
Arteriosclerosis, Thrombosis, and Vascular Biology

Arterioscler Thromb Vasc Biol is available at www.ahajournals.org/journal/atvb

2018    September 2020� Arterioscler Thromb Vasc Biol. 2020;40:2018–2032. DOI: 10.1161/ATVBAHA.120.314774

 

Correspondence to: Bram Kremers, MD, Cardiovascular Research Institute Maastricht, Maastricht University, Universiteitssingel 50, Room 4.330, 6229 ER Maastricht, 
the Netherlands. Email b.kremers@maastrichtuniversity.nl

The Data Supplement is available with this article at https://www.ahajournals.org/doi/suppl/10.1161/ATVBAHA.120.314774.

For Disclosures, see page 2029.

© 2020 The Authors. Arteriosclerosis, Thrombosis, and Vascular Biology is published on behalf of the American Heart Association, Inc., by Wolters Kluwer Health, 
Inc. This is an open access article under the terms of the Creative Commons Attribution Non-Commercial-NoDerivs License, which permits use, distribution, and 
reproduction in any medium, provided that the original work is properly cited, the use is noncommercial, and no modifications or adaptations are made.

BRIEF REVIEW

Plasma Biomarkers to Predict Cardiovascular 
Outcome in Patients With Peripheral Artery 
Disease
A Systematic Review and Meta-Analysis

Bram Kremers , Lina Wübbeke, Barend Mees, Hugo ten Cate, Henri Spronk, Arina ten Cate-Hoek

OBJECTIVE: Patients with lower extremity peripheral artery disease (PAD) are at increased risk of major adverse cardiovascular events. 
Numerous plasma biomarkers have been investigated in lower extremity PAD, but none are used for clinical risk assessment. We 
aimed to provide a comprehensive overview of biomarker testing in PAD as a first step to improve risk stratification.

APPROACH AND RESULTS: A systematic literature review in MEDLINE/PubMed, Cochrane, and Embase was performed, identifying 
all studies investigating plasma biomarkers in association with cardiovascular events and mortality in lower extremity PAD. 
Forty-seven studies comprising 21 473 PAD patients met our criteria and were included. Effect estimates were provided by the 
studies based on a minimum follow-up of 1 year. Meta-analyses were performed by pooling studies per biomarker for each end 
point. Patients with increased high-sensitivity CRP (C-reactive protein) levels had a relative risk of 1.86 (1.48–2.33) for major 
adverse cardiovascular events and a relative risk of 3.49 (2.35–5.19) for mortality. Increased fibrinogen and d-dimer levels 
were associated with an increased relative risk of mortality of 2.08 (1.46–2.97) and 2.22 (1.24–3.98), respectively. Additionally, 
patients with increased NT-proBNP (N-terminal pro-B-type natriuretic peptide) and high-sensitivity cTnT (cardiac troponin T) 
levels were at an even higher risk of mortality with relative risks of 4.50 (2.98–6.81) and 3.33 (2.70–4.10), respectively.

CONCLUSIONS: This systematic review identifies promising biomarkers representing different pathophysiological processes 
implicated in lower extremity PAD, including high-sensitivity CRP, neutrophil-lymphocyte ratio, fibrinogen, d-dimer, NT-
proBNP, and high-sensitivity cTnT. Clinical implementation should be preceded by a management study to test the utility 
of a combination of these markers for individual risk stratification. Ultimately, this may contribute to tailored treatment and 
increased effectiveness of current treatment strategies in PAD.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Peripheral artery disease (PAD) is a manifestation 
of systemic atherosclerosis resulting in progressive 
blood flow restriction in peripheral arteries, ultimately 

leading to atherothrombosis. Although PAD can occur in 
multiple arterial beds, the focus in this systematic review 
will be on lower extremity PAD. Like any atheroscle-
rotic disease, the prevalence of lower extremity PAD 

continues to increase worldwide, now affecting 5% of 
the population aged 45 to 49 years up to 18% at the age 
of 85 to 89 years in high-income countries.1 Risk factors 
contributing to this high prevalence include hypertension, 
obesity, hyperlipidemia, diabetes mellitus, and smoking.2 
Lower extremity PAD patients have increased mortal-
ity rates compared with non-PAD populations, mainly 
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due to higher incidences of myocardial infarction and 
stroke.3–6 These patients typically have more extensive 
coronary artery disease and increased progression of 
atherosclerosis.7

While on average the risk of cardiovascular complica-
tions including death is increased, there is marked het-
erogeneity among patients. Individual risk estimation in 
PAD patients is based on the Fontaine or Rutherford 
classification in combination with the ankle-brachial index, 
which is the current gold standard for vascular severity 
classification. These classifications divide lower extrem-
ity PAD into 2 major groups: namely patients with clau-
dication (Fontaine I and II) and patients with chronic limb 
threatening ischemia (Fontaine III and IV). Patients with 
claudication tend to be the mild PAD group, whereas 
patients with chronic limb-threatening ischemia are the 
more severe PAD patients. To improve the risk estimation 
in lower extremity PAD as a whole, many plasma biomark-
ers have been investigated. Since systemic atherosclero-
sis is characterized by chronic inflammation, most of the 
investigated biomarkers are inflammation related. A recent 
systematic review specifically focused on CRP (C-reactive 
protein) and showed an association with major cardiovas-
cular events in lower extremity PAD populations.8

Coagulation markers, such as d-dimer and fibrino-
gen, have also been extensively studied. A systematic 
review conducted in 2013 found a 2-fold increased risk 
of arterial thrombotic events and cardiovascular mortal-
ity in subjects with lower extremity PAD and increased 
levels of d-dimer. Short-term prediction of cardiovascu-
lar events was found to be more successful compared 
with long-term prediction (>4 years).9 The third group of 
biomarkers are cardiac markers including NT-proBNP 
(N-terminal pro-B-type natriuretic peptide)10,11 and 

high-sensitivity cTnT (cardiac troponin T; hs-cTnT),10 but 
these biomarkers have not been reviewed systemati-
cally in lower extremity PAD thus far. Apart from these 3 
major groups of plasma biomarkers, there are >30 pro-
teins that were found to be associated with cardiovascu-
lar risk and increased mortality.

In this systematic review and meta-analysis, we pro-
vide a comprehensive overview of state of the art bio-
marker testing in PAD, as a first step to improved risk 
assessment.

METHODS
We conducted and reported this systematic review in accor-
dance with the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses statement.12 The protocol was 
published on PROSPERO (International Prospective Registry 
of Systematic Reviews; submitted November 4, 2019; awaiting 
number; https://www.crd.york.ac.uk).

Literature Search
This systematic review used MEDLINE/PubMed, Cochrane, 
and Embase to identify all cohort studies and case-control 
studies on plasma biomarkers in populations with PAD. All 
databases were searched systematically up to April 2019 by 
2 independent researchers using identical search terms. Used 
terms were “peripheral artery disease,” “peripheral vascular dis-
ease,” or “intermittent claudication” or “critical limb ischemia” 
or “critical limb-threatening ischemia” and “plasma biomarker” 
and “cardiovascular outcome” or “cardiovascular mortality” or 
“mortality” or “cardiovascular event” or “myocardial infarction” 
or “stroke” or “limb loss” or “amputation.” When available, we 
also included the attached MeSH term to the search and also 
applied the following filters: publication date from January 
2000 and later, studies conducted on humans, and English lan-
guage. To prevent missing studies that did not have “plasma 

Nonstandard Abbreviations and Acronyms

ADMA	 asymmetrical dimethylarginine
CRP	 C-reactive protein
cTnT	 cardiac troponin T
GDF-15	 growth differentiation factor 15
HR	 hazard ratio
hs-CRP	 high-sensitivity C-reactive protein
hs-cTnT	 high-sensitivity cardiac troponin T
IL	 interleukin
MACE	 major adverse cardiovascular event
MPO	 myeloperoxidase
NLR	 neutrophil-lymphocyte ratio
NT-proBNP	� N-terminal pro-B-type natriuretic 

peptide
PAD	 peripheral artery disease
RR	 relative risk
SAA	 serum amyloid A

Highlights

•	 Biomarkers are needed to identify high-risk lower 
extremity peripheral artery disease patients who 
could benefit from personalized medical treatment 
strategies targeting coagulation, lipid metabolism, 
and inflammation.

•	 Plasma biomarker high-sensitivity CRP (C-reactive 
protein) may be used to increase effectiveness of 
major adverse cardiovascular event risk stratification 
in lower extremity peripheral artery disease.

•	 Neutrophil-lymphocyte ratio, fibrinogen, d-dimer, 
NT-proBNP (N-terminal pro-B-type natriuretic pep-
tide), high-sensitivity cardiac troponin T, and adi-
ponectin are promising biomarker candidates for 
mortality prediction in lower extremity peripheral 
artery disease.

•	 Clinical implementation should be preceded by a 
management study to test the utility of a combina-
tion of these markers for individual risk stratification.
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biomarker” as a key word, we added the specific names of 
biomarkers to the search and also performed hand searching. 
Although the focus of this review is on lower extremity PAD, we 
used the search term PAD as this term was more commonly 
used in the past. Both researchers performed eligibility assess-
ment. Eligible studies were screened on title and abstract first 
using the inclusion and exclusion criteria.

Study Eligibility
In this systematic review, case-control studies and cohort stud-
ies, both prospective and retrospective analyzing patients with 
lower extremity PAD, were included. Lower extremity PAD had 
to be confirmed with an ankle-brachial index below 0.90 or by 
the use of medical records showing that patients had under-
gone an intervention for lower extremity PAD. Furthermore, only 
studies that investigated a plasma biomarker and had defined 
a cardiovascular end point after at least 1 year of follow-up 
were included. Biomarkers that were reported in multiple stud-
ies (>2) were included in this review. Investigation of a non-
plasmatic or calculation-based biomarker and studies on a 
population other than a PAD population and the absence of a 
cardiovascular outcome were reasons for exclusion.

Data Extraction
Two authors independently performed the search, selection of 
studies, data extraction, and assessment of quality (B.K. and L.W.). 
Disagreements were resolved in a consensus discussion. A third 
author (A.t.C.-H) checked for accuracy and made the final deci-
sion. Data were systematically extracted from the full-text arti-
cles and were categorized per biomarker. Duplicate publications 
of the same study were checked for additional data. Categorized 
data consisted of author’s name and publication year, period, and 
location of investigation, study design and study population (total 
number of patients and distribution of intermittent claudication 
and chronic limb-threatening ischemia), setting and follow-up 
duration, outcome, results (adjusted), and conclusion.

Quality Assessment
Risk of bias of the included studies through assessment of the 
methodological quality was performed using the Newcastle 
Ottawa Assessment Scale.13 Cohort studies were scored on 
the following topics: representativeness of the exposed cohort, 
selection of the nonexposed cohort, ascertainment of expo-
sure, demonstration that outcome of interest was not present 
at the start of study, comparability of cohorts on the basis of the 
design or analysis, assessment of outcome, follow-up length, 
and adequacy of follow-up. Case-control studies were scored 
on other topics: adequacy of case definition, representative-
ness of the cases, selection of controls, definition of controls, 
comparability of bases and controls on the basis of the design 
or analysis, ascertainment of exposure, method of ascertain-
ment between cases and controls, and nonresponse rate. 
Based on these topics, studies were allocated stars, ranging 
from 0 (worst possible) to 9 (best possible).

Analysis
The total number of events and the total population within a 
study were collected, and risk ratios were calculated across 

different thresholds. Dichotomous outcomes were expressed 
as relative risks (RRs) with their 95% CIs. All results in the 
meta-analyses were unadjusted and may, therefore, differ with 
the adjusted hazard ratios (HRs) as presented in some of the 
underlying studies. If a study did only report time-to-event 
curves without exact numbers of events within a group, the 
event rate was estimated by using the reported Kaplan-Meier 
curves. Meta-analyses were performed by pooling studies per 
biomarker for each outcome using the Mantel-Haenszel method 
in a random effects meta-analysis model. Heterogeneity among 
included studies was explored qualitatively and quantitatively by 
using the χ2 test of heterogeneity and I2 statistics. In cases with 
>50% heterogeneity, sensitivity analyses were performed. All 
meta-analyses were performed using Review Manager (com-
puter program, version 5.3; Copenhagen, Nordic Cochrane 
Centre, Cochrane Collaboration, 2014). P<0.05 is significant.

RESULTS
Study Identification
The full search was performed in 3 databases and 
resulted in 1688 hits, of which 1608 were excluded after 
title and abstract inspection. The remaining 80 articles 
were screened by full-text inspection, leading to exclu-
sion of another 15 articles. The remaining 65 articles 
were then clustered by specific type of biomarker. Of the 
65 remaining articles, 18 were on biomarkers that were 
only studied once; these specific biomarkers did not 
occur in any of the other studies. We, therefore, chose to 
just refer to these studies and not to include them in our 
qualitative or quantitative assessments (Figure 1).

Study Characteristics
The 47 studies selected were performed all over the 
world but were mostly conducted in Western countries. 
The period in which these studies were performed 
ranged from 1990 to 2015. Most studies (n=41) had 
a cohort study design, of which 10 were retrospectively 
analyzed. The remaining 6 studies had a case-control 
study design. Study setting could be divided into 4 cat-
egories: random (outpatients and inpatients), inpatients 
only, pre-intervention, and post-intervention. The mean/
median follow-up was at least 12 months (Tables I 
through IV in the Data Supplement).

The 47 included studies were sorted per biomarker; 
several studies appeared in different groups as they 
investigated multiple biomarkers. The following biomark-
ers were studied: 13 studies investigated high-sensitivity 
CRP (hs-CRP),11,14–26 2 reported on GDF-15 (growth 
differentiation factor 15),14,27 2 on MPO (myeloperoxi-
dase),24,28 6 on the neutrophil-lymphocyte ratio (NLR),29–

34 2 assessed SAA (serum amyloid A),22,35 6 reported on 
fibrinogen,19,35–39 another 7 assessed d-dimer,22,25,38,40–43 7 
investigated NT-proBNP,11,15,17,44–47 5 hs-cTnT,10,44,45,48,49 4 
asymmetrical dimethylarginine (ADMA),50–53 4 assessed 
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adiponectin,54–57 and 3 homocysteine.18,22,58 Investigated 
outcomes were heterogenous across studies but mainly 
included all-cause mortality, cardiovascular mortality, car-
diovascular events, major adverse cardiovascular events 
(MACE), major adverse limb events, coronary events, 
amputation-free survival, amputation, reintervention for 
lower extremity PAD, and graft patency. Studies inves-
tigating hs-CRP, fibrinogen, d-dimer, NT-proBNP, hs-
cTnT, and adiponectin provided sufficient data to perform 
meta-analyses. The remaining biomarkers did not have 
sufficient data to create forest plots and are, therefore, 
not visualized.

The 18 articles that were not selected studied α-
defensin,21 matrix metalloproteinase 10,59 galectin-3,60 
soluble tumor necrosis–like weak inducer of apopto-
sis,61 ferritin,62 activated protein C–protein C inhibitor 
complex,63 angiopoietin-related growth factor,64 fatty 
acid–binding protein 4,65 alkyl-phosphatidylcholine 
and alkenylphosphatidylcholine lipids,66 high-density 
lipoprotein cholesterol,66 malondialdehyde-modi-
fied low-density lipoprotein,67 lipoprotein-associated 

phospholipase A2,68 cardiac troponin I,69 phosphate,70 
carboxy-terminal telopeptide of type I collagen,15 cho-
linesterase,71 eicosapentaenoic acid/arachidonic acid 
ratio,72 or endothelin-1.73

Patient Characteristics
A total number of 21 473 lower extremity PAD patients 
were investigated in the studies, with an average age 
between 56 and 75 years. Eight thousand three hundred 
seventy-eight patients were classified as claudicants, 
5313 patients had chronic limb-threatening ischemia, 
and for another 7782, lower extremity PAD severity was 
not documented. The classifications for each biomarker 
are shown in Table 1.

Quality Assessment
The results of quality assessment are shown in Table 2 
for the cohort studies and in Table 3 for the case-con-
trol studies. In general, the cohort studies scored higher 

Figure 1. Search and study selection.
PAD indicates peripheral artery disease.
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compared with the case-control studies due to the lack 
of representativeness of the patients. In most cases, 
the exposed cohort was representative for the general 
lower extremity PAD population. Studies that did not 
score a star on this topic had either a population of only 
male patients or had a specific patient population such 
as patients undergoing a lower extremity bypass inter-
vention.25,26,33,37,45,48,49,54,57 All studies performed well in 
the selection of the nonexposed cohort, ascertainment 
of exposure, and demonstration of the absence of out-
come at the start of the study. Also, only studies with a 
follow-up >1 year were selected, and loss to follow-up 
was minimal in all studies. Only 1 study did not correct 
for risk factors,24 and 10 studies did not elaborate on the 
assessment of outcome (mortality).20,23,26,27,29,33,47,54,57,58 
For the case-control studies, almost all studies pro-
vided a clear description of the cases and controls. The 
selection of controls was imperfect as some of these 
populations were considered hospital controls instead 
of community controls. Furthermore, the ascertainment 
of exposure was not noted in 2 studies,14,51 and neither 
was the method of ascertainment for cases and con-
trols. Lastly, the nonresponse rate was not shared in 3 
studies.10,14,18

Inflammatory Markers and Cardiovascular 
Outcomes in Lower Extremity PAD Patients
An overview of all outcomes for the biomarkers is shown 
in Table 4.

High-Sensitivity CRP
A total of 13 studies investigated hs-CRP levels and 
cardiovascular outcome in patients with lower extrem-
ity PAD. Twelve studies were of good methodological 
quality, and only 1 was of poor quality. Hazard ratios or 
RRs were provided in most studies, and, when possible, 

a multivariate analysis was performed to control for bias. 
The overall population in which hs-CRP was measured 
consisted of mostly claudicants (1873 patients) but also 
more severe PAD (879 patients). Both newly diagnosed 
PAD patients and patients who already underwent revas-
cularization of the lower limbs were included. All-cause 
mortality was most widely used as outcome, the results 
of which are shown in a forest plot (Figure 2A). Over-
all, the risk ratio for all-cause mortality in patients with 
elevated hs-CRP levels was 3.49 (2.35–5.19) without 
heterogeneity between studies. Cardiovascular mortality 
specifically was reported in 3 studies21,22,25 but did not 
show a significant increase in patients with higher hs-
CRP levels. As shown in Figure 2B, Patients with high 
hs-CRP levels also had a higher risk ratio for MACE 
compared with patients with low hs-CRP levels (RR, 1.86 
[1.48–2.33]).

GDF-15
The stress-responsive cytokine GDF-15 is produced 
among others by macrophages, vascular smooth muscle 
cells, and adipocytes.74 Only 2 studies investigated GDF-
15 as a biomarker to predict outcome in lower extrem-
ity PAD populations.14,27 Both studies were qualitatively 
assessed as good and had a combined population of 632 
patients (260 claudication patients, 362 chronic limb-
threatening ischemia patients, and 10 patients missing). 
Included patients either were undergoing an iliofemoral 
endarterectomy or were not eligible for conventional 
revascularization. One study showed a decreased risk of 
amputation-free survival in patients with elevated GDF-
15 levels, with HRs ranging from 1.57 (1.02–2.41) to 
1.78 (1.18–2.69).27 The second study used all-cause 
mortality as outcome and showed higher levels of GDF-
15 in patients who died, compared with patients who sur-
vived during the follow-up period (5749.6 versus 2849.4 
pg/mL; P=0.028).14

Table 1.  Peripheral Artery Disease Severity and Average Age of the Patient Populations for Each Biomarker

Biomarker No. of Studies Patients, n IC, n CLTI, n Unknown, n Age, y

hs-CRP 13 3866 1873 879 1114 64–75

GDF-15 2 632 260 362 10 67–70

MPO 2 562 451 90 21 67

NLR 6 3108 798 1754 556 64–74

SAA 2 488 41 50 397 63–69

Fibrinogen 6 2879 1592 412 875 62–72

d-dimer 7 2493 114 9 2370 56–72

NT-proBNP 7 1312 969 182 161 64–75

hs-cTnT 5 1676 1019 657 0 58–72

ADMA 4 2119 132 106 1881 69–74

Adiponectin 4 1229 736 493 0 66–71

Homocysteine 3 1109 393 319 397 69–76

ADMA indicates asymmetrical dimethylarginine; CLTI, chronic limb-threatening ischemia; GDF-15, growth differentiation factor-15; hs-cTnT, high-sensitivity cardiac 
troponin T; hs-CRP, high-sensitivity C-reactive protein; IC, intermittent claudication; MPO, myeloperoxidase; NLR, neutrophil-lymphocyte ratio; NT-proBNP, N-terminal 
pro-B-type natriuretic peptide; and SAA, serum amyloid A.
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Myeloperoxidase
This white blood cell–derived inflammatory enzyme is clas-
sified as belonging to the peroxidases. MPO generates 

reactive oxidants and radical species that initiate oxida-
tive degradation of lipids. MPO is mostly expressed in 
neutrophils75 but can also be found in monocytes and 

Table 2.  Quality Assessment of Cohort Studies by the Use of the Newcastle Ottawa Assessment Scale
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Otaki et al15 9
Vrsalović et al16 9
Stone et al17 9
Bleda et al19 9
Owens et al20 8
Urbonaviciene21 9
Criqui et al22 9
Vainas et al26 7
Brevetti et al24 7
Mueller et al46 9
Shadman et al47 9
Clemens et al44 8
Bosevski et al38 7
Komarov et al43 9
Vidula et al42 9
Vidula et al41 9
Schlager et al23 8
Musicant et al25 8
De Haan et al27 8
Owens et al35 9
Amrock and Weitzman30 9
Erturk et al32 9
Pourafkari et al29 8
Luo et al31 9
Chan et al33 8
Gonzalez-Fajardo34 9
Haslacher et al28 9
Altes et al36 9
Bartlett et al37 8
Doweik et al39 9
Heneghan and Sultan58 8
Owens et al54 7
Urbonaviciene55 9
Dieplinger et al56 9
Komai and Juri et al57 7
Falkensammer45 8
Szczeklik et al48 8
Linnemann et al49 8
Staniszewska 50 9
Wilson et al52 9
Mittermayer et al53 9

, present; , partially present; , absent.
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macrophages.76 Levels of MPO in regard to cardiovascu-
lar outcome were reported in 2 studies, one of which was 
conducted as a prospective cohort study while the other 
was a retrospective cohort study. Both studies mainly 
investigated patients with chronic limb-threatening isch-
emia, both newly diagnosed patients and patients under-
going endovascular therapy. The first study reports an 
HR of 6.80 (1.20–38.69; P=0.031) for cardiovascular 
events,24 while the other study reports an HR of 1.68 
(1.09–2.60; P<0.05) for MACE.28

Neutrophil-Lymphocyte Ratio
The NLR77 was reported in 6 studies. All of these were 
cohort studies; only one of which was performed pro-
spectively. Nonetheless, all studies were assessed 
as qualitatively good studies with at least 7 of 9 stars. 
Chronic limb-threatening ischemia was present in most 

patients (n=1754), while patients experiencing claudi-
cation were underrepresented (n=798). All-cause mor-
tality was used most often as outcome and showed an 
association with increased NLR (HR, 1.20, P=0.01230; 
HR, 1.10, P<0.00129; HR, 1.97, P=0.03).33 Compara-
ble results were seen for cardiovascular mortality (HR, 
2.04; P=0.004),32 major adverse limb events (HR, 1.09; 
P<0.001),29 amputation (HR, 1.14; P<0.001),31 and 
amputation-free survival (HR, 2.38; P=0.000).34

Serum Amyloid A
This group of apolipoproteins is upregulated during the 
acute phase of inflammation. Two studies reported results 
for SAA, both of which were cohort studies of good qual-
ity. Although the follow-up period differed substantially 
between the studies, their results show comparable out-
comes. None of both showed significant associations 

Table 3.  Quality Assessment of Case-Control Studies by the Use of the Newcastle Ottawa  
Assessment Scale

, present; , partially present; , absent.
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Hsu et al14 2
Mueller et al18 7
Skoglund et al11 8
McDermott et al40 8
Pohlhammer et al10 8
Böger et al51 4

Table 4.  Associations Between Plasma Biomarkers and Different Outcomes

All-Cause Mortality  Cardiovascular Mortality  MACE/MALE/AFS  

hs-CRP +++ RR, 3.49 −  +++ RR, 1.86

GDF-15 +  0  + HR, 1.57–1.70

MPO 0  0  + HR, 1.68–6.80

NLR +++ HR, 1.10–1.97 + HR, 2.04 +++ HR, 1.09–2.33

SAA −  −  −  

Fibrinogen +++ RR, 2.08 + HR, 2.68 +  

d-dimer ++ HR, 1.17 + RR, 2.15 −  

NT-proBNP +++ RR, 4.60 −  ++ HR, 1.55–1.60

hs-cTnT +++ RR, 3.14 0  +++ HR, 2.20–3.71

ADMA ++ HR, 1.31–2.23 0  ++ HR, 1.70–5.20

Adiponectin +++ RR, 1.99 0  −  

Homocysteine −  0  + OR, 3.4

+++, association found in ≥3 studies; ++, association found in 2 studies; +, association found in 1 study; 0, association not investigated; −, no association found in any 
study. ADMA indicates asymmetrical dimethylarginine; AFS, amputation-free survival; GDF-15, growth differentiation factor-15; HR, hazard ratio; hs-cTnT, high-sensitivity 
cardiac troponin T; hs-CRP, high-sensitivity C-reactive protein; MACE, major adverse cardiovascular event; MALE, major adverse limb event; MPO, myeloperoxidase; NLR, 
neutrophil-lymphocyte ratio; NT-proBNP, N-terminal pro-B-type natriuretic peptide; OR, odds ratio; RR, relative risk; and SAA, serum amyloid A.
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with cardiovascular outcome. One study reported no 
association between SAA and MACE (HR, unknown),35 
while the other study found no association between SAA 
and all-cause mortality (HR, unknown; P=0.12) and car-
diovascular mortality (HR, unknown; P=0.19).22

Coagulation-Inflammation Cross Talk Markers 
and Cardiovascular Outcome in Lower 
Extremity PAD Patients
Fibrinogen
Levels of fibrinogen were measured in 6 studies, all pro-
spective cohort studies, which all scored as qualitatively 
good (7–9 stars). Patient samples were randomly taken, 
including outpatients and inpatients with PAD. In 3 of 5 
studies, all-cause mortality was significantly increased 
(odds ratio, 1.44 [1.02–1.94]37; HR, 1.90 [1.11–3.41; 
P=0.02]),39 with higher fibrinogen levels (446.35 mg/L) 

in patients who died versus 349.8 mg/L in patients who 
survived (P=0.01319; Figure 2C). Cardiovascular mortal-
ity was increased in patients with higher fibrinogen levels 
(HR, 2.68 [1.39–5.16; P=0.003]).39 MACE, however, did 
not show an association with levels of fibrinogen.35

d-Dimer
There were 7 studies that investigated d-dimer levels 
in relation to cardiovascular outcome in PAD patients. 
The distribution of intermittent claudication and chronic 
limb-threatening ischemia patients was only indicated 
in 1 study. Nonetheless, all studies were qualitatively 
assessed as good. The severity of the lower extremity 
PAD was not described in most studies, but overall, most 
patients were newly diagnosed with lower extremity PAD. 
All-cause mortality was significantly increased in patients 
with high d-dimer levels in 2 studies (HR, 2.55 and 1.17 
[1.04–1.32; P=0.007]).38,42 Cardiovascular mortality was 
increased in one (RR, 1.97 [1.06–3.65]),41 with an overall 

Figure 2. Forest plots for inflammatory and coagulation markers.
A, High-sensitivity CRP (C-reactive protein; hs-CRP) levels and the risk of mortality. B, hs-CRP levels and the risk of major adverse cardiovascular 
events (MACE). C, Fibrinogen levels and the risk of mortality. D, d-dimer levels and the risk of mortality (all-cause and cardiovascular [CV] mortality). 
The diamond and its width indicate the pooled risk ratio and the corresponding 95% CI. M-H indicates Mantel-Haenszel.
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RR for all studies of 2.15 (1.19–3.88; Figure 2D). Spe-
cifically, coronary events were more abundant in patients 
with elevated d-dimer levels (P=0.028).40

Cardiac Markers and Cardiovascular Outcome 
in Lower Extremity PAD Patients

NT-proBNP
Seven studies reported NT-proBNP as biomarker. All 7 
studies were of good quality, and HRs were present for 
all studies. Overall, most included patients were diag-
nosed with intermittent claudication (n=969), and only 

a small group had chronic limb-threatening ischemia 
(n=182). All-cause mortality was the most investigated 
outcome, and increased HRs were seen in patients with 
elevated NT-proBNP levels. Three studies provided 
data for meta-analysis and are presented in a forest 
plot (Figure 3A and 3B). It is shown that patients with 
increased NT-proBNP levels are at increased risk of 
mortality compared with PAD patients with normal NT-
proBNP levels with a risk ratio of 4.60 (2.09–10.10). 
MACE only appeared to be associated with higher lev-
els of NT-proBNP in 1 of 3 studies, with an HR of 1.60 
(1.16–2.22; P<0.01).15

Figure 3. Forest plots for cardiac markers and markers for arterial vessel wall damage.
A, NT-proBNP (N-terminal pro-B-type natriuretic peptide) levels and the risk of mortality. B, Sensitivity analysis of A. C, hs-cTnT (high-sensitivity 
cardiac troponin T) levels and the risk of mortality. D, Sensitivity analysis of C. E, Adiponectin and the risk of mortality. The diamond and its 
width indicate the pooled risk ratio and the corresponding 95% CI. M-H indicates Mantel-Haenszel.
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High-Sensitivity cTnT
This cardiac marker was investigated in 5 studies, 4 
of which were cohort studies and 1 was a case-con-
trol study. All studies were of good quality (7–9 stars) 
and contained both inpatient and outpatient PAD 
populations. Within the total investigated population 
of 1676 patients, 1019 had intermittent claudica-
tion and 657 had chronic limb-threatening ischemia. 
All-cause mortality was increased in patients with 
elevated hs-cTnT levels with an RR of 3.14 (1.56–
6.34), and 2.28 (1.78–2.93), after performing the 
sensitivity analysis (Figure  3C and 3D). MACE was 
also increased in 2 of 3 studies, with HRs of 2.89 
(P=0.004),48 3.25 (P=0.01),10 and 1.04 (P=0.562),45 
respectively.

Biomarkers of Arterial Vessel Wall Damage and 
Cardiovascular Outcome in Lower Extremity 
PAD Patients
Asymmetrical Dimethylarginine
Asymmetrical dimethylarginine is a known risk marker in 
vascular disease, inhibiting the NO synthase and caus-
ing endothelial dysfunction, vasoconstriction, elevation 
of blood pressure, and aggravation of atherosclerosis. 
ADMA was investigated in 4 studies, all of methodologi-
cal good quality. A total of 2119 patients were inves-
tigated comprising both inpatients and outpatients with 
lower extremity PAD. All-cause mortality was increased 
with high ADMA levels (HR, 2.23; P=0.02450 and HR, 
1.31; P=0.037).51 MACE was also increased in patients 
with higher levels of ADMA (HR, 5.2; P<0.00152 and HR, 
1.70; P=0.043).53

Adiponectin
The adipocyte-specific adiponectin was investigated in 
4 prospective cohort studies, which were all published 
in 2009 or 2010. These studies yielded a total of 1129 
patients who were mostly claudicants (n=736). All-cause 
mortality was increased in lower extremity PAD patients 
with higher adiponectin levels (RR, 1.99 [1.29–3.07]; 
Figure 3E) in contrast to studies investigating specifically 
cardiovascular events, which showed less cardiovascular 
events in patients with higher levels of adiponectin (HR, 
0.73 [0.54–0.98]).55

Homocysteine
In 3 studies, levels of homocysteine were investigated: 2 
cohort studies and 1 case-control study. The PAD popu-
lation was a mixed population of claudicants and patients 
with chronic limb-threatening ischemia; most of them 
were included during hospital admission. All-cause mor-
tality was not associated with homocysteine levels (RR, 
1.17; P=0.444),18 but graft occlusion was more abun-
dant in patients with higher homocysteine levels (odds 
ratio, 7.97; P<0.0001).58

DISCUSSION
This systematic review aimed to provide a comprehen-
sive overview of biomarker testing in lower extremity 
PAD as a first step to improve risk stratification. We cat-
egorized the biomarkers studied based on the underlying 
pathophysiological processes, into markers of inflamma-
tion, coagulation, cardiac damage, or vessel wall damage 
(Figure 4). Several biomarkers that could potentially be 
used for risk stratification in PAD patients were identi-
fied. The inflammatory markers hs-CRP and NLR were 
found to be associated with a 2- to 3-fold increased risk 
of all-cause mortality and MACE. Coagulation markers 
d-dimer and fibrinogen were associated with a >2-fold 
increase in both all-cause and cardiovascular mortal-
ity. The cardiac markers NT-proBNP and hs-cTnT were 
associated with a 2- to 4-fold risk of all-cause mortal-
ity and MACE, while the markers of vessel wall damage 
ADMA and adiponectin were only weakly associated 
with all-cause mortality. In spite of the identification of 
these potentially useful plasma biomarkers, surprisingly, 
to date, none are used for clinical risk stratification in 
lower extremity PAD.

Recently, new treatment strategies to prevent athero-
thrombotic complications were developed and introduced 
into clinical practice. These new treatment strategies tar-
get coagulation,78 inflammation,79 and lipid metabolism80 
and are all associated with comparable and substantial 
reductions in overall mortality varying from 14% to 32%.

The COMPASS trial (Cardiovascular Outcomes in 
People using Anticoagulation Strategies)78 showed that in 
a population with stable chronic arterial disease, including 
lower extremity PAD, dual pathway inhibition based on a 
low-dose anticoagulant combined with an antiplatelet drug 
further improved cardiovascular outcomes and reduced 
mortality when compared with treatment with antiplatelet 
therapy alone. This indicates that hypercoagulability pres-
ents a cardiovascular risk in lower extremity PAD patients. A 
recent cost-effectiveness analysis identified subgroups of 
patients with varying benefit of dual pathway inhibition, indi-
cating that there could be added value in better selection of 
patients.81 It could be expected that markers of coagulation 
such as d-dimer, and possibly fibrinogen, might be useful to 
identify hypercoagulable patients who could benefit most 
from this intensified antithrombotic therapy. Fibrinogen 
is, apart from its role in coagulation, also an inflammatory 
marker associated with atherosclerotic plaque formation.82 
It is thought that fibrinogen is important in early atherogene-
sis, preceding or facilitating low-density lipoprotein accumu-
lation,83 indicating that fibrinogen could be a high potential 
marker to predict long-term all-cause and cardiovascular 
mortality in lower extremity PAD. Specific anti-inflammatory 
treatment strategies targeting IL (interleukin)-1β—the key 
mediator of the inflammatory response—have been shown 
to be effective in reducing cardiovascular events.79 In the 
CANTOS trial (Canakinumab Anti-Inflammatory Thrombosis 
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Outcomes Study), patients treated with an IL-1β–lowering 
drug showed a dose-dependent reduction in plasma CRP 
levels, and administration of the drug in higher doses 
showed a significant reduction in cardiovascular events 
and death.84 Thus, the use of inflammatory markers could 
potentially improve patient stratification and management 
in that respect. NLR—an intensively investigated inflamma-
tory marker and an indicator of relative inflammatory cel-
lular activities—is easy to measure and interpret. Although 
several studies show an association between NLR and all-
cause mortality, this association is weaker compared with 
hs-CRP. NLR could, however, be a potential biomarker to 
predict short-term (<2 years) cardiovascular mortality in 
lower extremity PAD, but to date, only 1 study has observed 
this particular association. NT-proBNP and hs-cTnT are 
already embedded in the ABC (age, biomarkers, clinical 
history) score for the prediction of stroke in patients with 
atrial fibrillation.85 Both are cardiac markers, NT-proBNP is 
clinically used as a marker for heart failure, and troponins 
are used to diagnose cardiac ischemia.86,87 High levels of 
NT-proBNP are associated with vulnerable plaque compo-
nents88 and have been shown to predict outcome in patients 
with coronary heart disease and patients who experienced 

an ischemic stroke.89,90 In PAD patients, similar results 
have been published with a strong association between 
all-cause mortality and increased NT-proBNP levels. The 
association with MACE and NT-proBNP is less frequently 
studied but also showed a moderately increased risk. The 
contribution to risk stratification in patients with PAD could 
be in identifying patients who also have evidence of heart 
failure (with preserved ejection fraction), a combination of 
entities with a particularly poor outcome.91,92 hs-cTnT also 
appears to be a good predictor for all-cause mortality and 
MACE in lower extremity PAD patients. In comparison to 
NT-proBNP, the studies investigating hs-cTnT had more 
patients with chronic limb-threatening ischemia and were, 
therefore, more prone to MACE. The increased hs-cTnT 
levels in high-risk PAD patients may reflect microvascular 
organ damage of the heart as >1 in 2 PAD patients expe-
rience concomitant coronary artery disease.2,49 However, 
hs-cTnT does not only reflect myocardial ischemia due to 
coronary artery disease, but it can also indicate systemic 
vascular (including microvascular) disease, associated with 
heart and kidney failure.49,93,94 Comparing the risk ratios of 
both markers, NT-proBNP does seem to be a stronger pre-
dictor for all-cause mortality and especially for long-term 

Figure 4. Plasma biomarkers included in this review.
High-sensitivity CRP (C-reactive protein; hs-CRP) indicates a state of chronic inflammation with increased numbers of neutrophils (neutrophil-
lymphocyte ratio [NLR]) expressing proatherogenic markers such as MPO (myeloperoxidase). Fibrinogen plays an important role in early 
atherogenesis, apart from its role in coagulation, whereas d-dimer marks a hypercoagulable state. Cytokines such as GDF-15 (growth 
differentiation factor-15) and acute-phase proteins like SAA (serum amyloid A) are implicated in further progression of atherosclerotic lesions. 
Within these lesions, adiponectin, asymmetrical dimethylarginine (ADMA), and homocysteine cause further damage and disruption of the 
arterial vessel wall. Progression of atherosclerosis leads to ischemia in organs, including the heart. Cardiac markers NT-proBNP (N-terminal 
pro-B-type natriuretic peptide) and hs-cTnT (high-sensitivity cardiac troponin T) reflect myocardial ischemia, which can be primarily due to 
coronary artery disease but can also be a sign of systemic microvascular disease and inflammation.
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mortality. Finally, markers of arterial vessel wall damage are 
weak predictors of cardiovascular outcome in lower extrem-
ity PAD. Adiponectin has been thoroughly investigated in 
patients with coronary heart disease, with ambiguous out-
comes being positively or negatively associated with mortal-
ity and cardiovascular risk.95,96 Similar results were found in 
this review, as high adiponectin levels were associated with 
increased all-cause mortality but not with amputation-free 
survival.54,56,57 Although studies investigating ADMA show 
promising results, more studies need to be performed to 
confirm the predictive potential of this biomarker. Homocys-
teine is not recommended to be used as a predictive marker 
for cardiovascular outcome.

How can these data be translated to practice? One 
way forward may be to design management studies 
addressing the value of a panel of biomarkers as dis-
cussed, including hs-CRP, NLR, fibrinogen, d-dimer, 
NT-proBNP, and hs-cTnT. Tailoring based on biomarker 
results as compared with standard care without such 
biomarkers could reveal the utility of such approach for 
early identification of specific contributing risks, includ-
ing inflammation, hypercoagulability, and heart failure. 
Now that more potent pharmacological interventions 
are becoming available to target specific mechanisms, 
a biomarker-supported strategy may help identify those 
patients with lower extremity PAD, who may benefit most 
from intensified treatment. The financial consequences 
of using biomarkers may be limited as one may assume 
that most of these markers may be tested on one or only 
few occasions per patient. In fact, we previously explored 
the cost-effectiveness of d-dimer and the societal value 
(headroom) of a hypothetical perfect biomarker for risk 
assessment and subsequent tailored treatment allocation 
in lower extremity PAD patients. We concluded that fur-
ther risk assessment and treatment stratification based 
on the use of d-dimer could be a cost-effective health 
intervention. Identification of high-risk patients and pre-
scription of intensified antithrombotic therapy could 
potentially save substantial costs and improve chances 
of survival.97 It can be expected that this will also be the 
case for other biomarkers in lower extremity PAD with 
similar risk associations.

By investigating which of the biomarkers are increased 
in an individual patient, the treatment strategy may be 
adapted to provide optimal personalized vascular protec-
tion. For instance, in a patient with increased levels of 
inflammatory markers but normal levels of coagulation 
markers, intensifying anti-inflammatory treatment would 
better suit the preventive strategy than escalating anti-
coagulant therapy. By individualizing treatment to the 
needs for each specific patient, the risk of adverse car-
diovascular events, bleeding, or other complications can 
be expected to be limited.

This study has several limitations, mainly due to the 
heterogeneity of the underlying evidence. Although 
a total number of 50 studies were included in this 

systematic review, the number of studies per bio-
marker was limited. We were only able to include 
studies that provided sufficient data for meta-analy-
sis. For each biomarker, the primary end point differed 
between studies, and, therefore, only studies with the 
same end point could be included in the meta-anal-
yses. Within each meta-analysis, we included studies 
with a different but minimal follow-up of 1 year. Lastly, 
we used unadjusted results in the meta-analyses, 
which could differ from reported adjusted results in 
each study. Several studies did not report baseline 
data on PAD severity, such as the Fontaine classifica-
tion, which makes it difficult to interpret results for 
subgroups within PAD. Notwithstanding these limi-
tations, this systematic review was able to provide a 
comprehensive overview of biomarker testing in lower 
extremity PAD, which can be used as a first step to 
improve risk stratification.

CONCLUSIONS
The clinical application of biomarkers to stratify patients 
at increased risk for adverse cardiovascular events in 
lower extremity PAD is urgently needed. This system-
atic review identifies promising candidate biomarkers 
representing different pathophysiological processes 
implicated in lower extremity PAD, including hs-CRP, 
NLR, fibrinogen, d-dimer, NT-proBNP, and hs-cTnT. 
Combining these markers for individual risk stratifica-
tion might result in improved treatment choices and 
increased effectiveness of current treatment strategies 
in lower extremity PAD patients and is expected to be 
societally cost-effective. This strategy needs testing in 
management studies.
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