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Abstract: Chronic obstructive pulmonary disease (COPD) is a heterogeneous, progressive lung disorder. Despite its high prevalence,
predicting clinical outcomes remains challenging. Various cardiopulmonary exercise testing (CPET) variables have been suggested as
prognostic markers in COPD, but their role in clinical practice remains unclear. After registration in PROSPERO (ID
CRD42024569879), a literature search of the Pubmed, Embase, Web of Science, Cochrane library and Scopus databases was carried
out in August 2024. Study selection followed the PRISMA guidelines. Prospective and retrospective cohort studies evaluating
associations between CPET variables and clinical outcomes in patients with COPD were included. Risk of bias was evaluated
using the QUIPS tool. Data were extracted and synthesized narratively. A random-effects meta-analysis was planned if multiple studies
reported comparable CPET variables, outcomes, and effect measures. Sixteen articles were included, three of which had an overall
high risk of bias. Peak oxygen uptake (VO,peak) was consistently associated with mortality in univariate analyses, but its independent
prognostic value in multivariable models was inconsistent. A random-effects meta-analysis of three studies evaluating VO,peak
expressed as mL/kg/min did not demonstrate a statistically significant independent association with mortality (pooled HR 0.94, 95%
CI 0.87-1.00; I? = 63%). Ventilatory efficiency (VE/VCO,) was identified as a significant prognostic marker in multiple studies. Other
CPET-derived variables failed to show an independent association with mortality, although heterogeneity in metrics and adjustment
strategies limited comparability. Evidence for other CPET-derived variables and for predicting severe acute exacerbations of COPD
(AECOPD) or hospitalization was limited and inconsistent. CPET-derived variables, particularly VO,peak and VE/VCO,, are
associated with mortality in COPD, but evidence for their independent prognostic value and incremental benefit over established
composite indices remains limited. Current data do not support routine use of CPET variables for prognostic stratification in COPD,
apart from VO,peak as a marker of exercise capacity within the modified BODE index.
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Introduction
Chronic Obstructive Pulmonary Disease (COPD) is a heterogeneous, progressive lung disorder, marked by persistent
airflow obstruction and respiratory symptoms (eg. dyspnea, coughing and sputum production), which may acutely worsen
during exacerbations. COPD is currently among the top three causes of death worldwide and represents a major global
health burden.'*?

COPD severity is traditionally classified by the degree of airflow obstruction, assessed by the forced expiratory
volume in one second (FEV;), but pulmonary function impairment alone is insufficient as a predictor of clinical
outcomes such as mortality, lung transplantation and/or severe acute exacerbations.> This limitation likely reflects the

systemic nature of COPD, in which chronic inflammation also leads to extrapulmonary manifestations and/or
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comorbidities, such as skeletal muscle dysfunction and cardiovascular disease, negatively affecting functional capacity
and prognosis.* As a result, predicting outcomes in COPD remains challenging. To better capture this multisystemic
involvement, composite prognostic scores are often used in clinical practice. The BODE index, which incorporates BMI,
FEV,, dyspnea, and 6-minute walking distance (6MWD), predicts mortality more accurately than every individual
component alone.*”

Given its ability to provide detailed information on the integrative function of the respiratory, cardiovascular, muscular,
and neurologic systems during exertion, the prognostic use of incremental cardiopulmonary exercise testing (CPET) in
patients with COPD has been investigated.® CPET is currently used in patients with COPD to detect coexisting conditions, to
identify the mechanisms of exercise limitation and for exercise prescription, but not for risk stratification.® The Global
Initiative for Chronic Obstructive Lung Disease acknowledges peak oxygen uptake (VO,peak) as a measure of exercise
capacity with prognostic relevance, but refrains from providing specific recommendations regarding its interpretation,
thresholds, or clinical application.” Moreover, CPET yields a wide range of additional physiological variables (Figure 1;
Table 1), many of which reflect distinct pathophysiological domains of exercise intolerance and may therefore offer
complementary prognostic information. Despite this physiological appeal and established use for other clinical indications,
the prognostic value of CPET-derived variables in COPD has not been systematically synthesized.

The primary objective of this systematic review is to identify which CPET variables are most consistently associated
with clinical outcomes in patients with COPD, including mortality, lung transplantation and severe acute exacerbations
(AECOPDs). We aim to provide a comprehensive understanding of the clinical relevance of CPET as a prognostic tool
for patients with COPD.

Methods

Study Registration and Search Strategy
The study protocol was registered in the International Prospective Register of Systematic Reviews (PROSPERO) on
16 July 2024 (ID CRD42024569879). A web-based literature search of the Pubmed, Embase, Web of Science, Cochrane

Figure 1 Most common non-invasive measurements obtained during cardiopulmonary exercise testing (CPET), illustrated on a cycle ergometer. |) Oxygen uptake (VO,),
carbon dioxide production (VCO,) and ventilation (VE), 2) electrocardiogram (ECG) and heart rate (HR), 3) blood pressure, 4) peripheral oxygen saturation (SpO,), 5)
work rate (W).
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Table 1 Overview of Primary Noninvasive Cardiopulmonary Exercise Testing (CPET) Variables

Parameter Unit Description Physiological Meaning
VO, peak mL/kg/min or Highest oxygen consumption achieved during exercise Integrative parameter reflecting overall
% predicted aerobic capacity

VE/VCO, Unitless Ratio of ventilation to carbon dioxide output Ventilatory efficiency; used as marker of

(slope or nadir) dead space ventilation (pulmonary gas
exchange)

O, pulse (VO,/HR) | mL/beat Oxygen consumption per heartbeat Reflects oxygen delivery and/or utilization:
often used as surrogate for stroke volume

Peak heart rate Beats Maximum heart rate reached during test High peak heart rate is often used to

(VEIMVY)

voluntary ventilation (MVV; often calculated as FEVx40)

(HRpeak) per minute or identify cardiac limitation
% predicted
VO,/WR slope mL/min/W Rate of change in VO, with increasing work rate Metabolic efficiency. Reflects oxygen
uptake and/or utilization
Breathing reserve % or L/min Difference between ventilation and estimated maximum | Low breathing reserve is often used to

identify ventilatory limitation

Oxygen saturation
(SpO,)

%

Represents the percentage of hemoglobin in red blood

cells carrying oxygen.

A drop in oxygen saturation is used to

identify pulmonary gas exchange

abnormalities

Anaerobic
threshold (AT)

mL/kg/min or
% of YO,peak

The threshold above which anaerobic metabolism begins | Early AT may suggest impaired oxygen
delivery and/or uptake (or even

hypoxemia)

Abbreviations: FEV,, Force expiratory volume in one second; MVV, Maximal voluntary ventilation; SpO,,Peripheral capillary oxygen saturation; VE, Minute ventilation.

library and Scopus databases was carried out on 5 August 2024. No date restrictions were applied. The complete search

strategies for all databases are provided in the Supplementary Table 1. The search strategy was developed based on
7.8

earlier work on search methods for prognostic factor systematic reviews.

All search results were imported into EndNote 20 (Clarivate Analytics, Philadelphia, PA, USA), where duplicate
records were identified and eliminated. The remaining articles were uploaded to the systematic review management
platform Rayyan (Rayyan Systems Inc., Cambridge, MA, USA) for further screening.

Study Selection (Screening and Selection Criteria)

Study selection was performed in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines.” Article screening was conducted in two stages: first based on article title and abstract
and then followed by full-text screening. Both stages were independently carried out by two researchers (JD and MS). In
case of disagreement, consensus was reached after discussion during a consensus meeting. Inclusion criteria were 1)
prospective or retrospective cohort studies, 2) investigating patients with well-established diagnosis of COPD, 3) having
performed at least one incremental CPET and 4) linking at least one CPET variable with a clinical outcome (eg. survival,
lung transplantation, hospitalization rate or exacerbation rate), 5) published in English, Dutch, French or Spanish.
Exclusion criteria were: 1) studies explicitly reporting inclusion of patients with overlapping conditions such as heart
failure, asthma, or interstitial lung disease (ILD). Studies that did not report on comorbidities were retained unless
overlap with other diseases was clearly described; 2) other publication types, including reviews, editorials, case reports,
and conference abstracts; and 3) studies exclusively investigating invasive CPET measurements.
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Data Extraction

All data from the included articles were extracted by one researcher (JD) into Microsoft Excel (version
16.0.17928.20336, Microsoft Corporation, Redmond, WA, USA) and subsequently verified by a second researcher
(MS). If available, the extracted data included the first author, year of publication, country, study design, study dates,
recruitment methodology, CPET methodology, study limitations, sample size and characteristics. Additionally, details on
investigated CPET variables, statistical method(s) used and outcome(s) were recorded. Finally, key findings related to the
prognostic value of CPET variables were also collected.

Risk of Bias Assessment

A bias assessment of the included articles was conducted independently by two reviewers (JD and MS) using the QUIPS
tool.' This tool evaluates the risk of bias across six domains: study participation, study attrition, prognostic factor
measurement, outcome measurement for confounding variables, and statistical analysis and reporting. Each domain was
rated as low, intermediate or high risk of bias. Disagreements between reviewers were resolved through discussion.
Finally, an overall risk of bias was determined based on the ratings across domains. The overall risk of bias was at least
as high as the highest risk of bias in any domain if at least two domains were rated at this level. Studies with a high
overall risk of bias were retained in tables and figures for completeness and transparency. However, due to concerns
regarding internal validity, these studies were not included in the narrative synthesis nor considered for quantitative
pooling.'!

Data Synthesis and Reporting

Study characteristics and key findings of all included studies were summarized descriptively in tabular form. A narrative,
qualitative synthesis was planned for all included studies, except those with an overall high risk of bias, grouped by the
investigated outcome and CPET variable. A meta-analysis was planned if at least two studies investigated the same
CPET-derived variable using comparable definitions and units, assessed the same clinical outcome, and reported
compatible effect estimates (eg. hazard ratios). Given the anticipated high heterogeneity among studies, a random-
effects model was planned for statistical analysis. Statistical heterogeneity would be assessed using the I* statistic, with
predefined thresholds for low (<25%), moderate (25-50%), and high (>50%) heterogeneity. All analyses were planned to
be performed using Python.

Results

Search results

The web-based literature search identified 8072 records. After identifying and removing duplicate records 5056 unique
articles were screened. Title and abstract screening excluded 5033 articles, leaving 23 articles for full-text assessment. Of
these, eight conference abstracts were excluded. Ultimately, 15 studies met the eligibility criteria and were included. One
supplementary article (16) was added via reference tracking, bringing the total to 16 articles included in the systematic
review (Table 2). The screening process is illustrated in a PRISMA flow diagram (Figure 2).

Study Characteristics
The included studies encompassed a wide range of COPD severity based on GOLD stages, with some primarily
involving patients with mild COPD and others predominantly investigating patients with severe COPD. Among the 16

12:14716.24726 and nine (56%) were retrospective.'>'”>*27 Sample sizes ranged

studies, seven (44%) were prospective
from 30 to 449 patients, with a total study population of 2640 individuals. Overall, the study populations predominantly
consisted of men (77%), with four out of 16 studies exclusively including male participants.'*'*~**> The mean and
median ages ranged from 61 to 70 years.

The majority of the studies (14/16; 88%) reported mortality as outcome. Most of them examined all-cause mortality

(11/14; 79%),'3717:1920.22725 while two studies focused exclusively on respiratory-related mortality.'>?® One study

4 https: International Journal of Chronic Obstructive Pulmonary Disease 2026:21



17970 9seasiq Adeuowlng 9ARINIISO dIUOJYD) JO [euanof [euoeualu)

:sdyy

Table 2 Key Characteristics of Included Studies

injuries precluding stress test,
neurologic deficit, FEVI < 30%,

mental and psychiatric disorders

First Study CPET Method, Population and Main Selection Criteria Outcome(s) Statistical Key Outcomes
Author, Design Variables Characteristics Methods
Year,
Country
Chuang, Prospective Cycle ergometer. 30 male COPD patients Mean Inclusion: age 40-80 years; BMI Respiratory Cox VO,peak: HR 0.8 (0.67-0.95);
2022, observational Variables: VO, peak, O, | age 68.3 +- 7.5 years. 18-30 kg/m2; male sex; in stable | mortality or regression p<0.05. O,P: NS. O,PCP: NS.
Taiwan'? cohort across | Ppeak, O,P curve condition 21 month. COPD severe model (not HRpeak: HR 0.92 (0.85-0.99),
three groups pattern, Wpeak, patients: respiratory symptoms, AECOPD (but specified uni- | p<0.05
(CHF, COPD HRpeak post-bronchodilatator FEV1/ no deaths or
and normal FVC<0.7 Exclusion: combined reported) multivariate)
controls) lung-heart diseases, DM,
uncontrolled hypertension,
arrhythmia, cancer, liver, renal or
autoimmune diseases, anemia
Chuang, Retrospective | Cycle ergometer. 182 male patients. Mean age Inclusion: male, 40-80 years, 10 | All-cause Univariate Univariate: VTpealk/TLC: HR
2023, observational Variables: VO,peak, 67.8 +- 8.5 years. Mean FU 6.8 years FU unless censored, mortality cox analysis - | 0.87 (0.82-0.92), p<0.0001. VE/
Taiwan'? study HRpeak, Wpeak, years. complete data. Exclusion: other stepwise VO, (AT/nadir): HR 1.07
VEpeak, VEpeak/MVYV, lung diseases, contra-indications multivariate (1.03-1.11), p<0.0001. VO,peak:
ventilatory efficiency CPET, electrolyte imbalance, cox analysis HR 0.98 (0.97-0.99), p<0.001.
(VE/ VO,), dynamic uncontrolled hypertension, CHF, VEpeak: HR 0.97 (0.95-0.98),
hyperinflation (VTpeak/ renal failure, chronic liver p<0.0001 Multivariate: VTpeak/
TLC) disease, DM, autoimmune TLC HR 0.86 (0.80-0.93),
disease, cancer, physical training p<0.0001. V’E/VO’2(AT/nadir):
program during study period. HR I.11 (1.05-1.18), p<0.0001.
Mild anemia was tolerated. VO,peak: NS. VE peak: NS
Ciftci, Prospective Cycle ergometer. 42 patients. 4 females (9,5%) and | Inclusion: >40 years, no All-cause Univariate Univariate: VO,peak: HR 1.845,
2019, observational | Variables: VO,peak 38 males (90,5%). Mean age AECOPD < 4 weeks, FEVI/ mortality cox analysis - | Cl 1.336-2.55, p<0.001
Turkey'* cohort 63.36 * 6.95 years. Mean FU 6.4 | FVC<70%. Exclusion: important multivariate Multivariate: VO,Peak HR 1.031
+ 2.4 years. CV comorbidities, orthopedic cox analysis (0.683-1.120), p=0.01

(Continued)
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Table 2 (Continued).

First Study CPET Method, Population and Main Selection Criteria Outcome(s) Statistical Key Outcomes

Author, Design Variables Characteristics Methods

Year,

Country

Cote, Prospective Cycle ergometer. 365 patients (part of a larger Inclusion: smoking history of 10 Mortality Univariate Univariate: VO,peak: significant

2007, observational | Variables: VO,peak study). Mostly men (not further | PY; FEVI/FVC ratio <0.70; analysis - (not further specified) Logistic

USA'® cohort specified). Mean age 67 +- bronchodilatator response 12% logistic regression: VO,peak: HR 0.971

8 year. Mean FU 67 months. or 200 mL; stable >6 weeks, able regression (0.959 to 1.000); p = 0.050

to perform CPET

Da Luz Prospective Cycle ergometer. 126 patients. 35 females (27%) Exclusion: MS disorders or All-cause Univariate Univariate: not reported

Goulart, observational | Variables: VO,peak, and 91 males (73%). Mean age 65 | neurological conditions affecting | mortality cox analysis - | Multivariate: VO,peak <

2022, cohort VEpeak, VE/VCO,slope, | *+ 8 years. Mean FU 42 months. | exercise; hospitalization <3 multivariate 13.8mL/min/kg: HR 0.28

USA'® RERpeak months; oral steroids <6 months; cox analysis (0.08-0.93), p=0.03. VE/VCO,
malignant disease; implantable slope 230: HR 0.26 (0.07-0.94),
pacemaker; MI <3 months; p=0.04; VEpeak <25.7L/min: HR
complex cardiac arrhythmias; 0.43 (0.01-0.15), p=0.001
anemia

Ewert, Retrospective | Cycle ergometer. 312 patients. 81 females (26%) Exclusion: other pulmonary All-cause Univariate Univariate: not reported

2022, observational | Variables: VO,peak and 23| males (74%). Mean age | diseases, PaCO2 >50 mmHg at mortality cox analysis - | Multivariate: MODEL I: VO,peak

Brazil'’ cohort 65 +- 9 years. Mean FU 67 +- 44 | rest, AECOPD, change of long- stepwise (mL/kg/min): HR 0.886 (0.830;

months. term medication<é weeks, multivariate 0.946) p=0.0003. MODEL 2:

coronary disease intervention <6 cox analysis VO,peak (% pred): HR 0.965
months, LVEF<50%, right heart (2 models) (0.949; 0.981) p=<0.0001

overload, uncontrolled

comorbidities
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Gonzales- Retrospective | Cycle ergometer. 449 patients. 213 males (47%), Exclusion: no pulmonary function | All-cause Univariate Univariate: VO,peak: HR 0.962
Costello, observational | Variables: VO,peak, 236 females (53%). Median age test, FEVI >50%, lung-volume mortality or cox analysis - | (0.951-0.973), p<0.001. HRR:
2013, cohort HRR, VE/VCO,slope 61 (IQR 56—-66) years. Median reduction surgery during FU, lung backward HR 0.972 (0964-0.981), p<0.001.
Colombia'® FU 68 (IQR: 34—-144) months arrhythmia, LVEF <45%, no transplantation | step VE/VCO,slope: HR 1.029
echocardiogram <| year prior to multivariate (1.012—-1.045), p=0.001
study inclusion cox analysis Multivariate: VO,peak: MODEL |:
(2 models) HR 0.980 (0.962-0.999), p=0.034
MODEL 2: NS. HRR: MODEL |:
HR 0.985 (0.973-0.997), p=0.015
MODEL 2: HR 0.981
(0.971-0.991), p<0.001.
VE/VCO,slope: MODEL [: NS
MODEL 2:HR 1.036
(1.016—1.055) p<0.001
Hiraga, Retrospective | Treadmill. Variables: 120 patients. 104 males (87%), Inclusion: Hue-Jones grade >2. All-cause Univariate Univariate: VO,peak (%pred):
2003, observational | VO,peak, O,P, HRR, 16 females (13%). Mean age 67.6 | Exclusion: other significant mortality Cox analysis | HR 0.973 (0.952-0.994),
Japan'® cohort VEpeak, PaO2slope years +- 7.5 years. FU 3-5 years | pulmonary disease (tuberculosis, - multivariate | p=0.0135 VO,peak (mL/min/kg):
(median 4 years). pulmonary fibrosis, cox analysis HR 0.848 (0.769-0.934),
pneumocosiosis, bronchiectasis), p=0.0009 VEpeak: HR 0.905
other CV disease, malignant (0.865-0.947), p<0.0001.
disease, FU<3 years Multivariate: VO,peak (%pred):
NR VO,peak (mL/min/kg): NS
VEpeak: HR 0.943 (0.863—1.031),
p=0.1952.
Lacasse, Retrospective | Cycle ergometer. 147 patients.: 42 females (29%), | Inclusion: clinically stable All-cause Univariate Univariate: HRR: HR 7.315
2005, observational | Variables: HRR, Wpeak | 105 males (71%). Mean age 65.1 | Exclusion: incomplete data, mortality cox analysis - | (2.223-24.072), p=0.001 Wpeak:
Canada®® cohort +- 9.1 years. Mean FU 43.1 +- 22 | cardiac arrhythmia, symptomatic multivariate HR 0.98 (0.97-0.99), p<0.0001)
months CV disease, uncontrolled cox analysis Multivariate: HRR: HR 5.12

hypertension (>160/100), any
condition that could impair
performance of exercise test or

increase short-term mortality.

(1.54-17.00) p=0.008 Wpeak:
NS

(Continued)
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Table 2 (Continued).

First Study CPET Method, Population and Main Selection Criteria Outcome(s) Statistical Key Outcomes
Author, Design Variables Characteristics Methods
Year,
Country
Li 2022, Retrospective | Cycle ergometer. 91 patients: 27 group | (O,Pmax | Inclusion: age= 40, BMI 18-32 kg/ | AECOPD Univariate Univariate: VO,peak: NR
China?' observational | Variables: Wpeak, VO, | < 80% predicted), 64 group m2, no AECOPD <6 weeks. logistic O2Ppeak: OR 1.068
cohort peak, O,Ppeak N (O,Pmax = 80% predicted). Exclusion: other respiratory regression - (1.023-1.116), p=0.003
75 males (82%), 16 females diseases, CHF, uncontrolled DM, multivariate Multivariate: O,Ppeak: OR 1.062
(18%). Mean age 64.6 +- 7.4 uncontrolled hypertension, logistic (1.012—-1.114), p=0.015. VO,
years. Intended FU 3 years (no orthopedic or neurologic regression peak: NS
mean FU time reported) problems, hemopathy
Lorenzana, | Retrospective | Cycle ergometer. 141 patients. 120 males (85.1%), | Inclusion: postbronchodilator All-cause Univariate Univariate: VO,peak (%pred):
2024, observational | Variables: VO,peak, 2| females (14.9%). Mean age 63 | FEVI/FVC <LLN, mortality or cox analysis - | Mortdlity: significant VO,peak
Spain?? cohort Whpeak, dynamic years +-8years. Median FU 9 postbronchodilator FEVI <80% severe multivariate (mL/min/kg): Mortality: HR 0.933
hyperinflation (DH, years (IQR 5-12 years) pred; >20 PY; stable condition AECOPD cox analysis (0.872-0.980), p=0.011

slope of linear
regression of EELV as
function of time >0)

22 months; optimal medical
therapy 28 weeks. Exclusion:
history of asthma, depression,
neuromuscular or disabling
cognitive problems, exercise-

training program <3 months

SAECOPD: HR 0.981
(0.964-0.998), p=0.027 DH:
Mortality: HR 2.124
(1.005-4.489), p=0.048.
SAECOPD: HR 3.662
(1.749-7.706), p=0.001
Multivariate: VO,peak (%pred):
Mortality: HR 0.761
(0.641-0.904), p=0.002 VO,peak
(mL/min/kg): Mortality: HR 0.964
(0.936-0.992) p=0.013 SAECOPD:
HR 0.965 (0.938-0.994) p=0.016
DH: Mortality: HR 2.355
(1.051-5.268) p=0.037. Severe
AECOPD: HR 2.987
(1.246-7.127), p=0.013
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Neder, Retrospective | Cycle ergometer. 288 patients. 160 males (55.6%), | Exclusion: evidence of asthma or | All-cause and Univariate Univariate: VO,peak: All-cause
2016, observational | Variables: VO,peak, O, | 128 females (44.4%). Mean age other lung diseases, known respiratory binary mortality:: RR 3.922
Canada® cohort Ppeak, HRpeak, 65.5 +- 9.1 years. Mean FU Mean | contraindication for CPET mortality logistic (2.124-7.241), p<0.001
VE/VCO, nadir 65+-39 months. regression - Respiratory mortality: RR 3.999
multivariate (2.2148-7.021), p<0.001
binary VE/VCO, nadir >34: All-cause
logistic mortality: RR 3.708
regression (2.137-6.433), p<0.001
Respiratory mortality: RR 3.999
(2.2148-7.021), p<0.001
Multivariate: VO,peak: All-cause
mortality: NS Respiratory mortality:
NS VE/VCO,; nadir >34: All-cause
mortality: RR 2.081
(1.170-3.766), p=0.010
Respiratory mortality: RR 1.998
(1.432-2.803), p=0.010
Oga, 2003, | Prospective Cycle ergometer. 150 male patients. Mean age Inclusion: >20 PY; max FEVI/ All-cause Univariate Univariate: VO,peak: RR 0.994
Japan®* observational | Variables: VO,peak 68.7 +-6.9 years. FU 5 years FVC<0.70; prebronchodilatator mortality Cox analysis | (0.992-0.996), p<0.0001.
cohort (144 patients completed the FEV1<80%pred; no uncontrolled - multivariate | Multivariate: VO,peak: RR 0.995
5-year FU) comorbidities (eg. malignant cox analysis (0.993-0.998), p<0.0001
disorders, CV diseases,
cerebrovascular diseases); no
AECOPD <6weeks
Solanes, Prospective Cycle ergometer. 60 male patients. Mean age 65 Inclusion: <75 years; FEVI <70% | Survival at 7 Univariate Multivariate: Forward stepwise:
2007, observational | Variables: VO,peak, +-7 years. FU 7 years. pred; FEVI/FVC <65%; PaO2 years. cox analysis - | VEpeak: RR 0.926 (0.890-0.964),
Spain?® cohort VEpeak, Wpeak >55 mmHg at rest; no home forward/ P<0.001; Wpeak: RR 0.994
oxygen therapy Exclusion: backwards (0.991-0.997), P<0.001; VO,
hospitalization <Imonth, stepwise peak: RR 0.998 (0.025-0.347),
relevant heart disease or multivariate P<0.001. Backwards stepwise:
osteoarticular disease cox analysis VEpeak: RR 0.936 (0.900-0.975),

P=0.001; Wpeak: RR 0.995
(0.992-0.998) P=0.002; VO,
peak: RR 0.998 (0.031-0.494)
P=0.003

(Continued)
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Table 2 (Continued).

First Study CPET Method, Population and Main Selection Criteria Outcome(s) Statistical Key Outcomes
Author, Design Variables Characteristics Methods
Year,
Country
Tojo, 2005, | Prospective Cycle ergometer. 58 patients. 50 males (86%), 8 Inclusion: COPD (FEVI/ Respiratory Univariate Univariate: VO,peak: f=—0,062,
Japan®® observational | Variables: VO,peak, females (14%). Mean age 63 +- FVC<0.7). Exclusion: PaO2 at mortality Cox analysis | p=0.0169 (HR=e”B) Multivariate:
cohort VEpeak, HRpeak, 6.5 years. Mean FU 3570 +- rest <60mmHg; long-term home - stepwise VO,peak: NS
Whpeak, Pag,peak 1373 days oxygen therapy; cor pulmonale; multivariate
left ventricular failure cox analysis
Wu, 2019, Retrospective | Cycle ergometer. 79 patients. 68 males (86%), |1 Exclusion: unstable ACS <3 COPD-related Independent | Significant difference in COPD-
Taiwan?’ observational | Variables: O,Ppeak females (14%). Mean age 70 +- 9 | months; neuromuscular diseases | hospitalizations | t-test related hospitalizations between
cohort years. FU | year. or major surgeries that (severe 2 groups: group with normal
influenced the exercise test, AECOPD) O,Ppeak (0.22+ 0.886); group
AECOPD <3months with impaired O,Ppeak (0.57 *
1.016); p=0.009

Abbreviations: AECOPD, Acute exacerbation of chronic obstructive pulmonary disease; AT, Anaerobic threshold; BMI, Body mass index; CHF, Congestive heart failure; Cl, Confidence interval; COPD, Chronic obstructive pulmonary
disease; CV, Cardiovascular; DH, Dynamic hyperinflation; DM, Diabetes mellitus; EELV, End-expiratory lung volume; FEV|, Forced expiratory volume in one second; FEV,/FVC, Ratio of forced expiratory volume in one second to forced
vital capacity; FU, Follow-up; HFmrEF, Heart failure with mildly reduced ejection fraction; HFrEF, Heart failure with reduced ejection fraction; HR, Hazard ratio; HRpeak, Peak heart rate; HRR, Heart rate recovery; IQR, Interquartile
range; LVEF, Left ventricular ejection fraction; MI, Myocardial infarction; MS, Multiple sclerosis; NS, Not significant; O,P, Oxygen pulse (VO, / heart rate); O,PCP, Oxygen pulse curve pattern; O,Ppeak, Peak oxygen pulse; PaO,, Arterial
partial pressure of oxygen; PaO,peak, Peak arterial partial pressure of oxygen; PaCO,, Arterial partial pressure of carbon dioxide; PY, Pack-years; RERpeak, Peak respiratory exchange ratio; RR, Relative risk; SAECOPD, Severe acute
exacerbation of chronic obstructive pulmonary disease; TLC, Total lung capacity; VE, Minute ventilation; VE/VO,, Ventilatory equivalent for oxygen; VEpeak, Peak minute ventilation; VEpeak/MVYV, Ratio of peak minute ventilation to

maximal voluntary ventilation; VO,, Oxygen uptake; VO,peak, Peak oxygen uptake; VTpeak, Peak tidal volume; VTpeak/TLC, Ratio of peak tidal volume to total lung capacity; Wpeak, Peak work rate.
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[ Identification of studies via databases, registers, and via reference searching ]
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Figure 2 PRISMA flow diagram study selection.”

additionally considered lung transplantation as a death-equivalent outcome.'® Severe AECOPD was reported in three out
of 16 studies (19%).'>*'** One study reported COPD-related hospitalization as outcome.*’

Bias Assessment

Overall, the studies demonstrated a low risk of bias in the domains of prognostic and outcome measurement. In contrast,
the domains of confounder adjustment, statistical analysis and reporting, and study participation more frequently showed
a moderate to high risk of bias. No study was considered free of bias across all domains. Many prospective studies failed
to adequately report information about the participants lost to follow-up, resulting in a high risk of bias in the study
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Figure 3 QUIPS bias tool assessment across all included studies. Green = Low risk of bias, Yellow = Moderate risk of bias, Red = High risk of bias.

attrition domain. Because of a high overall risk of bias, three studies were described in Table 2 but not further included in
the narrative review.'>'*%> The bias assessment for each domain across all studies is shown in Figure 3.

Prognostic Variables

Mortality

Maximal Oxygen Uptake (VO,peak)

The association between VO,peak and mortality was the most studied and was reported in 10 studies (of which one was
excluded due to high risk of bias).'> There was substantial heterogeneity among studies in how VO,peak was analyzed
(as a continuous or categorical variable), the metric used (percentage of the predicted value, mL/min/kg, or mL/min), the
statistical methods applied, and the effect measures reported.

Figure 4 summarizes the results of all studies that reported VO,peak as a continuous variable using hazard ratios in
relation to overall mortality. Three studies evaluated VO,peak expressed in mL/kg/min and reported multivariable-
adjusted hazard ratios. In a random-effects meta-analysis of these studies, VO,peak was not significantly associated with
mortality (pooled HR 0.94, 95% CI 0.87—1.00), with high heterogeneity (I* = 63%). Five studies assessed VO,peak as
a percentage of the predicted value.'*'>!7-!%22 All five studies reported VO,peak as a predictor of mortality in univariate
analysis, with only two studies reporting exact hazard ratios (0.97 and 0.98). However, after correcting for confounders,
VO,peak remained significant in only two studies.'’*? Two studies found no correlation with overall survival in

13:15 and one study did not report it.'"” Because several studies did not report (exact) effect estimates

multivariate analysis
of multivariable findings, quantitative pooling of VO,peak expressed as percentage of the predicted value was not
feasible. One study by Gonzalez-Costello et al examined VO,peak as percentage of predicted in relation to a composite
endpoint of death or lung transplantation (transplant-free survival) and reported a significant association in multivariate
analysis (HR 0.98).'"® Another study by Oga et al, who analyzed VO,peak as mL/min in 150 male patients, found
a significant association with overall mortality in multivariate analysis (calculated RR 0.995).

In addition, Neder et al analyzed VO,peak as a categorical variable using logistic regression.”® This study found that

a VO,peak <75% of the predicted value was significantly correlated with overall mortality in univariate analysis.

12 hetps: International Journal of Chronic Obstructive Pulmonary Disease 2026:21



Staes et al

Sample Univariate analysis Multivariate analysis
First author (year) size (N) HR (95% ClI) HR (95% CI)
% predicted
Lorenzana et al. (2024)%2 141 Significant 0.761 (0.641-0.904) —_—
Chuang et al. (2023)'? 182 0.98 (0.97-0.99) Not significant NS
Ewert et al. (2022)%° 312 Significant 0.965 (0.949-0.981) =
Cote et al. (2007)** 365 Significant 0.974 (0.964-1.0) -
Hiraga et al. (2003)?* 120 0.973 (0.952-0.994) Not reported NR
mL/kg/min
Lorenzana et al. (2024)?? 141 0.933 (0.872-0.98) 0.964 (0.936-0.992) -
Ewert et al. (2022)° 312 Significant 0.886 (0.83-0.946) —_
Hiraga et al. (2003)%! 120 0.848 (0.769-0.934) 0.986 (0.785-1.239) —_—
Total (random-effects) 573 0.935 (0.872-1.002) ‘

0.5 0.67 0.8 1 125 15 2

Heterogeneity: I> = 63%
Hazard ratio (log scale)

Figure 4 VO,peak as continuous variable using hazard ratios for overall mortality. A forest plot of the results from multivariate analysis is shown on the right, including
a random-effects meta-analysis for the three studies reporting VO, peak in mL/kg/min.
Abbreviations: NS, not significant, NR, not reported.

However, this association was lost after adjusting for confounders. In a study by da Luz Goulart et al, a VO,peak
threshold of 13.8mL/kg/min was identified as a significant predictor of mortality, even after correction for age, sex,
VE/VCO, slope and peak ventilation.'®

Peak Ventilation (VEpeak)

The prognostic value of VEpeak, in percentage of predicted or L/min, was reported in five studies.'>'®'®!%-2® All but one
studies examined all-cause or respiratory mortality as outcome, while Gonzalez-Costello et al used transplant-free
survival as outcome instead.'®

In univariate analysis, a significant relationship with mortality was observed in all five studies. However, after
adjusting for confounders, all four studies that analyzed VE peak as a continuous variable reported a loss of its predictive
effect.'>'%1926 In contrast, da Luz Goulart et al found that VEpeak <25.7L/min, when analyzed as a categorical variable,
remained an independent predictor of prognosis in multivariate analysis.'® The variables adjusted for were largely the
same across studies, including age and sex.

Ventilatory Efficiency (VE/VCO,)

The prognostic value of ventilatory efficiency was explored in four studies.
Neder et al assessed the ventilatory efficiency as VE/VCO, at nadir and found that a VE/VCO, nadir >34 was an

independent predictor of both all-cause and respiratory mortality, with a relative risk, in multivariate analysis, of 2.081

13,16,18,23

and 1.998, respectively. Similarly, Chuang et al evaluated VE/VCO, at nadir or at anaerobic threshold as a continuous
variable and also identified it as an independent predictor of mortality.

Da Luz Goulart et al and Gonzalez-Costello et al examined the prognostic value of the VE/VCO, slope. Gonzalez-
Costello et al evaluated a composite endpoint of survival or lung transplantation and constructed two multivariate
regression models. The first model accounted for demographic variables as well as static and dynamic lung function
parameters, resulting in the loss of VE/VCO, slope’s predictive significance for all-cause mortality. However, given that
21% of patients lacked measurements of total lung capacity, diffusion capacity and/or residual volume, these variables
were excluded in a second multivariate regression model, in which VE/VCO, slope remained a significant independent
predictor of mortality (HR 1.036). Da Luz Goulart et al similarly demonstrated a significant association between
VE/VCO; slope and mortality in multivariate analysis.
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Peak Work Rate (Wpeak)

Wpeak was reported in four studies.'*?%*?2¢ Chuang et al and Lacasse et al reported Wpeak as percentage of the

predicted value as a significant predictor in univariate analysis, however this significance was not maintained after
adjustment for confounders. Lorenzana et al and Tojo et al examined Wpeak as watts. The findings of Lorenzana et al
indicated that Wpeak was a significant independent predictor of all-cause mortality in univariate and multivariate analysis
(HR 0.973). In contrast, Tojo et al did not observe a significant association with respiratory mortality in either univariate

or multivariate analyses.?

Other Variables

Heart rate reserve (HRR, expressed as a percentage of the predicted or beats per minute) was examined in three
studies.'®?° Gonzalez-Costello et al (% predicted) reported a significant association with mortality, including lung
transplantation as death equivalent, both in univariate and multivariate cox analysis. Similarly, Lacasse et al found that
HRR (beats per minute), as a categorical variable with a threshold of 14 beats per minute, was an independent predictor
of mortality, even after adjusting for confounders. In contrast, Hiraga et al (beats per minute) did not observe significant
findings in their study.

Maximal oxygen pulse (O,P, measured as VO, divided by heart rate) was examined in two studies.'”** Hiraga et al
and Neder et al investigated the value of maximal O,P, expressed as mL/beat, in predicting respiratory or all-cause
mortality. Both studies showed significant results in univariate analysis. However, after adjusting for confounding
variables these studies failed to identify O,P as an independent predictor of all-cause and respiratory mortality. The
multivariate regression models adjusted for both static and dynamic lung function parameters as well as additional
factors, including age and BML'%*

Dynamic hyperinflation, quantified either by the ratio of maximal tidal volume to total lung capacity or by the slope of
the linear regression of end-expiratory lung volume as a function of time, was investigated in two studies.'*** Both
studies found a significant relationship between dynamic hyperinflation and mortality in multivariate analysis.

Breathing reserve (ratio of maximal ventilation (VE) to maximal voluntary ventilation (MVV),"? and the respiratory
exchange ratio (ratio of VCO, to VO,),'® were assessed in one study each. Both variables were not significant in

multivariate analysis.

Severe AECOPD
Two studies investigated the role of CPET variables in predicting severe AECOPD.?!-*

The value of VO,peak, expressed in mL/min, in predicting severe AECOPD was investigated by Li et al. This study
failed to identify VO,peak as a significant independent predictor of severe AECOPD in multivariate analysis. Lorenzana
et al examined the role of VO,peak as mL/min/kg and found that it was an independent predictor of severe AECOPD
after adjustment for confounders, including sex, age, body mass index, pack-years and treatment with inhaled
corticosteroids.

The association of Wpeak, expressed as watts or percentage of the predicted value, and severe AECOPD was also
examined in both studies. Li et al failed to identify Wpeak as an independent predictor of severe AECOPD in
multivariate analysis. Lorenzana et al, however, reported contradictory findings.

Li et al additionally investigated the predictive value of O,P peak (%pred). This study found a significant association
with  severe = AECOPD in  both  univariate and multivariate  analysis (odds ratio  1.062).

Hospitalization Rate

Wu et al used an independent #-test to evaluate differences in COPD-related hospitalizations between a group with
normal peak O,P peak (>80% pred) and a group with impaired peak O,P (<80% pred). The t-test resulted in
a significant difference between the 2 groups, with the impaired O,P peak group experiencing significantly more
COPD-related hospitalizations. However, no regression analysis was performed and subsequently no hazard or odds

ratio was calculated.?’
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Discussion

This systematic review aimed to summarize the current evidence on the prognostic value of CPET in COPD. Following
a rigorous screening and selection process, sixteen studies were included, each evaluating different CPET variables and
outcomes.

Most evidence exists on the role of CPET to predict mortality, with VO,peak being the most studied variable. While
all included studies show a clear association between VO,peak and mortality, its role as an independent risk factor is less
clear. Our random-effects meta-analysis combining three studies that evaluated VO,peak expressed as mL/kg/min and
reported multivariable-adjusted hazard ratios did not demonstrate a statistically significant independent association with
mortality, despite a consistent direction of effect, and pooling of results expressing VO,peak as percentage of predicted
could not be performed due to the lack of reporting of outcomes of nonsignificant findings. These findings reflect the
integrative nature of exercise capacity, as measured by VO,peak, as it is determined by the interactive performance of
multiple physiological systems, such as the respiratory, cardiovascular and muscle systems, and the presence of comorbid
disease.”® As a result, even though its association with mortality is well established, VO,peak may lose statistical
independence when its underlying components are corrected for in multivariable models.

Because of this association with mortality, exercise capacity is part of the most used prognostic composite score for
patients with COPD, the BODE index. Therefore, comparing the use of only VO, peak with such multidimensional
score, already incorporating exercise capacity, does not seem useful. However, the original score used 6MWD as
surrogate for exercise capacity, but a modified BODE index, replacing 6MWD with VO,peak was developed. Earlier
studies comparing 6MWD and VO,peak found a significant but modest correlation.”**° Additionally, Cote et al reported
that both variables were equally good predictors of mortality in COPD.'? Studies by Cardoso et al and Lopez-Campos
et al confirmed an excellent correlation between the modified BODE index and conventional BODE index, but its value
to predict mortality was not investigated.’'** In a retrospective cohort study, Cote et al found that the modified BODE
index did not outperform the conventional BODE index in predicting mortality.*® Overall, these findings suggest that
while VO,peak is a valuable prognostic marker, replacing 6 MWD with VO,peak in the BODE index does not appear to
provide additional predictive value. Furthermore, unlike the six-minute walking test, CPET requires expensive equipment
and trained personnel, making the 6MWD the more practical and accessible option in clinical practice.** However, in
settings where CPET is already performed (eg., before pulmonary rehabilitation, during the work-up of unexplained
dyspnea or to identify coexisting comorbidities), VO,peak can be used for prognostic assessment through the modified
BODE index.

Elevated VE/VCO,, often interpreted as a marker of increased dead space ventilation, demonstrated consistent
associations with mortality across all four included studies, often even after correcting for confounders. Unlike VO,peak,
VE/VCO,, has the advantage of being a submaximal parameter, making it less dependent on patient effort. However, it
should be noted that it may also be influenced by factors causing a lower arterial carbon dioxide tension set-point, such as
hyperventilation.>> Because studies used different VE/VCO, metrics - slope, nadir, or values at the anaerobic threshold-
which can progress differently across COPD severity, quantitative pooling of findings was impossible. In advanced
disease stages, mechanical constraints and hypercapnia often lead to a reduced VE/VCO, slope (which is a well-
established prognostic marker for patients with pulmonary hypertension®®), while an increasing intercept may result in
a stable nadir despite disease progression.®” From this physiological perspective, the VE/VCO, intercept may represent
an informative but currently unexplored parameter for risk stratification in COPD. Despite its promise, the current
evidence base remains insufficient to support routine clinical use of VE/VCO, for mortality prediction in COPD.

Other studied CPET variables, such as peak ventilation, peak work rate and peak oxygen pulse, failed to show an
independent association with mortality and/or remain insufficiently studied, making them currently unsuitable as
prognostic marker. Additionally, the role of CPET to predict severe AECOPD or hospitalization has been less explored.
Several studies have been conducted regarding the association of VO,peak and severe AECOPD, yet all of them failed to
identify VO,peak as an independent predictor of AECOPD. In a recent prospective study, published after the search
period of this systematic review, Deng et al reported that impaired ventilatory efficiency, defined as a VE/VCO, nadir
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above the upper limit of normal, was independently associated with an increased risk of moderate-to-severe AECOPDs,
but not with total exacerbation frequency.*®

Our study has several limitations. First, considerable heterogeneity across the included studies in terms of regression
methods, patient populations, CPET equipment and testing protocols, investigated variables, and adjustment factors made
direct comparison difficult. Additionally, all studies presented a certain degree of risk of bias and three studies were even
excluded from the narrative review because of their high overall bias risk. Because of these factors, only a small meta-
analysis combining three studies could be performed. Furthermore, 77% of the total study population in this systematic
review were males, which limits the generalizability of our findings to female patients with COPD. This is particularly
relevant given that, over the past decade, the age-adjusted prevalence of COPD has been consistently higher in females
than in males, while potential sex-specific differences in exercise physiology and prognostic determinants remain
incompletely understood.>® Lastly, potential publication bias cannot be excluded, as selective reporting could have led
to skewed findings. Due to the small number of studies, formal assessment of publication bias using funnel plots was not
feasible.

Taken together, the current evidence supports an association between select CPET-derived variables and relevant
clinical outcomes in COPD, particularly mortality. However, these associations are primarily based on heterogeneous,
often single-center studies, and robust evidence demonstrating additional prognostic value of individual CPET para-
meters over established prognostic indices is lacking. Importantly, the true potential of CPET may not lie in reliance on
a single variable, but in the simultaneous availability of multiple exercise-derived parameters capturing distinct
physiological aspects of exercise limitation. Although such parameters may show limited independent prognostic
value when considered in isolation, their integrated assessment may allow development of multidimensional prognostic
models. In a later stage, such models could potentially be further enriched by incorporation of complementary
biomarkers or imaging-derived parameters.*’ Future research in large, well-characterized cohorts with standardized
CPET protocols and external validation across centers is needed to determine whether such integrated approaches can
meaningfully enhance prognostic stratification beyond existing indices.

Conclusion

CPET-derived variables, particularly VO,peak and VE/VCO,, are associated with mortality in COPD, but evidence for
their independent prognostic value and, more importantly, their incremental benefit over established composite indices
remains inconsistent. Current data do not support routine use of CPET variables for prognostic stratification in COPD,
apart from VO,peak as a marker of exercise capacity within the modified BODE index.
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