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Background: Cardiorespiratory optimal point (COP) during exercise, a potentially useful submaximal cardiopul-
monary exercise testing (CPET) variable, may be an independent risk factor for cardiovascular disease outcomes.Keywords:
However, the relationship of COP with risk of sudden cardiac death (SCD) has not been previously investigated.
We sought to evaluate the association between COP during exercise and SCD risk and determine whether COP
improves SCD risk prediction.
Methods: COP, theminimumvalue of the ventilatory equivalent for oxygen (VE/VO2) in a givenminute of a CPET,
was ascertained in 2190 men who underwent clinical exercise testing. Hazard ratios (HRs) (95% confidence in-
tervals [CIs]) and measures of risk discrimination for SCD were calculated.
Results: A total of 240 SCDs death occurred during a median follow-up of 28.8 years. COP was linearly associated
with SCD in a dose-responsemanner. In amultivariablemodel comprising several established and emerging CVD
risk factors, the HR (95% CI) for SCD was 2.51 (1.36–4.62) per standard deviation increase in COP. This was min-
imally attenuated to 2.36 (1.27–4.37) on further adjustment for high sensitivity C-reactive protein. The associa-
tion did not vary importantly in several relevant clinical subgroups. Addition of COP to a SCD risk score was
associated with a C-index change of 0.0086 (0.0005 to 0.0167; p = .038) and difference in −2 log likelihood
(p = .017).
Conclusions: COP during exercise is strongly, inversely and independently associated with SCD in a graded fash-
ion. COP during exercise may potentially be used for the prediction of the long-term risk for SCD beyond
established CVD risk factors.

© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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Introduction

Peak oxygen uptake (VO2peak), a cardiopulmonary exercise testing
(CPET)1,2 and commonly used as a measure of cardiorespiratory
fitness (CRF), is well known for assessing aerobic capacity. A minefield
of evidence fromobservational studies demonstrate that CRF is strongly,
inversely and independently associated with cardiovascular disease
(CVD) outcomes and mortality.3–10 CRF has also been shown to be as
strong as common CVD risk factors,such as smoking, hypertension,
type 2 diabetes, and high cholesterol, in predicting fatal CVD outcomes.3

Despite the overwhelming evidence available, CRF is not routinely col-
lected in clinical settings for risk prediction due to various reasons.2
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Someof the reasons for this are the challenges associatedwith CRFmea-
surements, which include the need for specialized skills and equipment
and the fact that many participants are not able to attainmaximal aero-
bic capacity due to exercise-related limitations such as limb fatigue or
pain.11

During a maximum incremental CPET, respiratory gas analysis-
related CPET parameters that can be measured include VO2peak,
the maximum oxygen pulse, the ventilatory anaerobic threshold,
the ventilatory equivalent for carbon dioxide (VE/VCO2) slope and the
oxygen uptake efficiency slope (OUES) curve.1–3 However, there are
challenges associated with the measurement of these variables,
especially due to the fact that the definition of these require a
maximal or near maximal exercise test to have been completed. In
majority of tested patient cases, this is not possible. It would be useful
to have a parameter that could be obtained at relatively low exercise
intensity and easy to measure. In an incremental intensity exercise
protocol during CPET, the oxygen ventilatory equivalent behaves in a
U-shape curve pattern for all subjects. The bottom value of this curve
has previously been defined and named the cardiorespiratory optimal
point (COP),12 which likely reflects the best circulatory-respiratory
interaction.12 COP may be a novel risk factor or a risk predictor for
CVD outcomes, but there is limited evidence on these associations. A
previous study demonstrated COP to be associated with all-cause mor-
tality both in healthy and unhealthy middle-aged as well as elderly
subjects.13 However, there has been no previous prospective evaluation
of the association of COP with sudden cardiac death (SCD). In this con-
text, we aimed to investigate the shape, nature, and magnitude of the
prospective association between COP and risk of future SCD using a
population-based cohort of 2190 middle-aged Caucasian men. We also
assessed the consistency of the association in important clinical sub-
groups and investigated the extent to which COP measurements could
improve the prediction of SCD when added to a conventional SCD risk
prediction model.

Methods

Study design and participants

This study followed the STROBE (STrengthening the Reporting of
OBservational studies in Epidemiology) guidelines for reporting obser-
vational studies in epidemiology (Appendix A).14 We employed partic-
ipants of the Kuopio Ischaemic Heart Disease (KIHD) risk factor study
for the current analysis. The KIHD study is a population-based observa-
tional prospective cohort study designed to study risk factors for athero-
sclerotic CVD outcomes among Finnish adults. Participants comprised a
representative sample of men living in the city of Kuopio and its sur-
rounding rural communities in eastern Finland. A detailed description
of the study design and recruitment procedures have been described
previously.15 In brief, of the 3433 men randomly selected to be poten-
tially eligible, 3235 were actually eligible for inclusion. A total of 2682
men were eventually included into the study following exclusion of
those who declined to give informed consent or did not respond to
the invitation. Study participants were 42–61 years of age during base-
line examinationsperformedbetweenMarch1984 andDecember 1989.
The final cohort for this analysis comprised of 2190 menwith complete
information on COP, relevant covariates and SCDs. The study research
protocol was approved by the Research Ethics Committee of theUniver-
sity of Eastern Kuopio and conducted in accordance with the Declara-
tion of Helsinki. Each participant provided written informed consent.

Identification of COP

A symptom-limited cycle ergometer exercise tolerance testwas per-
formed between 8:00 am and 10:00 am for all participants.16 Oxygen
uptakewas assessed using a respiratory gas analyzer (Medical Graphics,
MCG, St. Paul, Minnesota). The standardized testing protocol comprised
13
a graded increase in theworkload of 20W/min until exhaustion. During
CPET, electrocardiogram, blood pressure and heart rate were also re-
corded. To ensure safety, all CPETwere conducted under the supervision
of an experienced physician and a nurse. CPET's expired gas data were
reviewed for each subject and results of relevant variables averaged
for each minute of exercise.17,18 COP, the main CPET exposure in this
study, was obtained by identifying the lowest value of the ratio between
the ventilation (VE) (L/min) and oxygen uptake (VO2) (L/min) results
at a given minute during the maximum CPET, resulting in a dimension-
less ratio value.12,13

Assessment of risk markers

Blood sample collection, physical measurements, assessment of life-
style characteristics, andmeasurement of blood-based biomarkers have
been described in detail in previously published reports.19,20 Self-
administered questionnaires were used to assess smoking status, alco-
hol consumption, use of medication and pre-existing diseases.19 The
cholesterol content of lipoprotein fractions and serum triglycerides
were assayed enzymatically (Boehringer Mannheim, Mannheim,
Germany).21 An immunometric assay (Immulite High Sensitivity
C-Reactive Protein Assay; DPC, Los Angeles, USA) was used to measure
high-sensitivity C-reactive protein (hsCRP). Fasting plasma glucose
(FPG) was measured using the glucose dehydrogenase method
(Merck, Darmstadt, Germany) following protein precipitation by tri-
chloroacetic acid. Adulthood socioeconomic status (SES) was assessed
as a combinedmeasure of the following: income, education, occupation,
occupational prestige, material standard of living and housing
conditions.22 Physical activity status was assessed from a 12-month
physical activity history modified from the Minnesota Leisure-Time
Physical Activity Questionnaire23 and has been described in detail
previously.16

Ascertainment of CVD outcomes

We included all SCDs that occurred from study enrollment through
to 2017. Participants (using Finnish personal identification codes) are
under continuous annual surveillance for the development of new
CVD events, including incident cases and deaths.24 The sources of infor-
mation on SCD were based on a comprehensive review of all available
hospital records, healthcare centres, informant interviews, health prac-
titioner questionnaires, study electrocardiograms, death certificate reg-
isters and medico-legal reports. The diagnostic classification of SCDs
was based on symptoms, electrocardiographic findings, cardiac enzyme
elevations, autopsy findings (80% of all cardiac deaths), and history of
coronary heart disease (CHD) together with the clinical history and
findings from hospital and paramedic staff. A death was determined to
be an SCD when it occurred within 1 h of the onset of an abrupt change
in symptomsorwithin 24h after the onset of symptoms; including non-
witnessed cases when clinical and autopsy findings did not reveal a
non-cardiac cause of SCD or after successful resuscitation from ventric-
ular tachycardia and/or ventricular fibrillation.5

Statistical analysis

Descriptive statistics were used to summarise baseline as follows:
means (standard deviation, SD) or median (interquartile range, IQR)
for continuous variables and N (percentages) for categorical variables.
Age-adjusted partial correlation coefficients were calculated to assess
the cross-sectional associations of COP with several risk markers. Cox
proportional hazard models were used to calculate hazard ratios
(HRs)with 95% confidence intervals (CIs) for SCD. To explore a potential
nonlinear dose-response relationship between COP and SCD, we con-
structed a restricted cubic spline with knots at the 5th, 35th, 65th and
95th percentiles of the distribution of COP in a multivariable adjusted
model. COP was modelled as continuous [per SD increase] and
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categorical (tertile) variables. Three progressive models were used for
our adjustments: (Model 1) age; (Model 2) model 1 plus smoking sta-
tus, history of type 2 diabetes, systolic blood pressure (SBP), total cho-
lesterol, high-density lipoprotein cholesterol (HDL\\C), low-density
lipoprotein cholesterol, body mass index (BMI), FPG, alcohol consump-
tion, prevalent CHD, family history of CHD, use of cholesterol medica-
tion, physical activity status and SES and (Model 3) model 2 plus
hsCRP. We performed subgroup analyses using interaction tests to as-
sess statistical evidence of effect modification by pre-specified individ-
ual level characteristics. To minimize any bias due to reverse
causation, a sensitivity analysis was conducted which involved repeat-
ing the main analysis after exclusion of the first five years of follow-up.

To assess whether adding information on COP measurements to
established SCD risk factors is associated with improvement in predic-
tion of SCD risk, we calculated measures of discrimination for censored
time-to-event data (Harrell's C-index25) and reclassification (the con-
tinuous net-reclassification-improvement [NRI], a category-free version
of the NRI).26 Measures of discrimination and reclassification were
assessed for the riskmodel with the following risk factors: age, SBP, cig-
arette smoking, serum lowdensity lipoprotein cholesterol, history of di-
abetes, BMI, previous myocardial infarction, family history of CHD and
CRF, as previously described.5,27 In addition to Harrel's C-index, we
tested for differences in the −2 log likelihood of prediction models
with and without inclusion of COP. The −2 log likelihood test has
been recommended as amore sensitive risk discriminationmethod.28,29

All statistical analyses were conducted using Stata MP version 16 (Stata
Corp, College Station, USA). A 0.05 level of probability was chosen for
statistical significance.
Table 1
Baseline participant characteristics and correlates of cardiorespiratory optimal point.

Mean (SD), median
(IQR), or %

Pea
r (9

Cardiorespiratory optimal point 23.3 (4.5) –

Questionnaire/Prevalent conditions
Age at survey (years) 52.8 (5.1) 0.2
Alcohol consumption (g/week) 31.8 (6.4–90.5) 0.0
History of type 2 diabetes
No 2082 (95.1) –
Yes 108 (4.9) –

Smoking status
Other 1513 (69.1) –
Current 677 (30.9) –

History of CHD
No 1682 (76.8) –
Yes 508 (23.2) –

Medication for dyslipidemia
No 2179 (99.5) –
Yes 121(0.5) –

Family history of CHD
No 1108 (50.6) –
Yes 1082 (49.4) –

Physical measurements
BMI (kg/m2) 26.9 (3.5) 0.0
SBP (mmHg) 134 (17) −0
DBP (mmHg) 89 (10) −0
Physical activity (kj/day) 1204 (631–1971) -0.
CRF (ml/min) 2427 (623) -0.

Blood-based markers
Total cholesterol (mmol/l) 5.89 (1.06) 0.0
HDL-C (mmol/l) 1.29 (0.30) -0.
LDL-C (mmol/l) 4.03 (1.00) 0.0
Fasting plasma glucose (mmol/l) 5.33 (1.20) 0.0
High-sensitivity CRP (mg/l) 1.24 (0.69–2.36) 0.2

BMI, body mass index; CHD, coronary heart disease; CI, confidence interval; COP, cardiorespir
high-density lipoprotein cholesterol; IQR, interquartile range; LDL-C, low-density lipoprotein c
efficients between percentage of age-predicted exercise capacity and the row variables;. b, Per
variables, the percentage difference in mean values of COP for the category versus the referenc

14
Results

Baseline characteristics and correlates of COPD uring exercise

The overall mean (SD) age and COP at baselinewas 53 (5) years and
23.3 (4.5) respectively (Table 1). Significant negative correlations were
observed between COP and physical activity, CRF and HDL-C; whereas,
significant positive correlations were observed with age, total choles-
terol, LDL-C, FPG and hsCRP. Values of COP were significantly higher in
men with pre-existing disease such as type 2 diabetes and CHD com-
pared to those without.

COP and SCD

During a median (IQR) follow-up of 28.8 (19.2–31.3) years (52,997
person-years at risk), 240 SCDs occurred, which corresponded to an an-
nual rate of 4.53/1000 person-years at risk (95% CI 3.99–5.14). Based on
a restricted cubic spline curve analysis adjusted for conventional cardio-
vascular risk factors (age, smoking status, history of type 2 diabetes, SBP,
total cholesterol, HDL\\C, LDL-C, BMI, FPG, alcohol consumption, preva-
lent CHD, family history of CHD, use of cholesterol medication, physical
activity status and SES), the risk of SCD increased continuously with in-
creasing COP from 29 and beyond with no threshold effect (p-value for
non-linearity = 0.64) (Fig. 1). In age-adjusted analysis, the HR (95% CI)
per 1 SD increase in COP for SCDwas 5.02 (2.85–8.85),whichwas atten-
uated to 2.51 (1.36–4.62) after further adjustment for the conventional
risk factors as above (Table 2). The HR (95% CI) was minimally attenu-
ated to 2.36 (1.27–4.37) on additional adjustment for hsCRP.
rson correlation
5% CI)a

Percentage difference (95% CI) in values
of percentage of COP per 1 SD higher
or compared to reference category of correlateb

–

5 (−0.21, −0.29)*** −1.14% (0.96, 1.32)***
3 (−0.01, 0.08) 0.15% (−0.05, 0.34)

ref
0.84% (0.00, 1.68)*

ref
1.52% (1.14, 1.91)***

ref
1.70% (1.27, 2.13)***

ref
1.31% (−1.26, 3.89)

Ref
0.05% (−0.32, 0.41)

3 (−0.02, 0.07) 0.11% (−0.07, 0.29)
.01 (−0.05, 0.03) −0.04% (−0.23, 0.14)
.01 (−0.05, 0.04) −0.03% (−0.21, 0.15)
11 (-0.15, -0.04)*** -0.49% (-0.67, -0.30)***
37 (-0.40, -0.33)*** -1.73% (-1.91, -1.54)***

5 (0.01, 0.09)* 0.22% (0.04, 0.41)*
12 (-0.16, -0.08)*** -0.52% (-0.70, -0.34)***
6 (0.01, 0.10)* 0.24% (0.06, 0.43)*
5 (0.00, 0.09)* 0.20% (0.02, 0.38)*
0 (0.16, 0.24)*** 0.98% (0.71, 1.07)***

atory optimal point; CRF, cardiorespiratory fitness; DBP, diastolic blood pressure; HDL-C,
holesterol; SD, standard deviation; SBP, systolic blood pressure; a, Pearson correlation co-
centage change in values of COP per 1-SD increase in the row variable (or for categorical
e); asterisks indicate the level of statistical significance: *, p< .05; **, p< .01; ***, p< .001.
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Fig. 1. Restricted cubic spline of the hazard ratios of sudden cardiac death with
cardiorespiratory optimal point.
CHD, coronary heart disease; CVD, cardiovascular disease.
Models were adjusted for age, smoking status, history of type 2 diabetes, systolic blood
pressure, total cholesterol, high-density lipoprotein-cholesterol, low-density lipoprotein
cholesterol, body mass index, fasting plasma glucose, alcohol consumption, prevalent
coronary heart disease, family history of coronary heart disease, use of cholesterol
medication, total physical activity and socioeconomic status.
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Alternatively, comparing the extreme tertiles of COP, the corresponding
adjusted HRs (95% CIs) for SCD were 2.11 (1.52–2.94), 1.55 (1.10–2.19)
and 1.52 (1.08–2.14), respectively. Though the associations were con-
sistent in several subgroups, there was some evidence of effect modifi-
cation by age (p for interaction =0.02) (Fig. 2). In analyses that
excluded the first five years of follow-up in the whole population, the
association between COP and SCD remained similar (Appendix B).

COP and SCD risk prediction

A SCD risk prediction model containing established risk factors
yielded a C-index of 0.7464 (95% CI: 0.7146–0.7781). After addition of
information on COP, the C-index was 0.7549 (0.7242–0.7857),
representing a significant increase of 0.0086 (0.0005 to 0.0167; p =
.038). The −2 log likelihood was significantly improved on addition of
COP to the risk model (p for comparison = 0.017). The continuous
NRI was−7.82% (−32.65, 17.01%, P= .54) and the integrated discrim-
ination index was 0.0040 (−0.0026, 0.0106; p = .23).

Discussion

Based on our population-based prospective cohort study, we have
evaluated the association between COP and SCD risk and the extent to
Table 2
Association between cardiorespiratory optimal point and risk of sudden cardiac death.

COP Events/Total Model 1

HR (95% CI) P-value

Per 1 SD increase 240/2190 5.02 (2.85–8.85) <0.001
Tertile 1 (7.7–21.5) 56 / 730 ref
Tertile 2 (21.6–24.6) 77 / 730 1.30 (0.92–1.84) 0.14
Tertile 3 (24.7–61.4) 107 / 730 2.11 (1.52–2.94) <0.001

CI, confidence interval; COP, cardiorespiratory optimal point; SD, standard deviation.
Model 1: Adjusted for age.
Model 2: Model 1 plus smoking status, history of type 2 diabetes, systolic blood pressure, total c
mass index, fasting plasma glucose, alcohol consumption, prevalent coronary heart disease, fam
and socioeconomic status.
Model 3: Model 2 plus high-sensitivity C-reactive protein.
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which COP assessments could improve the prediction of SCD when
added on top of information provided by conventional CVD risk factors.
Weobserved a strong, inverse and graded relationship,whichwas inde-
pendent of several established and emerging CVD risk factors. The HRs
for SCD were similar for several clinically relevant subgroups, except
for evidence of effect modification by age. The association was also sim-
ilar in analysis that excluded the first five years of follow-up. When we
added COP to a SCD risk score, there was significant improvement in
discrimination of SCD risk using Harrell's C-index and the−2 log likeli-
hoodmethod, but there was no significant improvement in reclassifica-
tion of participants.

CRF is recognized as an important marker of both functional ability,
cardiovascularhealth andmortality.Although informationneeded to es-
timate COP levels is readily available from submaximal exercise testing
during respiratory gas analysis, COPhasnot been routinely assesseddur-
ingCPETuntil recently. An important benefit of theuseof COPduringex-
ercise testing is that - unlike most of other ventilatory indices or
variables derived from a CPET – estimating COP does not require maxi-
mal exercise testing. COP has been proposed as an alternative approach
to report the level of aerobic CRF, indicating the interaction between cir-
culatory and respiratory responses during submaximal aerobic
exercise.12 Therefore, due to easy definition at submaximal exercise
levels, COP can be calculated from CPET with VE and VO2 data in most
exercise testing laboratories, independent from the available CPET pro-
tocol. COP is not only less dependent on the evaluator, but it is also sim-
ple tomeasurewithgreat accuracy.While assessingCOP, ventilation and
oxygen uptake data are needed, but it is less amenable to other condi-
tions such as dietary influences as it has been shown using only carbon
dioxide production data.30 Indeed, when VE/VO2 starts to increase in a
given minute during incremental exercise testing, this indicates that
the COP had already been reached in the previous minute, most often
at a relatively modest submaximal exercise intensity corresponding to
only 30 to 50% of VO2peak, which is much below ventilatory anaerobic
threshold. When comparing VO2 at anaerobic threshold and COP sub-
maximal exercise level, COP may present advantages.

Comparison with other studies

Previous studies have shown that VO2 at anaerobic threshold is in-
versely associated with the risk of CVD and all-cause mortality
events.31,32 In an earlier cohort study,13 COP has been shown to be asso-
ciated with all-cause mortality both in healthy and unhealthy middle-
aged and elderly subjects. On the other hand,many studies have consis-
tently shown CRF to be inversely correlated with adverse levels of CVD
risk factors and associatedwith CVD and all-causemortality.7,33,34 How-
ever, relatively few studies have assessed the relevance of CRF as an in-
dependent predictor of SCD. The risk of SCD in both men and women
was significantly lower in those with moderate to high levels of CRF in-
dependently of several CVD risk factors.35,36 A previous study evaluated
the protective role of a higher CRF level in risk groups such as hyperten-
sive, obese, or unhealthy populations and found that the reduction in
Model 2 Model 3

HR (95% CI) P-value HR (95% CI) P-value

2.51 (1.36–4.62) 0.003 2.36 (1.27–4.37) 0.006
ref ref
1.23 (0.87–1.75) 0.24 1.23 (0.87–1.75) 0.24
1.55 (1.10–2.19) 0.01 1.52 (1.08–2.14) 0.02

holesterol, high-density lipoprotein-cholesterol, low-density lipoprotein cholesterol, body
ily history of coronary heart disease, use of cholesterol medication, total physical activity



Fig. 2. Association of cardiorespiratory optimal point with sudden cardiac death in clinically relevant subgroups.
Hazard ratios were adjusted for age, smoking status, history of type 2 diabetes, systolic blood pressure, total cholesterol, high-density lipoprotein-cholesterol, low-density lipoprotein
cholesterol, body mass index, fasting plasma glucose, alcohol consumption, prevalent coronary heart disease, family history of coronary heart disease, use of cholesterol medication,
total physical activity and socioeconomic status; CHD, coronary heart disease; CI, confidence interval; HDL, high-density lipoprotein; HR, hazard ratio; LDL, low-density lipoprotein; *,
P-value for interaction; cut-offs used for age, bodymass index, systolic bloodpressure, total cholesterol, high-density lipoprotein cholesterol; low-density lipoprotein cholesterol and phys-
ical activity are median values.
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the risk of SCD associatedwithmoderate to high CRF levels was approx-
imately 75% of the SCD risk.35 We have also shown earlier that directly
measured VO2peak is related to SCD in a population of middle-aged
men.5,37 This study demonstrated that a given 1-metabolic equivalent
increment in CRF reduces the risk of SCD by a constant proportion, cor-
responding to a 22% adjusted risk reduction.5 Awell-known predictor of
SCD is low left ventricular ejection fraction (LVEF). Nonetheless, LVEF is
limited by low sensitivity, as the majority of people who suffer from
SCD have a preserved LVEF and it is not practical to assess LVEF in
large population studies to assess SCD risk. On the other hand, increas-
ing evidence shows that use of CPET has increased, with new recom-
mendations by several guideline bodies about the important value of
exercise testing in clinical practice and CVD risk assessment.38 However,
despite the wealth of evidence, the clinical application of various CEPT
parameters, including additional value of COP, in SCD risk assessment
in general population settings is not well established, although there is
a need for easily available assessment methods for SCD risk in general
populations.39–41

Mechanisms involved

We observed significant inverse correlations of COP with several
CVD factors. COP is an index of aerobic exercise capacity, which is
mainly determined by habitual aerobic activity in addition to its genetic
16
contribution.42 It is known that higher level of physical activity, espe-
cially higher intensity exercise training such as endurance running
and cross-country skiing, increases aerobic exercise capacity and re-
duces the risk of CVD outcomes.43,44 Good aerobic exercise capacity
may reduce the risk of atherosclerosis and fatal CVD and SCD events
through both physiological processes and metabolic mechanisms
which include: (i) improvement in levels of lipids, glucose, blood pres-
sure, biomarkers of insulin resistance, natriuretic peptides, and
troponins45,46; (ii) reduction in levels of inflammatory markers47; iii)
improvement in vascular endothelial function48; (iv) reduction of fat
mass and increase in muscular mass and (v) increase in cardiac out-
put, left ventricular function, oxygen utilization, and the formation of
collateral vessels.33,49,50 Earlier evidence suggests that high CRF
lowered coronary calcification and increased plaque stabilization, po-
tentially reducing the risk of unexpected CVD events such as SCD
due to plaque rupture and myocardial infarction.2 Another mechanism
by which low COP levels may be protective of SCD is the effect of im-
proved aerobic exercise capacity on cardiac autonomic regulation. It is
suggested that there is an impairment in cardiac autonomic function
among subjects who are vulnerable to fatal arrhythmias,51 and thus
reduced vagal activity or increased sympathetic activity is a risk factor
for SCD.39,52 Aerobic fitness level is related to vagal modulation of
heart rate, and thus low COP may also have beneficial effects on car-
diac autonomic function.
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Strengths and limitations

This is the first population-based evaluation of the prospective asso-
ciation of COP with the risk of SCD and the potential utility of submaxi-
mal exercise test variables for SCD risk prediction. Submaximal exercise
testing is an easily available method used in measuring aerobic CRF and
has been found to have good reliability and validity with a good safety
profile.53,54 Submaximal physiological responses are acceptable and
commonly used to assess aerobic CRF levels because of proficiency con-
straints. In addition, both treadmill and bicycle tests are readily available
and reliable ways to define fitness levels. In the current study, partici-
pants were identified from a population register; follow-up was long;
measurements of a long list of established and emerging CVD risk fac-
tors enabled adjustment for a range of possible confounding factors;
and the analysis was comprehensive which included assessment of
the dose-response relationship, evaluation of effect modification,
conducting formal risk prediction analyses using sensitive measures
such as the−2 log likelihood, and testing the robustness of the findings.
SCD outcome definition was performed according to the clinical
guidelines.4,5 Although the measurement of respiratory gas data during
exercise testing requires a laboratory with skilled and experienced per-
sonnel, this is a non-invasive assessment which does not require more
skills than more expensive cardiac imaging techniques in risk assess-
ment. There were some other limitations which included (i) the inabil-
ity to correct for regression dilution because of absence of repeat
measurements of the exposure, which could have underestimated the
associations demonstrated; (ii) inability to assess causal relevance of
the findings due to the observational design and potential for biases
such as reverse causation and residual confounding; and (iii) inability
to generalize the findings to females and other ethnicities.

Conclusions

In a middle-aged male Caucasian population, COP during exercise
was strongly, inversely and independently associated with SCD in a
graded fashion. COP during exercise may potentially be used for the
prediction of the long-term risk for SCD beyond established CVD risk
factors.
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