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Abstract

Background Cardiorespiratory fitness (CRF) is a powerful predictor of current and future health across all age groups.
Recognising CRF’s ability to screen health-related outcomes is essential for supporting its use in clinical practice.
Objective The aim was to evaluate the health-related diagnostic and prognostic accuracy of CRF using an overview of
systematic reviews.

Methods Five bibliographic databases (MEDLINE, Embase, Scopus, CINAHL and SPORTDiscus) were searched from
January 2002 to April 2025 to identify systematic reviews with meta-analyses that reported on the health-related diagnostic
and prognostic accuracy of CRF. The results were presented using forest plots, with the certainty of evidence assessed by a
modified Grading of Recommendations, Assessment, Development, and Evaluations (GRADE) approach.

Results Of the 10,796 papers identified, six systematic reviews with meta-analyses (n=31,171 observations) were included.
Of these, five examined cardiovascular disease, events, or risk, and one examined mitochondrial disorders. CRF was meas-
ured objectively or estimated by exercise as maximum or peak oxygen consumption, ventilatory efficiency or fluctuation,
or exercise performance or tolerance. All included reviews were graded as having low to critically low quality. CRF dem-
onstrated high prognostic accuracy for predicting severe cardiovascular events in adults with heart failure, with moderate
certainty (diagnostic odds ratio [dOR] 4.1-8.1; area under the curve of a summary receiver operating characteristic curve
[SROC AUC] 0.73-0.77), and moderate-to-high diagnostic accuracy for detecting coronary artery disease in adults with
type 2 diabetes or with suspected coronary artery disease with very low certainty (dOR 2.3-7.6; SROC AUC 0.66-0.79),
mitochondrial disorders among adults with high certainty (dOR 18.1-26.6; SROC AUC 0.70-0.83), and cardiovascular
disease risk among apparently healthy children and adolescents with low certainty (dOR 3.6-5.7; SROC AUC 0.64-0.71).
Conclusions CREF detects cardiovascular disease and mitochondrial disorders and predicts cardiovascular events among
adults with chronic conditions and detects cardiovascular risk among apparently healthy children; however, the certainty of
evidence ranged from very low to high certainty due to methodological limitations. Further research is needed to generate
high-quality diagnostic evidence for CRF across diverse health outcomes and age groups in the general population.

Trial Registration PROSPERO CRD42022370149.

1 Introduction

Cardiorespiratory fitness (CRF) is a health-related compo-
nent of physical fitness that refers to the overall capacity of
the circulatory and respiratory systems to supply and use
oxygen for energy transfer to support muscle activity dur-
ing large muscle, rhythmic, continuous physical activity [1].
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Six systematic reviews with meta-analyses examined

the health-related diagnostic and prognostic accuracy of
cardiorespiratory fitness for detecting cardiovascular dis-
ease, events, or risk (n=15), and mitochondrial disorders
(n=1).

Cardiorespiratory fitness demonstrates moderate-to-high
diagnostic accuracy for detecting cardiovascular risk
among apparently healthy children and cardiovascular
disease and mitochondrial disorders among adults with
chronic conditions, and high prognostic accuracy for
predicting cardiovascular events among adults with heart
failure, with certainty of evidence ranging from very low
to high due to methodological limitations in the summa-
rised reviews.

Additional high-quality evidence for the diagnostic and
prognostic accuracy of cardiorespiratory fitness in the
detection of diverse health outcomes in the general popu-
lation is needed.

CRF is widely expressed as maximal or peak oxygen con-
sumption (or VOzpeak), which can be objectively measured
(e.g. maximal exercise testing with gas analysis), estimated
from exercise performance (e.g. graded treadmill or cycle
ergometer protocols), or estimated without exercise (i.e. vali-
dated algorithms based on demographic and health indica-
tors such as age, sex, resting heart rate) [2]. However, CRF
is a multidimensional construct encompassing physiologi-
cally distinct components of cardiorespiratory and meta-
bolic function. Because V O,,,, alone does not describe all
aspects of CRF [3], other measures such as exercise ventila-
tory efficiency (e.g. ventilation relative to carbon dioxide
production) are also used [4].

The health benefits of higher CRF extend throughout the
lifespan. In 2020, the American Heart Association endorsed
CRF as an important marker of cardiovascular health among
children and adolescents [5]. Low CRF in adults is an inde-
pendent and strong risk factor for cardiovascular morbidity
and early all-cause and cardiovascular mortality among both
healthy and diseased populations [6]. Low CRF is also a
stronger predictor of cardiovascular outcomes than estab-
lished modifiable risk factors such as smoking, hypertension,
or hyperlipidaemia [3]. Given the mounting evidence linking
higher CRF among children [7] and adults [6] with improved
cardiovascular health, the American Heart Association has
advocated that CRF be used as a clinical vital sign for car-
diovascular disease risk among adults [3, 8].

Despite the well-established cardiovascular health ben-
efits associated with high levels of CREF, it remains unclear
whether CRF can identify individuals with cardiovascular

disease (i.e. its diagnostic accuracy) or predict those at
high risk for incident events or adverse outcomes (i.e. its
prognostic accuracy, which supports risk stratification and
longer-term management). A previous systematic review
examined the health-related diagnostic accuracy of CRF in
youth [9], with results indicating a high degree of variation
in the health-related discriminatory utility of different CRF
tests to support universal criterion-referenced cut points [9].
However, an overview of systematic reviews (also called an
umbrella review), which synthesises data from published
systematic reviews and meta-analyses to comprehensively
assess topical evidence, provides one of the highest levels of
research evidence [10]. Overviews meaningfully contribute
to evidence-based practice and evidence-informed decision
making by creating a broad topical perspective and identi-
fying knowledge gaps that can inform future research [11].
Synthesising the breadth and quality of meta-analysed data
on the diagnostic accuracy of CRF for various health out-
comes will help inform future directions supporting CRF
use in clinical practice. Treating CRF as an umbrella con-
struct, consistent with its use in clinical and epidemiologi-
cal research, enables synthesis of its broader health-related
diagnostic accuracy without implying mechanistic equiva-
lence across measures. Therefore, to better understand the
diagnostic and prognostic accuracy of CRF across health
outcomes, stratified by specific test modality and outcome,
we conducted an overview of systematic reviews with
meta-analyses.

2 Methods
2.1 Registration and Protocol

The protocol for this overview was registered with the Inter-
national Prospective Register of Systematic Reviews (PROS-
PERO #CRD42022370149) and adhered to the Preferred
Reporting Items for Overviews of Reviews (PRIOR) state-
ment [12] and the Meta-analyses of Observational Studies
in Epidemiology (MOOSE) reporting standards [13] (see
Electronic Supplementary Material [ESM] eAppendix 1
for the PRIOR checklist). This overview is a sub-study of
a larger overview of reviews project examining the associa-
tions between CRF and health outcomes across the lifespan.
Two published sibling overviews evaluated the predictive
associations between CRF and health outcomes separately
among children and adolescents [7] and adults [6].

2.2 Eligibility Criteria

In this overview, we included systematic reviews with
meta-analyses that assessed the health-related diagnostic or
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prognostic accuracy of CRF. Studies were eligible if they
met the following criteria:

e Population: Humans of any age from the general popula-
tion or clinical populations with diagnosed chronic con-
ditions.

e FExposure: CRF measured objectively (i.e. maximal exer-
cise testing with gas analysis) or estimated by exercise
(i.e. maximal or submaximal exercise testing without gas
analysis) or non-exercise algorithms.

e Qutcome: Provided diagnostic or prognostic accuracy to
detect any health-related outcomes, including mortality,
chronic health conditions and diseases, or mental health
and wellbeing indicators.

e Study design: Systematic reviews with meta-analyses that
searched at least two bibliographic databases, provided a
sample search strategy, and meta-analysed primary diag-
nostic or prognostic accuracy studies.

e Publication status and language restriction: Full-text
original systematic reviews with meta-analyses pub-
lished in peer-reviewed journals. Based on the authors’
language capacity, only reviews published in English,
French, or Spanish were eligible. Conference abstracts,
commentaries, editorials, dissertations, or grey literature
were ineligible.

e Timeframe: Systematic reviews with meta-analyses pub-
lished after 1 January 2002 were included to capture the
20-year period from the initial search. No date restric-
tions were applied to the primary studies included in the
systematic reviews.

2.3 Information Sources and Search Strategy

A search of five bibliographic databases (MEDLINE® [via
Ovid], Embase [via Ovid], Scopus, CINAHL [via EBSCO-
host], and SPORTDiscus [via EBSCOhost]) was originally
conducted for eligible systematic reviews with meta-anal-
yses published between 1 January 2002 and 18 November
2022. One search update was carried out from 1 November
2022 to 8 March 2024, and a second update was carried out
from 1 February 2024 to 11 April 2025 to search for articles
published since the preceding search. The search strategy
was created by a library scientist (KM) in collaboration with
the authors. An independent research librarian peer-reviewed
the final search using the Peer Review of Electronic Search
Strategies (PRESS) guidelines [14]. The search strategies for
databases are available in ESM eAppendix 2. The reference
lists of included reviews were also searched.

2.4 Selection Process

Records were imported into RefWorks for deduplica-
tion before being imported into Covidence for further

deduplication and screening. Reviewers were not blinded to
the study metadata when screening. The following independ-
ent reviewers screened each title and abstract in duplicate
against the eligibility criteria: JJL, SAP, CCS, JPC, BJF,
TM, BS, BG, and GRT. Conflicts during title and abstract
screening automatically progressed to full-text screening.
Independent reviewers (JIL, SAP, CCS, JPC, BJF, TM, BS,
BG, or GRT) screened full-text records in duplicate against
the eligibility criteria. Subsequent conflicts were resolved
through consensus-based discussion between two of the fol-
lowing reviewers: JJL, SAP, BJF, BG, or GRT. Conflicts
were resolved by a third reviewer (BG or GRT).

2.5 Data Collection Process and Data Items

Two investigators (BJF and OS) independently extracted
relevant data, with discrepancies resolved by discussion.
If required, additional information was requested by email
by contacting the corresponding authors. The following
descriptive data were extracted: author(s), year of publi-
cation, search strategy (e.g. search date range, databases
searched), details of primary studies included in the meta-
analysis (e.g. countries represented, number of primary
studies), participant characteristics (e.g. age, sex, target
population), CRF measure(s), health outcome(s), risk-of-
bias results, and summary effect estimates from the meta-
analyses (e.g. diagnostic odds ratio [dOR], area under the
curve of a summary receiver operating characteristic curve
[SROC AUC], sensitivity, specificity).

2.6 Methodological Quality and Certainty
of the Evidence Assessment

Two independent investigators (BJF and OS) separately
assessed the methodological quality of each systematic
review using A MeaSurement Tool to Assess system-
atic Reviews (AMSTAR 2) [15]. Conflicts were resolved
by discussion. The risk-of-bias assessments (i.e. Quality
Assessment of Diagnostic Accuracy Studies [QUADAS]
and QUADAS-2 scores) for primary studies were extracted
from the systematic reviews and used to inform the Grad-
ing of Recommendations, Assessment, Development, and
Evaluations (GRADE) assessment. For each outcome, the
certainty of the evidence was assessed by BG using a modi-
fied GRADE framework [16], and verified for accuracy by
BJF or GRT. Disagreements were resolved through discus-
sion until consensus was reached (see ESM eAppendix 4 for
GRADE decision rules).
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2.7 Synthesis Methods and Data Analyses

Our goal was to identify systematic reviews with no to
minimal overlapping primary studies for each outcome. If
more than one systematic review examined the association
between CRF and an outcome in the same target population,
we calculated the corrected covered area (CCA) [17]. If the
CCA was high (11-15%) or very high (> 15%), we retained
the review with the highest quality rating (assessed using
AMSTAR 2), or if review quality was equivalent, the most
recent review.

The overall effect measures across the systematic reviews
were summarised using a narrative synthesis. The primary
effect measures of interest were dOR, SROC AUC, sensitiv-
ity, and specificity values. The dOR describes the odds of
a positive test in those with disease relative to the odds in
those without disease [18]. SROC AUC summarises pooled
data across studies to describe the overall accuracy of the
test to discriminate between those with and without disease.
Sensitivity, or the true positive rate, describes the probability
of a positive test in those with disease. Specificity, or the
true negative rate, describes the probability of a negative
test in those without disease. We reported the overall effect
measures for each test and health outcome combination as
described by the systematic review authors (e.g. for each
health outcome, stratified effect statistics for multiple CRF
measures were included). Summary effects are presented
using forest plots. To interpret the magnitude of effect, dOR
values of 2.0, 3.0, and 4.0 [19] and SROC AUC values of
0.56, 0.64, and 0.71 [20] were used as thresholds for low,
moderate, and high diagnostic accuracy, respectively. Higher
sensitivity supports the use of a test to rule out disease,
whereas higher specificity indicates greater utility for rul-
ing in disease.

2.8 Deviation from Registered Protocol

We planned to only include meta-analyses that pooled data
from primary cohort or case—control studies because of
their ability to assess causality. However, we extended the
search to include meta-analyses of primary cross-sectional
and intervention studies to explore the diagnostic accuracy
of CRF (for this review) and associations between CRF
and health outcomes in children and adolescents (a sibling
overview [6]).

3 Results
3.1 Study Selection

Figure 1 provides a flow diagram of the literature search
and screening process, including reasons for full-text
exclusion. Following the removal of duplicates, 10,796
records were screened at the title/abstract level, reducing
to 225 full-texts screened (see ESM eAppendix for full
texts with reasons for exclusion). Seven reviews [21-27]
were retained after full-text screening. Complete sum-
mary statistics (dOR or SROC AUC, and sensitivity and
specificity values) were provided in six reviews, with sum-
mary statistics not available for the seventh review [25].
As such, findings from the seventh review were included
in our narrative overview but not in our forest plots. Two
of the seven reviews [21, 27] examined the prognostic
accuracy of CRF to predict severe cardiovascular events
in patients with heart failure and had a high CCA value
(CCA =35%), with the results from the higher quality
review retained [21]. Six systematic reviews were, there-
fore, included in this overview [21-26].

3.2 Study Characteristics

Individual systematic reviews with meta-analysis char-
acteristics are presented in Table 1. All meta-analyses
were published in English between 2012 and 2024 and
included 31,171 observations. The target population var-
ied among meta-analyses, including those with systolic
heart failure patients [21], apparently healthy children and
adolescents [23], adults without known coronary artery
disease [25], adult females with suspected and subclinical
coronary artery disease [24], patients with type 2 diabe-
tes without diagnosed coronary artery disease [22], and
adults with suspected mitochondrial disorders. [26] Par-
ticipant ages ranged from 8 to 19 years in the lone child
and adolescent meta-analysis [23], with the mean age of
participants ranging from 34 to 69 years across the five
adult meta-analyses [21,22, 24-26]. The number of pri-
mary studies included in the meta-analyses ranged from
seven to 30, with the number of observations in each meta-
analysis ranging from 271 to 9280 participants.
Collectively, these meta-analyses provided insight
into the health-related diagnostic and prognostic accu-
racy [21-26] of CRF. There was a mix of CRF measures
within and between the included meta-analyses, including
objectively measured or exercise estimated VO,,,,, or V
Ojpear [21, 23], ventilatory efficiency (minute ventilation/
carbon dioxide production slope [V /VCO, slope], oxy-
gen consumption [VO,] efficiency slope) [21], ventilatory
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Fig.1 PRISMA flow diagram of the screening process. CRF cardiorespiratory fitness, PRISMA Preferred Reporting Items for Systematic
reviews and Meta-Analyses

fluctuation (exercise oscillatory ventilation) [21], aerobic
exercise performance (via treadmill running/walking or
cycle ergometry without concomitant gas analysis [22, 24],
or treadmill running/walking or cycle ergometry with an
electrocardiogram (ECG), echocardiogram, or myocardial

perfusion imaging [25]) and exercise tolerance (absolute
or relative load lactate stress tests [26]). Several cardio-
vascular health outcomes were considered in each meta-
analysis, including severe cardiovascular events/death
(defined as sudden cardiac death, cardiac transplantation,
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implantation of a ventricular assist device, and/or myo-
plasty [21]), clustered cardiovascular disease risk [23],
and coronary artery disease [22, 24,25], with one review
reporting on mitochondrial disorders. [26]

3.3 Quality and Certainty of Evidence Assessment

The quality ratings of the included systematic reviews are
presented in Table 1. Five of the six reviews were rated as
having low quality [21,22, 24-26], and one was rated as hav-
ing critically low quality [23]. The GRADE of the evidence
is summarised in ESM eAppendix 4. Evidence for severe
cardiovascular events was graded as moderate certainty due
to some risk of bias and high heterogeneity. Evidence for
cardiovascular disease risk was graded as low certainty due
to risk of bias, high heterogeneity, and indirectness. Evi-
dence for coronary artery disease was graded as very low
certainty due to risk of bias, high heterogeneity, inconsist-
ency, and indirectness. Evidence for mitochondrial disorders
was graded as high certainty partially downgraded for indi-
rectness but upgraded for a large magnitude of effect with
no critical flaws identified.

Outcome and CRF measure Study name Population Datasets

Severe cardiovascular events

VE/VCO; slope Cahalin et al. [21] Adults with heart failure 15

VOzpea Cahalin et al. [21) Adults with heart failure 19

Exercise oscillatory ventilation Cahalin et al. [21) Adults with heart failure 5

VO, efficiency slope Cahalin et al. [21] Adults with heart failure 2

Cardiovascular disease risk

VOzmax Ruiz et al. [23] Youth (males) 9

VOzmax Ruizetal. (23] Youth (females) 8

Coronary artery disease

Treadmill exercise test Sun et al. [24] Female adults with suspected coronary artery disease 19

Exercise stress test Dun etal. [22] Adults with type 2 diabetes 9

Mitochondrial disorders

Absolute load lactate stress test protocol  El Guessabi et al. [26] Adults with suspected mitochondrial disorders 6

Relative load lactate stress test protocol €l Guessabi et al. [26] Adults with suspected mitochondrial disorders 8

Overall lactate stress test El Guessabi et al. [26] Adults with suspected mitochondrial disorders 14

N

4717

4563

2396

515

3.4 Synthesis of Results

The dOR, sensitivity, specificity, and SROC AUC results
included in each meta-analysis stratified by health outcome
are presented in Figs. 2, 3, 4, and 5. An overview of find-
ings from the included meta-analyses is provided within this
sub-section.

3.4.1 Prognostic Accuracy Among Adults

3.4.1.1 Severe Cardiovascular Events There was moderate
certainty of evidence for the ability of CRF, defined as V/V
CO, slope, VO, exercise oscillatory ventilation, or VO,
efficiency slope, to predict severe cardiovascular events in
adults with heart failure, as per findings from one meta-anal-
ysis [21]. The dOR, sensitivity, and specificity values were
similar for most CRF measures, as represented by overlap-
ping confidence intervals (CIs) [21]. The only exception was
for exercise oscillatory ventilation, which had lower sensi-
tivity. SROC AUC values were similar for all CRF meas-
ures, although Cls were not reported for three of the four
estimates. All dOR and SROC AUC values suggest CRF
had high prognostic accuracy to predict severe cardiovascu-
lar events. When directly compared in a sub-group of nine

dOR (95% C1) I-squared values

. 5.4(4.2,7.0) 46.6%
o 41(32,53) 703%
o 5.5(3.8,7.9) 0.0%

o 8.1(42,15.6) 49.7%

° 5.7(4.8,6.7) 65.7%

. 36(30,43) 78.5%
o 7.6(59,9.7) 48.8%

° 23(12,47) 69.2%

° 26.63 (10.99, 64.52) NR

o 18.14 (2.99, 109.85) NR

2258 (8.11,62.93) NR

Worse
diagnostic accuracy

Fig.2 Diagnostic odds ratio (dOR) values stratified by outcome and
cardiorespiratory fitness (CRF) measure. dOR describes the odds of
a positive test in those with disease relative to the odds in those with-
out disease. To interpret the magnitude of effect, dOR values of 2.0,
3.0, and 4.0' were used as thresholds for low, moderate, and high
diagnostic accuracy, respectively. Severe cardiovascular events were
defined as sudden cardiac death, cardiac transplantation, implanta-

1 5 10 20 30

Better
* diagnostic accuracy

tion of a ventricular assist device, and/or myoplasty. The x-axis has
been capped at 30 to enhance visualisation of results. CI confidence
interval, N sample size, NR not reported, V/VCO, slope minute ven-
tilation/carbon dioxide production slope, VO, oxygen consumption, V
0,,,. Mmaximal oxygen consumption, VOZPW peak oxygen consump-
tion
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Outcome and CRF measure
Severe cardiovascular events
VE/VCO; slope
VOzpear
Exercise oscillatory ventilation
V0, efficiency slope
Cardiovascular disease risk
VOzmax
VOzmax
Coronary artery disease
Treadmill exercise test
Exercise stress test
Mitochondrial disorders
Absolute load lactate stress test protocol
Relative load lactate stress test protocol

Overall lactate stress test

Study name

Cahalin et al. [21]
Cahalin et al. [21]
Cahalin et al. [21]

Cahalin et al. [21]

Ruiz et al. [23]

Ruiz et al. [23]

Sun et al. [24]

Dun et al. [22]

El Guessabi et al. [26)
El Guessabi et al. [26)

El Guessabi et al. [26)

Population

Adults with heart failure
Adults with heart failure
Adults with heart failure

Adults with heart failure

Youth (males)

Youth (females)

Female adults with suspected coronary artery disease

Adults with type 2 diabetes

Adults with suspected mitochondrial disorders
Adults with suspected mitochondrial disorders

Adults with suspected mitochondrial disorders

Fig.3 Sensitivity values stratified by outcome and cardiorespiratory
fitness (CRF) measure. Sensitivity, or the true positive rate, describes
the probability of a positive test in those with disease. Severe cardio-
vascular events were defined as sudden cardiac death, cardiac trans-
plantation, implantation of a ventricular assist device, and/or myo-

Datasets N Sensitivity (95% Cl}
15 5044 o 0.66 (0.63, 0.69)
19 7319 ° 0.64 (0.61, 0.66)
5 1617 o 0.47 (0.40, 0.54)
2 584 ° 0.72 (0.65, 0.78)
9 4717 ° 0.65 (0.60, 0.71)
8 4563 ° 0.60 (0.56, 0.65)
19 2396 o 0.80 (0.74, 0.86)
9 515 e 0.55 (0.48, 0.61)
6 793 ° 0.67 (0.62, 0.72)
8 271 ° 0.52 (0.33, 0.70)
14 1064 ° 0.59 (0.49, 0.69)

0 05 1
Worse Sensitivity . Better

diagnostic accuracy diagnostic accuracy

plasty. CI confidence interval, N sample size, V/VCO, slope minute
ventilation/carbon dioxide production slope, VO, oxygen consump-
tion, VO,,,, maximal oxygen consumption, VOzpmk peak oxygen
consumption

Outcome and CRF measure Study name Population Datasets N Specificity (95% Cl)
Severe cardiovascular events
VEe/VCO, slope Cahalin et al. [21] Adults with heart failure 15 5044 ° 0.72 (0.71, 0.73)
VOizpea Cahalin et al. [21] Adults with heart failure 19 7319 ° 0.67 (0.65, 0.68)
Exercise oscillatory ventilation Cahalin et al. [21] Adults with heart failure 5 1617 ° 0.75(0.73, 0.78)
VO, efficiency slope Cahalin et al. [21) Adults with heart failure 2 584 ° 0.70 (0.65, 0.75)
Cardiovascular disease risk
VO3max Ruiz et al. [23] Youth (males) 9 4717 ° 0.77 (0.74, 0.80)
VOzmax Ruiz et al. [23] Youth (females) 8 4563 —o— 0.74 (0.72,0.77)
Coronary artery disease
Treadmill exercise test Sun et al. [24] Female adults with suspected coronary artery disease 19 2396 e 0.65 (0.57,0.72)
Exercise stress test Dun etal. [22] Adults with type 2 diabetes 9 515 ° 0.66 (0.61, 0.70)
Mitochondrial disorders
Absolute load lactate stress test protocol El Guessabi et al. [26] Adults with suspected mitochondrial disorders 6 793 ° 0.93 (0.85, 0.97)
Relative load lactate stress test protocol El Guessabi et al. [26] Adults with suspected mitochondrial disorders 8 271 —_— 0.94 (0.79, 0.99)
Overall lactate stress test El Guessabi et al. [26] Adults with suspected mitochondrial disorders 14 1064 ° 0.94 (0.87,0.97)
0 0.5 1
Worse Specificity Better

Fig.4 Specificity values stratified by outcome and cardiorespiratory
fitness (CRF) measure. Specificity, or the true negative rate, describes
the probability of a negative test in those without disease. Severe
cardiovascular events were defined as sudden cardiac death, car-
diac transplantation, implantation of a ventricular assist device, and/

studies, V/VCO, slope and VOzpeak had sirr}ila; prognostic
capabilities (dOR 4.8 [95% CI 3.6-6.5] for V/VCO, slope;
dOR 4.5 [95% CI 3.1-6.4] for V02peak). Exercise oscilla-
tory ventilation had higher prognostic accuracy for future

diagnostic accuracy diagnostic accuracy

or myoplasty. CI confidence interval, N sample size, V/VCO, slope
minute ventilation/carbon dioxide production slope, VO, oxygen con-
sumption, VO,,,,. maximal oxygen consumption, VOZPW peak oxy-
gen consumption

severe cardiovascular events (n=2 studies; dOR 6.4 [95%
CI 3.5-11.9]) than V/VCO, slope and VOzpeak.
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Outcome and CRF measure Study name Population Datasets N Moderate SROC AUC (95% CI)
small Large
Severe cardiovascular events
VE/VCO; slope Cahalin etal. [21] Adults with heart failure 15 5044 ° 0.77 (NR)
VOzpeak Cahalin et al. [21] Adults with heart failure 19 7319 ° 0.73 (NR)
Exercise oscillatory ventilation Cahalin etal. [21] Adults with heart failure 5 1617 ° 0.74 (NR)
VO, efficiency slope Cahalin et al. [21] Adults with heart failure 2 584 NR
Cardiovascular disease risk
VO2max Ruiz et al. [23] Youth (males) 9 4717 ° 0.71 (0.65, 0.76)
VOsmax Ruiz et al. [23] Youth (females) 8 4563 ° 0.64 (0.58, 0.69)
Coronary artery disease
Treadmill exercise test Sun et al. [24] Female adults with suspected coronary artery disease 19 2396 ° 0.79 (0.75, 0.82)
Exercise stress test Dun et al. [22] Adults with type 2 diabetes 9 515 ° 0.66 (NR)
Mitochondrial disorders
Absolute load lactate stress test protocol El Guessabi et al. [26] Adults with suspected mitochondrial disorders 6 793 ° 0.70 (0.66, 0.74)
Relative load lactate stress test protocol El Guessabi et al. [26] Adults with suspected mitochondrial disorders 8 271 —e— 0.80 (0.76, 0.83)
Overall lactate stress test El Guessabi et al. [26]  Adults with suspected mitochondrial disorders 14 1064 —e— 0.83 (0.80, 0.86)
0.25 0.50 0.75
Worse SROC AUC Better

Fig.5 Area under the curve of a summary receiver operating char-
acteristic curve (SROC AUC) values stratified by outcome and car-
diorespiratory fitness (CRF) measure. SROC AUC summarises
pooled data across studies to describe the overall accuracy of the test
to discriminate between those with and without disease. To interpret
the magnitude of effect, SROC AUC values of 0.56, 0.64, and 0.71%
were used as thresholds for low, moderate, and high diagnostic accu-

3.4.2 Diagnostic Accuracy Among Children
and Adolescents

3.4.2.1 Cardiovascular Disease Risk There was low cer-
tainty, from a single review, for VO,,,,, to detect cardio-
vascular disease risk among children and adolescents [23].
This meta-analysis stratified summary statistics by sex,
with larger dOR values observed for males compared with
females. Sensitivity, specificity, and SROC AUC values
were similar for both sexes, with overlapping CIs. VO, ..
had moderate (females) to high (males) diagnostic accuracy
to detect cardiovascular disease risk.

3.4.3 Diagnostic Accuracy Among Adults

3.4.3.1 Coronary Artery Disease There was very low cer-
tainty, from three reviews, for CRF to detect coronary artery
disease in chronic disease populations [22, 24,25]. Of these,
only two reported dOR, SROC AUC, sensitivity, or speci-
ficity values [22, 24]. The results showed how dOR, sensi-
tivity, and SROC AUC were higher for treadmill exercise
performance in females with suspected and subclinical
coronary artery disease [24] compared to treadmill/cycle
ergometry exercise performance in males and females with
type 2 diabetes [22], but specificity was similar. Based on
dOR and SROC AUC values, the diagnostic accuracy of
CRF was high in females with suspected and subclinical
coronary artery disease [24] and low-to-moderate in males

diagnostic accuracy diagnostic accuracy

racy, respectively. Severe cardiovascular events were defined as sud-
den cardiac death, cardiac transplantation, implantation of a ventricu-
lar assist device, and/or myoplasty. CI confidence interval, N sample
size, NR mnot reported, V/VCO, slope minute ventilation/carbon
dioxide production slope, VO, oxygen consumption, VO,,,,, maximal
oxygen consumption, VOzpwk peak oxygen consumption

and females with type 2 diabetes [22]. A sub-analysis by
Dun et al. [22] compared whether type of exercise (tread-
mill vs. cycle ergometry) influenced sensitivity and speci-
ficity. There was no significant difference observed between
the two types of exercise for both sensitivity and specificity
(sensitivity 0.56 [95% CI 0.37-0.74] for cycle ergometry
and 0.61 [95% CI 0.41-0.80] for treadmill, p=0.69; speci-
ficity 0.65 [95% CI 0.55-0.75] for cycle ergometry and 0.63
[95% CI 0.38-0.85] for treadmill, p=0.87) [22].

One meta-analysis by Banerjee et al. [25] presented only
hierarchical summary receiver operating characteristic
curves, and positive and negative likelihood ratios (LR +,
LR —) [25]. The findings from this meta-analysis highlight
that among adults without known disease, exercise test-
ing was more useful for confirming coronary artery dis-
ease than excluding it. This study suggested that a positive
exercise test result (i.e. the participant experienced heart
problems) improved the ability to discriminate coronary
artery disease in patients aged <60 years (LR + =4.74,
95% CI 3.79-5.93) compared with patients aged > 60 years
(LR+ =2.80, 95% CI 1.77-4.43), in males (LR + =4.36,
95% CI 2.89-6.56) compared with females (LR + =2.75,
95% CI 1.42-8.92), and from cycle ergometry echocardi-
ography (LR+ =11.34, 95% CI 6.31-20.38) compared
with other exercise test modalities (treadmill walking ECG:
LR+ =3.57,95% CI 2.71-4.71; treadmill walking echocar-
diography: LR+ =7.94, 95% CI 4.67-13.48; cycle ergom-
etry ECG: LR+ =2.94, 95% CI 2.18-3.96; pharmacological
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stress testing: LR+ =6.14, 95% CI 4.27-8.82) [25]. Col-
lectively, these results indicate the diagnostic accuracy of
exercise testing depends on the age, sex, and clinical charac-
teristics of participants, the prevalence of the health outcome
of interest, and the exercise test modality [25].

3.4.3.2 Mitochondrial Disorders There was high certainty
of evidence for the diagnostic accuracy of absolute load
(independent of the participant’s CRF level) and relative
load (dependent on the participant’s CRF level) lactate
stress tests to detect mitochondrial disorders among adults,
according to one meta-analysis [26]. Whilst specificity was
similar for both protocols, the absolute load lactate stress
test showed higher sensitivity and dOR values, whereas
the relative load lactate stress test had higher AUC values.
Because the AUC reflects overall diagnostic performance
by accounting for the trade-off between sensitivity and
specificity, the relative load lactate stress test may indicate
better overall discriminative performance. However, when
prioritising sensitivity, the absolute load protocol may be
preferable. Collectively, both the absolute and relative load
lactate stress tests represent valid diagnostic tools for detect-
ing mitochondrial disorders. Sub-group analyses suggested
variations lactate cut-off values across studies were likely
the primary source of heterogeneity for the relative load lac-
tate stress test protocol.

4 Discussion

This overview of systematic reviews with meta-analyses
suggests that CRF has moderate-to-high diagnostic accuracy
to detect cardiovascular risk among apparently healthy chil-
dren and cardiovascular disease and mitochondrial disorders
among adults with chronic conditions, and high prognostic
accuracy to predict cardiovascular events among adults with
heart failure. However, the certainty of evidence ranged from
low to high certainty due to methodological limitations in
the summarised reviews. CRF is recognised as a marker
of cardiovascular health [5] and recommended for clinical
practice [3, 8], with the American Heart Association advis-
ing that CRF should be routinely measured to optimise the
assessment of cardiovascular disease risk and better iden-
tify individuals at increased risk of poor health [3]. CRF
testing in clinical settings is becoming increasingly popular
for measuring functional capacity, diagnostic risk stratifica-
tion, and formulating tailored personalised exercise train-
ing programmes [2]. However, CRF is not routinely meas-
ured and monitored or assessed in primary or secondary
care settings, and as such, the diagnostic accuracy of CRF
is potentially underutilised. The findings of this overview
support measurement of CRF as a relatively inexpensive,
non-invasive, and easily implemented tool to identify groups

among populations at risk of adverse cardiovascular events
and mitochondrial disorders.

The present overview highlights the diagnostic accuracy
of CRF measurements using different test protocols (i.e. sub-
maximal and maximal intensity exercise tests conducted in
laboratory and field settings, absolute vs. relative load lactate
stress tests) for detecting cardiovascular health outcomes and
mitochondrial disorders and examines its prognostic accu-
racy for predicting cardiovascular events. Evidence from the
single prognostic accuracy study indicated that ventilatory
efficiency (V/VCO, slope, VO, efficiency slope) and fluctu-
ation (exercise oscillatory ventilation) had relatively greater
prognostic accuracy than VOzpeak for predicting severe car-
diovascular events among patients with heart failure [21].
Though these measures require indirect calorimetry, ventila-
tory efficiency and fluctuation measures can be objectively
assessed from progressive submaximal aerobic exercise
testing. In the context of risk stratification and longer-term
management planning, these results highlight both prognos-
tic and practical benefits in selecting these measures over,
or alongside, VOZpeak’ which requires maximal exertion.
Regarding diagnostic accuracy, the meta-analysis [26] of
mitochondrial disorders highlighted the complexity of rec-
ommending a single lactate stress test protocol, especially in
the absence of clinically meaningful differences in diagnos-
tic accuracy between absolute and relative load protocols.
The authors highlighted how each test protocol had strengths
and limitations, with decision making driven by access to
equipment and the CRF (i.e. VO,,,,) and motor skills of
individuals [26]. For example, benefits of the relative load
lactate stress test include individualised workloads to better
control exercise intensity and improve the ability to compare
results among patients as all patients would be experienc-
ing a similar level of physiological stress [26]. Our findings
highlight potential flexibility in selecting the most appropri-
ate aspect of CRF to assess in different settings. Such deci-
sions are context and population specific, and dependent on
test feasibility and clinician discretion.

It is important that the specific clinical presentation and
practice context be considered when selecting an objective
measure of CRF [28]. In some circumstances, maximal
exercise testing may be preferred as it provides valuable
information about the reason for test termination, an indi-
vidual’s perception of effort, and other exercise intolerance
metrics (e.g. symptoms such as onset of angina, dyspnoea,
and intermittent claudication). Such information can also
be used to inform a safe and effective exercise prescription.
Alternatively, submaximal testing provides a sufficient exer-
cise stimulus to identify functional and physiological thresh-
olds that can also be used to guide individualised exercise
prescription. Healthcare providers and medical professionals
may opt for submaximal testing due to participant prefer-
ence or when maximal testing is contraindicated [29]. Our
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findings highlight the need for consideration of the feasibil-
ity—accuracy trade-off when selecting an appropriate CRF
assessment. Our findings also showed no differences in the
diagnostic accuracy between treadmill and cycle ergometry,
providing flexibility in test selection.

When selecting CRF assessments, diagnostic accuracy
metrics should be interpreted alongside practical considera-
tions such as feasibility, resource requirements, patient bur-
den, and intended clinical use. A CRF measure with strong
diagnostic performance may be impractical for routine use
if it requires specialised equipment or maximal exertion.
Conversely, more accessible CRF tests may be appropriate
for broader screening despite lower diagnostic accuracy. A
test with high sensitivity (and a low LR —) may be particu-
larly useful for ruling out disease, whereas a test with high
specificity (and a high LR +) may better support ruling in
disease. Although AUC and dOR reflect overall discrimina-
tive ability, they do not alone determine rule-in or rule-out
utility. Further, CRF can be used as a risk stratification tool
to identify adults who may be at increased risk and warrant
further clinical assessment [30]. In this regard, prioritis-
ing sensitivity, and thus capturing most adults at increased
risk, enhances clinical utility and may facilitate early iden-
tification and more efficient diagnostic resource allocation.
Aligning diagnostic performance with feasibility and clinical
context facilitates more informed selection of CRF meas-
ures, with diagnostic metrics intended to support, rather than
replace, clinical judgment. The findings of this overview
support the integration of CRF assessment into practice,
particularly for prognostic stratification in heart failure and
diagnostic evaluation in suspected mitochondrial disorders
(given the higher diagnostic accuracy for these outcomes),
while its role in type 2 diabetes, suspected coronary artery
disease, and paediatric populations should be interpreted
cautiously given lower certainty of evidence. Overall, CRF
appears to be a clinically meaningful tool of diagnostic and
prognostic value, warranting routine consideration alongside
established risk assessments.

The advantages of assessing CRF were emphasised by
Sun et al. [24], who summarised the diagnostic accuracy
of CRF versus coronary angiography, the ‘gold standard’
measure used to detect coronary artery disease. Coronary
angiography is invasive, costly, and associated with adverse
events and side effects [24], which highlights the need to
develop more appropriate diagnostic tools. Among adults,
CRF was shown to have high diagnostic accuracy to detect
coronary artery disease and high prognostic accuracy to pre-
dict cardiovascular events, albeit with low to moderate cer-
tainty, providing further support for CRF as a non-invasive,
non-irradiated, well-tolerated, and feasible diagnostic tool.
Furthermore, by showcasing the high diagnostic accuracy
of lactate stress tests to detect mitochondrial disorders with
high certainty, El Guessabi et al. [26] provided additional

insight into the benefits of CRF assessment over common
diagnostic tools like muscle biopsies, which are invasive and
challenging procedures [26].

Interestingly, the diagnostic accuracy and certainty of
evidence for CRF differed between coronary artery disease
among individuals with chronic disease (low certainty) and
mitochondrial disorders (high certainty), likely reflecting
several factors. As impaired oxidative phosphorylation is
central to mitochondrial disorders, CRF and exercise-related
metabolic responses (e.g. lactate accumulation) are closely
linked to disease pathophysiology. In contrast, coronary
artery disease in populations with chronic conditions (e.g.
type 2 diabetes mellitus) is multifactorial, heterogeneous in
presentation, and influenced by comorbidities and medica-
tions that may attenuate the discriminatory value of CRF.
Reference standards also differ, with mitochondrial disorders
typically confirmed using specific genetic or histological cri-
teria, whereas coronary artery disease diagnostic approaches
vary across studies and may introduce misclassification.
Furthermore, the evidence base for mitochondrial disorders
was more consistent in design and demonstrated larger effect
sizes, supporting higher certainty ratings, whereas studies of
coronary artery disease in chronic disease populations were
more heterogeneous in methodology and outcome defini-
tions, contributing to lower certainty of evidence.

Assessing multiple aspects of CRF may provide a more
comprehensive and potentially more accurate approach to
identify those at risk of cardiovascular disease. Additional
research is required to determine whether different aspects of
CRF are complementary, if there is an optimal combination
that enhances health-related diagnostic accuracy, and if so,
develop a cardio health fitness test battery. Ideally, multiple
aspects of CRF should be extracted from a single test to min-
imise additional time and resource burden associated with
extra testing. For example, V/VCO, and VO,,,,, can both
be derived from a progressive aerobic exercise test using
indirect calorimetry. As V/VCO, does not require maximal
exercise intensity, whereas VO, does, it would be ben-
eficial to determine if the diagnostic accuracy improves by
adding VO,,,,,. If not, then submaximal intensity exercise
testing may be preferred from a diagnostic accuracy perspec-
tive in clinical settings.

There are limitations of this overview that must be
acknowledged. Firstly, owing to the methodological and
demographic differences between a small number of
reviews, we were limited to qualitatively synthesising the
available evidence. We acknowledge that diagnostic accu-
racy (the ability to correctly identify the presence or absence
of current disease) and prognostic accuracy (the ability to
predict future health outcomes) represents distinct concepts
and their clinical application differ. Our overview primar-
ily focuses on diagnostic accuracy. Prognostic findings
were interpreted separately and were not used to inform
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conclusions regarding current disease detection. Findings
were summarised with certainty of evidence ranging from
very low to high. Only one of the included reviews had a
target population of apparently healthy children and ado-
lescents, with the other reviews examining adults with pre-
existing chronic conditions or adults with signs/symptoms or
increased risk for coronary artery disease or mitochondrial
disorders, and all but one review examined cardiovascular
health outcomes. Therefore, additional high-quality age-
specific diagnostic evidence for CRF is required to better
understand the health-related diagnostic accuracy of CRF
in the general population and to determine the prognostic
accuracy of CRF to predict outcomes beyond those related
to cardiovascular health or mitochondrial disorders, such
as all-cause mortality and metabolic disease [31]. Further-
more, as only one included review examined ventilatory
fluctuation (exercise oscillatory ventilation) and efficiency
(as VO, efficiency slope), additional research is required to
better understand their diagnostic accuracy in comparison
with other more widely used CRF measures (e.g. VO,
or VOzpeak) and the degree to which the diagnostic accu-
racy varies in other clinical populations. We acknowledge
that different CRF measures reflect complementary rather
than interchangeable dimensions of fitness and underlying
disease processes, and that this heterogeneity influences
interpretation and clinical application. Our review did not
seek to impose a unified physiological model. Instead, CRF
was conceptualised as an umbrella construct, reflecting its
common operationalisation in clinical and epidemiological
research while acknowledging that its component meas-
ures are not mechanistically equivalent. Lastly, all included
reviews were graded as having low to critically low quality,
which was largely due to flaws relating to lack of adjust-
ment for confounding. Strengths of this overview include
carefully assessing the review quality and determining the
certainty of the evidence. By collating and summarising the
available evidence, we identified gaps in understanding that
should be prioritised in future research to better advocate
for the diagnostic utility of CRF in assessing cardiovascular
health and detecting mitochondrial disorders. Specifically,
there is a need for higher quality reporting of systematic
reviews exploring both maximal and submaximal exercise
test protocols, different CRF metrics, other health outcomes,
and different population groups.

5 Conclusion

CRF has moderate-to-high diagnostic accuracy for detecting
cardiovascular risk among apparently healthy children and
cardiovascular disease and mitochondrial disorders among
adults with chronic conditions, and high prognostic accuracy
for predicting cardiovascular events among adults with heart

failure, with certainty of evidence ranging from low to high
certainty. Despite these promising findings, the overall evi-
dence is tempered by low to critically low methodological
quality across the included reviews. Given the strength of
CRF as a predictor of health outcomes along with the recent
emphasis on the application of CRF in clinical practice [3,
32], the current results add to a growing body of literature
that provides an impetus for healthcare providers to promote
physical activity both for their patients and the public. The
current overview also highlights gaps in current understand-
ing and emphasises the need for further original research
and high-quality systematic reviews with meta-analyses to
examine the health-related diagnostic accuracy of CRF in
the general population across a variety of health outcomes
and age groups. Addressing these knowledge gaps will
provide a better understanding of the certainty of evidence
for how routine CRF testing could be promoted to identify
groups at risk for poor health outcomes.
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