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Abstract

Aim: To prospectively assess the prognostic value of the Stress-Recovery Index (SRI) in women with typical chest pain.

Methods: 165 women without known coronary artery disease, who complained of typical chest pain, were exercise tested and prospectively
followed-up for the occurrence of cardiac death and nonfatal myocardial infarction. SRI, defined as the difference in absolute values between
the area of heart rate-adjusted ST-segment depression during exercise and recovery, was derived in all. Clinical data, resting ejection fraction,
and exercise testing data were entered into a sequential Cox’s model; SRI was entered last. Model validation was performed by bootstrap
adjusted by the degree of optimism in estimates. Survival curves were set up using Kaplan—Meier method and compared by the log-rank test.
Results: During a median follow-up time of 42 months, 19 events (14 cardiac deaths and 5 nonfatal myocardial infarction) were observed.
Age (hazard ratio 3.58, 95% CI 0.87—15) and SRI (hazard ratio 0.62, 95% CI 0.42—0.92) were multivariate predictors of outcome. However,
the addition of SRI increased the prognostic power of the model on top of clinical and exercise testing variables, as demonstrated by the
significant (p=0.003) increase of the area under the ROC curve of the risk function. Survival analysis showed ascending SRI quartiles to
identify a significant (p=0.005) increase in event-free survival.

Conclusions: SRI is of value in predicting outcome of women with typical chest pain and provides additional prognostic information on the
top of clinical and standard exercise testing data.

© 2007 Elsevier Ireland Ltd. All rights reserved.

Keywords: Exercise electrocardiography; Coronary artery disease; Stress testing; Risk stratification in women

1. Introduction

Cardiovascular disease is the leading cause of death
among women in the majority of industrialized countries,
accounting for the 54% of all cardiovascular deaths in the
United States [1]. Cardiovascular mortality among women
has been continuously increasing during the last decades; the
49% of this mortality is due to coronary artery disease
(CAD) [1]. Moreover, one in nine women between the ages
of 45 to 64 and one in three women over 65 years complains
of symptoms potentially related to a cardiovascular disease
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[2]. However, women frequently have more atypical
symptoms than men, tend to present late in the process of
their disease, and are also less likely to have appropriate
diagnostic work-up. Therefore, early recognition of CAD
and accurate noninvasive assessment may be the first step
towards improving the outcome for at-risk women. Unfor-
tunately, previous research using noninvasive cardiac testing
has noted limitations when applied to female subsets of the
population. In particular, although exercise electrocardiog-
raphy (ECQ) represents the most popular modality for the
noninvasive evaluation of CAD, it is recognized that
exercise-induced ST segment depression has less diagnostic
value in women than in men, mainly due to high rate of false
positive results [3,4]. The diminished diagnostic and
prognostic accuracy with noninvasive testing modalities
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have lead to the concept of a sort of sexual discrimination in
the use and interpretation of stress testing in women [5]. In
addition, due to the limited value of exercise ECG, interest
has grown in the use of more expensive and less generally
available imaging techniques for assessing CAD in the
female population [6].

The Stress-Recovery Index (SRI) has been proposed to
improve the diagnostic accuracy of exercise ECG [7]. In
addition, it has been shown to provide prognostic informa-
tion outperforming that of standard ST-segment depression
criteria in a variety of clinical settings [§—11]. The aim of the
present study was to verify whether SRI may improve the
prognostic accuracy of exercise ECG in women complaining
of typical chest pain suggestive of myocardial ischemia.

2. Methods
2.1. Study population and standard definitions

The study population consisted of 165 consecutive
women with unknown CAD who underwent exercise ECG
testing to verify the ischemic origin of a typical chest pain
[12]. An informed consent to participate in the study was
obtained by all patients before enrolling. The study protocol
was approved by the local institutional Ethical Committee.

Hypertension was defined as resting systolic blood
pressure >140 mm Hg, resting diastolic blood pressure
>90 mm Hg, or treatment with antihypertensive drugs [13].
Diabetes mellitus was diagnosed according to World Health
Organization criteria [14]. Hypercholesterolemia was de-
fined as plasma total cholesterol >6.2 mmol/L [15], or
treatment with cholesterol-lowering drugs. Resting ejection
fraction was obtained by two-dimensional echocardiography
using standard methods [16].

Outcome was determined from patient interview, hospital
chart reviews and telephone interviews with the patient, his
close relative or his referring physician, if necessary. Cardiac
mortality and nonfatal myocardial infarction were the elected
end points. Death was defined as cardiac if strictly related to
proven cardiac causes (fatal myocardial infarction, heart failure
resistant to full therapy or malignant arrhythmias) or if sudden
and unexpected when occurring outside the hospital. Myocar-
dial infarction was diagnosed according to the international
guidelines [17]. The end points were assessed by external
reviewers who were unaware of the study hypothesis.

2.2. Exercise ECG test and SRI determination

Exercise testing was performed on an upright, electro-
magnetically braked cycle ergometer with 25 W incremental
loading every 2 min. The 12-lead ECG was continuously
monitored throughout the test for rhythm, rate and ST-
segment changes using the Mason—Likar exercise adapta-
tion. Blood pressure was measured by arm-cuff sphygmo-
manometry during the last 30 s of each work stage. Exercise
was continued until chest pain, repetitive arrhythmias,

significant conduction abnormalities, ST-segment depression
>0.3 mV, systolic blood pressure above 230 mm Hg or its
drop >20 mm Hg or limiting symptoms (dyspnoea,
dizziness, fatigue, cramp in legs) occurred. After exercise,
patients recovered in a sitting position. Total work performed
(kiloponds per minute) indicated the exercise capacity of the
patient. ST-segment deviation was measured 60 ms after the
J point using the end of P—R segment as a reference. ECG
response was defined as positive in case of horizontal or
downsloping deviation >0.1 mV in at least 2 contiguous
leads. The ST/Heart Rate (ST/HR) Index was calculated to
obtain standard heart rate adjustment of ST-segment
depression during exercise only [18].

Beta-blockers and calcium-antagonists were discontinued
for at least 5 half-lives before testing; no patient was taking
nitrates. Angiotensin-converting-enzyme inhibitors and AT,
receptor blockers were not withdrawn.

Details on SRI determination have been extensively
described elsewhere [7,10]. Briefly, computer-calculated ST-
segment amplitudes were obtained every 12 s during
exercise and up to five minutes during recovery. At the
end of the test, the area subtended to baseline and limited by
the ST-segment trend against heart rate during exercise and
recovery was calculated in the lead with the greatest ST-
segment depression. SRI was defined as the difference in
absolute values between the areas referring to the exercise
and recovery phase, respectively.

2.3. Statistical analysis

Continuous variables are presented as median with the
corresponding interquartile difference. Categorical variables
are presented as absolute number with corresponding percen-
tages. Univariate Hazard Ratios refer to the effect of being in
the highest as compared to the lowest quartile for continuous
variables or in the category with the highest observed frequency
for categorical variables. The individual effect of clinical data,
resting ejection fraction and exercise testing results on survival
was evaluated by Cox’s proportional-hazards regression
analysis. Proportional hazard assumption was checked by
plotting Schoenfeld results against fitted time and varying
coefficients and with the Grambsh and Therneau test [19]. In
order to assess whether SRI added prognostic information to
routinely obtained information, clinical and exercise testing
data were entered first (model 1) and Stress-Recovery Index
last (model 2). All variables were entered into the model
without any transformation or cutting-off. Nonlinearity was
assessed by Wald test comparing higher-order models with that
including only linear terms. In case of nonlinearity, a restrictive
cubic spline [20] was used to model a nonlinear effect of the
covariate. Selection criteria was the Akaike Information
Criterion [21] applied backward for each model. Models
were cross-validated by bootstrap technique [22]. Somer’s
concordance Index Dxy (the closer to one in absolute value the
better), representing the concordance between predicted and
observed outcome adjusted for data censoring, was obtained.
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Table 1
Clinical characteristics and exercise testing results

No event Event Combined Hazard ratio

(n=146) n=19) (n=165)
Age (years) 62 [58, 67] 67 (65, 71] 64 [59, 68] 2.76 [1.57, 4.86]
Diabetes 11 (8%) 0 (0%) 11 (7%) -
Presently smokers 43 (30%) 4 (21%) 47 (29%) 0.38 [0.09, 1.63]
Hypertension 68 (48%) 16 (84%) 84 (52%) 6.48 [1.88, 22.3]
Hypercholesterolemia 44 (31%) 4 (21%) 48 (30%) 0.70 [0.22, 2.04]
Ejection fraction (%) 55 [50, 60] 55 [50, 60] 50 [55, 60] 1.00 [0.82, 1.23]
Beta-blockers ® 25 (17%) 5 (26%) 30 (18%) 1.69 [0.64, 4.32]
Ca-antagonists * 8 (5%) 1 (5%) 9 (5%) 1.11 [0.74, 2.16]
ACE-inhibitors 46 (32%) 7 (43%) 53 (32%) 1.73 [0.64, 4.79]
AT receptor blockers 2 (1%) - 13 (8%) -
Statins 31 (21%) 4 (21%) 35 (21%) 1.02 [0.59, 2.09
Resting heart rate (beats/min) 73 [62, 84] 76 [66, 85] 74 (62, 84] 1.32[0.76, 2.29
Resting systolic blood pressure (mm Hg) 130 [120, 150] 140 [125, 150] 130 [120, 150] 1.36 [0.69, 2.67
Resting diastolic blood pressure (mm Hg) 80 [80, 90] 80 [80, 90] 80 [80, 90] 1.07 [0.67, 1.70
Peak heart rate (beats/min) 130 [115, 147] 137 [116, 150] 133 [115, 149] 1.06 [0.53, 2.12
85% of maximal heart rate achieved 75 (51%) 8 (42%) 83 (50%) 0.53 [0.12, 1.56

Peak systolic blood pressure (mm Hg)
Peak diastolic blood pressure (mm Hg)
Exercise capacity (kpm)

180 [170, 200]
100 [90,105]
1800 [1350, 2456]

Maximal ST-segment depression (mV) 010, 1.4]
Exercise-induced chest pain 42 (30%)

ST/HR Index (uV/bpm) 0.0 [0.0, 2.2]

SRI (mV bpm) —12 [-25, -0.67]

180 [165, 190]
100 [95, 107]
1350 [1125, 1912]

180 [170, 200]
100 [90,105]
1800 [1350, 2400]

0.98 [0.56, 1.74

]
]
]
]
]
]
0.84 [0.51, 1.40]
]
0.72 [0.41, 1.26]
]
]
]
]

1.1 0, 1.8] 00, 1.5] 1.22 [0.71, 1.63
7 (37%) 49 (30%) 1.67 [0.66, 4.26
1.5 0.0, 3.2] 0.0 [0.0, 2.4] 1.79 [1.15, 1.92
~18 [-64, —5.2] ~12[-27, -1.0] 0.59 [0.42, 0.83

Continuous variables are presented as median (first and third quartile in squared brackets). Categorical variables are presented as absolute number (% in
brackets). Univariate Hazard Ratios (95% CI in squared brackets) refer to the effect of an interquartile difference for continuous variables and to the category with

the highest observed frequency for categorical variables.
? Withdrawn before testing.

Multivariate Hazard Ratios are presented with their 95%
confidence intervals. Area under receiver-operating-character-
istic (ROC) curve [23] of the estimated cumulative hazard
functions were compared to provide evidence of significant
increase in predictive accuracy of the model after the addition
of SRI. Multivariate Hazard Ratios (HR) has been presented
along with their 95% confidence intervals (CI).
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Fig. 1. Comparison of the areas under the ROC curve of model 1 and 2.

Effect of SRI on survival was analyzed using the product-
limit Kaplan Meier method.

The statistical significance was settled at a p value<0.05.
S-plus release 6.0 statistical package (Insightful Corporation,
Seattle WA, USA), Harrell’s Design and Hmisc libraries
(http://hesweb1.med.virginia.edu/biostat/s) and GraphPad
Prism version 4.00 for Windows (GraphPad Software, San
Diego California USA, www.graphpad.com) were used for
analysis.
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Fig. 2. Effect of SRI on outcome estimated by restricted cubic spline. Dotted
lines mark the 95% CI.
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3. Results
3.1. Clinical characteristics and exercise testing results

Clinical characteristics of the study population and
exercise testing results are summarized in Table 1. Exercise
test was stopped because of muscular fatigue in 132 (79%),
orthopedic limitation in 2 (1%), intolerable chest pain in 16
(10%), ST-segment depression >0.3 mV in 9 (6%), excessive
increase in blood pressure in 3 (2%), and significant
arrhythmias in 3 (2%). No complication was observed.
Age-predicted maximal heart rate was achieved in 104
(63%) patients. According to the standard electrocardio-
graphic criteria, 54 (32%) patients had a positive and 111
(68%) a negative test result.

3.2. Follow-up results and outcome prediction

Follow-up information was available in all patients.
During a median follow-up time of 42 (1st quartile 29, 3rd
quartile 54) months, 19 (12%) target events (14 cardiac
deaths and 5 nonfatal myocardial infarction) were observed.
A cardiac origin of death was proven in 9 patients (6 fatal
infarctions and 3 refractory heart failure), whilst 5 patients
died suddenly. Revascularization procedures were performed
in 20 (12%) patients.

The univariate effect of clinical and exercise testing data
on outcome is reported in Table 1. Multivariate analysis
showed that, after adjusting for the significant clinical and
exercise testing covariates (model 1), age (hazard ratio 3.58,
95% CI 0.87—15) and SRI (hazard ratio 0.62, 95% CI 0.42—
0.92) remained the only variables independently correlated to
the outcome (model 2). The addition of the SRI improved the
accuracy of the model as demonstrated by the significant
(»=0.003) increase (from 0.71, 95% CI 0.58—0.83 to 0.82,
95% C10.72—-0.92) of the corresponding area under the ROC
curve (Fig. 1). Similarly, the addition of the SRI increased the
discriminating capacity of the model as demonstrated by the
change in Dxy Index, that increased by 50% (from 40 to 61).

The effect of SRI on outcome, estimated by restricted cubic
spline, is reported in Fig. 2. Negative values are associated

SRI
100 === ;
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© L"I -'....-L
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Fig. 3. Kaplan—Meier plots associating SRI by quartiles with event-free
survival.

with increasing risk of adverse events, whilst positive values
predict a favourable long-term outcome. In keeping with
previous findings in different populations [9], the flex point of
the curve corresponds to a SRI of —15 mV-bpm.

Finally, ascending quartiles of the SRI provided a
significant discrimination of the event-free survival (Fig. 3).

4. Discussion

Despite the efforts of investigators, public health and
policymakers, heart disease continues to be the leading cause
of death in women throughout most of the world [1]. CAD
also is a substantial cause of morbidity and disability for
women [24]. An effective diagnostic strategy seems to be
critical in women at risk because up to 40% of initial cardiac
events are fatal [2]. Noninvasive testing offers the potential
to identify women at increased CAD risk and establishes the
basis for instituting preventive and therapeutic interventions.
As the actual use of myocardial revascularization procedures
tends to be sex-neutral and based on the severity of coronary
arterial obstruction at angiography [25], the appropriate
application of noninvasive testing is pivotal. However,
concern still exists about validated gender-neutral testing
procedures with equivalent diagnostic accuracies in men and
women [5]. American College of Cardiology/American
Heart Association (ACC/AHA) exercise testing guidelines
suggest that women should undergo exercise testing if they
are at an intermediate pretest risk of CAD on the basis of
symptoms and risk factors, have a normal resting ECG, and
are capable of maximal exercise [26]. Nevertheless, ECG
changes during exercise have been reported to be of
diminished accuracy in women as a result of complex
epidemiological (lower prevalence of CAD and more
frequent conditions potentially associated with false positive
results, such as syndrome X, mitral valve prolapse, and
coronary vasospasm) and physiological (ECG voltage,
hormonal fluctuations, and lower exercise ability) factors
[5]. In particular, the sensitivity and specificity of ST-
segment depression were 61 and 70%, respectively, in a
meta-analysis of 19 studies including 3721 women [27].

In the last few years, the SRI has been emerging as a
prognostically useful modality for risk stratification in unse-
lected [11] populations as well as in specific subgroups of
patients [8—10]. The results of the present study extend these
findings to the setting of women with typical chest pain at
intermediate risk of CAD, who represent a major target of the
use of exercise ECG as primary screening tool in clinical
practice. Noteworthy, the SRI was the only parameter, available
from exercise testing, independently associated to the outcome.
This confirms its potential ability to overcome established
limitations of the standard interpretation of exercise ECG, that is
expected to be of major help in populations at intermediate level
of risk. The pathophysiological rationale of the comparative
stress-recovery adjustment of ST-segment depression and the
ability of SRI to identify the exercise-induced ischemia with the
greatest prognostic potential has been previously discussed [11].
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Besides SRI, age was the only multivariate predictor of
outcome in the present study. This is in keeping with the
known evidence that, at the time of presentation with heart
disease women tend to be 10 years older than men, and at the
time of their first myocardial infarction they are usually
20 years older [28]. As CAD is usually considered a disease
of the older woman, it is generally believed that women can
postpone attempts to reduce their risk. In addition, the
diminished diagnostic accuracy with various noninvasive
testing modalities when administered to women may lead to
a lack of physician confidence and, in turn, to an underuse of
available diagnostic procedures.

4.1. Clinical implications

Management of CAD in women has major economical
implications. The estimated lifetime cost for women with
unknown CAD, who present with symptoms suggestive of
myocardial ischaemia, approaches $750,000 in the United
States [29]. A substantial proportion of this expenditure is due
to recurrent diagnostic procedures either noninvasive or
invasive. Though a wide range of diagnostic modalities has
become available over the last decades, the accuracy and
limitations of stress testing in women patients remains an area
of significant confusion. A consistent body of evidence
documents that women are less likely than age-matched men
to have obstructive CAD; in particular, triple-vessel or left
main CAD is more common in men, even though more
women than men die from CAD [1,30,31]. Therefore, an
anatomy-based treatment strategy is more likely to give
inconsistent results in women than in men. Changing from an
anatomy-based to a risk-based treatment strategy tailored on
the result of noninvasive testing is expected to be more
valuable in symptomatic women in whom nonobstructive
coronary disease is prevalent as compared to men. The results
of the present study suggest that the SRI may have a role in
the identification of subsets of women who are at increased
risk of major cardiac events and should be referred for an
intensive diagnostic and therapeutic program. On the other
hand, SRI may allow to identify women at low risk who can
be conservatively managed with medical therapy and risk-
factor modification, thus avoiding expensive diagnostic
procedures and saving economic and organizational
resources.

4.2. Study limitations

Some limitations of the present study have to be
acknowledged.

The patient population included in the present study
presents was specifically selected based on the presence of a
typical, angina-like chest pain and presents with somewhat
increased risk profile compared to the female population
generally undergoing evaluation for the assessment of chest
pain. Therefore, our results cannot be extrapolated tout-court
to subgroups of patients with different risk profiles.

Information on over time changes of medical treatment was
not available in all patients and, consequently, was not evaluated
in the statistical model. However, this study was not aimed at
broadly assessing the prognostic determinants of women
complaining of chest pain, but rather at verifying whether the
Stress-Recovery Index could be able to improve the prognostic
value of standard exercise ECG analysis in this clinical setting.
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