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Abstract
Reduced lung function is associated with cardiovascular mortality, but the relationships with atherosclerosis are unclear. The 
population-based Swedish CArdioPulmonary BioImage study measured lung function, emphysema, coronary CT angiog-
raphy, coronary calcium, carotid plaques and ankle-brachial index in 29,593 men and women aged 50–64 years. The results 
were confirmed using 2-sample Mendelian randomization. Lower lung function and emphysema were associated with more 
atherosclerosis, but these relationships were attenuated after adjustment for cardiovascular risk factors. Lung function was 
not associated with coronary atherosclerosis in 14,524 never-smokers. No potentially causal effect of lung function on ath-
erosclerosis, or vice versa, was found in the 2-sample Mendelian randomization analysis. Here we show that reduced lung 
function and atherosclerosis are correlated in the population, but probably not causally related. Assessing lung function in 
addition to conventional cardiovascular risk factors to gauge risk of subclinical atherosclerosis is probably not meaningful, 
but low lung function found by chance should alert for atherosclerosis.
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Abbreviations
CCTA   Coronary computed tomography angiography
DLCO  Diffusing capacity of lung for carbon monoxide
FEV1  Forced expiratory volume in 1 s
FVC  Forced vital capacity
MR  Mendelian randomization
IMT  Intima-media thickness
PAD  Peripheral artery disease

Introduction

Reduced lung function is a risk factor for cardiovascular 
mortality and morbidity [1–5]. The increased mortality risk 
has been observed also for moderately reduced lung function 

measures, well within the normal range, and results have 
usually persisted after adjustment for smoking and other 
cardiovascular risk factors [1–5]. This could have impor-
tant implications for cardiovascular risk assessment and pre-
vention, as lung function may reveal important information 
about an individual’s cardiovascular status, and spirometry 
has been proposed to be used in routine health screening to 
identify individuals with high cardiovascular risk [1–4]. If 
associations were causal, novel cardiovascular risk assess-
ment tools [2] or pharmaceutical treatment regimens may 
be investigated [6, 7].

Associations of subclinical lung function impairments 
with atherosclerosis may shed light on disease burden and 
prevention windows. The only population-based study 
hitherto examining associations of lung function with ath-
erosclerosis in carotid, coronary and peripheral arteries [8] 
observed that lower forced expiratory volume in 1 s  (FEV1) Extended author information available on the last page of the article
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and emphysema were associated with carotid and peripheral 
artery atherosclerosis, but not with coronary artery calcifi-
cation [8]. Many vulnerable coronary plaques are not cal-
cified, hence coronary calcification measures do not give 
full information about the extent and severity of coronary 
atherosclerosis.

Different aspects of lung impairment may differentially 
predict atherosclerotic disease [9]. Very few population-
based studies have examined whether reduced diffusing 
capacity is associated with subclinical atherosclerosis. A 
study of 450 smokers and non-smokers from the general 
population reported increased occurrence of carotid plaques 
in individuals with low CO diffusing capacity, but no sig-
nificant relationship between carotid plaque and  FEV1 or 
chronic obstructive pulmonary disease (COPD) status [10]. 
In contrast, a study of endothelial dysfunction, a putative 
precursor of atherosclerosis, found no significant relation-
ship with CO diffusing capacity [11].

Mendelian randomization (MR) is a method that uses 
genetic variants as causal anchors to obtain estimates for 
observational associations in the presence of potential con-
founding [12]. Previous MR studies of lung function have 
reported significant inverse relationships between genetic 
risk scores for lung function and blood pressure and diabe-
tes, i.e., two important risk factors for atherosclerosis [13, 
14], and with acute coronary events [15].

We aimed to examine the associations of emphysema and 
results from pulmonary function tests with atherosclerosis in 
multiple arterial beds in a contemporary population-based 
cohort with a large subsample of never-smokers. In addition, 
we examined potential causal relationships using bi-direc-
tional two-sample Mendelian randomization (MR) analyses.

Methods

Cohort study sample

The Swedish CArdioPulmonary bioImage Study (SCAPIS) 
is a collaboration between six Swedish universities and uni-
versity hospitals, with the aim of studying cardio-pulmo-
nary diseases in a large population-based cohort. Randomly 
selected individuals from the general population, who were 
between 50 and 64 years old and living in six urban areas 
surrounding the university hospitals, received an invitation 
letter [16]. The study subjects should be able to understand 
instructions and complete questionnaires, as judged by the 
study staff, but no other exclusion criteria were applied. 
Overall participation rate was approximately 50% and a total 
of 30,154 men and women were included in the study. Sub-
jects were examined at one of the screening centres during 
2013–2018. The study was approved as a multi-center study 

by the ethical review board in Umeå (Dnr 2010-228-31 M). 
All participants gave written informed consent.

After exclusion of individuals with no CT examination 
or who did not perform pulmonary function tests, 29,593 
individuals, 15,175 women and 14,418 men, remained for 
this study. Since the distribution of lung function measures 
and prevalence of atherosclerosis differ markedly by sex, all 
analyses were done separately in men and women. Given the 
fact that smoking is a common cause of reduced lung func-
tion as well as atherosclerosis, we also repeated all analyses 
in never smokers.

Clinical investigations

Information on smoking and medical treatment for hyper-
tension or hyperlipidaemia were derived from the question-
naire. Smoking status was categorized as current smoker, 
former smoker and never smoker, respectively. Physical 
activity was measured over seven consecutive days using 
ActiGraph GT3X or GT3X + activity monitors [17]. The 
proportion of sedentary time was calculated for each indi-
vidual and used as a covariate in this study. Subjects were 
classified as having diabetes based on responses in ques-
tionnaire and blood tests for HbA1c and p-glucose. Sub-
jects with previously known diabetes, elevated p-glucose 
(≥ 7.0 mmol/L) or HbA1c (≥ 48 mmol/mol) were classified 
as having diabetes [18, 19].

Body weight was measured on digital scales with subjects 
dressed in light indoor clothing without shoes. Body height 
was measured to the nearest centimetre using a stadiometer. 
Waist circumference was measured midway between the pal-
pated iliac crests and the palpated lowest rib margins. Body 
mass index (BMI) was calculated as body weight/height2 
(kg/m2). Systolic and diastolic blood pressure (SBP, DBP) 
was measured in the supine position twice in each arm with 
an Omron M10-IT automatic device (www. omron. com), 
with one minute between the two measurements. Mean 
SBP and DBP from the arm with the highest mean SBP was 
used in the analysis. A fasting venous blood sample was col-
lected for analysis of lipids and C-reactive protein (CRP). 
The analyses were performed using standard methods at the 
laboratory of the university hospital. All laboratories were 
accredited either according to ISO/IEC 17025 or to 15189 
by the Swedish Board for Accreditation and Conformity.

Lung function assessments

Dynamic spirometry (Jaeger MasterScreen PFT, Carefusion, 
Hoechberg, Germany) was performed 15 min after bron-
chodilation using 400 μg of Salbutamol with subjects in the 
sitting position and wearing a nose clip. Forced expiratory 
volume in 1 s  (FEV1), forced vital capacity (FVC), and ratio 
of  FEV1/FVC were measured according to the American 
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Thoracic Society (ATS) and European Respiratory Society 
(ERS) standards [20].

Carbon monoxide (CO) uptake was measured using the 
single-breath CO diffusing capacity  (DLCO) test (Jaeger Mas-
terScreen PFT).

Computed tomography (CT) imaging in SCAPIS has 
been described in detail previously [16]. CT was performed 
using a dual-source CT scanner equipped with a Stellar 
Detector (Somatom Definition Flash, Siemens, Forchheim, 
Germany). The software and hardware of the CT scanners 
was identical at the six sites. Visual scoring of emphysema 
from the CT images was done by radiologists blinded to all 
clinical data, according to a modified score sheet used in 
the COPD Gene study (www. copdg ene. org). Each lung was 
divided into three regions and each of the 6 regions were 
assessed for emphysema that was graded as 1 (mild emphy-
sema), 2 (moderate emphysema) or 3 (severe emphysema) 
[21]. Absence of emphysema was given 0 points. The points 
were summed for each individual with a maximum emphy-
sema score of 18.

Atherosclerosis assessments

Trained technicians scanned both carotid arteries for plaque 
in the common carotid artery, the internal carotid artery, 
the external carotid artery, using Siemens Acuson S2000. 
Carotid plaque was defined as a focal structure protruding 
into the arterial lumen of at least 0.5 mm or 50% of the 
surrounding intima media thickness (IMT) value, or dem-
onstrating a thickness > 1.5 mm as measured between the 
intima-lumen interface and media-adventitia interface [22]. 
Any carotid plaque (vs. no plaque) was used as a binary 
variable in the analysis.

Ankle-brachial blood pressure index (ABI) was measured 
bilaterally using a Doppler pulse sensor (Hadeco Bidop ES-
100V3, www. hadeco. co. jp) with the subject in the supine 
position. SBP was measured manually and twice bilaterally 
in the dorsalis pedis and posterior tibial arteries. Ankle bra-
chial index (ABI) was calculated as the ratio between ankle 
and brachial systolic pressures for the arm with the highest 
mean SBP. The leg with the lowest ABI was used in the 
analysis.

Cardiac CT imaging was performed using electrocardi-
ogram-gated non-contrast CT imaging at 120 kV as well as 
contrast enhanced coronary CT angiography (CCTA).

All non-contrast image sets were reconstructed and coro-
nary calcium was identified and scored using the syngo.via 
calcium scoring software (Siemens, Erlangen, Germany) 
[16]. The area of calcification of each 3 mm slice was mul-
tiplied with an intensity factor and summed up to a coronary 
artery calcium score (CACS) for the artery tree according 
to Agatston [23].

For CCTA, a β-blocker (metoprolol) and sublingual glyc-
eryl nitrate were given for control of heart rate and dila-
tion of coronary arteries. The contrast medium iohexol (GE 
Healthcare, 350 mg I/mL) was given at a dose of 325 mg I/
kg body weight. All contrast-enhanced CCTA image sets 
were reconstructed (B35f HeartView medium CaScore) and 
visually scored for atherosclerosis.

The cardiac CT images were evaluated by trained tho-
racic radiologists or cardiologists with between 1 and 
> 10 years of training in reading CCTA and a competence 
level of 1–3 according to the American College of Cardi-
ology Foundation/American Heart Association Clinical 
Competence Statement on cardiac CT [16]. For reporting 
of coronary plaque burden from CCTA, we used the 18 
coronary segment model defined by the Society of Cardio-
vascular Computed Tomography. To increase quality of the 
most important findings, readers focused on the 11 clini-
cally most relevant segments (segments 1–3, 5–7, 9, 11–13, 
17), which were compulsory to report. Other segments were 
only reported if they had atherosclerosis or calcium bloom-
ing. The coronary segments were visually examined for 
presence of plaques and classified as: no atherosclerosis; 
1–49% stenosis; ≥ 50% (i.e. significant) stenosis; not assess-
able because of calcium blooming, not assessable due to 
technical failure or segment missing. Luminal obstruction 
was defined visually by estimating the longest and shortest 
diameter at the site of stenosis. Segment involvement score 
(SIS) was calculated as the number of coronary segments 
with plaque (i.e., vessels with 1–49% or ≥ 50% stenosis or 
vessels not assessable because of calcium blooming) [24].

Statistical analysis

Descriptive statistics are presented as medians with inter-
quartile ranges for continuous measures and numbers (%) 
for categories. Associations between the exposures and the 
outcomes were assessed using the cumulative probability 
model described by Liu et al. [25] using a logit link func-
tion. The model is an ordinal logistic model, which directly 
models the cumulative distribution function and is invariant 
of any monotone transformation of the outcome. The model 
fit will thus be the same if the outcome is transformed in a 
way such that the orderings of the outcome is preserved, e.g., 
log or square root transformation. This allows conditional 
mean values, quantiles and exceedance probabilities for any 
cutoff to be calculated from a single model fit.

One model was fit for each combination of exposure 
and outcome, adjusting for site, age, weight, height, waist 
circumference, CRP, smoking status (never, former, cur-
rent), diabetes mellitus, fraction of the day spent sedentary 
and education level. A directed acyclic graph was used to 
identify potential confounding factors and minimize bias of 
the multivariate model (Online resources Fig. 1). Exposure 
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variables from the pulmonary function tests were modeled 
using restricted cubic splines.

As the distributions differed between men and women for 
 FEV1, FVC and  DLCO, the knots were placed at the 5th and 
35th percentiles of each variable’s distribution in women; 
the overall median and the 65th and 95th percentiles of each 
variable’s distribution in men. The knots for  FEV1/FVC were 
placed at the 5th, 35th, 65th and 95th percentiles of the mar-
ginal distribution and the knots for emphysema score were 
placed at scores 0, 1 and 5.

All other continuous variables were modeled using 
restricted cubic splines with knots placed at the 10th, 50th 
and 90th percentiles. Sex specific estimates were obtained 
by including a multiplicative interaction with sex in all 
models. The odds ratio (OR; 95% confidence intervals) of 
higher CACS, lower ABI, carotid plaques and higher SIS 
are expressed in relation to a sex-specific interquartile range 
(IQR) increment of  FEV1, FVC,  FEV1/FVC and  DLCO. For 
emphysema score ORs are shown for an increase from zero 
to one. The figures show the estimated probabilities of 
CACS > 0, ABI < 0.9, plaque in at least one carotid artery 
and SIS >  = 2.

Missing values were imputed under fully conditional 
specification and coefficients and standard errors were calcu-
lated using Rubin’s rules. The ratio  FEV1/FVC was imputed 
using passive imputation, i.e., the ratio was calculated for 
each imputed data set after both  FEV1 and FVC had been 
imputed.

Mendelian randomization study

Mendelian randomization (MR) is a method that uses genetic 
variants as causal anchors to obtain estimates for observa-
tional associations in the presence of potential confounding 
[12]. This technique was used to examine potentially causal 
effects of lung function on atherosclerosis, and vice versa, 
using data from the UK Biobank and the Cohorts for Heart 
and Aging Research in Genomic Epidemiology and Million 
Veteran Program consortia (see Online resource methods). 
In the primary MR analysis, genetic variants associated with 
 FEV1, FVC and  FEV1/FVC were used as genetic instruments 
to assess the causal effect of lung function on atherosclero-
sis (i.e., carotid Intima-Media Thickness (IMT), presence 
of carotid plaques, and peripheral arterial disease (PAD), 
using two-sample random effects inverse-variance weighted 
MR. Next, genetic variants associated with carotid IMT and 
PAD were used as genetic instruments to assess the causal 
effect of atherosclerotic disease on lung function  (FEV1, 
FVC,  FEV1/FVC).

Additionally, we used random effects MR-Egger, 
weighted-median MR, and CAUSE MR to assess pleiotropic 
effects; multivariable MR to specifically assess the poten-
tial effect of smoking and height. We repeated the random 

effects inverse-variance weighted MR analysis in never-
smokers, using genetic instruments from never-smokers of 
the UK Biobank. Details of the MR analysis are presented 
in the Online resources. 

Results

A total of 29,593 individuals, 15,175 women and 14,418 
men, were included in the study. A total of 3648 (12.3%) 
were current smokers, 10,445 (35.3%) were former smokers, 
14,524 (49.1%) were never smokers and smoking status was 
unknown for 976 (3.3%) participants. The characteristics 
of the study population are presented in Table 1. Cardio-
vascular disease risk factors were generally more prevalent 
in individuals with lower lung function (Online resources 
Tables 1–4). Substantial differences were observed for SBP 
and DBP, diabetes, CRP and smoking across quintiles of 
 FEV1. The distribution of atherosclerosis in three vascu-
lar beds in relation to a commonly used cut-off for COPD 
 (FEV1/FVC < 0.7) and positive emphysema score is illus-
trated in Online resources Fig. 2.

Associations of lung function with coronary 
atherosclerosis

The associations of measures of lung function with coronary 
atherosclerosis, adjusted for age and height, are presented 
for men and women in Online resources Fig. 3, and after 
full adjustments for risk factors in Figs. 1 and 2a, b. Both in 
men and women, lower  FEV1, FVC and positive emphysema 
score were associated with coronary atherosclerosis adjusted 
for age and height (Online resources Fig. 3). Adjusting also 
for cardiovascular disease risk factors, positive emphysema 
score was associated with CACS (in men and women) and 
SIS (in women) (Fig. 2a, b), while no significant association 
remained for  FEV1 and FVC.

We did not observe any associations of emphysema score 
or lower lung function with coronary atherosclerosis in the 
subgroup of 14,524 never-smokers (Fig. 3a, b). A significant 
positive relationship between  DLCO and SIS was observed 
in never smoking men. However, the relationships between 
 DLCO in never smoking men and SIS and CACS, respec-
tively, was non-linear with a nadir around the 25th percen-
tile, and very low  DLCO was associated with high SIS and 
CACS scores (Online resources Fig. 4).

Associations of lung function with carotid plaques

Adjusting for cardiovascular disease risk factors, lower 
 FEV1, lower  FEV1/FVC and positive emphysema score 
were associated with presence of carotid plaques in women. 
No significant relationship was observed in men after 
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adjustments for cardiovascular risk factors (Fig. 2a, b). 
These relationships were non-significant in never smokers. 
However, a significant positive relationship between  DLCO 
and presence of carotid plaques was observed in the anal-
ysis restricted to never smokers, both in men and women 
(Fig. 3a, b, Online resources Fig. 4).

Associations of lung function with ankle‑brachial 
index

Lower  FEV1, FVC and  FEV1/FVC were all associated with 
increased odds of having abnormal ABI (ABI < 0.9) in 
both men and women (Figs. 1 and 2a, b), after adjustments 
for potential confounders. Positive emphysema score was 

associated with increased odds of ABI < 0.9 after adjust-
ments for age and height (Online resources Fig. 3a, b), but 
not after adjustment for cardiovascular risk factors (Fig. 2a, 
b).

In never-smokers, only lower  FEV1/FVC and FVC in 
women, and lower FVC in men, were significantly associ-
ated with ABI < 0.9 (Fig. 3a, b).

Mendelian randomization study

Genetic variants associated with  FEV1, FVC and  FEV1/
FVC were used as instruments to assess the causal effect 
of lung function on atherosclerosis (carotid IMT, presence 
of carotid plaques, PAD) using two-sample random effects 
inverse-variance weighted MR (Online resources Table 5). 

Table 1  Characteristics of the 
study cohort

BMI, body mass index; BP blood pressure; LDL low density lipoprotein cholesterol; HDL, high density 
lipoprotein cholesterol; CRP C-reactive protein; FEV1 Forced expiratory volume (1 s), FVC forced vital 
capacity; ABI ankle brachial blood pressure index; CACS coronary artery calcium score. Values are n (%) 
or median [interquartile range]

All Female Male

n 29,593 15,175 14,418
Age (years) 57.4 [53.7; 61.2] 57.4 [53.7; 61.2] 57.5 [53.7; 61.3]
Height (cm) 172 [165; 179] 166 [161; 170] 179 [175; 184]
Weight (kg) 79.0 [68.8; 90.0] 70.4 [63.0; 80.0] 86.8 [79.0; 96.0]
BMI (kg/m2) 26.4 [23.9; 29.4] 25.6 [23.0; 29.1] 26.9 [24.8; 29.6]
Smoking status (%)
 Current smoker 3648 (12.3) 1880 (12.4) 1768 (12.3)
 Former smoker 10,445 (35.3) 5752 (37.9) 4693 (32.5)
 Never smoker 14,524 (49.1) 7091 (46.7) 7433 (51.6)
 Unknown 976 (3.3) 452 (3.0) 524 (3.6)

College or University degree (%) 13,017 (45.1) 7316 (49.2) 5701 (40.7)
Systolic BP (mmHg) 124 [114; 136] 121 [110; 134] 127 [118; 138]
Diastolic BP (mmHg) 77 [70; 84] 76 [69; 84] 78 [72; 85]
Anti-hypertensive medication (%) 5688 (19.9) 2693 (18.3) 2995 (21.6)
LDL cholesterol (mmol/L) 3.4 [2.8; 4.0] 3.4 [2.8; 4.0] 3.4 [2.8; 4.0]
HDL cholesterol (mmol/L) 1.6 [1.3; 1.9] 1.8 [1.5; 2.1] 1.4 [1.1; 1.6]
Lipid-lowering medication (%) 2268 (7.9) 893 (6.1) 1375 (9.9)
Diabetes (%) 2228 (7.5) 834 (5.5) 1394 (9.7)
CRP (mg/L) 1.0 [0.60; 2.2] 1.0 [0.60; 2.3] 1.0 [0.60; 2.0]
Sedentary time (% of day) 55.0 [47.0; 61.0] 53.0 [45.0; 59.0] 57.0 [49.0; 63.0]
FEV1 (liter) 3.18 [2.69; 3.81] 2.74 [2.45; 3.04] 3.81 [3.40; 4.23]
FVC (liter) 4.08 [3.44; 4.91] 3.49 [3.13; 3.88] 4.91 [4.39; 5.43]
FEV1/FVC 0.79 [0.75; 0.82] 0.79 [0.75; 0.82] 0.78 [0.74; 0.82]
DLCO (mmol/(min kPa)) 8.32 [7.06; 9.88] 7.22 [6.48; 8.01] 9.86 [8.80; 10.93]
ABI 1.21 [1.15; 1.27] 1.19 [1.13; 1.25] 1.23 [1.17; 1.29]
ABI < 0.9 (%) 77 (0.3) 28 (0.2) 49 (0.3)
Segment Involvement Score ≥ 2 (%) 3173 (14.8) 789 (7.1) 2384 (22.9)
Carotid plaque n (%) 16,131 (55) 7361 (49) 8770 (61)
CACS 0 n (%) 14,957 (59.8) 9207 (72.7) 5750 (46.6)
CACS 1–99 n (%) 7140 (28.5) 2754 (21.7) 4386 (35.5)
CACS ≥ 100 n (%) 2916 (11.7) 705 (5.6) 2211 (17.9)
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We found no evidence for an effect of lung function on 
atherosclerosis (Fig. 4). Genetic variants associated with 
carotid IMT and PAD were used as genetic instruments to 
assess the causal effect of atherosclerosis on lung function 
 (FEV1, FVC,  FEV1/FVC; Online resources Table 5). Simi-
larly, we found no evidence for an effect of atherosclerosis 
on lung function. The results were essentially unchanged 
in analysis of never smokers and after assessments of 
potential pleiotropic effects using MR-Egger, weighted-
median MR, and CAUSE MR. We found no evidence for 
an effect of lung function on atherosclerosis or vice versa 
(Fig. 4).

Discussion

Principal observations

In this well-characterized population-based study with a 
large never-smoking subsample, we found that lower  FEV1 
and FVC were associated with increased odds of ABI < 0.9. 

Lower  FEV1 was also associated with presence of carotid 
plaque in women. However, except for emphysema score, the 
relationships with coronary atherosclerosis were attenuated 
after adjustments for other cardiovascular risk factors. Fur-
thermore, coronary atherosclerosis was not associated with 
lower lung function or emphysema in a subgroup of 14,524 
never smokers. In line with the results from our observa-
tional study, we found no evidence for a causal effect of 
lung function on atherosclerosis, or vice versa, in our Men-
delian Randomization study. Overall, the relationships that 
we found between measures of lung function and subclinical 
atherosclerosis were to a major extent explained by other 
risk factors for atherosclerosis.

Lung function, emphysema and subclinical coronary 
disease

Our results for lung function and coronary atherosclerosis 
are largely consistent with results from the MESA study [8], 
which examined spirometry results and percentage emphy-
sema in relation to CACS. No differences in CACS between 

Fig. 1  Associations of lung function and emphysema score with ath-
erosclerosis in three arterial beds. Associations between exposures 
(columns) and outcomes (rows) in men (red) and women (blue). 
Depicted are the probability of SIS >  = 2 (top row, A), probability 
of CACS > 0 (B), probability of ABI < 0.9 (C) and the probability 

of plaque in at least one coronary artery (D). Curves are truncated at 
the sex-specific 10th and 90th percentiles of the exposure variables 
and vertical broken lines indicate the sex specific interquartile range 
(IQR) with the exception of the Emphysema score where the IQR 
equals zero and lines are drawn at zero and one
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Fig. 2  Forest plots of all men (a) and women (b). Adjusted OR (95% 
CIs) for a sex-specific interquartile range increase in the exposures 
with the exception of the Emphysema score where the OR corre-
sponds to an increase between zero and one. ORs are adjusted for 

site, age, weight, height, waist circumference, CRP, smoking status 
(never, former, current), diabetes mellitus, fraction of the day spent 
sedentary and education. "Low" and "high" indicate the interquartile 
range for the exposure variables
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Fig. 3  Forest plots of men (a) and women (b) who never smoked. 
Adjusted OR (95%CIs) for a sex-specific interquartile range increase 
in the exposures with the exception of the Emphysema score where 
the OR corresponds to an increase between zero and one. ORs are 

adjusted for site, age, weight, height, waist circumference, CRP, dia-
betes mellitus, fraction of the day spent sedentary and education. 
"Low" and "high" indicate the interquartile range for the exposure 
variables
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those with and without airflow obstruction were observed 
in two other studies [26, 27]. In contrast, low lung func-
tion was associated with CACS in a cohort of Korean men 
undergoing annual health check-ups [28]. It should be noted 
that the degree of control for cardiovascular risk factors have 
varied between studies and few have specifically addressed 

a large group of never smokers [8].  DLCO was not associated 
with coronary atherosclerosis in the full sample. The present 
study extend the results from previous studies by including 
non-calcified coronary plaque in the analysis, by including 
measures of diffusing capacity, and by analyzing a very large 
subsample of never smokers.

Fig. 4  Causal effects and 95% confidence intervals for (A) the effect 
of lung function on atherosclerosis and (B) the effect of atherosclero-
sis on lung function, estimated using Mendelian randomization (IVW, 
MR-Egger, Weighted median MR, CAUSE MR, Multivariable MR, 

and IVW in never-smokers). Estimates above 0 indicate a positive 
effect, and below 0 a negative effect. Please see Online resource for 
details
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Lung function, carotid plaque and subclinical 
peripheral arterial disease

Previous studies have indicated that the relationship between 
lung function and atherosclerosis could be stronger in the 
carotid or peripheral circulation than in coronary vessels 
[8, 26, 27]. However, no association between spirometry 
findings and carotid plaques was reported from the Ath-
erosclerosis Risk in Communities study [29]. In our study, 
prevalence of carotid plaques was associated with  FEV1 and 
 FEV1/FVC in women, but no significant associations were 
found in men. Low lung function was not associated with 
carotid plaques in never-smokers.

Low diffusing capacity of the lungs has previously been 
associated with presence of carotid plaque [10] and with 
increased prevalence of cardiovascular disease in respiratory 
outpatients [30], but no significant relationship was found 
for diffusing capacity in a study of endothelial function 
[11]. A study of 413 current and former smokers reported 
a non-significant relationship between  DLCO and coronary 
calcium after risk factor adjustment [31]. Both for carotid 
plaque and coronary atherosclerosis, we found non-linear 
relationships with  DLCO in the subgroup of never smokers, 
with a nadir around the 25th percentile. We do not have 
any obvious explanation for this non-linearity. However, it 
could be speculated that there is a threshold effect for the 
relationship between  DLCO and atherosclerosis, and that most 
individuals in a never-smoking population have  DLCO above 
this threshold.

Lower  FEV1, FVC and  FEV1/FVC were associated with 
ABI, and for FVC, this persisted in analysis of never smok-
ers. ABI was similarly associated with  FEV1 and FVC in 
studies by Barr et al. [8] and Schroeder et al. [29].

Lung function and clinical coronary disease events

The weak or absent relationship between lung function and 
coronary atherosclerosis is seemingly in contradiction to 
the increased incidence and mortality due to ischemic heart 
disease, which has been reported in many previous studies 
[1–5]. A recent Mendelian randomization study using data 
from the Coronary Artery Disease Genome wide Replication 
and Meta-analysis plus The Coronary Artery Disease Genet-
ics (CARDIoGRAMplusC4D) suggested an inverse relation 
between lung function, measured by  FEV1 or FVC, and cor-
onary artery disease, defined as patients with a diagnosis 
of myocardial infarction, acute coronary syndrome, chronic 
stable angina, or coronary stenosis > 50% [13]. However, 
the relationship with  FEV1 was attenuated and non-signifi-
cant after adjustment for height. Another recent Mendelian 
randomization study, using genetic data from UK Biobank, 
reported a significant relationship between FVC (but not 
 FEV1) and coronary heart disease [15]. Previous studies 

have also shown inverse relationships between  FEV1 and 
incidence of hypertension and diabetes [32, 33], in line with 
the cross-sectional associations found in this study. This was 
recently supported by two Mendelian randomization stud-
ies, which reported significant inverse relationships between 
genetic risk scores for lung function and blood pressure and 
diabetes, respectively [13, 14]. This supports the view that 
other cardiovascular risk factors partly explain the relation-
ships between low lung function and cardiovascular events.

The pathophysiology of a clinical coronary event is com-
plex and involves both development of atherosclerosis and 
plaque rupture; atherosclerosis is usually asymptomatic 
whereas plaque rupture is the usual mechanism in an acute 
coronary event. Low lung function could hypothetically be 
related to plaque rupture or plaque erosion rather than coro-
nary atherosclerosis. Furthermore, it is possible that other 
risk factors, such as ventricular arrhythmia are responsible 
for the increased cardiac mortality rates in subjects with 
low lung function. Population-based studies from “Men 
born in 1914” [34] and the Cardiovascular Health Study 
[35] have reported significant associations between  FEV1 or 
FVC and ventricular arrhythmias. In the study “Men born 
in 1914”, both the occurrence and prognostic significance 
of cardiac arrhythmias were associated with lung function. 
It also is noteworthy that the relationship between low lung 
function and incidence of coronary events has been shown 
to be stronger for sudden cardiac deaths than for non-fatal 
events [36], which supports the hypothesis that ventricular 
arrhythmia could play a role. Hence, low lung function could 
be linked to cardiac mortality through other pathways than 
atherosclerosis. Although the overall results of the present 
study do not support a causal role of lung function for devel-
opment of atherosclerosis, poor lung volumes in a dynamic 
spirometry could still be reason for a global evaluation of 
atherosclerotic risk factors to reduce the cardiovascular risk.

Strengths and limitations

The MR analyses largely confirmed the results from the 
observational analyses; there was no evidence of a causal 
effect of lung function on atherosclerosis or vice versa. The 
MR technique can be very useful for studying relationships 
between exposure and outcome in an unbiased study design. 
However, there are also important limitations. A limitation 
of the present study is that relatively few genetic polymor-
phisms were available for measures of atherosclerosis. The 
genetic polymorphisms were taken from genome wide asso-
ciation studies with different methods for assessment of ath-
erosclerosis and no valid genetic instrument was available 
for CACS or SIS. Also, the genetic instruments for lung 
function and atherosclerosis explain a relatively low propor-
tion of their variance, which makes the analysis potentially 
underpowered. The genetic analysis among never-smokers 
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is limited by a relatively small sample size and the expo-
sure and outcome variables are from the same study (UK 
Biobank), making the estimates potentially inaccurate or 
biased. Furthermore, even in subjects without apparent car-
diovascular disease, subclinical reductions in cardiac func-
tion could cause reduced lung volumes [37]. This type of 
reverse causation could potentially bias correlations between 
genetic instruments of lung volumes and cardiac disease and 
cannot be completely excluded in studies with two-sample 
MR design [38].

The size of the study and the detailed characterization 
of subclinical atherosclerosis and lung function are impor-
tant strengths of the study. The cohort included large num-
bers of never-smokers, which is another major strength in 
a study of lung function. The spirometries were performed 
post-bronchodilation according to guidelines. Reduced lung 
volumes in this study can therefore be assumed to reflect 
chronic rather than reversible conditions. Detailed informa-
tion about cardiac arrhythmia was not available, which is a 
limitation. Such information could further clarify the rela-
tionship between lung function and acute coronary events.

The men and women in the study population were 
50–64 years old, i.e., age group in which subclinical ath-
erosclerosis is prevalent, and for which preventive meas-
ures still could change the course of the disease. However, 
it is unclear whether relationships are similar in older age-
groups, when incidence of clinical events is higher. Both 
atherosclerosis and reduced lung function develop slowly 
over the life-course and the cross-sectional design precludes 
any analysis of the temporal associations between them.

The participation rate was approximately 50% in this 
study. A recent study of non-participation in the SCAPIS 
study concluded that the selection bias appears to be small 
with respect to the risk factor distributions in the cohort 
[39]. However, generalizability to populations of other ages, 
ethnicities, and environments, is unknown.

Conclusions

Reduced lung function is associated with subclinical ath-
erosclerosis in the general population. This association is 
largely explained by higher prevalence of major cardiovas-
cular risk factors in individuals with poor lung function. We 
found no evidence for a causal relationship between lung 
function and subclinical atherosclerosis. Assessing lung 
function in addition to conventional cardiovascular risk fac-
tors to gauge potential for detection of subclinical athero-
sclerosis is probably not meaningful, but a low lung function 
found by chance should alert for atherosclerosis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10654- 023- 01088-z.
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