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QUARTERLY FOCUS ISSUE: HEART FAILURE

Oscillatory Breathing and Exercise
Gas Exchange Abnormalities Prognosticate
Early Mortality and Morbidity in Heart Failure
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Karlman Wasserman, MD, PHD*
Torrance, California; and Chicago, Illinois

The goal of this study was to identify better predictors of early death in patients with chronic left ventricular

heart failure (CHF). Potential predictors, derived from cardiopulmonary exercise testing, were compared with

Five hundred eight patients with CHF due to systolic dysfunction underwent resting cardiovascular measure-

ments, 6-min walking tests, and cardiopulmonary exercise testing. The peak oxygen uptake (Voz), peak oxygen
pulse, anaerobic threshold, ratio of ventilation to carbon dioxide output (VE/VCOz), slope of VE versus Vcoz, and
presence or absence of a distinctive oscillatory breathing pattern (OB) were ascertained. Outcomes were
6-month mortality and morbidity, the latter a sum of cardiac hospitalizations and deaths.

Objectives
other commonly used cardiovascular measurements.
Background The prediction of early death in patients with CHF remains challenging.
Methods
Results

The single best predictor of mortality was an elevated lowest \'/E/\'/co2 (=155% predicted). Adding OB on the ba-
sis of stepwise regression (optimal 2-predictor model), the odds ratio for mortality increased from 9.4 to 38.9

(p < 0.001). The slope of Ve versus Vco, slope, peak Vo,, peak oxygen pulse, and anaerobic threshold combined
with OB were also strong predictors. OB also increased the odds ratio 2- to 3-fold for each of these (p < 0.01).
Kaplan-Meier survival curves and area under the receiver-operating characteristic curve confirmed that lowest
VE/Vco, and OB were superior. For morbidity, elevated lowest Ve/Vco, or lower peak Vo, with OB were the best
predictors. No nonexercise measurements discriminated mortality and morbidity.

Conclusions

Cardiopulmonary exercise testing parameters are powerful prognosticators of early mortality and morbidity in

patients with CHF, especially the optimal 2-predictor model of a combination of elevated lowest Ve/Vco, and OB.
(J Am Coll Cardiol 2010;55:1814-23) © 2010 by the American College of Cardiology Foundation

The incidence of chronic left ventricular heart failure
(CHF) remains high despite improvements in its manage-
ment (1,2). Annual mortality rates as high as 20% to 30%
have been reported during the past decade (3—6). The
selection of accurate predictors of early death in patients
with CHF remains challenging. Three reasonable ap-

proaches are to: 1) further refine well-known predictors;
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2) evaluate new and more sensitive prognostic indicators;
and 3) combine predictors.

See page 1824

Many reports have noted that gas exchange parameters
elicited from cardiopulmonary exercise testing (CPX) help
quantify severity and predict survival in patients with CHF
(7-14). These parameters are peak oxygen uptake (VO,, I/min
at 0°C, 760 mm Hg, dry), peak oxygen pulse (i.e., VO,/heart
rate), VO, at anaerobic threshold (AT), and measures of
ventilatory efficiency, that is, the relationship of minute venti-
lation (VE, /min at body temperature, ambient atmospheric
pressure, saturated with water vapor) to carbon dioxide output
(Vco,, V/min at 0°C, 760 mm Hg, dry) expressed as a ratio
(VE/VCO,) or as the slope of VE versus Vco,. Ventilatory
efficiency measures, reflecting ventilation-perfusion mismatch,
have been shown to predict death better than peak Vo, in
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patients with CHF (14-22). Recent studies have shown that
oscillatory breathing pattern (OB) during CPX in patients
with CHF also predicts premature death (23-27).
Whether survival is worse in those patients who stop
exercise because of dyspnea is disputed (28-32).

As the CPX core laboratory for 2 St. Jude Medical (St. Paul,
Minnesota) multicenter studies, we analyzed the baseline CPX
and 6-month survival and cardiac hospitalizations of 508
patients with CHF. We also compared these CPX parameters
plus OB with 6-min walk distance, resting and exercise heart
rate, systemic arterial systolic and diastolic blood pressure, left
ventricular ejection fraction, quality of life, and New York
Heart Association functional classification.

Methods

Patients. The studies were sponsored and financed by St. Jude
Medical using CPX protocols designed by us. Our role as the
CPX core laboratory had Harbor-UCLA Institutional Re-
view Board approval. In this study, we evaluated the
baseline studies of 508 patients with systolic dysfunction left
ventricular failure who participated in 2 St. Jude Medical
biventricular pacing (BVP) and cardiac resynchronization
pacing trials: RHYTHM (Resynchronization for Hemody-
namic Treatment for Heart Failure Management) (33) and
RethinQ_(Cardiac Resynchronization Therapy in Patients
With Heart Failure and Narrow QRS Complexes) (34).
Each patient, selected by a cardiologist or electrophysiolo-
gist at each site, received a biventricular implantable
cardioverter-defibrillator. Informed consent was obtained at
each site. Each patient’s drug therapy was optimized before
his or her entry into the study. The core laboratory inves-
tigators were blinded to patient assignments and imaging
results at the time of data analysis but were aware of each
patient’s age, sex, height, weight, and New York Heart
Association functional class.

Quality control, protocol, and systems. Prior to patient
testing, each site had to demonstrate that it could follow the
exercise protocol satisfactorily for 2 consecutive tests on a
normal subject with good reproducibility in peak Vo,, AT,
peak oxygen pulse, and lowest VE/Vco, ratio. Our core lab
reviewed the tabular and graphical data (see the next
paragraph) from each study for evident breaches in protocol
and calibration. Sites that failed to qualify were disqualified
from study participation. Six different exercise systems were
used at 69 sites. The mean * SD values between qualified
replicate tests for the 69 sites were 5.1 = 4.1%, 5.2 = 5.1%,
50 = 5.6%, and 4.0 = 3.0% for the 4 parameters,
respectively. As previously described (33), we, St. Jude
Medical, and personnel at each site took care to minimize
failures by oversight, training, and proven reproducibility
before CPX was performed on patients. If we questioned
results, the relevant site lab had to prove its validity by
requalification and repeat patient testing. The baseline CPX
studies were done within 2 weeks of device implantation.
The exercise protocol required measurements during 3 min
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of rest, 3 min of unloaded cycling,
or comparable warm-up on the
treadmill, followed by a progres-
sively increasing work rate of 5 to
15 W/min (usually 10 W/min) in
a ramp pattern or 1-min step in-
tervals to maximal tolerance. Fifty-
eight percent of studies were per-
formed on the cycle ergometer.
Work rate increases were individ-
ually selected so that subjects
would reach their maximal toler-
ated work rate in 6 to 15 min of
exercise, whether on the cycle or
treadmill (33-35). After recovery,
the patient was asked to report the
reason(s) for stopping. Peak Vo,,
peak oxygen pulse, and AT values
from treadmill exercise were re-
duced by 11%, to be comparable
with cycle values (35). Ventilatory
efficiency and heart rate values
were not adjusted.

Data analysis, display, and gas

exchange measurements. 1o

Abbreviations
and Acronyms

AT = anaerobic threshold

AUC = area under the
receiver-operating
characteristic curve

BVP = biventricular pacing
CHF = chronic heart failure

CPX = cardiopulmonary
exercise testing

CRT = cardiac

y ization ti py
OB = oscillatory breathing
pattern

OR = odds ratio

%pred = percent of
predicted value

Vco, = carbon dioxide
output per minute (0°C,
760 mm Hg, dry)

Ve = minute ventilation
(body temperature, ambient
atmospheric pressure,
saturated with water vapor)

Vo, = oxygen uptake per

R N minute (0°C, 760 mm Hg, dry)
minimize the interobserver and

system variability, all systems

were used only to collect the raw breath-by-breath CPX
data, which were transmitted to the core laboratory for
analyses. The following method of data analysis was used
(33). Breath-by-breath CPX data were interpolated second
by second and sequentially averaged in 10-s bins. To best
analyze the physiological responses, data were placed into
uniform tabular formats, and optimally scaled 15 exercise
variables were displayed in 9-panel graphs (Fig. 1) (33,35,36).

Peak Vo, was determined as the highest average value
during a sequential 30-s period (Fig. 1C). Peak heart rate
and peak oxygen pulse were determined as concurrent 30-s
averages (Fig. 1B). The AT was measured by the V-slope
method (37) using 10-s averages (Fig. 1E). The lowest
VE/VCo, was the lowest average 90-s value during exercise
(38,39) (Fig. 1F). The slope of VE versus Vco, and
intercept (Fig. 1D) were determined by linear regression
below the ventilatory compensation point (Fig. 1D)
(16,38,39).

Percents of predicted values (%pred) for peak Vo,, peak
oxygen pulse, and AT values depend on age, size, sex, and
form of ergometry (33,35,36,39). The %pred of the lowest
VE/V 0, and slope of VE versus Vo, values depend on age,
sex, and size (38).

OB. OB was defined as 3 or more consecutive cyclic
fluctuations of ventilation during CPX. To be defined as
positive, the amplitude of oscillatory ventilation must exceed
30% of concurrent mean ventilation with a complete oscil-
latory cycle within 40 to 140 s. Oscillations of similar
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There are clear oscillatory patterns of minute ventilation (Ve) (A), oxygen pulse (B), oxygen uptake per minute (Voz) and carbon dioxide output per minute (VCOQ) (C),
VE/V02 and VE/V002 (F), respiratory exchange ratio (RER) (H), and end-tidal Po, (Pg;O,) and end-tidal Pco, (PgrCO,) (1) from rest to the anaerobic threshold (AT) level.
The 10-s averaged values are plotted against time for rest (O to 3 min), constant very low level exercise (3 to 6 min), increasing-work rate (WR) exercise (6 min to right
vertical dashed line), and recovery (right of right vertical dashed line) for Ve (A); heart rate (HR) and oxygen pulse (B); Voz, Vcoz, and WR, including predicted peak V02
(horizontal dashed line) (C); Ve versus Vco, (D); HR and Vco, plotted against Vo, (+ = predicted peak HR and predicted peak Vo,) and AT by V-slope method (arrow to
x-axis) (E) (37); ventilatory equivalents for oxygen (Ve/Vo,) and carbon dioxide (Ve/Vco,), with a short green horizontal line indicating the 90-s average of the lowest
VE/VC02 ratio during exercise (38) (F); tidal volume (VT) versus Ve with inspiratory capacity (IC) and vital capacity (VC) as horizontal lines intersecting on the y-axis and
maximal voluntary ventilation (MVV) intersecting on the x-axis (G); RER (H); and PO, and P¢;CO, and oximetric oxyhemoglobin saturation (Sp0O,) (I). CHF = chronic left
ventricular heart failure; CPX = cardiopulmonary exercise testing; OB = oscillatory breathing pattern.
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frequency must also be visible in 3 or more of the following
variables: oxygen pulse, VO,, Vco,, VE/Vco,, respiratory
exchange ratio (i.e., Vc0,/V0,), or end-tidal pressures for
oxygen and carbon dioxide (Fig. 1).

Other data. At each site, resting and exercise heart rate,
systemic arterial systolic and diastolic blood pressure, 6-min
walk distance, New York Heart Association functional
classification, electrocardiographic, left ventricular ejection
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fraction, echocardiographic (interpreted by the echocardi-
ography core laboratories), and quality-of-life data were
measured. The latter used the Minnesota Living With
Heart Failure Questionnaire, with scores ranging from 0 to
105, with higher scores indicating poorer quality of life (34).
These baseline measurements and 6-month outcomes were
evaluated only after completing our CPX analyses. The
mortality outcome was all-cause death; the morbidity out-
come included death or a cardiac hospitalization for 24 h or
more.

Statistical analysis. Data, expressed as mean = SD unless
specially noted, were first analyzed using unpaired # and chi-
square tests. New York Heart Association functional classes were
analyzed using the Mann-Whitney U test (40). A 2-tailed p value
<0.05 was considered significant. Using all-cause mortality or
morbidity at 6 months as outcome, receiver-operating character-
istic curve analyses were performed. To detect an optimal cutoff
value, we computed and searched for the shortest distance on its
receiver-operating characteristic curve, that is, distance =
\/(1 — sensitivity)? + (1 — specificity)® (41) by changing
levels as follows: 2 decimals for absolute values, whole numbers
for weight-normalized values, and 5% for %pred. On the basis
of the optimal cutoff value, sensitivity, specificity, and area
under the receiver-operating characteristic curve (AUC) were
reported. Using the optimal cutoff value, univariate and mul-
tivariate regression analyses were performed to obtain the
optimal predictor model and to evaluate prognostic values
(42,43). To evaluate the effect of adding OB on the key CPX
measures, we used step-by-step repeated multivariate analyses
to obtain the next model by excluding the most significant
variables of prior analysis. Odds ratios (ORs) were calculated
and tested using a Wald logistic regression model and are
presented for important single and combined predictors. The

OR of the combined 2-predictor model compared these of 2

Table 1
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measurements both abnormal with these of 2 measurements
both normal. Kaplan-Meier survival curves were constructed,
and log-rank tests were performed to compare the most
important single and combined predictors. Statistical software
used were SPSS version 15.0 (SPSS, Inc., Chicago, Illinois),
Origin version 7 (OriginLab Corporation, Northampton,
Massachusetts), and SigmaPlot version 8.0 (Aspire Software
International, Ashburn, Virginia). Graphs were generated
using Origin or SigmaPlot.

Results

Resting and preliminary data. Patient demographics and
resting measurements are shown in Table 1. During
6-month follow-up, 19 patients died and 489 patients
survived, with a total mortality rate of 3.7%. One hundred
seven patients had 1 or more cardiac hospitalizations lasting
>24 h or death, with a total morbidity rate of 21%. Two
hundred fifty-eight patients with CHF (51%) were identi-
fied as OB positive. Approximately three-quarters of pa-
tients were men; the mean age, height, and weight were 64
years, 172 cm, and 87 kg, respectively. Survivors were
heavier (p < 0.001), but sex, age, and height were not
significantly different (p > 0.05). Resting heart rate and
systemic arterial systolic and diastolic blood pressure did not
differ (p > 0.05). Most patients were in New York Heart
Association functional class III (n = 440 [87%]), with 52
(10%) in class II and 16 (3%) in class IV. Survivors’ New
York Heart Association functional classifications were less
severe than those of nonsurvivors (p = 0.031). Survivors’ left
ventricular ejection fractions were significantly higher than
those of nonsurvivors (26 = 7% vs. 22 * 6%, p = 0.023).
Neither QRS interval duration nor quality-of-life scores
differed significantly (p = 0.85 and p = 0.67, respectively).

Demographics, Clinical Characteristics, and Resting Measurements and Their Comparisons
of Between Positive and Negative Mortality, Morbidity, and OB Subgroups in Patients With CHF

All Patients —Mortality +Mortality —Morbidity +Morbidity —0B +0B

Variable (n = 508) (n = 489) (n =19) (n = 401) (n =107) (n = 258) (n = 250)
Men 355 (70%) 340 (70%) 15 (79%)* 278 (69%) 77 (72%) 183 (70%) 172 (67%)
Age (yrs) 64 =12 64 * 12 66 = 14 64 =12 64 = 14 63 * 12 64 =13
Height (cm) 172 = 10 172 + 10 171+ 7 172 + 10 171+ 7 173 + 10 171 + 10*
Weight (kg) 87 + 22 88 + 22 76 = 11% 88 + 22 83+ 21 89 * 22 85 * 21*
Resting HR (beats/min) 77 14 76 + 13 86 + 22 76 + 13 80 * 17* 76 + 14 78 + 14
Resting SBP (mm Hg) 118 + 19 118 + 19 115 + 21 118 + 19 116 + 21 119 + 19 117 + 19
Resting DBP (mm Hg) 7111 71+11 71*9 71+11 7111 72 +11 70 =11
NYHA functional class 52/440/16 52/423/14 0/17/2% 47/345/9 5/95/7* 21/228/9 31/212/7

/1/1v

LVEF (%) 267 26+7 22 * 6% 26 +7 25+7 27 +7 25+ 7%
QRS interval (ms) 138 + 33 138 + 33 142 + 25 138 + 33 138 + 32 137 + 33 140 + 32
QRS interval >120 ms 284 (56%) 271 (55%) 13 (68%)t 265 (69%) 71 (72%) 132 (51%) 152 (61%)*
Quality of life (score) 51+ 25 51+ 26 53+ 23 50 * 26 55 * 22* 48 * 24 54 = 27*
6-min walk distance (m) 291 + 101 293 = 100 239 *+ 106 300 = 99 264 = 1041 312 = 94 270 = 103%t
BVP/CRT on 363 (71%) 348 (71%) 15 (79%) 283 (70%) 80 (74%) 182 (72%) 181 (71%)

Data are expressed as n (%) or mean * SD. *p < 0.05, tp < 0.01, and $p < 0.001, positive groups versus negative groups using chi-square test, unpaired t test, or U test.
BVP = biventricular pacing; CHF = chronic left ventricular heart failure; CRT = cardiac resynchronization therapy; DBP = diastolic blood pressure; HR = heart rate; LVEF = left ventricular ejection fraction;
NYHA = New York Heart Association; OB = oscillatory breathing pattern; SBP = systolic blood pressure.
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Table 2

CHF Population Deaths and
Hospitalizations in 6 Months

Cardiac
Hospitalization

JACC Vol. 55, No. 17, 2010
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There were 152 on (including 67 nonrandomized patients in
the registry group) and 85 off for the BVP and CRT settings
of RethinQ patients (QRS interval =130 ms). There were

no differences in mortality and morbidity between differing

Study BVP/CRT Death (Including Death) study groups (Table 2). All patients were reported to be on

RethinQ (n = 237)* On (n = 152)* 5(3.3%) 31(20.4%) stable medical regimens for CHF treatment. All received

off (n = 85) {25 Q2002 angiotensin-converting enzyme inhibitors (82%) or angio-

RHYTHM (n = 274)f  On(n = 210) 9(4.3%) 48(23.0%) tensin receptor blockers (18%); 86% received beta-
off (n = 61) 3 (4.9%) 11 (17.7%)

*Includes patients in registry group for BVP or CRT on (34). tIncludes all patients with baseline
cardiopulmonary exercise testing but excludes data of crossover patients (33).

RethinQ = Cardiac Resynchronization Therapy in Patients With Heart Failure and Narrow QRS
Complexes; RHYTHM = Resynchronization for Hemodynamic Treatment for Heart Failure Manage-
ment; other abbreviations as in Table 1.

The 6-minute walk distance was borderline lower in non-
survivors (239 * 106 m vs. 293 = 100 m, p = 0.056).
Neither the presence nor the absence of cardiac resynchro-
nization therapy (CRT) settings influenced 6-month sur-
vival. The trends in morbidity were similar to those in
mortality (Table 1). However, the presence of OB increased
the likelihood and statistical significance of poorer left
ventricular ejection fraction, quality of life, and 6-min walk
distance.

There were 210 on and 61 off for the BVP and CRT
settings of RHYTHM patients (QRS interval =150 ms).

Table 3

adrenergic blockers.
CPX measurements. All patients performed baseline CPX
safely and without complications: 58% used the cycle and
42% used the treadmill. Seventeen patients (3%) completed
their exercise before the end of 3-min warm-up; the
remaining 491 (97%) exercised longer. Exercise duration,
including warm-up, was 8.4 = 3.3 min. The AT was
indeterminate in 17 patients (15 survivors and 2 nonsurvi-
vors and 3 OB negative and 14 OB positive). One hundred
ninety-five patients (38%) stated they were predominantly
limited by dyspnea, 289 (56%) by fatigue, and 24 (5%) by
other factors. The limiting symptom was not significantly
related to early death at 6 months (OR: 0.99; 95% confi-
dence interval: 0.01 to 1.97).

Table 3 compares mortality, morbidity, and OB for each

CPX parameter. Exercise capacity decreased in all patients,

CPX Measurements and Their Comparisons of Between Negative and Positive
Mortality, Morbidity, and OB Subgroups in Patients With CHF

All Patients —Mortality +Mortality —Morbidity +Morbidity -0B +0B
Measurement (n = 508) (n = 489) (n =19) (n = 401) (n =107) (n = 258) (n = 250)

Dyspnea-limited exercise 194 (37%) 187 (38%) 7 (36%) 160 (33%) 34 (32%) 104 (40%) 90 (36%)
Peak HR (beats/min) 108 = 21 108 = 20 109 + 27 108 = 21 107 = 22 110 £ 21 106 + 20*
Peak SBP (mm Hg) 141 + 26 142 = 26 132 + 24 142 + 26 137 = 25 145 + 25 137 + 25%
Peak DBP (mm Hg) 77 =14 77 =14 74 =10 77 =14 76 =13 78 = 13 76 = 14*
Peak VE (I/min) 43 =15 43 =15 37 = 10* 44 = 15 40 *+ 14* 45 * 15 40 = 14%
Peak work load (W) 60 = 37 61 * 37 39 * 29¢ 63 = 38 51 *+ 31t 68 = 39 53 = 33%
Peak RER (ratio) 1.07 = 0.13 1.07 = 0.13 1.01 = 0.16 1.07 = 0.13 1.08 = 0.14 1.07 = 0.13 1.08 = 0.14
Peak Vo,

%pred 53 £ 16 53 + 16 40 *+ 148§ 54 * 16 46 = 15§ 56 + 16 49 + 16§

ml/min/kg 12.1 + 4.0 12.2 + 4.0 9.6 + 3.5% 124 + 4.1 10.7 = 3.4§ 131+ 4.1 11.0 = 3.7§

1/min 1.00 * 0.40 1.01 = 0.40 0.72 = 0.31% 1.04 + 0.40 0.86 * 0.36§ 1.10 * 0.40 0.90 + 0.37§
AT (n = 491)

%pred 57 = 16 57 = 16 47 = 13t 59 = 16 51 = 13§ 60 = 15 54 = 16%

ml/min/kg 88 +25 91 *+26 8.0 + 2.2* 9.0 + 2.6 8.0 = 2.2§ 94 +26 8.2 + 23§

I/min 0.72 £ 0.26 0.73 = 0.26 0.57 £ 0.201 0.75 £ 0.26 0.63 + 0.23§ 0.78 £ 0.27 0.67 = 0.23§
Peak oxygen pulse

%pred 77 *+23 78 £ 23 58 = 20t 79 £ 23 68 * 22§ 81 * 22 73 £ 23§

ml/beat 9.4 + 3.6 9.5 + 3.6 6.6 + 2.3t 9.7+ 3.6 8.2 = 3.48§ 10.2 + 3.7 8.6 + 3.3§
Lowest Ve/Vco, ratio

%pred 137 £ 34 135 = 33 173 = 408 133 + 34 149 * 34§ 129 = 25 145 + 408

Ratio 39.2 £ 10.2 38.8 +10.1 50.1 £ 12.6% 38.3 +10.2 42.7 + 10.58 36.7+£7.9 41.6 £ 11.98
Slope of Ve versus Vco,

%pred 120 + 59 119 + 59 161 + 46§ 116 + 59 136 + 55% 114 + 38 126 + 741

Slope 353 *+17.1 349 +17.0 46.9 *+ 14.6t 341 +17.1 40.0 = 16.0t 33.6 = 8.8 37.4 =221t

Intercept 3.0+33 31+33 23+34 32+33 2.6 +3.5 3.6 = 3.0 2.6 + 3.5%

Data are expressed as mean = SD. *p < 0.05, tp < 0.01, p < 0.001, and §p < 0.0001, positive groups versus negative groups using chi-square test or unpaired t test.

AT = anaerobic threshold; oxygen pulse = Vo,/HR; %pred = percent of predicted value; RER = respiratory exchange ratio (i.e., Vcoo/Vo,); slope of Ve versus Vco, = Ve as a function of Vcoy; Veo, = carbon
dioxide output per min (0°C, 760 mm Hg, dry); Ve = minute ventilation (body temperature, ambient atmospheric pressure, saturated with water vapor); VE/V002 = ratio of Ve to Vcoz; V02 = oxygen uptake
per minute (0°C, 760 mm Hg, dry); other abbreviations as in Table 1.
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especially in nonsurvivors and those hospitalized or with
OB. Absolute and %pred values for peak Vo,, AT, peak
oxygen pulse, lowest VE/VCO, ratio, and slope of VE versus
Vco, were all significantly worse in nonsurvivors (p <
0.05). Peak VE and peak work load were also lower in
nonsurvivors (p < 0.05). Peak exercise heart rate, systemic
arterial systolic and diastolic blood pressure, and respiratory
exchange ratio were not discriminatory (p > 0.05). The
CPX patterns for morbidity and OB were similar to those
for mortality, often with increasing statistical significance
(Table 3).

Sensitivity and specificity analyses, cutoff values, and
AUC analyses for single or combinations of parameters are
shown in Table 4. The order of most to least significance
was lowest VE/VCO, ratio, slope of VE versus Vco,, peak
Vo,, peak oxygen pulse, OB, AT, and 6-min walk distance
(p < 0.001 to p < 0.05). With the best cutoff of
155%pred, the lowest VE/Vco, ratio had the highest
AUC of 0.748, which increased to 0.797 when combined
with OB. The left ventricular ejection fraction, QRS
interval duration, quality of life, and New York Heart
Association functional classification were not significant
predictors of nonsurvival.

OR mortality analyses, combining OB and gas exchange
parameters (Fig. 2A), were invariably consistent with the AUC
analyses in Table 4. The combination of the lowest VE/Vco,

Sun et al. 1819
CPX Prognosticates CHF Death and Hospitalization

ratio with OB, the optimal 2-predictor model, yielded an OR
of 38.9 (Fig. 2A). Using best cutoff values, the ORs of %pred
values were higher than those of the absolute values for the
lowest VE/V 0, ratio, slope of VE versus Vco,, peak V0,, peak
oxygen pulse, and AT (Fig. 2A). The elevated lowest VE/Vco,
ratio was also the best single predictor by both OR (Fig. 2A)
and Kaplan-Meier plot analyses (Fig. 3A). Using stepwise
multivariate regression analysis, the lowest VE/VC0, ratio was
invariably picked first, reducing all other CPX measurements
except OB to nonsignificance. There were significant increases
in OR for lowest VE/V 0, ratio, slope of VE versus Vco,, peak
Vo,, peak oxygen pulse, and AT, by combining OB. However,
there were no significant increases in OR by combining peak
Vo,, peak oxygen pulse, or AT with lowest VE/Vco, ratio.
Morbidity OR analyses were significant for absolute and
normalized values (Fig. 2B). The morbidity OR values were
lower than those of mortality; adding OB always increased the
OR values.

Figure 3 shows the Kaplan-Meier curves for lowest
VE/VCo, ratio (=155%pred) and OB for mortality (Fig.
3A) and morbidity (Fig. 3B). The 6-month survival rate was
87.6% in patients with elevated lowest VE/Vco, ratio
(=155%pred), 93.8% in those with positive OB, and 84.6%
in those with both elevated lowest VE/Vco, ratio
(=155%pred) and positive OB. For patients with more
normal lowest VE/VCO, ratio or negative OB or both, the

IELICR I Sensitivity, Specificity, AUC With 95% CIl, and Best Cutoff Values for Mortality in Patients With CHF

Single Measurement

Measurement and

Combined With OB

Best Cutoff Value Sensitivity Specificity AUC (95% CI) p Value AUC (95% ClI) p Value
Peak Vo,
<50%pred 0.79 0.59 0.701 (0.590-0.813) 0.003 0.760 (0.661-0.860) <0.001
<11 ml/min/kg 0.74 0.60 0.652 (0.532-0.771) 0.025 0.747 (0.646-0.848) <0.001
<0.80 I/min 0.68 0.65 0.679 (0.555-0.802) 0.008 0.744 (0.632-0.856) <0.001
AT (n = 491)
<60%pred 0.88 0.39 0.661 (0.549-0.772) 0.024 0.723 (0.616-0.829) 0.001
<9 ml/min/kg 0.88 0.42 0.643 (0.529-0.757) 0.047 0.712 (0.605-0.819) 0.002
<0.60 I/min 0.82 0.51 0.645 (0.512-0.779) 0.042 0.686 (0.579-0.794) 0.006
Peak oxygen pulse
<75%pred 0.84 0.50 0.683 (0.576-0.790) 0.007 0.751 (0.650-0.851) <0.001
<7.5 mi/beat 0.68 0.66 0.682 (0.575-0.789) 0.007 0.747 (0.660-0.834) <0.001
Lowest Ve/Vco, ratio
=155%pred 0.68 0.78 0.748 (0.624-0.872) <0.001 0.797 (0.701-0.893) <0.001
Ratio =40 0.74 0.65 0.706 (0.589-0.823) 0.002 0.763 (0.665-0.862) <0.001
Slope of Ve versus Vco,
=140%pred 0.63 0.79 0.723 (0.594-0.852) 0.001 0.774 (0.663-0.885) <0.001
Slope =40 0.63 0.74 0.700 (0.572-0.829) 0.003 0.757 (0.646-0.868) <0.001
OB+ 0.84 0.49 0.674 (0.566-0.781) 0.009
Dyspnea-limited exercise + 0.37 0.59 0.493 (0.361-0.625) 0.92
LVEF <25% 0.61 0.51 0.574 (0.443-0.705) 0.71
QRS interval >120 ms 0.68 0.43 0.565 (0.438-0.692) 0.34
BVP/CRT off 0.16 0.68 0.434 (0.312-0.556) 0.33
Quality-of-life score >50 0.61 0.42 0.532 (0.401-0.662) 0.64
6-min walk distance <250 m 0.61 0.68 0.644 (0.513-0.776) 0.033 0.728 (0.629-0.827) 0.001
NYHA functional class =IV 0.11 0.94 0.538 (0.402-0.675) 0.57

AUC = area under the i p

ting ch

istic curve; Cl = cor

interval; other abbreviations as in Tables 1 and 3.
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m OR of CPX Variables, Alone and Combined With Positive OB Pattern, for 6-Month Mortality and Morbidity in CHF

(A) Mortality. The left column shows the optimal cutoff values for each variable with their mean odds ratios (ORs) and 95% confidence intervals. The blue bars are ORs
for single measures alone; the red bars are ORs for the CPX measures combined with +O0B. All key CPX measures and +OB alone have significant ORs. The optimal pre-
dictor model is a 2-predictor model of the lowest VE/VCOz ratio (=155% of predicted value [%pred]) with +OB by stepwise multivariate regression analysis (p < 0.001;
all others become nonsignificant, p > 0.05). All other 2-predictor models (1 of key CPX measures with OB) on the right side are obtained by the step-by-step repeated
stepwise multivariate regression analysis, excluding the most significant CPX measures at the last analysis, to evaluate the effect of adding OB on key CPX measures
for prognosis. All obtained models are always the 2-predictor model combining 1 of the key CPX measures with OB. There is no predictor model using any 2 of the CPX
key measures. When key CPX measures were combined with +0B, the ORs were significantly increased (p < 0.05 to p < 0.001). For each CPX measurement and the
combination with OB, the prognostic significance from high to low is %pred > per kilogram > absolute. The best single predictor is lowest VE/V002 ratio (=155%pred)
(OR: 9.4), and the best combination is lowest VE/V602 ratio (=155%pred) with +0B (OR: 38.9). (B) Morbidity. Although the ORs are lower, the trends confirm the mortality
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survival rates were significantly higher (98.5%, 98.8%, and
99.5%, respectively) (Fig. 3A). Morbidity Kaplan-Meier
analyses (Fig. 3B) were similar to those of mortality
(Fig. 3A). The 6-month hospitalization-free rates were
64.6% for elevated lowest VE/VcCo, ratio (=155%pred),
74.7% for positive OB, and 56.6% for patients with both
elevated lowest VE/Vco, ratio (=155%pred) and positive
OB, compared with 82.5% for lowest VE/VcoO, ratio
<155%pred, 83.1% for negative OB, and 83.3% for patients
with both VE/VC0, ratio <155%pred and negative OB.

Discussion

OB in CHF. OB has been linked to strokes and advanced
CHEF (23-27). The prevalence of OB in our patients with
CHF approximates 50%, quite similar to that of other
reports (24-27). Prior standards for the recognition of OB
focused on the magnitude of the oscillations (VE by =25%
[25] or =30% [26,27]) and required 2 or more consecutive
oscillations (24—26) or occurred over 60% of the exercise
time (27). To be OB positive, we required that: 1) VE have

2 or more consecutive oscillations with amplitudes =30% of
the mean; 2) 3 or more other gas exchange variables also
oscillate at the same frequency; and 3) each oscillatory cycle
duration be between 40 and 140 s. In this and other reports
(24-27), a close linkage between OB and clinical and
physiological severity has been found.

Abnormal exercise gas exchange and OB can predict
mortality and increasing morbidity. In our study, OB
was found to be an independent and good prognostic
indicator not only of early death but also of increasing
morbidity in patients with CHF. Alone, it is not superior
to peak Vo, or slope of VE versus VCO,, as some have
found (25-27). However, it is clear from this study that
OB is a significant independent predictor and, in com-
bination with other abnormal CPX gas exchange mea-
surements, makes them even more important in predict-
ing both mortality and morbidity. It increases the
prognostic importance of all other abnormal CPX gas
exchange parameters. For clinical application of CPX, it
would seem appropriate to add OB as one of the
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m Kaplan-Meier Survival Curves of Lowest \'IE/\'Ico2 and OB, Singly and Combined, for 6-Month Mortality and Morbidity in CHF
(A) 1 — mortality and (B) 1 — morbidity (i.e., hospitalization-free rate). The numbers of patients at risk for each curve are given at 60-day intervals. Top panels compare
the lowest VE/Vc02 ratio <155%pred versus =155%pred (p < 0.001). Middle panels compare positive (+0B) versus negative OB (—OB) (p < 0.05). Bottom panels
compare the lowest Ve/Vco, ratio <155%pred and —OB (blue); Ve/Vco, =155%pred or +OB (brown); and lowest Ve/Vco, =155%pred and +O0B (red). The p values
of red versus both of blue and brown are <0.0001. Abbreviations as in Figures 1 and 2.

important factors for grading the severity of CHF. Therapy
that decreases OB should be welcomed.

Many prior studies have demonstrated the importance of
exercise gas exchange parameters in evaluating patients with

CHF (7-27). Our findings of decreased aerobic functional

capacity (lower peak V0,, lower AT, and/or lower peak oxygen
pulse) and decreased ventilatory efficiency (elevated lowest
VE/Vco, ratio and steeper slope of VE versus Vco,) were
consistent with those of others (7-32). Our multivariate
analysis demonstrated that the magnitude of ventilatory inef-
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ficiency, presumably reflecting the degree of ventilation-
perfusion mismatch secondary to low cardiac output, was a
better predictor of early death than peak V0,. More important,
in our study, the combination of a positive OB and lowest
VE/Vco, ratio =155%pred or slope of VE versus Vco,
=140%pred or AT <60%pred or peak Vo, <50%pred or
peak oxygen pulse <75%pred had 13 or more times higher risk
for death within 6 months than if these findings were not
present. Adding OB increased the OR for single measure-
ments 2- to 4-fold. For all key CPX measurements, the %pred
cutoff values were superior to absolute values, probably because
it lessens differences between sex, body size, and age. Adding
peak VO,, peak oxygen pulse, or AT did not add significant
prognostic importance to the lowest VE/Vco, ratio, probably
because of the overlapping of their physiological information
and high correlations with each other.

Comparing prognosis using other measurements. Although
some investigators have reported that dyspnea rather than
fatigue as the symptom terminating exercise indicates a worse
prognosis in CHF (28-30), other reports and this study do not
confirm this (31,32). We found by # test that higher body
weight, lower New York Heart Association functional classi-
fication, and higher left ventricular ejection fraction signifi-
cantly improved survival (Table 1). But by AUC analysis using
best the cutoff (Table 4), they were not significant predictors
(p > 0.05). However, lower 6-min walk distance with OB
during CPX worsened 6-month survival. No other single or
combined measurements reached significance comparable with
the combination of OB and CPX gas exchange parameters.
Study limitations. LOW DEATH RATE. A limitation of this
analysis is the modest number of deaths (n = 19) over the
6-month follow-up period. However, the prognostic analysis
of morbidity (n = 107) confirms the key findings for the
mortality analysis. Each key CPX parameter and OB are
independent indicators of mortality and morbidity. Combining
CPX parameters with OB increases their prognostic impor-
tance. The risk for type I error may exist because of the large
number of variables tested.

SAMPLING BIAS. A potential selection bias may have occurred,
because the patients with CHF analyzed in this study were
enrolled in CRT clinical trials and thus not representative of
the whole spectrum of patients with CHF. These patients
could have been protected by their devices, although we did not
find a difference in survival between the CRT-off group and
CRT-on group. In addition, this analysis included patients
with normal QRS interval durations (<120 ms) from the
RethinQ study, who do not meet current indications for CRT
(34). The low overall 6-month death rate of 3.7% in the
patients with CHF with a mean age of 65 years may be due to
better physician management, treatment improvements, and
cardioverter-defibrillator and/or pacemaker use. In general,
BVP or CRT may improve synchronization in CHF
(33,34,44), and that improvement might have been a potential
contributor to the low death rate of this study.
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QUALITY CONTROL AND STANDARD DATA ANALYSIS OF CPX
FOR THE MULTICENTER STUDY. CPX gas exchange mea-
surements are dependent on the quality of the equipment, the
skills of technicians, and the calculation methods of software.
After being qualified for the studies, if we questioned results on
a patient’s test, the relevant site lab had to prove its validity by
requalification and repeat patient testing. This occurred 14
times at 12 laboratories and required 36 additional full CPX
tests before we requalified the laboratories and accepted pa-
tients’ test results. Therefore, the bias resulting from system
errors were minimized. Although there were 6 different sys-
tems and many different versions of software at the 69 sites, we
used them only for raw data collection rather than data analysis
and reporting. Only one standard method of data analysis and
reporting was used, so that the bias of interobserver and system
software variability was minimized.

Although we used both treadmills and stationary cycles,
each patient was always exercised on the same ergometer. Prior
studies (35) have indicated that treadmill increases peak Vo,,
peak oxygen pulse, and AT by an average of 11% over cycle
values but does not influence peak heart rate, peak VE, lowest
VE/Vco, ratio, or slope of VE versus Vco, (38).

Conclusions

In this study, we found that the combination of OB and gas
exchange data collected during CPX are powerful indicators of
6-month survival or death and morbidity of patients with
CHF. For mortality, the lowest VE/V 0, ratio, with cutoff of
155%pred, was the best single predictor, with an OR of 9.4 and
an AUC of 0.748. Adding OB increased the OR to 38.9 and
the AUC to 0.797. For future clinical trials and daily practice,
the lowest VE/Vc0, ratio and/or other parameters (e.g., peak
Vo,, AT, peak oxygen pulse), when combined with OB,
provide objective grading of heart failure severity. This might
be preferable to the subjective grading of heart failure severity,
as is commonly used in the recruitment of patients with CHF
into clinical trials. It would have the advantage of obtaining
more uniform patient responses. Finally, it needs to be recog-
nized that good quality control is essential for clinical trials,
particularly involving multiple centers.

Acknowledgments

The authors gratefully acknowledge the investigators of the
RHYTHM and RethinQ_clinical trials, who are listed in
previous publications (33,34). The authors also gratefully
acknowledge Tamara Shipman and the study groups’ staff at
St. Jude Medical for their help in providing individual

patient information.

Reprint requests and correspondence: Drs. Karlman Wasserman
and Xing-Guo Sun, Los Angeles Biomedical Research Institute at
Harbor-UCLA Medical Center, Department of Medicine, 1124
West Carson Street, Torrance, California 90502. E-mail:
kwasserman@labiomed.org and xgsun@labiomed.org.



mailto:kwasserman@labiomed.org
mailto:xgsun@labiomed.org

JACC Vol. 55, No. 17, 2010
April 27, 2010:1814-23

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Hunt SA. ACC/AHA 2005 guideline update for the diagnosis and
management of chronic heart failure in the adult: a report of the
American College of Cardiology/American Heart Association Task
Force on Practice Guidelines (Writing Committee to Update the 2001
Guidelines for the Evaluation and Management of Heart Failure).
J Am Coll Cardiol 2005;46:¢1-82.

. Stewart S, MacIntyre K, Capewell S, McMurray JJ. Heart failure and

the aging population: an increasing burden in the 21st century? Heart
2003;89:49-53.

. Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL, Redfield

MM. Trends in prevalence and outcome of heart failure with preserved
ejection fraction. N Engl ] Med 2006;355:251-9.

. Bhatia RS, Tu JV, Lee DS, et al. Outcome of heart failure with

preserved ejection fraction in a population-based study. N Engl ] Med
2006;355:260-9.

. Levy D, Kenchaiah S, Larson MG, et al. Long-term trends in the

incidence of and survival with heart failure. N Engl ] Med 2002;347:
1397-402.

. Roger VL, Weston SA, Redfield MM, et al. Trends in heart failure

incidence and survival in a community-based population. JAMA
2004;292:344-50.

. Likoff MJ, Chandler SL, Kay HR. Clinical determinants of mortality

in chronic congestive heart failure secondary to idiopathic dilated or to
ischemic cardiomyopathy. Am ] Cardiol 1987;59:634-8.

. Ziesche S, Cobb FR, Cohn JN, Johnson G, Tristani F, V-HeFT VA

Cooperative Studies Group. Hydralazine and isosorbide dinitrate
combination improves exercise tolerance in heart failure. Results from

V-HeFT I and V-HeFT II. Circulation 1993;87 Suppl:VI56—64.

. Stelken AM, Jounis LT, Jennison SH, et al. Prognostic value of

cardiopulmonary exercise testing using percent achieved of predicted
peak oxygen uptake for patients with ischemic and dilated cardiomy-
opathy. ] Am Coll Cardiol 1996;27:345-52.

Myers J, Gullestad L, Vagelos R, et al. Clinical, hemodynamic, and
cardiopulmonary exercise test determinants of survival in patients
referred for evaluation of heart failure. Ann Intern Med 1998;129:
286-93.

Mancini D, Eisen H, Kussmaul W, et al. Value of peak exercise
oxygen consumption for optimal timing of cardiac transplantation in
ambulatory patients with heart failure. Circulation 1991;83:778-86.
Myers J, Gullestad L. The role of exercise testing and gas exchange
measurements in the prognostic assessment of patients with heart
failure. Curr Opin Cardiol 1998;13:145-55.

Mancini D, Lejemtel T, Aaronson K. Peak VO2: a simple yet
enduring standard. Circulation 2000;101:1152-7.

Gitt A, Wasserman K, Caroline K, et al. Exercise anaerobic threshold
and ventilatory efficiency identify heart failure patients for high risk of
early death. Circulation 2002;106:3079—84.

Myers ], Arena R, Dewey F, et al. A cardiopulmonary exercise testing
score for predicting outcomes in patients with heart failure. Am
Heart ] 2008;156:1177-83.

Metra M, Dei Cas 1, Panina G, Visioli O. Exercise hyperventilation in
chronic congestive heart failure, and its relation to functional capacity
and hemodynamics. Am ] Cardiol 1992;70:622-8.

Kleber FX, Vietzke G, Wernecke KD, et al. Impairment of ventilatory
efficiency in heart failure. Circulation 2000;101:2803-9.

Robbins M, Francis G, Pashkow FJ, et al. Ventilatory and heart rate
response to exercise: better predictors of heart failure mortality than
peak oxygen consumption. Circulation 1999;100:2411-7.

Sullivan M, Higginbotham M, Cobb F. Increased exercise ventilation
in patients with chronic heart failure: intact ventilatory control despite
hemodynamic and pulmonary abnormalities. Circulation 1988;77:
552-9.

Chua TP, Ponikowski P, Harrington D, et al. Clinical correlates and
prognostic significance of the ventilatory response to exercise in
chronic heart failure. ] Am Coll Cardiol 1997;29:1585-90.
Ponikowski P, Francis DP, Piepoli MF, et al. Enhanced ventilatory
response to exercise in patients with chronic heart failure and preserved
exercise tolerance: marker of abnormal cardiorespiratory reflex control
and predictor of poor prognosis. Circulation 2001;103:967-72.
Francis DP, Shamin W, Davies LC, et al. Cardiopulmonary exercise
testing for prognosis in chronic heart failure: continuous and indepen-

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Sun et al. 1823

CPX Prognosticates CHF Death and Hospitalization

dent prognostic value from VE/VCO2 slope and peak VO2. Eur
Heart ] 2000;21:154-61.

Guazzi M, Reina G, Tumminello G, Guazzi MD. Exercise ventilation
inefficiency and cardiovascular mortality in heart failure: the critical
independent prognostic value of the arterial CO, partial pressure. Eur
Heart ] 2005;26:472-80.

Ben-Dov I, Sietsema KE, Casaburi R, Wasserman K. Evidence
that circulatory oscillations accompany ventilatory oscillations dur-
ing exercise in patient with heart failure. Am Rev Respir Dis
1992;145:776—81.

Brack T, Thiier I, Clarenbach CF, et al. Daytime Cheyne-Stokes
respiration in ambulatory patients with severe congestive heart failure
is associated with increased mortality. Chest 2007;132:1463-71.
Guazzi M, Raimondo R, Vicenzi M, et al. Exercise oscillatory
ventilation may predict sudden cardiac death in heart failure patients.
J Am Coll Cardiol 2007;50:299-308.

Ribeiro JP, Knutzen A, Rocco MB, et al. Periodic breathing during
exercise in severe heart failure. Reversal with milrinone or cardiac
transplantation. Chest 1987;92:555-6.

Chase P, Arena R, Myers ], et al. Prognostic usefulness of dyspnea
versus fatigue as reason for exercise test termination in patients with
heart failure. Am J Cardiol 2008;102:879-82.

Bodegard ], Erikssen G, Bjornholt JV, Gjesdal K, Liestol K, Erikssen
J. Reasons for terminating an exercise test provide independent
prognostic information: 2014 apparently healthy men followed for 26
years. Eur Heart ] 2005;26:1394—-401.

Abidov A, Rozanski A, Hachamovitch R, et al. Prognostic significance
of dyspnea in patients referred for cardiac stress testing. N Engl ] Med
2005;353:1889-98.

Witte KK, Clark AL. Dyspnoea versus fatigue: additional prognostic
information from symptoms in chronic heart failure? Eur ] Heart Fail
2008;10:1224-8.

Christopher JR, Pothier CE, Blackstone EH, Lauer MS. Prognostic
importance of presenting symptoms in patients undergoing exercise
testing for evaluation of known or suspected coronary disease. Am J
Med 2004;3117:380-9.

Wasserman K, Sun XG, Hansen JE. Effect of biventricular pacing on
the exercise pathophysiology of heart failure. Chest 2007;132:250-61.
Beshai JF, Grimm RA, Nagueh SF, et al. Cardiac-resynchronization
therapy in heart failure with narrow QRS complexes. N Engl ] Med
2007;357:2461-71.

Wasserman K, Hansen J, Sue D, Stringer W, Whipp B. Principles of
Exercise Testing and Interpretation. 4th edition. Philadelphia, PA:
Lippincott Williams & Wilkins, 2005.

Sun XG, Hansen JE, Oudiz RJ, Wasserman K. Gas exchange
detection of exercise-induced right-to-left shunt in patients with
primary pulmonary hypertension. Circulation 2002;105:54-60.
Beaver WL, Wasserman K, Whipp BJ. A new method for detecting
the anaerobic threshold by gas exchange. ] Appl Physiol 1986;60:
2020-7.

Sun XG, Hansen JE, Garatachea N, Storer TW, Wasserman K.
Ventilatory efficiency during exercise in healthy subjects. Am J Respir
Crit Care Med 2002;166:1443—-8.

Sun XG, Hansen JE, Oudiz RJ, Wasserman K. Exercise pathophys-
iology in patients with primary pulmonary hypertension. Circulation
2001;104:429-35.

Glantz AS. Primer of Bio-Statistics. 4th edition. New York, NY:
McGraw-Hill, 1997.

Tuan NT, Adaie LS, He K, Popkin BM. Optimal cutoff values for
overweight: using body mass index to predict incidence of hyperten-
sion in 18- to 65-year-old Chinese adults. ] Nutr 2008;138:1377-82.
Warner RM. Applied Statistics: From Bivariate Through Multivariate
Techniques. Thousand Oaks, CA: Sage, 2008.

Glantz AS, Slinker BK. Primer of Applied Regression and Analysis of
Variance. New York, NY: McGraw-Hill, 1990.

Doshi RN, Daoud EG, Fellows C, et al. Left ventricular-based cardiac
stimulation post AV nodal ablation evaluation (the PAVE study).
J Cardiovasc Electrophysiol 2005;16:1166~7.

Key Words: heart failure ® cardiopulmonary exercise testing ®
oscillatory breathing ® early death ® gas exchange.



	Oscillatory Breathing and Exercise Gas Exchange Abnormalities Prognosticate Early Mortality and Morbidity in Heart Failure
	Methods
	Patients
	Quality control, protocol, and systems
	Data analysis, display, and gas exchange measurements
	OB
	Other data
	Statistical analysis

	Results
	Resting and preliminary data
	CPX measurements

	Discussion
	OB in CHF
	Abnormal exercise gas exchange and OB can predict mortality and increasing morbidity
	Comparing prognosis using other measurements
	Study limitations
	LOW DEATH RATE
	SAMPLING BIAS
	QUALITY CONTROL AND STANDARD DATA ANALYSIS OF CPX FOR THE MULTICENTER STUDY


	Conclusions
	Acknowledgments
	REFERENCES


