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Introduction: Peripheral artery disease (PAD) is a common condition caused by

atherosclerosis, which leads to reduced blood flow to the limbs. PAD is

associated with major adverse cardiovascular events (MACE) and major adverse

limb events (MALE). Surfactant protein-D (SP-D) is a defense lectin expressed in

the lungs and vasculature and has been previously associated with PAD.

Methods: We aimed to examine the prognostic value of plasma SP-D in relation

to MACE, MALE, and all-cause mortality in 913 men with PAD diagnosed through

population-based screening. The cohort was divided into low plasma SP-D

(<420.4 ng/ml) and high SP-D (≥420.4 ng/ml) based on the 95th percentile of

baseline measurements. The data were analyzed using univariate and

multivariate Cox regression analyses.

Results: SP-D was not associated with MACE or MALE. All-cause mortality was

significantly increased in the high SP-D group compared with the low SP-D

group (31.1% vs. 14.9%, p= 0.003), with an adjusted hazard ratio of 2.40 (1.36–

4.24), p= 0.003, over a mean follow-up period of 5.2 ± 1 years.

Discussion: SP-D is not associated with MALE and MACE but is an independent

predictor of all-cause mortality in men with PAD diagnosed through population-

based screening.

KEYWORDS

peripheral artery disease, surfactant protein-D, biomarker, cardiovascular disease,

atherosclerosis

1 Introduction

Peripheral artery disease (PAD) refers to the narrowing or blockage of peripheral arteries

due to atherosclerosis, leading to a range of clinical symptoms and complications. This

condition spans from asymptomatic cases, characterized by a compromised ankle–

brachial index, to varying degrees of intermittent claudication, severe night and rest pain

indicative of critical limb ischemia, and the presence of non-healing ulcers and tissue loss.

PAD shares the same risk factors as atherosclerosis, such as advanced age, smoking, and

diabetes. PAD is a common disease with a global prevalence of 5.6% and is relatively

more prevalent in high-income countries (1). PAD is diagnosed by measuring the ankle–

brachial index (ABI), with an ABI of <0.9 or >1.4 indicating PAD (2).
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The risk of cardiovascular disease (CVD) mortality in PAD

patients is almost doubled when age-adjusted and increases with

the severity of PAD (3). Hence, PAD is highly associated with

major adverse cardiovascular events (MACE), such as stroke,

myocardial infarction, and cardiovascular death (3, 4). PAD is

also highly associated with an increased risk of major adverse

limb events (MALE), such as acute and chronic limb ischemia,

amputation, and arterial revascularization (5). Despite its high

prevalence and strong association with other comorbidities and

death, PAD remains an underdiagnosed and undertreated disease

(6), and prognostic PAD biomarkers are highly warranted.

Surfactant protein-D (SP-D) is a soluble host defense lectin

involved in innate immunity and is highly expressed in the lungs

(7). It is also found at other sites such as in the cardiovascular

system (7–10). Constitutional circulatory SP-D levels are found

to be highly genetically determined, yet also highly variable (11).

The relation between the highest circulatory SP-D levels and

mortality has been recognized for many years (12, 13). Bronchial

and circulatory SP-D are induced with pulmonary disease and

have been associated with mortality in several studies of

pulmonary disease (14–19). However, while SP-D is primarily

synthesized in the lungs, the source of circulatory SP-D is not

fully clarified. Lung spillover might be the primary contributor to

circulatory SP-D, but secretion of SP-D directly from the cells of

the arterial wall also has the potential to contribute (8).

Important for the rationale for studying SP-D as a CVD

biomarker, Hill et al. (20) in 2011 demonstrated that circulatory

SP-D is not only associated with mortality in lung disease

patients but also in patients suffering from cardiovascular

disease. In line with this notion, circulatory SP-D was

independently and positively associated with both carotid artery

intima–media thickness and severe coronary artery calcification

(21), while not in subclinical atherosclerosis (22). An additional

rationale for studying SP-D as a biomarker in CVD is that SP-D

is recognized as a molecular driver of atherogenesis through

studies of gene deficiency (9, 23).

The discovery that circulatory SP-D had potential as a

prognostic biomarker in CVD led Otaki et al. (24) to examine if

SP-D was associated with the clinical outcome of 364 PAD

patients. They found that patients with high circulatory SP-D

levels had an increased risk of MACE and MACLE

(MALE +MACE) and that SP-D could serve as an independent

predictor of these events (24). In the present study, we set out to

analyze a new PAD cohort to see if we could replicate such

findings. The present study aimed to examine the value of

plasma SP-D as a prognostic biomarker of PAD degree, MACE,

MALE, MACLE, and all-cause mortality in a cohort of 913 men

with screening-diagnosed PAD.

2 Materials and methods

2.1 Patients with PAD

The study was conducted according to the guidelines of the

Declaration of Helsinki and approved on 23 March 2008 by the

Regional Scientific Ethics Committee of the Region of Central

Denmark (M20080028). The patients included in this study were

part of the Viborg Vascular (VIVA) screening trial of 65–

74-year-old men in the Central Region of Denmark (25). A total

of 18,749 participants were enrolled in the study and screened

for PAD and abdominal aortic aneurysms between October 2008

and January 2011.

In the VIVA trial, the upper limb with the highest blood

pressure (BP) was used as a reference. Brachial and ankle

pressures were recorded simultaneously, with ankle pressure

calculated as the mean of two pedal artery measurements,

repeated on the opposite leg (26). Blood pressure values were

averaged from the last two readings. PAD was diagnosed with an

ankle–brachial index (ABI) of ≤0.9 or ≥1.4. In this study, PAD

patients were divided into groups based on the degree of PAD

severity: PAD degree 1 (0.75 < ABI < 0.89 or 1.40 < ABI < 1.60),

PAD degree 2 (0.5 < ABI < 0.75 or 1.6 < ABI < 1.8), and PAD

degree 3 (ABI < 0.5 or >1.8). Examiners, trained using a validated

protocol, conducted independent measurements if the variation

between assessors remained below 15%. The patients were

classified as having symptomatic PAD if they experienced pain

while walking that subsided immediately upon stopping;

otherwise, they were categorized as having asymptomatic PAD.

PAD was found in 2,043 of the participants, equal to 10.9%

(25). Of these, plasma samples from 1,160 male patients were

available. Patient samples were excluded if patients were using

glucocorticoid inhalation or tablets (n = 101), were misclassified

as PAD patients (n = 64) (0.9 < ABI < 1.4), or did not have a

complete medical record (n = 98). In total, 913 male patients

with PAD were included in the final study. A thorough medical

history was recorded for all patients, including the use of statins,

antihypertensive drugs, and aspirin. Hypertension was defined as

blood pressure (BP) exceeding 160/100 mmHg or the use of

antihypertensive drugs. Diabetes mellitus (DM) was defined by a

history of diabetes or the use of antidiabetic drugs or insulin.

The patients were characterized as current smokers, previous

smokers, and non-smokers, based on the medical interview at the

time of inclusion in the VIVA trial. Smoking status during

follow-up and newly diagnosed cases of chronic obstructive lung

disease or changes in pharmacological treatment were not

collected; these relied on data collected at baseline. MALE and

MACE were identified in the National Danish Patient Registry

(27); please see Supplementary Table S1 for definitions. All-cause

mortality data were obtained from the Danish National CPR

registry (28).

2.2 Detection of plasma SP-D by the
AlphaLISA technique

The AlphaLISA technique (PerkinElmer) was used for

measuring SP-D in the samples. This bead-based ELISA-like

method does not require washing steps and is characterized by

high sensitivity, a wide dynamic range, and robust performance.

A biotinylated antibody to the analyte binds to the streptavidin-

coated donor beads, while a second antibody to the analyte is
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directly conjugated to AlphaLISA acceptor beads. In the presence

of the analyte, the two beads come into proximity. Excitation of

the donor beads at 680 nm generates singlet oxygen molecules

that trigger a series of chemical reactions in the acceptor beads,

resulting in a sharp peak of light emission at 615 nm.

Briefly, a monoclonal anti-SP-D antibody (HG-HYB246-05)

was conjugated to AlphaLISA acceptor beads (PerkinElmer) at a

concentration of 0.6 mg antibody/mg acceptor beads following

the manufacturer’s instructions. Monoclonal anti-SP-D antibody

(HG-HYB246-06) was modified by labeling with biotin (N-

hydroxysuccinimide-biotin) (Sigma-Aldrich H1759) to permit

binding to AlphaLISA streptavidin-coated donor beads. The

AlphaLISA procedure was performed using 384-well microtiter

plates (white opaque OptiPlate from PerkinElmer, #6007290)

containing 5 µl of diluted plasma and 20 ul of a mix with

biotinylated HG-HYB246-06 diluted 1:50 in AlphaLISA binding

buffer (500 mM Tris pH 7.4, 1% BSA, 0.15 Triton X-100, 50 mM

CaCl2) and HYB246-05 conjugated to acceptor beads diluted

1:20 in AlphaLISA binding buffer. The plate was incubated at

room temperature for 1 h in the dark.

Then, 25 µl of streptavidin donor beads diluted 1:62.5 in

AlphaLISA binding buffer was added, and the plate was incubated

at room temperature in the dark for another 30 min, after which it

was read on an EnSpire reader (PerkinElmer) using the

AlphaScreen protocol. The experiments were performed in

duplicate except for the standards, which were performed in

quadruplicates. Duplicate sample variance was accepted if it was

≤10%. Standards were prepared from a stock solution of 1 mg/ml

of recombinant human (rh)SP-D diluted in fetal bovine serum

(FBS). Standards included serial dilutions from 200 ng/ml to

1.56 ng/ml. Quality controls were prepared from FBS spiked with

rhSP-D in four levels, aliquoted, frozen, and then included on each

plate. The inter-assay coefficient of variation (CV) of <10% (9.2%,

5.2%, 6.2%, and 4.6%, respectively, for the four control samples)

was calculated using measurement of the four control samples

included in the independent consecutive analyses of eight to nine

vidual 384-well microtiter plates. All samples were measured in

duplicates and the intra-assay CVs were calculated for all these

samples individually. The sample measurement was repeated if this

intra-assay CV was above 10%.

2.3 Statistical methods

The distribution of plasma SP-D concentrations was visually

evaluated through probability plots and appeared to follow a

close-to-normal distribution but with a long right-skewed tail

(Figure 1). SP-D concentrations were then divided into a “high

SP-D” group using the 95th percentile (SP-D≥ 420.4 ng/ml) and

a “low SP-D” group (SP-D < 420.4 ng/ml). The continuous

variables were expressed as means with 95% confidence intervals

(95% CI). The continuous data were checked for normal

distribution with Shapiro–Wilk tests and Q–Q plots. Differences

between groups were compared with Student’s t-test or the non-

parametric Mann–Whitney U-test depending on normality. The

rank-sum test was used to compare overall SP-D levels between

symptomatic and non-symptomatic PAD patients, while the

Kruskal–Wallis test was applied to assess differences in SP-D

FIGURE 1

Histogram of the distribution of plasma SP-D levels. Frequencies of levels of SP-D concentrations in 913 men with screening-diagnosed peripheral

artery disease. The black solid line represents the Kernel density estimates. The red dashed line represents the 95th percentile (420.4 ng/ml).
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levels across PAD severity categories. The categorical variables were

presented as proportions (n) and compared with the chi-square

test. All-cause mortality frequencies were presented in a Kaplan–

Meier plot stratified by the “high SP-D” group and the “low SP-

D” group. The difference in survival rates was tested with the

log-rank test. Univariate Cox proportional hazard analyses were

used to identify potential predictors of all-cause mortality,

MALE, MACE, and MACLE based on classical CVD risk factors,

respectively. Potential predictors with α levels of <0.10 from

univariate testing were subsequently adjusted for in multivariable

Cox proportional regression analyses. A p-value of <0.05 was

considered statistically significant. The receiver operating

characteristic (ROC) curve was used to estimate the performance

of a “high SP-D” as a marker of increased mortality at the

chosen threshold. Stata/IC 16.1 was used for statistical calculations.

3 Results

3.1 Baseline characteristics of PAD patients

The distribution of plasma SP-D levels in patients with PAD is

shown in Figure 1. The baseline characteristics of patients with

PAD, divided into low plasma SP-D (<420.4 ng/ml) and high SP-

D (≥420.4 ng/ml), are shown in Table 1. The low SP-D group

included 868 (95.1%) male patients, and the high SP-D group

included 45 (4.9%) male patients.

Among the 913 included PAD patients, symptom data were

missing for 10 individuals, leaving 903 individuals for analyses of

SP-D levels in symptomatic vs. asymptomatic patients. Among

symptomatic PAD patients, 4.9% (16/325) were in the high SP-D

group, compared with 5.0% (29/578) in the asymptomatic group

(p = 0.95). The overall median SP-D levels were 142 (IQR: 100–

201) in symptomatic PAD and 140 (IQR: 95–212) in

asymptomatic PAD (p = 0.60). No significant differences in SP-D

levels were observed when stratifying by PAD severity and

symptom status (p = 0.59), as shown in Supplementary Table S2.

For an overview of the distribution of mean ABI measurements

at baseline, please see Supplementary Figure S1.

Analysis of clinical variables between groups showed a

significant difference in systolic blood pressure, use of aspirin

and beta-blockers, and previous CVD events. There were no

significant differences between age, BMI, smoking status, diastolic

blood pressure, prevalence of hypertension, chronic pulmonary

disease, diabetes, and use of various other medications. The

unadjusted baseline characteristics of patients divided into low

TABLE 1 Baseline characteristics and outcomes of PAD patients divided by the 95th percentile of SP-D into low SP-D (<420.4 ng/ml) and high SP-D
(≥420.4 ng/ml).

Groups Total N Low SP-D (n = 868) High SP-D (n= 45) p-value

SP-D, ng/ml 913 13–420.4 420.4–1,698

Age, years 913 69.5 [69.3–69.7] 69.5 [68.7–70.3] 0.99

BMI, kg/m2 913 26.6 [26.3–26.8] 25.6 [24.3–26.9] 0.13

Smoking status 912 40.7 (359) 43.5 (20) 0.71

Never, % (n) 112 12.2 (106) 13.3 (6) 0.98

Former, % (n) 428 46.9 (407) 46.7 (21)

Current smokers, % (n) 372 40.8 (354) 40.0 (18)

COPD 913 23 (2.7) <3 0.47

Diastolic BP, mmHg 909 83.0 [82.2–83.7] 80.0 [76.0–84.0] 0.09

Systolic BP, mmHg 910 159.1 [157.6–160.6] 151.4 [145.1–157.7] 0.024

PAD Degree 913

1 311 33.8 (293) 40.0 (18) 0.16

2 407 45.3 (393) 31.1 (14)

3 195 21.0 (182) 28.9 (13)

Hypertension, % (n) 894 83.4 (708) 86.7 (39) 0.56

DM, % (n) 911 17.9 (155) 26.7 (12) 0.14

Aspirin, % (n) 898 57.3 (489) 75.6 (34) 0.016

ACE inhibitors, % (n) 858 32.4 (264) 43.2 (19) 0.14

Beta-blockers, % (n) 866 28.6 (235) 56.8 (25) <0.001

Calcium blockers, % (n) 863 30.9 (253) 34.1 (15) 0.66

Beta-agonists, % (n) 836 2.0 (16) 0.0 (0) 0.35

Statins, % (n) 895 58.0 (493) 60.0 (27) 0.79

Warfarin, % (n) 841 8.8 (70) 9.3 (4) 0.91

Previous CVD, % (n) 913 21.2 (184) 37.8 (17) 0.009

Outcomes

MALE, % (n) 913 11.6 (101) 15.6 (7) 0.43

MACE, % (n) 913 21.4 (186) 24.4 (11) 0.63

All-cause mortality, % (n) 913 14.9 (129) 31.1 (14) 0.003

Data are presented as means [95% confidence intervals] for continuous variables and percentages (numbers) for dichotomous variables, respectively. p-values are derived using the Wilcoxon

rank-sum test or the Student’s t-test for continuous variables, as appropriate, and the chi-squared test for dichotomous variables, respectively. A p-value of <0.05 is written in bold, indicating a

significant difference between the low and high SP-D groups. ACE, angiotensin-converting enzyme; BP, blood pressure; BMI, body mass index; CVD, cardiovascular disease; DM, diabetes

mellitus; MACE, major adverse cardiovascular event; MALE, major adverse limb event; PAD, peripheral artery disease; SP-D, surfactant protein-D.
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and high SP-D did not show any significant differences in MALE

or MACE events, but a significantly increased proportion of

patients with high SP-D died during follow-up (Table 1).

3.2 Clinical outcomes in PAD patients

During the follow-up period of mean 5.2 ± 1.0 years, there were

108 (11.8%) incidents of MALE, 197 (21.6%) incidents of MACE,

and 143 (15.7%) incidents of death. Cox regression analysis

showed that there was no significant difference in hazard ratio of

MALE [adjusted HR = 1.32, 95% CI (0.60–2.87), p = 0.49], MACE

[adjusted HR = 1.18, 95% CI (0.64–2.17), p = 0.60], or MACLE

[HR = 1.01, 95% CI (0.55–1.87), p = 0.97] between the high and

low SP-D groups (Supplementary Tables S1, S2, and S3,

respectively). Hypertension, use of beta-agonists, and increasing

PAD degrees significantly and independently increased the risk

for MALE, while increasing age, hypertension, diabetes mellitus,

previous CVD events, and PAD degree increased the risk for

MACE. Similar results were observed for the combined

MACLE outcome.

A significant difference in the crude hazard ratio (Table 2) and

unadjusted cumulative proportions of deaths from all causes

(Figure 2) was observed between the group of patients with high

levels of SP-D compared with the group with lower levels.

Additionally, hypertension, diabetes mellitus (DM), use of beta-

agonists [an indicator of the presence of chronic obstructive

pulmonary disease (COPD)], use of warfarin, and the degree of

PAD were significantly associated with all-cause mortality

(Table 2). When adjusting for those potential confounders, a

strong and independent association persisted between high levels

of SP-D and all-cause mortality with an adjusted hazard ratio of

2.40, 95% CI (1.36–4.24), p = 0.003, compared with the group

with lower levels (Table 2). A satisfactory area under the ROC

curve of 0.67 (95% CI: 0.62–0.72) was estimated when “high SP-

D” was analyzed as a predictor of all-cause mortality in a

multivariate analysis including the same confounders and time

at risk.

4 Discussion

Associations between SP-D and adverse events in PAD have

been previously demonstrated and might also be expected due to

observations of SP-D synthesis in vascular smooth muscle cells

and endothelial cells (8, 9, 29), reduced atherosclerosis formation

with SP-D ablation in mice (9, 23, 30), and the association

between genetic polymorphisms affecting SP-D levels and

atherosclerotic intima–media thickness (22). Here, we set out to

test potential associations between SP-D and PAD in a new and

larger cohort. We observed that plasma SP-D level is strongly

predictive of all-cause mortality in PAD. The cause of this

relation remains unknown.

We found no significant independent association between high

SP-D and PAD degree or the risk of MACE, MALE, and MACLE.

A previous study by Otaki et al. (24) showed that SP-D was an

independent predictor of MACE and MACLE in a cohort of 364

PAD patients admitted to their first PAD treatment. An

important difference between the study by Otaki et al. and the

present study is that the former study included patients with

advanced disease having endovascular therapy performed

whereas our study included patients found through screening.

Another difference was that our study only covered male data,

whereas the cohort applied by Otaki et al. included 21% women.

Complementary analyses on cohorts including female

information are therefore urgently required. The combined male

TABLE 2 Univariate and multivariate Cox regression analysis of all-cause mortality in PAD patients.

Variables Univariate analysis Multivariate analysis

All-cause mortality Crude HR 95% CI p-value Adjusted HR* 95% CI p-value

SP-D ≥420.4 ng/ml (95th percentile cutoff) 2.09 1.20–3.65 0.009 2.40 1.36–4.24 0.003

Age (per 1-year increase) 1.04 0.98–1.11 0.15 – – –

BMI 1.02 0.98–1.07 0.23 – – –

Hypertension 2.03 1.12–3.67 0.019 1.93 1.06–3.54 0.032

DM 2.10 1.46–3.01 <0.001 2.17 1.47–3.19 <0.001

Never smoker REF REF REF REF REF REF

Current smoker 1.92 1.36 1.02–3.63 0.044 2.00 1.05–3.81 0.036

Former smoker 0.71–2.58 0.36 1.10 0.57–2.14 0.77

Previous COPD 1.29 0.57–2.88 0.54 – – –

Previous CVD 1.05 0.71–1.54 0.82 – – –

Statin 1.04 0.74–1.46 0.81 – – –

Beta-agonists 2.71 1.19–6.15 0.017 4.02 1.72–9.38 0.001

Warfarin 1.70 1.04–2.79 0.034 1.76 1.05–2.95 0.031

PAD degree 1 REF REF REF REF REF REF

PAD degree 2 1.73 1.13–2.64 0.012 1.52 0.98–2.36 0.06

PAD degree 3 2.09 1.31–3.34 0.002 1.61 0.98–2.63 0.05

Variables with an α level of <0.10 from univariate testing were included in the multivariate analysis. *Mutually adjusted for hypertension, diabetes mellitus, smoking status, use of beta-agonists

and warfarin, and degree of peripheral arterial disease.

BMI, body mass index; CVD, cardiovascular disease; DM, diabetes mellitus; PAD, peripheral artery disease; SP-D, surfactant protein-D.

Christensen et al. 10.3389/fcvm.2025.1534779

Frontiers in Cardiovascular Medicine 05 frontiersin.org

https://doi.org/10.3389/fcvm.2025.1534779
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


and female data existing in the previous cohort could suggest that

female circulatory SP-D levels may be responsible for the prior

observation of the significance of the link between SP-D and

cardiovascular disease.

Moreover, of the patients enrolled in the study by Otaki et al.,

41 patients were in the high SP-D (>110 ng/ml) group,

corresponding to 11% of the total cohort. In our study, the high

SP-D (>420.4 ng/ml) group consisted of 45 PAD patients,

corresponding to 5% of the total cohort. We chose the 95th

percentile cutoff to include those SP-D levels belonging to

the right-skewed tail of the SP-D distribution. However, the

definitions of high SP-D in Otaki et al. and this article are

different. Additionally, the measurement methods of SP-D in

the two studies are not the same, and it is well described that

the choice of method can have a significant influence on the

measured absolute concentration of SP-D (31). Importantly,

studies including a limited number of subjects may lead to both

false-positive and false-negative findings. The association between

high SP-D levels and mortality has been shown in several studies

in support of our conclusion. We cannot exclude that a larger

cohort size would have allowed observation of the association

between SP-D and MACE or MALE. However, we did not

observe any such tendency.

Some of the covariates adjusted for in multivariate analysis are

also different between the two studies. Otaki et al. adjusted for sex,

ischemic heart disease, critical limb ischemia, and estimated

glomerular filtration rate (eGFR), whereas the present study only

included men, and associations were adjusted for previous CVD

of any kind, hypertension, diabetes mellitus, use of beta-agonists

and warfarin, medications associated with high risk of MACE/

MACLE, and the degree of PAD.

Lack of information on some concomitant diseases might

influence our observed SP-D levels, including the lack of

adjustment during follow-up for ongoing infections, changes in

pharmacological treatment and/or revascularizations, and the

development of cancer in the multivariable models. However, our

observed association between high SP-D levels and mortality is

in line with other previous studies using populations both with

and without selection for cardiovascular disease (13, 20). The

observed association with all-cause mortality appears to be

general and not restricted to cardiovascular disease or caused by

cardiovascular disease in itself.

Of notice, in our cohort, we did not observe a higher

prevalence of previously diagnosed chronic obstructive

pulmonary disease (COPD) among individuals with elevated SP-

D levels. However, the use of β-agonists during follow-up—often

indicative of symptomatic respiratory disease—was strongly

associated with all-cause mortality. Importantly, our analyses

were adjusted for β-agonist use, and SP-D remained

independently associated with mortality. Moreover,

glucocorticoid treatment is indicative of respiratory disease.

However, we initially excluded all patients receiving

FIGURE 2

All-cause mortality in peripheral arterial disease patients with high vs low SP-D levels. Kaplan–Meier event plot of unadjusted cumulative proportions

of deaths from all causes stratified by high (≥420.4 ng/ml) and low (<420.4 ng/ml) plasma levels of SP-D in patients with peripheral artery disease

diagnosed by population-based screening. Patients were censored at the time of death or the end of follow-up. The difference in event rates

between groups was tested with the log-rank test.
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glucocorticoids due to the reported complex confounding effects of

glucocorticoids on SP-D expression and circulatory levels (32, 33).

These findings suggest that while respiratory disease may

partially mediate the observed relationship, SP-D might also

capture additional or alternative pathophysiological processes

contributing to mortality risk.

Based on the above considerations, we suggest that future

studies that could help settle the cause of the association between

circulatory SP-D and mortality should include information on

causes of death, importantly including cancer, such as lung

cancer, stroke, and heart failure. Moreover, such a study should

include the confounder’s sex (both sexes), age, cardiovascular

disease severity, presence and type of diabetes, lung function

measurements and respiratory disease diagnoses, the impact of

current smoking such as exhaled carbon monoxide, measurement

of renal function, measurement of overweight/obesity, and

disease-relevant medications.

A weakness of our study may be the presence of lead-time

bias. The screening-diagnosed PAD includes asymptomatic

cases. Such early diagnosis of PAD due to identification by

screening may have led to an apparent increase in survival time

without necessarily improving overall outcomes. This bias

occurs because patients are diagnosed earlier and thus have a

longer period of observation. In our study, a relatively high

survival rate above 95% was observed in the first 2 years of

observation, and this may reflect such bias. In comparison, a

2-year survival rate of <80% was previously observed in a study

of more advanced PAD patients who received percutaneous

intervention (34). As a consequence of the relatively high

2-year survival rate in our study, “low SP-D” and “high SP-D”

patients did not differ in survival rates in this early

observation period.

The resulting area under the ROC curve suggested that “high

SP-D” appears with satisfactory capacity as a biomarker of all-

cause mortality. Other weaknesses include that we only studied

SP-D biomarker capacity in a single cohort and that the nature

of all-cause mortality was not available in this study.

As described above, a limitation was that we only investigated

men. In addition, SP-D is known to undergo posttranslational

modifications that change structure and function (35, 36).

Importantly, SP-D appears to elicit different functions depending

on the degree of multimerization (35, 37). The degree of

multimerization is recognized to be affected by the presence of

COPD, asthma (38), and axial spondyloarthritis (39). However,

the degree of multimerization was not investigated in the

present study.

In summary, we found that the plasma SP-D level is

strongly predictive of all-cause mortality independently of

established risk factors. SP-D thereby has the potential to serve

as a mortality marker in addition to well-established clinical

markers. No association between SP-D and PAD degree,

MACE, or MALE was observed in men with screening-

diagnosed PAD.

Data availability statement

The datasets presented in this article are not readily available

because it is illegal to publish raw data from the National Danish

Patient Registry. Requests to access the datasets should be

directed to jes.sanddal.lindholt@rsyd.dk.

Ethics statement

The studies involving humans were approved by the Regional

Scientific Ethics Committee of the Region of Central Denmark

(M20080028). The studies were conducted in accordance with

the local legislation and institutional requirements. The

participants provided their written informed consent to

participate in this study.

Author contributions

KC: Formal analysis, Writing – original draft. LO: Formal

analysis, Writing – original draft. JL: Conceptualization,

Writing – review & editing, Data curation. GS: Conceptualization,

Writing – review & editing, Funding acquisition.

Funding

The authors declare that financial support was received for the

research and/or publication of this article. This research was funded

by the Danish Research Council, Novo Nordisk Foundation,

Brødrene Hartmann Foundation, A.P. Møller Foundation for the

Advancement of Medical Science, Director Kurt Bønnelycke and wife

Mrs. Grethe Bønnelycke’s Foundation, Majgaard’s Successor Mrs.

Lily Benthine Lund’s Foundation of June 1, 1978, Henry and Astrid

Møller’s Foundation, Torben and Alice Frimodt’s Foundation,

Market Gardener Ove William Buhl Olesen and spouse Mrs. Edith

Buhl Olesen Memorial Grant, and Master Baker August Jensen and

Wife’s Grant. The Novo Nordisk Foundation was not involved in the

study design, collection, analysis, interpretation of data, the writing of

this article, or the decision to submit it for publication.

Acknowledgments

AlphaLisa measurements were executed by technician

Vicki Nielsen.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Christensen et al. 10.3389/fcvm.2025.1534779

Frontiers in Cardiovascular Medicine 07 frontiersin.org

mailto:jes.sanddal.lindholt@rsyd.dk
https://doi.org/10.3389/fcvm.2025.1534779
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/fcvm.2025.

1534779/full#supplementary-material

References

1. Aday AW, Matsushita K. Epidemiology of peripheral artery disease and
polyvascular disease. Circ Res. (2021) 128(12):1818–32. doi: 10.1161/CIRCRESAHA.
121.318535

2. Rac-Albu M, Iliuta L, Guberna SM, Sinescu C. The role of ankle-brachial index
for predicting peripheral arterial disease. Maedica. (2014) 9(3):295–302.

3. Sartipy F, Sigvant B, Lundin F, Wahlberg E. Ten year mortality in different
peripheral arterial disease stages: a population based observational study on outcome.
Eur J Vasc Endovasc Surg. (2018) 55(4):529–36. doi: 10.1016/j.ejvs.2018.01.019

4. Al-Zakwani I, Al Siyabi E, Alrawahi N, Al-Mulla A, Alnaeemi A, Shehab A,
et al. Association between peripheral artery disease and major adverse
cardiovascular events in patients with acute coronary syndrome: findings from
the Gulf COAST Registry. Med Princ Pract. (2019) 28(5):410–7. doi: 10.1159/
000497790

5. Anand SS, Caron F, Eikelboom JW, Bosch J, Dyal L, Aboyans V, et al. Major
adverse limb events and mortality in patients with peripheral artery disease: the
COMPASS trial. J Am Coll Cardiol. (2018) 71(20):2306–15. doi: 10.1016/j.jacc.2018.
03.008

6. Berger JS, Ladapo JA. Underuse of prevention and lifestyle counseling in patients
with peripheral artery disease. J Am Coll Cardiol. (2017) 69(18):2293–300. doi: 10.
1016/j.jacc.2017.02.064

7. Stahlman MT, Gray ME, Hull WM, Whitsett JA. Immunolocalization of
surfactant protein-D (SP-D) in human fetal, newborn, and adult tissues.
J Histochem Cytochem. (2002) 50(5):651–60. doi: 10.1177/002215540205000506

8. Snyder GD, Oberley-Deegan RE, Goss KL, Romig-Martin SA, Stoll LL, Snyder
JM, et al. Surfactant protein D is expressed and modulates inflammatory responses
in human coronary artery smooth muscle cells. Am J Physiol Heart Circ Physiol.
(2008) 294(5):H2053–9. doi: 10.1152/ajpheart.91529.2007

9. Sorensen GL, Madsen J, Kejling K, Tornoe I, Nielsen O, Townsend P, et al.
Surfactant protein D is proatherogenic in mice. Am J Physiol Heart Circ Physiol.
(2006) 290(6):H2286–94. doi: 10.1152/ajpheart.01105.2005

10. Sorensen GL. Surfactant protein D in respiratory and non-respiratory diseases.
Front Med. (2018) 5:18. doi: 10.3389/fmed.2018.00018

11. Sorensen GL, Hjelmborg J, Kyvik KO, Fenger M, Hoj A, Bendixen C, et al.
Genetic and environmental influences of surfactant protein D serum levels. Am
J Physiol Lung Cell Mol Physiol. (2006) 290(5):L1010–7. doi: 10.1152/ajplung.00487.
2005

12. Nybo M, Andersen K, Sorensen GL, Lolk A, Kragh-Sorensen P, Holmskov U.
Serum surfactant protein D is correlated to development of dementia and augmented
mortality. Clin Immunol. (2007) 123(3):333–7. doi: 10.1016/j.clim.2007.03.001

13. Wulf-Johansson H, Thinggaard M, Tan Q, Johansson SL, Schlosser A,
Christensen K, et al. Circulating surfactant protein D is associated to mortality in
elderly women: a twin study. Immunobiology. (2013) 218(5):712–7. doi: 10.1016/j.
imbio.2012.08.272

14. Celli BR, Locantore N, Yates J, Tal-Singer R, Miller BE, Bakke P, et al.
Inflammatory biomarkers improve clinical prediction of mortality in chronic
obstructive pulmonary disease. Am J Respir Crit Care Med. (2012) 185(10):1065–72.
doi: 10.1164/rccm.201110-1792OC

15. Barlo NP, van Moorsel CH, Ruven HJ, Zanen P, van den Bosch JM, Grutters JC.
Surfactant protein-D predicts survival in patients with idiopathic pulmonary fibrosis.
Sarcoidosis Vasc Diffuse Lung Dis. (2009) 26(2):155–61.

16. Eisner MD, Parsons P, Matthay MA, Ware L, Greene K. Plasma surfactant
protein levels and clinical outcomes in patients with acute lung injury. Thorax.
(2003) 58(11):983–8. doi: 10.1136/thorax.58.11.983

17. Spoorenberg SM, Vestjens SM, Rijkers GT, Meek B, van Moorsel CH, Grutters
JC, et al. YKL-40, CCL18 and SP-D predict mortality in patients hospitalized with
community-acquired pneumonia. Respirology. (2017) 22(3):542–50. doi: 10.1111/
resp.12924

18. Park J, Pabon M, Choi AMK, Siempos II, Fredenburgh LE, Baron RM, et al.
Plasma surfactant protein-D as a diagnostic biomarker for acute respiratory distress
syndrome: validation in US and Korean cohorts. BMC Pulm Med. (2017) 17(1):204.
doi: 10.1186/s12890-017-0532-1

19. Kaieda S, Gono T, Masui K, Nishina N, Sato S, Kuwana M, et al. Evaluation of
usefulness in surfactant protein D as a predictor of mortality in myositis-associated
interstitial lung disease. PLoS One. (2020) 15(6):e0234523. doi: 10.1371/journal.
pone.0234523

20. Hill J, Heslop C, Man SF, Frohlich J, Connett JE, Anthonisen NR, et al.
Circulating surfactant protein-D and the risk of cardiovascular morbidity and
mortality. Eur Heart J. (2011) 32(15):1918–25. doi: 10.1093/eurheartj/ehr124

21. Hu F, Zhong Q, Gong J, Qin Y, Cui L, Yuan H. Serum surfactant protein D is
associated with atherosclerosis of the carotid artery in patients on maintenance
hemodialysis. Clin Lab. (2016) 62(1-2):97–104. doi: 10.7754/clin.lab.2015.150536

22. Sorensen GL, Bladbjerg EM, Steffensen R, Tan Q, Madsen J, Drivsholm T, et al.
Association between the surfactant protein D (SFTPD) gene and subclinical carotid
artery atherosclerosis. Atherosclerosis. (2016) 246:7–12. doi: 10.1016/j.atherosclerosis.
2015.12.037

23. Hirano Y, Choi A, Tsuruta M, David Jaw JE, Oh Y, Ngan D, et al. Surfactant
protein D deficiency suppresses systemic inflammation and reduces atherosclerosis
in ApoE knockout mice. Cardiovasc Res. (2017) 113(10):1208–18. doi: 10.1093/cvr/
cvx067

24. Otaki Y, Watanabe T, Takahashi H, Sugai T, Yokoyama M, Nishiyama S, et al.
Circulating surfactant protein-D is associated with clinical outcomes in peripheral
artery disease patients following endovascular therapy. Circ J. (2018) 82(7):1926–34.
doi: 10.1253/circj.CJ-17-1446

25. Lindholt JS, Sogaard R. Population screening and intervention for vascular
disease in Danish men (VIVA): a randomised controlled trial. Lancet. (2017)
390(10109):2256–65. doi: 10.1016/S0140-6736(17)32250-X

26. Joensen JB, Juul S, Henneberg E, Thomsen G, Ostergaard L, Lindholt JS.
Can long-term antibiotic treatment prevent progression of peripheral
arterial occlusive disease? A large, randomized, double-blinded, placebo-
controlled trial. Atherosclerosis. (2008) 196(2):937–42. doi: 10.1016/j.
atherosclerosis.2007.02.025

27. Lynge E, Sandegaard JL, Rebolj M. The Danish National Patient Register. Scand
J Public Health. (2011) 39(7):30–3. doi: 10.1177/1403494811401482

28. Schmidt M, Pedersen L, Sorensen HT. The Danish Civil Registration System as a
tool in epidemiology. Eur J Epidemiol. (2014) 29(8):541–9. doi: 10.1007/s10654-014-
9930-3

29. Lee MY, Sorensen GL, Holmskov U, Vanhoutte PM. The presence and activity of
SP-D in porcine coronary endothelial cells depend on Akt/PI(3)K, Erk and nitric
oxide and decrease after multiple passaging. Mol Immunol. (2008) 46(6):1050–7.
doi: 10.1016/j.molimm.2008.09.027

30. Sorensen GL. Surfactant protein D is not so friendly outside the lung-
aggravation of cardiovascular disease. Cardiovasc Res. (2017) 113(10):1099–101.
doi: 10.1093/cvr/cvx124

31. Bratcher PE, Gaggar A. Factors influencing the measurement of plasma/serum
surfactant protein D levels by ELISA. PLoS One. (2014) 9(11):e111466. doi: 10.
1371/journal.pone.0111466

Christensen et al. 10.3389/fcvm.2025.1534779

Frontiers in Cardiovascular Medicine 08 frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcvm.2025.1534779/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2025.1534779/full#supplementary-material
https://doi.org/10.1161/CIRCRESAHA.121.318535
https://doi.org/10.1161/CIRCRESAHA.121.318535
https://doi.org/10.1016/j.ejvs.2018.01.019
https://doi.org/10.1159/000497790
https://doi.org/10.1159/000497790
https://doi.org/10.1016/j.jacc.2018.03.008
https://doi.org/10.1016/j.jacc.2018.03.008
https://doi.org/10.1016/j.jacc.2017.02.064
https://doi.org/10.1016/j.jacc.2017.02.064
https://doi.org/10.1177/002215540205000506
https://doi.org/10.1152/ajpheart.91529.2007
https://doi.org/10.1152/ajpheart.01105.2005
https://doi.org/10.3389/fmed.2018.00018
https://doi.org/10.1152/ajplung.00487.2005
https://doi.org/10.1152/ajplung.00487.2005
https://doi.org/10.1016/j.clim.2007.03.001
https://doi.org/10.1016/j.imbio.2012.08.272
https://doi.org/10.1016/j.imbio.2012.08.272
https://doi.org/10.1164/rccm.201110-1792OC
https://doi.org/10.1136/thorax.58.11.983
https://doi.org/10.1111/resp.12924
https://doi.org/10.1111/resp.12924
https://doi.org/10.1186/s12890-017-0532-1
https://doi.org/10.1371/journal.pone.0234523
https://doi.org/10.1371/journal.pone.0234523
https://doi.org/10.1093/eurheartj/ehr124
https://doi.org/10.7754/clin.lab.2015.150536
https://doi.org/10.1016/j.atherosclerosis.2015.12.037
https://doi.org/10.1016/j.atherosclerosis.2015.12.037
https://doi.org/10.1093/cvr/cvx067
https://doi.org/10.1093/cvr/cvx067
https://doi.org/10.1253/circj.CJ-17-1446
https://doi.org/10.1016/S0140-6736(17)32250-X
https://doi.org/10.1016/j.atherosclerosis.2007.02.025
https://doi.org/10.1016/j.atherosclerosis.2007.02.025
https://doi.org/10.1177/1403494811401482
https://doi.org/10.1007/s10654-014-9930-3
https://doi.org/10.1007/s10654-014-9930-3
https://doi.org/10.1016/j.molimm.2008.09.027
https://doi.org/10.1093/cvr/cvx124
https://doi.org/10.1371/journal.pone.0111466
https://doi.org/10.1371/journal.pone.0111466
https://doi.org/10.3389/fcvm.2025.1534779
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


32. Deterding RR, Shimizu H, Fisher JH, Shannon JM. Regulation of surfactant
protein D expression by glucocorticoids in vitro and in vivo. Am J Respir Cell Mol
Biol. (1994) 10(1):30–7. doi: 10.1165/ajrcmb.10.1.8292379

33. Lomas DA, Silverman EK, Edwards LD, Locantore NW, Miller BE, Horstman
DH, et al. Serum surfactant protein D is steroid sensitive and associated with
exacerbations of COPD. Eur Respir J. (2009) 34(1):95–102. doi: 10.1183/09031936.
00156508

34. Lin JF, Wu S, Juang JJ, Chiang FT, Hsu LA, Teng MS, et al. Osteoprotegerin and
osteopontin levels, but not gene polymorphisms, predict mortality in cardiovascular
diseases. Biomark Med. (2019) 13(9):751–60. doi: 10.2217/bmm-2018-0458

35. Colmorten KB, Nexoe AB, Sorensen GL. The dual role of surfactant protein-D in
vascular inflammation and development of cardiovascular disease. Front Immunol.
(2019) 10:2264. doi: 10.3389/fimmu.2019.02264

36. Arroyo R, Martin-Gonzalez A, Echaide M, Jain A, Brondyk WH, Rosenbaum J,
et al. Supramolecular assembly of human pulmonary surfactant protein SP-D. J Mol
Biol. (2018) 430(10):1495–509. doi: 10.1016/j.jmb.2018.03.027

37. Guo CJ, Atochina-Vasserman EN, Abramova E, Foley JP, Zaman A, Crouch E,
et al. S-Nitrosylation of surfactant protein-D controls inflammatory function. PLoS
Biol. (2008) 6(11):e266. doi: 10.1371/journal.pbio.0060266

38. Fakih D, Akiki Z, Junker K, Medlej-Hashim M, Waked M, Salameh P, et al.
Surfactant protein D multimerization and gene polymorphism in COPD and
asthma. Respirology. (2018) 23(3):298–305. doi: 10.1111/resp.13193

39. Munk HL, Fakih D, Christiansen L, Tan Q, Christensen AF, Ejstrup L, et al.
Surfactant protein-D, a potential mediator of inflammation in axial
spondyloarthritis. Rheumatology (Oxford). (2018) 57(10):1861–5. doi: 10.1093/
rheumatology/key187

Christensen et al. 10.3389/fcvm.2025.1534779

Frontiers in Cardiovascular Medicine 09 frontiersin.org

https://doi.org/10.1165/ajrcmb.10.1.8292379
https://doi.org/10.1183/09031936.00156508
https://doi.org/10.1183/09031936.00156508
https://doi.org/10.2217/bmm-2018-0458
https://doi.org/10.3389/fimmu.2019.02264
https://doi.org/10.1016/j.jmb.2018.03.027
https://doi.org/10.1371/journal.pbio.0060266
https://doi.org/10.1111/resp.13193
https://doi.org/10.1093/rheumatology/key187
https://doi.org/10.1093/rheumatology/key187
https://doi.org/10.3389/fcvm.2025.1534779
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Surfactant protein-D is an independent predictor of all-cause mortality in men with peripheral artery disease diagnosed by population-based screening
	Introduction
	Materials and methods
	Patients with PAD
	Detection of plasma SP-D by the AlphaLISA technique
	Statistical methods

	Results
	Baseline characteristics of PAD patients
	Clinical outcomes in PAD patients

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


