, except for the period preceding tracheal intuba- 
tion, when TEE was unavailable. The echocardio- 
grams were read by a single cardiologist unaware of 
the clinical condition; wall motion in each of four 
quadrants was graded as 1 = normal, 2 = mild 
hypokinesis and thickening abnormality, 3 = moder- 
ate hypokinesis and thickening abnormality, 4 = 
akinesis and lack of thickening, 5 = dyskinesis. An 
increase in the wall motion score of 2 or greater was 
the definition of myocardial ischemia as detected by 
TEE. The baseline for each quadrant was considered 
to be the lowest score noted during TEE monitoring, 
not necessarily the initial TEE recorded after induc- 
tion. 

Electrocardiograms 

The ECGs of all 44 patients were monitored with a 
five-cable system that allowed printing of the six limb 
leads (I, 11, 111, aVR, aVL, aVF), the V, lead, and the 
MCL, lead. These eight leads were printed at the 
same time that TEE images were recorded on video- 
tape: (a) on arrival in the operating room, (b) before 
and after intubation (when TEE was unavailable), 
(c) before and after vessel occlusion and reperfusion 
(along with TEE), (d) whenever any of the modalities 
suggested myocardial ischemia (along with TEE), and 
(e) when there were hemodynamic perturbations as 
previously defined (along with TEE). These ECGs 
were reviewed by a second, independent cardiologst 
for the presence of myocardial ischemia; she was 
unaware of clinical conditions. Our prospective defi- 
nition of myocardial ischemia on the printed ECG 
was 1.0 mm of downsloping ST-segment depression 
over the minimal value in any one lead or T-wave 
inversions occurring in more than one lead, or both. 
The ECG tracings for a11 44 patients were available for 
analysis. 

Statistical Considerations 

To determine the efficacy of the new technology, we 
compared it with accepted technologies and defini- 
tions of the disease state. To define sensitivity (how 
often the test is positive when the reference standard 
says the patient has the disease) and specificity (how 
often the test is negative when the reference standard 
says the patient does not have the disease), we first 
needed to define a reference standard. The TEE and 
eight-lead ECGs were used as two clinically available, 
separate arbitrary reference standards for the defini- 
tion of intraoperative myocardial ischemia. 

We pooled all periods of time for each patient so 
that any reading of myocardial ischemia detected 
during the patient's procedure resulted in that pa- 
tient being considered to have had an ischemic event. 
Normal readings at all time periods were taken to 
indicate the absence of ischemia. Therefore, we de- 
termined how well the different ischemia-detection 
monitors predicted ischemia during an operation, not 
at each episode. Furthermore, we believe that pool- 
ing was necessary because of the different time 
frames after an ischemic episode in which each mon- 
itor is capable of revealing ischemia (10). However, 
we did note the incidence of ischemic ECG changes 
that occurred before placement of the TEE probe (i.e., 
during the stresses of induction, laryngoscopy, and 
tracheal intubation). 

In addition, the positive predictive rate (the per- 
centage of patients with an abnormal test who truly 
have the disease) and the negative predictive rate (the 
percentage of patients with a negative test who are 
truly healthy) were computed (Table 1). 

Results 
Hewlett Packard ST-Segment Monitors Versus 
Transesophageal Echocardiography as the 
Reference Standard 
Forty-four patients had both HP ST-segment scores 
and TEE images available for comparison of the two 
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Table 2. Sensitivity and Specificity of Ischemia Detection Methods 
Arbitrarv reference standard 

ECG 

Test TEE HI' MQ 
ST 

segment 

TEE (n = 44) X 

HI' (n  = 44) Sens:40% 
Spec:63% 

MQ(n = 23) Sens:78% 
Spec:50% 

ECG (ST segment) (n  = 44) Sens:25% 
Spec:62% 

ECG (ST segment or T-wave changes, Sens:40% 
Spec:58% or both) (n = 44) 

Sens:47% 
Spec:56% 

X 

Sens:80% 
Spec:54% 
Sens:35% 
Spec:93% 
Sens:35% 
Spec:78% 

Sens:50% 
Spec:78% 
Sens:43% 
Spec:75% 

X 

Sens:36% 
Spec:100% 
Sens:64% 
Spec:89% 

Sens:62% 
Spec:58% 
Sens:75% 
Spec:69% 
Sens:100% 
Spec:50% 

X 

Sens:100% 
Spec:89% 

ST segment + 
T-wave 
changes 

Sens:67% 
Spec:62% 
Sens:50% 
Spec:68% 
Sens:83% 
Spec:47% 
Sens:67% 
Spec:100% 

X 

TEE, transesophageal echocardiography; HP, Hewlett Packard; MQ, Marquette; ECG, electrocardiogram; Sens, sensitivity; Spec, specificity. 

modalities. When TEE was used as the reference 
standard of myocardial ischemia, the sensitivity of 
the HI' system was found to be 40%. In the 20 
patients with TEE ischemia, only 8 (40%) had an 
ST-segment score change of 21.0 mm. The specificity 
of the HI' system was 63%; of 24 patients without a 
significant wall motion abnormality, 15 were without 
a 1.0-mm increase in their ST-segment score. The 
positive predictive rate was 47%; of 17 patients with a 
21.0-mm change in their ST-segment score, 8 had 
significant wall motion abnormalities by TEE. Finally, 
the negative predictive rate was 56%; of the 27 
patients without ischemia by ST-segment analysis, 15 
were without significant wall motion abnormality. 

ST-Segment Monitors Versus Electrocardiography 
as the Reference Standard 
In all 44 patients with ECG strips, the HP ST-segment 
device was compared with the reference standard of 
ST-segment changes on the printed ECG interpreted 
by a cardiologist. The sensitivity of the HP ST- 
segment monitor was 75% (6 of 8), the specificity 69% 
(25 of 36), the positive predictive rate 35%, and the 
negative predictive rate 93% compared with the 
printed ECG. 

In the 23 patients in whom both the MQ and HI' 
monitors were simultaneously applied, we also used 
the cardiologist's interpretation of the ST segments 
from the printed ECG as the reference standard for 
ischemia. Our results showed that the HP system 
was 80% (4 of 5) sensitive and 67% (12 of 18) specific, 
with a positive predictive rate of 40% (4 of 10) and a 
negative predictive rate of 92% (12 of 13). The MQ 
system demonstrated a sensitivity of 100% (5 of 5) 
and specificity of 50% (9 of 18), with a positive 

predictive rate of 36% (5 of 14) and a negative 
predictive rate of 100% (9 of 9) (Table 2). 

Printed Electrocardiography Versus Transesophageal 
Echocardiography as the Reference Standard 
In the group of 44 patients, we determined the 
sensitivity of the printed ECG using TEE as our 
reference standard for ischemia detection. We exam- 
ined ST-segment changes, both with and without 
T-wave inversions, in addition to the presence of 
isolated T-wave changes, to compute sensitivities and 
other indices of accuracy. When TEE was considered 
the comparison standard, sensitivity of ST-segment 
changes in the printed ECG was 25% (5 of ZO), 
specificity 62% (15 of 24), positive predictive value 
62% (5 of 8), and negative predictive rate 58% (21 of 
36) (Table 2). When T-wave criteria were added to the 
definition of ischemia on the printed ECG, sensitivity 
increased to 40% (8 of 20), whereas specificity was 
58% (14 of 24) (Table 2). For an isolated T-wave 
change, compared with TEE, the positive predictive 
value was 75% (i.e., three of four patients with 
isolated T-wave inversions had an ischemic TEE). 

Timing of Ischemic Episodes 

We also examined how often ECG changes occurred 
before insertion of the TEE probe. Three patients 
developed ischemia, as detected by ST-segment 
changes in the printed ECG before placement of the 
TEE probe; all three demonstrated subsequent evi- 
dence of ischemia as detected by TEE. 

Myocardial ischemia occurred most commonly 
during defined periods of expected stress, such as 
intubation, incision, and vascular occlusion. Thirty- 
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Table 3. Comparison of the Incidence of Ischemic ST- 
Segment Changes in Patients With and Without Left 
Ventricular Hypertrophy on Preoperative Electrocardiogram 

Patients Patients 
with LVH without LVH 

Intraoperative ECG 1 
ischemia 

ischemia 
No intraopera tive ECG 8 

7 

28 

LVH, left ventricular hypertrophy; ECG, electrocardiogram. 
2 = 0.380; 10% critical value = 2.706 (no sigruficant difference). 

two of the patients demonstrated myocardial isch- 
emia by one or more of the modalities. Thirty of these 
32 patients (94%) demonstrated ischemia during the 
defined sampling periods, whereas 15 of the 30 also 
had ischemia during additional time periods. Only 
two patients had ischemia only during the additional 
time periods in which measurements were made 
during abnormal hemodynamics, without manifest- 
ing ischemia during expected periods of stress. In 
these two patients, ischemia was detected by TEE 
and T-wave inversions in one and by ST-segment 
changes in the other. 

Efects of L$ Vmtricular Hypertrophy on Incidence of 
Ischemia Diagnosed by Printed Electrocardiography 

We did not exclude patients who had left ventricular 
hypertrophy (LVH) from this study, although the pres- 
ence of LVH with repolarization changes ("strain") may 
make the diagnosis of myocardial ischemia by ECG 
difficult. The preoperative ECGs of all 44 patients were 
reviewed for the presence of LVH. *-five patients 
did not have LVH, seven patients had LVH by voltage 
criteria without repolarization changes, and only two 
had L V H  with repolarization changes. Neither of the 
patients with LVH with strain had intraoperative ST- 
segment changes of >1 mm. A comparison of the 
incidence of ischemic ST-segment changes in patients 
with and without LVH appears in Table 3; there was no 
sigruficant difference. 

lntraobsmer Variability of Transesophageal 
Echocardiographic Readings 

The videotaped echocardiographic recordings of 16 
patients were analyzed 1 yr later by the same re- 
viewer to establish intraobserver variability. In 10 of 
16 (62%) patients reviewed, the observer agreed with 
his previous determination of the presence or ab- 
sence of intraoperative myocardial ischemia. Five of 
the six patients who had discordant determinations 
had small disagreements: (a) a change from normal to 
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moderate hypokinesia read originally was later called 
a change to mild hypokinesis (four patients; all 
changed from a two-grade change to a one-grade 
change); and (b) a change from normal to moderate 
hypokinesia read originally was later called no 
change (one patient; a two-grade change). In one 
patient with baseline segmental wall motion abnor- 
malities (SWMAs), the original reading detected no 
decrease in function, whereas repeat reading de- 
tected a change from moderate hypokinesia to dys- 
kinesia (two-grade change). In 68 of the 88 (77%) 
episodes reviewed in these 16 patients, the observer 
agreed with the diagnosis of a normal or ischemic 
episode. 

Discussion 
Recent work has highlighted the common and dele- 
terious, yet often unrecognized, nature of periopera- 
tive myocardial ischemia (4). Printed ECG and TEE 
may be used, but they are discontinuous and require 
physician attention. The use of automated ST- 
segment monitors has been reported to assist in the 
vigilance of anesthesiologists (5-7). Although such 
monitors have been used to document ischemia 
occurring during reported cases (5) and to define 
demographic risk factors for the development of 
intraoperative ischemia during cardiac surgery (7), 
ST-segment analysis has not been compared with 
other methods of detecting intraoperative myocardial 
ischemia. 

Limitations of This Study 
We used intermittent, brief recordings of TEE and 
printed ECG in this study. Therefore, it is possible 
that we missed other periods of ischemia. However, 
we studied patients during periods of operative 
stress, such as tracheal intubation and aortic occlu- 
sion, and during hemodynamic stress when we be- 
lieved that ischemia would be the most likely to 
occur. When we sampled data at times other than the 
defined perioperative events (during hemodynamic 
abnormalities or suspected myocardial ischemia), it 
added little to the detection of ischemia: only two 
patients, for example, had ischemia detected during 
periods other than the defined perioperative events. 
The 18% incidence of myocardial ischemia (detected 
by ST-segment changes in intermittent printed ECG) 
in our patients is similar to that reported by other 
workers who have used continuous ECG monitoring 
during vascular surgery (11). We therefore believe 
that such an incidence of myocardial ischemia allows 
the comparison of the different detection modalities. 

We decided to analyze our data by comparing the 
evidence of ischemia detected during an operation by 
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each monitoring modality rather than by comparing 
corresponding episodes. We pooled our data because 
of the temporal dissociation of ECG and TEE in 
detecting intraoperative myocardial ischemia. This 
temporal dissociation of ECG and TEE in detecting 
intraoperative myocardial ischemia has recently been 
demonstrated by London et al. (12). In that study, 
although 19 patients had ischemia detected by both 
modalities, simultaneous ischemia was detected in 
only 5 patients (12). 

Limitations of Transesophageal Echocardiography in 
Detecting Myocardial Ischemia 

~. 

A major limitation of TEE is its inability to monitor 
patients during one of the most stressful parts of 
surgery-tracheal intubation. Although TEE may be 
used in awake patients, insertion of the probe before 
induction of anesthesia might be uncomfortable and 
might produce additional stress in the patient; it 
would certainly complicate airway management. 
Transesophageal echocardiography was not available 
to us during induction of anesthesia and intubation of 
the trachea; however, all three of the patients who 
had ST-segment changes on ECG as evidence of 
ischemia during this period subsequently developed 
an ischemic TEE study during surgery. 

Transesophageal echocardiography has at least 
three other limitations in its capacity to detect intra- 
operative myocardial ischemia. First, although the 
short-axis view at the midpapillary muscle level does 
demonstrate the mechanical function of regions sub- 
served by all three major coronary arteries, this view 
will not detect apical abnormalities. Chung et al. (13) 
reported a patient who had an anteroapical myocar- 
dial infarction (documented by transthoracic echocar- 
diography) after aortocoronary bypass, who demon- 
strated ST-segment elevation during surgery but 
whose TEE remained unchanged. As a corollary, it is 
also possible that if a patient has an apical scar, and 
the echocardiographer is not careful to maintain a 
short-axis view at exactly the same level, moving the 
view in and out of the area of scar may cause the false 
diagnosis of myocardial ischemia to be made. Sec- 
ond, it has been suggested that changes in afterload, 
rather than myocardial ischemia, can produce re- 
gional wall motion abnormalities. Kavanaugh et al. 
(14) found in a dog model that the area of wall motion 
abnormality produced by coronary artery occlusion 
indeed was greater than was the area of hypoperfu- 
sion; however, in that study, pharmacologically in- 
duced changes in afterload did not alter segmental 
wall motion. Third, the normal heart does not have 
homogeneous contractility; in canine experiments, 
the apex of the heart has been shown to have greater 

systolic shortening than basal regions of the left 
ventricle (15). In those experiments, performed with- 
out coronary artery constriction, the differences in 
regional systolic shortening were statistically signifi- 
cant. However, it is not clear whether the regional 
heterogeneity was great enough that it would be 
confused with myocardial ischemia. For example, 
when dogs were anesthetized with 1% isoflurane, 
percent systolic shortening was 18% in the apex and 
13% in the base; the addition of verapamil abolished 
the difference in percent systolic shortening, decreas- 
ing them to 10% and 9% respectively. It is unlikely 
that the change from 18% to 10% in the apex would 
be called hypokinetic relative to the change in the 
base (13% to 9%). Indeed, the apex is not routinely 
monitored with TEE. Lowenstein et al. (16), in a 
recent editorial, discussed animal work in which 
afterload was increased after a period of myocardial 
ischemia (17). They point out that although increased 
afterload does diminish systolic shortening in post- 
ischemic myocardium, the decrease does not appear 
to be of the magnitude that would be associated with 
a new SWMA. This lack of change would be even less 
likely to be considered a SWMA when thickening 
changes are also considered a criteria for SWMA 
diagnosis, as we believe necessary. Further work is 
clearly needed to define the sensitivity and specificity 
of TEE in detecting myocardial ischemia, particularly 
in the settings of "stunned' myocardium and varying 
afterload. 

We found a disturbingly high intraobserver vari- 
ability in the diagnosis of myocardial ischemia. In 16 
patients in whom studies were reviewed twice, 1 yr 
apart, 5 patients had a change in diagnosis of intra- 
operative ischemia. Four of the five patients had a 
change from normal to moderate hypokinesis, later 
called a change to mild hypokinesis. We now believe 
that a change to moderate hypokinesis, which we 
prospectively defined as change that might represent 
myocardial ischemia, may not be so significant a 
change. Tischler et al. (18), using dipyridamole echo- 
cardiography to evaluate patients before vascular 
surgery, scored segments as normal, hypokinetic, 
akinetic, or dyskinetic; they required a change of one 
grade to diagnose ischemia. London et al. (12) scored 
segments as normal, mild hypokinesis, severe hy- 
pokinesis, akinesis, or dyskinesis; they required a 
change of two grades (i.e., from normal to severe 
hypokinesis) to define a SWMA as representative of 
myocardial ischemia. Even with these more stringent 
criteria, the detection of new severe hypokinesis did 
not appear to herald adverse outcome. The changes 
that we detected from normal to moderate hypokine- 
sis may represent trivial episodes of myocardial isch- 
emia, or not even myocardial ischemia at all. 
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ST-Segment Devices 

When the HI‘ ST-segment monitor results were com- 
pared with analysis of ST-segment changes in the 
printed ECG for each of the 44 patients, reasonable 
correlations were seen. The predictive negative rate 
was an impressive 93%; that is, when the ST-segment 
monitor never increased its score by 21.0 mm, only 
7% of the patients developed intraoperative myocar- 
dial ischemia, as indicated by printed ECG ST- 
segment changes. In the smaller group of 23 patients 
monitored with both MQ and HI‘ monitors, the 
additional use of lead I in the MQ system was 
associated with a somewhat greater sensitivity (100% 
vs 80%) and somewhat lower specificity (50% vs 
67%). This finding is surprising, because the extra 
lead used by the MQ, lead I, is rarely associated with 
intraoperative ischemic changes, as has been demon- 
strated by London et al. (19). The lower positive 
predictive values of both devices suggest that they 
detect ST-segment change more often than does a 
cardiologist’s interpretation, for potential reasons 
that are discussed later. Although it would be possi- 
ble to compare the individual leads used to calculate 
the ST-segment sum with other standards for diag- 
nosing ischemia, such would not be an appropriate 
technology assessment, because it is the sum of 
changes that the clinician is presented with to make 
decisions. Thus, we believed that the appropriate 
technology assessment utilized sums for compari- 
sons. 

Limitations of ST-Segment Devices 

The automated ST-segment monitors have various 
technical limitations that may produce erroneous 
results. They do not adjust the isoelectric point or the 
point in the ST segment at which ischemic changes 
are measured during tachycardia, nor do they distin- 
guish upsloping or downsloping ST segments. Al- 
though the isoelectric baseline of the HP device was 
always chosen at 80 ms before the R wave, the MQ 
algorithm was not available to us. The difference 
between the detection algorithms of HI’ and MQ 
might be highlighted by tachycardia, which may 
produce erroneous determinations of ST-segment 
changes. Tachycardia is associated with a shortened 
I‘R interval, a taller I’ wave, and deflection of the PQ 
segment below the isoelectric line (20). Using fixed 
(relative to the QRS complex) points for the isoelectric 
point may either cause the isoelectric point to be 
measured in the P wave, causing a normal ST seg- 
ment to appear falsely depressed in comparison, or to 
be measured during a PR segment that is deflected 
below the isoelectric line. 

False-positive determinations of myocardial isch- 

emia by automated ST-segment devices may also be 
due to inaccurate measurement of the ST segment. It 
is not clear how the HP system’s lack of a J-point 
reference affects results. For both systems, however, 
tachycardia may shorten the ST segment (21); mea- 
suring the ST segment at a fixed time of 120 ms after 
the height of the R wave (as is done by the HI’ 
system) may result in the “ST segment” actually 
being measured during the T wave. The resultant 
inaccuracy will depend on the polarity of that T wave. 
Newer improvements (which were not available to us 
at the time of study) in both devices allow the 
clinician to view with a cursor at what point in the 
ECG the baseline and ST-segment measurements are 
being made and to alter the position of that cursor. 
This additional capacity may lessen artifacts due to 
tachycardia and abnormal isoelectric baselines; how- 
ever, our study did not address this hypothesis. 

A comparison of the patients who were monitored 
with the HI’ and MQ monitors revealed that 8 of 23 
patients had discordant results. We do not have 
printouts from the MQ monitor to verify its algo- 
rithm, because we recorded the values displayed on 
the oscilloscope. In the eight patients with discordant 
results, we noted that MQ was positive in six patients 
and HI’ was positive in two. This is not surprising, 
given the higher sensitivity of the MQ system in 
detecting ECG ischemia. Even in these discordant 
cases, the differences between the maximal intraop- 
erative change in absolute sums in the two systems 
were small. The differences ranged from 0.3 to 
1.6 mm. Of note, three of these discordant results 
(MQ positive, HI’ negative) occurred because the 
change in the MQ was exactly 1.0 mm. 

Others have shown that different operating room 
ECG systems may vary in their capacity to detect 
myocardial ischemia. Slogoff et al. (22) have recently 
demonstrated that ECG systems may vary in the 
amount of ST-segment change detected in patients 
undergoing coronary artery bypass graft surgery. 
Some of these differences appear to be due to the use 
of 0.5 Hz as the lower end of the frequency response 
range for many operating room monitors. In such 
cases, the use of the monitoring mode increases the 
incidence of myocardial ischemia (ST-segment 
changes of >1.0 mm) seen in coronary artery bypass 
graft surgery patients before cardiopulmonary by- 
pass. Although 8.3% of patients demonstrated isch- 
emia by these criteria in lead V, on a Holter monitor, 
and 12.8% of patients demonstrated ischemia by 
these criteria on a standard 12-lead ECG, the inci- 
dence of ischemia detected by an operating room 
monitor in that study was 27.5% (22). This high figure 
is probably due to artifactual ST-segment depression 
caused by the 0.5-Hz filter. In our study, the printed 
ECGs were all done using a frequency range of 
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0.05-100 Hz, using the diagnostic mode. Hence, we 
believe that it is valid to compare the values of 
ST-segment change in the patients in our study with 
the other ischemia detection devices. 

Transesophageal Echocardiography Versus Printed 
Electrocardiography (Ischemia Defined by ST 
Segments or T Waves, or Both) 
When data were examined for all periods during the 
operative procedures, we found that TEE and analy- 
sis of the ST segments of printed ECGs had the 
capacity to detect myocardial ischemia similar to 
previous series of high-risk patients undergoing non- 
cardiac surgery. When TEE was taken as the refer- 
ence standard, the sensitivity of the printed ECG was 
only 25% for ST-segment changes and 40% for ST- 
segment changes or T-wave inversions, or both. 
Smith et al. (23) reported that during aortic and 
coronary bypass surgery, TEE detected intraoperative 
myocardial ischemia in four times as many patients as 
did printed ECG, with ST-segment depression used 
as a criteria. We found that the addition of T-wave 
criteria for the detection of myocardial ischemia using 
the printed ECG increases the sensitivity of the 
printed ECG from 25% to 40% compared with the 
reference TEE. We had decided prospectively to 
examine the usefulness of adding T-wave inversions 
in the definition of myocardial ischemia. We did this 
because previous studies had shown a low sensitivity 
for ischemia detection by ST-segment change com- 
pared with TEE. We hypothesized that the addition 
of the T-wave criteria might enhance capacity to 
detect myocardial ischemia. Supporting this hypoth- 
esis is a study of patients with resting T-wave inver- 
sions who underwent exercise radionucleotide angi- 
ography stress testing (24). A significantly higher 
incidence (62% vs 28%) of new wall motion abnor- 
malities was noted in patients in whom new T-wave 
inversions occurred compared with those without 
new T-wave inversion (24). T-wave changes were 
more sensitive, although less specific, than were 
ST-segment changes seen with stress ECG. 

In reviewing data comparing mechanical, electro- 
cardiographic, metabolic, and hemodynamic indica- 
tors of myocardial ischemia in patients with coronary 
artery disease undergoing vascular surgery, Hagg- 
mark et al. (1) suggested the possibility that ”accept- 
ed criteria (ST segment changes only) for interpreting 
the ECG to indicate myocardial ischemia during an- 
esthesia are too stringent.” Our data concerning the 
association of T-wave changes with TEE ischemia 
might seem to confirm this, because three of four 
patients with isolated T-wave changes also developed 
new SWMA; however, the number of such patients 

was very small. Other workers have suggested that 
T-wave changes are benign. Breslow et al. (25) con- 
cluded that T-wave inversions in the recovery room 
did not predict perioperative morbidity and mortal- 
ity. However, the patient population in that study 
had a low “pretest probability” of having coronary 
artery disease. Our data, which show that three of 
the four patients with T-wave inversions in the ab- 
sence of ST-segment changes had wall motion abnor- 
malities, lead us to conclude that T-wave changes in 
a high-risk population may be associated with an 
ischemic TEE examination. However, we do not 
know whether either T-wave inversions or SWMAs 
were associated with adverse outcome in this study. 
The T-wave changes or SWMAs, or both, may be 
such sensitive indicators of myocardial ischemia that 
they may have a low predictive value for cardiac 
complications. Indeed, London et al. (12) showed 
that SWMAs were only associated with a 6% inci- 
dence of cardiac complications. 

Automated ST-segment analysis devices are prob- 
ably better than the ”naked eye” in detecting isch- 
emia, but they may be misleading. Because its posi- 
tive predictive value is only 36% for the MQ system 
and 35% for the HP system as detected by our 
reference standard of TEE, each episode of ST- 
segment sum change of 1 mm or greater represents 
only approximately a one-third chance that the pa- 
tients will be found to have myocardial ischemia by 
TEE. Our view, however, is that an ST-segment trend 
monitor should be considered an alarm that causes 
the clinician to increase vigilance. Thus, although our 
data do not prove our hypothesis that ST-segment 
trend analysis detects the same incidence of intraop- 
erative myocardial ischemia as does printed multilead 
ECG or TEE, the two ST-segment trend monitors 
evaluated may prove useful to indicate the need for 
the anesthesiologist to examine the patients’ ECG 
carefully. The indicators are useful because intraop- 
erative ischemic episodes tend to be brief and there- 
fore unrecognized by clinicians (12). Brief intra- 
operative ischemic episodes may herald longer 
postoperative episodes. If this were true, recognition 
of intraoperative ischemia may identify patients who 
might benefit from aggressive postoperative antiangi- 
nal therapy; however, this is a hypothesis that re- 
mains unproved. 

Further studies are needed to provide the clinician 
with reliable, inexpensive, and simple monitors for 
detecting intraoperative myocardial ischemia. In 
high-risk patients, ST-segment trend monitors may 
be used as an alarm, in conjunction with the review 
of printed ECG strips during surgery, potentially 
improving the detection of myocardial ischemia. 
However, these ECG modalities may not predict the 
presence of wall motion and thickening changes as 
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seen in TEE. Further study is necessary to determine 
which intraoperative monitoring devices are best for 
predicting patient outcome. 

The lack of concordance of monitors of intraoper- 
ative myocardial ischemia leaves us unable to define 
a reference standard for its detection. The rnyocardid 
ischemia detected in this study was often not severe, 
which may explain the discordance of the different 
modalities and the relatively low intraobserver vari- 
ability of TEE readings. The use of more stringent 
criteria may be needed to predict adverse patient 
outcome. However, because our study did not follow 
patients to determine the incidence of postoperative 
cardiac complications, we cannot compare the capac- 
ity of the different intraoperative monitors to predict 
adverse events. Both TEE and printed ECG appear 
from other studies to have low positive predictive 
values for postoperative complications. Changes in 
either monitor probably need to be severe and long- 
lasting to predict adverse outcome. The recent dem- 
onstration that postoperative myocardial ischemia 
occurs more frequently than intraoperative or pre- 
operative ischemia (4) suggests that the capacity to 
diagnose intraoperative myocardial ischemia may be 
of limited value in predicting patient outcome. 

We thank Ronald Thisted, PhD, for statistical assistance, and 
Suzanne Pierson and Jaimie Israel for editorial assistance. 
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