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Abstract

Background The present prospective study investigated
whether a combined approach integrating two different
stress imaging modalities may improve the diagnostic
accuracy and prognostic impact of non-invasive coronary
artery disease (CAD) tests in postmenopausal women. In
women non-invasive tests for detecting CAD are less
accurate than in men, leading to a high proportion of
unnecessary coronary angiographies (CAs).

Methods 424 consecutive postmenopausal women (mean
61 £ 7 years, mean Reynolds Risk Score 13 + 3 %) with
symptoms suggestive of CAD were prospectively included
and followed up for 4 & 1 years. Each patient underwent
CA, stress cardiovascular magnetic resonance (CMR) by
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adenosine, dobutamine stress echocardiography (DSE) and
single-photon emission computed tomography (SPECT)
within 7 £ 3 days.

Results  Anatomically obstructive coronary artery disease
(=50 % diameter stenosis) was present in 157 women
(37 %). The combination of two stress imaging modalities
significantly increased the positive predictive values (PPV)
to 90 &+ 3, 88 = 3 and 87 &+ 2 % for CMR/DSE, DSE/
SPECT and CMR/SPECT, respectively. For patients with
negative combined test results, the survival analysis
showed a 4-year cumulative event-free survival rate of
96-97 % for all combinations. This new approach is cost
effective due to the resulting reduction in unnecessary CAs
(with potential side effects and corresponding therapies) as
well as reducing hospitalization time.

Conclusions In symptomatic postmenopausal women,
combination of two negative stress imaging results signif-
icantly increases the PPV for detection of CAD and
excludes future cardiovascular events with high accuracy.
This approach may be applied to improve the prognostic
precision of non-invasive CAD tests and to avoid unnec-
essary CAs.

Keywords Cardiovascular magnetic resonance -
Coronary artery disease - Echocardiography -
Postmenopausal women - SPECT - Stress testing

Abbreviations
CA Coronary angiography
CAD Coronary artery disease

CMR Cardiovascular magnetic resonance
DSE Dobutamine stress echocardiography
LV Left ventricle/ventricular

MI Myocardial infarction

NPV Negative predictive value
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PPV Positive predictive value

PCI Percutaneous coronary intervention

SPECT Single-photon emission computed tomography
SD Standard deviation

Introduction

Despite advances in diagnostic and therapeutic techniques,
coronary artery disease (CAD) is the leading cause of death
in women. Compared to men, non-invasive evaluation of
CAD in females remains challenging for several reasons:
the lower prevalence of CAD even in the presence of chest
pain [1, 2], the frequent incidence of single-vessel disease
[3, 4], and less predictive and atypical symptoms [5]. These
difficulties are even augmented in postmenopausal women
in whom physiological and pathological changes occur that
have significant influence on cardiovascular risk factors
partly due to estrogen deficiency [6]. Notably, women with
CAD have more adverse outcomes compared to men [7].
Thus, accurate and early diagnostic assessment of CAD are
crucial to improve prognoses in women.

Following current recommendations for symptomatic
women with suspected CAD [8], exercise ECG is the initial
diagnostic test due to cost and feasibility in the setting of a
normal resting ECG and good exercise tolerance. For this
test, lower predictive values are reported in women com-
pared to men [9, 10]. However, studies focusing on women
and especially on symptomatic postmenopausal patients
are limited with a subsequent shortage of available evi-
dence for contemporary non-invasive CAD tests such as
dobutamine stress echocardiographie (DSE), single-photon
emission computed tomography (SPECT) or cardiovascu-
lar magnetic resonance (CMR) [11]. At the time of initial
diagnosis women are older than men and age-related
comorbidities limit exercise capacity, which in combina-
tion with smaller heart sizes handicap the analysis of stress
tests. Additional limitations of these test modalities are
false-positive ECG response by the molecular similarity of
estrogen and digitalis (regarding exercise ECG), the
dependency on image quality and investigators experience
(regarding DSE), limited spatial resolution and radiation
exposure (regarding SPECT) and high costs and contrain-
dications for assigned patients (regarding CMR). Coronary
angiograms (CA) demonstrating the absence of pathologi-
cal findings are 2-3 times more common in women than
men [12, 13]. This leads to avoidable interventional risks
and preventable expenses [14]. Nevertheless, symptomatic
women are at elevated risk for cardiovascular events
despite the absence of obstructive CAD [1, 15] and are

readmitted for chest pain or acute coronary syndrome, four
times more frequently compared to men [12]. Even so,
female sex is associated with underutilization of guideline-
based therapy with ACE inhibitors and statins [16].

The present prospective study evaluated the diagnostic
accuracy and prognostic impact of various common stress
imaging tests in the patient cohort of postmenopausal
women and determined whether combining the results of
two stress imaging tests may improve the diagnostic and
prognostic accuracy.

Methods
Patients

Postmenopausal women (last menstrual period >1 year or
surgical menopause) with symptoms suggestive of CAD
(typical or atypical chest pain, prolonged discomfort or
shortness of breath) who were referred to the University
Hospital Aachen between 2005 and 2008 were screened for
study enrollment. We excluded all women with known
CAD or acute coronary syndrome, valvular heart disease,
significant arrhythmia, or contraindications to CMR or
dobutamine administration. Overall cardiovascular risk
was assessed by the Reynolds Risk Score, a sex-specific
tool recently devised from large cohorts of women [17].

Study design

This study was approved by the local ethical committee.
After signing informed consent forms, all women under-
went a standard protocol (Fig. 1) for CMR, DSE, SPECT
and CA within 7 £ 3 days. Stress for DSE and SPECT was
induced by dobutamine (maximum dose of 40 pg/kg per
min) under continuous ECG and blood pressure monitor-
ing. Additional atropine (total dose <2 mg) was adminis-
tered at the start of the 40 pg/kg per min dobutamine stage
if needed to augment the heart rate. All patients were
instructed to refrain from B-blockers, calcium antagonists
or nitrates, 3 days before the initiation of the study. Stress
endpoints were attainment of >85 % of the age-predicted
maximal heart rate or development of limiting chest pain,
significant arrhythmia or relevant hypertension or hypo-
tension. Stress perfusion CMR images were acquired dur-
ing intravenous adenosine infusion for 4 min at 140 pg/kg/
min and an intravenous bolus of 0.075 mmol/kg Gd-DTPA
(Magnevist, Schering, Berlin, Germany). All patients were
asked to avoid coffeine for 24-48 h before the test.
Detailed follow-up of the patients was performed by tele-
phone contact using a scripted interview.
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Day 1:

DSE*
SPECT (stress)

(injecting tracer at peak-
DSE and exposure 2h
after recovery from DSE)

Study inclusion

Informed consent

Fig. 1 Standard study protocol: all stress tests (CMR cardiac
magnetic resonance, DSE dobutamine stress echocardiography,
SPECT single-photon emission computed tomography) and CAs
were performed within 7 &+ 3 days. The follow-up period was 4 + 1

Definitions of endpoints

We defined the primary endpoint as changes in positive
predictive value (PPV) compared to single stress imaging
techniques to detect CAD. The secondary endpoint was the
occurrence of: (1) cardiovascular death, defined as any
death with a demonstrable cardiovascular cause or any
death that was not clearly attributable to a noncardiovas-
cular cause or (2) hospitalization for myocardial infarction
or coronary catheterization due to unstable angina.

Study procedures
Cardiovascular magnetic resonance

CMR was performed on a 1.5-T whole-body MR scanner
(Intera, Best, Philips, the Netherlands) as described before
[18]. A perfusion defect was diagnosed if reduced contrast
uptake was seen at stress but not rest with more than 25 %
transmurality in at least two coherent slices. Ischemia was
only reported if the perfusion defect occurred outside any
scar. Perfusion defects were scored visually and semi-
quantitatively as normal (negative result), starting and up
to moderately reduced (intermediate result) and severely
reduced (positive result).

Dobutamine stress echocardiography

Two-dimensional echocardiography was performed using
commercially available equipment (Vivid E9, General
Electrics, Horton, Norway). Standard parasternal long- and
short-axis views and apical two, three and four chamber
views were recorded. Rest, stress and recovery studies were
assessed for the presence of normal wall motion, starting
(up to moderate hypokinetic) or severe (at least severe
hypokinetic up to akinetic or dyskinetic) wall motion
abnormalities based on systolic thickening and excursion
using a 17 segment model. A normal result was defined as
normal wall motion at rest and normal or hyperkinetic wall
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Day 2:

SPECT (rest)
Stress CMR,

Day3: Follow-up

Coronary
angiography

Telephone
interview

years. * Stress was performed using dobutamine and additionally
atropine if needed to augment heart rate. * Stress was performed using
intravenous adenosine infusion for 4 min at 140 pg/kg/min

motion at peak stress. A stress test was considered positive
for ischemia in the presence of a biphasic response or new/
worsening wall motion abnormalities with at least severe
hypokinesia up to akinesia or dyskinesia. A starting
impairment of wall motion with up to moderate hypoki-
nesia was labeled as an intermediate result. All classifica-
tions required at least two affected myocardial segments
and did not change in case of higher quantity of affected
segments.

While echocardiographic dobutamine examination an
ECG was recorded. At peak stress, the ECG was graded as
normal or ischemic. An ischemic response was defined as
>1 mm of horizontal or down-sloping ST depression
80 ms after J point in a lead with normal ST section at rest,
an intermediate response was presumed when these data
were marginal lower. The Duke Treadmill Score was not
applied.

Single-photon emission computed tomography

At peak dobutamine stress (during the echocardiographic
study), 400-600 MBq 99 m-technetium methoxy-isobutyl-
isonitril (99mTc-MIBI) was injected. Gated acquisitions
(64 x 64 matrix) were acquired on a MultiSPECT 3
(triple-head gamma camera; Siemens Gammasonics Inc.)
1 h post-injection with 60 views at 30 s/view using a
zoom factor of 1.23. The next day, rest examinations were
performed following an analogous acquisition protocol.
The different scores used for quantification of perfusion
are based on a segmental comparison of the individual
counts of the patient with the corresponding counts of a
normal collective. Using a 17-segment model analyses
and graduation into negative, intermediate or positive
results were operated visually and semiquantitatively as
normal (counts >80 % in comparison to normal collec-
tive), starting (up to moderate) reduction in counts
(50-80 % in comparison to normal collective) and severe
reduction in counts (<50 % in comparison to normal
collective).
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Patient 3

positive result
(imaging method 1)

Patient 4

positive result
(imaging method 1)

Patient 5

positive result
(imaging method 1)

Patient 3

positive result
(imaging method 2)

Integrated result:
Positive for ischemia

Integrated result:
Positive for ischemia

Integrated result:
Positive for ischemia

Integrated result:

Positive for ischemia

Fig. 2 Integrated stress imaging tests: used graduation as positive or
negative for ischemia

All intermediate results (CMR: starting and up to
moderate reduced perfusion; DSE: starting and up to
moderate hypokinetic wall motion abnormalities; ECG:
marginal lower data referring to ST depression and J point;
SPECT: starting and up to moderate reduction in counts)
were considered positive for ischemia to provide for daily
practice that symptomatic patients with borderline results
would rather be transferred to CA [19].

Integrated analysis

The results of the two stress imaging modalities were
combined and considered negative for ischemia if both
stress imaging modalities showed normal results or one
technique showed an intermediate result. A positive finding
for ischemia was considered if at least one technique
showed an abnormal result or both modalities were clas-
sified into the intermediate group (Fig. 2).

Coronary angiography

X-ray CA was performed using standard techniques. The
severity of coronary stenosis was determined quantitatively
using the software QuantCor (CASS II, Siemens, Erlangen,
Germany). Referring to the WISE study coronary artery
stenosis was considered obstructive when >50 % reduction
of the vessel diameter was observed in any epicardial
coronary artery. Furthermore, we defined non obstructive

coronary arteries (1-49 % stenosis in any epicardial coro-
nary artery) and normal coronary arteries (0 % stenosis).
Fractional flow reserve (FFR) was determined in case of
intended revascularization (to define hemodynamic rele-
vance of the stenosis) and measured during peak hyperemia
induced by an intra-coronary bolus of adenosine (18 pg the
left main or 12 pg in the right coronary artery). Hemody-
namic relevance was defined as a FFR < 0.80 [20]. The
decision to use FFR, to implant a stent and to select sub-
sequent clinical care was based on the discretion of the
treating cardiologist who was blinded to the results of the
stress imaging test results.

Comparison of stress imaging tests to CA

Left ventricular segments were defined according to the
standardized myocardial segmentation model of the
American Heart Association [21]. To compare wall motion
or perfusion analysis to CA, segmental results were related
to the corresponding coronary artery territories. The terri-
tory of the left anterior descending (LAD) included the
anterior, septal and apical segments, and the combined
territory of the circumflex and right coronary artery (LCX/
RCA) included the lateral, posterior and inferior segments
and the basal inferior septum. Corresponding data for the
stress ECG were: LAD: deduction V1-V6, I and aVL;
LCX/RCA: deduction II, IIT and aVF. All data were ana-
lyzed by two experienced observers without any knowl-
edge of identity, clinical information or results of the other
stress tests. To define interobserver variability in 50 ran-
domly chosen subjects, analyses were repeated by expert
off site readers on the same data set. The Cohens kappa
coefficient was calculated to evaluate the agreement
between these two reads [22].

Clinical follow-up

All follow-up interviews were performed by an experienced
nurse or physician. During this interview, the patient or a
family member was queried for the occurrence of the above-
stated cardiac events. If such an event was identified, the
referring general practitioner was contacted for detailed
information. These interviews were performed annually.

Statistical analysis

Changes in positive predictive value (PPV) were defined as
the primary endpoint. The hypothesis was that the inte-
gration of two stress imaging methods would significantly
increase the PPV. There is some evidence regarding the
PPV of each single stress imaging technique but no evi-
dence for the PPV of a combined method. Hence, it was not
possible to calculate a sample size. Instead, a commonly
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accepted population size for comparable studies was
sought during the enclosure interval.

Clinical characteristics of the study population are
presented using the frequencies or means + standard
deviations (SD). Continuous variables were compared
using Student’s ¢ test, Wilcoxon’s test or analysis of
variance, as appropriate. We used the y*-test or Fisher’s
test to test the null hypothesis that two dichotomous
variables were independent. The ability of each stress test
to detect relevant CAD was explored with a random-
effects model to address the issue of repeated observa-
tions (data on multiple segments per patient used in the
analysis). Sensitivity, specificity and PPV and negative
predictive value (NPV) of each stress test to detect sig-
nificant CAD defined by CA (diameter stenosis >50 %)
were calculated according to the usual definitions. Anal-
yses included comparing single and multi vessel coronary
diseases as well as single and integrated stress imaging
tests. SD for the PPV was calculated using the standard
formula for a proportion.

The Kaplan—Meier method was used to compare the
4-year event-free survival rates for (1) all patients among
the same groups (normal/abnormal integrated stress imag-
ing tests and normal/abnormal single stress imaging tests)
and (2) for patients with normal or non obstructive CAD
(normal integrated/normal single stress imaging tests).
With the use of stepwise procedures, multivariable Cox
proportional hazards regression models, which include risk
factors and clinical history, were developed to estimate
freedom from events. Untransformed values as well as
logarithmic transformations were entered for variables
violating the normality assumption.

Facing internationally and within the US wide ranges for
costs for stress imaging modalities and coronary angiog-
raphy the current study used for comparability reason the
cost of an echocardiogram equal 1 as a cost comparator as
reported before [23]: corresponding cost of a SPECT was
judged 3.27 times higher compared to echocardiogram
(cost of a CMR 5.51 times and of a CA 19.96 times higher,
respectively). Amount (Table 4) denotes the sum of cost
comparator “points” for stress imaging modality (single or
integrated) and may be multiplied with the local rate of a
DSE examination to calculate the real amount of money.
Finally, average amounts for three single and for three
integrated stress imaging tests were calculated and
compared.

The McNemar test was used to compare the sensitivi-
ties, specificities and diagnostic accuracy of the techniques.
From the Cox model, relative RRs (95 % confidence
intervals) were calculated. To evaluate the agreement
between observer analyses, Cohen’s kappa coefficient and
weighted Cohen’s kappa coefficient with 95 % confidence
intervals, as appropriate, were calculated.

@ Springer

522 postmenopausal
women with suspected
CAD were screened

461 pts were included following
stated exclusion criteria

7 pts interrupted stress test
424 pts formed g &

study population 5 pts failed target heart rate

18 pts had insufficient image quality

1 pt refused coronary angiography

5 pts denied clinical follow-up

157 pts had
relevant CAD

267 pts had
no CAD

Fig. 3 Patient flow chart: screening, inclusion and exclusion of
patients. CAD coronary artery disease, pts patients

All tests were two-sided, and a p-value <0.05 was
considered statistically significant (italic values in Tables 2
and 3). All statistical analyses were performed using SPSS
software (SPSS 19.0, Chicago, USA).

Results
Patients

522 postmenopausal women were screened. Following the
stated exclusion criteria, 461 women were included. 424
subjects (mean age 61 £ 7 years) underwent the complete
protocol and formed the study group (Fig. 3). Peak stress
was obtained using 35 + 6 pg/kg/min dobutamine; in 78
women, an additional injection of atropine was necessary
to reach the target heart rate (146 £ 12 bpm). Systolic
blood pressure at peak stress was 161 £ 9 mmHg. 365
women had a low to intermediate overall cardiovascular
risk as determined by a mean Reynolds Risk Score of
9 &+ 2 %; an intermediate to high risk was calculated in 59
women (mean Reynolds Risk Score of 17 + 3 %). The
mean risk score was 13 £ 3 % regarding the complete
study population.

Coronary angiography

Anatomically obstructive coronary artery disease was
present in 157 women (37 %): 97 women (62 %) had one
vessel, 43 (27 %) had two vessel and 17 (11 %) exhibited
three vessel disease. 223 women had non obstructive CAD
and 44 women had normal coronary arteries. Baseline
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Table 1 Baseline clinical characteristics

Table 2 Accuracy of the stress tests to detect obstructive coronary
artery disease

Obstructive Non obstructive p
CAD (N = 157) CAD (N = 267) CMR DSE SPECT

ACE or AT1 77 (49 %) 107 (40 %) 0.291 Sensitivity (%) 84 83 81

inhibitors Specificity (%) 81 80 78
Age (years) 60 £5 63 £6 0.131 PPV (%) 7242 7243 71+2
ASpiI‘il’l 61 (39 %) 115 (43 %) 0.237 NPV (%) 89 88 87
B—BlOCkCI‘S 175 (48 %) 120 (45 %) 0.446 Accuracy (%) 82 80 80
CCS Classification 27+£02 25403 0.113 Sensitivity in single vessel disease (%) 72 75 70
Diabetes 41 (26 %) 56 (21 %) 0.045 Sensitivity in multi-vessel disease (%) 96 93 91
Family history 71 (45 %) 109 (41 %) 0.082 LAD stenosis

of CAD Sensitivity (%) 81 79 80
Hormone replacement 33 (21 %) 51 (19 %) 0.189 Specificity (%) 79 20 77
Hyperlipidemia 86 (55 %) 134 (50 %) 0.097 Accuracy (%) 3 34 3
Hype.rten.sion 100 (64 %) 179 (67 %) 0.592 LCX/RCA stenosis
Lga?ggﬁo(‘}% ) 00 %4 9 ES 0177 Sensitivity (%) 83 83 80
Nitrates 55 (35 %) 83 (31 %) 0.125 Specificity (%) 80 9 76
Obesity 58 (37 %) 80 (30 %) 0.061 Aceuracy (%) 84 83 81

(BMI > 30 kg/m?) No significant differences between the stress imaging modalities
Reynolds Risk 14+£2 % 124+ 4 % 0.113 PPV positive predictive value, NPV negative predictive value, LAD

Score left anterior descending, LCX circumflex coronary artery, RCA right
Smoking 42 (27 %) 69 (26 %) 0.381 coronary artery)
Statins 52 (33 %) 83 (31 %) 0.362

CCS Canadian cardiovascular Society, ACE angiotensin-converting
enzyme, BMI body mass index, CAD coronary artery disease, LV left
ventricular

clinical characteristics are given in Table 1 and were not
different between women with CAD and those without
CAD except for concomitant diabetes (p = 0.045). FFR
reading was performed in 59 women, in 22 women a
hemodynamic  relevant  stenosis = was  detected
(FFR = 0.74 &+ 0.4). These 22 patients and another 29
patients with a >90 % reduction of the coronary diameter
were treated with a stent implantation using 1.5 + 0.2
stents (89 % drug eluting) per patient.

All women with non obstructive or obstructive CAD
were advised to take aspirin and statins as long-run medi-
cation. 91 % of these women followed this recommenda-
tion to the point of final interview contact.

Cardiovascular magnetic resonance

Perfusion abnormalities occurred in 140/424 (33 %)
women, 44 results (7 %) were classified as intermediate.
These segmental results were matched with CA: the PPV
and NPV for the diagnosis of CAD were 72 £ 2 and 89 %.
Table 2 shows further data. The kappa value was 0.88
(95 % CI 0.83-0.92) for interobserver agreement.

Dobutamine stress echocardiography

New or worsening stress-induced wall motion abnormali-
ties were detected in 138/424 (33 %) women, 46 women
(11 %) were determined as intermediate result. These
segmental results were compared to CA: the PPV and
NPV for the diagnosis of CAD were 72 + 3 and 88 %.
Additional data are given in Table 2. The kappa value was
0.86 (95 % CI 0.82-0.91) for interobserver agreement.

Stress ECG

New or worsening changes of ST-segments were reported
in 228/424 (54 %), 17 women (4 %) were classified as
intermediate. These results were compared to CA results:
the PPV was 58 = 3 % and the NPV was 77 % for the
diagnosis of CAD. The kappa value was 0.84, 95 % CI
0.77-0.90 for interobserver agreement.

Single-photon emission computed tomography

Abnormal results were observed in 135/424 (32 %)
women, of that 53 findings (12 %) were classified as
intermediate. These segmental results were matched with
CA: the PPV was 71 &+ 2 %, and the NPV was 87 %.
Table 2 shows additional results. The kappa value was 0.84
(95 % CI 0.80-0.89) for interobserver agreement.
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Integration of stress imaging results

Overall, combining two stress imaging tests signifi-
cantly increased the PPV for CAD to 87-90 %. Inte-
grating the CMR and DSE significantly increased the
PPV to 90 £+ 3 % (Fig. 4); the NPV decreased slightly
to 87 %. This approach showed an increased specificity
and accuracy and a slightly decreased sensitivity
(Table 3). The data for the other combinations were as
follows. The combination of DSE and SPECT tests
resulted in a PPV of 88 £ 3 % and a NPV of 85 %.

p=0.022

PPV (%) p=0.042
p=0.025
100 ’ — 000
p=0.019
p=0.031
90+
80 +

single stress imaging test

integrated stress imaging tests

Fig. 4 PPV is significantly increased using the integrated stress
imaging tests (right) compared to the single stress imaging methods

(left)

Integration of CMR and SPECT yielded a PPV of
87 £ 2 % and a NPV of 85 %; further data are given in
Table 3. No further gain in diagnostic accuracy was
achieved by integrating all three stress imaging meth-
ods. Additionally, PPV and NPV were calculated sep-
arately for women with intermediate to high and with
low to intermediate pretest likelihood of CAD. The
results were not significantly different, but there was a
trend towards better discriminatory power for women
with higher pretest probability.

Integration of stress ECG and the other stress imaging
modalities resulted only in a slight increase of the PPV
(ECG/DSE: 65 £+ 3 %, ECG/CMR: 67 +4 %, ECG/
SPECT: 66 £+ 3 %) and slight decrease of NPV (ECG/
DSE: 74 %, ECG/CMR: 75 %, ECG/SPECT: 74 %).

Clinical follow-up

The average follow-up period was 4 £ 1 years. At follow-
up, the integration of stress imaging modalities emphasized
an additional benefit with an excellent cumulative event-
free survival for individuals with normal (defined as two
negative or one negative and one intermediate finding)
compared to women with pathological (defined as two
intermediate or one positive finding) results: CMR/DSE: 97
vs. 72 %, p = 0.003; DSE/SPECT: 96 vs. 74 %,
p = 0.002; CMR/SPECT: 97 vs. 73 %, p = 0.002
(Fig. 5a). The prediction of events by single stress tests was
significantly worse compared to the integrated approach
with combined stress tests (after 4-year follow-up: 9-11 %
events vs. 3—4 % events, p = 0.027-0.036 according to the
particular stress test) (Fig. 5b).

Table 3 Accuracy of integrated
stress imaging tests to detect

obstructive coronary artery
disease

PPV positive predictive value,

CMR/DSE DSE/SPECT CMR/SPECT

Sensitivity (%) 81 78 79

p-values compared to single stress test 0.088 (CMR) 0.051 (DSE) 0.029 (CMR)
0.125 (DSE) 0.063 (SPECT)  0.095 (SPECT)

Specificity (%) 94 93 93

p-values compared to single stress test 0.044 (CMR) 0.029 (DSE) 0.041 (CMR)
0.038 (DSE) 0.038 (SPECT)  0.032 (SPECT)

Accuracy (%) 89 88 88

p-values compared to single stress test 0.047 (CMR) 0.029 (DSE) 0.222 (CMR)
0.038 (DSE) 0.011 (SPECT) 0.045 (SPECT)

NPV (%) 87 85 85

p-values compared to single stress test 0.313 (CMR) 0.147 (CMR) 0.221 (CMR)
0.215 (DSE) 0.362 (DSE) 0.133 (DSE)

PPV (%) 90 + 3 88+ 3 87 +£2

p-values compared to single stress test 0.034 (CMR)  0.025 (DSE) 0.029 (CMR)
0.022 (DSE) 0.030 (SPECT)  0.021 (SPECT)

Increase of PPV compared to single stress test (%) CMR: 18 DSE: 16 CMR: 15
DSE: 19 SPECT: 16 SPECT: 16

NPV negative predictive value
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Fig. 5 a Cumulative event-free survival rates for all patients during
the 4-year follow-up for women with normal integrated stress imaging
tests (permanent lines) compared to women with abnormal results
(dotted lines). b Corresponding diagram for single stress imaging tests

Furthermore, a subgroup of women with normal coro-
nary arteries and non obstructive CAD was analyzed
regarding event-free survival: women with normal inte-
grated stress results had an excellent event-free survival
(98-99 %) compared to women with normal single stress
results (79-82 %, p < 0.001). Most of these women were
rehospitalized for acute coronary syndrome with repeat
cardiac catheterization, one heart failure admission, no
myocardial infarction and no death occurred.

Simplified analysis of cost efficiency

The cost efficiency was calculated using the cost of an
echocardiogram equal 1 as a cost comparator, cost of a
SPECT was judged 3.27 times, of a CMR 5.51 times and of
a CA 19.96 times higher compared to echocardiogram as
reported before [23] using two approaches (Table 4): (1)
employing the standard approach whereby the patient

undergoes one stress imaging modality and CA if the test
result is positive or intermediate for ischemia (Table 4a).
(2) employing the introduced study approach, whereby
each patient undergoes a combination of two stress imag-
ing modalities and CA if one test result is positive or two
test results are intermediate for ischemia. Due to the sig-
nificantly increased PPV less patients undergo an unnec-
essary CA (Table 4b). The average cost comparator
“points” for the standard and the new approaches were
calculated and compared. Using the average cost compar-
ator “points” for all three combined stress imaging tech-
niques this approach is cost effective (p = 0.073). To
calculate the real amount of money one has to multiply the
amount of cost comparator “points” with the local rate of a
DSE examination.

Discussion

The major findings of this study are as follows: (1) Com-
bined non-invasive imaging analysis compared to a single
stress imaging modality significantly increased the PPV for
CAD. (2) Normal integrated stress imaging results are
associated with an excellent 4-year event-free survival.

Non-invasive evaluation of myocardial ischemia in
women is more difficult than in men [11, 24-26]. Women
frequently present chest pain, but angina is more often
atypical [25], and assessment of symptoms is of limited use
because obstructive CAD is less often detected during CA,
even in the presence of typical angina [2, 27, 31]. Fur-
thermore, women exhibit a higher incidence of single-
vessel disease than men [3, 4] and a more frequent
occurrence of intermediate-grade stenosis [2]. Worth
mentioning, greater health care costs are incurred in
women by more frequent office visits, greater myocardial
infarction mortality and higher rates of heart failure hos-
pitalization [29].

Although exercise ECG is the recommended initial
diagnostic test for symptomatic women with suspected
CAD [7, 32] due to cost and feasibility considerations in
the setting of a normal resting ECG and a good exercise
tolerance, this method was not integrated in the current
study. Due to the rather poor PPV and only moderate NPV
of stress ECG [9], false-positive and -negative results
would be detected in one out of two to four women,
resulting in unnecessary CAs in the false-positive women
and potentially detrimental effects in the false-negative
women. This is partly related to their lower CAD preva-
lence and impossibility to attain >85 % of age-predicted
maximal heart rate due to impaired functional capacity
[33]. Other reasons for the diminished accuracy may
include a lower QRS voltage (due to obesity and breast
tissue) and hormone replacement therapy that may result in
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Table 4 Cost efficiency was calculated using cost of an echocardiogram equal 1 as a cost comparator (corresponding cost of SPECT judged
3.27, of CMR 5.51 and of CA 19.96 higher compared to echocardiography)

Test modality Results (N) Treatment (N) Calculation of costs (DSE equal 1 as a cost Amount (cost Average amount for
(standard comparator, cost of a SPECT judged 3.27, CMR  comparator all three modalities (p:
approach) A 5.51 and CA 19.96 times higher) “points™) A compared to B)
(N = 424)
CMR Positive: 140 140 + 44 = 184 424 x CMR (424 x 5.51) = 2,336.24 6,008.88 5,081.49

Intermediate: 44~ CA 184 x CA (184 x 19.96) = 3,672.64 p=0073

Negative: 241 241 medical
DSE Positive: 138 138 4+ 46 = 184 424 x DSE (424 x 1) = 424 4,096.64

Intermediate: 46 CA 184 x CA (184 x 19.96) = 3,672.64

Negative: 241 241 medical
SPECT Positive: 135 135 4+ 53 = 188 424 x SPECT (424 x 3.27) = 1,386.48 5,138.96

Intermediate: 53 CA 188 x CA (188 x 19.96) = 3,752.48

Negative: 237 236 medical
Test modality Results (V) Treatment (N) Calculation of costs (DSE equal 1 Amount Average
(introduced study (following Fig. 3) as a cost comparator, cost of a SPECT (cost comparator amount for all three
approach) judged 3.27, CMR 5.51 and CA 19.96 “points”) modalities
B (N = 424) times higher) (p: A compared to B)
CMR/DSE Positive: 143 143 CA 424 x CMR (424 x 5.51) = 2,336.24 5,594.56 5,612.10

Negative: 281 281 medical 424 x DSE (424 x 1) = 424 p = 0.073

143 x CA (143 x 19.96) = 2,834.32

DSE/SPECT Positive: 143 143 CA 424 x DSE (424 x 1) = 424 4,644.80

Negative: 281 281 medical 424 x SPECT (424 x 3.27) = 1,386.48

143 x CA (143 x 19.96) = 2,834.32

CMR/SPECT Positive: 144 144 CA 424 x CMR (424 x 5.51) = 2,336.24 6,596.96

Negative: 280 280 medical

424 x SPECT (424 x 3.27) = 1,386.48

144 x CA (144 x 19.96) = 2,874.24

To calculate the real amount of money one has to multiply the amount of cost comparator “points” with the local rate of a DSE examination

CA coronary angiography

false-negative results by vasodilatory properties [10] or
false-positive results by the molecular similarity between
digitalis and estrogen [34]. Omission of these medications
and inclusion of stress testing variables to determine the
Duke Treadmill Score may increase accuracy and provide
important data on risk of cardiac events [35].

The current study focused on DSE, CMR and SPECT for
non-invasive stress testing as these modalities are used in
daily routine with an excellent expertise at the study center
and are widely spread internationally. The two other possible
contemporary stress imaging modalities cardiac computer
tomography (CT) and positrone emission tomography (PET)
were disregarded due to a limited operational availability at
the study center, high costs and high radiation exposure (up
to 14 mSv, a doubled dose compared to CA with about
7 mSv) [36]. Exercise ECG was not performed to spare the
women an additive examination that is dependent on the
patients motivation for maximal exercise and that is often not
optimal performable [35] in women due to reduced physical
capacity as women present approximately 10 years later in
life than men [11]. Furthermore an exercise ECG shows only
rather poor PPV [9] without the Duke Score that is not

@ Springer

operated in the study center. The current study provide data
of medicinal induced stress ECG that circumvent the first
aforementioned issues but include no information about the
functional capacity that is a powerful prognostic parameter:
an exercise capacity <5 METs or the inability to achieve
>85 % of age-related exercise level has been shown to
predict cardiac events in women [37]. The given ECG data
are disappointing even in the setting of the introduced
approach of combining test modalities with a PPV between
58 % (single test) and 67 % (integrated approach). Further
studies should pick up this approach and apply exercise ECG
operating the Duke Treadmill Score.

A meta-analysis of DSE studies including gender-spe-
cific evaluations reported an overall sensitivity of 76 % and
a specificity of 86 % to detect CAD [38]. DSE is limited by
dependency on the image quality and the investigators
experience. However, this modality provides important
data to estimate cardiac prognosis in women as survival of
patients with no evidence of ischemia was found to be
99.4 % [39]. Sensitivity and specificity using CMR [40]
were reported to be 83 and 83 %. Furthermore, stress CMR
is an effective risk-stratifying tool whereat women without
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inducible ischemia exhibit very low cardiac event rates up
to 4 years after the examination [41-43]. This modality is
limited by high costs and inexpediency for patients with
implanted devices. Finally, studies for SPECT [44] repor-
ted similar data: sensitivity was found to be 82 % and
specificity was 75 %. This stress test effectively risk
stratifies women with an annual event rate of 0.6 % in the
case of a normal study [45] but is limited by radiation
exposure (about 9mS) [36], false-normal perfusion in the
setting of global flow reduction by severe multivessel CAD
or microvascular dysfunction and possible missing of
minor perfusion defects by limited spatial resolution in
combination with smaller female heart sizes.

However, the data on test accuracy in women are limited
due to a lack of specific studies, which leads to a high
number of normal CAs in symptomatic women. Along
these lines, Johnston and colleagues [14] analyzed the
Swedish registry data of 5005 women and reported a CA
without pathological findings in 64 % of these women.
Therefore, the use of non-invasive stress tests to reliably
detect CAD would be desirable.

To the best of our knowledge, this study is the first to
systematically combine stress imaging tests in a large pro-
spective population of symptomatic postmenopausal women
with intermediate to high risk of CAD. In daily routine
symptomatic patients with intermediate (borderline) results
would rather be treated as a positive finding and transferred
to CA. The current study postulated two intermediate results
to assume a need for CA and classified patients with an
intermediate and a negative result as “negative”. Thus, this
approach significantly improves the discriminatory power
and increases the chance that a symptomatic woman with a
positive combined test result has a relevant CAD and does
need a CA. Within the current study this resulted in an
identification of additional 16—19 % of patients classified as
true-positive for ischemia (PPV). Using the standard single
stress test approach, this amount of patients would have been
detected as false-positive for ischemia, resulting in numer-
ous unnecessary CA. Therefore, the high number of CAs
with normal findings could be reduced, thus limiting
potential side effects of the invasive strategy and higher
expenses. This is of critical importance given recent data that
women are more prone to develop procedural complications
than men [14].

However, the NPV plays an important role in reducing
unnecessary admissions as well. The new approach of
combining stress tests has the advantage to increase the PPV
without decreasing the NPV significantly and gives addi-
tional safety by the excellent 4-year cumulative event-free
survival for women with a normal test result (defined as two
negative or one negative and one intermediate finding).

The large amount of symptomatic women without
obstructive CAD (63 % within the current study) remains a

challenge for physicians caring for such patients. Evidence
shows that these women with symptoms of angina in the
setting of normal or non obstructive coronary arteries have
a high risk for further cardiovascular events [1, 10, 46, 47].
It is hypothesized from the WISE study [1] that the reason
for the poor prognosis is endothelial and microvascular
dysfunction supported by a combination of smaller arterial
size, risk factor clustering, vascular inflammation, hor-
monal alterations and more positive remodeling in women
[29]. This abnormal vascular response may be the earliest
marker of atherosclerosis [48] and has prognostic impli-
cations [49]. Further studies should apply the integrated
approach and focus to this special cohort. Nevertheless, the
current study found an excellent event-free survival
(98-99 %) for symptomatic women with normal or non
obstructive coronary arteries and normal integrated stress
tests. In contrast, women with abnormal integrated stress
modalities had a 18-21 % cardiovascular event rate during
the next 4 years. Thus, the approach of integrated stress
imaging tests is an additional tool for risk stratification and
may help to differentiate between non-cardiac chest pain,
cardiac chest pain (in case of obstructive CAD) and Car-
diac Syndrome X (non obstructive CAD with angina and
pathologic myocardial perfusion) [50] for optimal treat-
ment and to avoid unnecessary hospitalization and
catheterization.

Therefore, diagnostic algorithms should consider
including combined stress imaging tests for the accurate
diagnosis of CAD in postmenopausal women with an inter-
mediate to high-risk profile. Figure 6 shows a user-friendly
flow chart that may help in daily routine to interpret com-
bined test results. Following this proposal it is evident that
symptomatic women with a negative or an intermediate
result may profit from the introduced approach while women
with a primary positive test result do not need a combined
approach and can be transferred to CA immediately.

By blinding the treating cardiologist and keeping the
subsequent clinical care dissociated from the stress test
results the total amount of cardiac events was not changed
compared to current standard approach. Further studies
should determine whether the introduced approach using two
stress modalities may improve the outcome by guaranty of
event-free survival and avoiding an unnecessary coronary
angiography in case of normal results and by scheduling an
intensified medical care in case of abnormal results.

Limitation

The Reynolds’ risk score is not frequently used in daily
practice. However, risk scores are often developed for a
population that differs from the particular study population.
The Framingham risk score is preferred to predict the risk
of ischemic heart disease but often underestimates this risk
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Fig. 6 User-friendly flow chart
to interpret combined test

standard approach
with one stress test

combined approach
with a second stress test

results. A CA is only .requ”'ed mn no coronary = imaging test 1: =) imaging test 2: =) no coronary
case of two intermediate or one angiography negative result negative result angiography
positive finding. The current
standard approach using single
StreS.S modalities Wo_lqd imply a imaging test 1: =) imaging test 2: =) 1o coronary
.CA mn Ca.se of a positive or an negative result intermediate result angiography
intermediate result and a
medical treatment in case of a
negative result imaging test 1: =) =) coronary
negative result angiography
coronary &= imaging test 1: =) imaging test 2: =) 10 coronary
angiography intermediate result negative result angiography
imaging test 1: =) imaging test 2: =) coronary
intermediate result intermediate result angiography

imaging test 1:

intermediate result

coronary
angiography

- .-

coronary
angiography

in women [51]. Thus, the current study focused on the
Reynolds’ score that was generated especially for women
[17].

Stress in SPECT and DSE was induced only with
dobutamine. Adenosine stress echocardiography is known
to have higher specificities but lower sensitivities than DSE
for detection of CAD [52]. Exercise stress was not per-
formed as experimental set-up is more time-consuming and
more dependent on patienfs cooperation. As recently most
CMR studies are performed with perfusion and vasodila-
tors, we choose this approach for CMR as well and used
adenosine. Another benefit of the current study is the
analysis of different pathophysiological phenomena in
combining dobutamine stimulated wall motion or perfusion
abnormalities with perfusion heterogeneity during
vasodilatation.

Visual assessment for the presence of normal or
abnormal regional wall motion (visual and quantitative
analyses in SPECT, respectively) is subjective but con-
sidered reliable due to an adequate image quality in most
cases and due to a high interobserver agreement in this
study. All studies were analyzed by designated experts for
corresponding imaging techniques.

In routine practice the combined stress test approach is
not usual and not widespread available. The current study
may effect a rethinking of diagnostic challenges in this
patient cohort and propagate the introduced approach as
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recommended exercise ECG quotes unsatisfying predictive
values. Assumably the majority of hospitals can offer at
least two of the three stress imaging tests if necessary in
combination with an out-patient treatment. Thus the
question of which imaging technique may be combined
should be discussed individually based on availability of
these modalities, observer expertise, patient characteristic,
and contraindications for the respective technique. Fur-
thermore, certain disadvantages must be acknowledged for
each combination of techniques. The combination of CMR/
DSE requires two settings of stress, with possible side
effects [51], whereas the combination of CMR/SPECT or
DSE/SPECT requires only one stress injection but includes
exposure to radiation, which may be reduced by new
software and dedicated cardiac SPECT cameras [53].
Awareness of increasing healthcare costs may lead to
eschewing the use of the combined non-invasive stress
imaging approaches. However, due to the resulting reduc-
tion in unnecessary CAs (with potential side effects and
corresponding therapies) as well as reducing hospitaliza-
tion time, this approach is cost effective. The cost ratio
used in this study with echocardiogram as a cost compar-
ator has been reported for resting cardiac imaging tests
[23]. Nevertheless, the given multiplier effect shall be
transferable to stress with the same facultative mispercep-
tions for both approaches within the simplified analysis of
cost efficiency. In many countries stress CMR or SPECT
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are settled per diem thus the choice between adenosine or
dobutamine may be not relevant in respect of charges.

Conclusion

In symptomatic postmenopausal women, combination of
two negative stress imaging results significantly increases
the PPV for detection of CAD and excludes future car-
diovascular events with high accuracy. This approach may
be applied to improve the prognostic precision of non-
invasive CAD tests and to avoid unnecessary CAs.
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