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Abstract

Purpose The aim of this study was to compare ST-segment
depression (STD) during bicycle ergometry and extent of
myocardial ischaemia assessed by myocardial perfusion
SPECT (MPS) in a large patient cohort.

Methods Consecutive patients (n=955) referred for MPS
with bicycle ergometry and interpretable stress ECG were
evaluated with respect to ECG and MPS findings of
ischaemia. The maximal STD was recorded and exercise
ECG was considered ischaemic if STD was horizontal or
downsloping (=1 mm). MPS was interpreted using a 20-
segment model with a scale of 0 to 4. A summed stress
(SSS), summed rest (SRS) and summed difference score
(SDS=SSS-SRS, e.g. extent of ischaemia) were derived.
Ischaemia was defined as an SDS>2.

Results An exercise-induced STD was present in 215
patients (22%) and myocardial ischaemia on MPS was
present in 366 patients (38%). The extent of ST-segment
depression and the number of ECG leads with significant
STD were each strongly and significantly associated with
increasing severity of ischaemia and the number of
coronary territories involved (»p<0.01 for all correlations).
Conclusion These data demonstrate a strong correlation
between the extent of STD, number of ischaemic leads and
severity of myocardial ischaemia as assessed by MPS
during bicycle ergometry.
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Introduction

Exercise stress testing and myocardial perfusion SPECT
(MPS) are widely used for diagnostic and prognostic
assessment of patients with known or suspected coronary
artery disease (CAD) [1]. The diagnostic accuracy and the
prognostic value of both diagnostic modalities are well
defined. The severity of ischaemia assessed by MPS and
the extent of ST-segment depression (STD) during exercise
ergometry are validated outcome predictors in patients with
CAD [2-4]. Based on this assumption and bearing in mind
that STD is a sign of myocardial ischaemia, the extent of
STD may be directly related to the severity of myocardial
ischaemia. Previous studies which addressed this issue
showed conflicting results [5-9]. Furthermore, as exercise
was performed on a treadmill, there are no comparative data
for exercise testing by bicycle ergometry. The aim of the
present study therefore was to assess the interrelation
between STD extent on bicycle ergometry and the severity
of myocardial ischaemia as assessed by MPS in a large
patient cohort.

Methods
Patient population
Consecutive patients (n=1,132) referred for MPS with

exercise stress (bicycle ergometry) at the University
Hospital of Basel were analysed with respect to ECG and
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MPS findings of ischaemia. Patients with ST-segment
depression > 1 mm or left bundle branch block on their
baseline ECG were excluded (n=177). Detailed medical
history was available in all patients. Whenever possible,
beta-blocking medications as well as negative chronotropic
calcium antagonists were withheld for 48 h and long-acting
nitrates for 24 h before exercise testing.

Exercise testing

Resting heart rate, blood pressure and 12-lead ECG
were recorded before exercise. A standardized, stepwise
and symptom-limited bicycle exercise test was per-
formed in all subjects to the end points as defined in
the exercise testing guidelines [10]. A 12-lead ECG was
continuously recorded during exercise and recovery.
Blood pressure was recorded every minute during exercise
and recovery. ST-segment deviation was assessed auto-
matically (CARDIOVIT CS-200®, Schiller, Baar, Switzer-
land) and visually controlled and interpreted by an
experienced cardiologist, who was blinded for the MPS
results. Maximum STD (in mm, 1 mm=0.1 mV) was
defined as the maximal exercise-induced ST-segment
depression 80 ms after the J point, which was horizontal
or downsloping; it was calculated by subtracting the
maximum ST-segment depression during exercise or post
exercise from the resting ST-segment level in the
corresponding lead. Maximum STD was considered
ischaemic if > 1 mm and subsequently further categorized
with a 0.5-mm scale. In addition, the severity of STD was
subdivided in three categories: no significant STD (no
STD or STD < 1 mm), STD=1 mm and STD > 1 mm.

Myocardial perfusion imaging

All patients underwent a routine rest/stress (ergometry) dual
isotope (*°'T1 rest/*’™Tc-sestamibi) MPS protocol as
previously described [11, 12]. Rest MPS was obtained after
administration of 111 MBq 2°'TL 2°'Tl SPECT was
performed 10 min after tracer injection.

At near-maximal exercise, a 740 MBq dose of **™Tc-
sestamibi was injected and exercise was continued for at
least an additional minute after injection. Post-stress gated
SPECT was acquired on average 95—100 min post-stress in
the supine and prone position. SPECT imaging was
performed following standard protocols. No attenuation or
scatter correction was used. SPECT images were acquired
and processed as previously described, with a circular 180°
acquisition [11]. During imaging, two energy windows
were used for 2°'Tl, including a 30% window centred on
the 70-keV peak and a 20% window centred on the 167-
keV peak. For **™Tc-sestamibi SPECT, a 15% window
centred on the 140-keV peak was used.

Semiquantitative visual interpretation was performed
using a 20-segment model. Each segment was scored
using a S5-point scale: O=normal, 1=equivocal, 2=
moderate, 3=severe reduction of radioisotope uptake
and 4=apparent absence of detectable tracer uptake in a
segment. A summed stress score (SSS) was obtained by
adding the scores of the 20 segments of the stress
images and a summed rest score (SRS) by adding the
scores of the 20 segments on the rest images. To assess
defect reversibility, a summed difference score (SDS)
was calculated by subtracting SRS from SSS, reflecting
the severity and extent of ischaemia. For the degree of
ischaemia, an SDS of <2 was considered nonischaemic,
SDS 2-4 mildly, SDS 5-8 moderately, SDS 9-12
severely and SDS >12 extensively ischaemic. The
coronary territories of the main epicardial vessels were
defined as previously reported by Kang et al. according
to the 20-segment MPS model [13].

Statistical analysis

Numerical data are presented as mean + SD. Categor-
ical data are presented as percentages. The relation
between clinical exercise testing variables and severity
of myocardial ischaemia as assessed by MPS were
tested with the chi-square, Kruskal-Wallis and one-way
analysis of variance (ANOVA) tests as appropriate.
Interrelation between STD and SDS were tested by
linear regression analysis and according to STD cate-
gories (presented as box plots) with the Kruskal-Wallis
test. All clinical exercise testing and MPS variables,
which were associated to false-negative exercise ECG
in a univariate model (p<0.05), were used in a
multivariate stepwise forward logistic regression analysis
in order to find independent predictors of discrepant
results between exercise ECG and MPS. The univariate
association was tested by ¢ test for numerical variables
with normal distribution, Mann-Whitney U test for
numerical variables without normal distribution and by
Fisher’s test for nominal variables. The comparison of
false-negative stress EGC between patients with known
and unknown CAD, between patients with single- and
multi-vessel disease and regarding the localization of
myocardial ischaemia in patients with single-vessel
disease was tested by chi-square test. Differences between
exercise testing variables of patients with STD and no
evidence of myocardial ischaemia and patients without
STD and no evidence of myocardial ischaemia were
tested by ¢ test. A p value of <0.05 was considered
statistically significant. Analyses were performed using
the commercially available statistical package SPSS
version 15.0.
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Results
Patient characteristics

Patient characteristics and exercise testing variables are
summarized in Tables 1 and 2. Patients with myocardial
ischaemia were older, were more likely to be of male
gender and had more often a history of CAD, prior
myocardial infarction and typical angina as compared to
patients without evidence of myocardial ischaemia on MPS.
In addition, the prevalence of antianginal drug, aspirin and
statin use was higher in patients with ischaemia.

Exercise testing and MPS findings

As shown in Table 2, the majority of patients achieved the
submaximal predicted heart rate and also the maximal
double product (peak heart rate x maximal systolic blood
pressure), which was consistent with an adequate stress test.
Stress ECG showed significant STD in 215 patients (22%).
MPS was consistent with myocardial ischaemia in 366

Table 1 Characteristics of the study patients

patients (38%). The achieved workload (expressed in W) as
well as the peak exercise heart rate was lower in patients
with myocardial ischaemia, whilst the proportion of
patients with typical angina increased as a function of the
extent of ischaemia.

Interrelation between extent of ST-segment depression
and severity of ischaemia

The incidence of a significant exercise-induced ST-segment
depression (> 1 mm) increased significantly as a function of
ischaemic extent (Table 2). Furthermore, as depicted in
Figs. 1 and 2, the maximal STD strongly correlated with the
severity of myocardial ischaemia (#=0.62, p<0.01). Look-
ing at STD and SDS categories, the number of patients
without STD decreased proportionally with increasing
SDS. In contrast, the proportion of patients with STD of
I mm or more increased with increasing severity of
ischaemia (p for trend <0.01). Of note, among patients
with severe (n=54) and extensive (n=47) ischaemia, 30%
(n=16) and 17% (n=8) had no significant STD, respec-

Characteristic Severity of ischaemia as assessed by MPS
Total None Mild Moderate Severe Extensive p value®
(n=955) (n=589) (n=147) (n=118) (n=54) (n=47)
Male gender (%) 70 61 83 80 89 87 <0.01
Age (years+SD) 61+11 60+6 60+10 64+10 63+12 64+11 <0.01
BMI (kg/m?>+SD) 27.5+4.6 27.2+4.7 28.2+4.5 27.5+4.5 27.6+4 28.0+3.8 0.15
Typical angina (%) 23 15 18 38 56 64 <0.01
Known CAD (%) 43 30 77 58 57 49 <0.01
Previous MI (%) 26 17 52 29 41 32 <0.01
Previous revascularization (%) 40 28 69 52 53 47 <0.01
Risk factors
Diabetes (%) 23 25 19 23 19 19 0.13
Hypercholesterolaemia (%) 59 55 65 60 74 59 0.02
Hypertension (%) 63 64 63 59 70 55 0.5
Family history (%) 32 30 37 32 28 45 0.1
Smoking (%) 44 42 50 46 44 51 0.2
Medication
Aspirin (%) 68 58 86 85 87 79 <0.01
3-blockers (%) 57 47 79 64 66 68 <0.01
Nitrates (%) 7 4 6 10 14 23 <0.001
Ca antagonist (%) 16 15 12 22 28 21 0.03
ACE inhibitors (%) 24 20 37 27 28 21 0.06
ATII antagonist (%) 23 23 27 18 31 13 0.4
Statins (%) 55 45 80 69 65 53 <0.01

BMI body mass index (kg/m?), CAD coronary artery disease, MI myocardial infarction, ACE angiotensin-converting enzyme, ATII angiotensin II

#The p value is reported for the association with severity of ischaemia
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Table 2 Exercise testing parameters

Parameter Severity of ischaemia as assessed by MPS
Overall None Mild Moderate Severe Extensive p value®
(n=955) (n=589) (n=147) (n=118) (n=54) (n=47)
Heart rate
Rest HR (£SD) 80+15 80+14 81+16 79415 78+14 75+12 0.06
Peak HR (+SD) 148+16 150+16 150+14 144+14 144+16 138+18 <0.01
Blood pressure
Rest SBP (+SD) 129+24 129+24 130+26 125+21 131423 129+24 0.4
Peak SBP (£SD) 213+£35 213+£35 216+34 210+35 204+41 207+42 0.2
Rest DBP (+=SD) 8113 82+13 82+13 77+13 82+13 8113 0.6
Peak DBP (£SD) 79+21 80+22 77+22 80+20 75«15 76+22 0.3
MET (£SD) 7.2+1.8 7.2+1.9 7.3+1.7 7.0£1.6 6.0+1.9 6.5t1.4 0.1
W (£SD) 140+43 14044 151+44 137+£40 140+44 133+£37 0.02
Submaximal predicted HR ~ 94.5 96.3 94.6 94.1 90.7 78.7 <0.01
achieved (%)
Double product (+SD) 31,358+6,419  31,695+6,317  32,339+6,063  30,172+6,091  28,750+6,756  28,560+7,709  <0.01
Typical angina during 18 11 12 31 43 70 <0.01
exercise (%)
STD>1 mm (%) 22 4 28 60 70 82 <0.01

HR heart rate, SBP systolic blood pressure, DBP diastolic blood pressure, MET metabolic equivalent, STD maximal ST-segment depression, ' watt

*The p value is reported for the association with severity of ischaemia

tively (Fig. 3). The maximal extent of STD also correlated
with the number of diseased vessels (Fig. 4).

Interrelations between the number of leads with significant
ST-segment depression and severity of ischaemia

The relation between ECG and MPS findings of ischaemia
were further evaluated by comparing the number of leads
with STD and the extent of ischaemia, first using the
precordial leads (no significant STD, STD < 4 precordial
leads, STD > 4 precordial leads) and then all 12 ECG leads
(no significant STD, STD < 6 leads, STD > 6 leads). As
shown in Fig. 3, the number of ECG leads with significant
STD over the precordial leads and over all ECG leads
correlated with the severity of ischaemia as assessed by
MPS (p for trend <0.01 for both). Similarly to the maximal
magnitude of STD, also the number of involved ECG leads
were associated with the number of diseased coronary
vessels (Fig. 4).

Predictors for discrepant findings between exercise ECG
and MPS

As previously mentioned, the ECG and MPS findings of
ischaemia are not concordant for all patients. In fact, among
the 366 patients with myocardial ischaemia, 176 (48%) had
no significant STD on exercise ECG. Looking at patients

(n=219) with moderate to extensive ischaemia (SDS >5),
71 (32%) had no significant STD. Therefore, we evaluated
predictors (patient characteristics, exercise testing data,
MPS results) for discrepant results between the two
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Fig. 1 Interrelation between maximal ST-segment depression and
severity of myocardial ischaemia
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Relation between STD and SDS
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Fig. 2 Interrelation between maximal ST-segment depression (STD)
and severity of myocardial ischaemia (SDS) according to STD and
SDS categories (p for trend <0.01)

diagnostic modalities. In a univariate analysis, patients with
myocardial ischaemia on MPS but no significant STD had
more often a known CAD (74 vs 55%, p<0.01), prior
myocardial revascularization (67 vs 50%, p<0.01), Q-wave
on resting ECG (25 vs 12%, p<0.01), were more often on
ACE inhibitor (38 vs 23%, p<0.01) or statin therapy (76 vs
66%, p<0.01) and had less frequently typical angina (24 vs
47%, p<0.01). Additionally, patients with myocardial
ischaemia but no abnormal stress ECG had a higher BMI
(28.5+4.5 vs 27.3+4.1 kg/m®, p<0.01), were younger
(60.2+10.1 vs 64.4£10.4 years, p<0.01), had less severe
ischaemia (5 vs 9 SDS, p<0.01) and a larger perfusion
defect at rest (6 vs 4 SRS, p<0.01). After inclusion of these
parameters in a multivariate regression analysis, advanced
age and more severe myocardial ischaemia by SDS were
independent predictors of concordant results, whereas
higher BMI, larger defect at rest by SRS and ACE inhibitor
therapy were predictors of discordant test results, meaning a
negative ECG with evidence of ischaemia on MPS
(Table 3).

Focussing on patients without known CAD or significant
Q-wave on their resting ECG (#=498), a significant STD
was present in 92 patients (19%) and MPS was consistent
with myocardial ischaemia in 117 patients (23%). On the
other hand, among patients with known CAD or significant
Q-wave on their resting ECG (rn=457), a significant STD
was present in 123 patients (27%) and MPS was consistent
with myocardial ischaemia in 249 patients (55%).

@ Springer

The proportion of patients without significant STD and
evidence of myocardial ischaemia on MPS was lower in
patients without known CAD or significant Q-wave on
resting ECG as compared to patients with known CAD (35
and 54%, respectively, p<0.01).

Focussing on patients with myocardial ischaemia only in
one coronary territory (n=144) as assessed by MPS
according to the above-mentioned model, 73 (51%) were
found to have ischaemia in the territory of the left anterior
descending artery (LAD), 24 (17%) in the circumflex artery
(RCX) and 47 (32%) in the right coronary artery (RCA).
Overall, the rate of false-negative exercise ECG in single-
vessel disease was higher as compared to patients with
multi-vessel disease (62 vs 40%, p<0.01). The rate of false-
negative exercise ECG was independent of the localization
of myocardial ischaemia (62% for LAD, 67% for RCX,
60% for RCA, p=0.8).

On the other hand, 25 patients (3%) showed a significant
STD without evidence of myocardial ischaemia on MPS
(SDS<2). Of note, none of these 25 patients had a transient
ischaemic dilation of the left ventricle, which is a know
indicator of balanced myocardial ischaemia. Among patients
without myocardial ischaemia on MPS, those with significant
STD (i.e. false-positive exercise ECG) had a higher peak
systolic blood pressure (230+32 mmHg vs 212435 mmHg,
p=0.01), a higher peak heart rate (15715 bpm vs 150+
16 bpm, p=0.03) and as consequence a higher maximal
double product (36,418+7,282 vs 31,885+6,207, p<0.01) as
compared to those without significant STD.

Discussion

The present study showed a good correlation between the
magnitude of maximal STD or the number of ECG leads
with STD during exercise testing and the severity of
myocardial ischaemia as assessed by MPS (i.e. SDS and
number of diseased coronary vessels).

Although exercise-induced STD is a well-defined and
robust ischaemic ECG finding, which correlates with the
severity of CAD as assessed by coronary angiography, the
relation between the quantitative assessment of this variable
(maximal extent of STD or the number of ischaemic ECG
leads) and the extent of myocardial ischaemia as assessed by
myocardial imaging modalities is less clear [14, 15].
Furthermore, no comparative data are available between
ischaemic ECG and MPS findings using a bicycle ergometry
protocol, which is the preferred stress modality in Europe.

Results of animal studies suggest that the extent of STD
on surface ECG may be proportional to the area and
severity of myocardial ischaemia [16]. In accordance with
this, Persson et al. demonstrated a significant and positive
correlation between the summed ST-segment deviation and
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the severity of myocardial ischaemia assessed by MPS
induced by balloon inflation during percutaneous coronary
angioplasty [17]. Of note, the above-mentioned studies
observed ECG changes during complete obstruction of a
coronary vessel, limiting therefore the applicability to ECG
changes during exercise testing.

Previous studies, which addressed this issue in a clinical
setting comparing STD during exercise testing and MPS
findings, revealed conflicting results [5—9]. Studies con-
ducted by Bogaty et al. and Taylor et al. failed to show a
correlation between ECG and MPS findings based on
smaller patient collectives, i.e. 66 and 144 patients,
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respectively [5, 9]. Other studies reported a correlation
between the two diagnostic modalities based on larger
patient populations [6-8]. Hauser et al. identified a
correlation between exercise-induced STD and severity of
myocardial ischaemia as assessed by MPS in 1,006
patients. The incidence of MPS-detected myocardial is-
chaemia (almost 1/3) and significant STD (almost 1/4) were
similar to the present patient population. In contrast, the
correlation between STD and myocardial ischaemia were
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performed using a cut-off value of 2 mm STD, which is not
consistent with the proposed diagnostic criteria of exercise
ECG [10]. Furthermore, taking into account that the
precordial leads (especially V5) are most sensitive for
ischaemia detection and isolated STD in the inferior leads
may be a false-positive response, we performed a separate
analysis for precordial leads only to test the correlation
between the number of ECG leads with significant STD
and magnitude of myocardial ischaemia [18]. Additionally,
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Table 3 Multivariate analysis of predictors of false-negative stress
ECG

Odds ratio 95% CI p value
Age 0.96 0.94-0.99 <0.01
BMI 1.08 1.02-1.14 <0.01
SDS 0.81 0.76-0.86 <0.01
SRS 1.05 1.03-1.14 <0.01
ACE inhibitors 1.79 1.08-3.0 <0.01

BMI body mass index (kg/m?), SDS summed difference score, SRS
summed rest score, ACE angiotensin-converting enzyme, CI confi-
dence interval

this is the first study comparing exercise ECG and MPS
ischaemic findings on bicycle ergometry instead of tread-
mill testing.

Exercise testing is a widely available and comparably
cheap tool to evaluate patients with known or suspected
CAD providing important diagnostic and prognostic infor-
mation. Based on the available literature, and as handled in
general practice, the presence and the maximal magnitude
of STD are integrated in most of the diagnostic and
prognostic scores (e.g. the Duke treadmill score in patients
undergoing treadmill exercise testing) for assessment of
patients with CAD [1, 4, 19]. The extent of myocardial
ischaemia as assessed by MPS has been shown to predict
outcome and prognostic benefit of myocardial revascular-
ization in patients with stable CAD [20]. The present study
demonstrates a clear and significant correlation between
ECG and MPS findings of myocardial ischaemia, reinforc-
ing therefore the pathophysiological background which
supports the integration of the maximal STD during
exercise testing in the prognostic assessment of patients
with CAD as already proposed in different prognostic
scores [4, 19].

Even though, it should be stressed that many patients
with evidence of myocardial ischaemia on MPS had no
STD on bicycle ergometry. As above mentioned, higher
body mass index, younger age, less severe myocardial
ischaemia, presence of a large perfusion defect at rest
(which is in part consistent with a larger scar) and ACE
inhibitor therapy were independent predictors of false-
negative exercise tests. The impact of obesity on accuracy
of stress ECG may be explained by the augmented
electrical impedance due to more fatty tissue, whereas
myocardial scar tissue often is associated with mild peri-
infarction ischaemia, which may be difficult to identify by
ECG. Focussing on patients without known CAD or
significant Q-wave on their resting ECG a lower rate of
false-negative exercise ECG was found as compared to
patients with known CAD. Interestingly, the localization of
myocardial ischaemia as assessed by MPS (i.e. LAD, RCX

or RCA territory) was not different with respect to false-
negative stress ECG results.

On the other hand, the proportion of patients with
significant STD without evidence of ischaemia on MPS
was low. These patients were more likely to have
exaggerated exercise blood pressure response and peak
double products. In this context, the STD may be a
consequence of mild but diffuse subendocardial “relative”
ischaemia as seen in patients with a hypertrophied left
ventricle without coronary stenosis.

Study limitations

The accepted gold standard for CAD evaluation is not
available in this study. Coronary angiography is superior to
MPS to establish the diagnosis of CAD, even though
myocardial ischaemia may be present even in the absence
of relevant fixed coronary obstruction [21]. In contrast to
coronary angiography, which is based on luminal assess-
ment of the epicardial vessels, MPS is an imaging modality
able to detect and quantify myocardial perfusion. As a
consequence, exercise ST-segment depression may better
correlate with MPS results than with results of coronary
angiography.

Conclusions

The extent of STD and the number of ECG leads with STD
during bicycle ergometry increased as a function of
ischaemic extent and these variables per se provide
information about severity of ischaemia.
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