E applied sciences

Review

Exploring the Clinical Utility of Cardiorespiratory Optimal Point
in Heart Failure Patients: Creating a New Research Gap

Weder A. Silva 1, Alberto Souza S4 Filho 1@, Plinio S. Ramos 2(2, Adriana M. Giintzel Chiappa 3
Vicente Aprigliano 4*(, Iransé Oliveira-Silva !, Raphael Martins Cunha 1, James Oluwagbamigbe Fajemiroye 1,

Rodolfo P. Vieira 17, Gerson Ferrari ®7 and Gaspar R. Chiappa

check for
updates
Academic Editors: George A.

Koumantakis and Patsaki Irini

Received: 5 February 2025
Revised: 18 March 2025
Accepted: 19 March 2025
Published: 22 March 2025

Citation: Silva, W.A.; Sa Filho, A.S.;
Ramos, P.S.; Chiappa, AM.G.;
Aprigliano, V.; Oliveira-Silva, I;
Cunha, R.M.; Fajemiroye, J.O.; Vieira,
R.P; Ferrari, G.; et al. Exploring the
Clinical Utility of Cardiorespiratory
Optimal Point in Heart Failure
Patients: Creating a New Research
Gap. Appl. Sci. 2025, 15, 3495.
https://doi.org/10.3390/
app15073495

Copyright: © 2025 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ /creativecommons.org/
licenses/by /4.0/).

5
1,8,9

1 Graduate Program, Evangelical University of Goids (Um'EVANGELICA), Anapolis 75083-515, GO, Brazil;

proffweder@gmail.com (W.A.S.); alberto.filho@unievangelica.edu.br (A.S.S.E);

iranse.silva@unievangelica.edu.br (I1.O.-S.); prof. raphaelcunha@gmail.com (R M.C.);

jamesfajemiroye@ufg.br (J.O.F.); rodrelena@yahoo.com.br (R.P.V.); gaspar.chiappa@gmail.com (G.R.C.)

Faculdade de Ciéncias Médicas de Trés Rios, Trés Rios 25804-250, R], Brazil; pliniosramos@suprema.edu.br

3 Hospital de Clinicas de Porto Alegre, Porto Alegre 90035-903, RS, Brazil; aguntzel@hcpa.edu.br

Escuela de Ingenieria de Construccién y Transporte, Pontificia Universidad Catélica de Valparaiso,

Avda Brasil 2147, Valparaiso 2362804, Chile

Institute of Biological Sciences, Federal University of Goids, Campus Samambaia,

Goiania 74690-900, GO, Brazil

6 Facultad de Ciencias de la Salud, Universidad Auténoma de Chile, Providencia, Santiago 7500912, Chile;
gerson.demoraes@uautonoma.cl

7 Escuela de Ciencias de la Actividad Fisica, el Deporte y la Salud, Universidad de Santiago de Chile (USACH),
Estacién Central, Santiago 9170022, Chile

8 Faculty of Health Sciences, Universidad Auténoma de Chile, Providencia, Santiago 7500912, Chile

Health Sciences and Technologies Graduate Program, University of Brasilia, Centro Metropolitano,

Conjunto A—Lote 01, Ceilandia, Brasilia 72220-900, DF, Brazil

*  Correspondence: vicente.aprigliano@pucv.cl

Abstract: The cardiorespiratory optimal point (COP) is an emerging submaximal parameter
from cardiopulmonary exercise testing (CPET) that reflects the optimal balance between
cardiac workload and pulmonary ventilation. Recent studies have explored the clinical
utility and prognostic value of the COP in various populations, particularly in patients with
heart failure (HF). This comprehensive literature review evaluated the current evidence
on the COP and its potential as an independent risk factor for cardiovascular disease
and mortality. The COP has been identified as a predictor of all-cause and cardiovascu-
lar mortality, with elevated values being significantly associated with an increased risk.
Studies have demonstrated that higher COP values correlate with greater mortality risk
independent of traditional risk factors, with significant sex-based differences. Evidence
suggests that COP values greater than 26 significantly influence mortality rates and lead
to a worse prognosis in patients with HF. For example, individuals with a COP > 30 had
an approximately six-fold higher mortality risk (17.1%) than those with a COP < 22, and
the combination of a high COP (>30) + low VO,max leads to a significant increase in the
risks of adverse effects (30.9%). This underscores the importance of the COP in the clinical
management and risk stratification of HF patients. While the COP shows promise as a
valuable submaximal marker with significant prognostic implications, further research is
needed to establish its superiority over other established prognostic markers and elucidate
the underlying mechanisms linking the COP to health outcomes. Nonetheless, the ability of
the COP to predict mortality and enhance risk stratification in diverse populations makes it
a promising tool in clinical practice.
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1. Introduction

Cardiopulmonary exercise testing (CPET) has gained recognition as a valuable tool for
assessing functional capacity based on various factors and on athletic performance. Various
studies have shown that the utilization of CPET underscores the importance of identifying
non-invasive prognostic markers to enhance the detection of cardiovascular risk (CVR) [1].
Previous studies have specifically highlighted the significance of key markers, including
maximal oxygen consumption (V'Opmax) [2-4], the V'E-V/CO; slope ratio (ventilatory
efficiency index) [5,6], periodic breathing [7,8], AVO,/AWR (work rate) [9], kinetics of
oxygen consumption [10,11], circulatory power [12,13], and oxygen-uptake-efficiency slope
(OUES) [14,15]. These markers provided valuable insights into patients” physiological
status and overall cardiovascular health (Table 1).

Recent developments in this field have included the introduction of a novel marker
known as the cardiorespiratory optimal point (COP) (first described by Hollmann) [16], which
can be easily identified during submaximal tests (without the need to predispose patients to
strenuous physical activity) [17]. The COP represents the exercise intensity that maximizes
cardiorespiratory efficiency and is characterized by the lowest value of the ventilatory
equivalent of oxygen (V'E/V’O,) within a specific minute before reaching the first venti-
latory threshold [17,18]. This marker is interpreted as the minimum number of liters of
air required to extract one liter of oxygen through the bloodstream, thereby reflecting the
efficiency of the respiratory response to oxygen consumption during exercise [17-20].

A lower COP implies better cardiovascular conditioning, and the subject exerts less
effort to transport the same amount of oxygen, demonstrating a more efficient interaction
between the heart and the lungs [17,19,20]. It is important to note that further research
and scientific inquiry are necessary to better understand the implications and potential
applications of the COP in CPET.

The COP is influenced by factors, such as fitness level, sex, and age, that are important
in clinical practice. For instance, research has shown variations in the COP between
men and women, and it may also vary across age brackets [17,18]. Understanding and
identifying this marker is crucial because of its potential prognostic value [21]. Nevertheless,
we acknowledge the existence of several other non-invasive prognostic markers, some of
which have already been consolidated in the literature due to their predictive capacity for
mortality, such as V'O,, V'E-V'CO; slope, OUES, and others. Recently, Kroesen et al. [22]
demonstrated that the COP proved to be an excellent predictor of adverse outcomes in
patients with heart failure (HF), similar to the relative peak of VOjpeak and superior to
other classic maximal, submaximal, and multicomponent variables, and can be used as an
alternative to V'Ojpeak-

Despite these findings, the extent to which the COP may be superior to these markers
remains unknown. Additionally, there is a gap in knowledge regarding the behavior of the
COP in patients with inspiratory muscle weakness, such as patients with HE. Therefore, our
objective was to review studies with the highest quality of evidence regarding these topics
and that evaluated and/or compared the COP with other variables acquired during CPET.
Furthermore, we explore this new gap in the population with HF, in order to encourage
new research on this relevant marker.
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Table 1. Cut-point values for prognostic variables derived from cardiopulmonary exercise testing.

P{;;fir;%ilc N;;nﬁl;irtsof Cut-Point Values for Poor Prognostic
Peak V'O, Mancini et al. [3] 114 <14 mL/kg.min~!
Myers et al. [4] 644 <10 mL/kg.min~!
Stelken et al. [2] 181 <50% of predicted
V'E-V'CO; slope Chua et al. [5] 173 >34
Corra et al. [7] 600 >34
Periodic breathing Corra et al. [6] 323 PB > 60% of time, amplitude > 14%
Leite et al. [8] 84 More than 2 regular oscillations, amplitude > 5 L
AV'O,/AWR Koike et al. [9] 385 <7
V'O, kinetics in the recovery Groote et al. [10] 153 Peak V'O; > 39% of predicted and R V'O, < 2.5
Scrutinio et al. [11] 196 Ty V'O, peak > 200s
Circulatory power Cohen-Solal et al. [12] 175 <3.047 mL/(kg.min~1) mm Hg
Scharf et al. [13] 154 <5.000% mm Hg
cor Silva et al. [20] 2205 >23.3
Laukkanen et al. [21] 3160 >24.3
Laukkanen et al. [23] 2190 >29
Peterman et al. [24] 3160 >24
Ferreira et al. [25] 2190 >23.3
Wernhart et al. [26] 2205 >26
Ramos et al. [17] 277 Low: <26.0; Moderate: 26.0-30.7; high: >30.7
Charitonidis et al. [27] 30 >36

AV'O,/AWR indicates delta oxygen-uptake/delta-work-rate slope; peak V'O,, peak oxygen uptake; R V'O,, the
ratio between total V'O, during and after exercise; T1,, V'O, peak, time to reach 50% of peak oxygen uptake
during recovery; V'E-V'CO; slope, the ratio of the increase in minute ventilation to the increase in carbon dioxide
output expressed as a slope; and COP, cardiorespiratory optimal point.

2. Methods

Our research was conducted independently, focusing on trials published in English
within the last 20 years to ensure a comprehensive body of evidence for discussion. Be-
ginning in February 2024, two independent researchers (W.A.S. and G.C.) systematically
searched multiple databases, including PubMed, Bireme, Web of Science, and Scopus. To
enhance the thoroughness of our review, we also examined the reference lists of retrieved
articles for additional relevant studies. Each researcher conducted an individual search,
after which they compared their results to screen and select the most pertinent articles. The
search strategy incorporated Boolean operators and keywords, including “cardiorespiratory
optimal point” or “COP”, “cardiopulmonary exercise testing” or “CPET”, “submaximal
exercise testing”, “ventilatory efficiency” or “V'E/V'CO; slope”, “oxygen uptake” or “VO,”
or “VO, max”, “heart failure” or “congestive heart failure” or “"HFrEF” or “HFpEF”, and
“prognostic marker” or “predictive value” or “mortality risk”. However, it is necessary to
emphasize that we did not significantly restrict the selection of studies given the scarcity of
research involving the topic as this could have compromised our discussion.

3. Is the COP a New and Reliable Marker?

The COP is a relatively recent marker of cardiovascular risk. It was initially doc-
umented in 2012 by Ramos et al. [17] and subsequently corroborated by other stud-
ies as an additional non-invasive prognostic marker of interest in the field of cardiol-
ogy [17,19-21,23,28]. Despite the limited number of publications on this topic that relate to
healthy individuals, preliminary studies have indicated its potential utility as a predictive
tool for assessing mortality and cardiovascular risk [16-19], especially in patients with a
previous diagnosis of HF [22,25,26]. As mentioned above, one of the main advantages of
the COP is that it can be measured relatively easily during submaximal exercise tests on
a treadmill or stationary bicycle, as opposed to other available markers such as oxygen
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consumption [21]. Recent studies have suggested that the COP may better indicate car-
diovascular disease risk than other traditional markers [21,23]. In addition, research has
shown that lower COP values are associated with a reduced risk of coronary artery disease,
stroke, and HF [25].

The concept of the COP is important in exercise physiology [17,19,20,22,23,25,26,28].
The literature defines the COP as the highest level of interaction between the efficiencies
of the cardiovascular and respiratory systems [17,19,23]. Studies have reported average
values ranging from 24 to 26 in healthy individuals [17,19,24]. However, when analyzing
the average values of patients with HF, an increase in these values was observed from 29 to
36 [18,22,23,25,26,29]. Previous studies have shown that higher COP values are associated
with a higher risk of death (see Table 2).

Table 2. Description of mortality studies and cut-off point values of the COP.

Author, Year

Sample

Age, Years

Number Size (Mean + SD)

VO, Results and Cut-Off Point Values

Ferreira Reis et al.

[25]

COP had the highest predictive power of all
parameters analyzed in submaximal CPET, with a
value >36 achieving a sensitivity of 100% and a

Adult patients with 442 179+ 6.1 specificity of 89% for the primary outcome (death

HFrEF

56.2 = 12.5 .

(80% male) mL/kg.min~ and heart transplantation).
Mean 29.6 + 7.4—>36 (Worse prognostic)
20% reduction in survival at 30 months of

follow-up

Ramos et al. [18]

Healthy (18%) or
with chronic
disease (81%)

The all-cause mortality rate increased from 1.4%
for COP < 22 to 17.1% in subjects with COP > 30.
That is, COP is a good predictor of all-cause
mortality, as it indicates that individuals with
COP > 30 exhibited approximately six times

1 greater risk of mortality than those with COP < 22.
The combination of high COP (>30) + low VO,max
showed high mortality (30.9%) and low COP (<22)
+ VO;max mortality was only 0.5%.
COP: 22-30 HR 2.15 [95% CI 1.15-4.03]
>30—HR 3.72 [1.98-6.98]

23.9 +10.1

3331 58 £11.1 mL/kg.min~

Peterman et al.
[24]

The cardiorespiratory optimum was significantly
lower in participants identified as alive compared
to those who died at follow-up (24.3 + 4.7 and
26.0 £ 5.4, respectively). In conclusion, COP is

Healthy adults (46% 32.8+£10.5 predictive of all-cause mortality in men, regardless

females)

3160 44.0 £12.5 1

mL/kg.min~ of traditional risk factors including VO,. For
women, however, COP is unrelated to mortality
after adjusting for possible confounders.

Mean 24.6 + 4.9; Survivor 24.3 + 4.7; Deceased

260+£54

Laukkanen et al.
[29]

In age-adjusted analysis, the HR (95% CI) per 1 SD
increase in COP for SCD was 5.02 (2.85-8.85),
which was attenuated to 2.51 (1.36-4.62) after
further adjustment for the conventional risk factors
(smoking status, history of type 2 diabetes, systolic
blood pressure, total cholesterol, high-density

Men Participants of lipoprotein-cholesterol, low-density lipoprotein

the Kuopio
Ischaemic Heart
Disease
risk factor study
was used for the
current analysis

cholesterol, body mass index, fasting plasma
glucose, alcohol consumption, prevalent coronary
heart disease, family history of coronary heart
disease, use of cholesterol medication, total
physical activity and socioeconomic status.
Mean: 23.3 + 4.5;

COP adjusted for age:

<24.6 = HR 1.30 [0.92-1.84] (p = 0.14)

>24.7 = HR 2.11 [1.52-2.94] (p < 0.001)

COPD adjusted for other risk factors

<24.6 = HR 1.23 [0.87-1.75] (p = 0.24)

>24.7 = HR 1.55 [1.10-2.19] (p < 0.001)

2427 £ 623

2.190 528 £5.1 mL/min
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Table 2. Cont.

Author, Year

Sample

Age, Years

Number Size (Mean + SD)

VO, Results and Cut-Off Point Values

Laukkanen et al.
[23]

Participants of the

Kuopio Ischaemic
Heart Disease

During a median follow-up of 28.8 years, there
were 402 CHD deaths, and risk of CHD mortality
increased continuously with increasing COP from
26. During the follow-up period, there were 607
CVD deaths and the risk of CVD mortality
increased continuously with increasing COP from
25. A total of 1348 all-cause deaths occurred during
2205 508452 30.5+ 7.971 the follpw;up period, an_d the risk of all_-causeA
mL/kg.min mortality increased continuously with increasing
COP from 25 onwards. all causes in dose-response
modes. COP during exercise may improve
long-term risk prediction for CVD mortality.
Mean 23.3; COP to all-cause mortality
1 SD increase HR 3.46 [2.66—4.51]
Quintile (23.97-26.30): HR 1.35 [1.12-1.61];
Quintile (>26.30) HR 1.99 [1.67-2.37]

Kroesen et al.
[22]

HF patients

Median COP was 28.2 [24.9-32.1] and was reached
at 51 + 15% of VO, peak. Lower age, female sex,
higher body mass index, the absence of a
pacemaker or the absence of chronic obstructive
pulmonary disease and lower NT-pro-BNP
concentrations were associated with a lower COP.
Participation in cardiac rehabilitation (CR) reduced
13.9 [11.0-17.5] COP (—0.8, 95% confidence interval (CI): —1.3;
mL/kg.min~! —0.3). Low COP had a reduced risk (adjusted
hazard ratio 0.53, 95%CI 0.33; 0.84) for adverse
clinical outcomes as compared to high COP.
The low COP group (18.0-26.0) had a 0.53 times
risk (95% CI: 0.34; 0.85) of clinical outcomes
compared to the high COP group (30.7-57.7). HRs
of the moderate COP group (26.0-30.7) did not
differ from the high COP group

277 67 [58-74] Years

Abbreviations: COP = cardiorespiratory optimal point; SD = standard deviation; V'O, = oxygen uptake; and
HFrEF = heart failure with reduced ejection fraction. In brackets = minimum and maximum values.

Significantly higher COP values represent an imbalance between the cardiac and
respiratory systems, directly impacting the efficiency of these mechanisms, compromising
the ventilatory response during exercise, and, consequently, culminating in an increase in
the V'’E-V'CO; intercept, as well as ventilation variability, which may be associated with a
higher incidence of periodic breathing [30,31].

Additionally, changes in central mechanisms, such as cardiac output (SV x HR), and
peripheral mechanisms, such as peripheral extraction rate, can compromise cardiopul-
monary interactions. This has been observed in patients with HF and chronic obstructive
pulmonary disease [32-34]. These adaptations could lead to changes in the COP values.
Kroesen et al. [22] demonstrated that the COP is associated with classic risk factors and
that a cardiac rehabilitation program can significantly reduce COP values and improve the
clinical prognosis of patients with HE.

Several studies have investigated differences in the COP between men and
women [19,23,24]. Ramos et al. [17] analyzed COP behavior in 624 middle-aged indi-
viduals (387 men and 237 women) and observed differences between the sexes, which were
mainly attributed to lower V'O, max, V'E, and body dimensions. Additionally, age and
sex significantly predicted the COP variable based on linear regression analysis (p < 0.001),
explaining 18% and 13% of COP variations in healthy men and women, respectively.
Oyarzo-Aravena et al. [19] added that, in trained individuals, the COP also differed signifi-
cantly by sex, being lower in male athletes (COP between 22 and 30; p < 0.001). The authors
also highlighted that such differences seem to be independent of the training regime, which
corroborates the previously described points [19]. We believe that other factors may also
influence the COP and should be investigated, such as general health status, the type of
ergometer used, and the force generation capacity of the inspiratory muscles.

Regarding the force generation capacity of inspiratory muscles, no studies have exam-
ined the relationship between inspiratory muscle weakness (maximal inspiratory pressure
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[PImax] < 70 cmH,0) [35] and the COP response in patients with HF. However, in order to
broaden the perspective on the subject, we will present information derived from secondary
data from our databases (not published, but carried out from the population available in
the article by Ramalho et al. [36]). Our group observed this phenomenon in 256 patients
with HF with preserved inspiratory muscle strength (n = 54 and COP = 24.27 + 3.29).
These patients had lower COP values than those with inspiratory muscle weakness (IMW)
(IMW, n = 202; COP = 4291 £+ 9.98; and p < 0.001) (Figure 1). Furthermore, IMW was
negatively correlated with the COP (r = —0.51; p < 0.001), suggesting that a decrease in
PImax may increase the COP. In this cohort, we found that HF patients with IMW showed a
higher mortality rate than those with preserved inspiratory muscle strength (x? = 6.988 and
p = 0.03; Figure 1). Illustrative examples of HF patients with and without IMW are shown
in Figures 2 and 3. It is worth noting that HF patients with IMW experience significant
changes in functional capacity, ventilation efficiency, and exercise tolerance. The differ-
ences between these two conditions, which are primarily related to the IMW component,
were noteworthy.

Kaplan-Meier survival estimates

1.0
0.8
06
©
2
£
wv 0.4
s O iMw T
> 404
w
=3
v s | & .
g 204 —7 COP < 36 and PlImax < 70 cmH,0O
-1 COP < 36 and PImax > 70 cmH,0
1 COP 2 36 and PImax < 70 cmH,O
o_
0.0 IMSP  IMW
0 20 40 60 80

Time (month)

Figure 1. Kaplan-Meier survival estimates based on pulmonary reserve capacity (COP) and maximal
inspiratory pressure (PImax) levels. The curves represent different combinations of COP and PImax:
COP < 36 and PImax < 70 cmH,O (blue line), COP < 36 and PImax > 70 cmH,O (red line), and
COP > 36 and PImax < 70 cmH,O (green line). The inset boxplot compares COP between IMSP and
IMW group, showing a statistically significant difference (*** p < 0.001).

The presence of inspiratory muscle weakness in HF has been considered an inde-
pendent predictor of mortality that is more accurate than the 6 min walk distance and
left ventricular ejection fraction, as referenced previously [36]. However, the effect of the
combination of the COP and IMW on mortality in patients with HF remains unknown.
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Figure 2. Illustrative examples of cardiopulmonary exercise test responses in HF patients with IMW.
A multi-panel graphic display to represent metabolic (C,E), cardiovascular response (B,E), ventilatory
(A,D,F), gas exchange (F,H,I), and breathing pattern (G) variables during an incremental CPET. In
a 58-year-old heart failure patient with inspiratory muscle weakness (PImax = 40 cm H,O), with a
severely reduced ejection fraction.
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Figure 3. [llustrative examples of cardiopulmonary exercise test responses in patients with HF without
IMW. A multi-panel graphic display to represent metabolic (C,E), cardiovascular response (B,E), venti-
latory (A,D,F), gas exchange (F,H,I), and breathing pattern (G) variables during an incremental CPET.
In a 56-year-old heart failure patient with inspiratory muscle strength preserved (PImax = 98 cmH;0),
with a severely reduced ejection fraction.

4. Does COP Have Independent Prognostic Value?

Several studies have evaluated the prognostic relevance of the COP for adverse cardio-
vascular disease outcomes and mortality [17,18,21,23-25,29]. A study of healthy individuals
found that the COP was associated with fatal mortality outcomes and that high COP values
were associated with a higher risk of mortality [29]. The authors demonstrated a strong and
independent association between the COP and coronary disease, general cardiovascular
disease, and all-cause mortality when the COP was greater than 25, following a dose—
response relationship. Laukkanen et al. [23], in a prospective study with a mean follow-up
of 28 years, demonstrated the existence of a linear relationship between the COP and the
risk of sudden cardiac death following a dose-response relationship in middle-aged men.
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The authors further stated that the COP could potentially be used to predict the established
cardiovascular disease risk factors.

Consequently, these studies posited that the COP is a variable capable of detecting car-
diovascular risk and mortality in both healthy individuals and those with HF, as previously
noted. However, they did not compare its predictive capacity for mortality with those of
other variables commonly used in the literature. This constitutes a critical consideration
because, while the COP may demonstrate significant values in a univariate analysis model,
its performance may differ in a multivariate logistic regression model, implying that it may
not independently influence mortality. In contrast, Ramos et al. [18] have incorporated
several variables into the multivariate model, such as age, smoking status, history of type
2 diabetes, systolic blood pressure, total cholesterol, high-density lipoprotein cholesterol,
low-density lipoprotein cholesterol, body mass index, fasting plasma glucose, alcohol
consumption, prevalent coronary heart disease, family history of coronary heart disease,
use of cholesterol medication, total physical activity, and socioeconomic status, highlighting
the crucial role of the COP as a predictor of mortality.

We analyzed the data collected by our group on patients with HF [36], examining the
ROC curve behavior of various non-invasive prognostic variables such as the COP, V'O,,
PImax, V'E-V'CO; slope, 6 min walk test, OUES, and circulatory power (Table 3). The COP
had the lowest area under the ROC curve, demonstrating a lower sensitivity than the other
variables (Figure 4). The OUES significantly outperformed the reference line, exhibiting a
larger area than all other variables. This appears to be a unique finding, suggesting that
the OUES variable may be a better predictor of mortality than the COP. However, further
studies are required to confirm these results.

Table 3. Receiver operating characteristic area under the curve (AUC).

Variables AUC
cor 0.371
V'Oyp 0.859
PImax 0.769
V'E-V'CO; slope 0.386
6 MWT 0.731
OUES 0.976
Circulatory power 0.511

COP = cardiopulmonary optimal point; V'O, = oxygen uptake; PImax = inspiratory muscle pressure;
V'E-V'CO; = ventilatory response to carbon dioxide output; 6 MWT = 6 min walk test; and OUES = oxygen-
uptake-efficiency slope.

Consequently, the COP may represent an essential index for the risk of mortality,
demonstrating an inverse and dose-dependent relationship. The higher the COP value, the
greater the risk of mortality from cardiovascular disease and all-cause mortality. Finally,
the determination of the COP could also have prognostic utility, being relevant when a
test of maximum effort is not feasible or desirable. However, further research is needed to
confirm its prognostic relevance, with more comprehensive studies in different populations,
particularly in patients with HF.
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Figure 4. The figure presents ROC (receiver operating characteristic) curves comparing the prognostic
capacity of different variables obtained from cardiopulmonary tests. The area under the curve
(AUC) indicates the predictive accuracy of each parameter. The OUES (oxygen-uptake-efficiency
slope) demonstrated the highest accuracy (AUC = 0.976), followed by PImax (maximum inspiratory
pressure) with an AUC of 0.769. In contrast, COP (cardiorespiratory optimal point) exhibited lower
performance (AUC = 0.371), indicating reduced sensitivity and specificity in predicting adverse
clinical outcomes. The reference line represents a random prediction model (AUC = 0.5). This
comparison highlights the potential of an OUES as a robust marker for clinical decision-making in

HF patients.

5. Is the COP Concept Comparable to That of the
Oxygen-Uptake-Efficiency Slope?

The concept of the COP is not similar to that of an OUES. These are distinct concepts
in the field of cardiopulmonary physiology. On the one hand, the COP refers to the ideal
balance between the cardiovascular and pulmonary systems during exercise, representing
the optimal level of oxygen uptake, ventilation, and other physiological variables that
maximize exercise efficiency.

In contrast, the OUES is a measurement of functional cardiopulmonary reserve de-
rived from the submaximal values of oxygen uptake obtained during CPX [37,38]. It
involves plotting oxygen uptake (V'O,) against the logarithm of minute ventilation (V'E) at
submaximal work rates and calculating the slope of the line using the following equation:

[V'O, =a x log V'E + b]

where “a” denotes the OUES value. A higher “a” value indicates a steeper slope and
superior oxygen-uptake efficiency during exercise [39]. The OUES value represents the
steepness of the slope, which reflects oxygen-uptake efficiency during exercise.

A general interpretation is that a higher OUES is associated with greater efficiency in
oxygen uptake during exercise. This means that an individual can achieve a higher level of
V'O, relative to ventilation, indicating better cardiopulmonary performance. Furthermore,
the OUES has been used as an indicator of cardiopulmonary function in diverse popula-
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tions [40—42], such as patients with HF [38,43,44] and coronary artery disease [45,46]. A
lower OUES value has been associated with worse clinical outcomes and prognoses for
patients with these conditions [47,48], whereas a higher OUES value is associated with a
better prognosis and response to therapeutic interventions.

However, it is important to note that the specific interpretation of the OUES may
vary depending on the clinical context, study population, and other variables assessed. In
this context, it is crucial to comprehensively consider the clinical information and results
of other cardiopulmonary function tests in conjunction with the OUES to understand an
individual’s functional capacity. We evaluated 256 patients with HF and categorized them
into two groups: COP < 36 (n = 105) and COP > 36 (n = 151). We assessed the OUES
(2775 + 574 vs. 1760 + 664 and p < 0.001), V'O; (19.70 + 5.6 vs. 16.93 + 6.0 mL/kg.min !
and p < 0.001), and PImax (68 £ 16 vs. 53 £ 11 cmH,0O and p < 0.001) [36]. These data
suggest that low OUES values result in higher COP values, further supporting the notion
that the COP may have a significant clinical utility as an independent prognostic marker.

6. Clinical and Prognostic Applications

The COP holds significant promise as a prognostic and clinical marker, offering non-
invasive insights into cardiorespiratory efficiency that can be applied across various patient
populations [19,22,49]. Its submaximal nature makes it particularly advantageous for
evaluating individuals who may not tolerate maximal exercise testing, including older
adults, patients with HF, and individuals with respiratory limitations [50].

As a measure that reflects the efficiency of oxygen uptake at low intensity, the COP can
provide valuable information about a patient’s cardiorespiratory health without imposing
the physical demands associated with maximal exertion. For instance, evidence suggests
that COP values exceeding 26 significantly influence mortality rates and lead to a worse
prognosis in patients with HF due to a pronounced imbalance between ventilatory demand
and cardiac function, following a dose-dependent relationship [24]. That is, individuals
with a COP > 30 had approximately six times greater risk of mortality (17.1%) than those
with a COP < 22 [18]. This characteristic has spurred growing interest in its application as
a prognostic marker for assessing and monitoring patients at risk of cardiovascular and
respiratory conditions. In populations undergoing rehabilitation, such as post-myocardial
infarction patients or those recovering from HF, a COP reduction may demonstrate improve-
ments in response to rehabilitation interventions. Therefore, it is important to emphasize
that submaximal exercise testing is less expensive, easier to perform or repeat to observe
changes in clinical status or treatment options, and less burdensome for patients compared
with maximal exercise testing [51,52].

However, despite its potential, we realize that, to date, the COP should not be seen as
a marker that will replace CPET (VOppeak), but rather as a complementary variable, with
greater applicability when it comes to clinical monitoring. Finally, longitudinal follow-up
studies in different populations and across different levels of clinical severity are needed to
identify the effects of different types of cardiovascular rehabilitation on COP behavior.

7. Future Studies

There is still a lack of information in the literature regarding the effects of interventions
on the COP. However, some studies have shown associations between the COP and those
cardiopulmonary variables that can be used to determine athletic performance [19]. Never-
theless, Silva et al. [20] did not find the same association when evaluating 198 professional
soccer players according to their different positions on the field, demonstrating that the
COP is a distinct variable, although complementary to the analyzed variables (V'O,max
and anaerobic threshold). Similarly, more recently, Charitonidis et al. [27] found no asso-
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ciation between the COP and V'O,max or ventilatory threshold in adolescent male and
female volleyball players, corroborating the findings of Silva et al. [20].

Additionally, there is still a lack of studies addressing the influence of the type of
ergometer used, type of exercise, type of protocol, body position (prone, supine, reclined,
sitting, or standing), diet (high in carbohydrates versus high fat), menstrual cycle, and
medications on the COP, and/or the influence of ergogenic resources, and mechanistic and
physiological studies.

Finally, a clear advantage of the COP is that it does not require elevated levels of
exertion during CPET, making it beneficial for individuals who are exercise intolerant or
unable to perform the test. As a result, the COP serves as a valuable and applicable index,
particularly for groups that require specialized expertise. In this regard, it is important
to consider that individuals with panic disorder may experience compromised results
during CPET because of phobic anxiety, which can consequently affect their breathing
capacity [28,53,54]. Ramos et al. [28] sought to test the hypothesis that exercise-related
respiratory symptoms in patients with panic disorder are not abnormalities in cardiores-
piratory interactions. To this end, the authors compared the COPs of patients with panic
disorder with those of healthy individuals matched by sex and age. The results showed
no significant difference in the COP between the patients with panic disorder and healthy
individuals (21.9 & 0.47 versus 23.4 £ 0.65 and p = 0.067).

Ferreira Reis et al. [25] tested 442 individuals with HF and reduced ejection fraction
to evaluate and compare the prognostic power of several parameters during submax-
imal CPET for risk stratification and found that the COP had the greatest prognostic
power among all analyzed parameters, even being superior to V'Op,max. Furthermore,
a COP value > 36 achieved 100% sensitivity and 89% specificity for predicting death
and heart transplantation outcomes. Another interesting point was that the COP main-
tained its high predictive power regardless of sex, age, disease etiology (ischemic or
non-ischemic), baseline heart rate (sinus rhythm or atrial fibrillation), and the presence of
chronic kidney disease.

In older adults, Cofre-Bolados et al. [49] found that after 18 months of detraining
due to the limitations inherent to the SARS-CoV-2 pandemic, octogenarian older adults
demonstrated changes in different submaximal parameters obtained from CPET when
compared to the cutoff values existing in the literature, including the COP; 32% of the
evaluated cases had values greater than 30, indicating a worse prognosis, according to a
previously published study [25]. In summary, few studies have evaluated the COP in vul-
nerable populations, and there is an emerging need for new studies in special populations,
particularly given that the COP is an index with prognostic potential.

Recently, Kroesen et al. [22] demonstrated that the COP is a robust and promising tool
for risk stratification in patients with HF. Through detailed analyses, the COP exhibited
high sensitivity (100%) and specificity (89%) in predicting critical outcomes, such as death
and heart transplantation, in patients with HF and reduced ejection fraction. Moreover, the
COP stood out as the parameter with the greatest prognostic power during submaximal
testing, surpassing VO,max in predictive efficacy. These findings highlight the COP’s
potential as a practical and reliable alternative for assessment in vulnerable populations,
particularly those with exercise intolerance or an inability to perform maximal tests. Thus,
the COP has emerged as a valuable tool for guiding clinical decisions in specialized set-
tings while underscoring the need for further studies in specific populations and diverse
clinical scenarios.



Appl. Sci. 2025, 15, 3495

13 of 16

8. Perspectives and Limitations

This literature review focuses on the COP as an emerging prognostic marker that has
garnered increasing attention in diverse populations. Recent research suggests that the
COP may serve as a greater indicator of mortality risk than conventional measures, such
as V'O,max and maximum heart rate, because this marker considers cardiovascular and
pulmonary capacity and the interplay between these systems.

With advances in technology, novel tools and devices may be developed to measure
and monitor the COP more accurately and efficiently, facilitating a deeper understanding of
how the COP is related to mortality in different populations. Furthermore, investigating this
marker could enhance our understanding of the underlying mechanisms linking cardiores-
piratory fitness and health, thereby aiding in the identification of strategies for preventing
and treating chronic diseases associated with physical inactivity and sedentary lifestyles.

So far, it is worth noting that the COP does not have a scientifically robust basis;
there is a lack of mechanistic studies that demonstrate the potential and originality of
the COP as an independent index, despite some existing work illustrating some possible
prognostic value, especially in clinically impaired individuals. For instance, individuals
with cardiorespiratory complications commonly present high basal levels of ventilation at
rest, which, in turn, predisposes these individuals to a high probability of demonstrating an
elevated COP. In addition, it is unclear what additional clinical and prognostic information
is gained by examining the COP metric because elevations in V'E-V'CO, at the VT1 point
and V'E-V’'CO; slope would provide obvious prognostic information that is sought when
ordering a CPET. In this way, this substantial oversight is concerning because a large number
of studies published by the Wasserman and Whipp group clearly detail the significance of
gas exchange and ventilatory response during the part of the exercise that is being proposed
in these more modern studies, such as the COP. Another point that requires attention
concerns the heterogeneity of the studies reviewed, especially in terms of the subtypes of
HEF, sex, age group, type of ergometer used, and level of physical conditioning. Additionally,
it is worth noting that the COP has poor performance in multivariate models, some of the
reasons being the complexity of the data and the interaction between multiple variables, as
demonstrated by a study that used different adjustment models for conventional risk factors
and found important reductions in COP prediction after multivariate analyses [23,24]. For
example, collinearity can lead to instability problems in the model coefficients and make
it difficult to identify the real impact of the COP on predictions or relationships between
variables. Furthermore, in some cases, the COP alone may not be sufficient to represent all
aspects of cardiorespiratory health or disease severity. Subgroup analyses can provide a
more detailed and accurate view, adjusting the interpretation of the COP according to the
specific characteristics of the patients.

Finally, additional studies are required to gain a deeper understanding of the
potential of the COP as an independent marker in both healthy and cardiovascular
patient populations.

9. Conclusions

The COP is a dimensionless and easily obtainable variable that requires only the V'E
and V'O,max data extracted during CPET at a reasonably low intensity before the first
ventilatory threshold. The strong association between the COP and classic ergospirometric
variables, such as maximum oxygen consumption (VO;max) and ventilatory efficiency
(V'E-V'CO; slope), indicates that its application can add value to clinical practice. Studies
highlight the COP as a prognostic marker, offering a new perspective on physical fitness,
chronic disease risk, and mortality. The COP can signal declining ventilatory efficiency in
patients with inspiratory muscle weakness, with values above 26 being associated with



Appl. Sci. 2025, 15, 3495 14 0f 16

higher mortality and leading to a worse prognosis in patients with HF due to a ventilatory—
cardiac imbalance. Studies are required to fill gaps in the scientific literature and provide
an understanding of the potential uses of the COP, mainly in patients with HE.
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