
H
e
e
c
a
c
s
p
E

M

T
w
a
w
u
s
t
c
m
p
E

o
“
M
r
M

0
d

Comparison of the Prognostic Value of the Stress-Recovery Index
Versus Standard Electrocardiographic Criteria in Patients With a

Negative Exercise Electrocardiogram

Riccardo Bigi, PhDa,*, Lauro Cortigiani, MDc, Dario Gregori, PhDd, and Cesare Fiorentini, MDa,b,

To verify whether the stress recovery index (SRI) improves risk stratification in patients
with a negative exercise electrocardiogram (ECG) using standard criteria, the SRI was
derived in 708 consecutive patients with a negative exercise ECG. All-cause mortality and
the combination of death or nonfatal myocardial infarction were target end points. The
individual effect of clinical and exercise testing data on outcome was evaluated using Cox
regression analysis with separate models for each group of variables. Model validation was
performed using bootstrap adjusted by degree of optimism in estimates. Survival analysis
was performed using a product-limit Kaplan-Meier method. During a 37-month follow-up,
22 deaths and 40 nonfatal acute coronary syndromes occurred. After adjusting for con-
founding variables, age (hazard ratio 1.62, 95% confidence interval [CI] 1.14 to 2.31 for
interquartile difference), hypertension (hazard ratio 1.74, 95% CI 1.04 to 2.89), and SRI
(hazard ratio 0.75, 95% CI 0.65 to 0.86 for interquartile difference) were predictive of death
or nonfatal myocardial infarction. Moreover, SRI increased the prognostic power of the
model on top of clinical and exercise testing variables and provided significant discrimi-
nation of survival. In conclusion, the SRI may help refine the prognostic stratification of
patients with a negative exercise test result using standard electrocardiographic

criteria. © 2007 Elsevier Inc. All rights reserved. (Am J Cardiol 2007;100:605–609)
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eart-rate adjustment of ST-segment depression is a well-
stablished modality to improve the accuracy of an exercise
lectrocardiogram (ECG).1,2 More recently, the stress re-
overy index (SRI) was shown to improve the diagnostic3

nd prognostic accuracy of standard ST-segment depression
riteria in general populations,4 as well as in specific clinical
ettings.5–7 We aimed to verify whether the SRI may im-
rove risk stratification of patients with a negative exercise
CG using standard criteria.

ethods

he study cohort consisted of 708 consecutive outpatients
ith a negative exercise ECG that was defined based on the

bsence of a �0.1-mV ST-segment depression. Patients
ere tested from December 1998 to January 2001 for eval-
ation of chest pain and/or prognostic assessment and pro-
pectively included in a follow-up program. Of these pa-
ients, 198 (28%) had suspected and 510 (72%) had known
oronary artery disease (CAD) that was defined as previous
yocardial infarction and/or revascularization procedure or

resence of a �50% stenosis in �1 major epicardial vessel.
xclusion criteria were a recent (�1 month) acute coronary
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yndrome, significant congenital or valvular heart disease,
ongestive heart failure, left branch bundle block, chronic
trial fibrillation, implantable pacemaker, digoxin use, and
rognostically relevant co-morbidity. Informed consent was
btained from all patients before testing, and the study protocol
as approved by the institutional ethical committee. Complete

ollow-up information was not available for 8 patients; there-
ore, the present analysis refers to 700 patients.

All patients were in stable clinical condition. Hyperten-
ion was defined as systolic blood pressure at rest of �140
m Hg, diastolic blood pressure at rest of �90 mm Hg, or

reatment with antihypertensive drugs.8 Diabetes mellitus
as diagnosed according to World Health Organization

riteria.9 Hypercholesterolemia was defined as fasting
lasma total cholesterol �6.2 mmol/L10 or treatment with
holesterol-lowering drugs. Ejection fraction was obtained
sing 2-dimensional echocardiography using Simpson’s
ule.11 Clinical characteristics of the study population are
isted in Table 1.

Patients exercised on a cycle ergometer with 25-W in-
remental loading every 2 minutes. The 12-lead ECG was
ontinuously monitored throughout the test for rhythm, rate,
nd ST-segment changes. Blood pressure was measured
sing arm-cuff sphygmomanometry during the last 30 sec-
nds of each work stage. Exercise was continued until chest
ain, repetitive arrhythmias, significant conduction abnor-
alities, ST-segment depression �0.3 mV, systolic blood

ressure �230 mm Hg or a decrease �20 mm Hg, or
imiting symptoms (dyspnea, dizziness, fatigue, or cramp in
egs) occurred. After exercise, patients recovered in a sitting
osition. Total work performed indicated the exercise ca-

acity of the patient. ST-segment deviation in leads without

www.AJConline.org



p
a
e
i
m
D
t
i
o
o

e
s
1
r
b
r
w
t
S
e

f
r
t
d
g
c
a
b

c
a
p
b
c

o
T
t
u
p
S
c
w
c
w
(
t
u
t
r
o
p
p
e
C
c
c
h
t
c
c
p

q
a
e
t
w
C
H

T
C

V

A
M
P
D
S
B
T
E
H
S
P
P
P
E
E
E
M
S

a
h

606 The American Journal of Cardiology (www.AJConline.org)
athologic Q waves, excluding aVR, was measured 60 ms
fter the J point using the end of the PR segment as refer-
nce. Electrocardiographic response was defined as positive
n the case of a horizontal or downsloping deviation �0.1
V compared with the ECG at rest in �2 contiguous leads.
ecisions about discontinuing cardioactive drugs before

esting and patient management after testing were made
ndependently by the attending physician, who was unaware
f the study aim. Only exercise testing data reported as part
f patient care were available as test results.

Details about determination of the SRI were described
xtensively elsewhere.3,4 Briefly, computer-calculated ST-
egment amplitudes were obtained with a time constant of
2 seconds during exercise and up to 5 minutes during
ecovery. At the end of the test, the area subtended to
aseline and limited by the ST-segment trend against heart
ate during exercise and recovery was calculated in the lead
ith the greatest ST-segment shift. The SRI was defined as

he difference in absolute values between areas defined by
T-segment depression in the heart-rate domain during ex-
rcise and recovery, respectively.3

Outcome was determined by telephone calls to patients’
amilies and primary physicians, with review of outside
ecords, if necessary. Study end points were all-cause mor-
ality and occurrence of a nonfatal acute coronary syn-
rome, diagnosed according to the present international
uidelines.12 Patients undergoing revascularization were
ensored at the time of the procedure. End points were
ssessed by an independent noninstitutional review board
linded to the study aim.

Continuous variables are presented as median with the
orresponding interquartile difference. Categorical vari-
bles are presented as absolute number with corresponding
ercentages. Univariate hazard ratios refer to the effect of
eing in the highest compared with the lowest quartile for

able 1
linical characteristics and exercise electrocardiography results

ariable All Patients (n � 700)

ge (yrs) 59 (53,64)
en 595 (85%)

atients with known CAD 510 (72%)
iabetes mellitus 49 (7%)
moker 327 (47%)
lood pressure �140/90 mm Hg 277 (40%)
otal cholesterol �6.2 mmol/L 276 (39%)
jection fraction (%) 50 (48,55)
eart rate at rest (beats/min) 73 (63,84)
ystolic blood pressure at rest (mm Hg) 130 (120,140)
eak heart rate (beats/min) 136 (120,150)
ercent maximal predicted heart rate 85 (74,92)
eak systolic blood pressure (mm Hg) 190 (170,200)
xercise capacity (kpm) 4,087 (2,700,6,000)
xercise time (min) 11 (9,13.5)
xercise-induced chest pain 95 (14%)
aximal ST-segment depression (mV) 0.4 (0,0.7)

RI (mV beats/min) �0.82 (�2,6.6)

Continuous variables presented as median (first and third quartile). Cate
re presented with their 95% confidence intervals; values refer to the effec
ighest observed frequency for categorical variables.
ontinuous variables or in the category with the highest t
bserved frequency for categorical variables, respectively.
he individual effect of clinical data, resting ejection frac-

ion, and exercise testing results on survival was evaluated
sing Cox proportional hazards regression analysis. The
roportional hazard assumption was checked by plotting
choenfeld results against fitted time and varying coeffi-
ients and using the Grambsh and Therneau test.13 To assess
hether the provided additional prognostic information,

linical data, ejection fraction at rest, and exercise ECG data
ere entered first (model 1), whereas SRI was entered last

model 2). All variables were entered into the model without
ransformation or cutting off. Nonlinearity was assessed
sing the Wald test comparing higher order models with
hat including only linear terms. In case of nonlinearity, a
estrictive cubic spline was used to model a nonlinear effect
f the covariate. To account for potential risk differences in
atients with known CAD compared with those with sus-
ected CAD, baseline hazards were assumed different in
ach group of patients and modeled using a CAD-stratified
ox model. Selection criteria were the Akaike information
riterion14 applied backward for each model. Models were
ross-validated using a bootstrap technique.15 Multivariable
azard ratios are presented with their 95% confidence in-
ervals. Areas under the receiver-operating characteristic
urves16 of estimated cumulative hazard functions were
ompared with provide evidence of a significant increase in
redictive accuracy of the model after addition of the SRI.

Cumulative survival curves as a function of time by
uartiles of were generated using the Kaplan-Meier method
nd compared using log-rank test. Estimated percentage of
vent rates were derived from Kaplan-Meier estimates to
ake censoring of data into account. Statistical significance
as settled at p �0.05. The S-Plus (release 2000, Insightful
orporation, Seattle, Washington) statistical package and
arrell’s Design and Hmisc libraries (Insightful Corpora-

Event (n � 62) No Event (n � 638) Hazard Ratio

62 (57,66) 68 (52,64) 1.85 (1.31–2.61)
53 (85%) 542 (85%) 0.96 (0.47–1.95)
46 (74%) 464 (72%) 1.40 (0.64–3.07)

5 (8%) 44 (7%) 1.32 (0.53–3.31)
31 (50%) 244 (38%) 1.98 (1.20–3.27)
33 (53%) 182 (27%) 2.64 (1.22–5.71)
18 (29%) 258 (40%) 0.62 (0.36–1.07)
50 (48,55) 50 (48,55) 0.77 (0.61–0.97)
74 (63,86) 72 (63,84) 1.01 (0.71–1.43)

130 (120,150) 130 (120,140) 1.28 (0.98–1.68)
136 (119,149) 136 (120,151) 0.82 (0.58–1.16)

86 (75,92) 85 (74,92) 1.01 (0.70–1.46)
190 (170,210) 190 (170,200) 1.08 (0.80–1.46)
,200 (2,275,6,750) 4,012 (2,700,5,650) 1.08 (0.78–1.50)

11 (9,15) 11 (9,13.5) 1.11 (0.79–1.54)
7 (11%) 88 (14%) 0.96 (0.44–2.11)

0.5 (0,0.8) 0.4 (0,0.7) 1.03 (0.72–1.65)
�6 (�16,0) �0.5 (�12,7.7) 0.84 (0.71–0.99)

variables presented as absolute number (percent). Univariate hazard ratios
erquartile difference for continuous variables and to the category with the
4

gorical
t of int
ion) were used for analysis.



R

E
(
4
t
b
c
r
f
(
p
r
a

d
p
a
a
3
d
c
d

t
w
t
t
a
u
s
e
i
o
t

v
C
(

D

A
o
d
fi
f

h
s
d

i
s
f
n
d
i
s
o
m
a
c
t

T
M

P

M

M

t
c

F
c
m
o
0

F
r

607Coronary Artery Disease/Prognostic Value of Exercise ECG
esults

xercise testing was performed off therapy in 525 patients
75%). Beta-blocker therapy was discontinued for at least
8 hours before testing in all patients. Of those who were
ested on therapy, 35 patients were using calcium channel
lockers; 17 patients, nitrates; 103 patients, angiotensin-
onverting enzyme inhibitors; and 20 patients, angiotensin-
eceptor blockers. Cause for test interruption was muscular
atigue in 648 patients (92.5%), dyspnea in 14 patients
2%), chest pain in 28 patients (4%), and excessive blood
ressure increase in 10 patients (1.5%). Exercise testing
esults according to outcome and in the overall study group
re listed in Table 1.

During a median follow-up of 37 months (interquartile
ifference 24 to 52), 22 patients (3.1%) died, whereas 40
atients (5.7%) were admitted to the hospital because of an
cute coronary syndrome. A cardiac cause of death was
scertained in 18 of 22 patients. The yearly event rate was
%. In addition, 103 patients (14.8%) underwent myocar-
ial revascularization using bypass surgery or percutaneous
oronary intervention. Univariate analysis of outcome pre-
ictors is listed in Table 1.

Multivariable analysis results according to both prognos-
ic models are listed in Table 2. Age, hypertension, and SRI
ere multivariable predictors of outcome; however, addi-

ion of the SRI was associated with improved accuracy of
he prognostic model, proved by the significant increase in
rea under the receiver operating characteristic curve (Fig-
re 1). The effect of the SRI on outcome is further demon-
trated using survival analysis (Figure 2). The percentage of
vent rate over time was accurately stratified using the SRI;
n particular, the highest quartile reflected a very favorable
utcome, whereas the lowest quartile was associated with
he highest event rate.

To estimate the likelihood of event-free survival in indi-
idual patients, a nomogram was generated from the fitted
ox model using the multivariable predictors of outcome

Figure 3).

iscussion

lthough use of the SRI needs further prospective testing in
ther populations, results of the present study confirm the
efinition of negative exercise ECG crudely based on a
xed-threshold ST-segment depression to provide unsatis-

able 2
ultivariable analysis result

redictor Hazard Ratio

odel 1
Age 1.73 (1.21–2.45)
Hypertension 1.68 (1.01–2.80)
odel 2

Age 1.62 (1.14–2.31)
Hypertension 1.74 (1.04–2.89)

0.52 (0.28–0.96)

Values expressed as hazard ratio (95% confidence interval). Values refer
o the effect of interquartile difference for continuous variables and to the
ategory with the highest observed frequency for categorical variables.
actory prognostic information. However, a more compre- t
ensive analysis of heart rate–adjusted ST-segment depres-
ion during exercise and recovery yields relevant prognostic
iscrimination on top of clinical and exercise testing data.

The electrocardiographic hallmark of exercise-induced
schemia is horizontal or downsloping ST-segment depres-
ion �0.1 mV. Intrinsic limitations of this standard criterion
or diagnostic and prognostic2,17 purposes are well recog-
ized. Nevertheless, it has been representing the “central
ogma” of exercise electrocardiographic interpretation dur-
ng the last decades.18 Accordingly, the majority of clinical
tudies dealing with the diagnostic and prognostic accuracy
f exercise ECG in comparison to different noninvasive
odalities relied on this standard definition. In particular,

lthough increasing cardiac risk is known to parallel in-
reasing exercise-induced ST-segment depression beyond
he threshold of 0.1 mV,19 an evenly favorable interpreta-

igure 1. Comparison of areas under the receiver-operating characteristic
urve (AUCs) by model 1 (0.68, 95% confidence interval 0.57 to 0.80) and
odel 2 (0.84, 95% confidence interval 0.77 to 0.90) for prediction of

utcome. The area of model 2 including the SRI was significantly (p �
.001) wider, showing superior predictive accuracy.

igure 2. Kaplan-Meier plots associating SRI by quartiles with event
ate.
ion is generally assigned to all deviations less than this
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ut-off value. This is based on the observation that minor
T-segment shifts increase sensitivity for angiographic
AD, but with substantial decreases in specificity. How-
ver, coronary angiography provides a partial look at CAD
o that the apparent diagnostic mistake, represented by the
ack of correlation between exercise ECG and coronary
ngiography findings,20 may translate into a prognostic truth
ecause of the inadequacy of the coronary angiogram to
est describe all aspects of CAD.21 A prognostic signifi-
ance of exercise-induced ST-segment shifts �0.1 mV was
hown previously in symptomatic populations.22 This was
ot confirmed in the selected population of asymptomatic
olunteers participating in the Baltimore Longitudinal
tudy of Aging (BLSA).23 However, to the best of our
nowledge, no prospective study including a consecutive
nselected population of patients was specifically designed
o address this issue. Moreover, the interpretation of exer-
ise ECG was traditionally based on observations made
uring exercise despite the known evidence that those made
uring the recovery period provide important information.24

Some years ago, the SRI was suggested to improve the
iagnostic ability of exercise ECG for the detection of
xtensive CAD.3 Afterward, the SRI was shown to add
elevant prognostic information to that obtained from clin-
cal data and standard exercise electrocardiographic analy-
is.3–7 Results of the present study reinforce these findings
nd extend their clinical relevance to the setting of patients
ith known or suspected CAD who are able to undergo

ymptom-limited exercise testing with no evidence of sig-
ificant ST-segment depression. The physiologic basis of
omparative stress-recovery adjustment of ST-segment de-
ression grounds on earlier observations.3 In particular, res-
lution of exercise-induced ST depression was shown to lag

igure 3. Nomogram for calculating the likelihood of event-free survival in
he likelihood, partial points relative to each predictor are read on the uppe
- or 2-year likelihood can be read on the lower scales.
ehind its development given the nonlinear relation to myo-
ardial oxygen demand during the recovery phase.25 SRI
nalysis is independent of achievement of a critical thresh-
ld of ST-segment depression and therefore is able to con-
ey information throughout the entire spectrum of heart
ate–adjusted ST-segment deviation occurring during the
ifferent phases of exercise.

A progressive increase in the use of procedures for the
iagnosis of CAD during the last decades recently was
eported.26 In particular, the use of imaging stress tests
ncreased substantially, whereas the use of nonimaging
tress tests decreased, although this increase is unlikely to
e related to an increase in underlying prevalence of the
isease. The economic consequences of that are extraordi-
ary relevant and are going to challenge the sustainability of
eimbursement systems in the coming years. Thus, physi-
ians will have increasing responsibility to ensure that ex-
ensive cardiac procedures are used effectively and effi-
iently to maximize their value for improving health.27

xercise electrocardiography is a time-honored modality
ith a favorable clinical profile for assessing CAD. In
articular, it is low cost, generally available, and safe.
herefore, any attempt to improve its diagnostic and prog-
ostic accuracy is expected to have major implications in
erm of pay-for-performance measures.
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