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Abstract

Background: Among cardiopulmonary exercise testing (CPET) variables, max-
imum oxygen uptake (VO,max) and ventilatory efficiency (VE/VCO; slope) are
frequently used predictive indices for mortality and heart transplantation in
patients with advanced heart failure. Objective: To identify less commonly
used variables associated with mortality and eventual transplantation for heart
failure patients and assess their reliability. Methods: Patients identified with sta-
ble advanced heart failure underwent symptom-limited CPET using the Godfrey
protocol. We compared variables between eventually transplanted and non-
transplanted, and, separately, between living and deceased patients. Derived var-
iables included Ve/VCO,, Ve/VCO,/O,, chronotropic index (CI), and oxygen
uptake efficiency slope (OUES). Results: One hundred sixty-six individuals (52
* 15.6 y) were identified with heart failure. Left ventricular ejection fraction
(LVEF) was 38 + 17%. Eighteen (11%) patients subsequently underwent trans-
plantation. Two (12%) transplanted and 26 (18%) non-transplanted patients ex-
pired during the study. Expired patients exhibited significantly lower VO,peak,
VO, at AT, VCO;peak, and O,/pulse, and higher peak Ve/VCO,, Ve/VCO,/O,,
Ve/VCO; slope, and Ve/VCO,/VO, than living patients. Oxygen uptake effi-
ciency slope (OUES) was lower in the deceased group (p < 0.001). Peak PetCO,
was 7.7% less in expired patients (p = 0.01). VO,peak was 28% lower in patients
who subsequently underwent transplantation. These individuals also exhibited
significantly lower OUES and peak PetCO,, and 94% higher CI than the non-
transplanted group. Conclusions: Our findings confirm the potential utility of
less commonly used indices of CPET, such as Ve/VCO,/O,, OUES, and CI, in
strengthening the identification of suitable candidates for heart transplantation
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in the context of heart failure management.

Keywords

Cardiopulmonary Exercise Testing, Heart Failure, Heart Transplantation,
Oxygen Pulse, Oxygen Uptake Efficiency Slope, Ventilatory Equivalents

1. Introduction

Cardiopulmonary exercise testing (CPET) has emerged as a valuable tool for pre-
dicting prognosis in heart failure (HF) patients and offers insights that guide de-
cisions related to heart transplantation. Among the well-established CPET varia-
bles, peak oxygen uptake (VO,), ventilatory efficiency (expressed as the slope of
VE/VCO;), and peak work rate (W) have demonstrated significant predictive
value [1]. Current guidelines from the American College of Cardiology (ACC)
and the American Heart Association (AHA) acknowledge the importance of these
variables in risk assessment for heart failure patients [2]. Existing literature lacks
comprehensive studies that retrospectively analyze CPET variables in patients
who have definitively undergone heart transplantation.

Despite the recognized significance of VO,, VE/VCO; slope, and peak work
rate, our investigation explored whether additional CPET variables could offer
further insight into prognosis and transplantation probability. We sought to ad-
dress this gap by analyzing CPET variables in a broad heart failure population,
providing a more comprehensive perspective on mortality risk. We aimed to iden-
tify and compare additional variables associated with mortality and transplanta-

tion for heart failure patients.

2. Methods
2.1. Patients

This was a single-center retrospective study of patients with stable chronic heart
failure who routinely underwent annual CPET to assess functional capacity and
determine candidacy for heart transplantation. The study period was from De-
cember 2020 through January 2023. Patients were identified from a larger group
of individuals initially referred for evaluation of exertional dyspnea and fatigue.
The investigation was approved as an exempt study by the institutional review
board of the University of Southern California Health Sciences Center (HS-21-
00017). As policy, in our laboratory all patients are asked to study and sign a con-
sent form prior to any CPET, including those conducted for routine clinical pur-
poses. Heart failure was identified according to the consensus statement published
by Bozkurt et al. [3]. Patients with pneumonia, acute heart and/or respiratory fail-
ure, cancer, COVID-19 infection, and chronic respiratory disorders such as ob-
structive airway, interstitial lung and neuromuscular diseases were excluded from

analysis.
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During the analysis, we did not separate patients with heart failure with reduced
ejection fraction from those with preserved ejection fraction because there were
fewer patients in the latter group. For the purpose of this study, we grouped all
heart failure patients together and categorized them by mortality status and
whether they received heart transplants or not (Figure 1). All testing was com-

pleted before any heart transplants took place.

2.2. Lung Function Testing

Spirometry was performed in the seated position according to American Thoracic
Society/European Respiratory Society (ATS/ERS) guidelines [4]. Reference values
for FVC and FEV, were from Crapo et al. [5].

2.3. Cardiopulmonary Exercise Testing

These studies incorporated the following details: 1) clinical and anthropometric
characteristics of patients; 2) adherence to international guidelines for methods of
CPET [6]; and 3) the safety of CPET, defined as reported adverse events. The
CPETs were performed before any heart transplants took place.

The exercise testing equipment consisted of a stationary cycle ergometer (Med
Graphics CPX Ultima system, Medical Graphics Corporation, St. Paul, MN) that
was calibrated before and after each test. The mechanical dead space volume, de-
pending on the mouthpiece and connections used, ranged from 45 to 65 mL for
this system. Calibration of gas concentrations using primary standard gases and
flow was performed using a 3 L syringe prior to each test. Patients were asked not
to exercise on the day of the test and to refrain from consuming caffeinated bev-
erages four hours before the test. Following the explanation of each procedure,
informed consent was obtained under witness. Prior to beginning the test, subjects
were familiarized with the stationary cycle ergometer and mouthpiece and cycled
on the ergometer for approximately 10 minutes. They were seated and breathed
through a mouthpiece with a nose clip in place. After a minimum of five minutes
of resting measurements, they were exercised on the ergometer with increasing
workloads at increments of 5 - 15 Watts, based on patients’ tolerability, using the
Godfrey protocol [7]. Data collection continued for several minutes post-exercise
for gas collection and electrocardiogram monitoring purposes.

The following variables were recorded every 15 seconds: minute ventilation
(V’p), inspired oxygen concentration (FiO,), end-tidal oxygen tension (PetO,), in-
spired oxygen uptake (VO,), and end-tidal carbon dioxide output (PetCO,). Peak
VO, was expressed as the highest 30-second average value recorded during the
last stage of the exercise test [8]. Anaerobic threshold (AT) was determined by the
V-slope method [9]. Heart rate and rhythm were monitored continuously through-
out the study with the 12-lead ECG. In addition, the following variables were derived
from the data: tidal volume (V), respiratory rate, minute ventilation Ve/maximum
voluntary ventilation (Ve/MVYV), respiratory exchange ratio (RER), O,/pulse
(VO./HR), and ventilatory equivalents for carbon dioxide and oxygen (Ve/VCO,
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and Ve/VO,, respectively). Peak VO, was determined as the highest 20- to 30-sec-
ond average achieved during exercise and expressed as ml/kg/min. The Ve/VCO,
slope was computed using least squares linear regression fitting of breath-by-breath
values recorded throughout the whole exercise [8]. Normal values for these variables
were derived from Sun et al [9]. Ve/VCO, was also corrected for VO, (Ve/VCO,/
VO,) [10]. The chronotropic index (CI) was calculated by dividing the difference
between maximal and resting heart rate (in beats/min) by the difference between
maximal and resting oxygen uptake (in L/min). Predicted values for CI were com-

puted as follows:

CI =106.9 + (0.16 x age) + (14.3 x sex) - (0.31 x height) - (0.24 x weight) [11].

All patients with VO,max (expressed in mL/min) less than 84% predicted were
considered as having functional limitation of cardiovascular, pulmonary vascular,
or ventilatory limitation [12] ATS Statement on CPX]. Patients with a Ve/MVV
of greater than 75% predicted were considered to have a reduced ventilatory re-
serve. An O,/pulse of less than 80% predicted represented a reduced stroke vol-
ume related to circulatory limitation [13]. No patients experienced any adverse
events during testing.

Patients who showed either ventilatory or circulatory limitation were classified
based on predominant CPET features; if, for example, they exhibited resting tach-
ycardia (heart rate > 90 beats/min), a normal Ve/MVV (<75%), a decreased
O./pulse (<80% predicted), and ventilatory equivalents that were increased (>30)
and/or failed to decrease with exercise, they were classified as having a circulatory
deficit. The slope and intercept for Ve/VCO, were computed for all patients ac-
cording to the relationship y = a + bx, where y was the difference between Ve at
rest and peak exercise, x was the difference between VCO, at rest and peak exer-
cise, a was the intercept and b was the slope [9]. The oxygen uptake efficiency
slope (OUES) was derived from the relationship of VO, to the logarithm of Ve
during exercise: VO, = alog 10 Ve + b, where “a” is the OUES and “0” is the
intercept [14].

2.4. Statistical Analysis

Descriptive data are shown as mean and standard deviation. Normality of the data
was confirmed using the Shapiro-Wilk test. Comparisons among cohorts were
conducted by multivariate analysis of variance (ANOVA), using the Bonferroni
correction to account for the large number of compared variables. Associations
between physiologic variables were determined by Pearson’s correlation, ex-
pressed as r”. A p-value of <0.05 was considered statistically significant for inter-

group comparisons and for inter-variable associations.

3. Results

3.1. Patient Characteristics

Of 350 patients who underwent evaluation for exertional dyspnea and were

screened for heart failure, 166 were diagnosed with heart failure related to struc-
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tural heart disease (Figure 1). The remaining patients (n = 184) had primary di-
agnoses of various forms of respiratory disorders or idiopathic pulmonary hyper-
tension. Their overall mean age and standard deviation (+SD) was 52 + 15.6 years
with a distribution of 128 males and 38 females (Table 1). Their mean body mass
index (BMI) was 25.9 + 2.5 kg/m?* Eighty (48%) patients were former smokers
(more than 2 years previously); none were current smokers. Beta-blockers were
used among 75% of study participants. The severity of cardiac dysfunction was
classified as New York Heart Association Severity II and IIL. In 97 patients for
whom echocardiographic data were available, the mean (£SD) left ventricular
ejection fraction (LVEF) was 38 + 17%; eighty percent of patients exhibited a re-
duced ejection fraction (<40%). We found no significant differences in the LVEF
among survivors and expired patients, nor among those who underwent heart
transplant versus those who did not (Table 2 and Table 3). Seventeen percent of
patients were diagnosed with ischemic etiology of heart failure, while 75% were
diagnosed with non-ischemic dilated cardiomyopathy. Twenty-eight patients (17%)
expired by the end of data collection. Eighteen patients (11%) underwent heart
transplantation. Two (11%) of the transplanted and 26 (18%) of the non-trans-
planted patients expired during the study.

exertional dyspnea

Patients evaluated for
n=350

Patients diagnosed with
chronic heart failure

n=166

l Transplanted ] l Non-transplanted ’

n=18 n=148

Expired Living Expired Living
n=2 n=16 n=26 n=122

Figure 1. Flow chart describing the study cohort.

Table 1. Anthropometric and physiological data of 166 patients.

Age (y) 52+15.6
Sex (M/F) 128/38
BMI (kg/m?) 295459
Beta-blocker use (%) 75
LVEF (%) 384+ 17
Etiologies:
Ischemic (%) 17
Non-ischemic dilated cardiomyopathy (%) 75
Hypertrophic cardiomyopathy (%) 4
Congenital (%) 4
Reduced ejection fraction (%) 80
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Continued
Preserved ejection fraction (%) 20

FVC (L) 35+ 1.1

FVC (% predicted) 82+18

FEV1 (L) 27409

FEV1 (% predicted) 81+19

FEV1/FVC (%) 78 + 11

Vemax/MVV (%) 46 + 14
RER 1.19 + 0.09
VO:max (mL/kg/min) 15.5+15.9
VOamax (% predicted) 54.7 + 16.8
VO: at anaerobic threshold (mL/kg/min) 10.7 £ 3.6
VCO:max (mL/kg/min) 199+ 8.7
Ve/VCO: slope 37.1+14.2

Ve/VCO: intercept (L/min) 1.7+3

Ve/VCO2/VO:, 24+1
AVO,/AWork (mL/kg/min/Watt) 11.3£0.9
Chronotropic index (/L) 30.3+ 3.6
OUES (mL/min/L/min) 1320 + 535
PetCOs, rest (mm Hg) 32.5+5.3
PetCO», peak (mm Hg) 31.7 £5.5

Values are mean + SD. Abbreviations: BMI, body mass index; LVEEF, left ventricular ejec-
tion fraction; FVC, forced vital capacity; FEV1, forced expiratory volume in one second;
Ve, minute ventilation; MVV, maximum voluntary ventilation; RER, respiratory exchange
ratio; VO, oxygen output; VCO, carbon dioxide output; AT, anaerobic threshold; OUES,
oxygen uptake efficiency slope; PetCO:, end-tidal carbon dioxide tension; PetO:, end-tidal
oxygen tension.

Table 2. Physiologic variables in expired and living patients.

Expired Living p
n 28 138 -
LVEF (%) 335x16 395+ 17 0.1
FVC (L) 29+0.9 3.6+1.2 <0.001
FVC (% predicted) 719 + 18.8 85.3 +16.9 <0.001
FEV1 (L) 23107 2.8+09 0.002
FEV1 (% predicted) 73 19 83+ 18 0.001
FEV1/EFVC (%) 77 £ 15 78£9 0.7
Vemax/MVV 0.46 £ 0.13 0.46 £ 0.14 0.83
RER 32102 3.2+0.1 0.64
VO:max (mL/kg/min) 12+3.8 16.5+6 <0.001
VO:max (% predicted) 455+ 14.6 57.5+16.5 <0.001
VO:at AT (mL/kg/min) 8.6+23 11.2 £ 3.7 <0.001
VCO:max (mL/kg/min) 152 +6.8 21.3+8.7 <0.001
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Continued
Ve/VCO:; slope 42.4+10.9 355+ 14.8 0.01
Ve/VCO: intercept (L/min) 0.9 £2.5 1.8+3.4 0.16
Ve/VCO2/VO: 35+1.2 22+0.7 0.005
Ve/VOomax 51.6 + 14.6 443 +10.8 0.001
Ve/VO;at AT 38779 34.5+13.9 0.078
AVO2/AWork (mL/kg/min/Watt) 119+ 11.6 11.1+8.3 0.62
Chronotropic index (/L) 344+ 475 29.3+£32 0.43
O./pulse, max 8.6+3.2 104 +3.3 0.02
OUES (mL/min/L/min) 1,049 £ 511 1,394 £ 530 <0.001
PetCOy, rest (mm Hg) 323+49 32.6£54 0.71
PetCOs, peak (mm Hg) 29.8 £6.1 323+£5.2 0.01

Values are mean * SD. Abbreviations are the same as in Table 1.

Table 3. Physiologic variables in transplanted (obtained pre-transplant) and non-trans-

planted patients.
Pre-transplant ~ Non-transplanted P
n 18 148 0 -----
LVEF (%) 31.6 £ 16.8 39.3=x17 0.09
FVC (L) 31408 35+1.2 0.12
FVC (% predicted) 74.7 £ 13.9 83.1 £18.5 0.07
FEV1 (L) 23+06 2.8+0.9 0.033
FEV1 (% predicted) 70 + 15 823 +18.8 0.011
FEV1/FVC (%) 74.5 +33.3 77.9 +30.4 0.21
Vemax/MVV 0.46 £ 0.13 0.46 +0.14 0.83
RER 1.2+£0.2 1.2+0.1 0.3
VO:max (mL/kg/min) 114+24 159+59 0.002
VO:max (% predicted) 40.8+9.6 56.4 + 16.8 <0.001
VO:at AT (mL/kg/min) 8.2+23 109 £ 3.6 0.001
VCO:max (mL/kg/min) 134 +3.3 20.6 £ 8.9 0.001
Ve/VCO:; slope 429 +11.1 364+ 14.4 0.02
Ve/VCO: intercept (L/min) 0.5+2.4 1.7+£3.2 0.14
Ve/VCO2/VO:, 38+1 2.3+£0.6 0.001
Ve/VOomax 50.2 +30.8 455+ 12.2 0.13
Ve/VO;at AT 40.1 £ 14.3 349+ 12.7 0.12
AVO2/AWork (mL/kg/min/Watt) 9.7+3.6 11.5+9.3 0.45
Chronotropic index (/L) 53.6 £ 63.7 27.6 £ 30.9 0.005
O./pulse, max 8.6+22 10.1 +3.2 0.06
OUES (mL/min/L/min) 912 £ 295 1364 + 537 <0.001
PetCOs, resting (mm Hg) 334%51 326 £53 0.35
PetCO;, peak (mm Hg) 28.3+5.6 32.1+£5.3 0.007

Values are mean * SD. Abbreviations are the same as in Table 1.
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3.2. Expired and Living Patients

Table 2 compares expired and living patients based on cardiopulmonary exercise
testing (CPET) results. Expired patients had 19% lower forced vital capacity (FVC)
and 18% lower forced expiratory volume in one second (FEV1) compared to liv-
ing patients (p < 0.001 and p = 0.002, respectively). However, there were no
significant differences among % predicted FVC, FEV1/FVC, and Ve/VCO:; inter-
cept values.

Concerning exercise capacity, expired patients exhibited 27% lower VO, max
(p <0.01),20.7% lower VO,max % predicted (p < 0.001), and 23% lower values in
VO, at AT (p < 0.001) compared to living patients. Deceased patients also exhib-
ited a 29% lower VCO, max (p < 0.001), 14% higher peak Ve/VCO, (p = 0.003),
59% higher Ve/VCO,/O; (p = 0.005), and 19% higher Ve/VCO; slope (p = 0.009).
The deceased group had a 17% lower O,/pulse than the surviving group (p = 0.02).
The oxygen uptake efficiency slope (OUES) was 25% lower in the deceased group
(p < 0.001). While PetCO, at rest showed no significant difference among sub-
groups (p = 0.71), expired patients exhibited a PetCO, at peak exercise that was
7.7% less than in living patients (p = 0.01). No statistically significant differences
were found between expired and living patients for Ve/VCO, at AT, Ve/VO, at
AT, and AVO./AWork.

3.3. Transplanted versus Non-Transplanted Patients

Table 3 compares physiologic variables in patients who were eventually trans-
planted with those who were not. Patients who underwent transplantation exhib-
ited 18% lower FEV1 (L) values compared to those who did not receive a trans-
plant (p = 0.033). No statistically significant differences were found between the
two groups for FVC, FVC % predicted, FEV1/FVC, Ve/VCO; intercept, and
Ve/VO, at AT.

With respect to cardiopulmonary exercise capacity, the to-be transplanted
group exhibited a VO, max that was 28% less than that of the non-transplant
group (p = 0.002). Similarly, the VO, at anaerobic threshold (VO, at AT) was 25%
lower in the transplant group than in the non-transplanted group (p = 0.003).
Additionally, the transplant group demonstrated a 35% lower value in peak car-
bon dioxide production (VCO, max) compared to the non-transplanted group (p
= 0.001). Ve/VCO,/VO; in the expired group was 65% higher than in living pa-
tients (p = 0.001).

Transplanted patients exhibited an oxygen uptake efficiency slope (OUES) that
was 33% lower (p < 0.001) than in the non-transplanted group. While PetCO; at
rest exhibited no significant differences (p = 0.35), the transplant group demon-
strated a relative decrease in PetCO, at peak exercise, 11% lower (p = 0.007) than
in the non-transplanted group. Transplanted patients exhibited a chronotropic
index that was 94% higher than those who did not undergo transplant (p = 0.005),
indicating a notable decrease in heart rate response during exercise. This differ-

ence was not observed between deceased and living patients. The O,/pulse in the
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to-be transplanted group was 15% less than in the non-transplanted group, a non-

significant difference (p = 0.06).

4. Discussion

4.1. General Findings

Our findings highlight differences in exercise capacity, gas exchange, and circula-
tory response associated with heart transplantation compared to patients who did
not receive a transplant. Key findings in deceased and transplanted patients (rec-
orded prior to transplant) included reduced lung function, VO,max, O,/pulse,
OUES, and increased Ve/VCO,max and Ve/VO, as compared to living and non-
transplanted patients, respectively.

The chronotropic index among deceased patients and in those who later under-
went heart transplant was increased as compared to survivors and patients who
did not undergo transplant. The index considers age, resting heart rate, and func-
tional capacity and is independent of the stage of exercise or the protocol used
[15] [16]. After adjusting for a number of demographic and physiological factors,
Robbins et al [17] found that a high Ve/VCO; and a low chronotropic index re-
mained independent predictors of death due to any cause. Others have described
the Ve/VCO; slope as a key determinant of mortality [8] [18]-[22]. Lin et al [23]
found that patients with heart failure and with an OUES < 1.3 and Ve/VCO; > 38
exhibited a higher risk for cardiac events, particularly those with COPD. We also
found lower mean OUES values in patients who underwent transplant, indicating
a higher degree of dead space breathing contributing to the decrease in cardiopul-
monary reserve. In this connection, the peak PetCO, in patients who underwent
transplant was reduced, a reflection of the inability of cardiac output to keep up
with ventilation, resulting in the overall ventilation/perfusion ratio exceeding 1.

Chronotropic incompetence may be considered a major limiting factor in the
exercise capacity of patients with heart failure. It is an important cause of exercise
intolerance and an independent predictor of adverse cardiovascular events and
mortality [24]. Although the underlying mechanisms for chronotropic incompe-
tence in HF are not fully understood, the imbalance of the autonomic nervous
system that is shifted toward the sympathetic pathway decreases S-adrenergic re-
sponsiveness, resulting in a reduced heart rate response to exercise [25]. Witte et
al. [26] found a linear correlation between change in HR and peak VO,. CI may
be considered a limiting factor in the exercise capacity of patients with HF, but it
has not been a consistent finding. In a study of 195 patients, of whom 90 had se-
vere left ventricular systolic dysfunction, Jamil et al. [27] showed that increasing
heart rate in unselected patients with heart failure did not improve exercise toler-
ance or improve symptoms, and conversely, that lowering HR did not worsen ex-
ercise tolerance or exercise-related symptoms. There has been a lack of a stand-
ardized approach to diagnosing the disease, further complicated by changes in HR
dynamics in the HF population, which render reference values derived from a

normal population invalid.
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4.2. Expired versus Living Patients

Deceased patients exhibited lower O,/pulse, OUES, VO,max, VO, at AT, VCO,max,
and PETCO; at peak exercise, and higher VE/VCO,max and VE/VCO; slope (as
well corrected for VO,) compared to living patients. The mean Ve/VCO; in our
deceased patients is virtually the same as that reported by Sarullo et a/. (41.8) [18].
In general, our findings align with those of Brawner’s study [1], suggesting that even
when cardiac transplantation is removed as an endpoint, these values still exhibit
a high association with heart failure prognosis.

The difference in the O,/pulse between deceased and surviving patients indicate
a similar predictive feature of outcome [1] [10].

We found that the OUES in surviving patients was 1.05 L/min/L/min and, on
average, 33% higher than in individuals who expired. Guazzi et al [10] reported
an OUES cutoff of 1.05 for high-risk cardiac outcomes, similar to the findings of
Lin et al. [23] who reported a threshold of 1.3. OUES is influenced by the onset of
lactic acid production and therefore incorporates circulatory, ventilatory, and
musculoskeletal function. The log transformation of Ve creates high linearity in
relation to VO, [14], thus making the OUES theoretically effort-independent, en-
abling its calculation also in the case of a submaximal CPET. Yet, OUES has not
been considered a necessary variable to be described in a CPET report. In a study
of over 2000 patients with heart failure with reduced ejection fraction, Gordon et
al. [28] concluded that while OUES was associated with clinical outcomes inde-
pendent of the VE/VCO; slope, its prognostic utility was inferior to that of peak
VO, even when measured at submaximal effort.

Deceased patients exhibited a mean Ve/VCO,/VO; of 3.5, 59% higher than in
surviving individuals. Using multivariate analysis, Guazzi ef al. [10] showed that
the Ve/VCO,/VO; index retained a prognostic power greater than that of both
VE/VCO; slope and peak VO,. A Ve/VCO,/VO, 22.4 indicated a higher risk for
cardiac mortality.

The mean CI among deceased patients was 17% higher than in survivors (34.4/L
vs 29.3/L), although this was not a statistically significant difference due to varia-
bility. An increase in the CI has been associated with decreased exercise tolerance
and worse outcomes in individuals with heart failure [11]. Spiro et al [29] have
suggested reference values for CI for healthy men (42 - 43/L) and women (63 -
71/L). Given that 77% of our subjects were men, a mean CI of 53.6/L is well above
the normal range (for men). This finding indicates a steep relationship between
change in heart rate vs change in VO, from rest to peak exercise and is typical in
patients with heart failure, ischemic heart disease and valvular heart disease, se-
vere deconditioning and certain myopathies [11].

Deceased patients had lower values for FVC and FEV1. These findings can be
attributed to several factors associated with heart failure, including pulmonary

congestion, pleural effusion, and/or respiratory muscle weakness.

4.3. Transplanted versus Non-Transplanted Patients

Overall, transplanted patients showed significantly lower FEV1 values, peak
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VO,max, VO, at AT, and VCO, max compared to non-transplanted individuals.
Our findings are similar to those of Mancini et a/. [30] who reported that patients
listed for heart transplant were more likely to have a VO,max < 14 ml/kg/min.
Our study’s VO,max range of 11.4 to 15.9 ml/kg/min aligns with this observation.
Similarly, Garcia Bras et al [31] identified a Ve/VCO; slope closer to 40 as indic-
ative of a higher likelihood of transplantation. Our study aligns with this observa-
tion and deviates slightly from the traditional Ve/VCO, slope of 35 as defined by
the ACC/AHA guidelines [2]. There has been controversy over how the slope is
computed; we computed the Ve/VCO; slope from the very beginning to the end
of the Ve vs VCO, plot, which results in a higher value than when computing the
slope from the beginning up to the respiratory compensation point (RT), as the
slope increases from RT to VO,max [22] [32]-[36]. The overall slope also has a
greater association with mortality [8] [9] [22] [33] [36] [37].

Of the ventilatory equivalents, only Ve/VCO; discriminated between trans-
planted and non-transplanted patients. The finding that Ve/VO, did not may be
related to less variability in Ve/VCO, than Ve/VO, during moderate intensity ex-
ercise because of the sensitivity of ventilatory control to PaCO, and pH in the
physiologic ranges [9] [32]. Transplanted patients may also have reduced sensi-
tivity to blood chemical changes from renal and neural effects of immunosuppres-
sive agents. In addition, the OUES in patients who eventually underwent heart
transplantation was, on average, 35% lower than in those who did not undergo
transplant (p < 0.001), findings similar to those of Guazzi et al. [10] and Lin et al.
[23], and predictive of worse clinical outcomes (had they not undergone trans-
plant). In addition, patients who eventually underwent heart transplant exhibited
a CI that was 94% greater (p < 0.005) than those who did not undergo transplant,
with similar implications regarding their potential outcomes.

5. Strengths and Limitations

Our study has strengths: We describe changes in chronotropic index, OUES, and
Ve/VCO,/VO, amongst survivors and transplanted patients, supporting a handful
of other investigations [10] [22]-[28]. Other findings were similar to prior studies
regarding VO,max and VE/VCO, max and its slope [1], which adds to the validity
of our data. In addition, we also describe differences in the chronotropic index
amongst cohorts not previously reported.

Our study also has limitations. This was a single-center retrospective study with
a relatively small cohort of patients with advanced heart failure. Its retrospective
nature may introduce selection and information biases. However, the changes in
commonly used variables of CPET in survivors and deceased patients were similar
to those of others described. Second, we did not include as covariates beta-blocker
dose, device therapy or other medications; many patients were receiving combi-
nations of medications whose timing and dose changed over time. Third, there
was also a preponderance of male subjects that limits generalizability of findings
to both sexes. Finally, a larger population study may reveal additional significant

differences among cohorts.
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We pooled patients with both reduced and preserved EF when performing the
comparisons amongst subgroups in part because of uneven numbers of the sub-
groups. In any case, we found no statistically significant differences in LVEF be-
tween patients with HFpEF and those with HFrEF across studied variables. In ad-
dition, recent studies have shown that individuals with HFpEF have similar out-
comes as those with HFrEF [37]-[40]. Shah et a/ [38] found in a 5-year outcomes
study that risk-adjusted analyses exhibited a similar mortality and rehospitaliza-
tion for both HFrEF and HFpEF. Their findings were similar to results from the
JCARE-CARD study [39], which showed that patients with HFpEF had a mortal-
ity risk and re-hospitalization rate similar to those with HFrEF. In addition, Tri-
poskiadis ef al [40], when adjusting for risk factors, found that among patients
hospitalized with HF, there was no mortality difference among patients with re-

duced and preserved EF.

6. Conclusions

Our findings confirm the potential utility of specific cardiopulmonary exercise
testing (CPET) variables in informing prognostic assessments and aiding in the
identification of suitable candidates for heart transplantation in the context of
heart failure management. In general, the differences in variables among deceased
and living patients reflect similar differences between patients eventually under-
going heart transplant and those who did not. The addition to the analysis of the
chronotropic index, OUES, and Ve/VCO,/VO, further highlights metabolic dif-

ferences among cohorts.

Conflicts of Interest

The authors declare no conflicts of interest regarding the publication of this paper.

References

[1] Brawner, C.A,, Shafig, A., Aldred, H.A., Ehrman, J.K,, Leifer, E.S., Selektor, Y., et al
(2015) Comprehensive Analysis of Cardiopulmonary Exercise Testing and Mortality
in Patients with Systolic Heart Failure: The Henry Ford Hospital Cardiopulmonary
Exercise Testing (FIT-CPX) Project. Journal of Cardiac Failure, 21, 710-718.
https://doi.org/10.1016/j.cardfail.2015.06.001

[2] Heidenreich, P.A., Bozkurt, B., Aguilar, D., et al. (2022) AHA/ACC/HFSA Guideline
for the Management of Heart Failure: A Report of the American College of Cardiol-
ogy/American Heart Association Joint Committee on Clinical Practice Guidelines.
Circulation, 145, e895-e1032.

[3] Bozkurt, B., Coats, A.]., Tsutsui, H., ef al. (2021) Universal Definition and Classifica-
tion of Heart Failure: A Report of the Heart Failure Society of America, Heart Failure
Association of the European Society of Cardiology, Japanese Heart Failure Society
and Writing Committee of the Universal Definition of Heart Failure. The Journal of
Cardiac Failure, 23, 352-380.

[4] Pellegrino, R., Viegi, G., Brusasco, V., Crapo, R.O., Burgos, F., Casaburi, R., et al
(2005) Interpretative Strategies for Lung Function Tests. European Respiratory Jour-
nal, 26, 948-968. https://doi.org/10.1183/09031936.05.00035205

DOI: 10.4236/0jrd.2025.154012

168 Open Journal of Respiratory Diseases


https://doi.org/10.4236/ojrd.2025.154012
https://doi.org/10.1016/j.cardfail.2015.06.001
https://doi.org/10.1183/09031936.05.00035205

A. Merchant et al.

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

Crapo, R.O., Morris, A.H., Clayton, P.D. and Nixon, C.R. (1982) Lung Volumes in
Healthy Nonsmoking Adults. Bull Eur de Physiopathologie Respiratoire, 18, 419-425.

Balady, G.J., Arena, R., Sietsema, K., Myers, J., Coke, L., Fletcher, G.F., et al (2010)
Clinician’s Guide to Cardiopulmonary Exercise Testing in Adults: A Scientific State-
ment from the American Heart Association. Circulation, 122, 191-225.

https://doi.org/10.1161/cir.0b013e3181e52e¢69

Godfrey, S., Davies, C.T.M., Wozniak, E. and Barnes, C.A. (1971) Cardio-Respiratory
Response to Exercise in Normal Children. Clinical Science, 40, 419-431.
https://doi.org/10.1042/cs0400419

Arena, R., Myers, J., Aslam, S.S., Varughese, E.B. and Peberdy, M.A. (2004) Peak VO:
and VE/VCO: Slope in Patients with Heart Failure: A Prognostic Comparison. Amer-
Ican Heart Journal, 147, 354-360. https://doi.org/10.1016/j.ahj.2003.07.014

Sun, X., Hansen, J.E., Garatachea, N., Storer, T.W. and Wasserman, K. (2002) Venti-
latory Efficiency during Exercise in Healthy Subjects. American Journal of Respira-
tory and Critical Care Medicine, 166, 1443-1448.

https://doi.org/10.1164/rccm.2202033

Guazzi, M., De Vita, S., Cardano, P., Barlera, S. and Guazzi, M.D. (2003) Normaliza-
tion for Peak Oxygen Uptake Increases the Prognostic Power of the Ventilatory Re-

sponse to Exercise in Patients with Chronic Heart Failure. American Heart Journal,
146, 542-548. https://doi.org/10.1016/s0002-8703(03)00321-1

Sirichana, W., Neufeld, E.V., Wang, X., HU, S.B., Dolezal, B.A. and Cooper, C.B.
(2020) Reference Values for Chronotropic Index from 1280 Incremental Cycle Er-
gometry Tests. Medicine & Science in Sports & Exercise, 52, 2515-2521.
https://doi.org/10.1249/mss.0000000000002417

American Thoracic Society and American College of Chest Physicians (2003)
ATS/ACCP Statement on Cardiopulmonary Exercise Testing. American Journal of
Respiratory and Critical Care Medicine, 167, 211-277.

Wasserman, K. (2012) Principles of Exercise Testing and Interpretation. Kluwer/Lip-
pincott Williams and Wilkins.

Baba, R., Nagashima, M., Goto, M., Nagano, Y., Yokota, M., Tauchi, N., et al. (1996)
Oxygen Uptake Efficiency Slope: A New Index of Cardiorespiratory Functional Re-
serve Derived from the Relation between Oxygen Uptake and Minute Ventilation
during Incremental Exercise. Journal of the American College of Cardiology; 28,
1567-1572. https://doi.org/10.1016/s0735-1097(96)00412-3

Corra, U., Piepoli, M.F., Adamopoulos, S., Agostoni, P., Coats, A.].S., Conraads, V.,
et al. (2014) Cardiopulmonary Exercise Testing in Systolic Heart Failure in 2014: The
Evolving Prognostic Role. European Journal of Heart Failure, 16, 929-941.
https://doi.org/10.1002/ejhf.156

Palau, P., Dominguez, E., Seller, J., Sastre, C., Sanchis, J., Lopez, L., et al. (2023) Chro-
notropic Index and Long-Term Outcomes in Heart Failure with Preserved Ejection
Fraction. Revista Espaiiola de Cardiologia, 76, 511-518.
https://doi.org/10.1016/j.recesp.2022.08.002

Robbins, M., Francis, G., Pashkow, F.]., Snader, C.E., Hoercher, K., Young, ].B., et al.
(1999) Ventilatory and Heart Rate Responses to Exercise: Better Predictors of Heart
Failure Mortality than Peak Oxygen Consumption. Circulation, 100, 2411-2417.
https://doi.org/10.1161/01.cir.100.24.2411

Sarullo, F.M., Fazio, G., Brusca, I, Fasullo, S., Paterna, S., Licata, P., et al. (2010) Car-
diopulmonary Exercise Testing in Patients with Chronic Heart Failure: Prognostic
Comparison from Peak VO: and VE/VCO: Slope. The Open Cardiovascular Medi-

DOI: 10.4236/0jrd.2025.154012

169 Open Journal of Respiratory Diseases


https://doi.org/10.4236/ojrd.2025.154012
https://doi.org/10.1161/cir.0b013e3181e52e69
https://doi.org/10.1042/cs0400419
https://doi.org/10.1016/j.ahj.2003.07.014
https://doi.org/10.1164/rccm.2202033
https://doi.org/10.1016/s0002-8703(03)00321-1
https://doi.org/10.1249/mss.0000000000002417
https://doi.org/10.1016/s0735-1097(96)00412-3
https://doi.org/10.1002/ejhf.156
https://doi.org/10.1016/j.recesp.2022.08.002
https://doi.org/10.1161/01.cir.100.24.2411

A. Merchant et al.

(19]

(20]

(21]

(22]

(23]

(24]

(25]

[26]

(27]

(28]

(29]

(30]

(31]

(32]

cine Journal, 4, 127-134. https://doi.org/10.2174/1874192401004010127

Banydeen, R., Monfort, A., Inamo, J. and Neviere, R. (2022) Diagnostic and Prognos-
tic Values of Cardiopulmonary Exercise Testing in Cardiac Amyloidosis. Frontiers in
Cardiovascular Medicine, 9, Article ID: 898033.
https://doi.org/10.3389/fcvm.2022.898033

Shen, Y., Zhang, X., Ma, W., Song, H., Gong, Z., Wang, Q., et al. (2015) VE/VCO:
Slope and Its Prognostic Value in Patients with Chronic Heart Failure. Experimental
and Therapeutic Medicine, 9, 1407-1412. https://doi.org/10.3892/etm.2015.2267

Malhotra, R., Bakken, K., D’Elia, E. and Lewis, G.D. (2016) Cardiopulmonary Exer-
cise Testing in Heart Failure. JACC: Heart Failure, 4, 607-616.
https://doi.org/10.1016/j.ichf.2016.03.022

Ferreira, A.M., Tabet, J., Frankenstein, L., Metra, M., Mendes, M., Zugck, C., et al.
(2010) Ventilatory Efficiency and the Selection of Patients for Heart Transplantation.
Circulation: Heart Failure, 3, 378-386.

https://doi.org/10.1161/circheartfailure.108.847392

Lin, Y.S., Huang, H.Y., Lin, W.H., et al (2016) Oxygen Uptake Efficiency Slope Pre-
dicts Major Cardiac Events in Patients with End-Stage Heart Failure. Transplantation
Proceedings, 48, 956-958.

Brubaker, P.H. and Kitzman, D.W. (2011) Chronotropic Incompetence: Causes,
Consequences, and Management. Circulation, 123, 1010-1020.
https://doi.org/10.1161/circulationaha.110.940577

Zweerink, A., van der Lingen, A.C.]., Handoko, M.L., van Rossum, A.C. and Allaart,
C.P. (2018) Chronotropic Incompetence in Chronic Heart Failure: A State-of-the-Art
Review. Circulation: Heart Failure, 11, 1-14.
https://doi.org/10.1161/circheartfailure.118.004969

Witte, K.K.A. (2006) Chronic Heart Failure, Chronotropic Incompetence, and the
Effects of Blockade. Heart, 92, 481-486. https://doi.org/10.1136/hrt.2004.058073

Jamil, H.A., Gierula, J., Paton, M.F., Byrom, R., Lowry, J.E., Cubbon, R.M., et al.
(2016) Chronotropic Incompetence Does Not Limit Exercise Capacity in Chronic
Heart Failure. Journal of the American College of Cardiology;, 67, 1885-1896.
https://doi.org/10.1016/j.jacc.2016.02.042

Gordon, J., Michelis, K.C., Pandey, A., Ayers, C., Thibodeau, J.T., Grodin, J.L., et al.
(2023) Oxygen Uptake Efficiency Slope and Prognosis in Heart Failure with Reduced
Ejection Fraction. The American Journal of Cardiology, 201, 273-280.
https://doi.org/10.1016/j.amjcard.2023.06.033

Spiro, S.G., Juniper, E., Bowman, P. and Edwards, R.H.T. (1974) An Increasing Work
RATE Test for Assessing the Physiological Strain of Submaximal Exercise. Clinical
Science and Molecular Medicine, 46, 191-206. https://doi.org/10.1042/cs0460191

Mancini, D.M., Eisen, H., Kussmaul, W., Mull, R., Edmunds, L.H. and Wilson, J.R.
(1991) Value of Peak Exercise Oxygen Consumption for Optimal Timing of Cardiac
Transplantation in Ambulatory Patients with Heart Failure. Circulation, 83, 778-786.
https://doi.org/10.1161/01.cir.83.3.778

Garcia Bras, P., Gongalves, A.V., Reis, ].F., et al (2023) Cardiopulmonary Exercise

Testing in the Age of New Heart Failure Therapies: Still a Powerful Tool? Biomedicines,
11, Article 2208. https://doi.org/10.3390/biomedicines11082208

Wasserman, K., Whipp, B.J. and Casaburi, R. (1986) Respiratory Control During Ex-
ercise. In: Fishman, A.P. and Widdicombe J.G., Eds., Handbook of Physiology, Amer-
ican Physiological Society, 595-619.

DOI: 10.4236/0jrd.2025.154012

170 Open Journal of Respiratory Diseases


https://doi.org/10.4236/ojrd.2025.154012
https://doi.org/10.2174/1874192401004010127
https://doi.org/10.3389/fcvm.2022.898033
https://doi.org/10.3892/etm.2015.2267
https://doi.org/10.1016/j.jchf.2016.03.022
https://doi.org/10.1161/circheartfailure.108.847392
https://doi.org/10.1161/circulationaha.110.940577
https://doi.org/10.1161/circheartfailure.118.004969
https://doi.org/10.1136/hrt.2004.058073
https://doi.org/10.1016/j.jacc.2016.02.042
https://doi.org/10.1016/j.amjcard.2023.06.033
https://doi.org/10.1042/cs0460191
https://doi.org/10.1161/01.cir.83.3.778
https://doi.org/10.3390/biomedicines11082208

A. Merchant et al.

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

Bard, R, Gillespie, B., Clarke, N., Egan, T. and Nicklas, J. (2006) Determining the
Best Ventilatory Efficiency Measure to Predict Mortality in Patients with Heart Fail-
ure. The Journal of Heart and Lung Transplantation, 25, 589-595.
https://doi.org/10.1016/j.healun.2005.11.448

Ingle, L., Goode, K., Carroll, S., Sloan, R., Boyes, C., Cleland, J.G.F., et al (2007) Prog-
nostic Value of the VE/VCO Slope Calculated from Different Time Intervals in Pa-
tients with Suspected Heart Failure. International Journal of Cardiology, 118, 350-
355. https://doi.org/10.1016/j.ijcard.2006.07.105

Arena, R., Myers, J., Aslam, S.S., Varughese, E.B. and Peberdy, M.A. (2003) Technical
Considerations Related to the Minute Ventilation/carbon Dioxide Output Slope in
Patients with Heart Failure*. Chest, 124, 720-727.
https://doi.org/10.1378/chest.124.2.720

Tabet, J., Beauvais, F., Thabut, G., Tartiére, J., Logeart, D. and Cohen-Solal, A. (2003)
A Critical Appraisal of the Prognostic Value of the VE/VCO: Slope in Chronic Heart
Failure. Furopean Journal of Cardiovascular Prevention & Rehabilitation, 10, 267-
272. https://doi.org/10.1097/00149831-200308000-00008

Izraiq, M., AlBalbissi, K., Alawaisheh, R., Toubasi, A., Ahmed, Y., Mahmoud, M., et
al. (2024) Comparative Analysis of Heart Failure with Preserved vs Reduced Ejection
Fraction: Patient Characteristics, Outcomes, Mortality Prediction, and Machine
Learning Model Development in the JoHFR. International Journal of General Medi-
cine, 17, 3083-3091. https://doi.org/10.2147/ijgm.s465388

Shah, K.S., Xu, H., Matsouaka, R.A., Bhatt, D.L., Heidenreich, P.A., Hernandez, A.F.,
et al. (2017) Heart Failure with Preserved, Borderline, and Reduced Ejection Fraction:
5-Year Outcomes. Journal of the American College of Cardiology, 70, 2476-2486.
https://doi.org/10.1016/j.jacc.2017.08.074

Tsuchihashi-Makaya, M., Hamaguchi, S., Kinugawa, S., ef al. (2009) Characteristics
and Out-Comes of Hospitalized Patients with Heart Failure and Reduced vs Pre-
served Ejection Fraction. Report from the Japanese Cardiac Registry of Heart Failure
in Cardiology (JCARE-CARD). Circulation Journal, 73, 1893-900.

Triposkiadis, F., Xanthopoulos, A., Parissis, J., Butler, J. and Farmakis, D. (2022)
Pathogenesis of Chronic Heart Failure: Cardiovascular Aging, Risk Factors, Comor-
bidities, and Disease Modifiers. Heart Failure Reviews, 27, 337-344.

https://doi.org/10.1007/s10741-020-09987-z

DOI: 10.4236/0jrd.2025.154012

171 Open Journal of Respiratory Diseases


https://doi.org/10.4236/ojrd.2025.154012
https://doi.org/10.1016/j.healun.2005.11.448
https://doi.org/10.1016/j.ijcard.2006.07.105
https://doi.org/10.1378/chest.124.2.720
https://doi.org/10.1097/00149831-200308000-00008
https://doi.org/10.2147/ijgm.s465388
https://doi.org/10.1016/j.jacc.2017.08.074
https://doi.org/10.1007/s10741-020-09987-z

	Cardiopulmonary Exercise and Respiratory Function Testing and Their Association with Mortality and Heart Transplantation in Patients with Heart Failure
	Abstract
	Keywords
	1. Introduction
	2. Methods
	2.1. Patients
	2.2. Lung Function Testing
	2.3. Cardiopulmonary Exercise Testing
	2.4. Statistical Analysis

	3. Results
	3.1. Patient Characteristics
	3.2. Expired and Living Patients
	3.3. Transplanted versus Non-Transplanted Patients

	4. Discussion
	4.1. General Findings
	4.2. Expired versus Living Patients
	4.3. Transplanted versus Non-Transplanted Patients

	5. Strengths and Limitations
	6. Conclusions
	Conflicts of Interest
	References

