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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Low CRF was linked to higher athero
sclerosis prevalence despite a zero cor
onary artery calcification (CAC) score.

• Atherosclerosis was over twice as com
mon in individuals with low CRF 
compared to high CRF.

• Adding CRF to SCORE improved identi
fication of subclinical atherosclerosis.

• CRF and SCORE were independently 
associated with atherosclerosis 
prevalence.
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A B S T R A C T

Background and aims: Despite a coronary artery calcification (CAC) score of zero, 5–6 % of middle-aged in
dividuals still exhibit underlying atherosclerosis. This cross-sectional study aimed first to investigate the asso
ciation between estimated cardiorespiratory fitness (CRF) and atherosclerosis in individuals with zero CAC, 
second to assess whether adding CRF to the Systematic Coronary Risk Evaluation (SCORE) model improves the 
explained variance in atherosclerosis, and third to characterise the association across CRF levels.
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Methods: We included 2322 middle-aged individuals with zero CAC from the Swedish CArdioPulmonary bio
Image Study (SCAPIS). CRF was estimated as maximal oxygen consumption (ml⋅kg− 1⋅min− 1) using submaximal 
cycle testing, CAC was assessed by non-contrast computed tomography, and atherosclerosis by coronary 
computed tomography angiography. Logistic regression and Chi-squared tests analysed associations and 
compared prevalences across CRF groups.
Results: One ml⋅kg− 1⋅min− 1 higher CRF was associated with 4.5 % lower odds of atherosclerosis (p < 0.01), while 
one percentage point higher SCORE corresponded to 47.4 % higher odds (p < 0.01). The combined CRF-SCORE 
model explained significantly more variance in atherosclerosis than SCORE alone (p < 0.01). When categorised 
as “low” and “high”, atherosclerosis prevalence was 104 % higher in low-CRF men (p < 0.01) and 127 % higher 
in low-CRF women (p < 0.001) compared to high-CRF counterparts.
Conclusions: In individuals with zero CAC, low CRF was associated with more than double the prevalence of 
atherosclerosis compared to high CRF. Adding CRF to SCORE explained a greater proportion of variance in 
atherosclerosis. These findings suggest that CRF could help identify individuals at elevated risk, beyond tradi
tional assessments.

1. Introduction

Coronary artery disease (CAD) is a leading cause of premature 
morbidity and mortality worldwide [1]. Despite advances in treatment, 
the prevalence of CAD is projected to rise, driven in part by lifestyle 
factors such as physical inactivity, and increasing prevalence of obesity 
and type 2 diabetes [2]. Therefore, effective preventive measures for 
CAD are essential.

Traditional risk factors including dyslipidaemia, hypertension, and 
diabetes contribute to CAD development. While individual factors are 
important, clustering of risk factors into scoring systems, such as the 
Systematic Coronary Risk Evaluation (SCORE) and the Framingham Risk 
Score, improves prediction [3,4]. In parallel, coronary artery calcifica
tion (CAC) scoring has emerged as a valuable tool for refining cardio
vascular risk stratification, particularly in asymptomatic individuals 
[5–8].

In recent years, the use of CAC scoring has increased and has even 
been suggested to “rule out” coronary atherosclerosis in individuals at 
low to intermediate risk [9]. However, since CAC primarily detects 
calcified plaques, there is a risk of missing noncalcified plaques [8,10]. 
Indeed, a large Swedish study of 30,000 middle-aged individuals un
dergoing coronary computed tomography angiography (CCTA) revealed 
that 5–6 % of those with 0 CAC still exhibited coronary atherosclerosis 
[11]. Thus, while 0 CAC typically suggests a favourable prognosis [12], 
significant atherosclerosis may still be present [13,14].

Cardiorespiratory fitness (CRF) has emerged as a strong predictor of 
both total and cardiovascular mortality [15–17], with higher CRF levels 
associated with reduced risk of significant CAC [18,19]. CRF also im
proves the predictive power of traditional risk models [20], and may be 
as important a risk factor for mortality as traditional factors [21]. A 
recent follow-up study demonstrated that among individuals with 
0 CAC, those with low exercise capacity had higher rates of major 
adverse cardiac events than their more fit counterparts [22]. However, 
because CCTA imaging was not used, it remains unclear whether these 
events were driven by undetected noncalcified coronary atherosclerosis. 
This raises the question of whether individuals with 0 CAC but low CRF 
have a higher prevalence of coronary atherosclerosis compared to those 
with high CRF.

Focusing on individuals with 0 CAC and employing CCTA addresses 
key limitations of prior studies by allowing direct assessment of early 
atherosclerotic changes in populations considered low risk. The aims 
were first to investigate the association between CRF and atherosclerosis 
in individuals with 0 CAC, second to assess whether adding CRF to 
SCORE improves the explanation of variance in atherosclerosis preva
lence in this population, and third to characterise the association across 
different CRF levels.

2. Materials and methods

2.1. Study sample

This study included all participants (n = 2322) with 0 CAC who 
underwent CCTA and submaximal CRF testing in the Gothenburg cohort 
of the Swedish CArdioPulmonary bioImage Study (SCAPIS). SCAPIS is a 
large-scale population-based study that was conducted across six sites in 
Sweden: Gothenburg, Linköping, Malmö/Lund, Stockholm, Umeå and 
Uppsala, between 2013 and 2018. The Gothenburg site was selected for 
the present study because it was the only SCAPIS site that performed 
CRF testing.

The SCAPIS cohort consists of 30,154 randomly selected individuals 
aged 50–64 years who underwent comprehensive cardiopulmonary 
imaging, physical activity assessments, and completed an extensive 
questionnaire, among other measurements [23]. Written informed 
consent was obtained from all participants, and the study received 
approval from the ethics review board in Umeå (approval number 
2010-228-31 M) and the regional ethics board in Gothenburg (approval 
number 638-16). The study protocol conforms to the ethical guidelines 
of the 1975 Declaration of Helsinki.

Individuals were excluded from the present analyses if they had a 
history of myocardial infarction or had undergone cardiac procedures, 
including percutaneous coronary intervention or coronary artery bypass 
grafting. Exclusion criteria for CRF testing included ongoing infections, 
known and unstable cardiovascular disease, electrocardiographic pat
terns indicative of cardiac disease, the use of beta-blockers, a body 
weight exceeding 125 kg, or a resting heart rate above 100 beats per 
minute. Additionally, some participants opted out of CRF testing or were 
excluded due to equipment malfunction.

From an initial pool of 6266 participants enrolled at the Gothenburg 
site, we identified those with valid measurements for SCORE (n = 6170), 
CAC (n = 6008), CCTA (n = 4995), and CRF (n = 4513). Ultimately, 
3755 individuals had valid measurements for all variables of interest 
(including age and sex), of which 2322 (61.8 %) had a 0 CAC score and 
were included in the analyses.

2.2. Data collection

CRF was expressed as estimated VO2max (ml⋅kg− 1⋅min− 1) derived 
from the Ekblom-Bak two-point submaximal exercise test, conducted on 
a calibrated cycle ergometer [24]. Participants were instructed to avoid 
heavy meals and drinking coffee in the hours preceding the test. The 
participant cycled at two work rates for 4 min each on a pedal frequency 
of 60 revolutions per minute: a lower standard rate (approximately 30 
W) and a higher, individually adjusted rate corresponding to moderate 
intensity. Mean heart rates during the last minute at each rate were 
recorded. Obtained values from the test and age were introduced in 
sex-specific validated algorithms for estimation of VO2max.

As part of the imaging protocol, CAC was assessed using non-contrast 
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computed tomography, and atherosclerosis prevalence was evaluated 
using CCTA. The imaging protocols for both CAC and CCTA were per
formed with a dedicated dual-source CT scanner (Somatom Definition 
Flash, Siemens Medical Solutions) [23]. CAC was calculated based on 
the highest density of calcification within a given artery, following the 
Agatston method [25], resulting in a CAC score ranging from 0 upwards. 
Higher scores indicate greater calcium deposition in the artery walls. 
The contrast-enhanced CCTA images were scored for atherosclerosis 
using specialized software, with trained readers visually examining the 
datasets and recording findings electronically. In this study, we define 
“any CCTA-detected atherosclerosis” as the presence (yes/no) of any 
detectable atherosclerotic plaques identified by CCTA of 1 % or greater, 
in similarity to prior studies [11].

To address the second aim of this study, we incorporated the Sys
tematic Coronary Risk Evaluation (SCORE) model into our analyses [3,
26]. We used the original SCORE model, commonly referred to as 
SCORE-1, which estimates the 10-year risk of fatal atherosclerotic car
diovascular disease as a percentage value. For readability, we refer to 
SCORE-1 as “SCORE” throughout the remainder of this manuscript. 
SCORE was calculated using data on age, sex, systolic blood pressure, 
cholesterol levels, and smoking status [23]. For this study, SCORE was 
divided into <1 % and ≥1 %.

2.3. Statistical analyses

All analyses were performed using complete case analysis, and only 
participants with valid data for all variables of interest were included. 
No data imputation procedures were applied. Descriptive statistics were 
used to summarize the characteristics of the study sample. Continuous 
variables were expressed as mean (standard deviation) and categorical 
variables as counts and percentages. To provide additional context on 
potential confounder distribution, baseline characteristics were sum
marised across sex-specific CRF tertiles (Supplements, Table S1). The 
main outcome was the prevalence (yes/no) of atherosclerosis among 
individuals with 0 CAC, and the primary exposure was CRF. Logistic 
regression analysis was performed to assess the association between CRF 
and the presence of atherosclerosis, with statistical significance set at p 
< 0.05.

Three different models were created, each including age and sex as 
covariates and the presence of atherosclerosis as dependent variable. 
The models were structured as follows: in the first model, CRF was 
included as an independent variable; in the second model, SCORE was 
included as an independent variable; and in the third model, both CRF 
and SCORE were included as independent variables. The overall 
strength of the logistic regression models was assessed by McFadden’s 
pseudo-R squared, which indicates how well the model explains the 
variability of the data and assesses the relative improvement of the 
model. The logistic regression models were compared using likelihood- 
ratio tests. Additionally, we tested for an interaction between CRF and 
SCORE.

To further investigate the role of CRF as a risk factor for athero
sclerosis among individuals with 0 CAC, CRF was categorised into bins, 
and the prevalence of atherosclerosis was calculated for different CRF 
levels based on these fitness bins. For men, the bin edges were set at 
<30, 30–35, …, 45–50, ≥50 ml kg− 1⋅min− 1, and for women, the bins 
were set at <20, 20–25, …, 40–45, ≥45 ml kg− 1⋅min− 1. Subsequently, a 
CRF threshold was identified where the differences in atherosclerosis 
prevalence were most prominent, and this threshold was used to divide 
the sample into “low” and “high” CRF groups. The prevalence of 
atherosclerosis was compared between our defined CRF groups using 
Chi-squared tests. The logistic regression represents our primary anal
ysis, while the Chi-square tests provide supplementary descriptive in
formation. To test for potential non-linearity, we compared logistic 
regression models with and without a quadratic term for CRF using 
likelihood-ratio tests. All statistical analyses were performed using 
MATLAB R2024a (Mathworks).

3. Results

3.1. Descriptive characteristics

A total of 2322 participants (60.9 % women) were included in the 
analyses. Descriptive characteristics of the study sample are presented in 
Table 1. Baseline characteristics stratified by sex-specific CRF tertiles are 
provided in Supplementary Table S1.

3.2. Associations between CRF and atherosclerosis

Results from the logistic regression models are presented in Table 2. 
In the model with CRF as the independent variable, the odds of 
atherosclerosis were 5.4 % (p < 0.01) lower per one ml⋅kg− 1⋅min− 1 

higher CRF, with a pseudo R2 of 1.8 %. In the model with SCORE as the 
independent variable, the odds of atherosclerosis were 56.2 % (p < 0.01) 
higher per one percentage point higher SCORE, and the pseudo R2 was 
2.2 %.

In the combined model with both CRF and SCORE, both variables 
remained significant. The odds of atherosclerosis were 4.5 % (p < 0.01) 
lower per one ml⋅kg− 1⋅min− 1 higher CRF, while the odds were 47.4 % (p 
< 0.01) higher per one percentage point higher SCORE. The interaction 
term between CRF and SCORE was not statistically significant. Testing 
showed no significant deviation from linearity (p = 0.888), supporting 

Table 1 
Descriptive characteristics of the study sample, presented overall and 
separately for men and women. Continuous variables are expressed as mean 
(standard deviation), and categorical variables as counts and percentages.

All Men Women

N (%) 2322 907 (39.1 
%)

1415 (60.9 
%)

Age (years) 56.4 (4.2) 56.1 (4.2) 56.6 (4.2)
Education

University degree (%) 1151 
(49.6 %)

400 (44.1 
%)

751 (53.1 
%)

High school/vocational education 
(%)

967 (41.6 
%)

415 (45.8 
%)

552 (39.0 
%)

Elementary school (%) 167 (7.2 
%)

75 (8.3 %) 92 (6.5 %)

Smoking habits
Never smoker (%) 1183 

(50.9 %)
509 (56.1 
%)

674 (47.6 
%)

Former smoker (%) 828 (35.7 
%)

282 (31.1 
%)

546 (38.6 
%)

Regular smoker/sometimes (%) 267 (11.5 
%)

95 (10.5 
%)

172 (12.2 
%)

Cardiovascular disease and/or 
hypertension (%)

276 (11.9 
%)

102 (11.2 
%)

174 (12.3 
%)

Body Mass Index (kg/m2) 26.0 (3.9) 26.6 (3.3) 25.7 (4.2)
Cholesterol 5.5 (1.0) 5.4 (1.0) 5.7 (1.0)
Diabetes 28 (1.2 %) 15 (1.7 %) 13 (0.9 %)
SCOREa (%) 1.0 (0.9) 1.6 (1.0) 0.6 (0.5)
<1 % 1545 

(66.5 %)
312 (34.4 
%)

1233 (87.1 
%)

<2 % 526 (22.7 
%)

372 (41.0 
%)

154 (10.9 
%)

<5 % 238 (10.2 
%)

212 (23.4 
%)

26 (1.8 %)

≥5 13 (0.6 %) 11 (1.2 %) 2 (0.1 %)
Moderate-to-vigorous physical 

activity (min/day)b
57.8 
(27.5)

57.6 
(29.4)

57.9 (26.2)

Cardiorespiratory fitness 
(ml⋅kg− 1⋅min− 1)

33.9 (6.6) 37.5 (5.9) 31.5 (5.9)

Atherosclerosisc 154 (6.6 
%)

74 (8.2 %) 80 (5.7 %)

a SCORE referes to the Systematic Coronary Risk Evaluation.
b Moderate-to-vigorous physical activity (MVPA) was assessed using triaxial 

accelerometer (ActiGraph) with 60-s epochs.
c Defined as “any coronary computed tomography angiography (CCTA)- 

detected atherosclerosis”.
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our modelling approach.

3.3. Combining CRF and SCORE

The combined model, which included both CRF and SCORE, had a 
pseudo R2 of 3.0 %, compared to 1.8 % for the CRF-alone and 2.2 % for 
the SCORE-alone model. Likelihood-ratio tests showed that the com
bined model significantly improved the fit compared to either the CRF- 
alone or the SCORE-alone models (p < 0.01 for both comparisons). This 
suggests that adding CRF to SCORE improved the explanation of the 
variance in atherosclerosis prevalence.

C-statistics were calculated to assess model discrimination and are 
presented in Table 2. The CRF-alone model had a C-statistic of 0.612. 
The SCORE-alone model had a C-statistic of 0.607. The combined model 
with CRF and SCORE improved the C-statistic to 0.630.

3.4. Characterisation of the association across CRF levels

Exploratory sub-analyses across CRF levels revealed distinct thresh
olds associated with increased atherosclerosis prevalence for both men 
and women (Supplements, Fig. S1). In men, substantial differences in 
atherosclerosis prevalence were observed in those with CRF below or 
above 40 ml kg− 1⋅min− 1, while in women, the threshold was 25 ml 
kg− 1⋅min− 1. These thresholds were used to categorise participants into 
“low” and “high” CRF groups.

Fig. 1A displays the distribution of individuals across CRF bins, 
stratified by the low-high CRF categorisation. Fig. 1B shows the absolute 

prevalence of atherosclerosis across CRF bins, using the same catego
risation, thereby providing a direct overview of the clinical burden 
across CRF levels. The proportions of men and women with CRF below 
the suggested thresholds were 67.6 % and 13.6 %, respectively.

A Chi-squared test was performed to assess the significance of the 
observed difference in atherosclerosis prevalence between the low- and 
high-CRF groups, as shown in Fig. 2. In men, the prevalence of athero
sclerosis was 9.8 % in the low-CRF group and 4.8 % in the high-CRF 
group (p < 0.01). Similarly, for women, the prevalence of atheroscle
rosis was 10.9 % in the low-CRF group and 4.8 % in the high-CRF group 
(p < 0.001).

Fig. 2 also illustrates the prevalence of atherosclerosis among men 
and women stratified by CRF (low vs. high) and SCORE (<1 % vs. ≥1 %). 
These results suggest that CRF and SCORE operate independently of one 
another, which was further demonstrated in the combined regression 
model where both variables remained significant. The overall preva
lence of atherosclerosis was approximately 7 % in men and 5 % in 
women, increasing to 8 % and 10 %, respectively, in those with SCORE 
≥1 %.

The combination of low CRF and SCORE ≥1 % showed an even 
higher detection of atherosclerosis prevalence. Specifically, men with 
low CRF and SCORE ≥1 % had an approximately 10 % prevalence, while 
women in the same category had a 15 % prevalence. For women, the 
combination of low CRF and SCORE ≥1 % resulted in the identification 
of a prevalence approximately three times higher than the overall 
cohort.

4. Discussion

In this cohort of middle-aged individuals with 0 CAC, we observed a 
significant inverse association between CRF and atherosclerosis preva
lence. Furthermore, individuals with low CRF had more than double the 
prevalence of atherosclerosis compared to those with high CRF (104 % 
higher in men, 127 % higher in women). Adding CRF to the SCORE 
model improved the explained variance in atherosclerosis (from pseudo 
R2 2.2 %–3.0 %). Notably, individuals with both low CRF and SCORE 
≥1 % showed the highest prevalence (10 % in men and 15 % in women, 
compared to 7 % and 5 % for the overall cohort).

This study focuses on a population traditionally considered to be at 

Table 2 
Odds ratios (95 % confidence intervals) from logistic regression models assessing 
the associations of estimated cardiorespiratory fitness (CRF), Systematic Coro
nary Risk Evaluation (SCORE), and their combination, with atherosclerosis.

Model Odds ratio (95 % CI) Pseudo 
R2

C- 
statistics

CRF SCORE

CRF 0.946 (0.918–0.975) ​ 1.8 % 0.612
SCORE ​ 1.562 (1.279–1.908) 2.2 % 0.607
CRF & 

SCORE
0.955 (0.926–0.984) 1.474 (1.203–1.807) 3.0 % 0.630

Fig. 1. Atherosclerosis prevalence and distribution by estimated cardiorespiratory fitness (CRF) level. (A) Histogram showing the distribution of individuals 
across CRF bins and by low-high CRF categorisation. (B) Histogram showing the prevalence of atherosclerosis across CRF bins and by low-high CRF categorisation.
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low-risk due to the absence of CAC [12]. While CAC scoring is an 
established marker for CAD risk prediction [5,6], and is used for 
reclassification of individuals at intermediate or threshold risk [5,27], it 
has important limitations. Because CAC primarily detects calcified pla
ques, noncalcified atherosclerosis may remain undetected. Supporting 
this, the SCOT-HEART trial demonstrated that CAC scores cannot reli
ably rule out either obstructive CAD or non-obstructive plaques, and 
adverse plaque phenotypes such as low-attenuation plaques (which are 
less dense on imaging), may still be present in individuals with 0 CAC 
[14].

Despite these limitations, CAC scoring has been proposed to “rule 
out” coronary atherosclerosis, particularly in low-to intermediate-risk 

individuals presenting with unselected chest pain in acute settings [9]. 
Recent American Heart Association guidelines even recommend that 
intermediate-risk individuals identified by the Pooled Cohort Equation 
may be reclassified as lower risk if they have a CAC score of 0, suggesting 
limited benefit of statin therapy in such cases [27]. However, growing 
evidence indicates that this approach may overlook a subset of patients. 
A nationwide Swedish study of more than 30,000 middle-aged adults 
(aged 50–64) found that 5–6 % of those with 0 CAC nonetheless had 
CCTA-detected coronary atherosclerosis, including 9.2 % of those clas
sified as intermediate risk [11].

Our findings are consistent with this evidence, highlighting that 
0 CAC does not exclude disease [11]. Noncalcified plaques and 

Fig. 2. Atherosclerosis prevalence by estimated cardiorespiratory fitness (CRF) and Systematic Coronary Risk Evaluation (SCORE) in individuals with a zero 
coronary artery calcification (CAC) score. Prevalence of atherosclerosis is shown separately for men and women, jointly stratified by SCORE <1 % or SCORE ≥1 
%, and by low and high CRF. Low CRF was defined as <40 ml kg− 1⋅min− 1 for men and <25 ml kg− 1⋅min− 1 for women, where differences in atherosclerosis 
prevalence were most pronounced. This figure illustrates the combined effects of CRF and SCORE categories on atherosclerosis prevalence.

Fig. 3. Graphical abstract showing atherosclerosis prevalence by estimated cardiorespiratory fitness (CRF) in individuals with a zero coronary artery 
calcification (CAC) score. Approximate overall prevalence of atherosclerosis is shown for men and women, stratified by low and high CRF levels.
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vulnerable lesions may still be present [8,14], underscoring the het
erogeneity of individuals with 0 CAC and their varied risk [22]. Given 
the increasing reliance on CAC scoring for cardiovascular risk assess
ment, there is a pressing need to better identify individuals at risk within 
this seemingly low-risk group. Our findings contribute by demonstrating 
that among individuals with 0 CAC, low CRF is significantly associated 
with atherosclerosis, with at least double the prevalence compared to 
high CRF (see graphical abstract, Fig. 3).

Our findings align with and extend prior research. In the SCAPIS 
pilot cohort, Ekblom-Bak et al. [18] showed that individuals with 
metabolic syndrome and moderate to high CRF had half the odds of 
significant CAC (>100) compared to those with low CRF. Our study 
builds upon this by examining individuals with 0 CAC, highlighting CRF 
as an important marker for subclinical atherosclerosis even in this 
low-risk population.

More recently, Ahmed et al. [22] demonstrated that individuals with 
0 CAC and low exercise capacity (defined as achieving <6 metabolic 
equivalents of task [METs], where 1 MET = 3.5 ml kg− 1⋅min− 1 oxygen 
consumption) experienced higher rates of major adverse cardiovascular 
events compared to those with higher exercise capacity (≥6 METs), with 
the lowest exercise capacity group showing more than double the event 
rates (≈10.9 vs 4.5 per 1000 person-years). That study did not use CCTA 
imaging, leaving open the possibility that these outcomes were influ
enced by unmeasured conditions. Our use of CCTA, a more precise im
aging method that improves risk stratification, particularly in 
symptomatic individuals [28], suggests that the correlation between low 
exercise capacity (i.e., low CRF) and increased cardiovascular risk in 
0 CAC individuals is potentially mediated through atherosclerotic 
processes.

Our estimate of 4.5 % lower odds of atherosclerosis per 1 ml 
kg− 1⋅min− 1 higher CRF (odds ratio 0.95, 95 % CI 0.92–0.98) is broadly 
consistent in direction and magnitude with prior studies examining CRF 
and cardiovascular outcomes. For example, Ekblom-Bak et al. [15] re
ported hazard ratios of 0.97 (95 % CI 0.97–0.98) and 0.97 (95 % CI 
0.96–0.97) per 1 ml kg− 1⋅min− 1 increase in estimated VO2max for 
all-cause mortality and cardiovascular morbidity. The Cooper Center 
Longitudinal Study found that each additional MET of CRF (≈3.5 ml 
kg− 1⋅min− 1) conferred an 11 % lower risk of cardiovascular events 
(hazard ratios 0.89, 95 % CI 0.83–0.95), corresponding to roughly 3 % 
lower risk per 1 ml kg− 1⋅min− 1 [19]. This association was observed 
across all CAC groups, including individuals with 0 CAC.

A large meta-analysis by Kodama et al. [16] showed that each 1 MET 
higher CRF was associated with pooled risk ratios of 0.87 (95 % CI 
0.84–0.90) for all-cause mortality and 0.85 (95 % CI 0.82–0.88) for 
coronary heart disease/cardiovascular events. Although these prior 
studies assessed longitudinal outcomes in broader populations, the 
consistent inverse association in our study highlights the relevance of 
CRF even among individuals with 0 CAC.

The identified relationship between CRF and atherosclerosis in in
dividuals with 0 CAC has important implications. Previous research has 
shown that higher CRF can mitigate CAC risk [18], and is associated 
with fewer adverse cardiovascular outcomes [19], suggesting a protec
tive role of CRF against CAD. Our findings extend this understanding 
and raise the possibility that higher CRF, which can be improved 
through regular physical activity, could have an impact on atheroscle
rosis progression, including the formation of noncalcified plaques that 
CAC may fail to detect. Noncalcified plaques are particularly relevant as 
they are more prone to rupture due to their lipid-rich, soft-core 
composition [8]. However, further research is needed to establish 
whether these high-risk plaques detected by imaging translate into 
cardiovascular events [10].

The SCORE model is widely used to assess the 10-year risk of fatal 
cardiovascular events and has been linked to CAD in multiple studies 
[3], along with individual components of risk scoring systems, albeit to a 
lesser degree [4]. Our results support that SCORE is associated with 
atherosclerosis in individuals with 0 CAC, suggesting that the risk factors 

included in SCORE also influence noncalcified plaques. Both SCORE and 
CRF have repeatedly been shown to improve the prediction of cardio
vascular morbidity and mortality [3,20,21], and our findings highlight 
that combining these two factors offers a more comprehensive under
standing of atherosclerosis prevalence.

This adds important insights, as there is limited work examining the 
relationship and independence of CRF and SCORE. Previous work by 
Mora et al. [20] showed that CRF testing added predictive power for 
cardiovascular-related mortality beyond the Framingham Risk Score, 
enhancing risk classification. And while CRF has been suggested to be a 
stronger indicator of all-cause mortality than traditional risk factors like 
smoking, type 2 diabetes, and hypertension [21], our findings specif
ically show that the combination of low CRF and elevated SCORE (≥1 
%) enabled the detection of higher prevalence of atherosclerosis, in this 
cohort.

The relationship appeared particularly pronounced in women, where 
the combination of low CRF and SCORE ≥1 % resulted in the detection 
of a nearly threefold higher atherosclerosis prevalence. These findings 
suggest that low CRF potentially interacts with risk factors not captured 
by SCORE alone, such as diabetes, potentially contributing to higher risk 
of atherosclerosis.

Several potential mechanistic pathways may underlie the observed 
associations. CRF can be regarded as a proxy for sufficient levels of 
physical activity, as much of the association between physical activity 
and cardiometabolic health is mediated through CRF [29]. Beyond ef
fects on traditional risk factors, physical activity reduces vascular 
inflammation, lowers cytokines and adhesion molecules, and enhances 
endothelial function [30], largely via repeated increases in haemody
namic shear stress during exercise [31]. Although higher physical ac
tivity generally correlates with lower atherosclerotic risk [32], studies in 
athletes have reported higher plaque burden [33,34], without neces
sarily exhibiting more high-risk features [35], suggesting that CRF may 
influence plaque characteristics in nuanced ways. Genetic predisposi
tion also contributes to individual differences in CRF and cardiovascular 
outcomes, indicating that both lifestyle and biological factors play a role 
[36].

4.1. Clinical implications

The routine use of CAC and SCORE in clinical practice [5,27] makes 
our findings particularly relevant. While a 0 CAC score is often inter
preted as indicative of the absence of significant CAD [12,27], our 
findings reinforce emerging evidence that a 0 CAC score is not synon
ymous with the absence of CAD [11,13,14]. If a patient has a 0 CAC 
score but demonstrates low CRF, further evaluation might be warranted. 
The more than doubled prevalence of atherosclerosis among individuals 
with low CRF highlights the importance of aerobic physical activity of 
sufficient intensity, which improves CRF, in the atherosclerosis process. 
Despite CRF potentially being as significant a risk factor for mortality as 
traditional risk factors [21], it remains underutilised in clinical practice.

Moreover, incorporating both CRF and SCORE could help identify 
individuals who could benefit from further evaluation to rule out CAD, 
despite having 0 CAC, alongside consideration of non-cardiac causes of 
elevated risk. Future studies could explore whether CRF interacts with 
specific risk factors not fully captured by SCORE, such as diabetes or 
family history. Longitudinal studies are further needed to determine 
whether CRF testing can predict cardiovascular events in this popula
tion, and whether improving CRF impacts the progression of non
calcified plaque.

4.2. Strengths and limitations

Our study has several strengths. The use of advanced CCTA imaging 
enabled precise assessment of atherosclerosis in our cohort. Further
more, by focusing on a general middle-aged population without estab
lished disease, our findings provide insights that contrast with previous 
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studies on symptomatic populations and on individuals with higher CAC 
scores. Our examination of the relationship between CRF and athero
sclerosis in individuals with 0 CAC, combined with integration of both 
CRF and SCORE, offers new perspectives on cardiovascular risk 
stratification.

There are, however, some methodological limitations to consider. 
The cross-sectional design prevents us from establishing causality, and 
while our regression models were statistically significant, the relatively 
low pseudo R2 values indicate limited explanatory power. Nevertheless, 
they effectively demonstrate that combining CRF and SCORE improved 
the model fit. Our CRF cut-off points (40 ml kg− 1⋅min− 1 for men and 25 
ml kg− 1⋅min− 1 for women) were derived from our cohort’s distribution 
and may not be generalizable to other populations. For comparison, 
prior research by Blair et al. [37] established thresholds for “high” 
relative aerobic fitness in individuals aged 50–59 years of approximately 
36 ml kg− 1⋅min− 1 for men and 33 ml kg− 1⋅min− 1 for women.

One limitation is that CRF was estimated using submaximal exercise 
testing rather than direct VO2max measurement using gas exchange. 
Although the Ekblom-Bak protocol has been validated against directly 
measured VO2max in similar age groups, showing small non-significant 
systematic errors [24], it still introduces potential error due to indi
vidual variability in heart rate responses. The test has mainly been 
validated in Swedish adults, which may limit generalizability. None
theless, submaximal testing is practical for large-scale studies and clin
ical settings where direct VO2max measurement is not feasible, and it 
has been correlated to cardiovascular disease and mortality in the gen
eral population [15]. Finally, our use of weight-adjusted CRF, while 
clinically standard, does not distinguish between individuals with low 
relative fitness due to deconditioning versus those with higher body 
mass but preserved absolute cardiovascular capacity.

The SCAPIS study employed strict eligibility criteria for CAC and 
CCTA scans, leading to participant exclusion. Similarly, some in
dividuals were either not eligible for or declined CRF testing, potentially 
introducing selection bias that could affect the generalizability of our 
findings. In our analyses, we assessed the presence of any CCTA-detected 
atherosclerosis, and did not examine degree of stenosis, which could 
provide additional insight. However, previous research has shown that 
CCTA-detected plaques contribute significantly to clinical events, inde
pendent of stenosis severity, at least in symptomatic populations [38]. 
Moreover, since all participants had a CAC score of 0, significant stenosis 
was not expected to be high or vary substantially within this cohort.

The use of SCORE-1 in our analyses presents specific limitations. This 
model focuses solely on fatal cardiovascular events, potentially under
estimating the total cardiovascular risk. While the more recent SCORE-2 
model incorporates both fatal and non-fatal events, neither version fully 
addresses competing risk factors. Our decision to use SCORE-1 main
tains consistency with prior research and enables more comparable 
findings.

5. Conclusions

This study demonstrates a significant inverse association between 
CRF and atherosclerosis prevalence in individuals with 0 CAC and shows 
that adding CRF to SCORE improves the explained variance in athero
sclerosis prevalence. Despite the cross-sectional design, these findings 
underscore that regular aerobic physical activity, which improves CRF, 
may play an important role for the presence of noncalcified plaques that 
CAC scoring may miss. Considering the current underutilisation of CRF 
in clinical practice, prospective studies are needed to determine whether 
integrating CRF into cardiovascular risk assessment improves the iden
tification of individuals at elevated risk despite a 0 CAC score. The 
presence of underlying atherosclerosis in apparently healthy middle- 
aged individuals [11] highlights the need for improved risk stratifica
tion for CAD, potentially enabling earlier preventive interventions and 
ultimately improving patient outcomes.
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[15] Ekblom-Bak E, Ekblom B, Söderling J, et al. Sex- and age-specific associations 
between cardiorespiratory fitness, CVD morbidity and all-cause mortality in 
266.109 adults. Prev Med 2019;127:105799. https://doi.org/10.1016/j. 
ypmed.2019.105799.

[16] Kodama S, Saito K, Tanaka S, et al. Cardiorespiratory fitness as a quantitative 
predictor of all-cause mortality and cardiovascular events in healthy men and 
women: a meta-analysis. JAMA 2009;301:2024–35. https://doi.org/10.1001/ 
jama.2009.681.

[17] Engeseth K, Prestgaard EE, Mariampillai JE, et al. Physical fitness is a modifiable 
predictor of early cardiovascular death: a 35-year follow-up study of 2014 healthy 
middle-aged men. Eur J Prev Cardiol 2018;25:1655–63. https://doi.org/10.1177/ 
2047487318793459.
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